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This study explores the use of an upper-limb wearable exoskeleton for teaching violin technique

to novices through haptic-assisted training. The educational potential of this technology was
evaluated using a framework that integrated quantitative kinematic metrics and qualitative
assessments, comparing a group receiving haptic feedback (N=12) with a control group that did

not (N=12) in a mixed between-within-subjects design. Results from a double-blind expert panel
indicated that participants trained with the exoskeleton outperformed the control group during
recall measurements. In addition, spatial and spatiotemporal - but not temporal - kinematic metrics
related to bowing technique improved significantly during training, with gains persisting during recall,
and these outcomes were supported by self-reported user assessments. However, subtle features

of the technology also became apparent, including interference with natural shoulder movements,
exposing areas for refinement. In conclusion, this study suggests that haptic-assisted training with
an exoskeleton can enhance specific motor skills in violin playing, highlighting promising directions
for future research in educational technology and providing a quantitative framework for assessing
motor skill development in haptic-assisted learning, which can further support the development

and validation of educational technologies. However, given the absence of long-term retention
measurements and the limited generalizability associated with the small sample size, the findings of
this pilot study should be interpreted with caution.

In recent years, technological advancements have enabled the use of sensory feedback tools, including visual,
auditory, and haptic cues, to enhance motor learning and support neurorehabilitation! . Studies have shown that
haptic feedback in human-human interaction can improve task performance and motor learning®. Vibrotactile
cues, e.g., delivered through wearable devices can enhance performance in simple sports and dance tasks,
although designing effective stimuli for complex movements remains challenging®. Conversely, joint-torque
feedback provides intuitive, movement-related information with neurophysiological benefits, yet evidence of its
superiority over visual cues for joint coordination is still limited’~?. Robotic systems can further mediate such
feedback between distant partners, enabling human-robot-human (HRH) interaction'?.

Despite this growing body of research on robot-assisted learning, few studies have examined the potential
of such technology in music education. The present study investigates the learning and performance outcomes
of using an upper-limb wearable robot to teach violin technique to novices. To our knowledge, it is the first to
explore haptic-assisted music training through both qualitative and quantitative measures in comparison with
a control group.
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Haptic-Assisted training

The effectiveness of haptic-assisted training has been widely investigated in the fields of motor learning and
neurorehabilitation. However, findings across studies remain inconclusive, likely due to variations in motor
tasks, experimental protocols, haptic modalities, and participant skill levels'!. In general, however, haptic
methods tend to outperform non-guided training!? and are often at least as effective as audiovisual or auditory
feedback in teaching the spatial'?, temporal'*~16, and spatiotemporal'® aspects of motor tasks.

In addition, haptic assistance has been shown to significantly reduce spatial errors and error variability
during transfer and retention tests compared to unguided training in tasks such as trajectory following and line
tracking!”'8. In the temporal domain, haptic methods have proven effective in improving learning outcomes
relative to unguided training, notably reducing timing errors over both short and long durations in activities such
as driving, steering, tennis, and rowing'*-?!. Similarly, in the spatiotemporal domain, performance-enhancing
haptic feedback has improved execution in tasks such as golf putting, rowing, and circle drawing?>%*.

Interestingly, the benefits of haptic-assisted training are not consistently observed in simpler tasks
or among highly skilled participants who are already proficient in the task?®. This suggests that while haptic
guidance can facilitate learning by reducing task difficulty to an optimal level, it hinder skill acquisition when
the task already lies within the learner’s capability range. Therefore, aligning task complexity with participants’
skill levels is critical for maximizing the effectiveness of haptic training®’.

Haptic interaction is thus particularly relevant in complex domains such as music education, where physical
interaction among teacher, student, and instrument is fundamental®®. For instance, the HAGUS apparatus!®
demonstrated that audio-haptic demonstration in a percussion task significantly improved spatiotemporal
performance compared to haptic or auditory feedback alone. Similarly, the MoveMe system?® provided
prerecorded haptic trajectories to support violin training. Both approaches offer proof of concept for integrating
haptic feedback into music education.

20,24,25

Metrics for violin playing performance

To validate the use of exoskeleton technology in violin education, it is essential to assess it within a realistic
simulation of its intended educational context3°, with active involvement from the music education community
throughout the development process®’. Qualitative feedback from the learners reflects the embodied,
sensorimotor, and expressive dimensions of practice®?, while qualitative teacher assessments provide expert
insight into technical accuracy, musicality, and pedagogical effectiveness®.

On the other hand, a quantitative framework for evaluating the educational benefits of haptic-assisted
training®', as well as rehabilitation and motor re-learning®®, remains underdeveloped. Such framework can be
based on motion capture (MoCap)™, optical sensors®, infrared depth cameras®, or audio information retrieval
techniques®, among others, and should focus on three key areas: spatial, temporal, and spatiotemporal metrics'!.

In the context of violin playing, spatial metrics include measures such as joint range of motion (ROM)¥,
movement variability®®, and interjoint coordination’. Temporal metrics assess timing aspects, such as delays in
bowing changes between student and teacher. Spatiotemporal metrics combine both dimensions, for example,
by measuring the Euclidean distance between the bowing movements of teacher and student®, or by assessing
movement smoothness during bowing*!~*>.

Therefore, in this work, we start from a multimodal approach that integrates both quantitative and qualitative
markers to more effectively evaluate the technology in alignment with actual music practice and the literature on
haptic-assisted learning. Subsequently, we propose a quantitative framework, in which a selection of quantitative
metrics, derived from expert evaluations, is used to track learning progress over time. This approach bridges
qualitative and quantitative dimensions of skill acquisition, thereby enabling a quantitative assessment of haptic-
assisted training in music education.

Study description

In this study, the effect of robotic exoskeleton-mediated motor learning on acquiring basic violin playing
techniques is examined through haptic-assisted training (as proposed in*!. Two groups of participants were
assessed: one group wore a robotic haptic exoskeleton device throughout the experiment (N = 12), while the
second group did not use any haptic device (N = 12) in a mixed between-within-subjects design.

All participants were novices at playing the violin. Their skill levels and general affinity for music were
evaluated using questionnaires and a baseline measurement. The experiment began with a familiarization
phase, followed by a baseline measurement consisting of three basic violin exercises. Participants then received
a 20-minute prerecorded video lesson providing detailed instructions on how to perform the exercises, referred
to as the training measurement. After a 10-minute break, all participants repeated the exercises in a recall
measurement to evaluate short-term learning.

The group wearing the robotic haptic exoskeleton received real-time haptic feedback to guide correct
movements of the right arm while holding the bow. Feedback was only provided during the lesson, not during
baseline or recall measurements. The exoskeleton-assisted group is referred to hereafter as AVE (audio-video-
exo), while the control group, which trained using only audiovisual learning materials, is referred to as AV
(audio-video).

To measure violin playing technique during baseline and recall measurements, participants’ performances
were evaluated qualitatively by an independent expert panel. In addition, participants completed self-assessments
regarding their performance, effort, and the effectiveness of the lesson.

Motor learning outcomes were evaluated using a quantitative framework based on a selection of kinematic
parameters.

Participants’ performance was evaluated during baseline, training and recall measurements. Since a retention
measurement was not performed, only short-term motor learning was assessed (e.g.,'#164%).
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In addition, audio and video recordings were made for all measurements, and the exoskeleton’s torque and
angle data were recorded; however, these additional data were not analyzed in the current study.

Research hypotheses

This study investigates the educational potential of haptic-assisted training using a multimodal approach,
combining qualitative and quantitative metrics. To ensure that quantitative measures meaningfully reflect violin
performance, we first examine how they relate to expert evaluations:

« Hypothesis 1: Expert ratings of violin technique correlate with quantitative metrics.

« Hypothesis 1.1: Ratings correlate with temporal metrics.
« Hypothesis 1.2: Ratings correlate with spatial metrics.
« Hypothesis 1.3: Ratings correlate with spatiotemporal metrics.

Haptic-assisted education is expected to support the learning process by enhancing the perception of correct
bowing movements. Therefore, the second hypothesis is:

 Hypothesis 2: Haptic feedback leads to improved performance during training.

« Hypothesis 2.1: This is reflected in the temporal metrics.
« Hypothesis 2.2: This is reflected in the spatial metrics.
« Hypothesis 2.3: This is reflected in the spatiotemporal metrics.

Finally, we anticipate that these benefits will translate into short-term retention of the skills. Therefore, the third
hypothesis is:

 Hypothesis 3: Haptic feedback leads to improved recall measurements compared to the baseline.

« Hypothesis 3.1: This is reflected in the expert ratings.

« Hypothesis 3.2: This is reflected in the temporal metrics.

« Hypothesis 3.3: This is reflected in the spatial metrics.

« Hypothesis 3.4: This is reflected in the spatiotemporal metrics.

Materials and methods

Exoskeleton technology

Exoskeleton characteristics

The exoskeleton used in this study was developed within the framework of the CONBOTS project (Grant
871803)* and is depicted in Fig. 1. It is composed of a powered shoulder actuator, a passive shoulder gravity
compensation system, a powered elbow actuator, and a physical human-robot interface (pHRI), all connected
to remote electronics boards. The overall weight of the wearable device, since the electronics boxes are remotely
located, is approximately 3.7 kg.

The shoulder part integrates both an active and a passive shoulder module. The active module comprises an
actuated joint with a vertical rotation axis, actuating horizontal abduction/adduction (AA). The passive shoulder
gravity compensation (PSGC) system is based on a spring-loaded mechanism that provides a bell-shaped torque
profile supporting shoulder elevation?”. The torque profile is set to counterbalance the weight of the more distal
parts. Additionally, the PSGC is equipped with an absolute magnetic encoder to measure the elevation angle.
A snap pin is used to engage or disengage the spring mechanism, enabling the assistance to be removed or set.
The elbow module has the actuator axis aligned with the anatomical flexion/extension (FE) axis of the elbow*s.

The exoskeleton incorporates a set of adjustments in its pHRI to fit the structure according to the user’s
anthropometric dimensions, along with two passive degrees of freedom (pDoFs) to increase freedom of motion
while wearing the rigid structure. It includes a custom carbon fiber T-shaped back frame connected to the
user’s waist via a semi-rigid lumbar belt. The elbow module is integrated into a customized commercial elbow
brace (Innovator X, Ossur, Reykjavik, Iceland). Several belts and straps secure the device to the trunk, ensuring
stability by counterbalancing its weight, which is mainly distributed on the right side.

An adjustable and lockable hinge, pivoting along the internal/external (IE) axis of the shoulder, is used to
align the PSGC with the corresponding elevation (E) axis of the shoulder. A linear slider adjusts the relative
position of the PSGC and the shoulder hinge, acting along the E axis of the user’s arm. Moreover, the exoskeleton
is equipped with two pDoFs to guarantee unhindered motion during bowing movements. A passive IE rotation
joint connects the PSGC to the elbow module, enabling forearm rotation around the humeral axis. For the elbow,
the commercial brace has been modified to incorporate a rotational pDoF placed between the output link of the
module and the forearm brace to accommodate pronation/supination (PS) movements of the wrist.

The system consists of two remote electronics boxes, one for each active module.

Exoskeleton control strategy

Two control strategies were embedded in the firmware for the control of the active modules during the

exoskeleton operation, namely (i) transparent mode (TM), i.e. with a null output torque as the desired reference,

and (ii) haptic mode (HM), in which a desired reference angular trajectory is defined for the elbow and shoulder

joints based on a predefined equilibrium point or an angular trajectory stored in the exoskeleton’s memory.
Participants can record and play back a trajectory for the two active joints, thus performing a gesture, record

the different trajectories in TM mode, and then use them as inputs to the mid-level control as a reference, acting
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Fig. 1. Two views of the exoskeleton, consisting of the shoulder module and the elbow module. The actuators
and the passive unloader are hosted in 3D printed parts, connected to a carbon fiber T-shaped frame.

