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Abstract: Background/Objectives: Gait retraining is widely used in orthopedic rehabil-
itation to address abnormal movement patterns. However, retaining walking modifica-
tions can be challenging without guidance from physical therapists. Real-time auditory
biofeedback can help patients learn and maintain gait alterations. This study piloted the
feasibility of the musification of feedback to medialize the center of pressure (COP). Meth-
ods: To provide musical feedback, COP and plantar pressure were captured in real time at
100 Hz from a wireless 16-sensor pressure insole. Twenty healthy subjects (29 ± 5 years old,
75.9 ± 10.5 Kg, 1.73 ± 0.07 m) were recruited to walk using this system and were further
analyzed via marker-based motion capture. A lowpass filter muffled a pre-selected music
playlist when the real-time center of pressure exceeded a predetermined lateral threshold.
The only instruction participants received was to adjust their walking to avoid the muffling
of the music. Results: All participants significantly medialized their COP (−9.38% ± 4.37,
range −2.3% to −19%), guided solely by musical feedback. Participants were still able to
reproduce this new walking pattern when the musical feedback was removed. Importantly,
no significant changes in cadence or walking speed were observed. The results from a
survey showed that subjects enjoyed using the system and suggested that they would
adopt such a system for rehabilitation. Conclusions: This study highlights the potential
of musical feedback for orthopedic rehabilitation. In the future, a portable system will
allow patients to train at home, while clinicians could track their progress remotely through
cloud-enabled telemetric health data monitoring.

Keywords: biofeedback; sonification; gait retraining; plantar pressure

1. Introduction
Musculoskeletal conditions on the lower extremities, such as osteoarthritis, fracture,

and joint instability, often lead to gait impairments [1–3]. Walking is a fundamental func-
tional activity and an important indicator of general health. Therefore, these impairments
will significantly impact the patient’s mobility, overall functional capacity, and quality of
life [4].

Gait training is widely used in orthopedic rehabilitation to address specific biome-
chanical concerns and improve the walking pattern. The primary goal varies according to
the musculoskeletal disorder and the individualized aspects of the patient. For example,
in patients with knee osteoarthritis, the end goal is to reduce joint loading and alleviate
pain [2]. For lower limb arthroplasties, one concern is symmetry between sides, reflecting
step-length and stance-time discrepancies [5,6]. For patients with chronic ankle instability,
the target is the altered center of pressure (COP) location, which increases their risk of
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ankle sprain [7]. Gait training can also be used as a preventive tool for healthy individuals
to avoid overuse running injuries, such as patellofemoral pain syndrome and tibial stress
injuries [8,9].

Auditory, visual, and haptic feedback are emerging strategies that support patients to
independently perceive and adjust their performance [1,2,5,8,10]. While visual feedback
is commonly utilized in research [8], auditory feedback can be delivered continuously
without constraining body movement or visual focus, making it a more suitable option
for field applications. The translation of movement data into sound, known as movement
sonification, is clinically relevant because it facilitates rapid motor learning and allows daily
home-based training [10–12]. The auditory system’s ability to properly perceive rhythm,
meter, and time-dependent changes enhances the effectiveness of auditory feedback, par-
ticularly in gait-related interventions [13–15]. Additionally, a study showed that auditory
feedback improved the integration of the proprioceptive sensory system, with gradual
increases in its reliance, further contributing to motor learning [16].

Research on auditory feedback has increased over the past years, but only a few
applied it to orthopedic conditions. Auditory feedback has been well accepted by pa-
tients with joint replacement, and it significantly changed patients’ gait parameters—speed,
stride length, and stance phase [5,14,17]. Our team recently published a case study
that employed auditory feedback to enhance ankle fracture post-surgery rehabilitation,
showing improvements in foot rollover and total force distribution [18]. Previously,
two studies from our lab successfully used auditory feedback to medialize plantar pres-
sure through an auditory cue and indirectly reduce medial knee joint loading in healthy
individuals [19,20]. Preliminary data from a clinical trial (NCT02955225) show that the
same system is able to medialize plantar pressure and reduce medial knee loading in
patients with knee osteoarthritis, but to a much lesser extent [21]. A similar auditory
system was successfully applied to patients with chronic ankle instability [22]. In this
context, further research is necessary to comprehend the potential of auditory feedback on
orthopedic rehabilitation.

Personalization of biofeedback plays an important role in the treatment’s success.
Real-time biofeedback is often applied, as it is tailored to the patient’s condition, addressing
necessary changes in performance or in the results [10]. Music also contributes to the
personalization of rehabilitation while improving motor learning. Furthermore, music
is known to encourage exercise and long-term rehabilitation by activating reward- and
emotion-associated neural systems and eliciting pleasurable sensations [23–25]. Music has
been used to gait retrain runners [26], but it has not yet been employed with orthopedic
clinical populations.

