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Featured Application: The use of mechanical metamaterials in musical instruments could be an
excellent way to engineer the wood of the instrument to obtain a particular sound.

Abstract: It has recently been shown that the mechanical properties of thin, rectangular wooden
plates can be tuned by carving them with specific patterns of perforations, effectively realising a
2D wooden mechanical metamaterial. Such a material is of great interest for the construction of
musical instruments, as it could allow a new degree of creative control for makers. Furthermore,
issues with the shrinking supplies of tone-woods could be alleviated as wood samples that don not
meet the desired requirements could simply be altered, instead of being discarded. In this work, we
study the effect of the use of these metamaterials in the soundboards of classical guitars. By way
of simulations, we evaluate their impact on the modal behaviour and on the sound pressure level
of the instrument, as well as on its ability to sustain the load exerted by the strings. Our results
show that the metamaterials can tune the instrument’s response without compromising its structural
integrity. We thus conclude that the use of wooden mechanical metamaterials in the soundboards of
classical guitars is feasible and, in many ways, beneficial, not the least since it opens the door to using
non-traditional woods with bespoke density and stiffness.

Keywords: musical instruments; modal analysis; finite element modelling; new materials for musical
instruments

1. Introduction

In the last few decades, scientists have focused on the theoretical, experimental, and
numerical study of mechanical metamaterials, which exhibit unique mechanical properties
derived from their structure rather than their composition [1]. An illustrative overview
of different types of mechanical metamaterials and the state-of-the-art in this field can be
found in [2–6]. In particular, a major challenge in the last ten years has been how to obtain
lightweight mechanical metamaterials while maintaining their stiffness [3,7,8]. This is a
topic that could deeply change the way we make musical instruments, as one is looking
precisely for that combination of light weight and stiffness.

Traditional Western wooden instruments have been historically built using the ma-
terials available to craftspeople in their region. Norway Spruce (Picea abies) has been a
favourite of makers since the middle ages, for everything from piano soundboards to
violin top plates. Wood, though, presents a high degree of variability when it comes to
its mechanical properties [9]. This results in unpredictable and inconsistent mechanical
response across different samples of the same wood species [10]. Furthermore, the spe-
cific kind of woods that are most used in instrument making are prone to shortages due
to deforestation or climate-change-related habitat shrinkage [11–13]. The possibility of
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deliberately engineering the vibrational behaviour of a material would be, therefore, of
great interest for the design of musical instruments. Indeed, not only could it help deal
with the issues of the availability and variability of wood, but it could constitute a new tool
in the luthier’s arsenal, allowing for the development of innovative instrument designs.
Mechanical metamaterials, by their very nature, could constitute one such tool. However,
very few studies have been conducted on their application to musical instruments [14,15]
and even less to string instruments. Notably, in [16], one of us showed that the application
of a tunable mechanical metamaterial to the soundboard of an acoustic guitar allows for
controlled modification of its frequency response.

Further work [17] has demonstrated that the elastic behaviour of thin, rectangular
wooden plates can be purposefully altered by carving patterns of holes. Inspired by simple
geometries of widely studied mechanical metamaterials [18–21], the authors in [17] propose
a novel method of manipulating the properties of thin wood plates. There, they studied the
influence of elliptical and circular holes in rectangular wooden plates, both by simulations
and experiments. They demonstrated that the mechanical parameters of the plate and, in
particular, the longitudinal and radial moduli of elasticity can be controlled by changing
the geometry of the holes, thus obtaining light, yet stiff plates and effectively creating a
tunable metamaterial. This is a promising result for instrument making, as it could open
the possibility for luthiers and manufacturers to directly control and tune the mechanical
properties of the soundboards, resulting in greater consistency between instruments and
allowing for innovative and better-performing instrument designs.

The objective of this article is to study the effect of those mechanical metamaterials
when used on the top plate of a classical guitar. We set out to study how they would
impact the sound of the instrument, as well as the structural integrity under the tension of
the strings and the sound production. Our goal is to find out whether these mechanical
metamaterials can produce differently sounding instruments and how much control they
allow over the final response of the guitar.

2. Materials and Methods

The investigation was carried out via the finite element method (FEM), the standard
method for the simulation of musical instruments in the literature [22–29]. The reference
3D model of the guitar body was based on an 1884 instrument by Antonio de Torres, as
described in [30], and it was realised with Autodesk Fusion 360®. For the computation of
the sound pressure level of the instrument, we coupled the FEM and boundary element
method (BEM), as explained in [31].

