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ABSTRACT

The acoustic piano and its sound production mechanisms have been
extensively studied in the field of acoustics. Similarly, digital pi-
ano synthesis has been the focus of numerous signal processing
research studies. However, the role of the piano action in shap-
ing the dynamics and nuances of piano sound has received less
attention, particularly in the context of digital pianos. Digital pi-
anos are well-established commercial instruments that typically use
weighted keys with two or three sensors to measure the average
key velocity—this being the only input to a sampling synthesis
engine. In this study, we investigate whether this simplified mea-
surement method adequately captures the full dynamic behavior of
the original piano action. After a brief review of the state of the art,
we describe an experimental setup designed to measure physical
properties of the keys and hammers of a piano. This setup enables
high-precision readings of acceleration, velocity, and position for
both the key and hammer across various dynamic levels. Through
extensive data analysis, we examine their relationships and identify
the optimal key position for velocity measurement. We also analyze
a digital piano key to determine where the average key velocity is
measured and compare it with our proposed optimal timing. We
find that the instantaneous key velocity just before let-off correlates
most strongly with hammer impact velocity, indicating a target
for improved sensing; however, due to the limitations of discrete
velocity sensing this optimization alone may not suffice to replicate
the nuanced expressiveness of acoustic piano touch. This study
represents the first step in a broader research effort aimed at linking
piano touch, dynamics, and sound production.

1. INTRODUCTION

Capturing and reproducing the complex dynamic and the nuances
of the acoustic piano with an electronic instrument is a dream that
researchers and engineers have been chasing for decades. With the
advent of digital signal processing and sampling sound synthesis
techniques, digital pianos have become popular both as a learning
tool for piano students or as a professional instrument for live
stage and studio usage. Later, physical modeling promised new
methods to enrich the expressivity of the instrument [1} 2]], with a
few instrument eventually hitting into the market [3|4]]. In the latest
years, neural audio synthesis is becoming interesting [3], even if
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not yet capable of running in real-time on commercial hardware,
and may soon take over other techniques.

While much has been done from a signal processing standpoint,
less research has been done on the boundary between the physical
interface and the synthesis algorithms.

The action of the acoustic piano, both grand and up-right, have
been investigated by several studies. Hayashi et al. [6] analyzed
hammer motion prior to string contact, providing insights into
achieving stable soft tones in automatic piano systems. Addition-
ally, experimental investigations into the hammer-string interaction
have offered detailed observations on force-compression behavior
and the effects of hammer shank deflection. Goebl et al. [7, 8]
have extensively studied the temporal behavior of grand piano ac-
tions under varying touch conditions and dynamic levels. These
studies focus on sound pressure level as a function of maximum
hammer velocity showing that hammer travel times differ notably
between pressed and struck touches, though variations between
different pianos were minimal. In one study the authors examined
the accuracy of computer-controlled grand pianos in recording and
reproducing MIDI performances [9]. Kinoshita et al [10]] examined
the force characteristics involved in piano key presses, investigating
how pianists apply force during keystrokes and how these forces
relate to the control of sound production.

Digital pianos, however, employ a different action, somewhat
mimicking the weight of a hammer and the let-off mechanism, but
these are simplified to various degrees, depending on the level of
accuracy desired by the user. Most importantly, these keyboards
invariably employ a simple sensing mechanism based on electric
contacts to estimate the average key velocity, that is translated to a
control value used for the sound synthesis.

Even if the piano action is well described and understood, to the
best of our knowledge, no study has addressed how well a digital
piano action translates into the physical behavior of the acoustic
piano. In this study, we built experimental setups to conduct mea-
surements on an acoustic piano action and on a digital piano action.
The acoustical piano has been equipped with two synchronized
accelerometers - one affixed to the key and another to the hammer -
to capture acceleration data throughout the key travel and to recon-
struct velocity and position profiles, allowing us to examine their
temporal characteristics.

In the analytical sections, we process the acceleration data col-
lected from both key and hammer motion to reconstruct velocity
and position profiles. A structured event-detection methodology is
applied to identify main events, including the onset of key press,
let-off, and hammer-string contact. We then analyze the relation-
ship between key velocity and hammer impact velocity using linear
regression, evaluating different sampling points along the key travel
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to determine the most reliable predictor of impact velocity. Identi-
fying this moment is essential for refining digital piano keyboard
mechanisms, as current models often rely on simplifications that
may not accurately capture the complexity of acoustic piano ac-
tions.

