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Differences in violin sounds caused by changes on arching profiles
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An experimentally calibrated numerical model was employed to examine the vibroacoustic impact of the arching profile in a violin soundbox,
a study unattainable through experimental means alone. The finite element method successfully modeled the soundbox using the materic
properties of an actual violin, albeit with a simplified representation of the coupling with the air in the cavity and the forces from the strings.
Achieving agreement with the real counterpart necessitated careful adjustment of the modal damping in the simulation. Damped models of
violins are infrequently encountered. The impulse response of the soundbox model was obtained through the calculation of thousands o
substeps induced by forced vibration. To streamline the time-domain analysis, the superimposed method was implemented instead of the
more commonly used full option, resulting in a significant reduction in computational time. Additionally, synthetic musical notes, accounting
for how the force of the strings is transmitted through the bridge, were employed as input to the soundbox model. Subsequently, the impulse
responses were convolved with the synthetic notes to generate sounds. Through these procedures, the violin’s performance was assessed
the height of the arching profile of the plates was adjusted. The results demonstrated that higher arching profiles led to a general increase il
the resonant frequencies of the violin, perceptible in the sound generated by the model.
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1. Introduction Modeling the force required to drive a violin to produce
realistic sounds is a highly complex task. Woodhouse and
When analyzing vibratory systems, the considerable compuzalluzzo [8] outlined at least five crucial factors that must be
tational capacity of modern computers provides a robust opconsidered: material properties of the strings, torsional mo-
tion for simulating behaviors that are challenging to studytion, dimensions of the bow, coupling motions, and the role of
through experiments alone. Nevertheless, implementing praosin. Additionally, Guettler [9] elucidated the onset transient
cedures for this purpose can often be intricate, sometimegecessary to initiate Helmholtz motion on the bowed string.
requiring a combination of numerical methods with differ- However, for the purpose of comparing the performance of
ent natures. In the realm of musical instrument acousticsyarious arching profiles in a model, simplifying these proce-
there are instances of research employing various simulationfures may be sufficient to generate useful sounds.
working collaboratively to analyze the vibrational behavior  On the other hand, when modeling the intricate vibratory
of plucked and bowed instruments.§, [1-3]). However, behavior of a structure as complex as the violin, it is chal-
such research endeavors remain relatively scarce, limiting thenging to find a more versatile numerical technique than the
depth of studies on violin design. Finite Element (FE) Method. For instance, Gough [10] em-
While the physical shape of the violin has been estabployed this technique to create a mesh for a simplified violin
lished for over 300 years, there remains a lack of claritymodel, establishing a connection between the arching height
regarding the individual contributions of its components toof free plates and their frequencies. However, the impact of
its sound. The influence of the arching profile, in particu-altering the arching on the instrument’s sound remained un-
lar, poses a challenging subject for study, with limited ob-explored. More recently, Torres al. [11] utilized a paramet-
jective data available on its impact on sound. In contrastic FE model to investigate the vibratory effects of modifying
to experimental investigations into components such as thearious violin components, although the arching profile re-
bassbar [4], soundpost [5], or plate thickness [6], the archmained unchanged throughout the entire process. The present
ing profile cannot be easily modified once the instrument isstudy employs an updated version of this parametric model.
completed. Furthermore, the use of wood in traditional vio-  Among the procedures necessary for this study, generat-
lins prevents the creation of identical instruments with onlying sound from numerical models of a violin is a relatively
the arching profile changed, even if pieces extracted from thenderexplored topic in the literature, as noted in Ref. [12].
same wooden blanks are employed, as seen in [7]. Such linFhey utilized real input forces measured on the violin bridge,
itations can be overcome through computational simulationsyhich were filtered by admittances. The resulting time-
where the vibroacoustic behavior of an adjustable violin cardomain files were then played to generate sound. This ap-
be calculated. The present paper aims to create such a simproach circumvents the complex calculations associated with
lation to analyze the influence of the arching profile. modeling the propagation of sound waves through the air
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TABLE |. Properties used in the materials of the finite element simulation. Bold values were measured from the real wooden blanks to make
the Titian replica, while the rest of the properties were taken from [11]. Density units are given if &gthshear and elastic modulus in
GPa. The last column is the long-grain radiation ratio.

