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Design of an Expressive Robotic Guitarist
Ning Yang , Amit Rogel , and Gil Weinberg

Abstract—We introduce a newly developed robotic musician
designed to play an acoustic guitar in a rich and expressive man-
ner. Unlike previous robotic guitarists, our Expressive Robotic
Guitarist (ERG) is designed to play a commercial acoustic guitar
while controlling a wide dynamic range, millisecond-level note
generation, and a variety of playing techniques such as strumming,
picking, overtones, and hammer-ons. To allow for these functional-
ities, we recorded and modeled human guitarists and implemented
our findings in hardware and software design. The ERG’s final con-
struction includes a robotic cobot arm for strumming and plucking,
as well as a 12-motor fret-shifting module that can move across
the guitar bridge. We evaluated the ERG dynamic range, speed,
microtiming control, and guitar techniques using both objective
and subjectivemethods. The objective benchmarks and subjective
ratings demonstrate that the ERG can perform with human-level
expressivity.

Index Terms—Art and entertainment robotics, embodied
cognitive science, humanoid robot systems.

MUSICIANS and engineers have been collaborating on
making musical robots for centuries [1]. However, until

recent years, most robotic instruments were designed to simply
reproduce note onsets, rather than capturing a rich set of expres-
sive musical techniques [2]. During a musical performance, hu-
man musicians convey their emotions, expression, and creativity
by manipulating subtle elements such as dynamics, microtim-
ing, and a variety of instrument-specific playing techniques.
Dibben et al. defined the expression in music performance as the
variation in musical parameters by a signal or instrumentalist [3].
Baraldi et al. have shown that musicians and non-musicians
identify expressivity with only a few low-level parameters, such
as intensity and rhythmic density [4]. Canazza et al. [5], and
Mion [6] demonstrated the importance of the notes’ timing and
variations in amplitude for perceived expression. Juslin et al. [7]
showed the role of tempo, dynamics, timing, and articulation for
expression in piano performances. Todd et al. introduced a com-
putational model of musical expressivity based on rhythm and
dynamics [8]. Informed by this research, we define three main
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elements for achieving expressivity in music performances:
1) detailed variation of sound dynamics; 2) accurate control of
note timing; and 3) actuation of idiosyncratic playing techniques
associated with particular instruments, such as muting guitar
strings. While significant progress in robotic musicianship has
been made in the areas of machine improvisation and generative
interactions, less progress has been made in enhancing the
acoustic expressivity of robotic musicians through mechatronic
design. We propose that to allow a robotic musician to perform
expressively, it needs to be able to play the instrument with
a versatile set of playing techniques, control a wide dynamic
range, and support accurate microtiming. In an effort to address
this challenge, we chose to develop an expressive robotic player
for an acoustic guitar - one of the most expressive musical in-
struments that respond to subtle variations in dynamics, timing,
and a rich set of playing techniques.

I. RELATED WORKS

There are a variety of approaches to designing chordophone
Robotic Musicians (RMs) - robots that activate the sound of
standard commercially available string instruments. These ap-
proaches have been informed by the instruments’ shape, acous-
tic chamber structure, and the materials they are built with.
Some work has also been performed in developing chordophone
Mechatronic Musical Instruments (MMIs) - robotic devices
that incorporate strings as part of their structure [9]. Unlike
RMs, these MMIs are not designed to play existing musical
instruments but rather include a dedicated string apparatus that
is incorporated into the robotic design. Both MMIs and RMs
commonly include two main modules: 1) A fret/pitch shifting
system designed to press strings, and 2) A system for picking,
strumming, or bowing that activates the strings.

