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ABSTRACT 

The gamelan gong holds a central place in Javanese musical and cultural traditions, serving both as 
a sonic landmark and a symbol within ritual performances. This study numerically investigates the 
gong’s vibrational behavior and acoustic radiation using a finite element model that captures the cou-
pled structural-acoustic dynamics under realistic boundary conditions. Structural dynamics and cou-
pled acoustic simulations uncover a fundamental mode at 233 Hz, where motion concentrates in the 
central boss and yields a deep, slowly decaying tone that underpins the ensemble’s cycle. Two higher 
resonances at 1546 Hz and 2738 Hz exhibit increasingly intricate nodal patterns, producing sharply 
peaked sound pressure levels up to 150 dB and generating the inharmonic partials that give the gong 
its characteristic shimmer. Quantitative comparison with ethnomusicological measurements con-
firms frequency ratios of approximately 6.6 and 11.8 relative to the fundamental.
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1.	 INTRODUCTION

Gamelan is a traditional musical ensemble 
from Indonesia, known for its unique sound 
and layered rhythmic structure. It consists 
mainly of tuned percussion instruments 
made from bronze or iron [1], [2], [3]. It exists 
in several regional forms, including Javanese, 
Balinese, Sundanese, and others, each with 
unique styles, tunings, and cultural meanings. 
The ensemble is not only a musical system 
but a symbolic expression of communal and 
spiritual values.

Within the gamelan ensemble, a variety of 
percussion instruments coexist. A standard 
gamelan ensemble typically includes metal-
lophones, xylophones, kendang (drums), sa-
ron, bonang, gender, rebab (bowed string in-
strument), suling (bamboo flute), and gongs 
[3], [4]. These physical differences lead to a 
distinctive range of fundamental frequencies 

and overtone structures, creating a rich sonic 
palette. 

Among its instruments, the gong occupies a 
central role, both sonically and symbolically. In 
Javanese gamelan, large gongs with a central 
raised boss (called penclon) serve as tempo-
ral anchors. Their function is not melodic but 
structural: they mark the culmination of mu-
sical cycles, known as gongan, and signal key 
moments in performance [5]. The striking of a 
gong signifies a transition, often aligning with 
ritual time or the turning of a narrative phrase. 
The instrument is deeply embedded in cultur-
al practice and is often associated with ideas 
of cosmic balance, ancestral presence, and 
sacred space [6], [7], [8]. Its resonant, slow-
ly decaying tone is considered essential for 
grounding the ensemble and connecting the 
physical and spiritual realms during perfor-
mance.
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From a physical perspective, the gong pres-
ents a compelling object of study. It combines 
a curved shell geometry with nonuniform 
thickness, leading to a rich and complex vi-
brational response. When struck, it supports 
a range of vibrational modes, some of which 
couple efficiently with the surrounding air to 
produce strong acoustic radiation. The vi-
brational energy is initially concentrated in 
the central boss, then propagates across the 
body of the gong [9], [10], [11]. The resulting 
acoustic field reflects both the structural dy-
namics of the plate and its interaction with air 
as a radiating surface [12].

This study applies FEM to analyze the vibroa-
coustic response of a traditional Javanese 
gong. It identifies natural frequencies and 
mode shapes under support conditions re-
sembling physical suspension. The study also 
simulates forced vibration at the gong’s cen-
tral boss and evaluates the resulting acous-
tic pressure field. Through this approach, 
the work aims to connect structural vibration 
patterns with audible features such as pitch 
salience and overtone richness.

2.	 GEOMETRIC AND MATERIAL 
CONFIGURATION
2.1.	 GEOMETRY DEFINITION

The gong analyzed in this study is a moderate-
ly sized example from the Javanese gamelan 
family, selected to represent typical structur-
al features while maintaining computational 
efficiency. The model geometry is based on a 
direct measurement of a physical instrument. 
The overall radius of the gong is set at 10.5 cm, 
with a central boss (or penclon) radius of 2.2 
cm. The gong’s thickness is not uniform, vary-
ing from approximately 0.20 cm at the rim to 
0.30 cm at the boss, following a gradual con-
tour that is typical of handcrafted gongs.

