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The focus of this paper is to describe complex theoretical concepts about vibration and acoustics, considering experimental and computationg
tools. Some modal behaviors of a structure were explained. First, an experiment was designed to naked eye visualization of mode shape
in a thin film. Later, simulated deflections of a guitar top plate model were explored. This exploration was done through original scientific
visualization software. Moreover, the developed computational tool was essential illustrating behaviors that used to be hard to visualize:
acoustic waves. Sound radiation data were calculated from the vibration of the top plate model. These data were sliced to detect acousti
wavefronts and directivity patterns. Experimental and computational procedures developed in this work were useful illustrating vibroacoustic
behaviors. Mode shapes and natural frequencies in the thin film experiment were clearly detected. Scientific visualization software showed
ability to display vibroacoustic information in high density, with much semantic substance and time savings. The experiment can be easily
implemented in a classroom, and the software can be used to explore other kind of data in standard Visualization Tool Kit format.
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1. Introduction the following way: the player plucks the strings, put them
to vibrate. A small amount of string vibrations are transmit-
Visualization is an indispensable tool analyzing and interpretyaq to the guitar body mainly (but not exclusively [4]) via the
ing complex three-dimensional dynamics in physics [1]. Thisprigge. In turn, the guitar body oscillations, including the
has been remarked in acoustics and vibrations. For examplggyndhole air, drive the surrounding air. Sound quality of the

Science magazine [2] has highlighted related animations [3strument highly depends of the interaction of the air with
using guitar deflections as illustration. Some authors havg,e structure, mainly with the top plate.

used the guitar as tool to teach about vibroacoustic concepts. Guitar tob plates share some similar modes. But modal
Structural and acoustical behaviors have been already sug: hp )

. ; : ._Trequencies do exhibit considerable variations from a model
cessfully explained through resonances in strings, the guitar o .

. . o another. Then, the radiation efficiency of every mode
body and the air cavity.

For example, Boullosa [4] published historical and teCh_changes;|.e. a mode that radiates well at determined fre-

nical notes about the acoustic guitar, scoped to undergradlﬂl-uency may lose this feature if it vibrates at another fre-

ated students. He discussed topics related with waves inclu&luency in other guitar. In consequence, guitar sound quality

ing shape and boundaries of a plucked string, as well as somvtva'” be different.

mode shapes of a guitar top plate. Nowadays, several experimental and simulated tech-

French is another researcher that has used guitars to illu§iques are applied studying the vibroacoustic behavior of top
trate structural dynamics and acoustic concepts. In the firdtlates [8]. The top plate is considered the mostimportant part
paper [5] of a series of four, he put the guitar string as arPf the guitar. A slight structural modification on the tgp plate
example of the simplest continuous structure, explaining andesign used to cause detectable changes in the vibroacous-
alytically about dynamic behavior. In the second paper [6] ofti¢ behavior. Therefore, the top plate must be carefully de-
the series, he describes the behavior of the guitar body usinggned- Analyzing the behavior of different top plate designs
simple acoustic-structure model, arguing that undergraduated & good choice to illustrate vibrations and acoustic topics.
vibrations classes must not be focused in structural vibrations However, naked eye visualization of the vibroacoustic be-
exclusively. havior in a real guitar is not possible. To see waves in solids,
generally one must to detect what is happening in the geomet-
rical limits of the structure, but deflections of the guitar body
The basic behavior of the acoustic guitar radiating sound isre too small. In addition, acoustic waves through the air are
currently understood. Descriptions of this process can béwvisible. Both limitations hinder an intuitive interpretation
found, for example in Ref. 7. Briefly, the guitar works in of the basic phenomenon.

