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Abstract

Percussion instruments exhibit complex vibrational behavior characterized by transient
excitation, high modal density, and strong structural–acoustic coupling. Numerical
modeling—especially the finite element method (FEM)—has become essential for ana-
lyzing realistic geometries, material heterogeneity, and fluid–structure interaction. This
review systematically synthesizes FEM-based studies on percussion instruments, organized
by their physical classification into idiophones and membranophones. The present work
thematically compares modeling strategies and their trade-offs and highlights actionable
research gaps. FEM and coupled FEM–boundary element (BEM) approaches applied to
bars, plates, shells, membranes, and vibroacoustic systems are reviewed, with emphasis
on modal behavior, tuning strategies, excitation mechanisms, nonlinear phenomena, and
fluid–structure interaction. A key feature is the consistent validation of simulations against
experimental measurements. The analysis reveals that while FEM is mature for modeling
bars, plates, shells, and single-membrane systems, significant gaps remain: bar–resonator
coupling and damping/residual stress modeling in idiophones, coupled clapper–bell–air
simulations for bells, and fully coupled double-membrane simulations for drums. The
latter directly affects predictions of modal frequencies, decay rates, and timbre. The review
concludes by identifying priority research directions: fully coupled double-membrane
models, material nonlinear viscoelasticity, efficient FEM–BEM coupling, and integration of
performer-informed excitation for sound synthesis.

Keywords: percussion instruments; finite element method; vibration; acoustics; numerical
modeling; experimental validation

1. Introduction
Percussion instruments form one of the oldest and most diverse families of musical

instruments, appearing in virtually every musical culture. From a physical perspective,
they are impulsively excited mechanical systems whose sound production is governed by
the vibration of solid structures, membranes, and their interaction with the surrounding
air. Compared with wind and string instruments, percussion instruments exhibit strongly
transient behavior, high modal density, and often markedly inharmonic spectra, making
their vibration and sound radiation particularly challenging to analyze [1].

Extensive experimental and theoretical research has been devoted to understanding
the acoustics of percussion instruments, with a strong emphasis on identifying their modes
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of vibration and relating these modes to perceived pitch and timbre. Seminal review
articles by Rossing and co-workers documented major advances in experimental modal
analysis, holographic interferometry, and sound radiation measurements for a wide range
of percussion instruments, including marimbas, cymbals, gongs, steelpans, bells, and
drums [2,3]. These studies established the central role of structural vibration patterns—such
as flexural modes in bars, complex plate and shell modes in idiophones, and membrane
modes in drums—in shaping the acoustic output of percussion instruments.

Percussion instruments are commonly classified according to their sound-producing
mechanism into idiophones and membranophones. Idiophones generate sound through
vibration of the instrument’s solid body, as in bars, plates, disks, and shells, whereas
membranophones rely primarily on the vibration of stretched membranes, often coupled
to shells and enclosed air cavities. This physical classification is particularly relevant for
vibration analysis, since each category is associated with distinct structural dynamics,
dispersion characteristics, and radiation mechanisms [4].

While analytical solutions exist for idealized bars, plates, and membranes, realistic
percussion instruments involve complex geometries, non-uniform thickness, material
anisotropy, geometric nonlinearities, and strong fluid–structure interaction. As a result,
numerical methods have become indispensable tools for studying their vibrational behavior.
Among these, the finite element method (FEM) [5,6], often combined with the boundary
element method (BEM) [7,8], has emerged as a dominant framework for modeling the
structural vibration and sound radiation of percussion instruments. FEM studies have been
successfully applied to bar tuning in marimbas and xylophones, nonlinear vibration and
mode splitting in cymbals and gongs, circumferential mode families and strike tones in
bells, and membrane–air coupling in timpani and other drums [9,10].

Despite the substantial body of literature, existing studies remain dispersed across
instrument types and methodological approaches. A unified review that synthesizes finite
element-based investigations of vibration and sound radiation across the full range of
percussion instruments is still lacking. The present review aims to address this gap by
providing a systematic overview of FEM studies on percussion instruments, organized
according to their physical classification into idiophonic and membranophonic systems.
Emphasis is placed on structural vibration mechanisms, excitation and nonlinear effects,
fluid–structure interaction, and sound radiation modeling, with the goal of identifying
common trends, limitations, and directions for future research.

The remainder of this review is organized as follows. Section 2 introduces a physical
classification of percussion instruments based on their primary sound-producing mecha-
nisms. Sections 3 and 4 summarize numerical and experimental methodologies commonly
employed in percussion acoustics, with emphasis on modal analysis, vibroacoustic cou-
pling, and finite element-based modeling frameworks. Sections 5 and 6 review finite
element studies of idiophonic and membranophonic percussion instruments, respectively,
highlighting dominant modeling strategies, validation approaches, and key findings. Fi-
nally, Sections 7 and 8 discuss current challenges and future research directions and provide
concluding remarks.

This review adopts a systematic scoping approach to identify, categorize, and synthe-
size peer-reviewed journal articles and conference proceedings that employ finite element
analysis to study percussion instrument vibration and sound radiation. Sources were
retrieved from Scopus, Web of Science, and acoustics society databases using keyword
combinations: finite element method, percussion, vibration, modal analysis, sound radi-
ation, idiophone, membrane, and boundary element method. Inclusion criteria required
that studies (a) use FEM as a primary tool, (b) focus on structural vibration or vibroacous-
tic coupling, and (c) present validation against experimental data or analytical models.
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The analysis is structured around the idiophone/membranophone classification, with the-
matic sub-groupings used to compare modeling approaches, assumptions, and validation
strategies. To provide an overview of the scope and coverage of the reviewed literature,
Figures 1 and 2 present the temporal distribution of FEM-based studies and the number of
studies per instrument category, respectively.

Figure 1. Temporal distribution of FEM-based studies on percussion instruments (1996–2025). Data
are derived from the references cited in this review and reflect the main trends within the available
peer-reviewed literature.

Figure 2. Distribution of FEM-based studies across percussion instrument categories. Data are
derived from the references cited in this review and reflect the main trends within the available
peer-reviewed literature.
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The data of Figure 1 shows a steady increase in research activity, with a marked
acceleration after 2016. The period 2021–2025 accounts for 26 studies, reflecting growing
interest in FEM for percussion instrument analysis, design, and sound synthesis.

In contrast to previous descriptive reviews, the present work goes beyond cataloging
studies by thematically comparing modeling strategies and their trade-offs, and high-
lighting a specific, actionable research gap (double-membrane coupling) that has been
overlooked in the literature.

2. Classification of Percussion Instruments
Percussion instruments may be classified in several ways depending on musical

function, playing technique, or pitch organization. From the standpoint of vibration and
acoustics, however, the most meaningful classification is based on the primary sound-
producing mechanism. This physical classification distinguishes instruments according to
whether sound is generated mainly by the vibration of a solid body or by a stretched mem-
brane. Such a distinction is particularly relevant for vibroacoustic analysis and numerical
modeling, since it directly determines the governing equations, dominant mode shapes,
and coupling mechanisms involved [1–3].

Accordingly, percussion instruments are commonly divided into idiophonic and
membranophonic systems. This organological classification, originally formalized in the
Hornbostel–Sachs system, has been widely adopted in musical acoustics and vibration
research because of its strong correspondence with structural dynamics [4,11].

2.1. Idiophonic Percussion Instruments

Idiophonic percussion instruments generate sound through the vibration of the in-
strument’s solid body itself, without the use of strings or membranes. The acoustic output
arises from flexural, torsional, or shell-type vibrations of bars, plates, disks, or shells, de-
pending on the geometry of the instrument. Idiophones are typically excited by impulsive
forces, such as mallet strikes, and may exhibit strongly inharmonic modal spectra due to
the dispersive nature of bending waves in solids.

Common idiophonic percussion instruments include mallet percussion instru-
ments [4,12–14] such as marimbas, xylophones and chimes; plate- and disk-like struc-
tures [4,15–17] such as cymbals, gongs, and steelpans; and shell structures [4,18] such as
bells and handbells. Each of these structural categories is associated with distinct vibration
mechanisms. Bars are dominated by flexural modes whose frequencies depend on length,
thickness, and material properties, while plates and disks display high modal density, mode
splitting, and often pronounced nonlinear effects at large vibration amplitudes. Shell idio-
phones, particularly bells, are characterized by families of circumferential modes, strong
modal coupling, and complex radiation patterns that contribute to perceptual phenomena
such as strike tones and beating.

2.2. Membranophonic Percussion Instruments

Membranophonic percussion instruments produce sound primarily through the vi-
bration of a stretched membrane, which may be coupled to a supporting shell and, in
some cases, to an enclosed air cavity. The vibration characteristics of these instruments
are governed by membrane tension, mass density, boundary conditions, and air–structure
interaction effects.

Single-membrane instruments [4] such as timpani, frame drums, and conga are dom-
inated by membrane modes whose frequencies are approximately described by Bessel
functions in idealized cases. In real instruments, coupling between the vibrating membrane,
the supporting shell, and the surrounding air significantly modifies the modal frequencies
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and damping characteristics [19]. Double-membrane systems and coupled membrane–air
instruments, such as snare drum, tom tom, mridangam and mandar, exhibit even more
complex behavior, in which membrane modes interact strongly with the resonances of the
enclosed air and the structural modes of the supporting shell [4,8,20].

While the idiophone/membranophone classification is physically clear, numerical
modeling reveals a small number of ambiguous cases. Some instruments exhibit hybrid
behavior. For example, steelpans (classified as plate/disk idiophones in Section 5.2) feature
localized note regions that introduce behavior reminiscent of loaded membranes, blurring
the line between distributed and localized vibration. Conversely, membranophones such
as timpani and mridangam have rigid or compliant shells whose vibration can signifi-
cantly contribute to the radiated sound, introducing idiophonic characteristics. These
overlaps mean that while the classification aids organization and comparison, it does
not impose rigid physical boundaries. Numerical conclusions—such as FEM’s suitability
for complex solids or the importance of fluid–structure coupling in membranes—remain
valid because they are presented within their respective structural paradigms. The core
modeling challenges—geometry, material anisotropy, nonlinearity, and fluid–structure
interaction—are shared across both classes. Thus, the classification serves as an organizing
principle, not a rigid boundary.

3. Numerical Methods for Percussion Instrument Analysis
Numerical methods are indispensable for the analysis of percussion instruments due

to their geometric complexity, material heterogeneity, and strong coupling effects. Among
available approaches, the finite difference method (FDM), the FEM, and BEM are the most
employed in percussion acoustics and sound synthesis.

