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Abstract
This study examines a rarely considered acoustic con-
sequence of the piano hammer–string collision: the
direct sound produced by the hammer’s rapid accel-
eration at impact. Using analytical methods and 2D
finite element modelling, the resulting acoustic pres-
sure is simulated and combined with the synthesised
responses of a stiff string and soundboard radiation.
The composite signal is analysed to assess the rela-
tive relevance of the impact-generated sound across
the piano range. Results show that its contribution
is generally minor, particularly for lower notes, and
while typically masked under normal playing condi-
tions, it may become noticeable in recordings with
microphones placed near the action.
Keywords: musical acoustics, piano acoustics, impact
mechanics, collisions

1. Introduction
The mechanical interactions between components of
musical instruments are traditionally modelled using
established methods such as Hertzian contact theory
[1], penalty approaches in finite element analysis [2],
and augmented Lagrangian techniques [3], with the
primary aim of estimating contact forces and the re-
sulting dynamics. In piano acoustics, collisions are
typically examined to characterise the hammer–string
interaction force [4], [5], [6], providing the forces that
drive the motion of the piano’s subsystems. In con-
trast, this study focuses on the sound produced di-
rectly by the large acceleration experienced by the
hammer itself in the collision. The work is motivated
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by pianists’ observations that the collision can gener-
ate a subtle, thud-like onset.
The mechanisms of impact noise have been classi-
fied by Akay [7] into several categories: air ejection,
radiation due to rapid surface deformation, pseudo-
steady-state radiation, material fracture radiation,
and rigid-body radiation. The latter corresponds to a
pressure disturbance in the surrounding fluid caused
by the acceleration of an object, and has been studied
extensively by Kirchhoff [8] and subsequent authors
[9], [10], [11], [12], [13], [14]. In the context of piano
acoustics, the hammer undergoes significant acceler-
ation during contact with the string, and rigid-body
radiation may be a relevant phenomenon on certain
occasions.
This study models the acoustic pressure field gener-
ated by a sphere, undergoing an acceleration profile
representative of the response to a hammer–string
impact, used as an equivalent model for the ham-
mer’s rigid-body radiation. The approach is vali-
dated through comparison with 2D axisymmetric and
3D finite element models incorporating more realistic
hammer geometries. The predicted impact-generated
pressure is then combined with the output of a ham-
mer–string–soundboard vibro-acoustic model to eval-
uate its relative significance within overall piano tone
production.

2. NUMERICAL MODELLING
2.1. Analytical model
The sound radiated by a rigid piano hammer during its
collision with a string is modelled as that produced by
an equivalent sphere undergoing the same acceleration.
Because the interaction occurs between the hammer
and a string rather than with a surface, the radiating
body is assumed to be this equivalent sphere. This
contrasts with studies involving surface impacts, where
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an image source must be introduced to account for
the reflection [11]. Consider a sphere impacting a thin
string-like surface as in Fig. 1.

Figure 1: Sphere impacting on string-like surface.

Developed originally by Kirchhoff [8], the pressure
radiated by a sphere with radius a undergoing unit
acceleration, at a point r located at (r, θ) is [11]

pacc(r, θ, t′) = ρ0c
a2

r2

[(
1 − r

a

)
sin c

a
t′+ (1)

r

a
cos c

a
t′

]
e−ct′/a cos θ

where ρ0 and c are the density and sound speed of
the fluid in which the sphere is immersed and t′ =
t − (r − a)/c is the retarded time. If an arbitrary
acceleration A(t) is applied to the sphere, the resultant
acoustic pressure is given by the convolution integral:

p(t) =
∫ t

0
pacc(r, θ, t − ξ)A(ξ)dξ (2)