specie P Er Er Grr Er GLr Grr VLT VLR VTR Ry = \/E‘L/p3
spruce 397 11.4 0.86 0.52 12 0.988 .082 0.42 0.019 .03 13.4
maple 587 13 2.5 225 0.937 0.656 0.344 0.424 0.0019 0.033 8.0

driven by a vibrating structure, as demonstrated in Ref. [13]this process can be found in a previous paper by the working
Using structural vibrations from a loudspeaker, rather thargroup [15].
employing signals of sound pressure variations, offers signif-
icant computational resource savings. 2.2. Adjusting the arching profile

Given the considerations mentioned above, the method- . . -
ology employed to analyze the arching profile of the vio- =ven When utilizing numerical methods, establishing a pro-
lin in this study was divided into three steps: 1.- obtainingCecjure to examine the implications of adjusting the arching

the Impulse Response (IR) of a parametrically designed Viprofiles involves.c.onsidering va_riqus faptqrs. The inij[ial step
olin soundbox, 2.- generating the input force based on hovVWOI_V‘Ed dgtermmlng the permlssmle I|m_|ts for varying the
the bowed strings drive the bridge, and 3.- utilizing the datafmh'ng helght_, measured W|thout_factor|n_g in the thickness
from the previous steps to produce audio files. This approac f the plate, \,N'th.mim% B the repllga’s h?'g.ht (r.efer to Ta-
makes sense as it involves playing structural vibrations fro le I1). By adjusting the arching profiles within this range, we

a loudspeaker, thereby avoiding the need for calculating Sig(_er?sured thqt geometries representative of real violins cogld
nals of sound pressure variations for faster explorations. still be obtained. Furthermore, the consequences of altering
the arching profiles in the top and back plates were analyzed

independently. To investigate variations in the top plate, the
2. Methods bass bar was removed to eliminate any shape changes result-
ing from its adaptation to different arching profiles.

2.1. The real violin ) o .
2.3.  Comparing violin behaviors

A replica of a Stradivari violin, the Titian 1715, served as the_l_h data f ina the vibrational behavi f vari
basis for the computational model presented in this paper (see € data Tor comparing Ihe vibrational behavior of various

Fig. 1). The overall geometry of this replica was meticulously\_ll_'ﬁl'r]l_dets'grl‘:’] V\(/jefre”gen%ri\:]ed througth tWCIJ distinct rr??thOdS'
crafted using traditional techniques, closely following mea- € first method Toflowed the conventional approach for an-

surements and CT scans of the original Titian, as detailed @I?/tzm? |rt1r?trurtn%ntsb|r_1dwol|n at;:_?gstlcs, utilizing bt”%gs mo-
Ref. [14]. Prior to this study, finite element simulations were tity. In this study, bridge mobriities were computed by ap-

employed to guide the design of the free plates in the replici,)lymg;xlc"f?ﬁon t? thte bass cornert ct)rf] the br|d%e in the vio-

aiming to achieve specific resonant frequencies for the se in mo ? ' | ted\{[e %C' Y retshporsesa b € opp9d5| ethcornelzquwa.s

ond and fifth free modes in both the top and back plates. Th en calculated 1o derive the Ik. subsequently, these TRs, In
the time domain, were organized in a text file formatted as

simulation results guided the determination of the final thick- red by AnEL ANEL ; i
ness of the physical replica. It is noteworthy that accessories Ju!red by ANELYzer. ANELYZETIS an open-source applica-

of the violin and the neck were not considered in the simula-tIon previously developed by the author [16] specifically for

tions conducted for this study. calculating bridge mobilities from violin measurements. The

. . . . . referenced paper provides more comprehensive explanations
The simulation incorporated orthotropic materials to baper p P P

. : regarding bridge mobility measurements.
model the woods, adhering to a standard assumption. Key Another approach employed to compare the behavior in

properties of the spruce and maple used in the physm%e models involved the utilization of sound files generated

_repllca were determined by measuring resonant frequenueiﬁrough numerical calculations. To emulate violin vibrations
in samples extracted from each wood type (refer to Table I).