The FDM has been applied [21–23] mainly to membranes, bars, and plates, where
regular grids and time-domain formulations facilitate the study of wave propagation, tran-
sient excitation, and nonlinear effects. However, its applicability is limited for instruments
with complex geometries.

For idiophonic instruments, FEM is particularly effective in modeling bars, plates,
disks, and shells with non-uniform thickness and complex boundary conditions. FEM
studies have been widely used to investigate flexural modes and tuning strategies in bar
idiophones, nonlinear vibration and mode splitting in plates and cymbals, and circumfer-
ential mode families and symmetry breaking in bells. Accurate representation of material
properties and damping is critical in these models, as emphasized in studies of struck
idiophones and metallic percussion instruments [9,10].

For membranophonic instruments, FEM enables modeling of tensioned membranes,
supporting shells, and their mutual interaction. In single-membrane drums, FEM has
been used to study the influence of membrane tension, boundary conditions, and shell
compliance on modal behavior. In coupled membrane–air systems such as timpani, FEM-
based structural–acoustic models have been developed to capture the interaction between
membrane vibration, enclosed air resonances, and the structural response of the bowl,
reproducing key features observed experimentally [8,9].

BEM is commonly used to model sound radiation from vibrating percussion instru-
ments. BEM is well suited for unbounded acoustic domains and is frequently coupled with
FEM to form hybrid FEM–BEM formulations, allowing structural vibration and acoustic
radiation to be treated consistently [9,24–26].

FEM in the structural domain offers mature capabilities for handling complex geome-
tries, anisotropic and inhomogeneous materials, and internal boundaries. It provides a
natural formulation for solid vibration and fluid–structure interface deformation, and it
is computationally efficient for bounded domains such as bars, plates, membranes, and
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shells. BEM in the acoustic domain is particularly advantageous for modeling unbounded
radiation fields because it requires only surface discretization, automatically satisfies the
Sommerfeld radiation condition without artificial absorbing boundaries, and reduces the
number of degrees of freedom compared to volumetric acoustic FEM, especially at mid to
high frequencies.

Simulation-driven design serves as a powerful complement to traditional craftsman-
ship rather than a replacement, fostering a synergistic relationship between numerical
precision and experiential intuition. While methods like FEM enable the rapid exploration
of vast design spaces, quantitative optimization of modal frequencies, and the ability to
perform inverse design, they cannot fully capture the tacit knowledge of material behavior
or the subtle sensory qualities—such as “warmth” and playability—inherent in artisanal
work. Traditional craftsmanship remains essential for real-time auditory feedback, skill-
based corrections for material heterogeneity, and the preservation of cultural techniques.
Accordingly, the most effective contemporary approach is likely a hybrid one, leveraging
FEM to identify optimal structural modifications and ensure reproducibility, while relying
on the artisan’s ear and tactile expertise for final tuning and esthetic integration.

4. Experimental Modal and Acoustic Analysis of Percussion Instruments
Experimental investigations provide the primary empirical foundation for understand-

ing vibration and sound radiation in percussion instruments and for validating numerical
models. Because percussion instruments are typically excited impulsively, experimental
techniques must be capable of capturing broadband, transient responses and resolving
closely spaced modes with often inharmonic frequency distributions. For this reason,
experimental studies may combine structural vibration measurements with acoustic mea-
surements of the radiated sound field.

For idiophonic percussion instruments, experimental modal analysis focuses on the vi-
bration of solid structures such as bars, plates, disks, and shells. Impact excitation combined
with accelerometers or non-contact optical techniques has been widely used to identify
natural frequencies, mode shapes, and damping factors [2–4,9,10]. Classical visualization
methods, including Chladni patterns [27], remain valuable for qualitative identification of
nodal configurations in bars, plates, and bells. More advanced optical techniques, such as
laser Doppler vibrometry [9] and electronic speckle interferometry (ESPI) [2–4,28], enable
full-field measurements with high spatial resolution and have been particularly effective
for plate and shell idiophones exhibiting high modal density, mode splitting, and nonlinear
vibration effects. Acoustic measurements play a complementary role by characterizing
how structural vibration is converted into radiated sound. Microphone measurements,
conducted in free-field or semi-anechoic conditions, have been used to determine sound
pressure spectra, radiation efficiency, and directivity patterns of idiophonic instruments.

For membranophonic percussion instruments, experimental modal analysis is com-
plicated by membrane tension, boundary conditions, and coupling with surrounding
structures and air. Vibration measurements of membranes reveal modal families char-
acterized by nodal diameters and nodal circles, while acoustic measurements capture
the influence of air loading and cavity resonances on radiated sound. The membrane
tension and material properties strongly influence both modal frequencies and radiation
efficiency [9]. Zhao [29] quantitatively characterized the mechanical properties of tanned
leathers (elastic modulus, density, thickness, and damping) and used them as direct inputs
for an FEM model of a traditional percussion membrane, with simulation results validated
against experimental sound spectra.
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5. FEM Studies on Idiophonic Percussion Instruments
From a numerical perspective, idiophones are well suited to finite element modeling

because their complex geometries, non-uniform thickness distributions, and material
anisotropy cannot be treated accurately using analytical models alone. FEM studies have
been widely employed to investigate modal behavior, tuning strategies, nonlinear vibration,
and sound radiation in idiophonic percussion instruments [30–83].

5.1. Mallet Percussion Instruments

Bretos et al. [30] employed finite element analysis (FEA) to investigate the vibrational
properties of wooden bars used in musical instruments, focusing on both constant-section
and undercut designs. Using an orthotropic material model, the influence of wood’s elastic
parameters on eigenfrequencies was analyzed, revealing that Young’s modulus, shear
modulus, and density are critical. Undercut shapes (parabolic/rectangular) were evaluated
for achieving harmonic frequency relationships, aiding xylophone bar design. Numerical
results aligned well with experimental measurements, validating the model’s accuracy for
flexural eigenmodes.

Bork et al. [31] performed experimental modal analysis and three-dimensional FE
modeling of a low-pitched marimba bar. Measurements identified modal frequencies
and mode shapes up to 8 kHz, revealing complex vibrational behavior not captured by
simple beam models. An orthotropic FEM model, accounting for wood anisotropy, closely
matched experimental results, with frequency discrepancies below 4% up to 4 kHz. The
analysis shows that accurate modeling of torsional and lateral modes requires orthotropic
material properties and highlights the sensitivity of tuning to small geometric variations in
the bar’s central thickness.

Suits [32] investigated transverse wave behavior in finite vibrating bars, contrasting
it with idealized string models and discussing the resulting musical implications. The
Euler–Bernoulli and Timoshenko beam theories were compared, with experimental results
showing that the Timoshenko model more accurately predicts the vibrational behavior of
wooden bars. These findings were extended using finite element modeling to nonuniform
bars, such as those used in xylophones and marimbas, demonstrating that the Timoshenko
theory, when combined with appropriate elastic constants, reliably predicts vibrational
frequencies in real musical instruments.

Henrique and Antunes [33] presented a computational approach for designing percus-
sion instruments by combining FE eigenanalysis with optimization techniques to achieve
target modal frequencies. The method employed orthogonal shape functions and determin-
istic optimization to efficiently design both conventional and novel instrument geometries,
demonstrated through vibraphone and marimba bar optimizations. Additionally, non-
linear physical modeling enabled sound synthesis via modal representations, simulating
vibratory responses. Mallet/bar interactions were modeled. While results were promising,
bar/resonator vibroacoustic coupling, resonator optimization, and radiation effects were
not incorporated. Henrique et al. [34] explored shape optimization of marimba bars and
resonators using FEM models coupled with Timoshenko beam and 1D wave theory. The
goal was to achieve target vibratory/acoustic eigenvalues under geometric constraints.
Optimized shapes matched conventional designs, while also enabling unconventional
spectral signatures. Simplified computational models proved effective for lower-frequency
modes, aligning with complex 3D simulations. Prototype testing validated the approach,
demonstrating potential for innovative instrument design.

Brancheriau et al. [35] investigated frequency shifts in xylophone bars during tuning by
modeling structural irregularities with reduced Young’s modulus. The proposed analytical
approach treated the bar as a 1D system in free–free vibration, showing that natural
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frequencies decreased as the weak element’s stiffness diminished, with shifts dependent
on its position. FEA and dynamic tests validated the model, revealing similar frequency
behaviors in longitudinal and transverse vibrations. The findings enhanced understanding
of tuning effects in non-uniform wooden bars, offering insights for optimizing percussion
instrument design.

Laukkanen and Worland [36] studied how undercut progressions affect the harmonic
tuning of aluminum vibraphone bars, combining experimental measurements (spectrum
analysis, ESPI) with FE modeling. Results demonstrated how material removal at specific
locations alters natural frequencies, with the computational model validating empirical
tuning rules. The approach enabled customized overtone ratios, offering manufactur-
ers a systematic method to achieve desired harmonic relationships beyond traditional
arched undercuts.

Bestle et al. [37] presented a sound synthesis method for virtual idiophones by deriv-
ing radiated sound pressure directly from surface velocities. The underlying structural
vibrations were simulated using a reduced-order elastic body model, where elastic proper-
ties were obtained from an initial FEM discretization followed by modal truncation. This
FEM–Elastic Multibody System approach was validated against laser Doppler vibrome-
ter and microphone measurements for a vibraphone bar. The method was significantly
faster than the BEM and allowed for sound evaluation using psychoacoustic criteria like
inharmonicity for future geometric optimization.

A low-cost experimental method, complemented by FEM numerical simulations,
ref. [38] was developed for instrument tuning and modal analysis validation on a marimba
bar. While dual sensor triplets successfully detected and reconstructed the first vibrational
mode, higher-order modes required denser sensor arrays for full spatial reconstruction. The
combined experimental-simulation approach demonstrated promise for future applications
involving more sensors, improved calibration, and Fiber Bragg Grating-based transient
modal analysis.

Beaton and Scavone [39] employed 3D FEA and genetic algorithms to optimize
marimba bar geometry, targeting both frequency tuning (typically three partials) and
secondary criteria: torsional mode separation, symmetry, and professional shape resem-
blance. The automated workflow identified optimal undercut profiles while handling
modal reordering, revealing diverse manufacturable solutions. Results demonstrated how
computational methods can supplement traditional tuning approaches, offering manufac-
turers data-driven insights for bar design.