The geometry is represented using a 2D ax-
isymmetric model (Figure 1b), which cap-

Fig. 1: Illustration of the traditional gamelan 
gong (a) orthogonal views and  the top-side 
plane perspectives, and (b) cross-sectional pro-
file modeled in 2D axisymmetric coordinates.
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tures the essential profile of the gong while 
assuming perfect rotational symmetry. This 
approach simplifies computation and is ap-
propriate for capturing the dominant radial 
and circumferential modes in an idealized 
structure. However, it does not account for 
three-dimensional irregularities such as local 
warping, material anisotropy, or slight asym-
metries introduced during traditional casting 
and manual tuning.

2.2.	 MATERIAL PROPERTIES
Traditional Javanese gongs are cast from a 
high-tin bronze alloy, typically comprising 
78% copper and 22% tin by weight. This alloy 
selection balances high stiffness and acous-
tic brightness with the castability required 
for detailed shaping. Tin increases the alloy’s 
hardness and elevates its elastic modulus, 
while copper ensures sufficient density and 
ductility. In some cases, trace elements such 
as zinc or lead are included in small amounts 
to improve fluidity during casting or influence 
internal damping. The specific alloy composi-
tion used in gamelan manufacturing has been 
refined over generations to optimize both me-
chanical stability and tonal richness.

This specific alloy composition forms the ba-
sis for our simulation parameters. The density 
of 8800 kg/m³ reflects the heavy copper con-
tent. Young’s modulus of 110 GPa captures the 
combined stiffness of copper and tin in the 
alloy. Poisson’s ratio of 0.34 characterizes its 
lateral contraction under load. These values 
are consistent with published data for high-
tin bronzes used in musical applications. 
The material is assumed to be isotropic and 
homogeneous, a simplification that ignores 
potential grain orientation or segregation ef-
fects, which may arise during solidification or 
manual finishing.

To represent internal energy loss, an isotropic 
structural loss factor of 0.04 is applied. This 
damping term accounts for internal friction, 
arising primarily from dislocation motion, 
grain boundary sliding, and minor inelastic 
effects within the metallic microstructure. It 
does not include radiation damping, which is 
treated separately in the acoustic simulation.

3.	 MODAL ANALYSIS
3.1.	 MARKING OF IMAGES

The finite element model is developed us-
ing a 2D axisymmetric approach to capture 
the gong’s cross-sectional geometry. The 
solid domain is assigned bronze material 
properties based on the alloy specifications 
described earlier. An eigenfrequency solver 
based on the Arpack method is used to ex-
tract the natural frequencies and associated 
mode shapes.

The boundary condition applied is a simply sup-
ported outer edge, implemented by constrain-
ing radial displacement at the rim (  = 0), while 
allowing vertical motion and rotation. This setup 
approximates the real-world suspension of a 
gong by cords at discrete points around its edge, 
which imposes minimal constraint on its verti-
cal motion but provides support in the plane of 
the plate. The central boss remains entirely free, 
mimicking how the striking zone moves during 
performance.

The mesh is constructed using a swept tri-
angular element scheme, with quadratic La-
grange elements to improve accuracy in cap-
turing curvature and localized bending. The 
mesh is refined significantly near the boss 
and shoulder transitions, where mode local-
ization and curvature effects dominate. A 
mesh convergence study was conducted by 
systematically refining the element size and 
observing the change in the first few natu-
ral frequencies. Convergence was achieved 
with less than 0.5% deviation in frequency 
values upon further refinement, confirming 
mesh-independence of the results.

No pre-stress or residual stress conditions 
were included in this initial analysis. While re-
sidual stresses from casting and tuning could 
influence real-world frequencies slightly, 
they are neglected here to focus on geome-
try-driven modal behavior.

3.2.	 RESULTS
The finite element model is developed using 
a 2D axisymmetric approach to capture the 
gong’s cross-sectional geometry. The sol-
id domain is assigned bronze material prop-
erties based on the alloy specifications de-
scribed
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The computed mode shapes reveal distinct 
nodal circles and diameters that correspond 
to the gong’s harmonic spectrum. The fun-
damental mode concentrates displacement 
in the central boss, matching the deep bass 
resonance valued in Javanese ceremonies. 
Higher modes form complex patterns that 
distribute vibrational energy across the plate, 
enriching overtone content.