This model includes a traditional bracing design, with 7 fan braces glued on the
underside of the lower bout of the soundboard, all 3 mm thick (see Figure 1a). A simplified
model of the bridge, used in the static load simulations, is also included. The soundboard
was then altered by cutting a pattern of elliptical holes in the underside, to a depth of 2 mm.
We note that, unlike in the studies in [17], the plate here is not cut all the way through.
Instead of holes, the metamaterial is composed of periodic cavities, of 2 mm in depth. This
leaves a layer of solid material 0.5 mm thick on the outside of the guitar. Moreover, the
material of the soundboard here is not homogeneous over its entire extent, as the cavities
are cut only in the lower bout of the instrument. The hole patterns are generated by the
juxtaposition of several copies of the same unitary cell (see Figure 1). The cell is rectangular,
with a size of 26 × 12 mm for all simulations, but we distinguish between two kinds of
holes based on the orientation: here and throughout the rest of this paper, when the long
side is parallel to the longitudinal axis of the soundboard’s wood, we talk about longitudinal
holes, while when it is aligned with the radial axis, we talk about radial holes. The holes
are centred with respect to the cell, and their size is varied while keeping the aspect ratio
constant, by changing a dimensionless scaling parameter p ≤ 1, which multiplies the sizes
of the major and minor axes of the ellipses. With p = 1, the major semiaxis of the elliptical
holes is 10 mm long, while the minor semiaxis is 2.5 mm long.
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(a)

(b)

Figure 1. (a) Diagrams of the soundboards in three different configurations: solid, with longitudinal
holes (p = 1), and with radial holes (p = 1). The figure shows the bracing and the hole patterns,
and each surface is coloured according to its height with respect to the lower surface of the plate.
(b) Three−dimensional cut view of the model of the instrument’s body, showing all the individual
components. The choice of material for the main parts is also reported.

All the materials were modelled as linear elastic and orthotropic, taking the mechani-
cal properties for each particular wood (12% moisture content) from [32]. As detailed in
Figure 1, three different woods were used: Engelmann spruce for the soundboard and the
soundboard bracing (Etop

L = 9.8 (GPa), Etop
R = 1.3 (GPa), ρtop = 350 (kg/m3)), Honduran

mahogany for the sides, back, and back braces (Eback
L = 10.8 (GPa), Eback

R = 10.1 (GPa),

ρback = 450 (kg/m3)), and rosewood for the bridge (Ebridge
L = 15.8 (GPa), Ebridge

R = 1.64 (GPa),
ρbridge = 609 (kg/m3)). Appropriate care was taken to correctly define the material axes
of each component of the model. The simulations were performed using the COMSOL
Multiphysics® simulation software, in particular the Solid Mechanics interface from the
Structural Mechanics module. For the solid–air coupling, there are then 3 Multiphysics mod-
ules that deal with the boundaries between the domains: Solid Mechanics-Pressure Acoustic
FEM, Solid Mechanics-Pressure Acoustic BEM, and Pressure Acoustic FEM-Pressure Acous-
tic BEM; this last module works on the sound-hole virtual surface where the portion of air
inside the cavity meets the outer air. The numerical model here differs from the one without
air in one way: whereas earlier, we ignored the effect of structural damping, here it is ac-
counted for in the form of proportional, or Rayleigh damping. In particular, following [22],



Appl. Sci. 2022, 12, 8619 4 of 10

we used a stiffness-proportional damping matrix: C = βK , where C and K are the damping
and stiffness matrices of the finite element model and β = 2× 10−6 s. No mass-proportional
damping term is included in order to avoid over-damping at low frequencies.

3. Results
3.1. Eigenfrequency Studies

We performed a series of eigenfrequency studies, where we compared and contrasted
the eigenfrequencies and modal shapes of the unbraced soundboards first, then of the
soundboards including the bracing, and finally, of the complete body of the guitar. These
simulations were aimed at studying the effect of the metamaterials in these different
configurations, with the goal of finding out whether their impact remains relevant when
connecting the soundboards to the braces first, then to the rest of the body. In the following,
we only show the results for the largest hole sizes (p = 1) in both orientations; simulations
with p < 1 were also performed, but are omitted here for the sake of brevity, as they mostly
yielded the same results shown here, albeit scaled down.

