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Abstract

We present methods for real-time estimation of bowing force and
bow velocity from a single bowed string using sensors located off-
the-bow. Bow velocity is estimated from the voltage induced in
the string as it moves through a fixed magnetic field at the bowing
point. A histogram-based method is used to isolate the sticking
phase of bowed-string motion, when bow and string move at the
same velocity. Bowing force is estimated from reaction forces
measured at the string supports using load cells.

The system is implemented on a compact monochord and
provides robust estimates of bowing parameters. We describe the
sensing hardware, signal processing, and calibration procedures,
and evaluate the accuracy, limitations, and practical operating
ranges of the proposed methods.

Real-time coupling of the estimated parameters to a bowed-
mass physical model demonstrates their use as excitation signals
for friction-driven physical models. The results indicate that these
methods are well suited for the design of bowed virtual-acoustic
instruments.
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1 Introduction

Bowing parameter estimation has been widely studied and is
of interest across multiple research areas. In gestural analysis
[1, 16, 18], playability studies [7, 8], and music pedagogy [11,
12, 15], bowing parameter estimates are commonly used to ex-
amine technique, physical effort, and skill development, and in
musical instrument design, they most often serve as real-time
control signals for sound synthesis [13, 19]. These applications
place distinct and sometimes conflicting requirements on sens-
ing methods, particularly with respect to measurement accuracy
and precision, robustness, intrusion, and suitability for sustained
musical interaction.

In this work, we use real-time bowing parameter estimates as
control signals to excite bowed friction-driven physical models.
This approach builds on the concept of virtual-acoustic instru-
ments introduced by Mehes et al., in which excitation parame-
ters are sensed from a control interface—designed to mirror the
form and interaction of a traditional instrument—and mapped
to a physical model [10]. This allows performers to apply estab-
lished playing techniques to the excitation of physical models. For
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bowed-string models, bowing force and bow velocity are the pri-
mary excitation parameters governing energy transfer between
bow and string [4]. Because bowing force and bow velocity cor-
respond directly to performer-controlled parameters, estimates
of these parameters from a control string can be mapped to a
physical model, enabling a bowed virtual-acoustic instrument.
This supports interaction through familiar bowing gestures, with
haptic feedback provided by the control string and sonic feedback
provided by the model.

This focus places specific constraints on how bowing parame-
ters can be sensed. Estimation must be performed in real time,
with sufficient robustness for use in performance contexts, and
without imposing intrusive hardware on the performer. While
sensing directly on the bow has been widely explored and is
appropriate for many research goals [1, 5, 19], it poses challenges
for instruments intended to investigate skill transfer. Added mass,
altered balance, and changes in bow compliance affect playability
and alter the physical interaction between player and instrument.
Such changes necessitate adaptation to a bow with different
mechanical properties, making it difficult to attribute observed
performance behaviours to previously acquired bowing skill. Ex-
isting approaches that do not require a sensor-equipped bow rely
on laboratory conditions that are incompatible with stage-ready
instruments [8, 18].

In response to these constraints, we present off-the-bow sens-
ing methodologies for estimating bowing parameters that are
designed for real-time musical performance. Bowing force is
estimated from load-cell measurements at the string supports,
adapted from prior laboratory-based systems to operate on a com-
pact monochord suitable for instrument development [6, 7]. Bow
velocity is estimated indirectly from local measurements of string
velocity at the bowing point, obtained via an electromagnetic
pickup arrangement in which the string’s motion through a fixed
magnetic field induces a voltage in the string [3, 14]. Sticking
periods, during which the string moves with the bow, are then
isolated from this velocity signal to obtain the bow velocity esti-
mate. Together, these methods provide the excitation parameters
required to drive bowed friction-driven physical models while
leaving the performer’s bow unaltered.