For the remaining properties, existing data from the model

in Ref. [11] were employed. Real wood properties were Ob'TABLE [1. Maximum height in mm of the arching profile in the

tair!ed through the e?(traction of rect{;\ngular samples,' aligninglates for the original model and after being applied variations of
their longer sides with the long-grain and cross-grain direc-1. 1y for the tests.

tions of the wood. This alignment allowed for the correla-

tion of their lowest resonances with the elastic properties in-__Plate __original lower  higher edge thick
fluencing the corresponding frequencies. The samples were top 12.1 10.9 13.3 3.5
also utilized for measuring wood densities. Further details on  back 13.7 12.3 15 35
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FIGURE 1. Replica of the 1715 Stradivari’s violin “Titian” and the finite element model of its soundbox.

as the sound source, a stereo loudspeaker system was uti- 1. Individual Damping Control: The ability to impose in-

lized, offering a more meaningful representation than a loud-
speaker reproducing the sound pressure at a single point in
spaceice., the signal that a microphone would capture). The
left loudspeaker was driven using data corresponding to the
Helmholtz-like sound hole resonance, while the vibrations of
the right loudspeaker mimicked the vibrations of the violin
body, specifically focusing on a node on the island of the vi-

olin model. In this manner, several sound filesvilvformat
were created.

3. Finite element model

The finite element model of the violin body utilized in this
study was based on the free code published in Ref. [11].
However, this version was significantly enhanced by incor-

porating at least three new features:

dividual damping on selected modes of interest was in-
troduced.

2. Improved Transient Analysis: The time required for

computing transient analysis was significantly reduced
by implementing the mode superposition analysis de-
tailed in Subsec. 3.3. This approach, as opposed to
full transient analysis (refer to [17] for theoretical de-
tails), resulted in a considerable decrease in computa-
tion time.

. Enhanced Vibrations Export: Perhaps the most notable

addition is the capability to export vibrations of the
model. These exported vibrations can be further pro-
cessed using Scilab to generate sound files.

Rev. Mex. Fis70031002
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The FE simulation was conducted using ANSY¥$1e-  denoted by, but with a lower frequency caused by the cou-
chanical APDL 2022 R2, which is freely accessible for mod-pling with flexible walls of the soundbox. For typical dimen-
els containing fewer than 32000 nodes. The models implesions of a violin soundbox, the frequency for this component
mented in this study utilized approximately 30300 nodesmode isay=300 Hz. Consequently, the mass-spring-damper
ensuring accessibility for interested individuals. This nodesystem replacing, was tuned to 300 Hz. This system was at-
count was selected to strike a balance, providing sufficientached at the bass bar, as this location experiences maximum
resolution to achieve a clear representation of the violin shapdeflections of the soundbox coupled with. The stiffness
while remaining within the constraints of the free licensingof the spring was determined by specifying the target fre-
limit. It is worth noting that with a full ANSYS license, the quency, and then, estimating the effective mass, which was
model’s resolution could be further enhanced. However, sucket tom.¢s = 1.5 g.
access would be subject to significant restrictions for many The second air resonance considered in the model is a
users. cavity mode characterized by a transverse nodal line dividing

The instructions necessary for sculpting the model andhe bouts of the soundbox. This specific component mode
computing the solutions were formulated parametricallyis denoted by, and is coupled with another mode of the
within a single text file. This file, which is freely avail- soundboxp;, leading to their interaction in thB; signature
able upon request, empowers interested individuals to replimode. The typical frequency far; is around 499 Hz, and
cate the findings of this study or modify the model by ad-this value was imposed as the resonance frequency for the
justing the parameters designed to control specific featuresnass-spring-damper system intended to represent this com-
The entire structure is discretized using approximately 1710@onent mode. Additionally, the effective mass for was
high-order 3-D 10-node elements, identified in ANSYS asm. ;¢ = 2 g to ensure proper coupling.

