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Abstract

To date, piano sound modelling is focused primarily on the vibrational behaviour of the strings and
soundboard. However, it is observed that other components of piano such as the rim also vibrate
when the piano is being played. Current work serves as a pilot experimental investigation on the
contribution of the vibration of various components of the piano to the resulting piano sound. The
components inspected are the soundboard, the inner and outer rim, the cast-iron frame and the
lid. Vibrations of the components are captured by accelerometers and in parallel, sound pressure
is recorded by microphones. Operational transfer path analysis is conducted to identify the main
contributors of the sound.
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Contribution of the vibration of various piano compo-
nents in the resulting piano sound

1 Introduction
To create a realistic sound for piano synthesis, the physics of the piano strings and soundboard
are studied and numerical models of them are built [1–3]. Other components like the bridge [4]
and the action [5] are also investigated as these components contribute to the modeling of
piano sound. However, when a piano is played, other components like the inner rim, the outer
rim, the frame and the lid also vibrate. The contribution of these vibrations to the resulting
piano sound, if any, is not known nor studied. To find out their contributions, an experimental
investigation is carried out on a grand piano to study the aforementioned components. The
vibrations are measured at discrete points all over the piano and the relationship between
these vibrations and the resulting piano sound is studied.

Current work takes inspiration of noise source identification techniques used commonly in auto-
motive acoustics [6]. However, in the case of piano, the "noise" is the resulting piano sound and
the "sources" to be identified are the piano components to be investigated. These "sources"
may emit different "noise" contributions that characterise the resulting "noise", i.e. the piano
sound. One technique that can be used to identify the contribution of the piano components to
the final sound is the operational transfer path analysis (OTPA) [7]. OTPA computes a transfer
function matrix to relate a set of input(s) measurements to output(s) measurements. In this
case, the inputs are the vibration of the components of piano and the output is the resulting pi-
ano sound. A detailed presentation of OTPA is explained in Section 2. The experimental setup
to fulfill the analysis is then presented in Section 3, followed by the results and discussion in
Section 4. The paper ends with the conclusion of the finding in Section 5.

2 Theory of OTPA
Operational transfer path analysis (OTPA) is a technique derived from the more established
classical transfer path analysis (TPA) [6,8]. TPA traces the flow of vibro-acoustic energy from a
source through a set of known structure- and air-borne pathways, to a given receiver location.
The excitation intensity and frequency response functions between the sources and receivers
are estimated so that the transfer functions of the system can be determined. On the other
hand, OTPA computes directly the transfer functions of the system that relates the sources
(i.e. the piano components) to the receivers (i.e. the piano sound) using experimental mea-
surements [7]. The measurements are taken in operational condition of the piano where it is
played directly from the keys instead of exciting the strings or soundboards via shakers, impact
hammers etc. A successful OTPA gives insights on the contribution of each sources to the
receivers over the considered frequency ranges by studying the computed transfer functions.
In automotive applications, this allows engineers to modify the components to supress or com-
pensate for the noise generated. However, for the interest of current work, knowing the level of
contributions of the components in piano can shed light to the necessity in modelling them for
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numerical simulation.

In a linear system, the input X and output Y can be related by:

Y( jω) = X( jω)H( jω) (1)

where:
Y( jω) is the output vector/matrix at the receivers;
X( jω) is the input vector/matrix at the sources;
H( jω) is the operational transfer function matrix, also known as the transmissibility matrix.

Given that there are m inputs and n outputs with p set of measurements, equation (1) can be
written in the expanded form:

y11 · · · y1n
...

. . .
...

yp1 · · · ypn

=

x11 · · · x1m
...

. . .
...

xp1 · · · xpm


H11 · · · H1n

...
. . .

...
Hm1 · · · Hmn

 (2)

where for brevity purposes, the frequency dependency jω is dropped. If X is not a square
matrix, which is the case most of the times, H can be solved by:

H = X+Y (3)

where the symbol + denotes the Moore-Penrose pseudo-inverse [9]. For the system to be
solvable and accurate, it is required that the number of measurement sets is larger than or
equal to the number of inputs, i.e.

p ≥ m (4)

In an OTPA, all measurements are taken simultaneously. As a result, cross-talk between mea-
surement channels is expected. Singular value decomposition (SVD) can be used to prevent
poor estimates of the transfer functions [10] and principal component analysis (PCA) can follow
to eliminate cross-talk [7,11]. After applying SVD, the input matrix X can be written as

X = UΣΣΣVT (5)

where
U is a unitary column-orthogonal matrix;
ΣΣΣ is a diagonal matrix with the singular values;
VT is the transpose of a unitary column-orthogonal matrix, V.
Next, the principal components (PCs) are obtained by multiplying the matrix of the singular
values ΣΣΣ with the eigenvector matrix U

Z = XV = UΣΣΣ (6)

The smaller contributions in matrix Z (i.e. cross-talk and measurement noise) correspond to
the PCs that can be removed. This yields a modified singular value matrix ΣΣΣmmm which can then
be used to obtain the modified pseudo-inverse of X:

X+
m = VΣΣΣ

−1
mmm UT (7)
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Introducing equation (7) into equation (3), it is possible to obtain a transmissibility matrix Hm in
which cross-talk terms and noise are treated.