Elements of the bowing force estimation approach were intro-
duced in our prior work, where they were demonstrated within
a playable bowed-string interface, alongside a preliminary of-
fline exploration of bow velocity estimation [13]. The present
paper extends this work by developing these methods into a real-
time performance-oriented system, and empirically evaluating
their limitations and practical operating regions. By demonstrat-
ing how these bowing parameter estimates can be coupled to a
friction-driven physical model, the work provides a foundation
for both the design of bowed virtual-acoustic instruments and the
study of performer—instrument interaction in real-time musical
interfaces.
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Figure 1: Bowing parameter estimation system schematic, showing the bowed-string interface, sensor placement, and

signal processing.

2 Methodology

Figure 1 illustrates the overall structure of the proposed sensing
system for bowing parameter estimation, including the bowed-
string interface, sensor placement, and the subsequent signal
processing and routing.

2.1 Bowing Force Estimation

Rather than measuring force directly on the bow, the method
employed here estimates bowing force by inference from the re-
action forces transmitted through the string to its fixed supports.
When a string is bowed, the force applied by the bow is balanced
by forces at the string supports—what on a traditional bowed
string instrument would be the bridge and the nut. By measuring
these reaction forces using load cells mounted beneath both of
the string’s supports, it is possible to estimate the applied bowing
force. This follows directly from our prior work [13], which in
turn builds on the work of Lampis et al. [6, 7].

This approach to bowing force estimation informed the design
of the experimental monochord illustrated in Figure 1. Each end
of the string is mechanically coupled to a single-axis load cell
via a guided shaft assembly that constrains motion to the direc-
tion normal to the string. A secondary guided shaft is employed
to prevent rotational motion of the load-cell-coupled shaft, en-
suring consistent coupling between the string support and the
load cell. This ensures that changes in the measured force cor-
respond primarily to the normal component of bowing force,
while maintaining a rigid and repeatable mechanical interface
between string and sensor. The configuration presented here was
previously reported in our prior work [13].

The load cells operate on the Wheatstone bridge principle
and produce millivolt-range differential voltages proportional
to the applied force, which are amplified using instrumentation
amplifiers for real-time processing. Using load cells provides
DC-coupled force measurements, allowing slow changes in bow
pressure and subtle force variations to be captured.

In practice, the bowing force estimation precision is influenced
by factors such as string tension, sensor drift, and mechanical
tolerances. To maintain stable operation during extended perfor-
mance, an automatic offset adjustment algorithm is employed
to compensate for slow sensor output drift or changes in string
equilibrium. This allows the system to remain responsive without
requiring frequent recalibration. In the implementation presented
here, the automatic offset adjustment is performed on a Bela Mini,
and the resulting signals are amplitude modulated for transmis-
sion at audio rate to Max/MSP, as shown in Figure 1. Additional

implementation details and early exploration of this algorithm
are described in our prior work [13].

The resulting bowing force estimate obtained after demodu-
lation is subject to a high noise level due to the limited signal-
to-noise ratio achievable with the selected load cells and instru-
mentation amplifiers. To mitigate this, the estimate is processed
using a first-order low-pass filter with a cut-off frequency of
10 Hz, chosen specifically to reduce noise while avoiding the
introduction of excessive latency.

2.1.1 Calibration of Bowing Force Estimation. To convert the
load cell voltage measurements into physical force units, a cali-
bration procedure is required that accounts for the geometry and
mechanical constraints of the monochord.

Our prior work presented a force calibration approach carried
out on a 20 cm string, using a cradle to suspend known weights
from the string at various positions [13]. The present interface
employs a shorter 10 cm string within a more compact mono-
chord. Although the underlying calibration procedure remains
unchanged, the reduced spacing between the string supports
prevents the use of the original cradle. To achieve reproducible
loading in this constrained geometry, a custom 3D-printed hook
is used to apply weights at the midpoint of the string. The hook
features lateral guides that match the spacing between the linear
ball bushings constraining the string supports, ensuring con-
sistent positioning and symmetric force distribution. A small
embedded magnet holds the weights securely without introduc-
ing additional mechanical constraints.

