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Abstract—Hand injuries from repetitive high-strain and physi-
cal overload can hamper or even end a musician’s career. To help
musicians develop safer playing habits, we developed a multiple-
contact force-sensing array that can substitute as a guitar
fretboard. The system consists of 72 individual force sensing
modules, each containing a flexure and a photointerrupter that
measures the corresponding deflection when forces are applied.
The system is capable of measuring forces between 0-25 N
applied anywhere within the first 12 frets at a rate of 20 Hz
with an average accuracy of +0.4 N and a resolution of 0.1 N.
Accompanied with a GUI, the resulting prototype was received
positively as a useful tool for learning and injury prevention by
novice and expert musicians.
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I. INTRODUCTION

Many musicians never fully recover to play at their highest
level after suffering from injuries. For guitarists, injuries are
common even in experts due to the repetitive overloading
of finger joints developed through years of harmful playing
habits [1]], [2]. By measuring the dynamic forces applied by
the players on the frets and strings of the guitar, we aim (1)
to warn musicians in real time during practice when their grip
is too strong, (2) and to enforce correct force patterns.

In a preliminary experiment involving one of the senior
authors, two 6-axis ATI Nano 17 force/torque sensors were
mounted on a guitar. Despite valuable insight, the system
modified the original shape of the guitar significantly and
only measures the gross force on the fretboard, thus unable
to distinguish individual finger forces. Similar work in force
sensing on musical instruments suffers the same issues [3]], [4]].
In our work, we address both shortcomings by developing a
modular sensing array that can be packed into a customized,
4mm thick fretboard (Fig. 1). It can measure forces at 72
intersections of frets and strings, and can be mounted onto a
classical guitar easily with little change in appearance.

Typical sensing elements used in force sensing arrays in-
clude piezoresistive sensors [3]], capacitive sensors [6], and
resistive composites like Velostat [7]. Both piezoresistive
sensors and Velostat are known for their inherent drift and
hysteresis. Capacitive sensors require complicated circuitry
and customization processes [, [9]. Instead, we adopted
optical proximity sensors as the sensing elements, inspired by
[LO]. The sensors are low-cost and lightweight, and require
minimal space for operation. The nature of the technology also

eliminates the possibility of drift or hysteresis. In our work,
an array of photointerrupters (Sharp GP2S60) measures the
distance to flexures that deflect proportionally to the force ap-
plied. While light isolation is necessary to mitigate interference
from adjacent modules, specific design considerations detailed
in Section II were developed to resolve this issue. Though
3-axis force measurement would be ideal and beneficial for
our purposes (to measure forces from vibratos, for instance),
we focus only on the vertical component of the force in this
preliminary work. The preliminary experiment using ATI Nano
17 sensors reveals that a sensing range of 0-25N is sufficient.
After calibrating and validating to the full sensing range, we
achieved an average error of <0.4N RMSE (root mean squared
error) and a worst error of <5% FSO (full scale output) at a
resolution of 0.1N on most sensing modules.

Figure 1. (a) GUI showing forces at each string-fret intersection
during user testing. Tiles turn red when user presses above a
specified force threshold. (b) Fretboard terminology. Also note the
contortion of the hand.

II. IMPLEMENTATION

A. Sensing module characteristics

The system is comprised of 72 sensing modules, each
containing a pair of flexure and photointerrupter. Each pho-
tointerrupter has an emitter and a detector: infrared light is
emitted by the emitter, reflected off from a fixed surface, and
received by the detector. The output is proportional to the
amount of light received, which corresponds to the distance
to the surface when the environment is dark. As the force
is applied onto the flexure, the distance from the flexure to
photointerrrupter changes.



B. Flexure design

The purpose of the flexures is twofold: to provide a measur-
able deflection and a fixed boundary condition for which the
string can vibrate on to create the standing wave we hear as
musical notes. Through our finite element analysis in ANSYS
11], we designed the thickness of the flexure such that it
elastically deflects 0.2mm under 25N of force. To create the
fixed boundary condition, the flexures are designed with the
exact same crown profile as a regular fret, with the additional
ability to independently deflect under each of the 6 strings
(Fig. 2). A compromise has been made to replace the bottom
7 frets (less often used) with non-functional ones in order to
house electronic components.
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Figure 2. (a) A single flexure unit with the profile of a regular fret.
(b) FEA analysis under static load. (c) Deflection process when
force is applied.

C. Electronics design

All electronics components are mounted on a single piece
of PCB spanning the whole fretboard. A chain of shift reg-
isters (Texas Instruments SN74HC164) activate each of the
72 photointerrupters in sequence. The output signal of each
photointerrupter, passing through a unity gain amplifier, is then
fed into a differential amplifier (Texas Instruments LM324).
There are 6 output lines corresponding to the 6 strings (Fig
3). A digital-to-analog converter (Texas Instruments TLV5638)
provides the reference voltage for each differential amplifier.
The whole system is controlled by a microprocessor (Texas
Instruments MSP430F5342), which has an internal, 12-bit
analog-to-digital converter that reads the sensor signal.