2.2. Finite-element model
It is necessary to adapt the analytical model to con-
sider the geometry of the piano hammer, thus a two-
step verification method is applied. Firstly, the ana-
lytical model is compared with a corresponding 2D
axisymmetric FE model, and secondly, a full 3D model
is developed to consider the exact hammer shape. The
first step ensures an adequate implementation of the
FE model setup, while the 3D model allows the an-
alytical model to be tuned to produce an equivalent
acoustic pressure. The FE models are developed in
COMSOL Multiphysics® v.6.4[15].
2.2.1. 2D axisymmetric FE model
A 2D axisymmetric model is developed, making use
of the axisymmetry of the sphere. The surrounding
fluid is modelled as a sphere with a radius of 3 m
enclosed in a perfectly-matched layer (PML) of a
thickness of 1 m, to avoid unwanted reflections from
the outer boundary of the model. Ten (10) elements
per wavelength considering a maximum frequency of
1000 Hz, are used in the mesh (see Fig. 2) yielding ≈
58500 degrees of freedom (DoF).

Figure 2: Mesh of 2D axisymmetric model.

2.2.2. 3D FE model
The real hammer geometry is not axisymmetric, thus a
3D model is needed. To avoid excessive computational
expense, the air domain and the PML thickness were
reduced to a sphere of 0.5 m and a PML thickness
of 0.15 m. The model now considers ≈ 236000 DoF.
The meshed model is shown in Fig. 3, where the 3D
geometry of the hammer is highlighted.

Figure 3: Mesh of 3D model.

2.3. Hammer-string-soundboard model
A time-domain state-space modal model, previously
adopted by the authors [16], is used to represent the
transverse interaction—perpendicular to the sound-
board—between the hammer and the string. This
model is used first to determine the acceleration ex-
perienced by the piano hammer, which serves as in-
put to the collision-induced acoustic pressure model,
and second to evaluate the force transmitted to the
soundboard and the resulting sound radiation. Con-
sequently, the modelling framework adopted in this
study enables a clear distinction between the acoustic
pressure generated by the hammer–string collision and
that produced by the radiation of the piano sound-
board. The state space equations are

ẋ = Ax + BFH (3)
y = Dx

where the state vector is x = {qT , q̇T , yH , ẏH}T con-

12th Convention of the European Acoustics Association
Graz, Austria • 8th – 12th September 2026 •

P
re
lim

in
ar
y
do
cu
m
en
t

https://euracoustics.org/
http://aaa-oega.org/


taining the modal coordinates of the string q and the
displacement and velocity of the piano hammer yH

and ẏH . The state-space matrix A contains the modal
damping and stiffness matrix of the string, and the
matrix B transforms the hammer force FH to a modal
force, and contains the mode shapes of the simply
supported string at the excitation point. The force
applied to the hammer is given by the power law [4]

FH = KHδp (4)

where KH is the nonlinear stiffness of the hammer,
δ is the compression of the hammer felt and p is
the nonlinear exponent representing the nonlinear
behaviour of the compression. The acceleration of the
hammer during the contact is simply

A(t) = FH/mH (5)

The string is modelled as a simply supported string
of length L, and the force applied to the soundboard
at the bridge is given by

Fb = −T
∂υ

∂x

∣∣∣∣
x=L

(6)

where T is the tension of the string and υ its transverse
displacement.
A generic soundboard is developed in COMSOL Mul-
tiphysics. The soundboard is discretised in a fine grid
of points and its transfer mobility response Y(ω) is
computed. To obtain the sound pressure at a receiver,
the Rayleigh integral method is used in matrix form
to obtain the pressure-to-force ratio

P (ω)
Fb(ω) = M(ω)Y(ω) (7)

where M(ω) is the radiation impedance matrix com-
puted at the receiver point.
The total acoustic pressure at a receiver position r
considering the soundboard radiation and the rigid
body radiation of the hammer is given by

Ptot(t) = IFFT(Pω) + p(t) (8)

3. RESULTS
In this section the modelling results are presented.
First, the analytical model is verified with the simple
2D axisymmetric model. Subsequently, the analytical
model is compared with a 3D FE model that considers
the geometry of a piano hammer.