SOLID187. This element type exhibits quadratic displace-  Since strong displacements bf are located similarly
ment behavior, making it well-suited for modeling irregular to those in4,, and bothay anda; can undergo coupling
meshes. In the meshing process (depicted in Fig. 1), a maxihrough the soundbox, the mass-spring-damper system was
mum element size of 12 mm was enforced. attached to the mass of the system corresponding.to

3.1. Coupling with the enclosed air 3.2. The parametric model

In the low-frequency range of the violin, specifically below The model was generated through commands written in a
650 Hz, optimal model performance necessitates considerdatch file, bypassing the use of the Graphical User Interface
tion of the two most prominent resonances associated wit(GUI) in ANSYS. The fields of these commands can be pop-
the enclosed air within the cavity. However, incorporating fi- ulated using algebraic parameters rather than specific numer-
nite elements to mesh the volume of the enclosed air woulétal values. This approach enables the automatic adjustment
result in a model with hundreds of thousands of nodes. Conef model dimensions when a part is modified. Once the al-
sequently, the computational cost would outweigh the benegebraic parameters are appropriately linked to construct the
fits for the primary objective of this work, which is to gener- model, its geometry can be swiftly adapted. For instance,
ate sound using various violin designs. As a pragmatic altermodifying the arching profile of the plate necessitates adjust-
native, an oversimplified representation of the vibratory in-ing the bridge position and the size of the soundpost. In the
fluence of the air was introduced through the addition of acurrent iteration of the batch file, a parameter has been es-
double mass-spring-damper system to the soundbox. To eltablished to govern the height of the arching profile. Varied
cidate the conceptualization of these additions, it is essentialalues for this parameter result in the automatic update of
to introduce the concept @omponent modesis employed  all affected geometries in the violin, eliminating the need for
by Gough [10]. user intervention.

Signature modes are actual vibration modes of the com-  Attempting to adjust the geometry of an already-created
plete violin, and modes, by definition, are not coupled. How-finite element model would be nearly impractical. Instead,
ever, isolated ingredients of the violin as a system exhibiin this work, the model is created from scratch every time an
their own modes. Gough called them component modesadjustment is required by the user; in other words, an existing
since component modes can indeed be coupled, giving ris@odel is not modified. It's important to note that to replicate
to the actual, uncoupled, modes of the complete structurean exact shape of the real counterpart of the violin -as in [18]-
He uses lower case for component modes, and upper case f@gas not a target of this paper.
the actual mode. This nomenclature has been consistently
employed throughout the rest of this section for clarity in thez 3. Mode-superposition method for impulse response
explanations.

The first strong resonance involving the enclosed air ofThe IR, represented in terms of structural velocity in the time
the cavity, considered for a good performance of the modeldomain, was essential for generating the sound of each FE
was Ay ~ 275 Hz. It has been successfully explained in themodel. In the calculation process, the number of operations
literature using a Helmholtz resonator as a component mod@eeded in a full transient analysis is directly proportional to