3.1.1. Unbraced Soundboards

At first, we computed the first 12 eigenfrequencies (and relative eigenmodes) of the
plates detached from the rest of the body and without any bracing. These simulations
were performed in simply supported boundary conditions, which were implemented
by imposing a fixed constraint on the lower outer edge of the plates, thus preventing
displacement at the boundary while still allowing for free bending rotation. The use of
simply supported boundary conditions was meant to obtain a situation resembling that of
the plate mounted to the rest of the body [33].

The computed eigenfrequencies for the plates with longitudinal (p = 1) and radial
(p = 1) holes, as well as the solid plate are reported in Figure 2a, which also shows the
percentage variations for the two metamaterial plates with respect to the solid case. Clearly,
most of the eigenfrequencies were lowered, if slightly, when introducing the metamaterial.
There seems to be a clear separation between the case of the longitudinal holes and that of
the radial holes; however, the eigenfrequencies were indeed lowered far more in the latter
case, with those for modes 5 and 12 showing a decrease of ∼8%, whereas the variation with
the longitudinal holes did not exceed ∼5%.

3.1.2. Braced Soundboards

Here, the plates were simulated detached from the rest of the instrument, but the
bracing was included. The first 12 eigenfrequencies for the cases of the solid plate, the
longitudinal holes with p = 1, and the radial holes with p = 1 are shown in Figure 2.
The figure also shows the percentage variation in the frequencies relative to those of the
solid plates for all the simulations that were performed. The differences between these
three cases did not seem particularly significant, with the largest being the 6% increase in
the frequency of the first mode for the longitudinal p = 1 case. Some of the frequencies
were clearly increased or decreased with varying hole sizes, but overall, we cannot identify
collective upwards or downwards trends.

3.1.3. Complete Body

We now move on to the modal analysis of the complete body of the instrument. The
first 12 eigenfrequencies in this case are reported in Figure 2c, together with the percentage
variations relative to the case with the solid soundboard. The variation with respect to
the solid case was even smaller here, remaining in all cases below 3%, and clear overall
trends cannot be identified here either. The difference between the two configurations of
the metamaterial was minimal and probably due to the decrease in the radial stiffness.
This seems to imply, however, that the effects of the metamaterial are independent of the
hole orientation.
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Figure 2. Eigenfrequencies values and percentage variations with respect to the case of the solid
top plate. (a) Unbraced plates in simply supported boundary conditions, with longitudinal (p = 1)
holes and radial (p = 1) holes. (b) Braced plates in simply supported boundary conditions, with
longitudinal (p = 1) holes and radial (p = 1) holes. (c) Complete body, with longitudinal (p = 1)
holes and radial (p = 1) holes.

3.2. Displacement Under Tension

To quantify the effect of the holes in the stability of the guitar, static load tests were
carried out, simulating the tension of the strings. The load was applied to six circular areas
with a diameter of 2 mm located in the back surface of the bridge, corresponding to the
points where the strings are mounted on a real guitar. Assuming a typical range of tensions
of 50–80 N for nylon guitar strings [33], we used a total force of 480 N in the positive x
(vertical) direction.

These load tests were computed with various choices of hole size for the top plate, with
both longitudinal and radial orientation, as well as with the solid top. Figure 3a shows the
normal displacement fields for the longitudinal (p = 1) and radial (p = 1) holes together
with the original solid top, used as a reference. The soundboard exhibits the expected
warped configuration, with a slight bulge behind the bridge and a slight dip in front. This
deformation is accentuated with the introduction of the metamaterial, and increases with
the hole size. Moreover, the soundboard is more deformed, if slightly, in the case of the
radial holes. This is consistent with the results in [17], where the introduction of elliptical
holes was found to be correlated with higher effective values of Young’s modulus in the
direction parallel to the major axis.



Appl. Sci. 2022, 12, 8619 6 of 10

(a)

(b)

Figure 3. Effect of the static load of the strings in the guitar top plate for solid, longitudinal (p = 1),
and radial (p = 1) holes. The complete guitar was simulated, but we only show the displacement of
the top surface. (a) z−displacement shows a slight increase for both hole patterns, but the difference
between patterns is not very noticeable. Notice, however, that the displacement field for the radial
holes is larger, indicating a decreased stiffness of the top compared to the longitudinal pattern. (b) von
Mises stress on the top plate under the same load. In this case, the stress distribution between the
two hole patterns is clearly different, the radial holes showing a greater concentration of stresses on
the bridge area, which could lead to premature failure of the instrument. The longitudinal holes, on
the other hand, albeit having more concentrated stresses than the solid top case, are able to spread
the load in a more even way longitudinally by the “channels” of solid wood left by the pattern.