The active components are connected through a lockable hinge anchored to the passive shoulder gravity
compensator. The overall structure is attached to the user’s body through three main anchoring points: the
semi-rigid lumbar belt, the trunk cross-strap and the arm and forearm culffs, all using Velcro attachments

to enable fast and easy donning/dofling and adaptability to different anthropometries. Finally, the passive
internal/external (IE) rotation joint allows the physical connection of shoulder and elbow modules and the
decoupling of their movements.

in playback. The exoskeleton will then apply a haptic torque based on the current movement. The HM was
implemented as a viscous-elastic force field acting at the shoulder and elbow level, which generates the desired
torque according to the error between measured angle at the joint and the desired trajectory recorded in the
exoskeleton memory. This control layer is implemented in the real-time processor of the exoskeleton running
at 100 Hz.

These two control modalities have been employed with two different aims. Specifically, the TM was used during
the baseline and recall phases of the experimental protocol to evaluate the pre- and post-training performance of
the users; under this experimental condition, the exoskeleton provided neither assistance nor resistance to the
users, just being used as a measurement tool to record human trajectories while playing. Conversely, the HM was
used during the training phase, where haptic feedback is needed to enable the robot-assisted training.

Audiovisual material

Training video

A meticulously scripted training video, narrated by an expert violinist and teacher, was recorded for the
experiment (see Fig. 2, for the entire video: see Supplementary Materials). The 20-minute video, instructs
correct execution of three basic violin exercises (exercise 1, 2, and 3, see Fig. 3, for the videos of the exercises:
see Supplementary Materials), and it follows a structured format, explaining and reiterating the three exercises
throughout the video (see Fig. 4):

« Introduction covering the violin and bow.

o Preparation of exercise 1: Full bows down and up on the G-string (4x, Fig. 3.a).

« Joint performance of exercise 1 (2x in total).

« Preparation of exercise 2: A more intricate bowing pattern involving full bow down, half bow up, half bow
down, full bow up, half bow down, half bow up (2x, Fig. 3.b).

« Joint performance of exercise 2 (3x in total).

« Preparation of exercise 3: Full bows down and up, alternating between the G and D strings (4x, Fig. 3.c).

« Joint performance of exercise 3 (4x in total).

« General recapitulation.

« Joint performance of exercise 1 (1x in total).
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Fig. 2. Screenshot from the training video. The teacher’s playing was shown from 2 angles, alternating
throughout the exercise. In the meanwhile, the exercise was displayed in the lower right corner as a reference.
The teacher is wearing a MoCap suit and the exoskeleton, covered in MoCap markers, adhering as closely as
possible to the Animation Marker Set configuration. The haptic actuators of the exoskeleton of shoulder and
elbow are indicated on the Figure, with their respective axes of rotation.

« Joint performance of exercise 2 (1x in total).
« Joint performance of exercise 3 (1x in total).

A depiction of the entire measurement setup, featuring an AVE participant, can be seen in Fig. 5. The video angle
alternates throughout the video, to enhance demonstration of correct violin technique where necessary.

Baseline and recall videos

Additionally, separate recordings of exercise 1, 2, and 3 were created by the same teacher, analogous to the
training video. These recordings will be used eventually to acquire baseline and recall measurements from the
participants. In all videos from the preparation step, the recordings integrate kinematic data from the exoskeleton,
video, audio, and MoCap data. The synchronization of all data streams was achieved using the SMPTE protocol.
An overview of the sequence of exercises 1, 2, and 3 throughout the experiment, combining baseline, training
and recall measurements, is shown in Fig. 4.

Measurement protocol

Ethical approval

The experiment received ethical approval from the UGent ethical committee (ref. 2022-38). Informed consent
was obtained from all participants. All methods were performed in accordance with the relevant guidelines and
regulations of the involved institutions, and in accordance with the Declaration of Helsinki. Informed consent
was obtained from the author/individual for publishing the image in Figs. 2 and 5, and for the videos and files
in the Supplementary Materials.

Participants

In total, 24 participants were recruited (see Table 1). Inclusion criteria required participants to be male,
approximately the same size as the teacher (see Table 1), and right-handed, ensuring anthropometric parameters
closely matched those of the teacher. In addition, participants were required to be novices in violin playing.
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Fig. 3. The three different exercises used in the protocol. Exercise 1 (a), 2 (b) and 3 (c) are to be played with
the bowing pattern as indicated by the bow markings. The respective corresponding bow positions of the
teacher are shown in (d), (e) and (f).
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Fig. 4. an overview of the order of execution of the 3 exercises throughout the experiment, during baseline
(green), training (blue) and recall (red) measurements.

Consequently, 12 participants underwent training with the wearable exoskeleton as described above
(AVE), while a control group of 12 participants trained and were tested under identical conditions without the
exoskeleton (AV).

Experimental workflow
The experimental workflow following the preparation of the audiovisual material is depicted in Fig. 6.

Familiarization phase and baseline measurement
First, participants familiarized themselves with the exoskeleton, and the MoCap model was calibrated. Following

this phase, participants received a brief primer on holding the violin and bow, and the experimental procedure
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Fig. 5. Experimental setup, featuring an AVE participant. The projector screen displays the teacher wearing
the exoskeleton, and a MoCap suit. The participant is wearing an exoskeleton and MoCap suit as well. Motion
is captured by IR MoCap cameras, and an RGB camera makes a recording of participants’ performance. In
addition, 2 microphones record the audio. The participant faces the teacher on the screen and plays the violin
in synchronization with the teacher. The audio of the teacher is delivered through headphones.

AVE (N=12) AV (N=12)

Participant number | Age (years) | Weight (kg) | Length (cm) | MSI (a.u.) | Participant number | Age (years) | Weight (kg) | Length (cm) | MSI (a.u.)
1 38 82 185 4.4 13 28 70 175 4.0
2 63 80 192 54 14 21 70 185 4.2
3 39 80 197 4.9 15 36 72 182 33
4 35 64 184 3.1 16 40 70 180 4.6
5 28 67 169 4.4 17 38 95 186 2.9
6 40 85 185 4.3 18 29 81 185 4.6
7 42 71 181 33 19 25 61 176 39
8 40 75 183 4.1 20 30 75 178 33
9 22 73 175 33 21 31 85 194 39
10 50 95 178 4.8 22 53 75 184 4.3
11 23 75 183 2.9 23 28 84 198 5.1
12 27 85 187 3.8 24 45 79 185 4.2
median 39 78 183.5 4.2 median 31 75 184.5 4.1
IQR 14 13 7.8 14 IQR 12 13 7.3 1.1
Teacher 42 80 181

Table 1. Overview of the participants’ characteristics. AV = control group, AVE =haptic group,
IQR =interquartile range, MSI = Music Sophistication Index.

Scientific Reports|  (2026) 16:13639

| https://doi.org/10.1038/s41598-026-39226-8

nature portfolio



http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Donning and doffing
exoskeleton

Put on mocap suit

Calibration, familiarization,
explanation

Baseline
Training
Break

Recall

Experimental Workflow

Take off suits

Questionnaires

\_

.

Fig. 6. Overview of the experimental workflow, following the preparation of the audiovisual material. The box
in lighter blue is only performed by AVE. The orange boxes indicate duration of each action.

was explained. They were instructed to replicate the movements demonstrated in the training video and to copy
all movements of the teacher in sync wherever possible.

During the baseline measurement, participants viewed videos of exercises 1, 2, and 3, projected on a large
screen while standing in the MoCap area. The exoskeleton was set to TM in the AVE condition during these
exercises.

Training

After the baseline measurement, participants watched the training video, again explicitly instructed to copy all
movements of the teacher in sync wherever possible. In the AVE condition, the exoskeleton was switched to
HM (see Fig. 6), providing feedback on the position of the elbow and shoulder via a viscous-elastic force field.
This guided correct movements of the right arm by providing concurrent haptic torque feedback on the flexion-
extension (FE) of the right elbow and the horizontal abduction-adduction (AA) of the right shoulder, aimed at
enhancing participants’ performance.

Recall measurement and questionnaires
After the training and a short break, participants repeated the three exercises during a recall measurement.

During this measurement, participants again viewed the videos for exercises 1, 2, and 3 and were explicitly
instructed to copy all movements of the teacher in sync wherever possible. In the AVE condition, the exoskeleton
control was switched back to TM.

Importantly, due to practical considerations, a retention measurement was not included in the study; thus,
only short-term learning, whether actual motor learning or motor adaptation, was measured.

Finally, participants completed the Music Sophistication Index (MSI) questionnaire?®, a user experience
questionnaire, several questions related to their background in violin playing, and a self-assessment questionnaire.

Data acquisition

Expert panel

All participants’ exercises as performed during baseline and recall measurements, were evaluated by a panel
of five double-blind violin experts. The experts were all professional violinists, with at least 30 years of playing
experience. The evaluation was conducted on anonymized stick-figure videos of the upper body, generated
from the MoCap data streams (see Fig. 7). Furthermore, the use of stick-figures prevented the identification of
whether participants were wearing an exoskeleton and whether the video was taken before or after the training
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Fig. 7. stick-figure rendition of the MoCap data. In the same video, a synchronized sideways and an upside-
down view was included, to facilitate evaluation of bowing technique. The red dots and lines represent the
upper body of the participant, the black line is the violin bow, the blue triangle is the violin.

measurement. Each video depicted two perspectives of the player simultaneously. The experts evaluated the
movies on a Likert scale ranging from 1 to 7, where 1 represented “very bad” and 7 represented “very good.” Each
expert rated all videos pertaining to a specific exercise sequentially, starting with exercise 1, followed by exercise
2, and concluding with exercise 3. The movies were played without sound to ensure that experts focused solely
on evaluating technique, free from any influence of audio cues. In total, there were 144 videos, which were per
exercise presented in randomized order.

Questionnaires

After training and recall measurements, participants in AV and AVE completed 2 and 3  questionnaires,
respectively. The first questionnaire evaluated their musical background using the standardized MSI questionnaire.
The second questionnaire was a self-evaluation regarding participants’ perceptions of their own performance
during baseline and recall measurements, the perceived difficulty of the exercises, and the perceived effectiveness
of the training in performing exercises 1, 2, or 3. The second questionnaire concluded with open questions about
the training structure and potential improvements for future iterations. The final questionnaire focused on AVE,
exploring their overall experience with the exoskeleton. It consisted of open questions and a series of questions
requiring responses on a Likert scale (ranging from 1 to 5, with 1 representing complete disagreement and 5
representing complete agreement). Copies of the questionnaires can be found in the Supplementary Materials.

Multimodal data acquisition
To reliably and reproducibly measure and compare the movements of participants and instructors, a Qualisys
MoCap system (Qualisys AB, Gothenburg, Sweden) was employed. This system uses multiple high-speed
infrared cameras to track reflective markers placed on key anatomical landmarks. Participants wore an upper-
body MoCap suit equipped with 24 reflective markers (see Fig. 2), following the Qualisys Animation Marker
Set configuration®, with slight adjustments to marker positions to maintain consistency between the AV and
AVE groups. Additionally, four markers were affixed to the violin and three to the bow (Fig. 2) to measure bow
positions relative to the instrument*’.

The system in this study utilized 18 infrared cameras, strategically positioned to ensure comprehensive
coverage from all angles and to prevent gaps in data capture.