Relevant related work on guitar robots includes Eric Singer’s
LEMUR GuitarBot [10] - a mechatronic device with four
customized MIDI-controllable monochord string units. A
servomotor-driven belt and pulley system make the fretting
system for each unit. A single degree of freedom (DOF) pick
wheel and a solenoid damper are installed on the end of the
monochord bridge to either pluck or dampen a string. Other
researchers built on this modular monochord chassis design to
create MMIs such as MechBass [11] and swivel [12], which
are inspired by conventional electric bass and electric guitar. A
more recent modular MMI is Azure Talos [13], [14]. The design
of this MMI introduces a subtle displacement module that can
gain higher levels of expressivity. A five-pick wheel can pluck
the strings ten times per rotation. It is mounted on a variable
height holder designed to adjust string activation and incorpo-
rates a palm-muting mechanism. These modularized monochord
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mechatronic guitars are designed to pick a single string. Such
strumming techniques can only be realized by adjusting the
timing of each individual monochord string strike. This approach
requires finetuning and commonly results in a sound that dif-
fers from the natural strum. To control strumming techniques,
StrumBot [15] has a fan-shaped, six-string chassis and a parallel
Selective Compliance Articulated Robot Arm (SCARA) that
can move a pick wheel through the span of six guitar strings.
The SCARA strumming arm rotates back and forth to activate
the strings from left to right. Unlike modular monochords, this
frame is categorized as an integrated design [16]. This MMI
can generate slide, vibrato, mute, and pitch bends using its
pitch shifter system. It adjusts pluck power and timbre using
the strumming arm.

While some of these approaches helped enhance the expres-
sivity of MMIs, little progress has been made in developing
expressive RMs. One of these examples is Compressorhead [17]
- a robotic band designed to play commercially available electric
guitars. The robots in the band utilize hydraulic actuators using
a linearly sliding hydraulic array to change frets, and a fixed
plucking array is used to pluck the strings. The humanoid designs
of the robots in the band strengthen their visual appeal. However,
these robotic guitarists can support only limited dynamics and
playing techniques, as they are not designed to capture the
richness and subtleties of an acoustic instrument.

II. DESIGN DESCRIPTION

Our goal is to create a robotic guitarist that can perform
expressively on an acoustic guitar. We also want the robot
to demonstrate beyond-human capabilities. Our design spec.
requires that the robot would:

� play on a standard commercially available acoustic guitar.
� pluck and strum using a guitar pick.
� control a wide dynamic range.
� play with precise microtiming control.
� support playing techniques such as hammer-on, slide,

damping, overtone, and vibrato.
� be operated through MIDI protocol for ease of use by the

musicians.
The robot includes two separate sub-systems: 1) A robotic arm

that can strum or pick guitar strings. 2) An integrated fret-shifting
system that is built to fit guitar strings.

A. Strumming and Picking System

The design of the strumming and picking systems aims to
capture how humans manipulate the guitar pick to optimize the
acoustic characteristics of the guitar. We also aimed to adopt
an anthropomorphic form for playing mechanism to provide
visual cues during strumming and picking, which are often
considered essential for expressive musical performance [18].
To address these goals, we chose a 7-axis xArm 7 collaborative
robot (cobot) from Ufactory1 and equipped it with a custom-built

1UFactory xArm 7 tech specs: https://www.ufactory.cc/products/xarm-7-
2020

Fig. 1. Robotic guitarist platform.

Fig. 2. Different stages of hand movements while picking.