Differing from previous studies, we employed sophisticated sonification that applies
biofeedback in the form of alterations to music, shifting to a more appealing and engaging
mode of feedback to a future clinical population. In addition to describing the technical
approach, our main goal in this study was to understand whether healthy individuals shift
their center of pressure (COP) medially while walking based solely on musical feedback
without specific verbal instructions. Further, we evaluated changes to walking spatiotem-
poral parameters, as well as participants’ qualitative ratings of the musical feedback system.
We hypothesized that the participants would shift their gait line medially when cued by
musical feedback.

2. Materials and Methods
2.1. Study Design

We performed a pilot study to test the efficacy of the proposed musical feedback
system, comparing gait data at four time points: warm-up, the post-warm-up baseline,
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during training, and post-training. Once consented, the participants were asked to choose
songs from a playlist of popular songs (see Supplementary Material S1) based on their
preferences and those they found most motivating for exercise. Then, the participants were
fitted for the correct size of a wireless pressure-sensing insole (Insole3–Moticon, OpenGo,
Munich, Germany) and a standardized test shoe (Adidas VRX Low model DB3176, Adidas,
Portland, OR, USA). The participants walked overground in an elongated figure-8 shape
approximately 12 m long by 3 m wide for ten minutes to warm up the insoles and collect
baseline COP data. After warming up, individual straight-path walking trials without
musical feedback were performed to track participants’ movements using a 23-camera
optical motion capture system (Qualisys AB, Gothenburg, Sweden) and pressure-sensing
insoles. Before the training session, the participants were instructed on the musical feedback
to avoid muffling the sound, and they were encouraged to walk in a way that would be
perceived as normal from another person’s perspective. When participants were confident
that they understood the musical feedback, they were asked to practice walking with
the feedback along the elongated figure-8 path for ten minutes. After training with the
musical feedback, participants repeated the individual straight-path walking trials with the
optical motion capture system without musical feedback. See details of the study design in
Figure 1.
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Figure 1. Flow chart of the study design with descriptions of data collected in each condition. COP:
center of pressure.

2.2. Participants

Twenty healthy subjects (9 females, 11 males, 29 ± 5 years old, 75.9 ± 10.5 kg,
1.73 ± 0.07 m) were recruited inside and outside the Rush community and tested at the
Motion Analysis Laboratory at RUSH University Medical Center. Participants were eligible
if they were aged 18 to 75 years old, had no history of hip, knee, or ankle surgery, had no
lower extremity joint pain during ambulation, had no diagnosis of musculoskeletal injury
or disease in the past 3 months, were able to walk 5 m (14 foot) intervals on leveled surfaces
without significant fatigue, and were able to walk without an assistive device such as a
walker or cane. Due to the musical component of the study, we only included participants
with no hearing impairments. The study was approved by the University’s Institutional
Review Board (ORA: 22081709-IRB01), and all procedures followed the principles of the
Declaration of Helsinki [27].

Power analysis was performed using G*Power (version 3.1.9.6 Kiel University, Kiel,
Germany) [28] to determine the required sample size. Based on the He et al. 2019 [20] study
with healthy subjects and auditory feedback, an effect size of f = 1.16 was determined. To
achieve 95% power (β = 0.95), with a shared sample across pre- and post-training groups,
the analysis indicated that 10 participants would be required. In this study, we enrolled
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20 participants to account for the unknown effect of music and any dropouts that may
be encountered.

2.3. Gait Line and Plantar Pressure

Plantar pressure and COP were captured from a pair of wireless pressure-sensing
insoles (Insole3–Moticon, OpenGo, Munich, Germany) containing 16 sensors and a six-
axis inertial measurement unit (IMU). Data were obtained at 100 Hz during warm-up and
training for five minutes in each condition after calibration, according to the manufacturer’s
instructions. For lateral plantar pressure characterization, we summed the values obtained
from sensors 2, 4, 6, 8, 12, and 13. Plantar pressure data from sensors 1, 3, 5, 7, 9, 10,
and 14 were combined for medial plantar pressure determination (see Figure 2 for the
sensors’ position).
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Figure 2. Representation of insoles’ geometry, sensors’ locations, medial (blue-colored sensors) and
lateral (red-colored sensors) boundaries, and IMU positioning. Adapted from the manufacturer’s
user guide (Insole3–Moticon, OpenGo, Munich, Germany).

Anterior–posterior COP (COPx) values were recorded as a fraction of the total length
of each insole; medial–lateral COP (COPy) values were recorded as a fraction of the total
width of the insole. Per the manufacturer, the origin of the COP values and the location of
the 16 capacitive sensors are shown in Figure 2.

The foot was also divided into the forefoot, midfoot, and rearfoot to determine the
position in which the average peak COP occurred at the baseline and after training. The
first 35% of the insole length (anterior–posterior distance) represented the forefoot, the
following 35% comprised the midfoot, and the remaining portion (30%) was the rearfoot.