Rev. Mex. Fis70031002
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the number of time steps. Consequently, the use of implicit Furthermore, Mode-Dependent Damping Ratio was in-
direct integration, as employed in full transient analysis, iscorporated into the model, providing the capability to spec-
expected to be effective only when a response for a relafy distinct damping ratios for different modes of vibration.
tively short durationi(e., not requiring too many time steps) This represents another advantage of utilizing calculations
is needed. However, for this paper, the integration for eaclfrom the mode-superposition method of solution, as Mode-
IR was defined to be carried out over 4096 time steps with @ependent Damping Ratio is not available in full transient
resolution of 44.1 kHz. Thus, in the equilibrium equations analysis. This form of damping defines the damping ratios as
a function of mode, augmenting the Rayleigh damping value
if specified (as is the case).
whereM is the mass matrixC is the damping matrixK is The process to dampen a specific mode involves identify-
the stiffness matrixii is the nodal acceleration vectar,is  ing its order of appearance (first mode, second mode, and so
the nodal velocity vectom is the nodal displacement vector, forth) to assign an appropriate damping value. A dedicated
andf(t) is the load vector; it may be more effective to first command within the batch file is utilized to perform this task
transform into a form in which the step-by-step solution isduring the creation of the parametric model. Notably, even
less costly. an entire hill can be damped if the resonances clustered to
One effective approach is the use of the mode superposform it are collectively selected to be damped using the same
tion method, which proved to be at least fifteen times fasteralue. In this study, both the transition hill and bridge hill
than full transient analysis for the same type of analysis. Thigvere damped in this manner.
method involves solving the eigenvalues and eigenvectors of

the system, followed by solving a set of decoupled equilib- . .
rium equations, and finally, superposing the response in eacﬁl'r Forcing the bridge to generate sound

eigenvector -these being the free-vibration mode shapes . . - , .
- . he input signal necessary to generate “violin type” musi-
the finite element assemblage. The selection between mode : . 4
cal sounds is the force applied by the bowed strings on the

superposition analysis and direct integration primarily hingest:)ridge towards the body. In realistic scenarios, these forces

on numerical efficiency. The solutions derived from eithercan be directly measured using a piezoelectric force sensor
method are practically identical, accounting for numerical er- y gap

rors in the time integration schemes employed and round-oi?osmoned under each string, as demonstrated in Ref. [12].

errors in the computational system. For a more in-depth un-owever, for the specific focus of this paper, a simplified

derstanding of the mode superposition method, additional des_lmulated input signal was deemed sufficient. This approach

tails can be found in Ref. [17]. J?hr:zﬂrehsoturlethn:renniir:gal rr;iteusrs of the procedure is maintained
In experimental data of the literature, bridge mobilities | gf ¢ the stri P d. liberatel luded f th
measurements usually cover frequencies until 5 kHz. There- n fact, the strings were defiberately excluded from he

fore the superposition simulated in this work was designed t(5“0del' To accpunt for their structural influence on .the bridge,
cover until this frequency. To reach 5 kHz in the response o ut-of-plane displacements at each of the four-string notches
the model. 150 modes must be included were restricted. Figure 2 illustrates these restrictions with

four hollow arrows. Additionally, the bridge feet were fixed
3.4. Modal damping for individual peaks to_the top plate. To drive the viqlin, an in-plz_ine forge was ap-
plied at the corner of the bass side of the bridge, aligning with
In real vibrating systems, the dissipative process is the simulthe direction in which the bow drives the strings (as depicted
taneous result of various mechanisms, making it challengby the force vector in Fig. 2).
ing to accurately identify and model (see [19]). In the im-  The bowing of the string induces the well-known stick-
plemented model, two forms of damping were concurrentlyand-slip motion in the bridge. Consequently, this motion
specified: Rayleigh Damping and Mode-Dependent Dampimparts a waveform to the violin that essentially resembles
ing Ratio. Consequently, in the basic equation of motiona sawtooth pattern-refer to [9, 20] for further details. How-
solved by the structural dynamic analysis [EL)](the pro-  ever, attempting to generate violin sounds using a pure saw-
gram will construct the damping matrfX as the sum of all tooth signal yielded unsatisfactory results. A more effective
the specified forms. approach involves creating a smoother waveform by incor-
Slight damping was introduced t6 in terms of the porating a limited number of harmonics, following the prin-
Rayleigh damping. These values were calculated as only praiples of Fourier series for a sawtooth. rifrepresents the
portional to the stiffness matrix in the form total number of harmonics anfl denotes the frequency of
the sawtooth, the amplitudgin the time domain for such a
C=aM+5K, @) waveform is given by:p @
but in many practical structural problems, mass damping may "
be ignored sax = 0. The value assigned for the analysis here (=" .
- y(t) Z sin(27k ft). 3
performed wag? = 1.2 x 1076, —k