During calibration, incremental masses of 0 g, 100 g, and 200 g
are applied sequentially, and the corresponding steady-state load-
cell outputs are recorded after transient settling. Although the
measured response is near-linear, small but systematic deviations
from linearity are observed. These are attributed to a combination
of mechanical compliance in the guided assemblies, load cell
nonidealities, and geometric effects arising from string deflection.
Consequently, a smooth non-linear scaling curve is fitted to the
measured data and used to convert raw sensor output into an
estimated bowing force during operation.
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Figure 2: Histogram-based bow velocity estimation block diagram.

2.2 Bow Velocity Estimation

on a sliding circular bu er of length# , containing induced string

2.2.1 Stick-Slip. The estimation of bow velocity relies on stick slip Voltage samples/»<¥as illustrated in Figure 2. The bu er is

motion of the bowed-string. During bowing, the string alternates
between periods of sticking to the bow hairs, moving at the same
velocity as the bow, and slipping across the bow hairs in the
opposite direction to the bow's motion. By isolating the string's
velocity during sticking periods, the bow velocity can be inferred.
This approach is not restricted to the Helmholtz regime and ap-
plies across bowing conditions in which sticking periods statisti-
cally dominate the string velocity signal. However, the Helmholtz
case provides a particularly transparent analytical example. In
this regime, the relative bowing positioA, determines how the
Helmholtz period%is divided between these phases. Apart from
when bowing takes place at the midpoint of the string, (= 05),
the sticking phase occupies a larger fraction of the period than

the slipping phase. This relationship can be expressed as follows:

Ytick = Maxthe 1 A°%

When bowing near one of the string supports, the sticking
phase persists for most of the signal duration, enabling more reli-
able algorithmic isolation. Therefore, this methodology requires
bowing to be performed close to one of the string supports. Infor-
mal testing further indicated that this positional dependence per-
sists in a range of non-Helmholtzian bowing conditions, where
excitation near a string support enabled more reliable isolation
of the sticking phase.

The e ectiveness of this estimation also depends on measuring
string velocity close to the bowing position, as velocity along
the string varies due to wave propagation and string dynamics.
A sensor located near the bowing point captures string velocity
most representative of the bow's motion; measurements taken
further away degrade estimation accuracy.

2.2.2 String Velocity Sensing. Inspired by the "StringAmp" pickup

systent as used in the works of Buys et a3[and Pardue et

al. [14, string velocity is captured using a magnetically induced
voltage. As shown in Figure 1, a permanent magnet is placed
beneath the string so that its magnetic eld is perpendicular to
the string's length. As the string moves perpendicular to both
its length and the magnetic eld, a voltage is induced propor-
tional to the local string velocity. This small voltage is ampli ed
through a low-noise op-amp circuit to produce a signal suitable
for processing.

updated sample by sample, with one new sample entering and
one oldest sample leaving at each iteration, providing continuous,
sample-by-sample estimates.

At each sample instant, the histogram is updated incremen-
tally: one count is added to the bin corresponding to the new
sample, and one count is removed from the bin corresponding
to the sample exiting the bu er. The parameter determines
the number of bins spanning a xed voltage range, which is nor-
malised to [-1, 1], as the histogram is evaluated on audio samples
whose amplitudes are bounded to this interval. Each histogram
bin is assigned a score that combines two factors:

Population score: re ecting the number of samples falling
within the bin.

Proximity score: re ecting how close the bin is to the
previously selected bin, weighted by a user-de ned factor
? that adjusts the in uence of continuity on the nal bin
selection.