3.1. Verification of analytical model
To verify the implementation of the analytical model
against the FE model a simple excitation consisting in
a half-cosine of maximum amplitude A0 and duration
τ is used, which can be written as

A(t) =


A0(− cos2 (πt/τ) + 1), if t ≤ τ

0, otherwise
(9)

The acoustic pressure provided by the analytical model
is compared to that obtained from the 2D axisymmet-
ric model. The parameters used in the verification
are presented in Table 1. In the FE model the same
parameters are used.

Table 1: Parameters for verification of analytical model.

Description Variable Unit Value
Air density ρ0 kg/m3 1.2

Sound speed in air c m/s 343
Radius of sphere a m 0.035
Receiver distance r m 0.5
Accel. amplitude A0 m/s2 1

Time step dt s 5 × 10−7

Sampling frequency fs Hz 2 × 106

Calculation duration tmax s 0.008
Duration of contact τ s 0.015

Calculations are developed for different angles θd (see
Fig. 1): 0°, 30°, 60° and 80°. The results are shown in
Fig. 4, there is good agreement between the computed
acoustic pressures for different angles, however near
the shadow zone of the acoustic dipole, i.e., at 80° the
agreement is reduced. This implies that the models
produce an acoustic-like dipole that differs in direc-
tivity. Differences in the maximum A-weighted fast
sound level (LAF max) were calculated and are shown
in Table 2, evidencing that the analytical model is ca-
pable of effectively representing the acoustic pressure
of an accelerating sphere, within 60°.

Figure 4: Comparison between the acoustic pressure
from analytical model and FE model for different θd.

To verify the decay of the pressure at different dis-
tances, the pressure is calculated over distances r1 =
0.125 m, 0.25 m, 0.5 m, 1 m, using θd = 30°. The com-
parison between the analytical and the FE model is
shown in Fig. 5, where a good agreement can be ob-
served for the differences studied.
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Table 2: Difference in fast, A-weighted maximum sound
level between analytical and FE models for different angles
θd.

θ, degrees ∆LAF max, dB
0 0.1
30 0.1
60 0.1
80 5.9

Figure 5: Comparison between the acoustic pressure from
analytical model and FE model for different distances.

Differences in LAF max are shown for different distances
in Fig. 5, indicating that there are no significant dif-
ferences.

Table 3: Difference in fast, A-weighted maximum sound
level between analytical and FE models for different dis-
tances.

r1, m ∆LAF max, dB
0.125 0
0.250 0
0.500 0.1
1.0 0

3.2. Analytical model compared to 3D FE
model

To evaluate the applicability of the analytical model
for representing the piano hammer, the hammer has
been measured and is modelled in COMSOL using its
CAD tools. An equivalent sphere with the same vol-
ume as the modelled hammer is then used within the
analytical framework to approximate its physical char-
acteristics. In both models a distance of rd = 0.125 m
and an angle of θd = 30° were used for comparison.
The same distances and angles are used in both models
for these comparisons. The difference in LAF max is ≈ 2
dB. To improve the agreement between the analytical
and FE models—acknowledging that their geometries
are not identical—a scaling factor of 0.84 is applied
to the analytical sphere volume. This adjustment pro-
vides the best match to the FE model, achieving a
maximum pressure difference of ∆LAF max = 0.1 dB.

However, as was shown in Section 3.1, the agreement
is decreased closer to the shadow zone of the dipole,
thus the scaling factor would need to be adjusted ac-
cordingly. The comparison between the unmodified
analytical model, its modified version and the FE
model is shown in Fig. 6.

Figure 6: Comparison between the acoustic pressure at
rd = 0.125 m from analytical model and FE model of a
piano hammer.

3.3. Combined pressure
The acoustic pressure resulting from different accel-
erations corresponding to various piano touches and
for two example notes, C2 and C7, is combined with
the radiated pressure from the soundboard originating
from the string vibration model. The coordinate sys-
tem is shown in Fig. 7, highlighting the location of the
hammer collision rH (in plane with the soundboard),
the location of the receiver rr, and the location of
the connection point between the two strings analysed
and the soundboard where the force Fb is applied to
the soundboard.