The simulated natural frequencies and mode 
shapes of the gong show clear vibrational pat-
terns consistent with the behavior of circular 
plates that have non-uniform thickness. Ta-
ble 1 presents the first three modes from the 
results. The lowest frequency is 233.04 Hz, 
followed by 1545.60 Hz and 2737.80 Hz. This 
wide frequency range reflects the contrast in 
stiffness between the central boss and the 
rest of the plate.

The first mode at 233.04 Hz shows strong dis-
placement localized at the central boss, with 
minimal movement in the outer regions. This 
is a typical piston-like mode, where the boss 
moves in and out while the surrounding plate 
acts as a relatively rigid support. Physically, 
the boss behaves as a mass-loaded center, 
reducing the system’s effective stiffness in 

the region and lowering the frequency. The 
outer plate’s thickness and radial stiffness 
suppress significant motion, resulting in a 
deep, sustained tone with relatively low radi-
ation efficiency.

The second mode, near 1545.60 Hz, features 
a large vibrating region across much of the 
plate surface, including the dome and shoul-

der areas. Several nodal diameters and one or 
two nodal circles can be identified. This pat-
tern allows more efficient coupling with the 
surrounding air, and as such, this mode cor-
responds to the most acoustically prominent 
pitch of the gong. It produces the sharp, strik-
ing tone often used to mark phrase boundar-
ies in Javanese musical cycles.

At 2737.80 Hz, the third mode exhibits a more 
fragmented pattern, with multiple nodal cir-
cles and diameters. The vibrational energy is 
distributed in smaller lobes across the plate, 
contributing to inharmonic overtones and the 
rich metallic timbre of the gong.

The frequency ratios of the modes deviate 
significantly from those expected for an ideal 
circular plate with uniform thickness. In the-

1st Mode			       2nd Mode	 3rd Mode
233,04 Hz			      1545,60 Hz	 2738,80 Hz

Fig. 2: First three modes of the gamelan gong.
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ory, for a thin isotropic plate with clamped 
or simply supported boundaries, the second 
and third frequencies would occur at approx-
imately 2.0 and 3.5 times the first mode, de-
pending on boundary conditions and aspect 
ratio. However, in this case, the second mode 
occurs at 6.6 times the first, and the third at 
11.7 times, indicating strong modal inharmo-
nicity. 

The inharmonicity observed in the modal fre-
quencies arises from a combination of geo-
metric and material factors. First, the plate’s 
non-uniform thickness introduces variations 
in local bending stiffness, which causes cer-
tain higher-order modes to shift upward more 
significantly than others. In contrast, the cen-
tral boss acts as a concentrated mass, lower-
ing the fundamental frequency more than it 
affects the higher modes, thus widening the 
gap between them. Additionally, the com-
bined influence of internal damping and the 
complex curvature of the gong disrupts the 
regular spacing of natural frequencies typ-
ically found in idealized circular plates, fur-
ther reinforcing the inharmonic structure that 
characterizes the gong’s acoustic signature.

Such inharmonic spacing is intentional and 
musically significant in gamelan instruments. 
The perceived intervals and pitch centers 
differ from Western scales, and the modal 
structure here supports that cultural usage. 
In practice, the asymmetry and minor imper-
fections in the real instrument further split 
these modes, leading to beating phenomena 
and spectral richness that are prized in per-
formance.

4.	 FORCED VIBRATION AND TRANSFER 
FUNCTION ANALYSIS
4.1.	 EXCITATION SETUP

To study the gong’s response under external 
loading, a forced vibration analysis was car-
ried out using a harmonic excitation approach. 
The excitation was applied as a point force di-
rectly at the center of the dome, which is the 
usual striking point during a performance. 
Although percussive impacts happen in the 
time domain, a harmonic sweep in the fre-
quency domain was chosen because it allows 
detailed observation of the system’s steady-
state response at each frequency. This meth-

od is useful for identifying resonances, and 
its results can later be related to time-domain 
behavior through Fourier analysis.