2.4. Musical Feedback

The music was played from an individually selected playlist of popular songs over
speakers in the lab. To provide real-time feedback for the intended shift in COP, plantar
pressure data were sent from the insoles to a smartphone app (OpenGo, version 03.12.01)
via Bluetooth connection and then transmitted via Wi-Fi to a desktop application (Moticon
OpenGo Software, version 03.08.01). From this program, data were sent via the User
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Datagram Protocol (UDP) to Max 8 (Cycling ’74, Walnut, CA, USA), a visual, object-based
programming environment for music and multimedia, which applied a lowpass filter to
the music when the mediolateral COP trajectory exceeded 75% of the subject’s baseline (see
Figure 3 for more details). Applying a lowpass filter with a cut-off frequency of 500 Hz in
real time to music was heard by the participants as a muffling of the sound. As the subject
further exceeded the COP threshold, the threshold of 75% for the filter continued to lower,
muffling the sound more. Both insoles were sonified; therefore, the participant received
real-time musical feedback for both sides while walking. The subjects were instructed to
avoid muffling the sound while maintaining a comfortable, natural-feeling gait. These
minimal instructions allowed the subjects to self-select any combination of gait alterations
to achieve a medialized pressure pattern. The goal of the musical feedback was to medialize
the plantar pressure, which would medialize the COP. See Supplementary Video S1 for
more details on the musical feedback.
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2.5. Spatiotemporal Parameters and Gait Cycle

A 23-camera, three-dimensional (3D) motion capture system (Qualisys AB, Gothen-
burg, Sweden) recording at 120 Hz was used to measure the spatiotemporal parameters
and identify the gait cycle. Motion data were collected during single walking trials after
warming up and after training with the musical feedback. The participants were asked to
walk at a self-selected speed on a 6 m level walkway to complete five trials for each side. A
modified Helen Hayes marker set [29,30] was adopted, in which 31 retroreflective markers
were affixed to both sides at the posterior calcaneus, lateral calcaneus, fifth metatarsal head,
second metatarsal head, lateral malleolus, medial malleolus, lateral and medial joint lines,
anterior aspect of mid-thigh, greater trochanter, anterior and posterior iliac spines, and
iliac crest. Markers were also placed at the sacrum (L4–L5), manubrium, and vertebra
prominens at the neck (C7). The motion capture system integrated two inground force
plates (Bertec Corporation, Columbus, OH, USA) that participants walked over during
individual straight-path walking trials and were used in heel-strike detection (and thus gait
event determination). Gait data were labeled through Qualisys AB and processed using
Visual3D (HAS-Motion, Kingston, ON, Canada). Both sides were analyzed before and after
feedback implementation.

2.6. Qualitative Rating

After the completion of the session, the participants were asked to respond to an ad hoc
user experience questionnaire about their experience with the provided musical feedback.
The questionnaire covered aspects related to comprehension, perceptibility, enjoyment,
physical demand, discomfort, and potential to adopt as a treatment tool. It consisted of ten
questions based on a Likert scale (strongly disagree, disagree, neither agree nor disagree,
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agree, and strongly agree) and two open-ended questions. See the complete questionnaire
in Supplementary Material S2.

2.7. Statistical Analysis

Statistical analysis was performed using MATLAB (R2023a, Mathworks, Natick, MA,
USA). A paired Student’s t-test was used to compare plantar pressure data before and after
the implementation of musical feedback. The comparison was performed between warm-
up and training (walking for 10 min in a figure-8 shape), as well as post-warm-up and
post-training (single walking trials). Differences in gait lines for both sides were identified
using one-dimensional statistic parametric mapping (SPM). The significance level was
set to 0.05. Warm-up and baseline medial–lateral changes throughout the gait line were
compared as a percentage of difference (delta), and the peak change was identified and
cross-checked with the region of the foot where it occurred.

3. Results
3.1. Gait Line and Plantar Pressure

There was a significant medial shift in the gait line when the participants practiced
with the musical feedback. After SPM analysis was applied to the gait line, a significant
difference was found between the baseline (measured at warm-up) and training with the
musical feedback (see Figure 4). The mean peak medial–lateral COP (COPy) significantly
reduced, showing a more medial displacement after practicing with the musical feedback
(Table 1). An analysis of the peak percentage of difference on the gait line revealed that
subjects ranged from −2.3% to −19% (−9.38 ± 4.37%). These data show that all participants
were able to comprehend the feedback and medialize their COP. The majority (15/20) of the
participants had the peak percentage of difference occurring at the midfoot, and four had a
mixture of peak occurring at the midfoot and forefoot, while the remaining one occurred at
the forefoot.
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Table 1. Mean peak center of pressure (COP) and plantar pressure distribution along medial and
lateral compartments during baseline (during warm-up) and training conditions.