In order to further assess the capacity of the metamaterial instruments to withstand
the tension of the strings, we can also look at the distribution of stresses in the sound-
board. Unfortunately, we cannot develop a way to predict failure, as failure theories in
anisotropic materials require the definition of a number of constants to be determined
experimentally [34].

Figure 3b shows the von Mises stress for the case of the solid plate, of the longitudinal
holes (p = 1), and of the radial holes (p = 1). Contrary to the displacement, the stress
distribution between the two hole patterns is clearly different, with the radial holes showing
a greater concentration of stresses on the bridge area. This could potentially lead to
premature failure of the instrument for the radial hole patterns. The longitudinal holes,
on the other hand, albeit having more concentrated stresses than the solid top case, are
able to spread the load in a more even way longitudinally by the “channels” of solid wood
left by the pattern, therefore actually making a stronger top than the radial pattern for an
equivalent density. This difference of stiffness for the same equivalent density should imply
a higher radiation coefficient, and this is the subject of the next subsection.

3.3. Sound Pressure Level

We performed frequency-domain simulations to obtain the Sound Pressure Level
(SPL) of the complete body of the instrument. These were obtained by imposing a normal
harmonic load on a circular area with a 2 mm radius on the top surface of the soundboard,
located under the bridge, in the middle of the lower bout.
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The frequencies analysed in the second study went from 5 to 500 Hz with a step of
5 Hz and from 510 to 1000 Hz with a step of 10 Hz. To obtain the SPL frequency response
plot, the SPL for each frequency was computed as the average of the SPL evaluated over
the surface of a sphere, with a 1m radius, built around the guitar.

Figure 4a shows the results for the solid top and the the two metamaterial ones. There
are clear differences in the Helmholtz resonance, which occur at roughly the same frequency
since the volume variation in the air cavity is insignificant (<2%), as well as in the 400 Hz
range and a further large difference at 650Hz, but with a smaller absolute pressure level, so
probably less audible. To stress the difference, the variation in pressure level is shown in
Figure 4b.
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Figure 4. Sound pressure level of the complete body of the instrument for the solid top and two
metamaterial configurations. These were obtained by imposing a normal harmonic load on a circular
area with a 2 mm radius on the top surface of the soundboard, located under the bridge, in the middle
of the lower bout. (a) Absolute value of the SPL. (b) Relative difference between the guitar with a
solid top and the guitar with a metamaterial top plate.

4. Discussion

In this article, we showed by means of simulations that the use of mechanical metama-
terials for the top plate of a classical guitar is a feasible option regarding its load-bearing
capacity, as well as its dynamic response. The results are extremely relevant as they present
a way to, in principle, compensate the intrinsic material variation that characterises wood
by modifying the pattern of the metamaterial to suit particular needs. We showed that,
for all practical purposes, tops made with metamaterials behave in a way that is indis-
tinguishable from solid wood. By doing so, the variability of wood becomes a treatable
feature, much like other design variables of the guitar, and not a given. Using the material
as a design parameter could open a realm of possibilities, mostly when used with artificial
intelligence approaches [35], such that one can start engineering musical instruments as
opposed to crafting them.
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Our results show that the dynamic response, measured via the eigenfrequencies of
the instrument, is not very sensitive to the orientation of the metamaterial, i.e., to its
longitudinal stiffness. This is consistent with existing studies on the impact of the variation
of the mechanical properties of different components on the vibrational response of the
guitar. In [36], the density of the top plate is the second-most relevant feature, whereas its
stiffness has little relevance. Our findings confirm this, given that, with the patterns we
used, the density difference between the two orientations of the holes is negligible, whereas
their effective radial and longitudinal stiffnesses will vary considerably. A guitar is not
only an instrument that needs to vibrate though, it is also necessary that it bears the load
of the strings without breaking or deforming too much so as to influence its playability.
Indeed, the orientation of the holes does seem to have a clearer impact on the structure’s
load-bearing capacity, as we found with our static load simulations. Our findings indicate
that metamaterial soundboards with longitudinal holes are better suited to withstand the
tension of the strings. Given this advantage, therefore, this choice of orientation seems to
be overall preferable.