MoCap data were recorded at 120 Hz, while audio was recorded using a Y-pair of condenser microphones at
48 kHz with 24-bit depth. An RGB camera faced the participant to provide visual recordings.

Audio, video, and MoCap data were recorded simultaneously and synchronized post hoc using the Society of
Motion Picture and Television Engineers (SMPTE) standard to label all data streams with a unique timestamp.

The instruction video was played back on the screen and through headphones. In the AVE group,
synchronization between video, audio, and exoskeleton feedback was achieved through the Central Control
Software (CCS), specifically developed for the CONBOTS project’!.

Multimodal recordings were obtained during the baseline, training, and recall measurements.

Data analysis

Motion capture data and performance metrics

Joint angles of wrist, elbow and shoulder were approximated from the MoCap data using a custom-made
MATLAB (MATLAB version R2023, MathWorks, Natick, MA, USA) package**>>>3, based on the standards of
the ISB>*-%¢ In addition, angles and positions of bow and violin were calculated (see Fig. 8).

The comparison between teacher and participant data involved an assessment of each analyzed degree of
freedom (DoF), including horizontal AA, elevation (E), and IE rotation of the shoulder, as well as FE and PS of
the elbow, and finally, FE and AA of the wrist joints. Additionally, the bow position relative to the contact point
with the string was considered.

Additionally, from the analyzed MoCap data, a set of 17 metrics was derived, based on the literature, advice
of violin experts, and professional experience from involved researchers. These performance metrics were
computed separately for baseline and recall measurements, as well as for the training measurement. The metrics
were subdivided into the following arbitrary classes:

Scientific Reports |

(2026) 16:13639 | https://doi.org/10.1038/s41598-026-39226-8 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Joint angle (deg)

—
NOOO-N

Joint angle (deg)

[olelo/clels]

-40
-50
-60
-70

Joint angle (deg)

N B OO @
o O O ©

Joint angle (deg)

Wrist FE N Wrist AA
g
2
(=]
8
§
10 15 20 25
Elbow FE N Elbow PS
o
(=]
&
» £
g
10 15 20 25 0 5 10 15 20 25
Shoulder AA _ Shoulder E
£ 20
3 0
£ -20
S Legend
10 15 20 25 0 5 10 15 20 25 — Teacher
Baseline
i — Recall
Shoulder |IE Bow Position
/ geoo
§ 400
& 200
10 15 20 25 0 5 10 15 20 25
Time (s) Time (s)

Fig. 8. joint angles of the upper body were calculated, and bow position relative to the bridge and strings. Here
the performance of a participant in exercise 2 is shown during baseline (green) and recall (red) measurements.
The example as given by the teacher is given in blue. Angles of wrist (flexion/extension (FE), adduction/
abduction (AA)), elbow (FE, pronation/supination (PS)) and shoulder (AA), elevation (E), internal/external
rotation (IE)) are given, as well as the bow position relative to the string.

« Spatial performance metrics that evaluate, for example, the ROM (e.g.,%’), interjoint coordination (e.g

.’58,59)’

or variability (standard deviation of errors, e.g**%61) . The spatial metrics used in this study are:

 Temporal performance metrics that evaluate aspects of timing, such as rhythm and synchronicity (e.g.

Metric 1: The full range of the bow used throughout the exercise

Metric 2: The ROM of elbow FE used throughout the exercise

Metric 3: The ROM of shoulder AA used throughout the exercise

Metric 4: The interjoint coordination of elbow FE and shoulder AA, defined as the ratio of the ROM of
elbow FE to the ROM of shoulder AA in the upper half of the bow

Metric 5: The interjoint coordination of elbow FE and shoulder AA, defined as the ratio of the ROM of
elbow FE to the ROM of shoulder AA in the lower half of the bow

Metric 6: The coordination between shoulder AA and bow, defined as the ratio of the ROM of shoulder AA
to the portion of the bow used in the upper half of the bow

Metric 7: The coordination between shoulder AA and bow, defined as the ratio of the ROM of shoulder AA
to the portion of the bow used in the lower half of the bow

Metric 8: The coordination between elbow FE and bow, defined as the ratio of ROM of elbow FE to the
portion of the bow used in the upper half of the bow

Metric 9: The coordination between shoulder and bow, defined as the ratio of ROM of elbow FE to the
portion of the bow used in the lower half of the bow

Metric 10: The variability in elbow FE when performing a bowing movement

Metric 11: The variability in shoulder AA when performing a bowing movement

Metric 12: The variability in the interjoint coordination between elbow FE and shoulder AA when per-
forming a bowing movement

R 16’62).

The temporal metrics used in this study are:

Metric 13: Timing difference between participant and teacher, defined as the difference in the changes of
direction in bowing between student and teacher
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« Spatiotemporal performance metrics that measure, for example, the Euclidean difference between a trajec-
tory and a reference trajectory (deviation from reference trajectory in task and joint space, e.g.,'***%), or
movement smoothness (spectral arc length or SPARC, e.g., ®), the latter of which might indicate physical and
mental effort®. The spatiotemporal metrics used in this study are:

o Metric 14: The Euclidean distance of bow position between participant and teacher

o Metric 15: SPARC, or movement smoothness

o Metric 16: Synchronization strength, consistency in timing difference between participant and teacher
o Metric 17: Phase shift, or difference in timing between participant and teacher

Statistical analysis

Questionnaires

Self-evaluation, perceived effectiveness of the training, and perceived difficulty of the exercises were investigated
using the brms package in R, using a cumulative distribution, using the logit function as link function. The
primary effect considered was Group (factor 1,2). Random effects encompassed the interaction between
Participant (factor 1-24) and Exercise (factor 1-3). The model in R syntax is for the 3 cases defined as follows:

Rating ~ Group + (1| Participant : Exercise)

Metric correlations

17 metrics were correlated individually with mean expert ratings, using a Spearman correlation. A correction
for multiple comparisons was applied, resulting in a significance threshold of p <0.003. The results are shown
in Table 2.

Motion capture data
The metrics that correlated significantly with expert ratings were retained for further analysis, supplemented
with 6 other metrics (see Table 2 for the full list of metrics). These metrics were analyzed using the brms package
in R. The primary effects considered were Group (factor 1,2), baseline/training/recall measurements (termed
Stage, factor 1,2,3), and their interaction. Random effects encompassed the interaction between Participant
(factor 1-24) and Exercise (factor 1-3).

The model formula in brms syntax was:

mvbind (Selected Metrics) ~ 0 4+ Group * Stage + (1 + Stage |p| Participant : Exercise)

Response variables were modeled as a skewed normal distribution. The model was run with 8000 iterations, and
a warmup of 4000.

Results

Expert panel

Expert ratings (a Likert scale, with 1 =very bad, 7=very good) improve significantly between baseline and recall
qualitative measurements, in both groups, with an average improvement of 2.5 (highest posterior density (HPD):

Metric number | Short description Spearman R | p-value

1 full range bow used 0.24 0.0039
2 ROM of elbow FE 0.42 <<<0.003
3 ROM of shoulder AA -0.10 0.23
4 Interjoint coordination, upper part bow 0.36 <<<0.003
5 interjoint coordination, lower part now 0.14 0.098
6 shoulder-bow coordination, upper part bow | 0.30 <0.003
7 shoulder-bow coordination, lower part bow 0.16 0.057
8 Elbow-bow coordination, upper part bow -0.44 <<<0.003
9 Elbow-bow coordination, lower part bow -0.11 0.19
10 variability elbow -0.13 0.14
11 variability shoulder -0.18 0.031
12 variability elbow-shoulder coordination -0.21 0.013
13 timing -0.095 0.26
14 Euclidian distance bow use -0.55 <<<0.003
15 SPARC 0.28 <0.003
16 Synchronization strength -0.44 <<<0.003
17 Phase shift 0.037 0.66

Table 2. Overview of the Spearman correlation of the 17 metrics involved in this study with expert ratings.
Metrics that showed a significant correlation with expert ratings are indicated in bold; metrics that are
included in subsequent analyses are indicated in italic. R and corrected p-values are given for each metric.
Spatial metrics (Metrics 1-12), Temporal metrics (Metric 13), Spatiotemporal metrics (Metrics 14-17). AA =
adduction/abduction, FE = flexion/extension, ROM = range of motion, SPARC = spectral arc length.
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[2.0,2.9]) in AV, and an average improvement of 3.1 (HPD: [2.6, 3.5]) in AVE. There is also a significant Group:
Stage effect, with a relative improvement over Stage of 0.611 (HPD: [0.094, 1.232]) in AVE relative to AV. There
was no significant difference in expert ratings between groups during baseline measurements. In conclusion, the
findings suggest that Stage, as well as the interaction between Group and Stage, significantly influenced expert
ratings. An overview of the contrasts from the expert panel’s statistical analysis is summarized in Table 3.

Inter-rater reliability was excellent, with a two-way random-effects absolute agreement intraclass correlation
coefficient (ICC) of 0.71 for single raters (ICC(2,1), 95% CI [0.65, 0.77]) and 0.93 for the average of five raters
(ICC(2,5), 95% CI [0.90, 0.94]).

Motion capture data
Metric selection and correlation analysis
7 metrics showed significant correlation with expert panel outcome and were retained for further analysis.
Additionally, a 6 metrics that did not correlate with expert ratings were included in the analysis for completeness
(see Fig. 9).

The metrics that showed significant correlation with expert ratings were Metric 2, 4, 6, 8, 14, 15 and 16. The
metrics that did not correlate significantly with expert ratings were Metric 1, 3, 5,7, 9, 10, 11, 12, 13 and 17. A
complete overview of the metrics and the results of the correlation analysis are provided in Table 2.

Metrics

In total, 13 metrics were retained for further analysis, as indicated in Table 2. In addition to the 7 metrics that
showed significant correlation with expert ratings, to integrate this work with existing and future literature, and
to evaluate the overall effect of the exoskeleton on upper limb kinematics, 6 extra metrics were further analyzed
and discussed:

1. It must be noted that purely temporal metrics did not correlate with expert ratings. However, to measure the
temporal effects of the exoskeleton technology, Metric 13 was retained for further analysis.

2. Given the active shoulder module in the exoskeleton, ROM of the shoulder AA in the analysis was added
(Metric 3).

3. To integrate this work with previous work on sensorimotor synchronization, and future work on the evalua-
tion of the used exoskeleton technology, the phase shift was also included in the analysis (Metric 17).

4. To evaluate the effect of the exoskeleton on variability during motor learning, Metrics 10, 11 and 12 were
added.

An overview of the recorded metrics is provided in Table 4. Contrasts of the statistical analysis are provided in
Table 5. A graphical representation of the results is shown in Figs. 10, 11 and 12.

Questionnaires

Self-Evaluations

The results of the comparisons between AV and AVE indicate that there is no difference in the self-evaluation,
based on the question: “How well do you think you improved pre- versus post-intervention, in exercise x?” (a
Likert rating, 1=not at all, 7=a lot). However, based on the question: “How well did the training instruct you
how to improve exercise x?” (1 =alot, 7=not at all), AVE rated significantly higher, with an average difference in
rating of 1.77 (HPD: [0.415, 4.08]). The groups did not rate the difficulty of the exercises differently, based on the
question: “How difficult did you find exercise x?” (1 =very difficult, 7 =very easy) (Fig. 13; Table 6).