Baseline (Warm-Up) Training

Left Right Left Right

Mean Peak
COPy

[−Lat/+Med]
−0.14 ± 0.04 −0.15 ± 0.03 −0.07 ± 0.03 ** −0.08 ± 0.03 **

COPx at
Mean Peak

COPy
[−Post/+Ant]

0.03 ± 0.12 −0.01 ± 0.12 −0.08 ± 0.24 −0.10 ± 0.15 **

Lateral Medial Lateral Medial Lateral Medial Lateral Medial

Mean
Plantar

Pressure
(N/cm2)

15.93 ±2.46 15.83 ± 2.09 16.15 ± 2.46 15.34 ± 2.85 12.50 ± 3.19 ** 19.13 ± 2.66 ** 12.70 ± 2.09 ** 18.69 ± 2.96 **

COP: center of pressure; * p < 0.05; ** p < 0.01.

There was a significant reduction (p < 0.01) in the mean plantar pressure during
training with the musical feedback in the lateral aspect, as shown in Table 1. This plantar
pressure decrease was observed on both sides. Conversely, a significant increase in the
mean plantar pressure was observed in the medial aspect of both sides after training with
the musical feedback. Figure 5 reveals a higher plantar pressure on the medial aspect of the
foot throughout the stance phase when one participant practiced with the musical feedback.

Healthcare 2025, 13, x FOR PEER REVIEW 7 of 14 
 

 

[−Post/+Ant] 

 Lateral Medial Lateral Medial Lateral Medial Lateral Medial 

Mean Plantar 

Pressure 

(N/cm2) 

15.93  

2.46 

15.83   

2.09 

16.15   

2.46 

15.34   

2.85 

12.50  

3.19 ** 

19.13  

2.66 ** 

12.70  

2.09 ** 

18.69  

2.96 ** 

COP: center of pressure; * p < 0.05; ** p < 0.01. 

There was a significant reduction (p < 0.01) in the mean plantar pressure during train-

ing with the musical feedback in the lateral aspect, as shown in Table 1. This plantar pres-

sure decrease was observed on both sides. Conversely, a significant increase in the mean 

plantar pressure was observed in the medial aspect of both sides after training with the 

musical feedback. Figure 5 reveals a higher plantar pressure on the medial aspect of the foot 

throughout the stance phase when one participant practiced with the musical feedback. 

 

Figure 5. Mean plantar pressure throughout the stance phase at (a) the baseline and (b) training 

with musical feedback for one participant. Figure generated via a MOTICON OpenGo report. 

3.2. Spatiotemporal Parameters 

Data obtained through our motion capture system revealed that there was no signif-

icant change in any spatiotemporal parameters analyzed post-training when compared to 

the baseline after warm-up, as observed in Table 2. 

Table 2. Spatiotemporal gait parameters post-warm-up and post-training. CI: confidence interval. 

 
Post-Warm-

up 
Post-Training Mean Diff. (95% CI) p-Value 

Speed (m/s) 1.35  0.18 1.36  0.19 0.01 (−0.11, 0.13) 0.67 

Cadence (Strides/min) 55.31  3.46 55.32  3.57 0.01 (−2.32, 2.34) 0.98 

Stride Length (m) 1.47  0.15 1.48  0.13 0.01 (−0.08, 0.10)  0.91 

Swing Time (s) 0.41  0.02 0.41  0.02 0 (−0.01, 0.01) 0.31 

Stance Time (s) 0.68  0.05 0.68  0.05 0 (−0.03, 0.03) 0.53 

3.3. Time to Accomplish Gait Modifications 

The participants were not constrained by time when receiving instructions on the 

musical feedback and working to avoid muffling the sound. The majority of participants 

required less than five minutes to fully comprehend the musical feedback and successfully 

prevent the muffling of the song. On average, the participants spent 5:02 min exploring 

Figure 5. Mean plantar pressure throughout the stance phase at (a) the baseline and (b) training with
musical feedback for one participant. Figure generated via a MOTICON OpenGo report.

3.2. Spatiotemporal Parameters

Data obtained through our motion capture system revealed that there was no signifi-
cant change in any spatiotemporal parameters analyzed post-training when compared to
the baseline after warm-up, as observed in Table 2.

Table 2. Spatiotemporal gait parameters post-warm-up and post-training. CI: confidence interval.

Post-Warm-Up Post-Training Mean Diff. (95% CI) p-Value

Speed (m/s) 1.35 ± 0.18 1.36 ± 0.19 0.01 (−0.11, 0.13) 0.67
Cadence (Strides/min) 55.31 ± 3.46 55.32 ± 3.57 0.01 (−2.32, 2.34) 0.98

Stride Length (m) 1.47 ± 0.15 1.48 ± 0.13 0.01 (−0.08, 0.10) 0.91
Swing Time (s) 0.41 ± 0.02 0.41 ± 0.02 0 (−0.01, 0.01) 0.31
Stance Time (s) 0.68 ± 0.05 0.68 ± 0.05 0 (−0.03, 0.03) 0.53
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3.3. Time to Accomplish Gait Modifications

The participants were not constrained by time when receiving instructions on the
musical feedback and working to avoid muffling the sound. The majority of participants
required less than five minutes to fully comprehend the musical feedback and successfully
prevent the muffling of the song. On average, the participants spent 5:02 min exploring the
feedback with a standard deviation of 4 min. The shortest duration recorded was 1:27 min,
while the longest extended to 14:31 min.