end effector (Fig. 1). A 660 mm high custom-built stand for
the robot was built and a 70 lb weight was placed inside the
stand to provide sufficient stability during cobot operation. A
customized end effector was added to the cobot to capture the
subtle motions a human controls when holding a guitar pick. To
understand the mechanism behind pick holding, we observed
a professional guitarist performing with a variety of picking
techniques. We videotaped the guitarist’s grip behavior with
240 Hz slow motion on an iPhone. A four-step down-pick cycle
is shown in Fig. 2. First, the guitarist moved the pick upwards
toward the subsequent string, then inserted the pick between the
intended string and the one above it. Next, the player rotated
the pick against the target string. Lastly, the player drew the
pick out to complete a downward pluck, positioning the pick
at a lower angle. An up-pick cycle mirrored these steps, with
reversed upward and downward movements. The guitarist also
adjusted the bending angle of their index finger during the second
and third steps to control the pick’s in and out movements.
Based on these observations, we designed a robot end effector
capable of holding and manipulating the angle of a guitar pick.
Fig. 3 presents an assembled view of this end effector. A Maxon
EC-45 Brushless DC (BLDC) motor was used to replicate the
movements of a human’s index finger and thumb. Humans adjust
their squeeze force between their index finger and thumb to
adjust the stiffness of the pick during contact with the string. We
adjust the PD controller’s proportional gain on the robot’s end
effector to vary the pick’s stiffness. A pick holder is connected
to the motor shaft, and the guitar pick is secured onto the pick
holder using two plates. We added silicon tapes between the
pressing plates and the guitar pick to mimic the touch of human
skin. To emulate how human guitarists extend and retract their
index fingers to position the pick, we designed a two-bar linkage
equipped with an MGN9 linear slider, allowing up to 20 mm of
linear movement. A Maxon EC-20 BLDC motor, paired with a
16:1 gearbox, was attached to one end of the two-bar linkage to
actively facilitate the linear motion of the pick. Soft pads were
added to both ends of the linear slider to eliminate noise.
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Fig. 3. Exploded view of the end effector.

Fig. 4. Example of human guitar players using their proximal interphalangeal
joint to press strings.

B. Fret Shifting Mechanism

The fret-shifting mechanism was designed to connect to a
commercially available acoustic guitar in an easily detachable
manner with no revisions to the instrument. The mechanism
is based on the anatomy of the human hand, which has 21
degrees of freedom (DOF) for finger control and another 6 DOF
for translations and rotations of the wrist [19]. The concurrent
reaching gesture during fretting is a complex motion control
task [20]. The task is further complicated since the guitar strings
on the Martin acoustic guitar we used are only 10 mm apart.
Moreover, we needed to provide powerful actuation. The guitar’s
thickest low E string, for example, requires a motor capable of
delivering a torque of at least 42.5 mNm to support a clean fret
press.

To address these challenges, we designed a six-fingered fret-
shifting system informed by how humans conduct fret tasks on
guitar strings. Fig. 4 shows the proximal interphalangeal joint of
humans as it drives the movement of distal and middle phalanges
to either press or de-press guitar strings. During the hand motion,
the middle and distal phalanges can be treated as a rigid body, and
achieving the task requires only a single rotational DOF from the
proximal interphalangeal joint. Informed by these observations,
we designed a robot finger as shown in Fig. 5. Our preliminary
testing indicated that to achieve a damp note, the actuator on
the robot finger must generate at least 3 mNm to overcome
resistance and initiate finger movement, and no more than 7
mNm to allow the finger to damp but not press the string. The
actuator also needs to output at least 39 mNm to fully press the
guitar string. Using these torque requirements as benchmarks,
we selected the Maxon EC 20 BLDC motor paired with a 5.4:1
planetary gearbox. This 5-watt motor, equipped with a hall
sensor and four pole pairs, provides a nominal torque of 8.58
mNm, which is amplified to 46.3 mNm with the gearbox. The
motor can also output a minimum torque of 1.38 mNm. This

Fig. 5. Exploded view of the finger design.

Fig. 6. Assembly view of the fretting module.

gearbox arrangement affords us the necessary torque to press a
string and allows the string to push the cam into a dampened
position. We manufactured a single-piece finger with aluminum
and added silicon pads on the fingertip to mimic human skin
and prevent metal-to-metal scratches. Each finger has a unique
length to accommodate the spacing designs of the fret-shifting
frame. A cam mechanism is added to represent the joint between
the metacarpal and phalange and convert rotations of the motor
into linear movement of the fingers. One of the challenges in
our design was to properly switch between pressing, damping,
and releasing the strings on different frets. We resolved this by
using torque control to press and damp the strings and switching
to PID position control to move the fingers to the open string
position. We chose an actuator that produces sufficiently high
torque to drive the cam and push the fingers to press tightly on
the string, but also is sufficiently low in torque that the guitar
strings can push back the cam to allow the finger to dampen the
string. Different torques are applied to press or damp the string
to ensure the consistent acoustic quality of the string activation,
given the varied height between the string and fretboard.