The system is powered through a USB connection through
a Micro-USB port installed at the bottom of the guitar. By
connecting the fretboard to a computer, the user can visualize
real-time force measurements at all locations at a rate of
20Hz and save them in text files with a custom GUI made
in Processing language [12].

D. Assembly

The aluminum flexures are glued onto the PCB surface with
Araldite glue (Huntsman, The Woodlands, TX) such that each
photointerrupter sits directly under each flexure. The PCB fits
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Figure 3. Simplified diagram of the circuits. The red dotted lines in
the photointerrupter array indicate light isolation between frets.
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Figure 4. Top view of the fretboard and the PCB underneath. The
top 12 frets measure forces with photointerrupters. The lower 7
dummy frets house the rest of the electronics.

into an aluminum case that houses the flexures and covers
the remaining area of the PCB. The case is screwed onto the
guitar neck with inserts, and a wooden veneer is glued onto
the outermost surface.
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Figure 5. Exploded views of the sensing fretboard. The whole
system is contained in a custom, 4mm thick fretboard, which can
be mounted on a classical guitar with screws.

E. Light isolation

The mechanical and electronic designs ensure that there
is no light interference between photointerrupters, which is
critical for the performance of a optical sensing array. The
aluminum case fills the space between the frets thus no light



can transmit among them, as shown with the red dotted
lines in Fig. 3. This allows the 12 photointerrupters on the
same string to share a single output bus. Since each of
the 6 photointerrupters within the same fret are on separate
output lines and are activated in sequence, there is no light
interference within the fret (among the 6 adjacent sensors)
either. In addition, the veneer on top of the case also protects
the photointerrupters from any external light source.

III. EXPERIMENTS AND RESULTS

A. Testing setup

We developed a testing setup that can move freely along
both the string and fret directions to calibrate and validate each
of the 72 sensing modules efficiently. By precisely displacing a
micron stage we apply varying forces onto the the crown on the
sensing unit (Fig. 2¢). A Sparkfun TAL220B load cell (+0.025
N accuracy), calibrated with known weights, is mounted at the
tip of the micron stage to provide the ground truth reading
against the output of the sensing module.
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Figure 6. Testing rig used to apply force across all 72 modules.
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Figure 7. Calibration results of five randomly chosen modules. The
coefficient of determination for each is higher than 0.99.

B. Force-to-sensor calibration

We loaded and unloaded each of the 72 sensing modules
between 0 and 25 N for 2 trials. Results for all modules exhibit
a high linearity between sensor output and true force measured
by the load cell (Fig. 7). Since stiffness varies with size of the
flexures as fret width also varies, the calibration slopes of the
five modules shows some differences.
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Figure 8. Histogram of average error in RMSE (left) and histogram
of worst error for all modules (right). Red dotted lines show the
desired 0.4 N average error in RMSE and 5% worst error in FSO.

C. Validation

To test the accuracy of the sensing modules, we apply
random level of forces to the sensors using the micron stage
and calculate the errors based on individual calibration curves.
Fig. 8 shows the histograms for the average and worst error
for all 72 sensing modules. We find that 81% of the modules
show an average error of <0.4 N RMSE, and 90% of the
modules show a worst error of <5% FSO. The results satisty
the high accuracy desired for our purposes.

We believe that variances among sensing modules may be
due to local temperature differences. To combat this issue,
a temperature compensation system is installed within the
current prototype: beyond the 6 photointerrupters at each
fret, an extra one is placed in the middle and measures
against a fixed surface. Assuming that temperature affects
all photointerrupters in a fret the same way, the differential
between each of the 6 photointerrupters with the fixed one
should remain constant independent of the temperature. This
compensation feature was tested independently but was not
used during the user tests.

IV. CONCLUSION AND FUTURE WORK

This paper presents a novel compact, multi-contact force-
sensing fretboard for a classical guitar. The 4mm thick design
addresses the previous prototype’s inability to distinguish
individual forces on different fingers and the changes in the
guitar’s shape and weight. It was evaluated using a custom-
designed test rig to demonstrate the desired accuracy and
linearity. The prototype weighs and looks virtually identical
to a regular fretboard once mounted. The functionality and
feel of our system have also been evaluated by musicians from
the Peabody Institute of the Johns Hopkins University, using a
Likert scale questionnaire with a section for general comments.
Users found the force sensing capabilities and real-time visual
feedback constructive to their playing, despite noticing slight
differences in sound quality.

In the future more data will be collected and analyzed
through user testing. Other directions include testing and
evaluating the temperature compensation system, improving
the update rate of the system and reducing electronic noise.
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