1.1. The acoustic guitar
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1. Vibratory analysis of top plate applying
equations of motion through FE

>

2. Calculation of sound radiated by
top plate deflections,
applying Rayleigh Integral through
Fourier Acoustics.

v

3. Obtaining files to visualize vibratory

FIGURE 1. Analogy for the lowest mode shapes in a guitar top

plate, through a soap membrane vibrating in its first (top) and sec- and acoustic data, using VTK format
ond (bottom) modes. ¢

In the present paper, two tools were developed to visual- 4. Scientific visualization
ize features related with bending and acoustic waves proper- through developed software

ties. One consisted in an experiment involving a soap mem-
brane to show vibrational behaviors, and the other one in softg g yre 2. Steps for data calculation and visualization.
ware to scientific visualization of data of discrete models of
two guitar top plates. fan bracing were used in this work: a symmetrical and
other one with asymmetrical design. Methodology is briefly
) schematized in four steps (Fig. 2), which the last step was
2. Experiment bolded to remark the work developed in the present paper. In
fact, the whole calculated data can be obtained using batch
The objective of the experiment described below is naked eygles completely included in Ref. 11.
visualization of the most prominent deflections of a vibrat-  The first step refers to simulated modal analyses per-
ing structure, called mode shapes [9]. It can be achieved ifsrmed using commercial finite element (FE) software. The
a classroom. The experiment only requires soap solution tgytline of the top plate was restricted to zero displacements
wash dishes; and two rods jointed by thread, forming a rect¢similar to the condition mounted in the soundbox). This sim-
angular frame. Two penCiIS for this latter task can be Usefulu|ation has shown good accuracy Comparing with experimen-
but bigger is better. The rods together are submerged and ejg| measurements, as it was previously reported in Ref. 12.
tracted from the solution. A soap membrane is created once |n the second step, it is indicated that sound radiation of
the frame isquickly extended. Comparing with a guitar top the top plate was calculated from mode shapes obtained in
plate, the membrane is very flexible and it has very low masshe first step. Calibrated numerical methods based on Fourier
encouraging two characteristics: mode shapes at very lowcoustics were used for this purpose. Details of the com-
frequencies (even less than one cycle per second) and visijete algorithm can be found in Ref. 13. Sound radiated by
ble deflections of the surface (in the order of centimeters)ihe mode shape of the highest frequency was calculated to
Both characteristics are desirable due the objective of the exshow features of the data related with acoustic waves.
periment that it is being proposed. For the third step, a Matlab function was written to array
Hand shaking slowly the membrane, the first mode shapehe data to be visualized. Input files of this function must
can be easily distinguished. All the membrane surface movese individual text data in a row. Output files are arrayed in
in phase and in the same direction (Fig. 1 top). If the shakinghe standard format of the Visualization Toolkit format (vtk
frequency is increased, other higher mode shapes can be d#es) [14]. This open-source format allows multidimensional
tected. For the second mode shape, a nodal line (a line witidata handling; through structured and unstructured points,
out deflections) crossing the membrane is detected (Fig. dodal conectivity and fields, among many others specifica-
bottom). A video performing this experiment is available in tions.
Ref. 10. Although the effect of air in the film is, by far, larger  |n the four step, scientific visualization tools were applied
than for guitar top plates, explained features results be anal@xploring the previously calculated vibroacoustic data of the
gous. Comparing the explained modes of the membrane witfuitar top plate. Procedures related with this last step are de-
the lowest mode shapes of a mounted top plate (Fig. 1 righttailed in Subsec. 3.1.

_ 3.1. Scientific visualization software
3. Numerical model
Scientific visualization is concerned with exploring very