Hm = X+
mY (8)

Lastly, it is possible to synthesise the response contributions of the measurements Ys by per-
forming a point-wise multiplication between X and Hm:

Ys = X .Hm (9)

The synthesised response Ys is useful to determine the validity of the analysis. On the other
hand, the transmissibility matrix Hm is important to determine the contribution of the sources/in-
puts (i.e. the piano components) to the receivers/outputs (i.e. the piano sound). These are
detailed in Section 4.

3 Experimental setup
Acceleration data of the vibration of various points on a piano and the sound pressure are
recorded in an anechoic chamber in the University of Music and Performing Arts Vienna. The
experiment is conducted on a Bösendorfer 280VC-9 equipped with a CEUS Reproducing Sys-
tem. There are two microphones: #1 placed outside the piano, and #2 inside the piano as
shown in Figure 1 and as detailed in Table 1. The accelerometers are placed on these piano
components: the soundboard, the inner rim, the outer rim, the frame and the lid. Accelerome-
ters are placed with 20cm spacing between each other and a total of 174 points are sampled
across all the investigated components. For the analysis, the sound pressure signals obtained
from microphones are considered as the outputs and the acceleration data as the inputs.

As there are only 7 accelerometers available, the measurements have to be made in multiple
batches. In order to ensure that all measurements are excited identically, the CEUS system
is used. The excitation is coded in a .boe file that can be read by the CEUS system. The
.boe file is a file format developed by Bösendorfer and is made up of hexadecimal characters
to indicate the keys to play, the key pushing profiles and the hammer velocities. Excitation
sequences were made via an in-house MATLAB/GNU Octave script. For this experiment, the
file contains 13 sequences of playing, with the first twelve playing all the same notes, starting
with all A (i.e. A0, A1, A2 ... A7) and is followed by all A#, all B, all C until all G#. The
13th sequence, however, plays all 88 notes. Each sequence is played for 5 seconds with 1
second interval in between and at a moderate piano velocity that gives a subjective loudness
of mezzoforte.

4 Results and discussion
By conducting a comprehensive sampling over each piano components, all of the vibrational
modes can be captured and be analysed via operational transfer path analysis (OTPA). How-
ever, in order to carry out the analysis, equation (4) needs to be satisfied, i.e. the number of
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Figure 1: Location of the two microphones with respect to the outline of the piano sound-
board. The image is to scale.

Table 1: Location of the microphones with the coordinate axes as shown in Figure 1. z=0
indicates the point is on the plane of the soundboard.

Microphone 1 2
x (m) 2.2 0.4
y (m) 1.0 1.8
z (m) 0.0 0.2

inputs cannot exceed the number of excitations. To reduce the number of inputs, the acceler-
ation distribution data are summed using the Rayleigh integral. The net pressure radiated at a
coordinate in space can be described by equation (10):

p(R,ω) =
ρ

2π

N

∑
n=1

AnSn

rn
e− jkrn (10)

where ρ is the density of air, An, rn, k and Sn represent the acceleration, distance to the
summed point, wavenumber and area covered of source point n respectively. A similar form but
expressed in velocity field and displacement field can be found in reference texts like Cremer,
Heckl and Petersson [12], and Chaigne and Kergomard [13] respectively. This summation is
illustrated in Figure 2 for three example source points on the soundboard A1, A2 and A3 with
displacements of r1, r2 and r3 respectively to the microphone location #1.

The use of equation (10) is essentially a compromise as it is valid for an infinitely large baffle.
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Figure 2: Summation of point sources A1, A2 and A3 to microphone location #1.

While the soundboard and lid have a nominal length of about 1.47m, acoustical short circuit
could still occur for wave modes below 230Hz. This leads to overestimation of the calculated
pressure. For components like the inner and outer rim, the surface area is smaller and thus the
overestimation frequency limit would be higher, at approximately 2000Hz. Last but not least,
even though the frame has a complex shape, for simplicity of calculation, the area of the frame
is taken to be the same as the soundboard. This implies that the overestimation limit is also at
230Hz. Nonetheless, despite the overestimation, the analysis of the data are not compromised.
Current work is interested in the contribution of the components in comparison to one another.
Thus, absolute values are not that important.

In this experiment, the input matrix X is made up of five signals, i.e. m = 5. The acceleration
data of each component is summed up to be pressure using equation (10). The pressure is
radiated to where the microphone is located at as is shown as an example in Figure 2. For
each analysis, there is only one output Y, i.e. n = 1. The output is the sound pressure signal
received by the microphone. OTPA is first conducted with the sound samples from microphone
#1 and is then repeated with samples from microphone #2.

The first step of the analysis is to validate the transmissibility matrix Hm. This can be achieved
by comparing the actual experimental output Y to the synthesised sound pressure output Ys,
as obtained via equation (9). Figure 3 shows the frequency responses of the synthesised and
measured sound pressure at microphone location #1 when all the A notes are being played.
It can be seen that the synthesised pressure matches closely with the actual measurement.
It correctly identifies the partials up to 880Hz and at similar amplitude. Good agreements are
also seen throughout the frequency range for the other excitations but are omitted for brevity.
This suggests that the transmissibility matrix Hm is accurate and passes the validation test.