Prior knowledge

Participants were required to respond to 6 questions concerning their prior knowledge of string instrument
playing. The inclusion criteria, as specified in the recruiting materials, requested minimal, preferably no prior
knowledge about string playing. However, the questionnaires revealed that almost half of the participants
possessed some prior knowledge. Based on the questionnaire results, we decided to assign participants a score
to quantify their prior knowledge. Each positive response to one of the 6 questions regarding prior string
instrument knowledge increased the score by 1 point. According to this criterion, the median score for AV was
1 (median =1, IQR=3), and the median score for AVE was 1 (median =1, IQR=4). Consequently, we concluded
that prior knowledge was generally low and not significantly different between groups.

Contrast estimate | HPD.Lower | HPD.Upper
AV SI - AVE S1 -0.6 -1.4 0.2

AV S1-AV S3 -2.5 -2.9 -2.0

AVESI - AVE S3 -3.1 -3.5 -2.6

AV S3- AVE S3 -1.2 -2.0 -0.4

(AV S1- AV S3) - (AVE S1 - AVE $3) | 0.611 0.094 1.232

Table 3. Contrasts of expert panel assessment of the violin performances during baseline and recall
measurements. Ratings of the expert panel were set between 1 (very bad) and 7 (very good). AV = control
group, AVE =haptic group, HPD =highest posterior density, S1 =baseline measurement, S3 =recall
measurement.
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Fig. 9. Several metrics exhibit significant correlation with expert ratings, which ranges from 1 (very bad) to
7 (very good). Notably, as participants demonstrate greater fidelity to the reference trajectory, indicated by
the reduction in Euclidean distance (ED) of the bow movement (Metric 14), their expert ratings improve.
Moreover, higher expert ratings correlate with an increase in the range of motion (ROM) exhibited by the
elbow flexion/extension (FE, Metric 2), while they do not correlate with the ROM of the shoulder adduction/
abduction (AA, Metric 3). Furthermore, participants’ spectral arc length (SPARC, Metric 15) showed
significant correlation with expert ratings.
AV AVE Teacher
Metric | Units | S1 (mean+SD) | S3 (mean+SD) | S1 (mean+SD) | S3 (mean+SD) | (mean+SD)
2 deg | 36.7+86 45.8+8.6 36+11 46.9+7.8 45425
3 deg 62£16 61+18 55420 52%25 64.1£5.0
4 au | 1.29+0.59 27421 1.42+0.81 27418 2114037
6 au | 13435 22+13 14.8+5.9 23£12 16.5+2.5
8 au | 12.05£4.37 9.7+2.6 12.8+7.9 8.9+1.3 7.86+0.26
10 deg 22+1.1 23%12 2.1%1.1 1.86+0.65 | 1.25+0.23
11 deg 3.6+1.9 3.7+18 26+1.0 2311 1.49+0.38
12 deg 34+34 29424 20+18 17£16 62£1.8
13 s 19420 0+27 671 314 NA
14 au. 66+24 49+23 78+38 4217 NA
15 au | -1.90£0.13 -1.795£0.086 | -1.89+0.12 -1.791£0.065 | -1.758+0.019
16 au | 0.896+0.062 0.923+0.075 | 0.82+0.20 0.935£0.048 | NA
17 deg | -0.07£0.15 004024 | -0.16+0.77 -0.04£0.17 | NA
Table 4. Mean and standard deviations of 13 Metrics as recorded. Spatial metrics (Metrics 2, 3, 4, 6, 8, 10,
12),Temporal metrics (Metric 13), Spatiotemporal metrics (Metrics 14, 15, 16, 17). a.u. = arbitrary units, AV
=control group, AVE = haptic group, deg = degrees, NA = not applicable, S1 = baseline measurement, S2
=training, S3 = recall measurement, SD = standard deviation.
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Metric | Units | contrast Estimate | CI.Lower | CI.Upper | Probability
(AV S1 - AV S2) - (AVE S1 - AVES2) | 6.6 -1.3 14.7 0.95
2 deg (AV S2 - AV S3) - (AVE S2 - AVE S3) | 0.4 -7.5 8.4 0.54
(AV SI - AV S3) - (AVE S1 - AVE $3) | 7.07 0.58 13.81 0.98
(AV S1 - AV S2) - (AVE S1 - AVES2) | 3.5 -6.0 13.0 0.76
3 deg (AV S2 - AV S3) - (AVE S2 - AVES3) | -8 -19 1 0.05
(AV S1 - AV S3) - (AVE S1- AVES3) | -4.9 9.8 0.5 0.01
(AV S1 - AV S2) - (AVE S1 - AVE S2) | 0.01 -0.49 0.50 0.52
4 a.u. (AV S2 - AV S3) - (AVE S2 - AVE S3) | 0.23 -0.51 0.98 0.73
(AV S1-AV S3-(AVES1-AVES3) |0.23 -0.30 0.81 0.82
(AV S1 - AV S2) - (AVES1 - AVES2) |-1.6 -5.2 2.0 0.18
6 au. | (AVS2-AVS3)-(AVES2-AVES3) | 1.8 -3.3 6.9 0.76
(AV S1- AV S3) - (AVE S1 - AVE S3) | 0.2 -3.6 4.0 0.54
(AV S1- AV S2) - (AVESI - AVES2) | -0.3 1.8 1.1 0.33
8 a.u. (AV S2 - AV S3) - (AVE S2 - AVE S3) | 0.23 -0.89 1.41 0.66
(AV S1 - AV S3) - (AVE S1 - AVE §3) | -0.1 -1.1 0.9 0.43
(AV S1- AV S2) - (AVESI - AVES2) | -0.19 -0.60 0.23 0.19
10 deg (AV S2 - AV S3) - (AVE S2 - AVE S3) | -0.01 -0.45 0.43 0.48
(AV S1 - AV S3) - (AVE S1 - AVE S3) | -0.20 -0.50 0.09 0.09
(AV S1 - AV S2) - (AVE S1 - AVES2) | 0.01 -0.74 0.74 0.50
11 deg (AV S2 - AV S3) - (AVE S2 - AVE S3) | -0.2 -1.0 0.5 0.27
(AV S1- AV S3) - (AVE S1 - AVE S3) | -0.24 -0.64 0.16 0.12
(AV S1 - AV S2) - (AVE S1 - AVES2) | 0.1 -8.2 8.3 0.51
12 deg (AV S2 - AV S3) - (AVE S2 - AVE S3) | 0.6 -7.6 8.8 0.56
(AV S1 - AV S3) - (AVE S1 - AVE S3) | 0.7 -4.5 5.6 0.60
(AV S1- AV S2) - (AVE S1- AVES2) | 3.9 -6.6 14.3 0.77
13 s (AV S2 - AV S3) - (AVE S2 - AVES3) | -4 -14 6 0.22
(AV S1- AV S3) - (AVE S1 - AVE S3) | -0.4 -7.8 7.4 0.47
(AV S1 - AV S2) - (AVE S1- AVES2) | -9 20 1 0.05
14 a.u. (AV S2 - AV S3) - (AVE S2 - AVES3) | 1.6 -8.2 114 0.62
(AV S1-AV S3 - (AVES1-AVES3) | -8 -12 -3 0.00
(AV S1- AV S2) - (AVE S1 - AVE S2) | -0.008 -0.086 0.068 0.42
15 au. | (AVS2-AV S3)-(AVES2- AVES3) |0.008 -0.077 0.095 0.57
(AV S1 - AV S3) - (AVE S1 - AVE S3) | 0.000 -0.055 0.056 0.50
(AV S1 - AV S2) - (AVE S1 - AVE S2) | 0.020 -0.000 0.043 0.97
16 au. | (AVS2-AVS3)- (AVES2-AVES3) | -0.006 | -0.018 0.006 0.17
(AV S1 - AV S3) - (AVE S1 - AVE §3) | 0.014 -0.002 0.033 0.95
(AV S1 - AV S2) - (AVE S1 - AVE §2) | 0.012 -0.079 0.105 0.60
17 deg (AV S2 - AV S3) - (AVE S2 - AVE §3) | -0.02 -0.11 0.08 0.37
(AV S1 - AV S3) - (AVE S1 - AVE S3) | -0.004 -0.064 0.053 0.44

Table 5. Contrasts of the Group: Stage interaction for 13 Metrics from the statistical analysis. Metrics

that showed a significant effect over the different stages (S1, S2, S3) are indicated in bold. Contrasts are

given in the column estimate, with upper (CL.Upper) and lower (CI.Lower) credibility intervals (95%),

and a posterior probability(post.prob). (AV S1 - AV S2) - (AVE S1 - AVE S2) indicates contrasts between
baseline measurement and training measurement, (AV S2 - AV S3) - (AVE S2 - AVE S3) indicates contrasts
between training and recall measurement, (AV S1 - AV S3) - (AVE SI - AVE S3) indicates contrasts between
baseline and recall measurement. Spatial metrics (Metrics 2, 3, 4, 6, 8, 10, 12), Temporal metrics (Metric 13),
Spatiotemporal metrics(Metrics 14, 15, 16, 17). a.u. = arbitrary units, AV = control group, AVE = haptic group,
CI = credibility interval, deg = degrees, S1 = baseline measurement, S2 = training measurement, S3 = recall
measurement.

Training evaluation

Both AV and AVE found the training beneficial for learning fundamental violin movements, though with slight
differences in emphasis. AV appreciated clear explanations and the opportunity to practice basic techniques but
desired more specific feedback and technical explanations. Conversely, AVE found the training instructive and easy
to follow, highlighting specific aspects such as arm movement and correct posture. They suggested improvements
regarding more detailed instructions on holding the bow correctly and a slower pace for teaching basic concepts.
Opverall, both groups felt they gained familiarity with essential techniques for effective violin playing.
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Fig. 10. Metric 2, 3, 14 and 15 in AV and AVE, during baseline, training and recall measurements. The
green line is the median performance of the teacher throughout the entire experiment. a.u. = arbitrary units,
AV = control group, AVE =haptic group, deg=degrees, ED = Euclidian distance, ROM =range of motion,
SPARC =spectral arc length.

Both AV and AVE oftered valuable insights for improving the training structure. AV suggested enhancements
such as incorporating more verbal cues and instructions for holding the instrument and bow, reducing reliance
on visual mirroring, and focusing more on bowing techniques. They emphasized the importance of playtime for
exploration, live feedback, and post-exercise feedback, along with the need for closer attention to holding the
strings and increased repetition for better learning. Conversely, AVE emphasized the importance of interactivity
to check proper posture and receive feedback on bow-violin angle, as well as clearer indications of upcoming
exercises for beginners. They recommended mixing different basic movements and starting with rougher
movements to better understand correct arm and shoulder movements. Suggestions also included incorporating
pauses, longer introductions about holding the violin and bow, and providing verbal feedback. Overall, both
groups recognized the training’s strengths while offering constructive feedback for improvement.

Exoskeleton evaluation (Open Questions)

Participants reported various impediments while using the exoskeleton during violin practice. These included
experiencing mechanical noise during certain movements, such as lifting their arms sideways, since no direct
DoF was incorporated to achieve this movement. Consequently, participants were required to reach this position
through a composite movement. Some found limitations in trunk movement and mobility due to the device’s
design, and the requirement to stand still was noted as uncomfortable, particularly for those with existing lower
back pain. Additionally, concerns were raised about the potential for damaging the device and feeling restricted
in arm movement, along with feedback regarding the need for explicit and supportive assistance from the
exoskeleton. These comments should be interpreted considering that the device is a prototype; thus, the overall
configuration will be adjusted based on user feedback in further experiments.