In order to highlight differences in behaviors of top plateslarge data sets and information graphically to gain a quick
with structural modifications, a top plate with two kinds of understanding. The difference with presentation graphics is
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that latter is primarily concerned with the communication ofis capable of conveying a great amount of data of high se-
already understood results [15]. mantic content in condensed form. These features represent
Software to take advantage of the capabilities of the Scia significant improvement comparing with post-processors in
entific Visualization Observatory IXTLI of the Universidad numerical solutions software. Some examples are exposed in
Nacional Aubnoma de Mxico was developed. Moreover, Subsec. 4.1 and 4.2.
this software can be configured to work under Windows plat-
forms equipped with graphical card. 4.1. Mode shapes exploration
The developed software was used loading mode shapes
of both top plates and sound radiation data. Visualization oReal time rotation of different three-dimensional models
the vibroacoustic phenomena was done exploring six dimentboth top plate and air) was possible at the same display us-
sions: ing the software developed in this work. As it can be seen in
Fig. 3, the software developed for the present work let us to
a. Three-dimensional spacémmersive virtual  display at the same screen several information of the struc-
reality was applied using active stereoscopy (synchrotyres. Fan bracing configurations and how behaves the top
nizing projectors and stereoscopic lens). Also, this feaplates at two different natural frequencies can be easily com-
ture can be turned off to use the software in a standargared. At the left part of the screen is located the toolbar.
monitor. User can open single windows to load it vtk models (visor
b. Vibroacoustic behavior.One can choose if o1 T3 % 1 IS BV B 2 8 e olor mappi
you want explore results of structural or acousticalOf thg deflected to Ia’1te or choosin 316 mode sha ept% bge
data. Calculated vibrations of the top plate were Showndisplayed PP 9 P

adjusting the deflections scale and/or color mapping. Fi 3 sh the developed soft ina both
Sound pressure data in the air was visualized with color Igure 5 shows the developed software comparing bo

mapping using slices with real-time adjustable positionﬁgsvglgazstﬁpgetzg:Lﬁigeg;gr?a%dsrj;ﬁ]peg nan grraﬁ/ of fwo
and inclination. ! ' . g designis snown in
the first column, the symmetrical and the asymmetrical. In
c. Resonant frequenciesNatural frequencies the other columns, their respective mode shapes and natu-
and mode shapes were extracted on each top plate deal frequencies are displayed. Normal deflections to the top
sign, as well as sound radiaton of each one. The deplate plane were overscaled and colored mapping (but there
veloped software allows loading every mode shape ofire other options available for coloring, as grayscale).
both top plates simultaneously. The lowest mode shapes were handled in windows of the
] ] ) central column of Fig. 3. The vibration area is confined to the
~ d. Time.Traveling waves across the air were ob-,iqe part of the top plate, clearly delimited by the transversal
tained by numerical methods. Pressure disas ex-  giryts. Deflection of the first mode shape for both designs is
pressed in frequency domaing. specifying magni-  yery similar to the first mode shape of the soap membrane of
tude and phase (which can also be written through regl ¢ experiment suggested in Subsec. 2 (Fig 1 top). Moreover,
and imaginary part) for a fixed frequeney[16]. The  {1e resonance frequencies were equal.
physical interpretatiqq of'motion 'fr'om frequerjcy d'o- In the third column were loaded mode shapes with two
main gomplex quant!tles_ IS n_ot t_r|V|aI. To clarify this 444 jines crossing the vibration area. Deflections for the
behavior, time domain visualizations were performed., e shape at 267 Hz for the symmetrical design are shown.
The periodT” of the instantaneous sound Presspre  the most similar mode shape with two nodal lines in the
at a fixed frequencys, was stepped by ten instants. v mmetrical design was found at 374 Hz. However, both
Traveling waves expressed in complex numbers Were, e shapes still being clearly different. Notice how bars
visualized calculating each time step applying of the fan bracing impose nodal lines. Top plate attachments
(@1, Yoms 2n) = REP(&1, Yoy 20y )] c08(wqt) ch_angg mass distribution and stiffne;s of the structure. yari—
R e ations in both features (mass and stiffness) caused particular
+1IM[P (21, Ym, 2n, wq)] sin(wgt), (1)  resonant frequencies and mode shapes for each top plate.