In terms of sound production, though, the picture is more nuanced. There are several
studies in the literature that have related the frequency response of an instrument to its
perceived quality [33,37,38], and this could even influence the quality of the instrument [39].
The results presented there showed that the inclusion of metamaterials would have both
positive and negative effects in the sound quality, which need to be balanced by the guitar
maker to achieve a desired sound. The introduction of parametric metamaterials allows
one such a way to fine-tune the frequency response of the instrument.

The implications of these results for contemporary guitar making, and instrument
making in general, are far fetching. The constant and sustained habitat reduction that
tone-wood suffers due to global warming [12] is not going to be reversed anytime soon:
making do with lower-grade woods may be the only possibility to continue making tra-
ditional instruments. These results present a straightforward way to use different woods
in the construction of guitars by tuning their density and stiffness to a desired, perhaps
optimal, value.

Author Contributions: Conceptualisation, S.G. and C.E.; methodology, S.G.; software, M.L. and G.L.;
investigation, M.L.; writing—review and editing, M.L., C.E. and S.G.; visualisation, M.L.; supervision,
S.G.; funding acquisition, C.E., F.A. and A.S. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was partially supported by the FONDECYT Postdoctoral Grant 3200239 and
FONDECYT Regular Grant 1190005. Additional support came from the MSCA EF 2020 grant of
Politecnico di Milano.

Data Availability Statement: Not applicable.

Acknowledgments: We thank A. Brauchler for the critical reading of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Liu, Y.; Zhang, X. Metamaterials: A New Frontier of Science and Technology. Chem. Soc. Rev. 2011, 40, 2494–2507. [CrossRef]
2. Ma, G.; Sheng, P. Acoustic metamaterials: From local resonances to broad horizons. Sci. Adv. 2016, 2, e1501595. [CrossRef]

[PubMed]
3. Yu, X.; Zhou, J.; Liang, H.; Wu, L. Mechanical metamaterials associated with stiffness, rigidity and compressibility: A brief review.

Prog. Mater. Sci. 2017, 94. [CrossRef]
4. Muamer, K.; Milton, G.; Hecke, M.; Wegener, M. 3D metamaterials. Nat. Rev. Phys. 2019, 1, 1. [CrossRef]
5. Surjadi, J.; Gao, L.; Du, H.; Li, X.; Xiong, X.; Fang, N. Mechanical Metamaterials and Their Engineering Applications. Adv. Eng.

Mater. 2019, 21, 1800864. [CrossRef]
6. Barchiesi, E.; Spagnuolo, M.; Placidi, L. Mechanical metamaterials: A state of the art. Math. Mech. Solids 2018, 24, 108128651773569.

[CrossRef]
7. Zheng, X.; Lee, H.; Weisgraber, T.; Shusteff, M.; DeOtte, J.; Duoss, E.; Kuntz, J.; Biener, M.; Ge, Q.; Jackson, J.; et al. Ultralight,

Ultrastiff Mechanical Metamaterials. Science 2014, 344, 1373–1377. [CrossRef]

http://doi.org/10.1039/c0cs00184h
http://dx.doi.org/10.1126/sciadv.1501595
http://www.ncbi.nlm.nih.gov/pubmed/26933692
http://dx.doi.org/10.1016/j.pmatsci.2017.12.003
http://dx.doi.org/10.1038/s42254-018-0018-y
http://dx.doi.org/10.1002/adem.201800864
http://dx.doi.org/10.1177/1081286517735695
http://dx.doi.org/10.1126/science.1252291


Appl. Sci. 2022, 12, 8619 9 of 10

8. Pacchioni, G. Mechanical metamaterials: The strength awakens. Nat. Rev. Mater. 2016, 1, 16012. [CrossRef]
9. Gore, T. Wood for guitars. In Proceedings of the Meetings on Acoustics 161ASA, Seattle, WA, USA, 23–27 May 2011 ; Volume 12,

p. 035001.
10. Viala, R.; Placet, V.; Cogan, S. Simultaneous non-destructive identification of multiple elastic and damping properties of spruce

tonewood to improve grading. J. Cult. Herit. 2020, 42, 108–116. [CrossRef]
11. Gibson, C.; Warren, A. Resource-sensitive global production networks: Reconfigured geographies of timber and acoustic guitar

manufacturing. Econ. Geogr. 2016, 92, 430–454. [CrossRef]
12. Lenoir, J.; Gégout, J.C.; Marquet, P.; De Ruffray, P.; Brisse, H. A significant upward shift in plant species optimum elevation

during the 20th century. Science 2008, 320, 1768–1771. [CrossRef]
13. Maxwell, C.J.; Scheller, R.M. Identifying Habitat Holdouts for High Elevation Tree Species Under Climate Change. Front. For.