3.4. Qualitative Rating

Fifteen participants completed the survey at the end of the testing session. All the
participants agreed or strongly agreed that they “understood all the instructions that were
explained during the test”, that they “could clearly detect changes in the sound”, that
they “felt that the changes in the sound were related to the changes in how I walked”,
and that they “enjoyed the music or sounds provided by the device”. For the questions
regarding enjoying the device and the chances of using the device for rehabilitation, 13 out
of 15 participants answered that they agreed or strongly agreed. Twelve participants said
they would find it easy to implement the device for walking training in their weekly routine.
Only three participants agreed or strongly agreed that the testing session was challenging,
and one agreed that it was tiring. Seven out of the 15 participants agreed or strongly agreed
that “walking with the musical feedback felt natural”. When we asked about discomfort
or pain, eight participants referred to none, four mentioned some sort of soreness on the
medial aspect of the foot, close to the arch, one reported slight friction of the foot on the
back of the heel, another one said it was uncomfortable, and the remaining one pointed
out some discomfort in the hips and feet. Aside from the questionnaire, one participant
reported feeling, during the testing session, a slight discomfort with the mid-part of the
insole on his left side, as if it was higher under his foot arch.

4. Discussion
Modifying gait patterns can be challenging without constant guidance from a physical

therapist and a reliable measurement tool. In this study, we developed a musical feedback
system that sonifies COP data to deliver personalized cues to the user in order to shift their
gait line. Without specific verbal instructions on the feedback, all the participants were able
to comprehend the musical feedback in a few minutes and avoid muffling the sound by
medializing their plantar pressure. Therefore, our results indicate that our musical feedback
system is capable of medializing plantar pressure and COP in healthy individuals.

Music was proven to elicit a variety of physiological responses, from relaxation to
arousal [24,31], exerting a motivational influence on exercise, particularly in walking [32]. It
has also been shown that auditory biofeedback can support a compromised proprioception
system [33,34] and aid in movement planning and execution [13,33]. Therefore, sonification
can have a beneficial impact on motor rehabilitation [25,35]. When compared with visual
feedback, a common rehabilitation approach to biofeedback, auditory feedback does not
restrict body movements [8], and it seems to be more effective for foot strike manage-
ment in gait training [36,37]. Music has been explored in a few studies as a biofeedback
approach. Neurological rehabilitation programs extensively use music either as a thera-
peutical approach or as a feedback tool [33,38]. However, a few published studies have
approached orthopedic conditions through musical or auditory feedback [5,14,17–20,22].
Based on that, we designed a musical feedback system for future application in orthopedic
clinical conditions, and in this study, we have shown evidence of a gait line shift through
this system.
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To our knowledge, this is the first study to modify plantar pressure with musical
feedback. In previous studies, an audible beep was used to induce a medial shift in the
plantar pressure of healthy participants [19,20], as well as for the rehabilitation of chronic
ankle instability [22] and knee osteoarthritis [21]. An acoustic pattern that resembled the
sound of walking on heavy snow for every instance of ground contact and a sequence of
xylophone strikes for knee extension has been applied to achieve gait symmetry after hip
arthroplasty. Lorenzoni et al., 2018 [39], combined music with pink noise to keep runners on
a specific cadence. They found this method effective in increasing and decreasing cadence
in runners. In a more recent study, Derie et al., 2021 [25,26] successfully employed music
and noise to cue runners to reduce the momentary level of tibial shock. Other studies
have used music to change either the gait [40,41] or a movement pattern [42] in healthy
subjects. The musical feedback provided in this study—a sound filter applied to a playlist of
music perceived as muffling—was designed to be agnostic to the music chosen by the user,
such that patients could play any sound stream and still receive clear and understandable
feedback about their walking. We consider this a strength of our system design. However,
it is possible to use plantar pressure as music-generating input. In the aforementioned case
study of a patient rehabbing from an ankle fracture [18], the sensors created music when
sufficient pressure was generated and cycled through Pachelbel’s Canon in D. The canon
only played when the task (reaching the same pressure during push-off as the contralateral,
healthy foot) was completed successfully.

According to previous studies in healthy subjects [19,20] and preliminary data from a
clinical trial with patients presenting with knee osteoarthritis [21], we chose a threshold of
25% of the peak COPy for the lowpass filter. In the aforementioned studies, the targeted
threshold yielded a modification in the plantar pressure distribution that altered the knee
loading for healthy participants but did so to a lesser extent in osteoarthritis patients. In
the clinical trial, there were responders and non-responders, and responders demonstrated
improvements in clinical outcomes. These findings support the investigation of gait line
shifting to accomplish clinical outcomes, but caution should be taken with further assump-
tions. Further research is necessary with clinical populations that could benefit from gait
line modification, such as patients with knee osteoarthritis, chronic ankle instability, and
patellofemoral pain.