The excitation force was set with a fixed am-
plitude and zero phase shift. Because the 
model assumes linear behavior, the response 
scales proportionally with the force, and only 
the relative amplitude and phase are import-
ant. A sweep from 50 Hz to 2000 Hz was used 
to cover both the fundamental mode and 
several higher modes that contribute to the 
gong’s sound. This range was chosen to cap-
ture the bass and overtone content typically 
heard in performance and to stay within the 
lower part of the human hearing range, where 
most of the gong’s energy lies.

Displacement results were monitored at three 
locations: the dome rim, the shoulder (where 
the dome transitions to the flat plate), and the 
outer edge of the gong. These points were 
selected to track how vibrations spread from 
the impact point across the surface. They 
also provide useful data for evaluating trans-
fer functions, which show how energy moves 
through the structure and where it tends to 
concentrate or fade out.

4.2.	 TRANSFER FUNCTION EVALUATION
The transfer function describes how much 
motion occurs at one point on the gong in re-
sponse to a force applied at another. It is de-
fined as the ratio between the displacement 
magnitude at a given location and the applied 
harmonic force. Mathematically, it takes the 
form as in Eq. (1).

				    (1)

where  represents the frequen-
cy-dependent displacement amplitude at the 
observation point and  is the mag-
nitude of the applied excitation force. This for-
mulation allows quantification of how effec-
tively vibrations propagate from the excitation 
site to other parts of the gong’s structure.

By plotting both the magnitude and phase of 
the transfer function over the swept frequency  
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range, resonant peaks corresponding to nat-
ural vibration modes can be identified. These 
peaks indicate frequencies at which the gong 
responds strongly to excitation, highlight-
ing modal contributions to the overall vibro-
acoustic behavior. The phase information 
provides insight into the relative timing of dis-
placement responses, which is important for 
understanding wave propagation and mode 
coupling within the instrument.

Figure 3 shows the vibration levels record-
ed at the outer region of the gong. The first 
clear resonance appears around 250 Hz, but 
the amplitude is relatively low, about −85 dB. 
In contrast, the strongest response is found 
near 1700 to 1800 Hz, where the displacement 
level rises to about −45 dB. Other peaks ap-
pear around 2500 Hz and close to 4000 Hz, 
but with lower intensity, typically near −60 
dB. These frequencies correspond to the 
system’s natural modes and reflect how the 
structure responds to excitation, based on its 
shape and material properties.

The variation in peak amplitudes shows that 
not all modes radiate sound equally well. 
The low-frequency mode near 250 Hz caus-
es mostly localized movement in the central 
dome. While this motion is strong within the 
plate, it often leads to weak sound radiation 
due to destructive interference. Opposite 
parts of the surface may move out of phase, 
cancelling each other’s acoustic output. In 
contrast, the higher-frequency mode near 
1700 Hz appears to couple better with the sur-
rounding air. Its vibration pattern may involve 

more coherent motion across the plate, lead-
ing to stronger radiation and a clearer peak in 
the sound pressure spectrum.

The spacing between these peaks does not 
follow simple harmonic ratios, which is typical 
for plates and shells with curved and non-uni-
form geometry. In these systems, the modal 
frequencies are determined by complex re-
lationships involving stiffness, mass distri-

bution, and boundary conditions. As a result, 
the gong produces a rich set of inharmonic 
overtones that contribute to its unique tim-
bre, different from the harmonic series found 
in string or air column instruments.

5.	 ACOUSTIC COUPLING AND SPL 
ESTIMATION

To simulate the conversion of mechanical vi-
bration into radiated sound, a coupled struc-
tural-acoustic analysis is performed in the 
frequency domain. The solid domain rep-
resents the gong’s bronze shell, governed by 
the Navier-Cauchy equations for linear elas-
ticity. The surrounding air domain is modeled 
using the Helmholtz equation for time-har-
monic pressure fields. The two domains are 
coupled through boundary conditions that 
ensure physical continuity at their interface. 
Specifically, the normal velocity of the vibrat-
ing shell must match the fluid particle veloc-
ity, and the stress in the solid must balance 
the pressure-induced traction in the fluid.