Rucz et al. [40,41] presented a 3D coupled vibroacoustic finite element model for
simulating mallet percussion instruments in the time domain. The model incorporated
orthotropic wood properties, nonlinear mallet–bar interaction, and acoustic radiation, using
modal reduction for efficiency. Validated against measurements from an Orff xylophone, it
demonstrated capabilities in energy balance analysis, resonator tuning effects, and torsional
mode excitation. The approach enabled physics-based sound synthesis while capturing
key acoustical and mechanical interactions and demonstrated its capability to simulate
complex percussion instrument behavior from impact to radiation.

Soares et al. [42] presented a global optimization method for tuning mallet percussion
bars using simplified rectangular undercuts. A one-dimensional Timoshenko beam model
combined with FEA predicted modal frequencies, while an evolutionary algorithm opti-
mized undercut geometry to match predefined tuning ratios. Additional penalty terms
reduced extracted material and smooth profile transitions, improving manufacturability.
Results demonstrated that accurate multi-modal tuning can be achieved with few design
variables, even for demanding and unconventional tuning targets, with low computational
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cost. The approach offered a practical alternative to complex curvilinear undercuts showing
potential for extension to 3D models.

The study by Beaton and Scavone [43] presented a 3D FEM framework for tuning
both flexural and torsional modes of idiophone bars used in marimbas and vibraphones.
Unlike traditional tuning approaches that focus on transverse modes, the method enabled
simultaneous control of multiple mode families through geometric modification alone.
A Newton–Raphson scheme with a Moore–Penrose inverse was employed to solve the
underdetermined tuning problem. The results demonstrated that torsional modes, often
responsible for undesirable timbral effects, can be controlled while preserving conventional
harmonic relationships of flexural modes. Figure 3 presents representative finite element
results illustrating the influence of geometric modification on the modal frequency ratios of
a marimba bar. The figures demonstrate how controlled changes in bar geometry affect the
alignment of flexural and torsional modes, highlighting the role of numerical optimization
in managing inharmonicity and unwanted modal interactions.

 

Figure 3. (a) Tuned geometry of model 1(f), a rosewood F3 bar tuned to modal frequency ratios: V1-1,
V2-4, V3-10, T1-2, T2-8, L1-6; (b) tuned mode shapes of model 1(f), a rosewood F3 bar model tuned to
frequency ratios: V1-1, V2-4, V3-10, T1-2, T2-8, L1-6. The undeformed bar position is shown as a black
outline of the outer bar dimensions (cutaway omitted). Adapted from Ref. [43], with permission from
[Acoustical Society of America].

Soares et al. [44] presented a reduced-order model for vibroacoustic coupling in marim-
bas/vibraphones, representing the bar as a disk oscillator and resonator as a cylindrical
waveguide. Using axisymmetric 2D FE simulations, 3D radiation effects were reduced to
dimensionless analytical expressions, enabling efficient lumped-parameter modeling. The
approach captured key interaction dynamics while maintaining simplicity, with numerical
validation confirming its ability to replicate real instrument behavior.

Stanciu et al. [45,46] presented a combined experimental and FEM investigation of
musical triangles treated as curved bar idiophones. Impact hammer excitation and acoustic
measurements were used to identify modal frequencies, damping, and transient responses
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for triangles of different materials and sizes. Three-dimensional FEM models incorpo-
rating realistic boundary conditions showed excellent agreement with experiments, with
frequency errors below 2.5%. Results demonstrated that material properties and bar length
strongly influence modal frequencies, damping, and sound decay, while modal shapes
remain largely invariant. The work confirmed the validity of FEM for analyzing curved
bar percussion instruments and highlighted the complementarity of experimental and
numerical approaches.

Kimura et al. [47] proposed an FEM-based machine learning approach to design xylo-
phones using sandwich beams as sustainable wood alternatives. A higher-order layer-wise
beam FEM model predicted natural frequencies, validated experimentally. Machine learn-
ing then enabled inverse design of beam geometries for target frequencies. The method
addressed wood’s limitations (environmental sensitivity, scarcity, variability) while main-
taining acoustic performance, offering a data-driven framework for developing composite
musical instruments.

Soares et al. [48] presented a simplified multi-modal model describing the vibroacous-
tic interaction between tuned bars and acoustic resonators in mallet percussion instruments
such as marimbas and vibraphones. The formulation coupled mechanical bar modes with
acoustic resonator modes using a small set of dimensionless parameters governing fre-
quency tuning, damping ratios, and coupling strength. The model captured key trade-offs
between enhanced sound radiation and reduced decay time and was validated experimen-
tally through modal identification and controlled bar–resonator measurements. Results
demonstrated the model’s effectiveness for both physical understanding and resonator-
assisted instrument design. Figure 4 shows the measured frequencies of the first four acous-
tic modes of a cylindrical resonator as a function of the normalized bar–resonator distance
d/a, comparing disk, single-bar, and triple-bar obstructions, where d is the bar–resonator
distance and a the equivalent disk radius. Experimental results closely follow the pro-
posed model predictions, confirming that the presence of a vibrating bar can be effectively
approximated by a rigid disk of equivalent radius for low-frequency acoustic behavior.

 

Figure 4. Measured frequencies of the first four resonator modes as a function of the dimensionless
distance d/a, using a disk obstruction (blue), a single bar obstruction (red) and a triple-bar obstruction
(yellow). Analogous results from the proposed model with η = 0.25 and η = 0.32 (η is an empirical
dimensionless coefficient) are shown in black lines (solid and dotted, respectively). The reference
frequency was taken as ωref = cπ/2(L + ∆L), where ∆L = 0.6133a and c = 342 m s−1. Reproduced from
Ref. [48], with permission from [Elsevier].

Panagiotopoulos and Kouzoupis [49] employed two numerical methods—FEM and
BEM—for optimizing the lowest three eigenfrequencies of idiophone bars (e.g., marimba,
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vibraphone) and their resonant tubes. While FEM enabled efficient gradient-based op-
timization via explicit sensitivity forms, BEM excelled for piecewise-uniform or hollow
geometries by discretizing only boundaries. Both methods, paired with minimization
algorithms, tuned frequencies, with BEM offering novel applications for discontinuous
profiles. The work established foundational approaches for 1D problems while highlighting
potential extensions to 2D/3D cases.

Table 1 presents representative FEM studies of different authors, focusing on xylo-
phone/marimba bars from the previously presented research works of Section 5.1.

Table 1. Representative FEM-based studies on xylophone and marimba bars.

Authors Instrument/Component FEM Approach & Validation Key Findings

[30] Wooden bars (xylophone) FEM modal analysis &
experimental modal analysis

Mechanical parameters critical
for tuning; undercut shapes

achieve harmonic relationships

[31] Marimba bar FEM modal analysis &
experimental modal analysis

Torsional/lateral modes require
orthotropic properties; tuning
sensitive to central thickness

[32] Wooden bars
(marimba/xylophone)

Timoshenko beam theory
combined with FEM modal

analysis & experimental
modal analysis

Timoshenko model more
accurate than Euler–Bernoulli for

real bars

[33] Vibraphone/marimba bars
FEM modal analysis +

optimization & prototype
testing

Shape optimization achieves
target modal frequencies; enables

novel instrument design

[36] Vibraphone bars FEM modal analysis &
spectrum analysis and ESPI

Undercut progression alters
natural frequencies; enables

custom overtone ratios

[37] Vibraphone bar

FEM–Elastic Multibody
System approach & laser
Doppler vibrometry and

microphone measurements

Sound synthesis method by
deriving radiated sound pressure
directly from surface velocities

[41] Xylophone (Orff)

3D coupled vibroacoustic FE
model (time-domain) &

energy balance and acoustic
measurements

Includes orthotropy, mallet
impact, acoustic radiation;

efficient via modal reduction

[43] Marimba/vibraphone bars
3D FEM + Newton–Raphson

optimization & modal
frequency matching

Simultaneous tuning of flexural
& torsional modes via geometry

[44] Marimba/vibraphone
bar–resonator

Multi-modal reduced-order
FEM model & experimental

modal & bar–resonator
measurements

Dimensionless parameters
govern tuning and damping;

ability to design
instruments optimized for

multi-modal coupling

[47] Composite xylophone
beams

Higher-order layer-wise
beam FEM model + machine

learning & experimental
frequency validation

Inverse design of sandwich
beams for target frequencies;
sustainable wood alternative

Across mallet percussion instruments, three dominant modeling strategies emerge
from the literature. First, orthotropic 3D FEM with experimental validation [30,31,39,43]
achieves high frequency accuracy (typically <5% error) but requires detailed material
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property data and is computationally intensive. Second, reduced-order beam models
(Timoshenko or Euler–Bernoulli) combined with optimization algorithms [33,42,49] enable
rapid design iteration and inverse tuning but may miss torsional modes and higher-order
flexural behavior. Third, fully coupled vibroacoustic FEM [40,41] captures sound radiation
and mallet–bar interaction but at a significantly higher computational cost.

Regardless of strategy, orthotropic material modeling and accurate representation of
undercut geometry are consistently identified as critical assumptions for achieving agree-
ment with experimental results. Most studies converge on the conclusion that low-order
flexural modes can be captured using reduced-order or beam-based models, whereas
higher-order and torsional modes require full 3D FEM. The choice among strategies de-
pends on the research question: modal frequency prediction favors 3D FEM; design-space
exploration favors reduced-order optimization; and sound synthesis for digital instruments
favors modal reduction or time-domain approaches.

While optimization strategies reliably achieve target frequency ratios, results diverge
in their treatment of damping, sound radiation, and bar–resonator coupling. There remains
limited consensus on how to simultaneously optimize frequency tuning, decay time, and
radiation efficiency—objectives that may conflict—highlighting an open multi-objective
design challenge. A persistent gap is the treatment of bar–resonator coupling: while
simplified models exist [48], fully coupled vibroacoustic optimization across the entire
instrument (bars + resonators + radiation) remains computationally prohibitive. Future
work should prioritize efficient coupling schemes that preserve physical fidelity while
enabling real-time design feedback.

5.2. Plate and Disk Idiophones

McLachlan [50] employed FEM to investigate how variations in gong geometry influ-
ence modal frequencies and acoustic spectra. Starting from flat disks, progressive geometric
features such as bosses and rims were introduced and evaluated. Numerical predictions
were compared with measured acoustic spectra of spun steel and cast bronze gongs man-
ufactured by the author. The study demonstrated that specific geometric features play a
decisive role in determining overtone relationships and timbre, illustrating the usefulness
of FEM as a design tool for novel idiophonic instruments.