In the present experiment, we collected data from different time points during the
whole testing session—warm-up, after warm-up, during training, and post-training. How-
ever, we only compared baseline data obtained during the warm-up with data from during
training and data obtained after the warm-up with post-training data. The reasons for this
were two-fold. The first reason was to ensure a reliable comparison by using the same
equipment and similar testing conditions. In this case, both the warm-up and training
lasted the same duration and utilized the same walking path (a figure-8 shape), which
included accelerations and decelerations from the turns around the cones. Baseline data
(after warm-up) with post-training data obtained during the walking trials were also
comparable—a series of five trials on a straight line during which data were collected for
one complete gait cycle, avoiding any acceleration or deceleration. The second reason
was to understand the changes in gait parameters without the influence of music, solely
from the musical feedback practice. From previous studies, it is known that there is a
tendency for listeners to match their cadence (steps per minute) with the music tempo
(beats per minute) [32,43]. Therefore, for spatiotemporal parameters, only data from the
optical system was presented, even though the insoles were validated for that purpose [44].

The musical feedback system used in this study can be classified as discreet and easy to
wear. All studies conducted in our laboratory with auditory feedback [18–20] implemented
a wireless pressure-sensing insole that was slid inside common athletic shoes and remained
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unnoticeable to a casual viewer. Except for one participant who reported feeling the insole
too high under his left foot arch, all the participants in this study had no problems with
the insoles and the standardized shoes. In the Donovan et al. 2016 [22] study, the sensor
was also inserted inside the patient’s shoes; however, the shoe had to be cut to place the
sensor. For runners, the sensor was placed on the shoe, either on the insole or the cushion,
but it was attached to the audio biofeedback device [45] or connected to a microcontroller
on the arm [36]. For patients with hip and knee arthroplasty, a few inertial measurement
units (IMUs) were applied for data capture to provide feedback [5,14,17], which could be
troublesome for clinical applications. In other designs, only one IMU was attached to the
tibia for running [25,46], and one was attached at the sternum to improve balance [47],
which makes it more suitable for clinical purposes, even though it is still visible. One
review highlighted that most sonification systems integrate a motion capture system with
a smart device that will provide acoustic feedback, which prevents its usage in a clinical
setting [11]. Our system comprises a shoe insole, a smartphone, and a desktop computer.
Current work is in progress to eliminate the need for a desktop computer by integrating
the musical feedback into a smartphone application.

One interesting aspect of the present study was the role of music familiarization in
facilitating the shift in the center of pressure (COP). We recognize that, for the participant
to perceive the muffling of the sound, they must have prior knowledge of the specific song
being played. To support this, we provided participants with a diverse list of popular songs
across a variety of genres. The participants were allowed to choose the songs they wished
to listen to throughout the testing session. However, one participant, who was visiting from
outside the United States, did not recognize any of the songs provided and, consequently,
could not perceive the muffling of the sound when it occurred. In this instance, a song
in his native language with which he was familiar was played for the instructions and
comprehension of the new gait pattern. Following this, he successfully altered his gait line
and reported his ability to recognize the change in the song.

Regarding the user experience, our study assessed comprehension, perceptibility,
enjoyment, physical demand, discomfort, and the potential to adopt the system as a
treatment tool. Previous studies that collected user experience data were performed in
neurological rehabilitation settings [48–50]. Donovan et.al, 2016 [22] did not formally
measure comfort; they mentioned that patients reported not feeling the sensor and that they
“felt comfortable with walking in the manner to stop the device from eliciting the noise”.

While this study presents an innovative approach to gait line shifting for gait training,
the findings should be interpreted with caution due to the small sample size and the
inclusion of only healthy participants. We aimed to target COP gait alterations with
musical feedback; however, we employed it for healthy younger adults who appeared
to have a normal gait line. Future research is required to determine whether a specific
clinical population, such as chronic ankle instability, will elicit the same results. Some
further limitations of the present study must be acknowledged. Above, it was mentioned
that there was no comparison across the four time points when data were collected. This
configures a limitation to the fact that plantar pressure and COP data were not collected at
the same time as the spatiotemporal parameters. Another limitation of this study is the
short period of training, which could have limited the time for the participants to learn
a new gait pattern. Since our goal was to determine whether the musical feedback was
sufficient for the participants to modify their gait line, longer training was not required.
In addition, in our previous study, the patient practiced for 12 min, over six sessions, and
improvements were seen even 10 months after the treatment [18].

Because the system makes use of wireless insole sensors connected to a smartphone,
the mobile musical feedback gait retraining system has the potential to assuage some
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barriers related to access to physical therapy healthcare. Thus, further work should focus
on the system’s portability, as well as its feasibility for home-based training. Our study
focused on observing the musical feedback’s immediate effect on the gait line; therefore,
future research should explore the long-term effects in a follow-up. Additionally, further
studies should be performed to apply this musical feedback system to a clinical population,
such as patients with chronic ankle instability, patellofemoral pain, or other conditions that
present with an altered center of pressure (COP).