Fig. 3: Vibration level distribution on the gong arm.



64

AKUSTIKA, VOLUME 50 / July 2026
www.akustikad.com

The air domain extends approximately 2 me-
ters from the center of the gong in all direc-
tions. To simulate an unbounded acoustic 
space, radiation boundary conditions are ap-
plied at the outer boundaries. These are im-
plemented using perfectly matched layers 
(PML) that absorb outgoing waves without re-
flection, mimicking open-air conditions. This 
treatment avoids artificial interference from 
wave reflections at the domain edge and im-
proves the accuracy of radiated sound pre-
dictions.

The coupled problem is solved using the finite 
element method, where the solid and fluid do-
mains are meshed and computed simultane-
ously. The FEM solver handles the direct cou-
pling of degrees of freedom at the solid-fluid 
boundary, ensuring energy transfer across 
the interface is correctly modeled. This ap-
proach captures the mutual interaction be-
tween vibration and sound radiation.

To evaluate sound radiation quantitatively, 
pressure is monitored at several points placed 
on a circular probe line 1 meter above the gong 

apex. The selected distance approximates a 
typical listening position and ensures mea-
surements are taken in the acoustic far field. 
Probe points are evenly distributed along the 
circumference to capture angular variations 
in pressure and avoid bias from directional ra-
diation. The pressure magnitude at each fre-
quency  is recorded and converted to 
sound pressure level (SPL) using the standard 
expression, as in Eq. (2).

 		  (2)

where 20μPa is the reference sound 
pressure. An average SPL over all probe points 
is taken to provide a representative measure 
of the radiated acoustic energy at each fre-
quency.

Fig. 4: SPL measured at 1 meter above the gong apex during shell excitation.



 65

AKUSTIKA, VOLUME 50 / July 2026
www.akustikad.com

Figure 4 presents the SPL measured at 1 me-
ter above the gong following harmonic exci-
tation. The spectrum shows several peaks, 
each indicating a strong acoustic response. 
These peaks align with structural resonanc-
es where surface motion efficiently couples 
to the surrounding air. The most prominent 
peak appears between 1700 and 1800 Hz, cor-
responding to a vibration mode that radiates 
sound effectively due to its coherent surface 
motion.

 

Figure 5 shows the mode shapes associated 
with key SPL features. For example, the first 
peak at 233 Hz corresponds to a low-order 
mode concentrated near the boss. Although 
structurally dominant, this mode produc-
es limited sound because surface motion is 
mostly localized and generates minimal net 
air displacement. The second peak near 1546 
Hz displays a broader pattern with most of the 
shell moving in phase. This mode behaves like 
a monopole source, pushing air uniformly and 
maximizing radiation efficiency.

The third peak, at 2737 Hz, arises from a more 
fragmented mode with several nodal lines. 
While less efficient than the second mode, it 
still contributes to the overall sound charac-
ter. A fourth peak appears near 3500 to 4000 
Hz and likely represents higher-order patterns 
that radiate due to their higher frequency and 
surface area involvement.

Between these peaks, distinct dips are visible 
in the SPL. At 377 Hz, 1997 Hz, and 4058 Hz, 

the measured pressure drops sharply. These 
dips correspond to modes where adjacent re-
gions on the gong surface move out of phase. 
This leads to destructive interference in the 
radiated field, a phenomenon similar to dipole 
or quadrupole cancellation. In such cases, the 
radiated sound waves cancel each other in 
certain directions, reducing net sound output 
despite significant vibration.

1st Peak			       2nd Peak	 3rd Peak
233 Hz			      1545 Hz	 2737 Hz

1st Dip				        2nd Dip	 3rd Dip
377 Hz		  	                  1997 Hz	 4058 Hz

Fig. 5: Mode shapes of the gong shell at key resonance frequencies corresponding to peaks and 
dips in the SPL spectrum.
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The correlation between mode shapes and SPL 
behavior highlights the role of radiation imped-
ance. At peak frequencies, the gong’s surface 
impedance matches well with the acoustic 
load, allowing efficient energy transfer. At dip 
frequencies, mismatched impedance and out-
of-phase motion hinder radiation. These ob-
servations explain the uneven SPL response 
and the rich, inharmonic timbre of the gong.