Tsai et al. [51] presented a combined FEM and experimental modal analysis of a tra-
ditional copper gong. Natural frequencies and mode shapes obtained from FEM were
validated against experimental modal testing, showing good agreement. Acoustic mea-
surements were used to identify the vibration modes most responsible for sound radiation.
The validated model was then employed to study the influence of material properties and
geometric parameters on vibration and sound characteristics, providing insight into how
design choices affected gong timbre and pitch.

Gay [52] developed a 3D FEM model to study the vibrational behavior of steelpan
instruments, modeled as compound shells with localized note regions and a surrounding
skirt. The study revealed strong modal interactions between individual notes and the
skirt, with frequency overlap depending on skirt length and geometry. Results highlighted
the importance of shell–note coupling and demonstrate FEM’s effectiveness in capturing
complex mode shapes and interactions in steelpan acoustics.

Wang and Jian [53] integrated FEA and experimental modal analysis to design a
metallophone plate capable of producing a C-major chord. FEM simulations predicted
modal frequencies and shapes, which are validated experimentally. Acoustic measurements
confirmed the chordal sound radiation of the designed plate. The work demonstrated
how combined numerical and experimental approaches can be used to tailor vibration
characteristics and achieve novel musical functionality.
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Umetani et al. [54] introduced an interactive design framework that integrated real-time
FEM eigenanalysis with geometric editing to design metallophone plates of arbitrary shape
and pitch. The system provided immediate visual and auditory feedback during shape modi-
fication, enabling non-expert users to design playable instruments. The work demonstrated
the potential of concurrent numerical analysis for instrument design and highlighted the
strong coupling between geometry and vibrational behavior in plate idiophones.

Jana and Raman [55] investigated the vibration of thin circular disks in fluid envi-
ronments, with applications including cymbals. FEM and BEM were used to quantify
viscous and acoustic fluid loading. Results showed that viscous damping dominated
at low frequencies and for larger structures, while acoustic radiation became significant
at higher frequencies. The work provided a fundamental framework for understanding
fluid–structure interaction and sound radiation in disk-shaped percussion instruments.

McLachlan et al. [56] demonstrated how residual prestress introduced through con-
trolled cold forging can be used to tune the overtone structure of gongs. FEA was employed
to relate prestress distributions to modal frequency shifts. Experimental instruments were
produced with overtones tuned close to the harmonic series. The study showed that pre-
stress offers an effective alternative to geometric modification for controlling vibration and
timbre in sheet-metal idiophones.

Wang et al. [57] presented the design of a glass plate percussion instrument capable of
producing harmonic overtones. Material properties were calibrated using experimental
modal analysis and refined through FEM. Geometry optimization was applied to tune
modal frequencies, and acoustic measurements confirmed improved harmonicity compared
to rectangular plates. The study demonstrated the feasibility of extending FEM-based
tuning strategies to non-metallic plate idiophones.

Perrin et al. [58] performed an extensive experimental and numerical study of the
normal modes of a small steel gamelan gong. Finite element modeling was combined
with ESPI and laser Doppler vibrometry. The results revealed mode splitting, symmetry
breaking, and nonlinear effects, and identified the modes most responsible for sound
radiation. The study provided a detailed characterization of gong vibration and validated
FEM for complex shell idiophones.

Kuratani et al. [59] investigated how hammering-induced residual stresses affected
the vibration characteristics of cymbals. FEA was used to simulate stress distributions via
thermal loading, followed by modal analysis. Results showed mode-dependent sensitivity
to residual stress, leading to changes in frequency response and radiation efficiency. The
work clarified the physical role of manufacturing processes in shaping cymbal sound and
supported FEM as a tool for linking fabrication to acoustics.

Bamrungwong et al. [60] employed FEM with an inertia relief approach to analyze the
free vibration of the Thai Khong Wong Yai gong, circumventing the limitations of Euler–
Bernoulli beam theory for unconstrained systems. Key geometric parameters—flange
thickness, cylinder thickness, and flange diameter—were identified as most influential on
sound frequency. The FEM simulations, validated against experimental sound spectrum
analysis, concluded that flange thickness is the primary factor for tuning. Bamrungwong
et al. [61] employed FEM combined with the design of experiments, while a spectrum
analyzer measured the eigenmode, to investigate the Mong, a bossed gong. The study
revealed that the thickness and diameter of the horizontal flange were the most significant
parameters affecting its natural frequency, consistent with findings for the Khong Wong Yai.

Wang et al. [62] employed FEM-based theoretical modal analysis to design and op-
timize pentagonal steel plates that produce a harmonic sound with a specific overtone
at twice the fundamental frequency. An optimization routine iteratively adjusted plate
dimensions to minimize frequency error against target musical notes. The designed plates
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were manufactured, and experimental modal analysis validated the FEM-predicted mode
shapes and frequencies. A full two-octave percussion instrument set of 25 plates was
successfully fabricated based on this FEM-driven design process.

Nguyen & Touzé [63] developed a geometrically nonlinear von Kármán plate model
with variable thickness (taper) for physical sound synthesis of cymbals. The model was
discretized using a Rayleigh–Ritz approach and integrated in time with a Störmer–Verlet
scheme. FEM was used to compute and validate the linear eigenfrequencies of plates with
different taper profiles against the proposed method. Results demonstrated that taper
is crucial for generating the explosive, high-frequency “crash” sound when struck at the
edge, while shape variation (curvature) aids in producing a distinct “bell” sound when
struck near the center. Figure 5 presents time-domain displacement responses (top row)
and corresponding velocity spectrograms (bottom row) of a circular plate struck at the edge
for three thickness profiles. The parameter he denotes the edge thickness of the plate. A
uniform plate, a moderately tapered plate with he = 0.7 mm, and a strongly tapered plate
with he = 0.4 mm are considered. Reducing he increases flexibility near the rim, leading to
larger vibration amplitudes and faster activation of high-frequency components, which
enhances the cymbal-like timbral characteristics.

Figure 5. Output displacements [first row, (a–c)] and velocity spectrograms [second row, (d–f)]
for the simulations of the nonlinear vibrations of a thin circular plate with a uniform thickness
h = 1 mm (a,d), with a linearly varying thickness down to he = 0.7mm (b,e) and to he = 0.4 mm (c,f).
Displacement of an arbitrary point located at r = 0.1792 in m, and spectrogram of the velocity derived
from the same displacement signal, in dB with a 90 dB dynamic. Reproduced from Ref. [63], with
permission from [Acoustical Society of America].

Samejima [64] extended nonlinear physical modeling of cymbals (modeled as shallow
spherical shells) by integrating the dynamics of supporting washers and striking mallets.
The washer was modeled as a single-degree-of-freedom impedance boundary condition,
while the mallet stick was modeled as a multi-degree-of-freedom system using FEM (Euler–
Bernoulli beam elements). The coupled system was solved with finite difference schemes.
Linear FEM analysis was used to reference eigenfrequencies and mode shapes. Results
showed that including washer compliance and mallet grip conditions (modeled via ro-
tational spring stiffness from FEM) realistically affected the excitation force, vibrational
response, and timbre of the synthesized crash sound. Izawa et al. [65] used frequency
response analysis via FEM to explore how the size of holes drilled into an effect cymbal
influences its vibrational behavior, aiming to move beyond the costly trial-and-error process
of prototyping for desired sound characteristics.

Kaselouris et al. [66] presented an extensive finite element and coupled FEM–BEM
investigation of crash and splash cymbals. Modal, frequency response, and time-domain
simulations were performed and compared with experimental data from the literature. The
results demonstrated clear differences in decay rates and spectral content between crash
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and splash cymbals, with splash cymbals exhibiting faster decay and higher dominant
frequencies. A key contribution was the direct comparison between structural velocity
spectrograms and radiated sound pressure, highlighting the importance of coupled vi-
broacoustic modeling for realistic sound prediction and synthesis of cymbal instruments.
Kaselouris et al. [24] introduced a novel approach to cymbal modeling by incorporating
experimentally measured drumstick motion into time-domain FEM–BEM simulations. Real
three-dimensional motion data from drummer–drumstick interactions were used as excita-
tion inputs, enabling realistic transient vibroacoustic simulations. The study demonstrated
that performer-dependent excitation significantly affected the radiated sound and decay
characteristics. By linking human motion capture with multiphysics simulations, the work
provided an important step toward performance-aware sound synthesis. Kaselouris and
Dimitriou [26] investigated the transient vibrational response of a cymbal excited by a
pulsed laser, using time-domain FEM–BEM simulations. The laser excitation provided a
highly localized, repeatable impulse, enabling detailed analysis of bending-wave propaga-
tion and reflections from the cymbal edge and central dome. The numerical results showed
good qualitative agreement with holographic experimental observations reported in the
literature. The study provided valuable insight into early-time wave phenomena and mode
formation in cymbals, complementing more conventional impact-excitation studies.

Bryde and Mahadevan [67] explained vibrational mode localization in steelpans using
elastic shell theory and a generalized localization landscape framework. FEM simulations
revealed that localized note vibrations arose primarily from curvature differences between
note regions and the surrounding bowl, rather than from grooving alone. The work
provided a rigorous physical explanation for how steelpans function as pitched percussion
instruments. The work of Ali and Khan [68] discussed mathematical modeling and digital
sound synthesis of steelpans in the context of safeguarding intangible cultural heritage.
A physics-based model was proposed to represent steelpan acoustics, enabling analysis,
comparison, and synthesis of different instruments. Beyond technical acoustics, the work
emphasized the cultural significance of preserving tuning knowledge and performance
traditions. The study highlighted how numerical modeling can support both scientific
understanding and cultural documentation, positioning vibroacoustic simulation as a tool
for heritage preservation.

Brezas et al. [69] combined roving-hammer frequency response measurements, ESPI,
and FE modeling to study cymbal vibration. Experimental mode shapes and resonant
frequencies were compared directly with FEM predictions, demonstrating good agreement
when realistic geometry was used. The study emphasized the importance of combining
experimental modal analysis with numerical modeling for validating vibroacoustic sim-
ulations. Brezas et al. [70] presented a detailed experimental–numerical investigation of
a splash cymbal using impact hammer frequency response function measurements, ESPI
visualization, and parametric CAD-FEM models. Different geometric approximations of
the cymbal profile were evaluated, showing that non-smooth curvature introduced during
manufacturing strongly influenced modal frequencies and shapes. Modal damping ratios
derived experimentally were incorporated into the simulations, improving agreement with
measurements. The work demonstrated the sensitivity of cymbal acoustics to geometric
details. Figure 6 compares experimentally measured and finite element-predicted mode
shapes of a splash cymbal, illustrating the influence of geometric detail on vibrational be-
havior. The figure shows that FEM models incorporating realistic cymbal profiles reproduce
the experimentally observed nodal patterns more accurately than simplified geometries,
highlighting the importance of precise shape representation for reliable vibroacoustic
simulations of cymbals.
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Figure 6. Representative experimental and numerical results of vibrational modes. Reproduced from
Ref. [68] under the terms of the Creative Commons Attribution (CC BY) license.

