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Figure 1: We present Let’s Frets, a modular guitar learning concept with three feedback modules: (1) visual indicators, (2) finger

position capturing, and (3) a combination of both modules.

ABSTRACT

Learning a musical instrument requires regular exercise. However,
students are often on their own during their practice sessions due
to the limited time with their teachers, which increases the likeli-
hood of mislearning playing techniques. To address this issue, we
present Let’s Frets - a modular guitar learning system that provides
visual indicators and capturing of finger positions on a 3D-printed
capacitive guitar fretboard. We based the design of Let’s Frets on
requirements collected through in-depth interviews with profes-
sional guitarists and teachers. In a user study (N=24), we evaluated
the feedback modules of Let’s Frets against fretboard charts. Our
results show that visual indicators require the least time to realize
new finger positions while a combination of visual indicators and
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position capturing yielded the highest playing accuracy. We con-
clude how Let’s Frets enables independent practice sessions that
can be translated to other musical instruments.
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1 INTRODUCTION

The guitar is one of the most popular musical instruments among
autodidacts that is easy to learn but difficult to master. Using both
hands, one hand either strums or plucks strings while the fingers
of the other hand simultaneously press the strings. Acquiring these
skills that include a sense of rhythm and the agility to play the
strings, which, in turn, require time-consuming training [11, 22, 36].
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Guitar students practice alone the overwhelming majority of the
time. Especially beginners struggle during practice sessions because
the feedback options, such as direct feedback from a guitar teacher,
are limited. Lessons can be costly, and teachers are only available
at xed times, resulting in incorrect movements or postures be-
cause lacking adequate and immediate feedback. Such incorrect
movements or postures can be an issue for two reasons: First, they
might be di cult and time-consuming to correct later. Second, the
execution of these motions might lead to health problems (e.g., the
Repetitive Strain Injury (RSI) syndrome [30]).

Marky et al.

(3) Finally, we conduct a study to investigate the usability and
e ciency of the smart guitar. We conclude with a discussion
of how our approach can be used to develop and integrate
novel assistive systems for other musical instruments.

2 BACKGROUND AND RELATED WORK

Several setups for augmented guitars and other string-based musi-
cal instruments have been proposed in the literature or are avail-
able from commercial providers. Within this section, we rst give
an overview oftraditional guitar notation Then, we provide an

To mitigate these issues, technology-based concepts have beengyerview onaudio analysissetups based ovisual indicatorsind

proposed in the literature and are available by commercial vendors.
Each concept transforms the guitar into a smart object by additional
components, such as projector®3 24, actuators [LY, or light
indicators [10, 35 38. While these setups enhance the practice
experience, they also possess limitations. Actuators can impact the
components of an instrument. Projections or light indicators alone
cannot ensure that students indeed place their ngers in the correct
position on the musical instrument.

In this paper, we present design requirements as well as a proto-
type implementation of a smart guitar that mitigates the aforemen-
tioned concerns. We rst report an interview study with ten experi-
enced guitar professionals and teachers. Based on the study, we list
requirements for smart guitars that support practicing new skills.
To realize the requirements, we propoket's Frets a modular
guitar practicing concept that combines visual indicators, feedback
about nger positions on the fretboard, and a dedicated practice
software (see Figure 1). To realize the nger position capturing, we
integrated 3D-printed capacitive sensors into the fretboard. Thus,
our practice setup does not require any external components, and
the guitar's haptics are not altered since the nger positions are
captured by the fretboard. The nger position capturing is visu-
alized for the student via an app on a smartphone, while visual
feedback can be displayed on the fretboard or the smartphone app.

To realizeLet's Fretswe discussed the resulting requirements
with guitar professionals and teachers and designed a prototype
electric guitar in an iterative process. We evaluated the practice
of simple guitar chords with our proposed concept in a user study
with 24 participants. We compared assistance by visual indicators,

nger position capturing, and the combination of both to classic
fretboard charts as a baseline. Through this study, we demonstrated
the usability ofLet's FretsOur results show that visual indicators
helped students play given chords faster while capacitive sensing
combined with visual indicators showed the least number of errors.
We are con dent that the presented sensing technologyladt's
Fretsis not limited to guitars and contribute options to integrate
Let's Freténto other musical instruments.