Despite these considerations, participants expressed positive opinions about the exoskeleton, highlighting
aspects such as the ease of feedback interpretation, assistance with movement rhythm, and correction of posture
during violin playing. They appreciated the novelty and engagement with the technology, noting its potential
to enhance learning experiences and provide additional guidance. However, concerns were raised about the
time-consuming setup process, discomfort from wearing the device, and the perceived weight and bulkiness of
the exoskeleton, which impacted overall freedom of movement and enjoyment. The short familiarization phase
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Fig. 11. The metric values are recorded for each exercise throughout the entire experiment, including
baseline, training and recall measurement. ROM elbow FE (Metric 2) and ROM shoulder AA (Metric 3)

are shown. In Metric 2, performance gradually improves throughout the experiment. In Metric 3, a notable
change is observed in AVE during the training measurement. The green line is the performance of the teacher
throughout the experiment. Baseline (green), training (blue), recall (red). AV = control group, AVE = haptic
group, deg=degrees, ROM =range of motion.

and the overall novelty of the device have contributed to these concerns; a longer session might improve users’
embodiment of the device and reduce discomfort as they become more accustomed to the technology.
Regarding the feedback provided by the exoskeleton, participants generally found it beneficial for executing
tasks, particularly during larger movements and in guiding proper posture and timing. However, some participants
felt that the feedback could be more direct, and that the device lacked subtlety in teaching specific movements.
This be due to trade-offs made during the design phase, particularly the necessity of addressing the main DoFs
involved in the targeted movement (bowing), specifically elbow FE and shoulder AA, which inherently limits
the exoskeleton’s intervention to these joints. Despite varying perceptions of the extent of assistance provided,
participants agreed that the exoskeleton added another informative dimension to learning, offering tangible
support for understanding and executing violin techniques. For full survey results: see Supplementary Materials.

Exoskeleton evaluation (Likert Scales, 1-5)

Overall, participants reported positive experiences, finding the exoskeleton easy to operate and beneficial for
enhancing their expertise and motivation in instrumental training. They generally disagreed with statements
indicating difficulty or rigidity in interaction with the exoskeleton. While concerns about data tracking were not
strongly expressed, participants indicated a strong intention to use the exoskeleton in future learning endeavors.
For full survey results: see Supplementary Materials.
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Fig. 12. The metric values are recorded for each exercise throughout the entire experiment, including baseline,
training and recall measurement. Euclidian distance (ED, Metric 14) and spectral arc length (SPARC, Metric
16) are shown. Metrics 14 and 15 gradually improve throughout the experiment. In Metric 14, a notable and
sudden improvement is observed in AVE during training. The green line is the performance of the teacher
throughout the experiment. Baseline (green), training (blue), recall (red). a.u. = arbitrary units, AV = control
group, AVE =haptic group, deg=degrees, ED = Euclidian distance, SPARC =spectral arc length.

Discussion

Summary and key findings

In this study, 24 participants trained for 20 min by following a video lecture from a professional teacher. The
AVE group received real-time haptic feedback on their movements based on those of the teacher, providing
an additional information channel that could enrich their learning experience, while the AV group received
no haptic guidance. We hypothesized that haptic-assisted training would result in measurable differences in
learning outcomes, as assessed through participant self-assessments, evaluations by a double-blind expert panel,
and a range of quantitative kinematic parameters. Using the kinematic parameters, participants’ performance
was evaluated before, during, and after the training. In contrast, questionnaires were completed by participants
only after the experiment, while experts rated videos of the performances recorded before and after the
training measurements. By combining all these metrics, we obtain a more comprehensive understanding of the
educational impacts of this technology.

Hypothesis 1 was confirmed as a whole, as expert ratings showed a moderate but significant correlation with
both spatial (Metric 2, 4, 6, 8) and spatiotemporal metrics (Metric 14, 15, 16), despite a conservative correction
for multiple comparisons (see Table 2). Interestingly, movement smoothness (Metric 16) correlated with expert
ratings, a metric which is also involved in violin playing expressivity*’.

The metrics that correlated with expert ratings were kept to further unravel the educational potential of the
haptic-assisted training. In addition, metrics related to ROM (Metric 3), rhythm (Metric 13) and variability
(Metric 10, 11 and 12) were included to evaluate the effect of the exoskeleton on kinematics, on temporal metrics,
and on motor learning in general.
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Fig. 13. Self-evaluation ratings of the participants’ panel, with available ratings between 1 and 7. Perceived
improvement: 1=not at all, 7=a lot); Effectiveness Training: 1 =a lot, 7=not at all; Perceived Difficulty: 1=very
difficult, 7 =very easy.

Perceived Improvement

Contrast | estimate | HPD.Lower | HPD.Upper
AV - AVE | -0.40 -1.81 1.09

Effectiveness Training

contrast | estimate | HPD.Lower | HPD.Upper
AV - AVE | 1.77 0.42 4.08
Perceived Difficulty

contrast | estimate | HPD.Lower | HPD.Upper
AV - AVE | -0.3 -1.5 0.9

Table 6. Contrasts of self-evaluation assessment of the violin performances. Available ratings of the
participants’ panel were set between 1 and 7. perceived improvement: 1 =not at all, 7=a lot); effectiveness
training: 1=alot, 7=not at all; perceived difficulty: 1 =very difficult, 7 =very easy. AV = control group,
AVE = haptic group, HPD = highest posterior density.

Based on these metrics, performance quality was measured during haptic-assisted training, thus when the
haptic feedbackis active in the AVE group. Importantly, since the exoskeleton only actuates elbow FE and shoulder
AA, it follows that we cannot expect that all metrics associated with expert ratings will improve. Nevertheless,
during training, a notable improvement can be seen in reproduction of the spatiotemporal bowing patterns as
compared with the teacher (Metric 14 and Metric 16). This improvement is more pronounced in AVE, with a
40% improvement in AVE compared to an 18% improvement in AV in Metric 14, confirming Hypothesis 2.3.
Additionally, a beneficial effect is visible in the ROM of elbow FE (Metric 2) in AVE as compared to AV, as the
ROM increases 6.7 degrees more upon activation of the exoskeleton. The effect on this spatial metric confirms
Hypothesis 2.2. However, we reject Hypothesis 2.1, as we did not find an improvement in any of the temporal
metrics. Therefore, Hypothesis 2 was only partly confirmed (see Tables 4 and 5, and Figs. 10, 11 and 12).

The base levels of AV and AVE were not statistically different. Background in string playing was similar
and negligible before the experiment, MSI scores did not differ significantly, and baseline qualitative metrics
did not differ significantly for none of the used metrics. Consequently, participants can be considered to be
novices at violin playing, thus they can be grouped in the cognitive stage of learning (e.g.,!”?). Given their low
skill level and the challenge of the task, a distinct learning process characterized by significant improvement in
performance over a relatively short time can be anticipated”, in both AV and AVE. In addition, there were no
differences between groups in the perceived improvement of technique before, versus after training, nor in the
perceived difficulty of the exercises, further reducing potential confounders (see Table 6; Fig. 13).
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Therefore, it is remarkable, that based on baseline-recall comparisons between groups, the expert panel rated
the performance of AVE significantly better after training, compared to AV, suggesting that the haptic feedback
had a positive effect on recall (see Table 3), confirming Hypothesis 3.1.

The positive effects of haptic-assisted training were corroborated in part by the quantitative metrics. Metric
14 and 16, both spatiotemporal metrics correlating with expert ratings, improved significantly baseline versus
recall in AVE as compared with AV, with a 62% improvement in AVE compared to an 26% improvement in
AV in Metric 14, confirming Hypothesis 3.4. In addition, Metric 2, a spatial metric describing the ROM of the
elbow FE, improved significantly in AVE relative to AV baseline versus recall, as the ROM increases 6.9 degrees,
confirming Hypothesis 3.3. However, Hypothesis 3.2 was rejected, as we did not find a significant improvement
in the temporal metrics. Therefore, Hypothesis 3 was only partly confirmed (see Tables 4 and 5, and Figs. 10, 11
and 12).

The beneficial effects of the haptic-assisted learning are also reflected in the outcome of the user survey:
self-evaluation ratings showed a significant advantage in the perceived effectiveness of training for learning
the different exercises in the AVE group (see Table 6; Fig. 13). These beneficial effects are further supported
by participants’ descriptions of the added value of the exoskeleton interaction, including ease of feedback
interpretation, assistance with movement rhythm, and correction of posture during violin playing (see
Supplementary Materials).

This convergence of quantitative improvements, expert ratings, and participants’ subjective accounts
reinforces the interpretation that haptic guidance was not only objectively effective but also perceived as
pedagogically beneficial, suggesting potential for integrating exoskeleton technology into instrumental training
contexts.

Comparison with other robot-assisted music education studies

When comparing this study with other explorations in robot-assisted music education, most notably the
MoveMe? and HAGUS!® apparatuses, several similarities emerge. The MoveMe system, for example, adopted
a comparable concept by using prerecorded haptic trajectories derived from an expert performance to guide
students’ movements. That work demonstrated proof of principle, with real-time bidirectional feedback and
suggestions for tracking progress. However, unlike the present study, MoveMe did not include quantitative
motion metrics, preventing direct comparison of learning effects. Nevertheless, participants in both studies
expressed a positive attitude toward haptic feedback, and the qualitative observations in MoveMe also suggested
performance benefits. Similarly, results with the HAGUS device indicated a beneficial influence of haptic
feedback on learning the spatiotemporal aspects of instrumental performance.

Considering the evaluation metrics for skill assessment, comparable strategies have been explored in other
domains, such as surgical training, where kinematic smoothness and trajectory efficiency correlate with expert
ratings of proficiency®®. However, previous music-related MoCap studies, such as D’Amato et al. (2020)*,focused
primarily on static skill classification rather than on longitudinal learning evaluation. A key methodological
contribution of the current study, in contrast, is the establishment of a quantitative frame work that links
expert evaluation with kinematic metrics to assess the learning benefits of haptic-assisted violin training. This
integrative approach enabled the identification of movement features that underpin expert judgment and the use
of these same quantitative indicators to track learning over time.

Limitations in temporal metrics improvement

Although this work confirms the benefits of performance-enhancing feedback on the spatial and spatiotemporal
aspects of a motor learning task!>!6, as compared to the control group, we could not reproduce improved
learning of the temporal aspects, which are nevertheless widely reported in the literature!!.

Potentially, the rhythmical nature of the task might not be challenging enough, given the relatively high MSI
scores of all participants (see Table 1). Indeed, the challenge point framework?® states that the provided challenge
should match the skill of the participant, potentially explaining the lack of improvement of the temporal metrics.

Another potential explanation is linked to the inflated ROM of the shoulder. Indeed, the intervention of the
haptic feedback seems to have a remarkable effect on the AA angles of the shoulder (Metric 3), as participants
seem to increase shoulder use upon activation of the haptic feedback, with a significant increase of the ROM of
shoulder AA of 3.4 degrees in AVE as compared to AV. This effect disappears when the feedback is turned off,
showing even a significant difference between groups in shoulder AA between training and recall measurements,
and between baseline and recall (see Tables 4 and 5, and Figs. 10 and 11). This effect can be explained due to
movement restriction when the exoskeleton suit is in TM, followed by overcompensation and lack of knowledge
about the correct movement characteristics when the exoskeleton suit is in HM.

Interestingly, this effect has been reported in other studies: for instance, in another study on haptic-assisted
training, on a rhythmic lever manipulation task to propel a wheelchair, participants in the haptic guidance group
consistently executed the arm movements with larger amplitudes than the unguided group®.

Consequently, it is possible, that the exoskeleton interferes with the timing of the participants, an effect
also observed by Zondervan et al. (2014), who report aberrant frequencies in a timing task due to inflated
movements of the haptic-guided group®.