Moreover, Yoo and Rossing [71] investigated how geometry influenced the vibrational
tuning of ancient stone chimes using a combination of experimental modal analysis and FE
modeling. The authors analyzed L-shaped stone chimes from Chinese and Korean tradi-
tions, showing that vertex angle, curvature, and thickness distribution strongly affected
modal frequency ratios. FEM results were validated against holographic interferometry
measurements, revealing how historical geometries were optimized for musical perfor-
mance. The study provided rare quantitative insight into prehistoric instrument design.

Table 2 presents representative FEM studies of different authors, focusing on
gongs/cymbals from the previously presented research works of Section 5.2.

Across plate and disk idiophones, a clear methodological divide exists between stud-
ies of gongs and cymbals (which emphasize nonlinearity, mode splitting, and prestress)
and studies of steelpans and metallophone plates (which focus on geometric tuning and
modal localization). For cymbals and gongs, linear FEM modal analysis agrees well with
experiments at low excitation levels, but nonlinear plate/shell models [63,64] are necessary
to reproduce amplitude-dependent timbral effects such as the “crash” sound. For steelpans,
FEM has revealed that curvature differences, not grooving alone, are responsible for note
localization [66].

FEM has demonstrated great capability in capturing dense modal spectrum, mode
splitting, and the influence of geometry, prestress, and material properties. Despite method-
ological differences, studies consistently show that curvature, thickness variation, and
residual stress play dominant roles in shaping both vibration patterns and radiated sound,
with good qualitative agreement across independent investigations. For sound radiation
modeling, coupled FEM–BEM approaches [24,66,70] have enabled direct comparison be-
tween structural velocity spectrograms and radiated sound pressure, highlighting the
importance of vibroacoustic coupling for realistic sound prediction.
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Table 2. Representative FEM-based studies on gongs and cymbals.

Authors Instrument/Component FEM Approach & Validation Key Findings

[51] Traditional copper gong
FEM modal analysis &

experimental modal analysis
and acoustic measurements

Material & geometry affect timbre;
validated model for design studies

[56] Prestressed gongs
FEA of residual stress from
cold forging & experimental

overtone tuning

Prestress tunes overtones;
alternative to geometric

modification

[58] Steel gamelan gong FEM modal analysis & ESPI +
laser vibrometry

Mode splitting, symmetry breaking,
nonlinear effects identified

[59] Cymbals
FEA with thermal loading for

residual stress followed by
modal analysis

Mode-dependent sensitivity to
residual stress; affects frequency

response & radiation

[61] Mong gong
FEM modal analysis + design

of experiments & experimental
modal analysis

Horizontal flange thickness &
diameter most affect natural

frequency

[63] Cymbals (tapered plates) Nonlinear von Kármán plate
model + FEM validation

Taper crucial for crash sound;
curvature influences bell-like tones

[64] Cymbals with washers &
mallets

Nonlinear shell model + FEM
for boundary/mallet dynamics

Washer compliance & mallet grip
affect excitation force & timbre

[66] Cymbal (motion-driven
excitation)

Time-domain FEM–BEM with
3D drumstick motion input &

acoustic measurements

Performer-dependent excitation
significantly affects radiated sound

and decay

[70] Splash cymbal Parametric CAD–FEM & ESPI
& impact hammer testing

Geometric detail critical for mode
shapes; damping improves

simulation match

A common limitation across both subcategories is the phenomenological treatment of
damping: most studies assume constant modal damping ratios, whereas real instruments
exhibit frequency-dependent and amplitude-dependent damping due to viscoelasticity and
air loading. Furthermore, the manufacturing processes that introduce residual stress (ham-
mering, cold forging) are often simplified or ignored, despite their demonstrated influence
on modal frequencies [56,59]. Future work should prioritize experimental identification of
damping laws and residual stress distributions, and their integration into nonlinear FEM
and coupled FEM–BEM frameworks.

5.3. Shell Idiophones (Bells)

McLachlan et al. [72] presented a method for designing musical bells with harmonically
related overtones to improve pitch clarity and musical usefulness. Using FE modal analysis
combined with gradient-based shape optimization, the authors adjusted bell geometry so
that up to seven low-order vibrational modes aligned closely with the harmonic series.
Key geometric parameters such as wall thickness, taper, curvature, and cone angle were
systematically studied to control modal frequencies. Optimized designs were cast in silicon
bronze and experimentally validated, showing tuning errors below 2%. Psychoacoustic
analyses indicated reduced pitch multiplicity and dissonance compared to traditional
European bells, enabling clearer perceived pitch and broader musical applicability.

Zhang et al. [73] investigated the famous two-tone behavior of ancient Chinese chime
bells using FEM simulations of elastic wave propagation. The asymmetric bell geometry
was shown to support two distinct fundamental frequencies depending on impact location.
Time-domain simulations revealed how localized excitation selectively activated different
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modal families, explaining the two-tone phenomenon observed experimentally. The study
advanced understanding beyond modal frequency analysis by explicitly modeling transient
excitation and wave interaction, providing a physically grounded explanation for this
unique acoustic feature.

Golas & Filipek [74] employed FEA to determine the directivity patterns (sound radia-
tion directionality) of a Russian bell. A coupled structural–acoustic FEM model was created,
integrating the bell with the surrounding air medium. Modal analysis identified the first
three natural frequencies (hum, prime, minor third), and harmonic analysis computed the
3D sound pressure level distributions for each. The research also modeled the transient
impulse response to simulate the bell’s sound. Results showed highly non-uniform radi-
ation, strongest perpendicular to the bell walls. The same research team [75] presented
a digital synthesis method for simulating the sound of Tibetan bowls and bells. Using
an FEM model of the coupled mechanical–acoustic field, the system’s impulse response
was derived. The synthesis was performed via convolution of this response with a forcing
function. A meta-model, built using design of experiments and Response Surface methods,
tuned structural parameters to achieve desired harmonic frequency ratios. The resulting
synthesized sound pressure signals matched those of real instruments.

Klemenc et al. [76] studied the local dynamics of clapper–bell impacts using simpli-
fied experimental setups and explicit FEM simulations. By modeling repeated impacts
between a steel cylinder and a bronze block, the study investigated contact forces, plastic
deformation, and wear mechanisms. Numerical results were validated against laboratory
measurements and used to identify stress concentrations and fatigue risk zones. Although
simplified, the approach provided valuable insight into damage mechanisms in historical
bells and informs strategies for reducing wear while preserving acoustic performance.

Yu and Kwak [77] developed an efficient design method to control acoustical (radia-
tion) damping of bell vibration modes, which strongly influenced bell timbre and decay.
Acoustical damping was computed from radiated sound power using a coupled FEM–BEM
framework: FEM provided structural modes/velocities and BEM predicted the radiated
acoustic field. The authors derived closed-form sensitivity expressions for modal acoustical
damping with respect to design variables using an adjoint method, enabling fast optimiza-
tion with many thickness variables. A mode-tracking scheme avoided errors from mode
switching during optimization. The approach was demonstrated by optimizing a bell’s
thickness distribution to achieve target harmonic frequency ratios and specified damping
(decay-rate) values, producing a cleaner, more “musical” sound.

Debut et al. [78] virtually restored the sound of a broken 13th-century bell using a mul-
tidisciplinary approach. Material analysis determined the bronze’s properties, while FEA
modeled its vibrational modes. Sound was synthesized directly from the simulated surface
velocity via modal synthesis, using a physical model of the clapper impact. Parametric stud-
ies tested various clapper properties and strike locations. Results showed the bell had three
reasonably tuned partials, giving it a discernible pitch. This methodology can be adapted
to acoustic reconstruction of other damaged historical instruments. Carvalho et al. [79]
presented a non-destructive method for tuning bells by attaching optimized masses rather
than removing metal. Traditional tuning was irreversible and could damage historical
instruments. Using an FEM model and a reduced-order modal formulation, the method
calculated the optimal mass and location to shift the bell’s first five modal frequencies into
the desired harmonic ratios (0.5:1:1.2:1.5:2). Results demonstrated effective retuning with
minimal mass addition. This reversible technique offered a viable solution for improving
the acoustics of culturally significant carillons without altering their original structure.

Debut et al. [80] introduced a reverse-engineering framework for analyzing historical
bells by combining high-resolution 3D scanning with FE modal analysis. Accurate geo-
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metric reconstruction enabled detailed investigation of modal frequencies, mode shapes,
and frequency splitting due to geometric asymmetries. Numerical results were validated
against experimental modal data, demonstrating good agreement. Carvalho et al. [81]
presented a comprehensive methodology for the dynamical characterization and sound
synthesis of historical bells. It combined 3D structured-light scanning for precise geometry
acquisition, FEA and experimental modal identification to determine vibrational properties.
These parameters were used in a physics-based modal synthesis model of the bell-clapper
impact to generate realistic sounds. The approach was validated on three historical bells,
successfully reconstructing their acoustic signatures. Figure 7a shows the scanned 3D
geometry of a large Witlockx bell from the Mafra National Palace carillon, captured using
structured-light scanning. Figure 7b contains spectrograms for strikes at different heights
along the bell’s profile. The symbol h represents the total height of the bell, while hc indi-
cates the specific strike location as a fraction of that height. Each subplot corresponds to a
different hc. Striking near the rim (low hc) favors lower modes, producing a fuller sound,
while strikes closer to the head (high hc) more efficiently excite higher modes, resulting in a
brighter timbre.

Figure 7. (a) Scanned bell geometry of the large Witlockx bell; (b) computed vibratory responses of
the bell velocity as a function of the impact location along the vertical direction, namely at heights
hc = 0.2 h, 0.4 h, 0.6 h, 0.8 h and 0.95 h. Adapted from Ref. [81] under the terms of the Creative
Commons Attribution (CC BY) license.

Lee et al. [82] improved the beat period of the 2018 Olympic Bell, where initial casting
asymmetry caused an undesirably long beat. Using an FEM model based on measured
vibration modes, the beat period was analytically optimized. By strategically reducing local
thickness in the model, a stronger, appropriate beat was achieved. Experimental validation
confirmed the bell produced the intended powerful and dynamic sound, demonstrating
FEM’s effectiveness in post-casting acoustic tuning.