Mii + Ct + Ku = £(t), 1)

Rev. Mex. Fis70031002
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FIGURE 2. The load and constraints of the model. The force vector is shown at the bass corner of the bridge, while the out-of-plane
displacements are restricted on the four notches where the strings would be acting.

While the harmonics of a vibrating violin string can ex- Furthermore, to capture the characteristic swell in the ini-
tend beyond 10 kHz, the maximum frequency delivered bytial transients of the simulated note governed by I3). &
a bowed string is constrained by the contact area with théade-in effect was incorporated using
bow. This limitation arises because the Helmholtz corner of
the vibrating string becomes rounded when passing through Yrade(t) = —€" " Yinstatlt), (5)
the bow-hair ribbon, leading to the suppression of a portion )
of high-frequency harmonics [9]. For this study, a reasonabl@Vnere~ represents a negative constant used to regulate the
proposal for the highest frequency, denotedfas, for har- initial amplitude of the s_|gnal. In thlsllmp!ementat|0ﬂ,:
monics generated by Ed@)was imposed to be the frequency _—6 was enforced to a_chleve a bghawor similar to the exper-
of the highest mode shape included in the mode superpositidi’ental bowed notes illustrated in Ref. [9]. The subsequent
method (see Sec. 3.3), namely; = 5 kHz. Therefore, the waveforms, constituting the entirety of the note, maintained

total number of harmonics (Fourier terms) considered to genidentical amplitude and harmonic content. Each note, in to-
erate the sawtooth was calculatedhas foy/f. tal, lasted 1.5 seconds. This ensures that when comparing

I . . . two different files, the test will span the recommended three
The initial transient of the bowed string encompasses dis- b

tinctive features that contribute to the characteristic soung econds for subjective evaluations,
g . . Figure 3 depicts some of the initial waveforms after the
of the violin. It takes a few milliseconds to attain a stable

. : . application of the fade-in (refer to Ecb)j and the randomly
::ﬁg?g:tltizngggﬁr’ tgflgﬂéya?fgjvcg d72oTeS. dI?ir:eptlil:t:aaEﬁi:g‘la selected harmonic content, as elucidated in Sec. 4. The alter-
ty . ; 9 ations in the shape of each waveform are evident, introducing
waveforms, the harmonic content in E@) (vas deliberately

. a subtle but audible amount of noise to the original steady-
varied from one waveform to another. L&t represent an ianal h th f imol for th
entire real-valued, continuous random variable within the in—.St.a.te signal. Both t ese gatures Were Imp emented for the
tervala < X < b’where andb denote the minimum and initial 100 ms of the audio files [see E@)] in an attempt to

va = A =0 @ antio. . . simulate the initial noisy moments of a note bowed on a real
maximum number of harmonics in E@)fequired to achieve

an acceptable performance fgt). In this manner violin.
P P ' ' As for the output signal, the IR calculated in terms of ve-

locity through the FE method can be directly routed to the

y(t) with n=X, ift<70 ms loudspeakers, allowing one to hear how the virtual violins

Uinstad £) = {y(t) with n=a, ift>70 ms’ ) would sound if they were struck on the bridge. Consequently,
a stereo audio file was generated for each FE model. To ob-

tain the corresponding signals of the musical notes, it is suf-

Rev. Mex. Fis70031002
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violin, andx symbolizes convolution. The convolutions were
02 1 efficiently executed using Scilab, a robust open-source soft-
J J J | | ware for numerical computations, with a single command.
) | \“ #' 1] I l J Subse.quen.tly, the dat_a obtained from _the conyolgtion com-
. N I mand in Scilab were directly converted into audio files.