A final possibility is that participants might be focused on correct execution of the bowing movements, in
terms of correct use of elbow FE and shoulder AA, distracting them somewhat from the temporal aspects of the
bowing movement.

Finally, the detrimental effects of haptic methods on temporal aspects of movement are also reported in work
featuring performance-degrading haptic feedback’® or continuous rhythmical tasks”!. However, the underlying
causes are poorly understood.
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Considerations for shoulder kinematics and physical hindrances

Considering the spatial metrics, the observation that the exoskeleton induces an unnatural and potentially
unwanted alteration in shoulder kinematics deserves extra attention’?. From the rating correlations, it was
inferred that shoulder kinematics only minimally correlate with expert ratings, which might explain why AVE
scores higher in the qualitative ratings despite potential physical hindrances. However, the possibility that
unnatural behavior is induced with potentially harmful effects in the long run must be ruled out in further
iterations of this study and considered in further improvement of the device.

Potential mechanical interferences also emerged from the user feedback: participants appreciated the added
value of the exoskeleton, but they also noted drawbacks such as mechanical noise, bulkiness, and occasional
restrictions in movement. Integrating these experiential insights into future design iterations will be essential for
translating proof-of-principle success into sustainable learning tools.

Limitations

It is worth noting that there are some limitations in this study. Firstly, it is not clear how much of the improvement
is attributable to the arousal effect (the “wow-effect”) of the technology, as reported in applications of advanced
technology in education’?. It is reasonable to assume that the acclimatization time was not sufficient to temper
participants’ enthusiasm about the device. Consequently, it should be noted that this can be a confounding factor
in the study.

Additionally, participants’ uncontrolled behavior during training might play a significant role in the results
of motor learning. For example, like in*, the slight benefit of AVE over AV in learning the maximum and
minimum speed of the spatiotemporal bowing trajectory might result in unforeseen behavior of participants in
AV. For instance, participants might have sped up at certain points of the bowing trajectory when they observed
they lagged behind the desired position, and this velocity correction might have resulted in higher speed peaks
compared to those in the desired velocity profile.

Also, we presented the same video lesson to both groups, but the teacher was wearing the exoskeleton.
According to the model-observer similarity (MOS) hypothesis, similarity between learner and teacher can
influence learning outcomes”. Consequently, this confounding effect cannot be ruled out.

Additionally, the nominal task to be learned should not be considered the task per se, but rather the execution
of the task with a robotic apparatus, as the use of the device alter the nominal task’s kinematics and dynamics,
owing to inertia and friction effects’?. Consequently, the haptic rendering alter the learners’ perception of the
task’s goals, leading to the adoption of undesired strategies during training, as exemplified by the effect on
shoulder AA. Related to these issues, the improvement after training might also be confounded by mechanisms
related to motor adaptation, rather than motor learning. Further studies should be conducted to determine
whether the technology’s impact was indeed detrimental to learning or positive, by enlarging the control group
and anticipating prolonged use of the technology over more than a single session.

Moreover, we did not include a retention measurement at a later stage. Due to the organizational demands
of this type of research, many studies in this field only assessed short-term learning with recall (catch)
measurements, which were interspersed among training sessions!*!%3, or with immediate recall measurements
right after the training!®7>7®. However, there is evidence that short-term (within a few minutes) and long-term
(24 h or more) retention can vary greatly, particularly when forms of augmented feedback have been used’”~7°.
Therefore, a delayed retention measurement administered at least 24 h after training should be employed to
accurately evaluate motor learning. Therefore, we can only describe the benefits of this technology over a very
short timeframe.

Consequently, we did not measure to what extent participants were able to apply the learned motor skills in a
new similar task, which is an important aspect of motor learning known as motor skill transfer®. Unfortunately,
very few studies in the field of haptic-assisted training administered long-term transfer measurements on an
altered version of the trained tasks®>®, or a real-life task®.

Moreover, the aim of this study was to obtain a detailed insight into the outcome of interaction with the
haptic technology in a learning context, purely on the kinematic level. Therefore, we decided to show videos
without sound to the experts. However, in future work, evaluation of the audio will be added to the analysis
since, in this study, only kinematic aspects are evaluated.

Finally, it must be noted that the population size is limited, which constrains the generalizability of the results
and is further compounded by the inclusion of only male participants. Thus, although significant effects were
observed, the small sample size limits the statistical power to detect more subtle effects, particularly in temporal
metrics. Future work with larger, mixed-sex cohorts and formal power analyses will be essential to confirm and
extend these findings.

Conclusion

This study is the first to explore the use of an upper-limb wearable robot for teaching violin technique to
novices through haptic-assisted training. The educational potential of this technology was evaluated using a
comprehensive array of quantitative and qualitative metrics, providing a detailed understanding of its learning
effects and areas for improvement.

The beneficial effects of haptic-assisted learning were reflected in the assessment by a double-blind expert
panel, which indicated that participants who trained with the exoskeleton outperformed the control group during
a recall measurement. In addition, a selection of spatiotemporal and spatial metrics related to bowing technique
improved significantly during haptic-assisted training, with persisting gains during recall. These results suggest
potential learning benefits from the technology, which were also corroborated by qualitative user assessments.

The multimodal evaluation of the technology also revealed some subtle effects of haptic-assisted training.
Notably, the exoskeleton appeared to interfere with natural movement patterns, particularly in shoulder ROM,
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warranting further investigation. Importantly, the quantitative framework linking expert judgment with
kinematic metrics enabled the identification of specific kinematic features that underpin musical proficiency
and allowed these indicators to track learning over time. This approach provides a transferable tool for assessing
motor skill acquisition in haptic-assisted learning.

However, several limitations, including the small sample size and the lack of long-term retention
measurements, caution against drawing definitive conclusions about causality.

Despite these limitations, the study provides valuable insights into the potential of haptic-assisted learning for
motor skill acquisition in music education. Future research should address the identified mobility constraints,
expand the sample size, and include long-term retention and transfer measurements to better evaluate the
technology’s sustained impact. These next steps will be essential for refining haptic-assisted learning technology
and realizing their potential to enhance motor skill acquisition across diverse fields.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author on
reasonable request.

Received: 22 February 2025; Accepted: 3 February 2026
Published online: 04 March 2026

References

1. Levac, D. E., Huber, M. E. & Sternad, D. Learning and transfer of complex motor skills in virtual reality: a perspective review. J.
Neuroeng. Rehabil. 16 (1, 121, ). https://doi.org/10.1186/s12984-019-0587-8 (2019).

2. Marchal-Crespo, L. & Reinkensmeyer, D. J. Review of control strategies for robotic movement training after neurologic injury. J.
Neuroeng. Rehabil. 6 (1). https://doi.org/10.1186/1743-0003-6-20 (2009).

3. Sigrist, R., Rauter, G., Riener, R. & Wolf Augmented visual, auditory, haptic, and multimodal feedback in motor learning: A review.
Psychon Bull. Rev. 20 (1), 21-53. https://doi.org/10.3758/S13423-012-0333-8 (2013).

4. Volta, E. & Stefano, N. D. Using wearable sensors to study musical experience: A systematic review. Sens. (Basel). 24, 17, (Se).
https://doi.org/10.3390/524175783 (2024).

5. Ivanova, E,, Eden, J., Carboni, G., Kriiger, ]. & Burdet, E. Interaction with a reactive partner improves learning in contrast to passive
guidance, 123AD, https://doi.org/10.1038/s41598-022-18617-7

6. Sigrist, R., Rauter, G., Riener, R. & Wolf Augmented visual, auditory, haptic, and multimodal feedback in motor learning: A review,
https://doi.org/10.3758/s13423-012-0333-8

7. Lokesh, R. et al. Control of movement visual accuracy dominates over haptic speed for state Estimation of a partner during
collaborative sensorimotor interactions. https://doi.org/10.1152/jn.00053.2023 (2023).

8. Short, M. R. et al. Haptic Human-Human interaction during an ankle tracking task: effects of virtual connection stiffness. IEEE
Trans. Neural Syst. Rehabil. Eng. 31, 3864-3873. https://doi.org/10.1109/TNSRE.2023.3319291 (2023).

9. Koritnik, T., Koenig, A., Bajd, T., Riener, R. & Munih, M. Comparison of visual and haptic feedback during training of lower
extremities. Gait Posture. 32, 4, 540-546. https://doi.org/10.1016/j.gaitpost.2010.07.017 (2010).

10. Kiguktabak, E. B., Kim, S. J., Wen, Y., Lynch, K. & Pons, J. L. Human-machine-human interaction in motor control and
rehabilitation: a review. J. Neuroeng. Rehabil. 18 (1, 183, ). https://doi.org/10.1186/s12984-021-00974-5 (2021).

11. Basalp, E., Wolf & Marchal-Crespo, L. Haptic training: which types facilitate (re)Learning of which motor task and for whom?
Answers by a review. IEEE Trans. Haptics. 14 (4), 722-739. https://doi.org/10.1109/TOH.2021.3104518 (2021).

12. Bluteau, J., Coquillart, S., Payan, Y. & Gentaz, E. Haptic guidance improves the visuo-manula tracking of trajectories. PLoS One. 3
(3). https://doi.org/10.1371/JOURNAL.PONE.0001775 (2008).

13. Sigrist, R., Rauter, G., Marchal-Crespo, L., Riener, R. & Wolf Sonification and haptic feedback in addition to visual feedback
enhances complex motor task learning. Exp. Brain Res. 233, 3, 909-925. https://doi.org/10.1007/S00221-014-4167-7 (2015).

14. Lewiston, C. E. MaGKeysS: a haptic guidance keyboard system for facilitating sensorimotor training and rehabilitation, Accessed,
2024. [Online]. (2009). Available: https://dspace.mit.edu/handle/1721.1/47851

15. Beets, I. A. M. et al. Active versus passive training of a complex bimanual task: is prescriptive proprioceptive information sufficient
for inducing motor learning? PLoS One. 7, 5, €37687. https://doi.org/10.1371/JOURNAL.PONE.0037687 (2012).

16. GrindlayG Haptic guidance benefits musical motor learning. Symp. Haptics Interfaces Virtual Environ. Teleoperator Syst. 2008 -
Proc. Haptics (397-404). https://doi.org/10.1109/HAPTICS.2008.4479984 (2008).

17. Marchal-Crespo, L., Rappo, N. & Riener, R. The effectiveness of robotic training depends on motor task characteristics. Exp. Brain
Res. 235, 12, 3799-3816. https://doi.org/10.1007/S00221-017-5099-9 (2017).

18. Rauter, G,, Sigrist, R., Riener, R. & Wolf Learning of Temporal and Spatial movement aspects: A comparison of four types of haptic
control and concurrent visual feedback. IEEE Trans. Haptics. 8 (4), 421-433. https://doi.org/10.1109/TOH.2015.2431686 (2015).

19. Crespo, L. & Reinkensmeyer, D. Haptic guidance can enhance motor learning of a steering task. J. Mot Behav. 40, 6, 545-557.
https://doi.org/10.3200/JMBR.40.6.545-557 (2008).

20. Marchal-Crespo, L., McHughen, S., Cramer, S. C. & Reinkensmeyer, D. J. The effect of haptic guidance, aging, and initial skill level
on motor learning of a steering task. Exp. Brain Res. 201, 2, 209-220. https://doi.org/10.1007/500221-009-2026-8 (2010).

21. Marchal-Crespo, L., Van Raai, M., Rauter, G., Wolf & Riener, R. The effect of haptic guidance and visual feedback on learning a
complex tennis task. Exp. Brain Res. 231, 3, 277-291. https://doi.org/10.1007/S00221-013-3690-2 (2013).