Cekus and Nadolski [83] investigated how variations in tin concentration in bell
bronzes affected vibrational and acoustic characteristics. FEM modal analysis was used
to compute natural frequencies of bells made from several bronze alloys with tin con-
tents ranging from 7.5% to 20%, as well as alternative nickel–tin and aluminum bronzes.
Numerical results were compared with acoustic measurements from real cast bells. Re-
sults suggested that aluminum bronze can provide comparable acoustic performance with
improved durability, offering a potential alternative to traditional high-tin bell bronze.

Tsao et al. [84] presented a finite element-based optimization framework for designing
dual-tone chime bells capable of producing two distinct pitches with harmonic octave
relationships. Parametric geometry and modal analysis were combined with numerical
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optimization to align structural modes with target musical frequencies for face-tone and
side-tone excitation. Prototypes were fabricated using 3D metal printing and validated
through experimental sound measurements. Results demonstrated good agreement be-
tween predicted and measured frequencies, confirming that geometric tuning can achieve
controlled dual-tone behavior with harmonic overtones. The combined use of FEM, exper-
imental modal analysis, and operational modal analysis has also been demonstrated on
Tibetan singing bowls, a bell-like idiophone, to extract natural frequencies, damping ratios,
and mode shapes under actual playing conditions [85].

Table 3 presents representative FEM studies of different authors, focusing on bells
from the previously presented research works of Section 5.3.

Table 3. Representative FEM-based studies on bells.

Authors Instrument/Component FEM Approach & Validation Key Findings

[72] Musical bells
(silicon bronze)

FEM modal analysis +
gradient-based shape

optimization & cast prototypes;
tuning errors

Up to 7 low-order modes aligned with
harmonic series; wall thickness, taper,

curvature key parameters

[74] Russian bell Coupled structural–acoustic FEM
model and harmonic analysis

Non-uniform radiation patterns;
strongest perpendicular to bell walls

[76] Clapper–bell impact Explicit FEM simulations &
laboratory impact measurements

Contact forces, plastic deformation,
wear mechanisms identified

[78] Broken medieval bell FEA + modal synthesis analysis +
clapper impact modeling

Virtual sound restoration; three
reasonably tuned partials

[81] Historical bells
3D scanning + FEA + modal

synthesis & experimental modal
analysis + acoustic validation

Physics-based sound synthesis; strike
location affects timbre

[83] Bell bronzes
FEM modal analysis with varying

tin content & acoustic
measurements from cast bells

Aluminum bronze offers comparable
acoustics with improved durability

[84] Dual-tone chime bells
Parametric FEM + optimization &

3D-printed prototypes + sound
measurements

Geometric tuning achieves harmonic
octave relationships for face/side tones

FEM bell research represents the most mature area of FEM application to shell id-
iophones. Studies consistently show that small geometric modifications (wall thickness,
taper, curvature, cone angle) can systematically shift modal frequencies, enabling harmonic
tuning of up to seven partials [72]. Across the literature, strong agreement is found between
FEM predictions and experimental modal data, confirming FEM as a reliable tool for bell
design, restoration, and sound synthesis, especially when supported by high-fidelity geo-
metric acquisition [80,81]. Shape optimization and material parameter studies consistently
demonstrate that small geometric modifications significantly affect harmonic alignment
and decay behavior.

A notable methodological divergence exists between shape optimization studies, which
treat the bell as a linear elastic structure and optimize geometry for target frequency ratios,
and transient impact studies, which model clapper–bell contact explicitly to understand
wear, damage, and strike tone evolution. The former [77,84] are well suited for design and
restoration; the latter [76,78] are essential for heritage preservation. Most models assume
linear elastic behavior and rigid or simplified clapper interactions, which adequately predict
modal frequencies but may underestimate transient contact effects and wear.
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A persistent gap remains in coupled clapper–bell–air simulations that capture both the
nonlinear contact dynamics and the full 3D radiation field over the audible spectrum. While
modal families, strike tones, and radiation patterns are well characterized, fully coupled
transient models that bridge structural dynamics, contact mechanics, and acoustic radiation
are lacking. Future research should focus on experimentally validated, fully coupled
transient models for both new bell design and conservation of historical instruments.

6. FEM Studies on Membranophonic Percussion Instruments
Membranophonic instruments present challenges for numerical modeling, as accu-

rate simulations must account for membrane pretension, geometric nonlinearity, and fluid–
structure interaction. Finite element methods, often combined with acoustic finite elements or
boundary element techniques, have been successfully applied to study membrane vibration,
pitch perception, transient response, and sound radiation in these systems [83–98].

Raouti et al. [86] presented one of the earliest comprehensive numerical models of a ket-
tledrum, coupling a stretched circular membrane under uniform static tension with the sur-
rounding air inside and outside the kettle-shaped bowl. A time-domain fictitious-domain
formulation was employed, combining finite elements for the membrane with mixed formu-
lations for the acoustic field. Mallet–membrane interaction, air loading, and sound radiation
were included, allowing simulation of transient vibration and radiated sound. Numerical
predictions of modal frequencies and decay characteristics were compared with available
experimental measurements, showing good qualitative agreement. The results demon-
strated the critical role of membrane tension and membrane–air coupling in determining
modal frequencies, decay rates, and overall acoustic response, establishing a benchmark
framework for subsequent vibroacoustic studies of membranophonic instruments.

Chaigne et al. [87] extended earlier fictitious-domain simulations of kettledrums [86]
by presenting a more rigorous and comprehensive time-domain vibroacoustic model of
the timpani. The formulation coupled a 2D stretched membrane with 3D acoustic wave
equations describing both the internal cavity and the external radiation field, while treating
the kettle as a rigid boundary. Emphasis was placed on the mathematical formulation
of fluid–structure coupling, numerical stability, and energy conservation. Mallet excita-
tion was modeled explicitly, and modal responses, transient decay behavior, and energy
balances were analyzed in detail. The numerical approximation was based on standard
and mixed finite elements for the spatial discretization and centered finite differences for
time discretization.

Moosrainer and Fleischer [8] applied a hybrid FEM–BEM framework to the vibroa-
coustic analysis of the concert timpani. The stretched membrane was modeled using FEM,
while the surrounding acoustic field was treated with the BEM to capture sound radiation
into an unbounded domain. The approach enabled prediction of modal vibration patterns
and far-field directivity associated with individual membrane modes. Numerical results
were compared with experimental measurements obtained from laser vibrometry and
microphone recordings, showing good agreement. The study demonstrated the suitability
of coupled FEM–BEM techniques for analyzing membrane vibration, acoustic loading, and
radiation efficiency in timpani.

Tronchin [88] presented a purely experimental investigation of kettledrum vibration
and sound radiation using modal analysis and acoustic intensity measurements. A new
parameter, the intensity of acoustic radiation (IAR), was introduced to relate membrane
vibration patterns to radiated sound. Measurements on two timpani revealed strong
correlations between modal shapes, frequency response functions, and radiation efficiency.
The study confirmed earlier findings on air loading and mode-dependent directivity and
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provided valuable experimental benchmarks for validating numerical vibroacoustic models
of membranophonic instruments.

Worland [89] presented a detailed experimental investigation of normal mode vibra-
tions in single-headed drums subjected to non-uniform tension. Using ESPI, the work
visualized mode shapes and frequency splitting associated with degenerate membrane
modes, particularly the (1,1) mode, which plays a key role in practical drum tuning. The
effects of localized tension perturbations at the rim were examined systematically, revealing
mode rotation, curvature of nodal lines, and frequency splitting. A simplified FEM model
was employed for qualitative comparison with experimental observations. The results
provided important insight into how real tuning practices related to membrane physics.

Young [90] investigated how muting affected the natural frequencies of circular drum-
heads using FE modeling. The numerical results for unmuted membranes closely matched
the classical analytical solutions based on Bessel functions. Various mute sizes, shapes, and
locations were introduced to locally suppress vibration, leading to significant shifts and
splitting of resonant modes that are otherwise degenerate. The analysis showed that mute
diameter and position strongly influenced frequency changes, generally increasing modal
frequencies. The findings suggested that controlled muting can be used deliberately to
modify drum timbre and tuning for musical applications.

Worland [91] extended earlier experimental studies [89] by developing a combined
experimental–theoretical framework to analyze drumhead modes under non-uniform
tension. ESPI measurements were used to observe mode shapes and frequency splitting,
while FEM modeling and group-theoretical arguments explained how symmetry breaking
leads to degeneracy lifting. The study generalized the behavior of the (1,1) mode to higher-
order modes and established selection rules governing which modes were affected by
specific tension perturbations. The results showed strong agreement between experiments,
FEM predictions, and perturbation theory, providing a comprehensive description of
tension-induced modal behavior in drumheads.

Statchenko et al. [92] investigated the vibration modes of a Brazilian cuica drum
using time-averaging ESPI. The method provided full-field, non-contact measurement of
the membrane’s operating deflection shapes under harmonic excitation. Results showed
significant asymmetry in these shapes due to the off-center connection of the internal stick,
a finding supported by FEM simulations. Quantitative data from ESPI closely matched
single-point validations from a laser Doppler vibrometer. The research demonstrated ESPI
as an effective tool for analyzing complex vibrations in friction drums and revealed how
structural asymmetries influence their dynamic behavior.

Kamper and Bekker [93] designed a musical instrument using a tensioned rubber mem-
brane to visually and audibly demonstrate natural frequencies and mode shapes to students.
The membrane’s hyperelastic properties were modeled using a Neo-Hookean material law,
calibrated via uniaxial tensile tests and digital image correlation. Analytical solutions from
the wave equation, FEEA, and experimental modal analysis with a laser vibrometer were
compared. Results showed good agreement at lower modes, but discrepancies increased at
higher frequencies due to the material’s viscoelasticity and strain-rate sensitivity.

Mohandas et al. [94] developed a one-dimensional analytical model of the double-
conical air cavity inside a Mridangam, a South Indian drum. The model was used to study
how the cavity’s shape affects its acoustics. The analytically derived natural frequencies
aligned well with both 3D FEM simulations and experimental data. Shape sensitivity
studies showed that while moderate geometry changes caused only minor frequency shifts,
they altered the cavity’s response to boundary excitations from the membranes. Notably, a
single-cone cavity exhibited a stronger acoustic response near its fundamental frequency,
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suggesting a potentially greater impact on the instrument’s overall vibroacoustic coupling
and sound production compared to the traditional double-cone design.