Similarly, we are interested in observing whether digital piano
actions correlate well with the hypothetical velocity a piano hammer
would have. The insights from this research could inform the design
of more sophisticated control algorithms for digital instruments,
improving their realism in expressive performance contexts.

The rest of the paper is organized as follows. In Section 2] we
provide a brief description of the acoustic and digital piano action
and we explain the aims of the paper. In Section[3] we describe the
experimental setup used to collect data and the data analysis meth-
ods. Section[]discusses the results of the data analysis and tries
to answer the research questions. Finally, Section 5] summarizes
principal findings and pinpoints future advancements.

2. BACKGROUND

2.1. Acoustic Piano Action

Although the mechanics of the acoustic piano action are well known,
this paragraph provides a brief introduction. When the piano key
is depressed, it acts as a Class 2 lever, with the applied force trans-
mitted through an intermediate mechanism known as the wippen
assembly. The wippen consists of several components, including
the repetition lever, jack, and backcheck, each serving a critical
role in facilitating key return and rapid repetition (ribattuto). As
the key is pressed, the jack pivots and pushes against the hammer
shank, propelling the hammer toward the string. Just before impact,
the escapement mechanism disengages the jack from the hammer,
allowing it to continue its motion freely, ensuring that the hammer
rebounds immediately after striking the string to prevent damping.
The hammer’s velocity, directly proportional to the applied force
on the key, influences the amplitude of string vibration, thereby
determining the produced sound’s dynamic intensity. Additionally,
the backcheck captures the returning hammer, preventing excessive
rebound and enabling quick repetition, a crucial feature in advanced
piano techniques. The integration of the damper system, which
rests on the string until the key is pressed, ensures controlled sustain
and articulation while also preventing sympathetic resonance.

2.2. Digital Piano Action

Early analog keyboard instruments employed a single electric con-
tact to start the tone production and a series of resistors to determine
the desired pitch using the principle of a voltage divider. These
instruments had no velocity sensing, and may possibly exhibit some
form of aftertouch dynamics control (one of the earliest being the
Synket [[1L1]]).

With the advent of microcontrollers and the establishment of
the MIDI protocol, a method for keyboard scanning became an
industry standard to obtain both the keypress instant and, more im-
portantly, an estimated velocity. This would greatly enhance the ex-
pressiveness of the instrument and allow it to emulate other musical
instruments more accurately, in conjunction with e.g. multi-layer
sampling synthesis engines. This method involves the evaluation
of an average key velocity, by scanning two or more electric con-
tacts hidden in the key action. The contacts are normally open and
generally consist of a carbon-coated conductive silicone rubber that

closes two pads on the PCB when pressed against them. The elec-
tric contacts are arranged so that they close sequentially during key
fall at specific points of the key travel determined by their arrange-
ments. The interval between the two events is measured precisely
to estimate the key velocity or, more often, an adimensional integer
in the range [1:127] to provide the key velocity according to the
MIDI Note On and Note Off messages. Keyboards are periodically
scanned at a high rate, since the microcontroller must be able to
sense all contacts multiple times at the maximum expected velocity.

Figure 2] shows a simplified electric schematic of a two-contact
key. Please note that other arrangements exist, depending on the
keyboard model or the manufacturer, but they follow similar princi-
ples. Also note that some keyboards have three contacts, where the
added one is in between the first two, and is particularly meaningful
for ribattutos in piano playing, which - for the sake of simplicity -
are left out of the discussion in this work.

The state of the two contacts Cy; C is determined by reading
the voltage Vi by means of a microcontroller. The microcontroller
decides which one of the contacts to test by connecting it to the
reference voltage Vrer (typically ground voltage) by means of
either G1 or G> (these are not implemented in a PCB but are part of
the microcontroller driving peripheral). With this mechanism, when
the key is open, the read voltage is Vr = Vgq. When the contact
Ci is closed, the read voltage is Vref plus the voltage drop across
the contact (which has a small resistance) and the diode (which is
conducting).

In recent years, commercial digital piano key actions have been
designed to more closely resemble the mechanical response of
acoustic piano actions. Many high-end digital pianos incorporate
graded hammer actions with progressively weighted keys that repli-
cate the resistance and inertia of acoustic counterparts. Additionally,
some models feature simulated escapement (let-off) mechanisms,
which mimic the subtle notch felt when pressing a grand piano key
slowly. These design choices aim to improve the realism of digital
piano performance, particularly in capturing the tactile feedback
and control that pianists expect from acoustic instruments.