Figure 7: Coordinate system used for calculation of
pressure at the receiver rr.

The time-domain state-space model is solved using the
physical parameters of a measured C2 string and the
hammer properties reported by Chaigne and Askenfelt
[17]. To capture the full decay of the string, the
response is computed over a duration of 15 s with a
sampling frequency of 44.1 kHz. The spectra of the
forces are multiplied by the pressure to force ratio
to yield the acoustic pressure at the receiver point
radiated by the soundboard.
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From the different accelerations obtained from the
various collisions using the range of hammer impact
velocities ẏH,t=0 = 1, 2, 4, 6, 8, 10 m/s, the acoustic
pressure associated with the rigid body radiation of
the piano hammer is calculated at the receiver location
rr, and shown in Fig. 8.

Figure 8: Time history of acoustic pressures due to
hammer-string collision for different hammer impact ve-
locities.

Summing the collision pressures with the soundboard
radiation produces an amplitude of max 3–3.5 Pa as
shown in Fig. 9; the acceleration-noise signature is
entirely masked.

Figure 9: Time histories of the combined pressures for
different hammer impact velocities.

The spectra of the combined pressures are shown in
Fig. 10, where the sound pressures obtained without
the collision are also included. For this note, the contri-
bution of impact sound is negligible. The time-history
of the total radiated sound, as well as informal listen-
ing tests, confirms that the impact components are
not perceptually distinguishable.
As shown in Fig. 11, the influence of
collision-generated pressure increases in the
higher register. For the C7 string, the weaker forces
transmitted to the soundboard produce lower radiated
sound levels than in the C2 case, making the collision
contribution more noticeable at low frequencies.
Time-domain results and informal listening suggest
that, for C7, this manifests as a subtle popping-like
onset. There is no influence on the inharmonic
partials of the string, as the resonance at 2093.7 Hz
remains unaltered. The relative levels of combined

Figure 10: Pressure spectra of combined pressures (black
line), and only soundboard radiation (dotted red line) for
different hammer impact velocities: 1, 4 and 8 m/s.

and soundboard-radiated pressures for different
hammer speeds (1, 4, and 8 m/s) are illustrated in
Fig. 12.

Figure 11: Pressure spectra of combined pressures (black
line), and only soundboard radiation (dotted red line) for
different hammer impact velocities, for the C7 case

Figure 12: Time histories of combined pressures (black
line), and only soundboard radiation (dotted red line) for
hammer impact velocities (a) 1 m/s, (b) 4 m/s and (c) 8
m/s, for the C7 case.

To highlight the positional dependence of the
collision-generated pressure, three receiver locations
were tested at increasing proximity to the ham-
mer–string impact point rH,C7. As shown in Fig. 13,
receiver 1 follows the configuration of Fig. 7, while
receivers 2 and 3 are placed 40 cm and 20 cm in front
of rH,C7, respectively. Using the largest impact ve-
locity (10 m/s), the spectra show that moving the
receiver closer to the impact point increases the differ-
ence between the combined and soundboard-radiated
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pressures, particularly below 100 Hz and in the 1–2
kHz region.

Figure 13: Pressure spectra of combined pressures (solid),
and only soundboard radiation (dotted line) for different
receivers, for C7 case

Physical phenomena such as longitudinal vibrations or
hammer shank flexibility could be included in a more
complete model. However, longitudinal vibrations are
more important for low notes, and shank flexibility has
a small effect on force transmission, but can produce
smaller contact forces[18], thus smaller accelerations.

4. Conclusions
The hammer–string collision was modelled using an
analytical impact formulation and validated against
finite element simulations, showing good agreement.
The results indicate that collision-generated acous-
tic pressure is negligible in the low register but can
contribute measurably at higher notes, especially for
receivers or microphones placed close to the hammer.
While this mechanism may enhance realism in sound
synthesis, further experimental validation and addi-
tional physical effects need to be included to fully
assess its significance.
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