Glob. Change 2020, 2, 94. [CrossRef]
14. Petersen, E.A.; Colinot, T.; Guillemain, P.; Kergomard, J. The link between the tonehole lattice cutoff frequency and clarinet sound

radiation: A quantitative study. Acta Acust. 2020, 4, 18. [CrossRef]
15. Bader, R.; Fischer, J.; Münster, M.; Kontopidis, P. Metamaterials in musical acoustics: A modified frame drum. J. Acoust. Soc. Am.

2019, 145, 3086–3094. [CrossRef] [PubMed]
16. Oñate, C.E.; Arancibia, A.; Cartes, G.; Beas, C.F. Seeking for spectral manipulation of the sound of musical instruments using

metamaterials. In Proceedings of the 15th International Conference on Audio Mostly, Graz, Austria, 15–17 September 2020;
pp. 277–280.

17. Gonzalez, S.; Chacra, E.; Carreño, C.; Espinoza, C. Wooden Mechanical Metamaterials: Towards tunable wood plates. Mater. Des.
2022, 221, 110952. [CrossRef]

18. Grima, J.; Evans, K. Auxetic behavior from rotating squares. J. Mater. Sci. Lett. 2000, 19, 1563–1565. [CrossRef]
19. Bertoldi, K.; Boyce, M. Mechanically triggered transformations of phononic band gaps in periodic elastomeric structures. Phys.

Rev. B 2008, 77, 052105. [CrossRef]
20. Bertoldi, K.; Vitelli, V.; Christensen, J.; Van Hecke, M. Flexible mechanical metamaterials. Nat. Rev. Mater. 2017, 2, 1–11. [CrossRef]
21. Grossi, B.; Palza, H.; Zagal, J.; Falcón, C.; During, G. Metarpillar: Soft robotic locomotion based on buckling-driven elastomeric

metamaterials. Mater. Des. 2021, 212, 110285. [CrossRef]
22. Torres, J.A.; Soto, C.A.; Torres-Torres, D. Exploring design variations of the Titian Stradivari violin using a finite element model. J.

Acoust. Soc. Am. 2020, 148, 1496–1506. [CrossRef]
23. Chatziioannou, V. Reconstruction of an early viola da gamba informed by physical modeling. J. Acoust. Soc. Am. 2019,

145, 3435–3442. [CrossRef] [PubMed]
24. Salvi, D.; Gonzalez, S.; Antonacci, F.; Sarti, A. Parametric optimization of violin top plates using machine learning. In Proceedings

of the 27th International Congress on Sound and Vibration, ICSV 2021, Online, 11–16 July 2021.
25. Brauchler, A.; Ziegler, P.; Eberhard, P. An entirely reverse-engineered finite element model of a classical guitar in comparison

with experimental data. J. Acoust. Soc. Am. 2021, 149, 4450–4462. [CrossRef] [PubMed]
26. Gonzalez, S.; Salvi, D.; Antonacci, F.; Sarti, A. Eigenfrequency optimisation of free violin plates. J. Acoust. Soc. Am. 2021,

149, 1400–1410. [CrossRef] [PubMed]
27. Kaselouris, E.; Bakarezos, M.; Tatarakis, M.; Papadogiannis, N.A.; Dimitriou, V. A Review of Finite Element Studies in String

Musical Instruments. Acoustics 2022, 4, 183–202. [CrossRef]
28. Giordano, N.; Chatziioannou, V. Status and future of modeling of musical instruments: Introduction to the JASA special issue. J.