. ) o These kinds of comparisons in standard numerical soft-
where (1, ym, 2,) gives the spatial ubication of the \yare are hard to achieve, because often common post-
point over the top plate, and the instanis calculated  processors can not load different models to be handled at the
usingt = r7/10forr = 1,2, ..., 10. same screen by the user. This limitation were analyzed in

Ref. 17.
4. Results and discussions
4.2. Sound radiation exploration
Adjusting a particular dimension in data of vibroacoustic
phenomenon used to cause undesirable delay in exploratiofploring acoustic waves is more complicated than exploring
using standard software. The developed software in this workending waves. To detect wavefronts (spherical surfaces of
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= transversalr/
struts limiting

the vibration

asymmetrical
design

FIGURE 3. Scientific visualization software displaying two diferrent top plate designs (left windows) and some fully turnables mode shapes
(center and right windows).

of points having the same phase [18]) crossing air, internah mode shape at 738 Hz. At left is located the toolbar. At
inspection of the medium is necessary. This detection is &s top is located the controls of the dynamic animation of
hard task, because visualizing the whole data is not possibl¢he data. Below these controls, the colorscale bar is plotted
at least for a single display. An analogy of this complicationfor compression and expansion values of the air pressure. At
can be done figuring a brick of Neapolitan ice cream. Flathe center of the toolbar, it is a medium-size window with
vors in the ice cream take the place of sound pressure valueie edges of a brick sliced by three orthogonal planes. This
vanilla flavor would correspond to no pressure fluctuationmedium-size window is the control for exploring the data in
chocolate to compress, and strawberry to expansion. You cahe big windows (identified using andb). Bottom of the

see at the outside of the brick, but you can not locate whereolbar have a small window which brings the whole data to
more chocolate, vanilla or strawberry inside are. It would bethe selected big window to exploration. Sound radiation was
necessary slicing the brick in a determined zone to inspectionalculated on an air brick of 1.05 m over the top plate.

it. Slicing is one of several applied techniques to visualize in-  Explorations detailed in the next paragraph can be done
side of this kind of brick data. handling interactively a window, but in the present paper two

The quick update of a model for dynamic visualizations isyindows (Fig. 4(a) and Fig. 4(b) are plotted due that frozen
also difficult and often beyond of the capabilities for currentimages will be explained).

standard software. A time domain animation used to require

; th del | tal i o obtai . Spherical wavefrontsin Fig. 4(a) a slice is in contact
roze the modelin sequential Images 1o obtain a movie, Creg .y, the stryctural source. The co-ordinate system indicated
ating a file incapable of being three-dimensionally rotated

Int i v with f dels is inefficient and tin the top plate with the symmetrical design without deflec-
nderac f[og only V\:' trozer}frqq €ls IS ihe Ict|en aln N0t tions shown in Fig. 3 has been preserved. Hard contrast be-
adequated In exploration. 11 I 1S necessary 10 exploré angqq colored pressures can be basically interpreted as phase
other perspective in the model, you would have record an

h ; . desirable del fth | change (expansion to compression and vice versa). Spheri-
;roi;gov'e‘ generating an undesirable delay of the analysis, \ayefronts of the acoustic waves are distinguished on the

. . ressure data on orthogonal slices to the source plane. The
The time domain performance of the developed softwar(? g P

llowi e int " fd ic data) facilitat ocation of the slicing planes allows seeing the whole air in
(allowing real time interaction of dynamic data) facilitates contact with the top plate.

a better understanding of wave propagation behaviors, help- . . . .
g propag P Directivity. In Fig. 4(b) the brick data has been turned.

ing to study multidimensional information. In point of fact, h | <li h . .
exploration of the dynamical and kinematical performance=rthogonal slices were moved to the co-rodinate system ori-

in the acoustic data exhibit sufficient accuracy and a faithfu@in- Sound radiation is preferentially generated foand

display for relevant propagation characteristics, by means of POStitive values, as it was marked. In the side of more
combining use of software and techniques proposed in thgound radiationa and z positive), wavefronts almost reach
present work the source plane; unlike the less sound radiation sidee§-