Ibáñez-Arnal [95] investigated how structural features in a carbon fiber-reinforced
epoxy (CFRE) drum shell affected its modal behavior. FEM modal analysis simulations
were combined with experimental modal analysis, in which a resonance detection method
based on external sine-wave excitation of the shell was used. The research analyzed how the
shell’s thickness (number of laminate plies) and the length of its structural reinforcement
edges influenced natural frequencies. Results showed that these geometric variables
can be strategically combined to achieve desired resonant frequencies while significantly
reducing material use without compromising acoustic performance. This demonstrated
a cost-effective design approach for optimizing composite drum shell manufacturing.
Figure 8 compares the amplitude vs. frequency response for the CFRE drum shell obtained
from FEM simulations and experimental measurements. The plot demonstrates good
agreement between the simulated and experimental data, with the (4,0) vibrational mode
clearly identified at approximately 828 Hz (as depicted with arrow in Figure 8).

 
Figure 8. CFRE drum shell amplitude vs. frequency obtained by FEM and experimentally. N refers to
the number of composite layers, while lsr to the length of the structural reinforcement at the shell edge.
Reproduced from Ref. [95] under the terms of the Creative Commons Attribution (CC BY) license.

The same team [96] demonstrated a direct link between drum shell properties and
the instrument’s sound by introducing a coupling rule: specific shell vibrational modes
excited corresponding membrane modes when they shared the same number of nodal
diameters. Using FEM simulations and experimental validation, the research showed
that realistic shell geometry, mounting conditions, and membrane tension significantly
influenced these interactions and the overall acoustic spectrum. A new design methodology
was proposed, based on the ratio of sound speeds between the shell and membrane, to
predict and optimize these couplings. This provided a practical tool for selecting shell
materials and membrane tunings to achieve desired acoustic characteristics.

Sinha [97] presented efficient computational algorithms to determine natural frequencies
and mode shapes of circular membranes with concentric and eccentric mass non-uniformity,
motivated by Indian musical drums such as the tabla. For concentric non-uniformity, a
semi-analytical approach based on the theory of linear time-varying systems was developed,
yielding accurate modal solutions without complex boundary matching. For eccentric mass
distributions, the membrane response was expressed as a linear combination of symmetric
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eigenmodes, resulting in a reduced-order model. Numerical predictions were validated
against FEM results and experimental data, demonstrating high accuracy and computational
efficiency for modeling non-uniform membranophonic systems.

Gallardo et al. [98] developed an analytical sound model for orchestral timpani that
incorporated viscoelastic damping of the membrane. Using the Green’s function method,
the researchers modeled an air-loaded membrane to predict modal frequencies and de-
cay times. The model was validated against recordings of real timpani, showing strong
agreement: the mean frequency error was about 1–2 Hz across the first 10 modes. The
viscoelastic term was found to reduce amplitude in the sound spectrum and improved
the accuracy of decay times, making the synthetic sound more realistic, especially during
fade-out. The approach was computationally efficient, suitable for real-time synthesis.

Kaselouris et al. [25] presented a coupled FEM–BEM vibroacoustic model to simulate
sound radiation from a circular membrane excited by impact loading. Structural vibration
was computed using modal and steady-state dynamic FEM analyses, while the radiated
acoustic field was evaluated using the BEM. The influence of membrane pre-strain and
material properties (leather, Mylar, Kevlar) on both vibration and sound radiation was
systematically investigated. The study demonstrated how membrane tension altered
dominant modal contributions and radiated sound spectra, offering a framework for
predicting impact sound characteristics of drumheads.

Gorai et al. [99] investigated the vibrational behavior of the Indian percussion instru-
ment Mandar using a combination of finite element modeling and experimental modal anal-
ysis. Although Mandar is physically a double-headed drum, the study focused exclusively
on one membrane, modeled as a composite structure with a central mass-loading patch.
Numerical modal results were validated experimentally through Chladni pattern visualiza-
tion and sine-wave excitation using an electrodynamic shaker. The work confirmed the
role of membrane tension and non-uniform mass distribution in producing quasi-harmonic
overtones and contributed to the limited literature on traditional Indian instruments.

Dubey and Krishna [100] developed a detailed model of the multi-layered Mridangam
drum membrane, solved using pseudospectral and FEM and validated experimentally.
While the central mass loading created near-harmonic overtones, results revealed non-
harmonic modes were also present. Analysis of a Chaapu playing stroke showed that
the specific excitation technique significantly shaped the audible spectrum, suppressing
these non-harmonic components. Thus, the Mridangam’s perceived harmonicity rose
from a combination of its unique loaded membrane structure and the musician’s playing
technique, not from the loading alone. Figure 9 presents a side-by-side comparison of the
first ten vibrational mode shapes (eigenmodes) for the right membrane of the Mridangam,
as computed using two numerical methods: the pseudospectral method (top row) and the
FEM (bottom row).

Ozturk [101] performed a comprehensive experimental and numerical investigation
of the traditional frame drum Erbane. Experimental modal analysis was performed using
impact hammer excitation and accelerometer measurements, complemented by acous-
tic excitation and scanning laser Doppler vibrometry to capture high-resolution mode
shapes. A validated FEM model was developed to predict natural frequencies and modal
patterns. The work demonstrated strong agreement between measured and simulated
results and highlighted the effectiveness of non-contact optical techniques for analyzing
membranophonic percussion instruments. Bakarezos et al. [28] investigated the vibrational
behavior of the Bendir, a traditional frame drum consisting of a single stretched membrane
mounted on a wooden cylindrical frame. Experimental modal analysis was performed
using ESPI to identify membrane eigenfrequencies and mode shapes under different tuning
conditions. Membrane tension varied systematically from low to high tuning, and its
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influence on modal behavior was examined. An FEM model based on a detailed CAD
representation was developed, incorporating membrane prestress through applied pressure
loads. Experimental results showed good agreement with numerical predictions.

Figure 9. First ten eigenmodes of right membrane of the Mridangam. Top: Pseudospectral method
Bottom: FEM. Reproduced from Ref. [100], with permission from [Elsevier].

Table 4 presents representative FEM studies of different authors, focusing on membra-
nophones from the previously presented research works of Section 6.

A synthesis of the membranophone literature reveals three key insights. First, single-
membrane systems (timpani, frame drums) are well modeled using coupled FEM–BEM
or time-domain acoustic FEM if membrane tension, air loading, and boundary conditions
are accurately represented. Most studies adopt simplifying assumptions—uniform ten-
sion, linear membrane behavior, and rigid or weakly coupled shells—which yield good
agreement with experimental modal data for low- and mid-frequency modes. However,
results diverge in the treatment of damping, non-uniform tension, and transient excitation.
Second, non-uniform tension and mass loading (as in mridangam, mandar) produce quasi-
harmonic overtones, but recent work [100] shows that harmonicity also depends on playing
technique, not solely on structural design. Third, and most importantly, double-membrane
instruments are almost universally simplified to single-membrane models in the numerical
literature. Explicit modeling of membrane–membrane coupling through the enclosed air
cavity, shell-mediated coupling, and venting effects remains largely unexplored. This gap
is not merely a technical detail—it directly affects predictions of modal frequencies, decay
rates, and timbre in instruments such as snare drums, toms, and many traditional drums.
Future research must prioritize fully coupled double-membrane simulations, validated
against dedicated experiments.
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Table 4. Representative FEM-based studies on membranophones.

Authors Instrument/Component FEM Approach & Validation Key Findings

[86] Timpani (Kettledrum)

Time-domain FEM (membrane) +
mixed acoustic formulation &

qualitative agreement with
experiments

Membrane–air coupling critical for
modal frequencies and decay

[87] Timpani 2D membrane + 3D acoustic FEM
+ finite differences

Mathematical formulation of
fluid–structure coupling; energy

conservation

[89] Drumhead under
non-uniform tension FEM modal analysis & ESPI

Non-uniform tension causes mode
rotation, nodal line curvature,

frequency splitting

[95] Carbon fiber-reinforced
epoxy drum shell

FEM modal analysis &
experimental resonance detection

Shell thickness and reinforcement edge
length affect natural frequencies;

material optimization

[28] Bendir (frame drum)
CAD–FEM with prestress

modeling & ESPI measurements
under varying tension

Membrane tension strongly influences
eigenfrequencies and mode shapes

[100] Mridangam membrane
Pseudospectral method + FEM

validation & experimental stroke
analysis

Harmonicity from mass loading +
playing technique; non-harmonic

modes suppressed in playing

[99] Mandar FEM modal analysis &
experimental modal analysis

Central mass loading produces quasi-
harmonic overtones; tension critical

[101] Erbane (frame drum) FEM modal analysis & impact
hammer + laser vibrometry

Strong agreement between measured
and simulated modes; non-contact

techniques effective

While the preceding sections have reviewed idiophone and membranophone stud-
ies separately, Table 5 consolidates the dominant FEM modeling strategies across both
instrument families, providing a unified methodological reference for the entire review.

Table 5. Comparison of dominant FEM-based modeling strategies in percussion acoustics.

Strategy Application Advantages Limitations Representative Studies

Orthotropic 3D FEM +
experimental validation

Bars, plates, shells,
membranes

High accuracy
(<5% error); captures
anisotropy; physically

realistic

Requires detailed material
data; computationally

expensive
[30,31,58,89]

Reduced-order
beam/plate/membrane

models

Mallet bars, cymbals,
drumheads

Fast; enables optimization
and real-time synthesis;
low computational cost

May miss torsional/higher
modes; assumes linearity;
modal truncation errors

[33,42,63,97]

Coupled FEM–BEM
(frequency domain)

Sound radiation from
idiophones and

membranophones

Natural unbounded
radiation; accurate

directivity; surface-only
acoustic discretization

Dense matrices;
frequency-domain only;

costly at high frequencies;
interface matching

challenges

[8,24,26,77]

Time-domain FEM with
contact models

Mallet impact, transient
excitation, drum strikes

Captures nonlinear
impact; allows player

interaction; models wave
propagation

High computational cost;
sensitive to contact

parameters; calibration
intensive

[41,64,87]

Modal reduction +
experimental validation

Membranes, shells, sound
synthesis

Efficient for real-time
synthesis; good for low

modes; reduced degrees of
freedom

Assumes linearity; modal
truncation errors; limited
high-frequency accuracy

[37,81,98]
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7. Challenges, Limitations, and Future Directions
Despite advances in numerical modeling, fully coupled simulations incorporating

nonlinear vibration, fluid–structure interaction, and broadband transient excitation remain
computationally demanding. Percussion instruments have long been challenging to model
with sufficient accuracy to enable sound synthesis based solely on physical models. Con-
sequently, most studies adopt simplified or partially coupled formulations. Nevertheless,
numerical methods, when informed and validated by experimental data, have significantly
advanced the understanding of vibration and sound radiation in both idiophonic and
membranophonic percussion instruments.