CONTRIBUTION STATEMENT

The contribution of this paper is threefold:

(1) We elaborate on the design of smart guitars for practicing
purposes through qualitative interviews with aspiring guitar
professionals and teachers.

(2) Then, we present the implementation of a smart guitar pro-
totype that utilizes visual indicators and capacitive sensing
to enhance the practice experience of guitar students.

nger detectionFinally, we detail related works that descrilsep-
port setups for other musical instruments

2.1 Traditional Guitar Notation

Besides classical sheet music, guitar players use tabulators (tabs)
to write down music. Tabs are visual representations of the guitar
strings. A line represents each string, and a number noted on the
line denotes the fret in which the nger should be placed. A zero de-
notes that the respective string is strummed without being pressed.
Fretboard charts depict the nger placements of chords indepen-
dent of time and rhythm 3. Those are similar to tabs, but instead

of numbers, the frets are separated visually, and a black dot rep-
resents the nger target. Tabs and fretboard charts are traditional
methods used for learning new chords, scales, or melodies.

2.2 Audio Analysis

Several systems aim to support the acquirement of guitar skills
based on audio analysid[3, 26 44. This forms a possible so-
lution to determine the student's nger position indirectly. The
commercial system Rocksmitii7] is based on audio analysis and
provides visualization on a TV. While such setups can be used with
any guitar, audio analysis has limitations. First, not all playable
tones have an unambiguous position on the fretboard. Depending
on its scale, a guitar has about 150 possible nger positions but
can only produce 45 di erent tones. Second, it is not possible to
receive feedback without strumming the strings. Finally, even if the
played tone sounds correct, the ngers or ngertips might be in a
non-ideal position. Therefore, nger position estimation by audio
is not su cient.

2.3 Visual Indicators

Several guitar setups with integrated lights as visual indicators in
the fretboard are available commercially, such as the GT# or
FretLight [38. The usage of lights as visual indicators has been
investigated in several works. Lights are bene cial for beginners
to learn nger placements, but there is no long-term bene t over
traditional notation [20. The nger targets can also be projected
on the fretboard or visualized by augmented reality [23, 25].
Other setups use a combination of screen and camera to provide
visual feedback21]. This can be realized by tracking the guitar
neck and the ngers of the students with markers. Because the
students have to look at a screen, their view of the nger targets
is inverted. Thus, similarly to traditional depictions on paper, a
constant spatial mapping between the screen and the real world
is required. Motogawet al.extended the setups mentioned above
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by adding a 3D-model of the ideal hand posture to the camera
image R7. Finally, Harrisonet al.simpli ed that guitar by sub-
stituting the strings with buttons that trigger chords to support
learning-disabled musicians [14].

2.4 Finger Detection

Visual indication alone is not su cient for learning new nger
positions because the students have to make sure that they indeed
placed their ngers correctly. Furthermore, it is di cult to adjust

the visual output to the student's speed and learning curve. As
mentioned above, existing setups used optical markers which are
placed on the student's ngernails to detect the nger positions
with an external cameray, 21, 27 or augmented reality B1]. The
captured data was used to overlay the camera image with target
nger positions and directions.

The systemEMGuitaruses electromyography to assess the stu-
dent's nger postures on the guitar]9. Electromyography cap-
tures the electrical activity that is produced by a muscle. Therefore,
students wear electrodes around their arm that captures muscular
activity. Software adjusts the tempo of displayed chords such that
the student can play without interruptions. However, this requires
setup time to put electrodes on the student's arm.

Shin et al. proposes a guitar setup that combines integrated
LEDs, piezo sensors, and microcontrolleB§][ They use di erent
light colors for the di erent ngers and an application to provide
feedback. The feedback is limited to the duration of a chord or tone
and the nger's position on the fretboard. The setup of Stehal.
is similar to Let's Fretshowever, Shiret al.placed a PCB below
the fretboard changing the haptics of the guitar. Furthermore, the
combination of visual indication and nger position capturing has
not been evaluated with users.

2.5 Setups for Other Musical Instruments

One stream of research speci cally investigated methods for visu-
alizing, which notes to play on pianos. The notes can be visualized
by vertical bars on a screen that oat towards the keys of a piano
depiction. The length of a bar represents the length of a tone. A
commonly used commercial software for that is Synthesag)[
Compared to music notation on sheets, the bar representation is
more intuitive and supports beginners3f. This representation
can also be projected on the piano or a surface above it to have
a better connection to the physical key29 32 43. Another op-
tion to highlight the keys is using augmented reality via mobile
devices [9], or head-mounted displays [25].