5. Conclusions
The results of this study suggest that the real-time musical feedback system provided

sufficient and clear cues to allow participants to shift their gait line medially. In this respect,
this study indicates the potential for real-time auditory feedback in physical therapy and
orthopedics, particularly if coupled with cloud-enabled telemetric health data monitoring.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/healthcare13020144/s1: Material S1: Playlist of popular songs
available for the participants to choose from. Material S2: Qualitative questionnaire applied to
participants after the testing session. Video S1: Representation of the musical feedback with shifts
in plantar pressure while standing using a song generated via Udio AI Music Generator (udio.com;
accessed on 25 November 2024) for demonstration purposes. Video S2: Representation of the musical
feedback with shifts in plantar pressure while standing using a song generated via Udio AI Music
Generator (udio.com, accessed on 25 November 2024) for demonstration purposes.

Author Contributions: Conceptualization, L.C., C.K. and M.A.W.; methodology, L.C. and C.K.;
software, C.K.; validation, L.C., C.K. and M.A.W.; formal analysis, L.C. and C.K.; investigation, L.C.
and C.K.; resources, M.A.W.; data curation, L.C. and C.K.; writing—original draft preparation, L.C.;
writing—review and editing, C.K. and M.A.W.; visualization, L.C. and C.K.; supervision, M.A.W. and
C.K.; project administration, M.A.W.; funding acquisition, M.A.W. All authors have read and agreed
to the published version of the manuscript.

Funding: This research was supported in part by an NIH T32 Training Grant (2T32AR 073157; PD
DR Sumner; recipient: L.C.) and the Grainger Directorship of the Rush Arthritis and Orthopedics
Institute (M.A.W.).

Institutional Review Board Statement: The study was conducted according to the Declaration of
Helsinki and approved by the Institutional Review Board (or Ethics Committee) of Rush University
Medical Center (protocol code: 22081709-IRB01, date of approval: 13 March 2023).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Data are available upon reasonable request.

Acknowledgments: The authors want to thank Camilla Antognini and Takayuki Koya for their
contribution to data collection.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Ortega, C.; Simpson, J.D.; Donovan, L.; Forsyth, L.; Torp, D.M.; Koldenhoven, R.M. Gait Training Interventions for Individuals

with Chronic Ankle Instability: A Systematic Review & Meta-Analysis. J. Athl. Train. 2024. Available online: https://meridian.
allenpress.com/jat/article/doi/10.4085/1062-6050-0499.23/502599/Gait-Training-Interventions-for-Individuals-with (accessed
on 13 September 2024).

2. Rynne, R.; Le Tong, G.; Cheung, R.T.H.; Constantinou, M. Effectiveness of Gait Retraining Interventions in Individuals with Hip
or Knee Osteoarthritis: A Systematic Review and Meta-Analysis. Gait Posture 2022, 95, 164–175. [CrossRef] [PubMed]

3. Fairhall, N.J.; Dyer, S.M.; Mak, J.C.S.; Diong, J.; Kwok, W.S.; Sherrington, C. Interventions for Improving Mobility after Hip
Fracture Surgery in Adults. Cochrane Database Syst. Rev. 2022, 2022, CD001704. [CrossRef]

https://www.mdpi.com/article/10.3390/healthcare13020144/s1
https://www.mdpi.com/article/10.3390/healthcare13020144/s1
udio.com
udio.com
https://meridian.allenpress.com/jat/article/doi/10.4085/1062-6050-0499.23/502599/Gait-Training-Interventions-for-Individuals-with
https://meridian.allenpress.com/jat/article/doi/10.4085/1062-6050-0499.23/502599/Gait-Training-Interventions-for-Individuals-with
https://doi.org/10.1016/j.gaitpost.2022.04.013
https://www.ncbi.nlm.nih.gov/pubmed/35500366
https://doi.org/10.1002/14651858.CD001704.pub5


Healthcare 2025, 13, 144 12 of 13

4. Wohlrab, M.; Klenk, J.; Delgado-Ortiz, L.; Chambers, M.; Rochester, L.; Zuchowski, M.; Schwab, M.; Becker, C.; Jaeger, S.U. The
Value of Walking: A Systematic Review on Mobility and Healthcare Costs. Eur. Rev. Aging Phys. Act. 2022, 19, 31. [CrossRef]
[PubMed]

5. Reh, J.; Schmitz, G.; Hwang, T.-H.; Effenberg, A.O. Acoustic Feedback in Gait Rehabilitation—Pre-Post Effects in Patients with
Unilateral Hip Arthroplasty. Front. Sports Act. Living 2021, 3, 654546. [CrossRef]