22. Duarte, J. E. & Reinkensmeyer, D. J. Effects of robotically modulating kinematic variability on motor skill learning and motivation.
J. Neurophysiol. 113, 7, 2682-2691. https://doi.org/10.1152/JN.00163.2014 (2015).

23. Liittgen, J. & Heuer, H. The influence of haptic guidance on the production of spatio-temporal patterns. Hum. Mov. Sci. 31, 3,
519-528. https://doi.org/10.1016/j.humov.2011.07.002 (2012).

24. Marchal-Crespo, L., Schneider, J., Jaeger, L. & Riener, R. Learning a locomotor task: with or without errors? J. Neuroeng. Rehabil.
11 (1). https://doi.org/10.1186/1743-0003-11-25 (2014).

25. Lee, H. & Choi, S. Combining haptic guidance and haptic disturbance: An initial study of hybrid haptic assistance for virtual
steering task, IEEE Haptics Symposium, HAPTICS, 159-165. https://doi.org/10.1109/HAPTICS.2014.6775449 (2014).

26. Milot, M. H., Marchal-Crespo, L., Green, C. S., Cramer, S. C. & Reinkensmeyer, D. J. Comparison of error-amplification and
haptic-guidance training techniques for learning of a timing-based motor task by healthy individuals. Exp. Brain Res. 201, 2,
119-131. https://doi.org/10.1007/s00221-009-2014-z (2010).

27. Guadagnoli, M. A. & Lee, T. D. Challenge point: A framework for conceptualizing the effects of various practice conditions in
motor learning. J. Mot Behav. 36, 2, 212-224. https://doi.org/10.3200/JMBR.36.2.212-224 (2004).

28. O’Modhrain, S. & Gillespie, R. B. Once More, with Feeling: Revisiting the Role of Touch in Performer-Instrument Interaction 11-27 (
Springer, 2018). https://doi.org/10.1007/978-3-319-58316-7_2

Scientific Reports |

(2026) 16:13639 | https://doi.org/10.1038/s41598-026-39226-8 nature portfolio


https://doi.org/10.1186/s12984-019-0587-8
https://doi.org/10.1186/1743-0003-6-20
https://doi.org/10.3758/S13423-012-0333-8
https://doi.org/10.3390/S24175783
https://doi.org/10.1038/s41598-022-18617-7
https://doi.org/10.3758/s13423-012-0333-8
https://doi.org/10.1152/jn.00053.2023
https://doi.org/10.1109/TNSRE.2023.3319291
https://doi.org/10.1016/j.gaitpost.2010.07.017
https://doi.org/10.1186/s12984-021-00974-5
https://doi.org/10.1109/TOH.2021.3104518
https://doi.org/10.1371/JOURNAL.PONE.0001775
https://doi.org/10.1007/S00221-014-4167-7
https://dspace.mit.edu/handle/1721.1/47851
https://doi.org/10.1371/JOURNAL.PONE.0037687
https://doi.org/10.1109/HAPTICS.2008.4479984
https://doi.org/10.1007/S00221-017-5099-9
https://doi.org/10.1109/TOH.2015.2431686
https://doi.org/10.3200/JMBR.40.6.545-557
https://doi.org/10.1007/S00221-009-2026-8
https://doi.org/10.1007/S00221-013-3690-2
https://doi.org/10.1152/JN.00163.2014
https://doi.org/10.1016/j.humov.2011.07.002
https://doi.org/10.1186/1743-0003-11-25
https://doi.org/10.1109/HAPTICS.2014.6775449
https://doi.org/10.1007/s00221-009-2014-z
https://doi.org/10.3200/JMBR.36.2.212-224
https://doi.org/10.1007/978-3-319-58316-7_2
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Fujii, K., Russo, S. S., Maes & Rekimoto, J. MoveMe: 3D haptic support for a musical instrument, ACM International Conference
Proceeding Series. 16-19, https://doi.org/10.1145/2832932.2832947 (2015).

Wieringa, R. Empirical research methods for technology validation: scaling up to practice. J. Syst. Softw. 95, 19-31. https://doi.org
/10.1016/].JSS.2013.11.1097 (2014).

Michatko, A., Campo, A., Nijs, L., Leman, M. & Van Dyck, E. Toward a meaningful technology for instrumental music education:
teachers’ voice. Front. Educ. (Lausanne). 7, 1027042. https://doi.org/10.3389/feduc.2022.1027042 (2022).

Nijs, L. & Leman, M. Interactive technologies in the instrumental music classroom: A longitudinal study with the music paint
machine. Comput. Educ. 73, 40-59. https://doi.org/10.1016/j.compedu.2013.11.008 (2014).

D’Amato, V. et al. Understanding violin players’ skill level based on motion capture: a Data-Driven perspective. Cognit Comput. 12
(6), 1356-1369. https://doi.org/10.1007/s12559-020-09768-8 (2020).

Rehmat, N. et al. Upper limb rehabilitation using robotic exoskeleton systems: a systematic review. Int. J. Intell. Robot Appl. 2 (Se),
3, 283-295. https://doi.org/10.1007/s41315-018-0064-8 (2018).

Provenzale, C., Di Stefano, N., Noccaro, A. & Taffoni, F Assessing the bowing technique in violin beginners using MIMU and
optical proximity sensors: A feasibility study. Sensors 21, 17, (5817). https://doi.org/10.3390/s21175817 (2021).

Vamvakousis, Z., Perez, A. & Ramirez, R. Acquisition of violin instrumental gestures using an infrared depth camera. https://doi.
org/10.5281/zenodo.1422548 (2018).

Visentin, S., Li, G., Tardif & Shan, G. Unraveling mysteries of personal performance style; biomechanics of left-hand position
changes (shifting) in violin performance. Peer] 3, 10, €1299. https://doi.org/10.7717/peerj.1299 (2015).

Konczak, J., Vander Velden, H. & Jaeger, L. Learning to play the violin: motor control by freezing, not freeing degrees of freedom.
J. Mot Behav. 41, 3, 243-252. https://doi.org/10.3200/JMBR.41.3.243-252 (2009).

Talebi, M., Campo, A., Aarts, N. & Leman, M. Influence of musical context on sensorimotor synchronization in classical Ballet solo
dance. PLoS Orne. 18, 4, (0284387). https://doi.org/10.1371/JOURNAL.PONE.0284387 (2023).

Campo, A. et al. The assessment of presence and performance in an AR environment for motor imitation learning: A case-study
on violinists, Comput Human Behav, 146 https://doi.org/10.1016/].CHB.2023.107810 2023).

Ancillao, A., Savastano, B., Galli, M. & Albertini, G. Three dimensional motion capture applied to violin playing: A study on
feasibility and characterization of the motor strategy. Comput. Methods Programs Biomed. 149, 19-27. https://doi.org/10.1016/j.c
mpb.2017.07.005 (2017).

Gonzalez-Sanchez, V., Dahl, S., Hatfield, J. L. & Godoy, R. I. Characterizing movement fluency in musical performance: Toward a
generic measure for technology enhanced learning, Front Psychol. 10, 84. https://doi.org/10.3389/FPSYG.2019.00084 (2019).
Stefano, N. D. et al. Expressivity attributed to music affects the smoothness of bowing movements in violinists. Sci. Rep. 14 (1,
22267, ). https://doi.org/10.1038/s41598-024-73593-4 (2024).

Michatko, A., Di Stefano, N., Campo, A. & Leman, M. Enhancing human-human musical interaction through kinesthetic haptic
feedback using wearable exoskeletons: theoretical foundations, validation scenarios, and limitations. Front. Psychol. 15 (1327992).
https://doi.org/10.3389/FPSYG.2024.1327992 (2024).

Liittgen, J. & Heuer, H. Robotic guidance benefits the learning of dynamic, but not of Spatial movement characteristics. Exp. Brain
Res. 222 (1-2), 1-9. https://doi.org/10.1007/s00221-012-3190-9 (2012).

Home, C. O.N. B. O. T. S. [Online]. Available: https://www.conbots.eu/

Pacifico, I. et al. An Experimental Evaluation of the Proto-MATE: A Novel Ergonomic Upper-Limb Exoskeleton to Reduce
Workers’ Physical Strain, IEEE Robot Autom Mag, 27, 54-65, [Online]. (2020). Available: https://api.semanticscholar.org/CorpusI
D:212758870

Peperoni, E. et al. Enhancing motor synchrony in rhythmic dyadic tasks through portable elbow exoskeletons. IEEE Robot Autom.
Lett. 10, 10, 10226-10233. https://doi.org/10.1109/LRA.2025.3597511 (2025).

Miillensiefen, D., Gingras, B., Musil, J. & Stewart, L. The musicality of non-musicians: an index for assessing musical sophistication
in the general population. PLoS One. 9, 2, €89642. https://doi.org/10.1371/journal.pone.0089642 (2014).

Qualisys Animation Marker Set. Accessed: 10, 2025. [Online]. Available: https://docs.qualisys.com/qtm/content/processing_meas
urement/skeleton_marker_set_animation.htm

Di Tommaso, E, Noccaro, A., Formica, D., Tagliamonte, N. L. & and Central control software: an Open-Source platform for
seamless integration of experimental setup in Human-Centered research applications. IEEE Access. 12, 158546-158560. https://d
0i.org/10.1109/ACCESS.2024.3487500 (2024).

Campo, A., Van Kerrebroeck, B. & Leman, M. MC-AR — A software suite for comparative Mocap analysis in an augmented reality
environment. Softw. Impacts. 19, 100605. https://doi.org/10.1016/j.simpa.2023.100605 (2024).

Campo, A., Michatko, A., Van Kerrebroeck, B. & Leman, M. Dataset for the assessment of presence and performance in an
augmented reality environment for motor imitation learning: A case-study on violinists. Data Brief. 51 (109663 ). https://doi.org/1
0.1016/].DIB.2023.109663 (2023).

Grood, E. S. & Suntay, W. J. A joint coordinate system for the clinical description of three-dimensional motions: application to the
knee. J. Biomech. Eng. 105 (2), 136-144. https://doi.org/10.1115/1.3138397 (1983).

Stokdijk, M., Nagels, J. & Rozing, M. The glenohumeral joint rotation centre in vivo. J. Biomech. 33, 12, 1629-1636. https://doi.org
/10.1016/S0021-9290(00)00121-4 (2000).

Wu, G. et al. ISB recommendation on definitions of joint coordinate systems of various joints for the reporting of human joint
motion - Part II: Shoulder, elbow, wrist and hand. J. Biomech. 38, 5, 981-992. https://doi.org/10.1016/j.jbiomech.2004.05.042
(2005).

Alt Murphy, M. & Higer, C. K. Kinematic analysis of the upper extremity after stroke — how Far have we reached and what have
we grasped? Phys. Therapy Reviews. 20, 3, 137-155. https://doi.org/10.1179/1743288X15Y.0000000002 (2015).

Knaut, L. A., Subramanian, S. K., McFadyen, B. J., Bourbonnais, D. & Levin, M. E. Kinematics of pointing movements made in
a virtual versus a physical 3-dimensional environment in healthy and stroke subjects. Arch. Phys. Med. Rehabil. 90 (5), 793-802.
https://doi.org/10.1016/].APMR.2008.10.030 (2009).

Powell, D. & O’Malley, M. K. The task-dependent efficacy of shared-control haptic guidance paradigms. IEEE Trans. Haptics. 5, 3,
208-219. https://doi.org/10.1109/TOH.2012.40 (2012).