Beyond instrument-specific studies, a limited number of works have sought to bridge
idiophonic and membranophonic modeling within unified numerical or interactive frame-
works. Wang [102] introduced a virtual testing methodology combining FEM, experimental
modal analysis and acoustic measurements for the design and redesign of percussion instru-
ments. The proposed workflow—model verification, response prediction, and geometric
modification—was demonstrated on a xylophone bar, a metallophone plate, and a copper
gong, highlighting how validated FEM models can guide systematic tuning of structural
modes and radiated sound. Ren et al. [103] developed a collaborative, touch-enabled virtual
percussion environment in which physically informed percussion instruments could be
performed in real time. Modal parameters were computed offline using FEM for struc-
tural vibration and BEM-based acoustic models for sound radiation and resonator effects,
while real-time modal synthesis enabled low-latency, expressive interaction. These works
illustrated how numerical modeling can extend beyond analysis into design, performance,
and education.

The remaining challenges are organized below into five thematic areas.

7.1. Nonlinearity, Material Modeling, and Damping

Nonlinear effects—arising from large-amplitude vibration, geometric nonlinearity,
and impact/contact phenomena—are intrinsic to many percussion instruments, yet are
only partially addressed in most FEM studies. While nonlinear plate and shell models have
been developed for cymbals and gongs, their integration into fully coupled vibroacoustic
simulations remains rare due to high computational cost.

Material modeling and damping also remain sources of uncertainty. Many stud-
ies rely on linear, homogeneous material assumptions, whereas real instruments exhibit
anisotropy, viscoelasticity, residual stress, and manufacturing-induced variability. Damp-
ing is often introduced phenomenologically, despite its critical influence on decay, timbre,
and radiation efficiency.

7.2. Fluid–Structure Interaction and the Double-Membrane Gap

Fluid–structure interaction constitutes another major limitation, particularly for mem-
branophonic instruments. Although membrane–air coupling has been modeled success-
fully for single-membrane systems such as timpani, fully coupled simulations of double-
membrane instruments, explicitly capturing membrane–membrane interaction through
enclosed air cavities, are largely absent from the literature.

The numerical complexity of double-membrane instruments stems from the necessity
of simultaneously solving multiple interconnected physical phenomena. This includes
the nonlinear vibrations of two pre-tensioned membranes under large deflection, the
compressibility of the enclosed air cavity that mediates dynamic pressure exchange, and
the structural influence of the supporting shell on stiffness and damping. Furthermore, the
presence of a vent hole introduces nonlinear damping and amplitude-dependent frequency
shifts, requiring a sophisticated coupling of structural FEM for the membranes and shell
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with acoustic FEM or BEM for the internal cavity. Because of these challenges, most existing
studies simplify the problem by modeling only a single membrane or treating the cavity as
a rigid boundary, leaving a persistent gap in the comprehensive modeling of these systems.

7.3. Methodological Trade-Offs in FEM Modeling

The reviewed literature reveals consistent trade-offs that researchers must navigate
when selecting modeling approaches.

Modal vs. transient analysis: Modal analysis (eigenvalue extraction) is computation-
ally efficient and sufficient for predicting natural frequencies and mode shapes. However,
it cannot capture amplitude-dependent nonlinearity, contact duration effects, or decay evo-
lution. Transient time-domain FEM captures these phenomena but is orders of magnitude
more expensive and requires careful calibration of contact parameters and damping.

Linear vs. nonlinear material models: Linear elasticity is adequate for predicting
modal frequencies at low excitation levels. For cymbals, gongs, and loud strikes, geometric
nonlinearity (von Kármán plate theory) or hyperelastic membrane models are necessary to
reproduce timbral characteristics.

FEM-only vs. FEM–BEM: FEM-only is sufficient for structural modal analysis. FEM–
BEM is required for accurate sound radiation in unbounded domains but introduces dense
matrices and frequency-domain limitations. Coupling FEM and BEM introduces additional
challenges: interface matching requires consistent transfer of displacements and pressures;
computational efficiency may decrease because FEM formulations typically generate sparse
matrices, whereas BEM formulations produce dense system matrices with higher memory
requirements; and accuracy trade-offs arise because BEM accuracy depends heavily on
surface discretization and can degrade at very high frequencies or for complex boundaries.
To manage these issues, most studies employ modal truncation (retaining modes up to a
cutoff frequency), though this introduces errors when higher modes contribute significantly
to radiated sound, as is common in cymbals and gongs.

Reduced-order vs. full-field models: Reduced-order models (beam theories, modal
truncation, lumped parameters) enable real-time sound synthesis and inverse design but
may miss mode families (e.g., torsional modes in bars, high-order circumferential modes in
bells) that contribute to timbre.

The optimal choice depends on the specific research question, instrument type, and
available computational resources.

7.4. Performer–Instrument Interaction and Real-Time Synthesis

To model real-time performer–instrument interactions, excitation parameters must be
quantifiable and incorporated as boundary or forcing conditions in numerical simulations.
Striking velocity and force can be obtained from high-speed motion capture, laser Doppler
vibrometry, or load cell measurements, and entered as time-dependent impact forces
or prescribed displacement/velocity boundary conditions over a short contact duration
(typically 1–5 ms). Striking angle determines the force vector direction and contact area; it is
represented via distributed transient loads applied to the corresponding surface nodes in the
FEM mesh, with tangential components exciting torsional modes. Mallet stiffness and mass
can be quantified experimentally through indentation tests. In an FEM framework, these
properties are typically incorporated via contact parameters, such as penalty stiffness and
damping coefficients, or through spring–mass representations coupled to the instrument’s
surface. Coupling such data with time-domain FEM or FEM–BEM simulations enables
performance-aware acoustic prediction. Integration with motion capture and haptic devices
represents a promising future direction for physically informed, real-time sound synthesis.
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7.5. Future Directions

Future research directions also include the development of fully coupled multiphysics
models, improved experimental–numerical validation strategies, greater integration of FEM
with model-order reduction and machine learning. These approaches offer the potential
to balance computational efficiency with physical fidelity, enabling inverse design and
real-time sound synthesis of percussion instruments.

Addressing the challenges outlined above will be essential for advancing predictive
modeling, digital instrument design, and physically informed sound synthesis. Prior-
ity research directions include: (i) fully coupled double-membrane models that capture
membrane–membrane interaction through enclosed air cavities; (ii) nonlinear and viscoelas-
tic material models validated against experimental measurements; (iii) efficient FEM–BEM
coupling schemes that balance accuracy and computational cost; and (iv) closer integration
of numerical modeling with sound synthesis and interactive performance contexts. The inte-
gration of FEM–BEM simulations with unsupervised clustering has recently been explored
to overcome the reliance on large labeled datasets for percussion-based non-destructive
testing [104].

8. Conclusions
This review has systematically examined the application of the finite element method

to the vibration and sound radiation of percussion instruments, structured according to
the idiophone–membranophone classification. In contrast to previous descriptive reviews,
the present work has thematically compared modeling strategies and their trade-offs, and
highlighted specific, actionable research gaps. Three central conclusions emerge from
the literature.

First, finite element modeling has reached a high level of maturity for idiophonic in-
struments, enabling accurate prediction of modal behavior, tuning effects, and radiation
characteristics in bars, plates, and shells. Across mallet instruments, three dominant strategies
are identified: orthotropic 3D FEM (high accuracy, computationally intensive), reduced-order
beam models with optimization (fast, enables inverse tuning, but may miss torsional modes),
and fully coupled vibroacoustic FEM (captures sound radiation, high computational cost). For
plate and disk idiophones, a clear methodological divide exists between studies of gongs and
cymbals (nonlinearity, mode splitting, prestress) and studies of steelpans and metallophone
plates (geometric tuning, modal localization). For bells, a methodological divergence exists
between shape optimization studies (linear elastic, geometry-focused) and transient impact
studies (contact dynamics, wear, and strike tone evolution).

Second, for membranophonic instruments, FEM has proven particularly effective for
single-membrane systems such as timpani and frame drums, where membrane–air coupling
can be simplified or treated with coupled FEM–BEM approaches. However, despite the
prevalence of double-headed drums, most numerical studies simplify the problem by
modeling only one membrane, revealing a clear disconnect between physical instrument
construction and current numerical practice. A synthesis of the membranophone literature
reveals that while single-membrane systems are well modeled, results diverge in the
treatment of damping, non-uniform tension, and transient excitation. Non-uniform tension
and mass loading (as in mridangam, mandar) produce quasi-harmonic overtones, but
harmonicity also depends on playing technique, not solely on structural design.

Third, a persistent gap across the literature is the simplification or neglect of fully
coupled multi-physics interactions. For idiophones, gaps remain in bar–resonator coupling
(mallet instruments), phenomenological damping and residual stress modeling (plate/disk
idiophones), and coupled clapper–bell–air simulations (bells). For membranophones,
double-membrane instruments are almost universally simplified to single-membrane mod-
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els, leaving explicit modeling of membrane–membrane coupling through the enclosed air
cavity, shell-mediated coupling, and venting effects largely unexplored. This gap directly af-
fects predictions of modal frequencies, decay rates, and timbre in instruments such as snare
drums, toms, and many traditional drums. Validation across the literature remains largely
linear and modal; nonlinear vibration, damping mechanisms, and performer-dependent
excitation are often simplified or neglected.

These findings underscore the need for a shift from simplified, single-domain models
toward fully coupled multi-physics simulations that capture the intrinsic nonlinearities,
fluid–structure interactions, and performer-dependent excitation mechanisms of percussion
instruments. The most convincing studies to date combine finite element modeling with
advanced experimental techniques—such as ESPI and laser Doppler vibrometry—and
address both modal behavior and radiation efficiency. Future research should build on
these foundations by moving beyond phenomenological damping models, incorporating
manufacturing-induced effects (e.g., residual stress), and embracing hybrid experimental–
numerical frameworks that integrate motion capture and contact mechanics. Such advances
will not only deepen the physical understanding of percussion acoustics but also enable
predictive design, digital restoration, and physically informed real-time sound synthesis
for next-generation musical instruments.
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