Projection surfaces, however, need to be placed on top of the
piano, restricting these to speci ¢ piano types. Another option is
projecting the connection between the tone denoted by sheet music,
and the pressed piano ke visualizing the hands of another
person that plays shifted by one octavé. Besides music notation,
the placement and choice of ngers are crucial for piano playing.
Related work presented a haptic glove that teaches the ngering for
playing the piano [L5. Finally, Karoluset al.[1§ investigated how
muscular activity can be utilized as an additional playing modality.
In a showcase scenario, di erent pressing strengths of thumb were
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Finally, past research has looked into the augmentation of violins.
The body posture is important for playing the violin. The setup
MusicJacket is a jacket for teaching body posture and the bowing
techniques via vibrotactile feedback]]. The students' motions are
captured by sensors and corrected by vibration motors on the upper
body. Past research also looked at methods to augment the violin's

ngerboard. This can be realized by resistive sensatg 28 or
based on motion sensors [8].

3 EXPERT STUDY AND REQUIREMENTS

To collect requirements for a guitar setup that support the acquire-
ment of new skills, we conducted in-depth interviews with ten
guitar teachers and experienced guitar players. The interviews
were semi-structured. Hence, we had a common set of questions
for participants and the opportunity to investigate their answers
in more depth. After discussing the interview questions with three
authors of the paper, we conducted a pilot interview with one guitar
teacher. We used the pilot interview to improve the clarity of our
questions and to adapt the wording.

3.1 Interview Procedure

The interview procedure was as follows and took , on average, one
hour:

3.1.1 Welcome and Consédfitst, the examiner welcomed the
participants and provided them with an informed consent sheet.
Because the interview was conducted online, we recorded the con-
sent expressed by the participants. This audio le was kept separate
from the interview recordings.

3.1.2 Demographicédle commenced the interview with demo-
graphic questions asking for the participants' age, gender, education,
and occupation. Next, we asked them about their experiences with
musical instruments. In particular, we asked which musical instru-
ments they play, which kind of guitar they play (electric, classical,
ukulele, bass), and for how long they played the guitar. Then, we
asked how long they practice per week. The experts were asked to
rate their theoretical knowledge and practical skills on the guitar
and how they acquired their knowledge and skills. If the participant
was a guitar teacher, we asked how long they have been teaching
and how they teach (individual students, classes, remote).

3.1.3 Teaching Materialbo get started with the semi-structured
interview, we asked the participants to tell us about their last guitar
lesson or practice session. Based on that, we asked the teachers
which materials they use for teaching the guitar and the profession-
als which materials they used when learning the guitar. For each
material, we asked them about the bene ts and drawbacks.

3.1.4 Technology and So wata.this part, we focused the inter-
view more speci cally on technical devices and software that the
guitar professionals and teachers use for practice and teaching.

3.1.5 Assisting Technologigsthe nal part of the interview, we
talked about possible guitar augmentation and modi cations. We
asked the participants about predominant problems when learning
the guitar and possible means to address these. For this, we focused

detected to modulate a pitch wheel as soon as the player pressed on whichproblem could be solved by an assisting technology but

with their thumb on a key.

not on howthis could be realized.
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3.2 Participants sounds. For the guitar, this means pressing the string with enough

To collect the requirements focet's Fretswe recruited ten guitar ~ force close to the fret.
experts, one of them identi ed as female. The participants had dif-
ferent professional musical occupations, such as students majoring
in music with a focus on guitarl = 3), experienced guitar players

(N = 2), guitar teachersN = 4), and retired teachers of music
(N = 1). All of the participants majored in guitar playing and had
between two and 50 year$/A = 27, SD= 16) of experience playing

an acoustic and electrical guitar professionally. Six experts regu-
larly gave guitar lessons and had between four to 1000 graduate
students.

3.4.2 Learning material8s learning materials, the guitarists re-
ported using songbooks, sheet music, fretboard charts, tabs, and
individually composed exercises. Most teachers tailored the learn-
ing materials to individual students except for those who taught
classes with more than two students. When asked for limitations
of the teaching materials, the participants named that an initial
training period is needed to learn notations. Even if fretboard charts
and tabs denote nger placements, the students have to translate
them to the guitar fretboard, which is challenging for beginners.