The bin with the highest combined score is selected as rep-
resenting the dominant sticking-phase voltage. The proximity
factor? is dynamically scaled by a factor that ramps linearly from
1to 0 over the intervab Eye BY4Within this range,? is gradu-
ally reduced to zero, while outside the interval the scaling factor
is 1, leaving? unchanged. This is because the proximity score
is less informative near zero, where the sticking and slipping
velocity modes are very close in value and magnitude. As the
modes begin to diverge from one another and leave this region,
the proximity weighting could cause the method to mistakenly
track the slipping mode instead of the dominant sticking mode,
resulting in an incorrect estimate.

To achieve sub-bin resolution, we empirically developed a
neighbour-weighted mode re nement. Denoting the population
counts of the bins immediately below and above the selected
bin by and , respectively, the estimated mode location is
displaced within the selected bin by a fractiost | ° of
the bin width. This heuristic was chosen based on experimental
evaluation to reduce step-like behaviour arising from discrete
bin selection and to produce smoother estimates than simple
bin-centre assignment. Quadratic interpolation using the centre
of the selected bin and the centres of its adjacent bins was also
evaluated, but in our tests it produced less smooth results than

2.2.3 Histogram-Based Bow Velocity Estimation. Bow velocity is the proposed neighbour-weighted re nement. In cases where

estimated using a histogram mode extraction method, operating

Iproduced by MusikLab Danemark, http://www.stringamp.com

the selected bin corresponds to the central, near-zero bin, the
output is set to zero to suppress spurious estimates caused by
overlapping sticking and slipping samples.
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Figure 3: Example of bow velocity estimation histogram for a bu er length of 500 samples. The green bin denotes the
selected bin. Note the presence of the slipping velocity mode around 0.6 m/s

Figure 4: Bow velocity estimates at successive stages: discrete bin-centre, neighbour-weighted sub-bin re nement, and
low-pass ltered output, compared with video-based reference measurements.

To improve continuity and suppress small artifacts, a rst-
order low-pass lIter with a cut-o frequency of 10 Hz is applied
to the histogram-derived sticking-phase voltage. This serves two
purposes: rst, during changes in bowing direction, the underly-
ing sticking component passes through zero, a region in which
sub-bin re nement cannot operate and the estimate may unnatu-
rally atline, producing discontinuities; second, the histogram-
based method can occasionally select a bin slightly o set from
the true dominant sticking component, resulting in brief discon-
tinuities in the output. The low-pass Iter mitigates both e ects,
yielding a smoother and more stable estimate.

Finally, to convert histogram-derived voltages into physical
units, a reference bow velocity is obtained via a controlled video-
based calibration procedure. A coloured marker of known width
is attached to the bow and tracked by a xed camera, with a bow-
ing guide rail ensuring a constant distance between the marker
and the camera throughout bowing, as shown in Figure 5. This
maintains a consistent pixel-to-length ratio, enabling accurate
estimation of bow velocity from the marker trajectory. During
this calibration, the string voltage is recorded simultaneously

then used to determine a scaling factor that maps the sticking
voltage to physical string sticking velocity, and thus to bow veloc-
ity. Once established, this scaling allows subsequent bow velocity
estimation to be performed using string velocity measurements
alone, without reliance on video tracking.

Figure 4 illustrates the successive stages of the bow velocity
estimation process. The discrete bin-centre estimate obtained
directly from histogram mode selection is shown in green. The
neighbour-weighted sub-bin re nement is shown in red, pro-
ducing a continuous estimate between bin centres. The nal
smoothed estimate, obtained by rst-order low-pass ltering,
is shown in pink. For reference, the independently measured
bow velocity obtained from video-based marker tracking during
calibration is shown in blue. The gure demonstrates the pro-
gressive reduction of quantisation artefacts and discontinuities
through sub-bin re nement and Itering, and the close corre-
spondence between the nal histogram-derived estimate and the
video-based ground truth.

The histogram-based method with neighbour-weighted sub-
bin re nement was compared directly with kernel density esti-

and processed by the histogram-based estimator to extract the mation (KDE) using video-based bow marker tracking data as

corresponding sticking voltage. The reference bow velocity is
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