o
T
—

T 5. Results

normalized force
o
T

C Prior to utilizing the developed model, a crucial step involved
I calibration through comparisons with its experimental coun-
( terpart. This calibration process specifically focused on the

01} § \r | 1 |

vibrations of the finite element model. Subsequently, the
parametric capabilities of the structure were leveraged to con-
. i " e il e duct an analysis that would be unfeasible using experimental

seconds procedures -specifically, the alteration of the arching profile
FIGURE 3. Firsts instants of the G note (196 Hz, 26 harmonics) IN the top and back plates of the violin. Finally, audio files
synthesized with the harmonic content randomly varied for eachwere generated from models with different arching profiles
waveform the firsts 70 ms, and applying a fade in. to assess whether the imposed structural variations could be
perceptibly translated into sound.

-02 -

ficient to convolve theyaqe(t) file with the I R of the system
at the node of interest, specifically: 5.1. Experimental calibration

left channek= ytage(t) * I Rmasgsspri ) ) , .
ace(t) Mmasszspring (6) While the earlier version of the model, as presented in

right channel= yrade(t) * I Risiand; Ref. [11], underwent a robust calibration process, the incor-
wheremasgspring d€notes the node on the mass at the end oporation of the Mode Damping Ratio in the current versior_1
the coupled oscillators representing air resonanggg,des- (refer to Subsec. 3.4) notably enhanced the agreement with
ignates a node located in the area betweerf theles of the ~ experimental amplitudes. However, it's crucial to note that

1 averaged FRF
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FIGURE 4. Bridge mobility of the Titian replica. The dotted line is the experimental values measured in the real instrument (hamed Deneb),
while the solid line is its corresponding finite element simulation.
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FIGURE 6. Bridge mobilities for two different arching profiles of the top plate: dotted line is 10% higher while solid line is 10% smaller,
both compared without including bassbar.

the primary objective was not to achieve a perfect match withsition hill spanning 650 Hz to 1300 Hz, and the bridge hill
data measured on a real violin, but rather to obtain simulatetbr higher frequencies. The individual damping values de-

values expected in real violins. termined to align with the experimental data wetg =
Figure 4 displays the bridge mobilities for both experi- 0.05, B; = 0.03, B]" = 0.01, transient hill= 0.03, and
mental measurements (dotted line) and the model (solid liné)ridge hill = .002. Notably, this agreement with the behav-

based on the same violin. The simulations demonstrate r of a real violin was achieved even without incorporating
clear agreement, particularly for the well-separated peakstrings, accessories, and the neck in the soundbox model.
corresponding to signature modes below 650 Hz, the tran-
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FIGURE 7. Bridge mobilities for two complete soundboxes (including bassbar) varying the arching profiles both in top and back plate: both
plates were 10% higher in the dotted line, while solid line is for 10% smaller.

5.2. Adjusting arching profiles 500 Hz to 2 kHz, the responses of both models exhibit notable
distinctions. Specifically, the frequencies of the peaks are

Bridge mobilities, calculated to assess alterations in the arcthigher in the case of the taller plates. Moreover, when com-
ing profile of the plates, were individually plotted for each paring the responses of both models, significant differences
case. Firstly, Fig. 5 illustrates the corresponding data foin amplitude were observed for the peaks around 1.3 kHz.
the violin model with variations in the arching profile of the

back. Subsequently, Fig. 6 depicts the data calculated whén3. Generating sound files

only the arching profile of the top plate was varied, with the . . . . S
bassbar removed. This approach was adopted to isolate t hile the \/_lbratory_ differences induced by the .mod|f|cat|o_n
of the arching profile of the plates are evident in the mobil-

changes in the vibrational behavior induced by variations mlty plots, the primary objective of this paper was articulated