Fig. 6 shows the assembly of the full fretting module. Each
finger module is mounted on a 350 mm MGN9 linear rail block,
which allows the fingers to move from the first to the tenth fret on
the acoustic guitar. Frets beyond the tenth extend into the guitar’s
body, and the left mount cannot reach this far as it interferes with
the strumming hand. Each slider is connected to a belt pulley
driven by a Maxon EC-45 flat motor so that each finger can
move to any fret with independent sliders. This maximizes the
robot’s speed in playing between notes and frees up the human
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Fig. 7. Comparison of the human hand trajectories between picking (orange)
and strumming (blue) techniques.

limitation of having a fret range based on the physical stretch
of the hands. The sliders with finger modules are mounted onto
two back panels and secured to a stand built around the acoustic
guitar. Soft pads are added between the guitar stand and the
guitar to reduce noise due to vibrations.

C. Cobot Trajectory

We utilized forward kinematics (FK) to position the robot
in a natural human pose as an initialization for the guitar
performance. Prioritizing certain joints in the initial pose aids
the robot’s inverse kinematics (IK) solver, helping to prevent
unexpected gestures.

We invited a professional guitarist with over ten years of
acoustic guitar experience, recorded his guitar-playing gestures
with a MoCap suit, and analyzed the trajectories of strumming
and picking using an IMU placed on the back of his hand. The
guitarist was asked to continuously strum from the low E to
high E strings in eighth notes with a 4/4 time signature. He was
then instructed to alternately pick between the same two strings
under the same tempo conditions. The recorded trajectories are
shown in Fig. 7 where the x-axis is pointing outwards from the
guitar sound hole, and the y-axis is pointing upwards, orthogonal
to the guitar strings. The cycle starts and ends with the low E
string. From the figure, we observe that the guitarist swings in
an ellipse throughout the strings to strum and moves his hand
directly between strings to pick. Based on this human reference,
we define the strumming trajectory as an ellipse that covers the
span of the start and end strings. For each time increment, the
cobot’s y-axis trajectory follows a point-to-point, fifth-degree
polynomial as expressed in (1).”

qy(t) = qi +
10(qf � qi)
(tf � ti)3 t3 +

15(qf � qi)
(tf � ti)4 t4 +

6(qf � qi)
(tf � ti)5 t5

(1)
The cobot’s x-axis is governed by the semi-ellipse equation

in (2).

qx(t) = –
b
a

�
a2 � qy(t)2 (2)

In this equation, ‘a’ and ‘b’ determine the shape of the semi-
ellipse. This trajectory profile collectively guides the co-bot to
swing along a semi-ellipse for strumming.

We define picking as the process of first moving to the target
string using a fifth-degree polynomial, followed by plucking.
To pluck the string, the pick motor rotates the pick to a specific
angle, while the slider simultaneously pushes the pick inward.
Then, the pick rotates towards the string and remains in position,

Fig. 8. States for fretting code and execution example of different lefthand
guitar techniques.

awaiting the slider’s retraction to pull the pick out, thereby
activating the string.

D. Guitar Techniques

We implemented a state machine with four fundamental
states in the low-level Programmable Logic Controller (PLC) to
control the robot’s motor manipulations for “left-hand” guitar
techniques (see Fig. 8). To press or damp the string, the robot
first activates the involved fingers with low torque to dampen the
string, and then slides the fingers to the designated fret. When
the target fret is reached, the fingers push towards the string with
either low torque to dampen it or high torque to press it. For an
open string, the fingers are lifted and moved to any designated
fret for path-planning purposes. The overtone technique is a
special damping technique that creates harmonics. The fingers
lightly dampen the string directly on top of the fret instead of
in between frets, and move away from the string right after the
string is activated by a pick. Sliding is a common fret technique
that changes between two notes on the guitar. The technique is
achieved by pressing the finger on the initial fret, maintaining
pressure on the string, and then sliding the finger to the next
fret, resulting in a continuous transition between sounds [21].
For this robot, we define the hammer-on technique as a way
to activate strings on frets without the involvement of picking
or strumming. This is achieved by lifting the fingers from the
string, moving them to the desired fret, and then activating them
with high torque to execute the “hammering” motion. We also
developed a tremolo technique for the “right hand” cobot. We
programmed a loop in the PLC to activate the motor continuously
between �5� to 5� to repeatedly pluck the guitar string, creating
a unique timbre that cannot be easily achieved by humans.