. As main challenge, the participants named that the materials are
3.3 Data Analysis separate from the guitar. Consequently, the students have to switch
Before the analysis, we transcribed all interview recordings. Then, their visual attention between the guitar and the materials.

we followed an open coding approach for analysis with the follow-

ing research questions: 3.4.3 Technical devic&#¥hen asked for technical devices, almost
) ] ) ) all guitarists reported using metronomes and guitar tuning devices.
RQL: Which problems were experienced during practice? Some also used loopers and reported to use recording devices to
RQ2: What kind of materials were used for practicing? show the students how they play. Metronomes were perceived
RQ3: What kind of technical devices were used to support  quite dj erently. On the one hand, the participants stated that it
learning? is important to improve playing accuracy. On the other hand, it

RQ4: What kind of software was used to support learning? should not be used too frequently because students might develop
RQ5: What are the requirements and limitations for assistive dependence. Another negative aspect was the arti cial sound of
systems? the metronome. One guitar teacher used drum-sounds instead to

Based on our research questions and the transcripts, we devel- create a more realistic feeling of playing in a band.
oped a codebook with ve code categories: 1) experienced problems,
2) learning materials, 3) technical devices, 4) software, and 5) prop-
erties of assistive systems. The codebook contained a total of twelve
codes. Based on the codebook, two authors of the paper coded all
transcripts independently with an agreement rate of 89.19%. For
the inter-rater reliability, we calculated Cohen's which is 0.857,
referring to an almost perfect agreement of the coderk [nclusive
codings were discussed in a meeting, and nal code allocations
were agreed on.

3.4.4 So wareAs software, the teachers used music players, video
calling software for remote lessons, and apps for tuning. Several
limitations of video calling software were mentioned. Teachers had
di culties in 1) judging the students' actions and 2) demonstrating
their actions on the guitar. The main problems were the limitation
to a two-dimensional image that requires perceptual mappings
meaning the students have to transform the teacher's actions in
their minds.

) 3.4.5 Properties of assistive systaivisen asked for the properties
3.4 Interview Results of assistive systems, most participants mentioned that they should

In this section, we present the results of the interview study. We ~reduce the cognitive load for beginners. When starting to learn the
report the results based on the ve categories detailed above with guitar, the students have to learn music notation and acquire playing

an emphasis on the properties of assistive systems. skills. The depictions of chords, e.g., by fretboard charts, require
a mapping from the chart to the guitar fretboard. This separation

3.4.1 Experienced ProblemM&ien we asked the participants about  makes it di cult for beginners to learn nger placements.
problems during guitar practice, they reported four speci c aspects: In this scope, the importance of nger placement was stressed by
1) motoric, 2) motivation, 3) limitations, and 4) technical aspects. almost all participants. First, students should receive feedback on
Motoric problems were connected to the physical properties of whether they placed their ngers correctly on the fretboard. This
guitar students, such as hand size and force transmission. Motiva- should include the pressing of strings since they might accidentally
tional problems were twofold. First, they were connected to the touch strings. Furthermore, new guitar students particularly strug-
motivation to practice at home. Second, they were connected to the gle in placing the ngers correctly within the frets. When placing
motivation of learning a particular technique. the nger, itis important to place it as close to the fret as possible.
Limitations refer to aspects that limit teaching e ectiveness, Another aspect related to nger placement is the ambiguity of
such as temporal constraints or room availability. Furthermore, placing chords. For instance, for an e-minor chord, only two ngers
some teachers reported that their students do not have access to an are required. Hence, the chord can be played with the index and
instrument for practicing at home. Finally, technical aspects mean middle ngers or middle and ring ngers. The choice of ngers
that existing materials or technologies also possess limitations. follows general rules but can also be dependent on preceding or
For instance, before learning the actual instrumental, the student subsiding chords. These aspects also have to be considered while
also has to learn music notation and general aspects about the practicing. The participants stated that beginners should be sup-
instrument, such as requirements for the generation of correct ported regarding their nger choice. Finally, the applied force is
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Figure 2: Schematic of Let's Frets A Raspberry Pi (1) com-
municates via Bluetooth (2) with a smartphone app (6). The
conductive frets (4) and LEDs (5) are connected via cables to
the Raspberry Pi.

crucial. Beginners tend to apply too much force, which can lead to
health problems and might impact the uidity of playing.