Next, the contributions to output #1 (microphone outside the piano) of each components are
analysed. In Figure 4, the average contribution of the components of five frequency ranges are
shown. These five frequency ranges correspond to the first 5 octaves in the piano scale. The
first 5 bars in each block correspond to the 5 components investigated, i.e. the soundboard,
inner rim, outer rim, frame and lid. The 6th bar is the sum of all of these components and
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Figure 3: Frequency responses of the synthesised and the measured sound pressure at
output #1 when excited by playing all A notes.

Figure 4: Contribution of the components at output #1 in the frequency range (i) 27.5Hz to
55Hz, (ii) 55Hz to 110Hz, (iii) 110Hz to 220Hz, (iv) 220Hz to 440Hz, and (v) 440Hz to 880Hz.

represent the synthesised output summed for all measurement sets. It is interesting to note
that when comparing this value to the corresponding measured summed output, the measured
amplitude turns out slightly higher by 1-2dB than the synthesised amplitude (not shown in
Figure 4 for better presentation of key data). This is despite that the synthesised output is
being overestimated by Rayleigh integral summation. This small discrepancy could be due to
the noise removal by the principal component analysis as detailed from equation (6) to equation
(7). Nonetheless, the small discrepancy also suggests that all of the significant modes are
captured and properly considered by the OTPA.
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Figure 4 shows that soundboard is the primary contributor for all frequency ranges considered,
followed by inner rim. Except for frequency range (ii), inner rim is the second highest contrib-
utor, most notably at (i) and (iv) where it is about 13dB weaker than the soundboard. At other
instances, the inner rim is about 20-30dB less than the soundboard. On the other hand, the
frame and lid have comparable contribution and they contribute less than the inner rim except
at (ii) where the frame is stronger than the inner rim. The contribution of these two components
are noticeably higher than the outer rim but decreases at higher frequencies until they are all
comparable at (v). The outer rim has very weak contribution at lower frequency range from (i)
to (iii).

Figure 5: Contribution of the components at output #2 in the frequency range (i) 27.5Hz to
55Hz, (ii) 55Hz to 110Hz, (iii) 110Hz to 220Hz, (iv) 220Hz to 440Hz, and (v) 440Hz to 880Hz.

The analysis is repeated for output #2 and the result is shown in Figure 5. The result is similar
to Figure 4 but with a few differences. Soundboard is unsurprisingly the main contributor,
followed by the inner rim. However, the inner rim contribution is lesser as it is at least about
20dB weaker than the soundboard. At frequency range (ii) and (iii), frame contributes the most
after the soundboard. At frequency range (ii), the lid becomes the third highest contributor while
inner rim contributes the least. The increase of contribution from the frame and lid at (ii) and
(iii) could be attributed to the proximity of the microphone placement to these components. At
these frequency ranges, the outer rim is also comparable to inner rim and at other instances,
it is comparable to the frame or lid. The overall contribution of outer rim is not significant.

The reason why soundboard is the main contributor can be explained in Figure 6. The fre-
quency responses of each of the inputs and output #1 from 300Hz to 340Hz are shown and
there are 2 notes in this frequency range, namely D#4 (311.1Hz) and E4 (329.6Hz). It can be
seen that at these two frequencies, all components are excited. However, the amplitude varies
between the components but all other components are weaker than the soundboard. Other
than that, there are additional peaks (e.g. at 302.9Hz, 305.4Hz and at 320.5Hz). Only the
soundboard is excited at these modes which are also found in the resulting sound. These are
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Figure 6: Contribution of the components in the frequency range 300Hz to 340Hz.

either the soundboard modes or phantom partials that arise due to nonlinearity. Similarly, at
other frequency range, the soundboard has the largest amplitude and is also present at ad-
ditional frequency peaks. These result in soundboard being the main contributor by a margin
compared to the other components.

Meanwhile, the contribution of the inner rim is not to be ignored. The inner rim is the second
highest contributor after the soundboard in frequency range (i), (iii), (iv) and (v) for output
#1 and in frequency range (i), (iv) and (v) for output #2. The contribution of inner rim can be
explained intuitively. The edges of soundboard are in contact with the inner rim and the contact
can represent a path for the soundboard to lose energy to. Subsequently, the rim vibrates and
contribute to the sound. In addition to that, it may also be due to the unique construction of
the Bösendorfer piano, which uses spruce for the rim instead of multiple layers of hard woods.
For these reasons, it may be worthwhile to model the vibration of inner rim in a numerical
simulation of piano.

5 Conclusions
Operational transfer path analysis (OTPA) is implemented to investigate the main contributors
of the sound of a Bösendorfer 280VC-9 piano. The analysis shows that the soundboard con-
tributes the most to the overall sound, followed by the inner rim. At low frequency ranges, the
frame and the lid play a role as well. Conversely, outer rim is the least influential overall.
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