III. EVALUATION

To evaluate the potential of our robotic platform for expressive
guitar playing, we conducted a series of objective measurements,
including assessments of dynamic range, microtiming, speed,
and various guitar-playing techniques. In this section, we de-
scribe the experimental setups for each test and compare our
results to those of other existing robotic guitarists.

A. Dynamic Range

Our preliminary observations suggest that guitarists adjust
both their wrist stiffness and contact angle between the guitar
pick and strings to acquire desired sound dynamics. We capture
human guitarists’ grip by 1) adjusting the stiffness term in the
pick motor’s PD controller, and 2) programming the motor to tilt
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Fig. 9. Dynamic range of the robot playing down strums.

to adjust contact angles between guitar string and pick. We asked
the professional guitarists to demonstrate their softest strum
and strongest strum and used trial-and-error methods to find
boundary conditions for both tilting angles (�2� and 20�) and
stiffness parameter (800 mAs rad�1 and 15000 mAs rad�1).

We utilized a Reed Sound Level Meter (SLM) to measure
the dB range of guitar strumming and obtain the dynamic range
of the ERG. The SLM was placed horizontally at the center of
the acoustic guitar sound hole, 0.5 m from the guitar. We set
the SLM to capture the sound level every 0.5 s with weight A
frequency. We programmed the ERG to down-strum half notes
at 4/4, 120 bpm, resulting in two sound activations per second.
Strumming started with a guitar pick tilting 20� upwards and
manipulating the motor to change the angle down by 2� for
every four down strums till the guitar pick was at 2� below
the horizon. The motor’s stiffness parameters were changed
exponentially from 800 mAs rad�1 to 15000 mAs rad�1, along
with the change of pick angles. The damping parameters of the
motor were pre-tuned and remained unchanged throughout the
dynamic range test.

The dynamic curve of the down strum test is shown in Fig. 9.
The room noise was recorded as 43.7 dB. The dynamic range
was recorded from 54.4 dB to 84.8 dB, with a dynamic range
of 30.4 dB. In comparison, StrumBot [15] reported a dynamic
range of 20.1 dB. We increased the stiffness parameter exponen-
tially to continually increase the dynamics in the loudest region
rather than receiving a flattened curve in logarithms. In contrast,
Mechabass [11] reported a caped dynamic range for intended
volume control of 41% and beyond, and Azure Talos reported
an unchanging volume after 75%.

B. Speed

We conducted speed tests on both the strum/pick and fret shift-
ing modules. In particular, we tested the six-string strumming
speed, single-string picking speed, and string-switching picking
speed for the strum and pick module, along with fret shifting
and hammer-on speed for the fret shifting module. We based the
highest speed of the ERG not on its mechanical limit, but on
its ability to support robust musical performances. In each test
case, we progressively increased the acceleration and velocity
of the actuators and the cobot arm in our control code until the

TABLE I
COMPARISON OF SPEED FOR DIFFERENT ROBOTIC GUITAR PLATFORMS

Fig. 10. Guitar tab sheet showing the strum pattern performed for microtiming
evaluation.

Fig. 11. Onset comparison for microtiming evaluation.

robot began to miss designated notes or perform inconsistently.
The results of our speed test can be found in Table I. When
strumming, the ERG outperforms four of the robots that were
tested. When picking, it can play tremendously faster than other
guitar robots with its tremolos mode.