\tzcgutlgpalp:gti?ﬁp? ;Cmﬁglgyr;zg éh; R,ngrgszgr_e arching proﬂlein obtaining sound from different violin designs. A straight-
, o forward approach to compare the performance of each model

The analysis of the mobilities revealed that, for bothjnq|veq Jistening to the simulated sound produced by tap-
plates, augmenting the height of the arching profile resultedyi,; 16 prigge. However, assessing the sound quality of a
Ina Sl!ght yet discernible overall increase in _the modal fré-;iin solely based on tapping the bridge is a non-trivial task.
quencies of the system. Moreover, the amplitude decreaseg, , ., ide more manageable interpretations, the sound ob-
for peaks between 1.5 kHz and 2 kHz because they are thickggineq ysing the input forces calculated for two notes corre-
and Iowgr. Th|s' effect was more pronounced when alte”n%ponding to open strings of the models, G2 (196 Hz) and D3
the arching profile of the top plate. (294 Hz), was considered. The audio files created for each

After analyzing the results presented in Fig. 5 and 6, therenodel, available by request, are listed below:
was an additional interest in combining the plates to observe
the collective impact of similar changes in the response. To ~ TapLowArching.wav Sound obtained by tapping the
address this, two new models were created. In one model,  bass corner on the bridge of the violin with top and
the arching profile in both the top and back plates was in- back plates withower arching profiles.
creased, while in the other model, the arching profile in both - - : ;
plates was decreased. In both cases, where higher and lower gzgglg:gecrh?f 'mgvbﬁgggdo??;&:n\ig“?]yvtliap;gg tz:r?d
arching profiles were applied, the bassbar was already at- . - :
tached. The bridge mobility of each new model was plotted back plates withigherarching profiles.
in Fig. 7, highlighting the differences between the overlapped GnoteLowArching.wav, DnoteLowArching.wav
responses of both models more clearly than in the individual Musical notes obtained forcing the bass corner of the
cases of Fig. 5 and 6. Across a broad frequency range, from bridge of the violin with top and back plates withwer
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arching profiles, with the signal created as described irmodel. One of the notable outcomes was that higher arching
Sec. 4. profiles led to increased frequencies of several resonances in

the model, with these consequences being clearly perceptible
GnoteHighArching.wav, ~ DnoteHighArching.wav jn the generated sounds.

Musical notes obtained forcing the bass corner of the  \vhat was a better arching profile? It will depend on
bridge of the violin with top and back plates with each musician, so there is no unique answer to this question.
higher arching profiles, with the signal created as de-Qpting for higher arching profiles may yield a violin with a
scribed in Sec. 4. brighter sound, and conversely, lower arching profiles might
. o ) ) be preferred for a darker tonal quality. However, it's crucial
Again, the audio files obtained from the velocity responseyq note that numerous other factors significantly influence the
of the model to the input forces are available by requestfing| behavior of a violin. While exploring each of these fac-
In both types of sounds, tapping the bridge and bowing thors remains an extensive task, the substantial support pro-

strings, higher plates resulted in treble sounds, while loweyiged by all the implemented numerical procedures in this
plates were associated with a bass sound. The findings prey,dy is undeniable.

sented in this study contribute to advancing our understand- | js worth mentioning that the arching of a top plate in

ing, beyond empirical comments, that minimal variations inyjojins has a different shape to that in the back, and it would
the arching profile lead to significant changes in the sound e interesting to know what effect this has. In future work, it
a violin. The employed procedure effectively supports thisyoyld also be of interest to investigate the effect of changing
assumption, providing a clearer understanding of the types Ghe arching profile. There is some speculation in the literature
changes that can be anticipated by altering the design of thehout the possible importance of rather subtle adjustments to
arching profile. arching shape, but former research at this respect would be
useful for a better understanding on how the violin works.

6. Conclusions
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