Lastly, the slight discrepancy between the 
first vibration mode at 233 Hz and the first SPL 
peak near 250 Hz likely results from damping 
and coupling effects in the full system. While 
the modal analysis identifies the structural 
resonance, actual sound radiation depends 
on how effectively that mode excites pressure 
waves in air.

6.	 DISCUSSION

The gong’s vibration behavior is shaped by 
its geometry, material distribution, and mass 
loading at the boss. The lowest mode, ob-
served near 233 Hz, is mainly concentrated 
around the central boss. The added mass in 
this area reduces the natural frequency sig-
nificantly. Most of the peripheral surface re-
mains nearly stationary in this mode, which 
limits its ability to transfer energy into the air. 
As a result, this mode does not radiate sound 
efficiently. However, it plays an important per-
ceptual role. It adds a tactile sensation when 
the gong is played and forms a deep spectral 
foundation that supports the higher compo-
nents of the sound. While not clearly audible 
as a pitch, this mode adds depth and a sense 
of physical presence to the sound.

The mode at approximately 1546 Hz shows 
a much broader and more coherent motion 
across the shell. Its simple nodal pattern al-
lows large surface regions to move in phase, 
making this mode highly efficient in radiating 
sound. This efficiency explains the prominent 
peak in the SPL spectrum. In performance, this 
mode produces the most clearly perceived 
pitch. It behaves as the “singing mode” of the 
gong and is often interpreted by listeners as 
the fundamental tone, even though it is not 
the lowest in frequency. This auditory domi-
nance is due to its strong acoustic output and 
the human ear’s sensitivity to frequencies in 
this range.

At higher frequencies, such as 2737 Hz and 
above, the mode shapes become increas-
ingly complex. These higher modes contain 
multiple radial and circumferential nodal 
lines, breaking the shell into many segments 
that move in alternating directions. This frag-
mented motion causes the radiated pressure 
field to include a set of inharmonic overtones. 
These partials are not evenly spaced in fre-
quency, unlike those from simple vibrating 
plates. Their irregular distribution contributes 
to the shimmering, evolving quality of the 
gong’s sound. Though they carry less acous-
tic energy than the main mode at 1546 Hz, 
they are crucial for the instrument’s timbre 
and richness.

These acoustic properties are closely linked 
to the cultural function of the gong. The prom-
inent mode near 1546 Hz is tuned to match an 
interval in the Javanese slendro scale, rather 
than a note from Western tuning systems. In 
gamelan music, this pitch helps define musi-
cal structure. It marks time divisions within the 
gong and supports the ensemble’s coordina-
tion. The deep 233 Hz component, while not 
clearly melodic, helps create a background 
sound that supports the ceremonial or med-
itative context of performance. Together, the 
inharmonic spectrum and sustained reso-
nance of the gong support its role in both mu-
sical and spiritual dimensions.

From a design perspective, the gong’s acous-
tic behavior reflects deliberate shaping of 
its physical structure. The thickness varies 
across the surface, and the boss adds asym-
metry and mass, both of which shift the fre-
quencies of key modes. These features seem 
intentionally designed to produce a complex, 
inharmonic spectrum suited to the instru-
ment’s function in gamelan music. The com-
bination of structural and acoustical features 
supports ideas of balance, depth, and son-
ic presence, which are valued in the cultural 
context.

7.	 CONCLUSIONS

The finite element analysis identified the 
gamelan gong’s natural frequencies and 
mode shapes. The fundamental mode near 
233 Hz localizes vibration in the central boss, 
producing the culturally significant deep tone. 
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Higher modes at approximately 1546 Hz and 
2738 Hz create inharmonic overtone patterns 
that enrich the sonic texture. The predict-
ed sound pressure level spectrum matches 
well with known acoustic behavior, showing 
resonant peaks at these frequencies. These 

results quantitatively explain the gong’s in-
harmonicity and modal distribution, confirm-
ing that its geometry and material properties 
critically shape its vibrational and acoustic 
response. 
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