C. Microtiming Control

Our goal for this evaluation was to assess the ERG’s capability
to perform with high-resolution, precise, and repeatable micro-
timing. Guitar notes were recorded through the guitar pickup
using a Scarlet sound interface. We programmed the ERG to
perform a popular strumming pattern as shown in Fig. 10, using a
tempo of 120 bpm. Microtiming shifts were manually introduced
by adjusting the cobot trajectories so that it performs slightly off
the quantized beats. The robot repeated the same strumming
pattern four times. We then performed onset detection on the
waveform using madmom [23], a state-of-the-art audio process-
ing and music information retrieval (MIR) library written in
Python, to analyze the microtiming control of the robot. We fed
the log-filtered spectrogram to madmom’s CNN-based onset
processor to find the onset of each strum and compared it to
the ground truth. Fig. 11 compares the referenced beats to the
detected onsets. By shifting the first detected onset to match the
referenced zero, the note offset in the first bar was �40 ms, 0,
20 ms,�10 ms, and 10 ms. We then calculated the mean absolute
error (MAE) of the notes in the remaining three bars to the first
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Fig. 12. Comparison of spectra among open, damp, and press techniques.

one. The error ranges from 0 to 40 ms. The MAE was 11 ms, with
a standard deviation of 13 ms. Previous research suggests that
humans can detect a just noticeable difference (JND) in audio
latency between 20 and 30 milliseconds [24], [25]. Given that the
ERG was able to control most of the microtiming within the JND,
we are confident that it can support human-level expression.

D. Guitar Techniques

We conducted an evaluation of string press, string damp, and
open string techniques. We expected that both the pressed string
and open string techniques would produce a clean activation
of the string with natural decay and that the damp technique
would generate a sound that decayed much faster. The robot was
programmed to slowly strum three times through the strings,
one by one, from lowest to highest, with all six strings open,
damp on all first frets, and press on all first frets. A sufficient
pause between each strum allowed the string resonance to fade
out. The spectrum of the open string, damped string, and pressed
string were compared in Fig. 12. Reverb can be observed in both
open and pressed strings, backed by the extended spectra for all
frequencies in the time series. In contrast, within the orange
bracket, the recording of the damp technique has a much shorter
spectrum in all frequency ranges, indicating the fast decay and
elimination of excessive reverb.

The overtone technique was evaluated as a special damping
technique that creates a unique tone with natural harmonics.
We chose to evaluate the overtone technique on the 5th and 7th
frets, the frets known for easy harmonic vibration [26]. In the
evaluation, we sought the appearance of harmonic frequencies in
the spectrograms of overtones. We programmed the robot fingers
to be placed on top of the 7th fret and activated the D string to
obtain the overtones. Next, we moved the robot fingers to damp
in the middle of the 7th fret to get a regular damp sound for
comparison. We then performed the same task on the 5th string
of the D string. The differences in the spectrum between regular
damp on these 5th and 7th frets were compared to the overtones
in Fig. 13. We could observe the harmonic frequencies (pointed
with arrows) on both the 5th and 7th fret spectra generated by
the overtone technique.

The goal of the slide technique evaluation is to demonstrate
that ERG is capable of performing this guitar technique by
smoothly shifting notes from one fret to another. To evaluate

Fig. 13. Comparison between spectra of overtone and damp techniques on 7th
and 5th frets.

Fig. 14. Spectra of the sliding technique implemented between first and fifth
frets on the D string.

Fig. 15. Spectra of a melody played using the hammer-on technique.

the slide technique, the robot was programmed to activate the D
string and slide from the first fret to the fifth fret and back.

The spectrogram of the slide technique is shown in Fig. 14. We
can observe a smooth shift of frequencies, indicated by the green
brackets, caused by sliding up or down from one fret to another.
This demonstrates that the robot is capable of performing the
slide technique.

In the evaluation of the hammer-on technique, we pro-
grammed the robot to perform the bass line for a Johann Sebas-
tian Bach piece with only the left-hand hammer-on technique.
The resulting spectra should present a melody line in time
series. The spectra of the hammer-on technique are shown in
Fig. 15. The discreet frequencies shows that hammer-on tech-
nique created a melody without the involvement of right hand.

E. Subjective Evaluation

The objective of the subjective evaluation is to ascertain
whether ERG can perform musical excerpts with the same level
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