2.3. Goals and Hypotheses

The objectives of the paper are twofold. We first aim to provide
accurate measurements of the piano key and hammer motion, which,

Figure 1: Illustration of an acoustic grand piano action with labeled
parts: a) damper; b) strings; ¢) hammer; d) backcheck; e) capstain;
f) wippen; g) repetition lever; h) knuckle; i) let-off button; j) jack;
k) key pivot. Al and A2 mark the positions of the accelerometers
used in the experiment with their orientation indicated in the top
right part of the figure
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Figure 2: Simplified schematic of a two-contact keyboard key. The
state of the contacts Cy; C; is determined by reading the voltage
V by means of a microcontroller.

to the best of our knowledge, are not available in the literature.
All data is released in the public at the following URLEl to foster
research in the field.

The second goal of the work is to understand the limitations
of existing sensor technologies to identify potential alternatives
to refine digital piano touch and realism. Specifically, we try to
assess whether the velocity of the key is an accurate estimate of
the hammer velocity, and to what extent. The motivation for this
research question is that current digital pianos, as discussed above,
rely on a (average) measurement of the key velocity.

The implicit assumption under this sensing method is that the
key velocity value is all we need for the sound engine to obtain
expressiveness. When emulating an acoustic piano string at rest,
this assumption is well justified by the fact that the hammer impacts
the string after decoupling with the key mechanism, therefore the
energy transfer to the string is solely determined by its impact
velocity. The same can be applied to other instruments based on a
keyboard and a hammer such as the electric piano.

This simplifying assumption, does not necessarily hold for
other keyboard instruments. A mechanical action pipe organ, e.g.
exhibit slight variations of the attack transients by modulating the
velocity at a specific point where the air valve starts to open in
response to the key position. Other stringed instruments such as
the the clavichord and the Clavinet do not have a hammer,
but rather have a tangent which excites the string by getting in
contact with it. For the rest of the paper, however, we will deal
with the acoustic piano and leave discussions about other keyboard
instruments to the future.

The second implicit assumption with the digital piano keyboard
action is that the key velocity can be measured accurately by indi-
rect measurement of the time of flight between the closing of two
contacts. This method allows to compute only the average of the
velocity between these two events. In the paper we try to evaluate
how much the velocity fluctuates around the average value during a
normal key press, and assess how well this average value correlates
to the velocity of the hammer at impact instant.

3. METHODS

3.1. Experimental Setup

The experiment was conducted using a single piano key action
model, the type commonly used for training piano technicians. Two
accelerometers were mounted on the action: one on the key and
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Figure 3: Instrumented single piano key action used for the measure-
ments. The positions of the accelerometers and the laser tachometer
are highlighted.

one on the hammer. The accelerometers are both piezoelectric and
can measure acceleration along the three axes. The model name is
PCB 356A32EI Main features of accelerometers are their weight
of 59 and a sensitivity of 10:2 mV/g. As the sensor attached to the
action can influence the results of the experiments, the weight must
be considered. On the action, the accelerometers are glued with a
specific measurement wax. Such accelerometers are of IEPE (Inte-
grated Electronics Piezo-Electric) technology and require a specific
instrument to perform the measurements. The acquisition system
used is a Dewesoft Krypton whose inputs have a conditioning stage
able to collect the measures. Acceleration values are obtained syn-
chronously as each Krypton input has the same sampling reference.
Accelerometers’ installation details are reported in Figure[3]

As an additional sensor, a laser tachometer was also installed
on the setup. The data collected from the laser tachometer is part
of a future work addressing mass-loading effects in the hammer
acceleration measures and will not be the object of this work.

The Dewesoft Krypton collects simultaneously the signals com-
ing from the two accelerometers and the laser tachometer. The
instrument provides a common sampling time base. A sampling
frequency of 20 kHz is used to sample the signals of all the installed
Sensors.

Before data collection, the action was calibrated to ensure
proper mechanical alignment and consistency in movement. The
experiment consisted of four separate runs, each performed at a
different dynamic level by a professional piano player: piano (p),
mezzo-piano (mp), mezzo-forte (mf), and forte (f). For each run,
18 key presses were recorded, yielding a total dataset of N = 72
individual key presses.

A second setup consisted of a section of a digital keyboard
mounted on a wooden frame, which supported a screw positioned
above one of its keys. The keyboard was a Fatar TP-100 weighted
digital piano keyboard. The key’s internal contact system, consist-
ing of three sequentially triggered sensing points, was accessed
by soldering wires to the closest available pads on the underly-
ing printed circuit board (PCB). These connections were routed

2ACCELEROMETER, ICP®, TRIAXIAL Model 356A32, https :
/ /www.pcb.com/products?m=356a32, accessed on: 2025-04-02
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