The skillset of beginners changes rapidly. Thus, a support system
should be adjustable to that. Participants stated that students have
di culties interpreting music notation in the beginning, while later
on, these di culties vanish. Based on that, participants wished to
adjust a learning setup or instruments to students' level.

Two further important aspects mentioned by most participants
were related to the haptics of the instruments and cost. First, a
learning setup should support the students ideally without changing
any haptics from the guitar and without the need for additional
components. Second, learning setups should be cost-e ective.

3.5 Requirements

Based on the interview results, we distill the following requirements
for guitars that supported the acquirement of new skills focusing
on beginners.

No haptic impact: Learning guitar setups should have sim-
ilar or identical haptics to a normal guitar.

Integrated guidance: For beginners, guidance about n-
ger placement should be integrated into the instrument to
facilitate a start without detailed knowledge about music
notation.

Guidance for nger choice: Guidance about nger place-
ments should include a choice of ngers.

Adjustability: Learning guitar setups should be adjustable
to the students' skills.

Finger feedback (fret): Students should receive feedback
about their nger placement on the fretboard.

Finger feedback (string): Students should receive feedback
about accidentally strummed strings.

Finger feedback (force): Students should receive feedback
about the force applied when pressing the string, such that
they can adjust it to the required level.

Coste ectiveness: Learning setups should be cost-e ective.

4 THE SMART GUITAR FEEDBACK SYSTEM

In this section, we describleet's FretdWe detail its setup and explain
the integrated assistive feedback modules and their functionality.
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We published the 3D models and the source codéetfs Fretso
foster future research developments in the commuity

4.1 General Setup

Let's Fretgonsists of two components: a smart guitar and a mobile
app. For realizing the smart guitar, we used an electronic guitar as a
basis. The smart guitar provides guidance through visual indicators
and can capture the ngers of the guitarist. Detailed information
about that is given below. We modi ed the fretboard of a regular
guitar to enable guidance and feedback without altering the haptic
of the guitar (i.e., ful lling the requiremento haptic impadt For
our prototype, we removed the fretboard from the rst four frets and
replaced it with our developed components. As on-board controller,
we used a Raspberry Pi (see Figure 2) that communicates with the
mobile app via Bluetooth.

4.2 Visual Guidance

To realize the requirementsitegrated guidancand guidance for
nger choice we integrated RGB-LEDs into the fretboard (see Fig-
ure 3a). The RGB-LEDs are visible through a transparent layer of
PLA and are placed in the center of each fret. A separate set of LEDs
was placed above the nut of the guitar to indicate the strings that
the student has to strum. The color of the LEDs is customizable and
indicates where to place the ngers. Di erent colors can either be
used to assign speci ¢ ngers to positions or to communicate spe-
ci ¢ playing styles (e.g.bending, hammer-on, pull-o, or vibrato).

In the app, students and teachers can store chords, nger positions,
and sequences of those. Based on that, the app provides a mode in
which the students can adjust how long they wish to practice each
sequence.

4.3 Capturing Finger Positions

Based on 3D-printed touch sensors (&3[34]), we realized the
requirement nger feedback (fretqs follows: As illustrated in Fig-
ure 3b, each fret is a 3D-printed structure that has six touch sensors
printed in a conductive material. For our prototype, Proto-Pasta
carbon-doped PLA. The printed sensors are embedded in and sepa-
rated by an insulating material for our prototype, we used regular
PLA. Each fret is equipped with a touch controller chip that mea-
sures the capacitance at each of the six touch sensors. The measured
capacitance is sent to the mobile app via Bluetooth for further anal-
ysis. The mobile app visualizes the touches (see Figure 3b and
Figure 3c).

Using these touch sensors, we can capture three types of nger
positions: First, in each fret, six nger positions that correspond to
each string can be captured. Second, nger positions resulting from
touching more than one sensor within one fret can be captured. That
means that the student's nger is shifted vertically in the direction
of another string. Finally, we can capture nger positions exactly
between two frets on the separator resulting from a horizontal shift
of the student's ngers. The second and third cases are important
since those result in inaccurate playing. For instance, a student
might touch a neighboring string, which mutes the string and
impacts the played chord.

Iwww.github.com/Pinyto/lets-frets - last access 2021-01-05
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