Shadmehr, R. & Holcomb, H. H. Neural correlates of motor memory consolidation. Sci. (1979). 277, 5327, 821-825. https://doi.or
¢/10.1126/SCIENCE.277.5327.821 (1997).

Su, E. L. M. et al. Effect of grip force and training in unstable dynamics on micromanipulation accuracy. IEEE Trans. Haptics. 4, 3,
167-174. https://doi.org/10.1109/TOH.2011.33 (2011).

Williams, C. K., Tremblay, L. & Carnahan, H. It pays to go off-track: Practicing with error-augmenting haptic feedback facilitates
learning of a curve-tracing task, Front Psychol. 7, 2016. https://doi.org/10.3389/FPSYG.2016.02010 (2010).

Sigrist, R., Rauter, G., Riener, R. & Wolf Terminal feedback outperforms concurrent visual, auditory, and haptic feedback in
learning a complex rowing-type task. J. Mot Behav. 45 (6), 455-472. https://doi.org/10.1080/00222895.2013.826169 (2013).
Balasubramanian, S., Melendez-Calderon, A., Roby-Brami, A. & Burdet, E. On the analysis of movement smoothness. J. Neuroeng.
Rehabil. 12 (1), 1-11. https://doi.org/10.1186/s12984-015-0090-9 (2015).

Schmidt, R. A,, Lee, T. D., Winstein, C., Wulf, G. & Zelaznik, H. N. Motor Control and Learning: A Behavioral Emphasis, 6th
Edition, 51. Champaign, IL: Human Kinetics, https://doi.org/10.1249/01.mss.0000550736.00894.1f (2019).

Biirkner, C. Brms: an R package for bayesian multilevel models using Stan. J. Stat. Softw. 80, 1-28. https://doi.org/10.18637/]JSS.V
080.101 (2017).

Scientific Reports |

(2026) 16:13639 | https://doi.org/10.1038/s41598-026-39226-8 nature portfolio


https://doi.org/10.1145/2832932.2832947
https://doi.org/10.1016/J.JSS.2013.11.1097
https://doi.org/10.1016/J.JSS.2013.11.1097
https://doi.org/10.3389/feduc.2022.1027042
https://doi.org/10.1016/j.compedu.2013.11.008
https://doi.org/10.1007/s12559-020-09768-8
https://doi.org/10.1007/s41315-018-0064-8
https://doi.org/10.3390/s21175817
https://doi.org/10.5281/zenodo.1422548
https://doi.org/10.5281/zenodo.1422548
https://doi.org/10.7717/peerj.1299
https://doi.org/10.3200/JMBR.41.3.243-252
https://doi.org/10.1371/JOURNAL.PONE.0284387
https://doi.org/10.1016/J.CHB.2023.107810
https://doi.org/10.1016/j.cmpb.2017.07.005
https://doi.org/10.1016/j.cmpb.2017.07.005
https://doi.org/10.3389/FPSYG.2019.00084
https://doi.org/10.1038/s41598-024-73593-4
https://doi.org/10.3389/FPSYG.2024.1327992
https://doi.org/10.1007/s00221-012-3190-9
https://www.conbots.eu/
https://api.semanticscholar.org/CorpusID:212758870
https://api.semanticscholar.org/CorpusID:212758870
https://doi.org/10.1109/LRA.2025.3597511
https://doi.org/10.1371/journal.pone.0089642
https://docs.qualisys.com/qtm/content/processing_measurement/skeleton_marker_set_animation.htm
https://docs.qualisys.com/qtm/content/processing_measurement/skeleton_marker_set_animation.htm
https://doi.org/10.1109/ACCESS.2024.3487500
https://doi.org/10.1109/ACCESS.2024.3487500
https://doi.org/10.1016/j.simpa.2023.100605
https://doi.org/10.1016/J.DIB.2023.109663
https://doi.org/10.1016/J.DIB.2023.109663
https://doi.org/10.1115/1.3138397
https://doi.org/10.1016/S0021-9290(00)00121-4
https://doi.org/10.1016/S0021-9290(00)00121-4
https://doi.org/10.1016/j.jbiomech.2004.05.042
https://doi.org/10.1179/1743288X15Y.0000000002
https://doi.org/10.1016/J.APMR.2008.10.030
https://doi.org/10.1109/TOH.2012.40
https://doi.org/10.1126/SCIENCE.277.5327.821
https://doi.org/10.1126/SCIENCE.277.5327.821
https://doi.org/10.1109/TOH.2011.33
https://doi.org/10.3389/FPSYG.2016.02010
https://doi.org/10.1080/00222895.2013.826169
https://doi.org/10.1186/s12984-015-0090-9
https://doi.org/10.1249/01.mss.0000550736.00894.1f
https://doi.org/10.18637/JSS.V080.I01
https://doi.org/10.18637/JSS.V080.I01
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

67. Biirkner, C. Advanced bayesian multilevel modeling with the R package Brms. R J. 10, 1, 395-411. https://doi.org/10.32614/rj-201
8-017 (2018).

68. Levin, M., McKechnie, T., Khalid, S., Grantcharov, T. & Goldenberg, M. Automated methods of technical skill assessment in
surgery: A systematic review. J. Surg. Educ. 76 (6), 1629-1639. https://doi.org/10.1016/j.jsurg.2019.06.011 (2019).

69. Zondervan, D. K., Duarte, ]. E., Rowe, J. B. & Reinkensmeyer, D. J. Time flies when you are in a groove: using entrainment to
mechanical resonance to teach a desired movement distorts the perception of the movement’s timing. Exp. Brain Res. 232, 3,
1057-1070. https://doi.org/10.1007/S00221-013-3819-3 (2014).

70. Marchal-Crespo, L., Michels, L., Jaeger, L., Lopez-Olériz, J. & Riener, R. Effect of Error Augmentation on Brain Activation and
Motor Learning of a Complex Locomotor Task, Front Neurosci. 11, https://doi.org/10.3389/fnins.2017.00526 (2017).

71. Marchal-Crespo, L., Bannwart, M., Riener, R. & Vallery, H. The effect of haptic guidance on learning a hybrid rhythmic-discrete
motor task. IEEE Trans. Haptics. 8, 2, 222-234. https://doi.org/10.1109/TOH.2014.2375173 (2015).

72. Basteris, A., Bracco, L. & Sanguineti, V. Robot-assisted intermanual transfer of handwriting skills. Hum. Mov. Sci. 31, 5, 1175-1190.
https://doi.org/10.1016/j.humov.2011.12.006 (2012).

73. Makransky, G., Terkildsen, T. S. & er, R. E. Adding immersive virtual reality to a science lab simulation causes more presence but
less learning. Learn. Instr. 60, 225-236. https://doi.org/10.1016/j.learninstruc.2017.12.007 (2019).

74. Schunk, D. H. Peer models and children’s behavioral change. Rev. Educ. Res. 57, 2, (149). https://doi.org/10.2307/1170234 (1987).

75. Liittgen, J. & Heuer, H. The influence of robotic guidance on different types of motor timing. J. Mot Behav. 45, 3, 249-258. https://
doi.org/10.1080/00222895.2013.785926 (2013).

76. Marchal-Crespo, L., Baumann, T., Imobersteg, M., Maassen, S. & Riener, R. Experimental evaluation of a mixed controller that
amplifies Spatial errors and reduces timing errors. Front. Rob. Al 4 (238102). https://doi.org/10.3389/FROBT.2017.00019 (2017).

77. Winstein, C. J., Pohl, S. & Lewthwaite, R. Effects of physical guidance and knowledge of results on motor learning: support for the
guidance hypothesis. Res. Q. Exerc. Sport. 65 (4), 316-323. https://doi.org/10.1080/02701367.1994.10607635 (1994).

78. Hagman, J. D. Presentation- and test-trial effects on acquisition and retention of distance and location. J. Exp. Psychol. Learn. Mem.
Cogn. 9, 2, 334-345. https://doi.org/10.1037/0278-7393.9.2.334 (1983).

79. Cecilio-Fernandes, D., Cnossen, E, Coster, J., Jaarsma, A. & Tio, R. A. (eds), The Effects of Expert and Augmented Feedback on
Learning a Complex Medical Skill, Percept Mot Skills, 127, 4, 766-784, (2020). https://doi.org/10.1177/0031512520914680

80. Marchal-Crespo, L., Tsangaridis, D., Obwegeser, S., Maggioni & Riener, R. Haptic error modulation outperforms visual error
amplification when learning a modified gait pattern. Front. Neurosci. 13 (399953). https://doi.org/10.3389/FNINS.2019.00061
(2019).

Acknowledgements

This research was made possible thanks to the H2020/ICT European project: “CONnected through roBOTS:
Physically Coupling Humans to Boost Handwriting and Music Learning” (CONBOTS) (grant agreement no.
871803; call topic ICT-09-2019-2020) and the Methusalem project at IPEM (UGent, BOF, FWO). We thank Dr.
Bart Moens for technical assistance.

Author contributions
A.C. wrote the main manuscript text. All authors participated in designing and performing the experiments. All
authors reviewed the manuscript.

Declarations

Competing interests

Iuvo, a spin-off company of Scuola Superiore SantAnna (SSSA) and its BioRobotics Institute in Pisa,
contributed to the development of the exoskeleton used in this study. However, the authors maintained full
independence over the study’s design, data collection, and analysis, ensuring that all findings are reported
impartially. All other authors have no conflicts of interest.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/1
0.1038/541598-026-39226-8.

Correspondence and requests for materials should be addressed to A.C.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party material in this article are included in the article’s
Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy
of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2026

Scientific Reports |

(2026) 16:13639 | https://doi.org/10.1038/s41598-026-39226-8 nature portfolio


https://doi.org/10.32614/rj-2018-017
https://doi.org/10.32614/rj-2018-017
https://doi.org/10.1016/j.jsurg.2019.06.011
https://doi.org/10.1007/S00221-013-3819-3
https://doi.org/10.3389/fnins.2017.00526
https://doi.org/10.1109/TOH.2014.2375173
https://doi.org/10.1016/j.humov.2011.12.006
https://doi.org/10.1016/j.learninstruc.2017.12.007
https://doi.org/10.2307/1170234
https://doi.org/10.1080/00222895.2013.785926
https://doi.org/10.1080/00222895.2013.785926
https://doi.org/10.3389/FROBT.2017.00019
https://doi.org/10.1080/02701367.1994.10607635
https://doi.org/10.1037/0278-7393.9.2.334
https://doi.org/10.1177/0031512520914680
https://doi.org/10.3389/FNINS.2019.00061
https://doi.org/10.1038/s41598-026-39226-8
https://doi.org/10.1038/s41598-026-39226-8
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/scientificreports

	﻿Haptic feedback in violin education as a case study of robotic exoskeleton-mediated motor learning
	﻿Haptic-Assisted training
	﻿Metrics for violin playing performance
	﻿Study description
	﻿Research hypotheses
	﻿Materials and methods
	﻿Exoskeleton technology
	﻿Exoskeleton characteristics
	﻿Exoskeleton control strategy


	﻿Audiovisual material
	﻿Training video
	﻿Baseline and recall videos

	﻿Measurement protocol
	﻿Ethical approval
	﻿Participants
	﻿Experimental workflow
	﻿Familiarization phase and baseline measurement
	﻿Training
	﻿Recall measurement and questionnaires


	﻿Data acquisition
	﻿Expert panel
	﻿Questionnaires
	﻿Multimodal data acquisition

	﻿Data analysis
	﻿Motion capture data and performance metrics
	﻿Statistical analysis