Acoust. Soc. Am. 2021, 150, 2294–2301. [CrossRef] [PubMed]
29. Viala, R.; Pérez, M.A.; Placet, V.; Manjon, A.; Foltête, E.; Cogan, S. Towards model-based approaches for musical instruments

making: validation of the model of a Spanish guitar soundboard and characterization features proposal. Appl. Acoust. 2021,
172, 107591. [CrossRef]

30. Courtnall, R. Making Master Guitars; Hale/Stewart-MacDonald: Athens, OH, USA, 1993.
31. Moosrainer, M.; Fleischer, H. Application of BEM and FEM to musical instruments. Bound. Elem. Acoust. 2000, 377 –410.
32. Ross, R.J. Wood Handbook: Wood as an Engineering Material; General Technical Report FPL-GTR-190; USDA Forest Service, Forest

Products Laboratory: Madison, WI, USA, 2010; Volume 190.
33. Fletcher, N.H.; Rossing, T.D. The Physics of Musical Instruments; Springer Science & Business Media: Berlin/Heidelberg,

Germany, 2012.
34. Kasal, B.; Leichti, R.J. State of the art in multiaxial phenomenological failure criteria for wood members. Prog. Struct. Eng. Mater.

2005, 7, 3–13. [CrossRef]
35. Gonzalez, S.; Salvi, D.; Baeza, D.; Antonacci, F.; Sarti, A. A data-driven approach to violin making. Sci. Rep. 2021, 11, 1–9.
36. Brauchler, A.; Hose, D.; Ziegler, P.; Hanss, M.; Eberhard, P. Distinguishing geometrically identical instruments: Possibilistic

identification of material parameters in a parametrically model order reduced finite element model of a classical guitar. J. Sound
Vib. 2022, 535, 117071 . [CrossRef]

37. Caldersmith, G.; Jansson, E. Frequency response and played tones of guitars. In Quarterly Report STL-QPSR 4/1980; Department of
Speech, Technology and Music Acoustics, Royal Institute of Technology (KTH): Stockholm, Sweden, 1980; Volume 21, pp. 50–61.

http://dx.doi.org/10.1038/natrevmats.2016.12
http://dx.doi.org/10.1016/j.culher.2019.09.004
http://dx.doi.org/10.1080/00130095.2016.1178569
http://dx.doi.org/10.1126/science.1156831
http://dx.doi.org/10.3389/ffgc.2019.00094
http://dx.doi.org/10.1051/aacus/2020018
http://dx.doi.org/10.1121/1.5102168
http://www.ncbi.nlm.nih.gov/pubmed/31153336
http://dx.doi.org/10.1016/j.matdes.2022.110952
http://dx.doi.org/10.1023/A:1006781224002
http://dx.doi.org/10.1103/PhysRevB.77.052105
http://dx.doi.org/10.1038/natrevmats.2017.66
http://dx.doi.org/10.1016/j.matdes.2021.110285
http://dx.doi.org/10.1121/10.0001952
http://dx.doi.org/10.1121/1.5111135
http://www.ncbi.nlm.nih.gov/pubmed/31255111
http://dx.doi.org/10.1121/10.0005310
http://www.ncbi.nlm.nih.gov/pubmed/34241441
http://dx.doi.org/10.1121/10.0003599
http://www.ncbi.nlm.nih.gov/pubmed/33765833
http://dx.doi.org/10.3390/acoustics4010012
http://dx.doi.org/10.1121/10.0006439
http://www.ncbi.nlm.nih.gov/pubmed/34598593
http://dx.doi.org/10.1016/j.apacoust.2020.107591
http://dx.doi.org/10.1002/pse.185
http://dx.doi.org/10.1016/j.jsv.2022.117071


Appl. Sci. 2022, 12, 8619 10 of 10

38. Meyer, J. Quality aspects of the guitar tone. In Function, Construction, and Quality of the Guitar; Royal Swedish Academy of Music:
Stockholm, Sweden, 1983; pp. 51–75.

39. Tai, H.C.; Shen, Y.P.; Lin, J.H.; Chung, D.T. Acoustic evolution of old Italian violins from Amati to Stradivari. Proc. Natl. Acad. Sci.
USA 2018, 115, 5926–5931. [CrossRef] [PubMed]

http://dx.doi.org/10.1073/pnas.1800666115
http://www.ncbi.nlm.nih.gov/pubmed/29784818

	Introduction
	Materials and Methods
	Results
	Eigenfrequency Studies
	Unbraced Soundboards
	Braced Soundboards
	Complete Body

	Displacement Under Tension
	Sound Pressure Level

	Discussion
	References