Figure 4 shows a software screen with sound radiation bAtive andz
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FIGURE 4. Scientific visualization software displaying the air brick sliced.

positive), where wavefronts quickly fade. This is due to theMéxico. They agree with the fact that some guitar makers
air-structure coupling. For a better insight of the phenomenajsually only consider the structural vibration without keep
a video showing time-domain sound radiation was uploadetéh mind interaction with air, but importance of linking mode
to the web [20]. Guitar mode shapes linked with acousticshapes with sound radiation was strongly reinforced in some
wavelengths is beyond the scope of this paper, but it was ddectures through visualizations described in this paper.

tailed in Ref. 13.

4.3. Performance of developed tools 5. Conclusions

The proposed experiment of Sec. 2 has been shown in ledwo novel ways to exemplify vibroacoustic behaviors were
tures scheduled in national guitar festivals, which musiciangntroduced: an experimental, hand shaking a soap membrane;
and luthiers represent the majority in the audience. The exand the other one computational, exploring results of a gui-
periment represents an easy and quick way to introduce viar top plate model through original software. The membrane
bratory concepts, mainly related with modal analysis. Oc-experiment exhibits some advantages, including an easy im-
casionally the uploaded video [10], which the experiment isplementation in almost everywhere. The experiment allows
showed, receives comments by students, asking informatiomaked eye detection of basic behaviors of vibrations in solids:
to perform it themselves in classroom. mode shapes and natural frequencies. Complexity and nov-
Concerning to scientific visualization, the developed soft-elty of modal concepts used to cause difficult in learning by
ware has been also handled in public lectures. Structuratudents. The experiment is a very interesting alternative for
data was explored by the authors using preliminar versiona classroom or physics laboratory.
of the software. For example, in a lecture [21] for acous- Regarding the developed software, their available options
tic researchers, advantages comparing several mode shagesilitate an intuitive interaction with a great amount of data.
of a guitar top plate were showed. For the case of acousSeveral mode shapes and sound radiation data can be loaded
tic data, some visualizations were uploaded at the end of arat the same display. The information extracted from vibroa-
other video [19]. It shows some explorations exposed duringoustic simulations can be explored using scientific visualiza-
the doctoral dissertation exam by the first author, scheduletion tools for multidimensional handling of six dimensions:
in the Scientific Visualization Observatory IXTLI of the Uni- three spatial dimensions (using immersive virtual reality), vi-
versidad Nacional Adnoma de Mxico. Currently, this soft-  broacoustic behavior (sound pressure or top plate deflection),
ware can be used in IXTLI with a previous booking. resonant frequencies, and time. Interacting with all these di-
Updated version of developed software has been suanensions represents a challenge for post-processors modules
cessfully handled using a computer Intel Pentium VI HTin current standard software. The developed software can be
at 2.8 GHz and 2 GB in RAM, equipped with graphical useful exploring similar data arrayed in standard vtk format.
card ATl Radeon HD 2600. It allowed that scientific visu- In fact, a Matlab function was written in the present work to
alizations were judged by luthiers in Paracho, Miclac create vtk files from text data.
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Theoretical descriptions of structural and acoustical All these experimental and numerical tools represent a
waves presented in this work were reinforced exploring thgpowerful option to learn and to teach in sound and vibration

behavior of a practical case: a vibrating top plate of a guitacourses.
radiating sound. The practical and real application analyzed
brings the advantage that a lot of people can have contact with
an acoustic guitar, even without strong musical instruction. ItAcknowledgments
was shown how geometrical changes in the fan bracing de-
sign modify in detectable way the mode shapes of the strucThe first author would like to thank to tfferograma de Be-

ture. Also, spherical wavefronts and sound directivity of thecas Posdoctoralesf the National Autonomous University of
plate were illustrated through a figure and two free videos. Mexico as partial sponsor of this work.
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