6. Bilek, F.; Deniz, G.; Esmez, O.; Belhan, O. Spatiotemporal Parameters of the Operated and Non-Operated Knees before and after
Unilateral Total Knee Arthroplasty. Gait Posture 2022, 91, 192–197. [CrossRef]

7. Migel, K.G.; Wikstrom, E.A. The Effect of Laboratory and Real World Gait Training with Vibration Feedback on Center of Pressure
during Gait in People with Chronic Ankle Instability. Gait Posture 2021, 85, 238–243. [CrossRef]

8. van Gelder, L.M.A.; Barnes, A.; Wheat, J.S.; Heller, B.W. The Use of Biofeedback for Gait Retraining: A Mapping Review. Clin.
Biomech. 2018, 59, 159–166. [CrossRef] [PubMed]

9. Gaudette, L.W.; Bradach, M.M.; de Souza Junior, J.R.; Heiderscheit, B.; Johnson, C.D.; Posilkin, J.; Rauh, M.J.; Sara, L.K.;
Wasserman, L.; Hollander, K.; et al. Clinical Application of Gait Retraining in the Injured Runner. J. Clin. Med. 2022, 11, 6497.
[CrossRef] [PubMed]

10. Wall, C.; McMeekin, P.; Walker, R.; Hetherington, V.; Graham, L.; Godfrey, A. Sonification for Personalised Gait Intervention.
Sensors 2023, 24, 65. [CrossRef]

11. Nown, T.H.; Student Member, G.; Upadhyay, P.; Kerr, A.; Andonovic, I.; Member, S.; Tachtatzis, C.; Grealy, M.A. A Mapping
Review of Real-Time Movement Sonification Systems for Movement Rehabilitation. IEEE Rev. Biomed. Eng. 2023, 16, 672–686.
[CrossRef]

12. Effenberg, A.O. Movement Sonification: Effects on Perception and Action. IEEE MultiMedia 2005, 12, 53–59. [CrossRef]
13. Bevilacqua, F.; Boyer, E.O.; Françoise, J.; Houix, O.; Susini, P.; Roby-Brami, A.; Hanneton, S. Sensori-Motor Learning with

Movement Sonification: Perspectives from Recent Interdisciplinary Studies. Front. Neurosci. 2016, 10, 385. [CrossRef]
14. Reh, J.; Hwang, T.H.; Schmitz, G.; Effenberg, A.O. Dual Mode Gait Sonification for Rehabilitation after Unilateral Hip Arthroplasty.

Brain Sci. 2019, 9, 66. [CrossRef]
15. Grahn, J.A. See What I Hear? Beat Perception in Auditory and Visual Rhythms. Exp. Brain Res. 2012, 220, 51–61. [CrossRef]
16. Hasegawa, N.; Takeda, K.; Sakuma, M.; Mani, H.; Maejima, H.; Asaka, T. Learning Effects of Dynamic Postural Control by

Auditory Biofeedback versus Visual Biofeedback Training. Gait Posture 2017, 58, 188–193. [CrossRef] [PubMed]
17. Pietschmann, J.; Geu Flores, F.; Jöllenbeck, T. Gait Training in Orthopedic Rehabilitation after Joint Replacement-Back to Normal

Gait with Sonification? Int. J. Comput. Sci. Sport. 2019, 18, 34–48. [CrossRef]
18. Cedin, L.; Knowlton, C.; Ferrigno, C.; Wimmer, M.A. Ankle Fracture Gait Training Through Musical Feedback: Case Study. JOSPT

Cases 2024, 5, 1–11. [CrossRef]
19. Ferrigno, C.; Stoller, I.S.; Shakoor, N.; Thorp, L.E.; Wimmer, M.A. The Feasibility of Using Augmented Auditory Feedback from a

Pressure Detecting Insole to Reduce the Knee Adduction Moment: A Proof of Concept Study. J. Biomech. Eng. 2016, 138, 021014.
[CrossRef]

20. He, J.; Lippmann, K.; Shakoor, N.; Ferrigno, C.; Wimmer, M.A. Unsupervised Gait Retraining Using a Wireless Pressure-Detecting
Shoe Insole. Gait Posture 2019, 70, 408–413. [CrossRef]

21. He, J. Gait Retraining of Individuals with Medial Knee Osteoarthritis Using Augmented Feedback. Ph.D. Thesis, Rush University
Medical Center, Chicago, IL, USA, 2021.

22. Donovan, L.; Feger, M.A.; Hart, J.M.; Saliba, S.; Park, J.; Hertel, J. Effects of an Auditory Biofeedback Device on Plantar Pressure
in Patients with Chronic Ankle Instability. Gait Posture 2016, 44, 29–36. [CrossRef]

23. Schneider, L.; Egle, U.T.; Klinger, D.; Schulz, W.; Villringer, A.; Fritz, T.H. Effects of Active Musical Engagement during Physical
Exercise on Anxiety, Pain and Motivation in Patients with Chronic Pain. Front. Pain Res. 2022, 3, 944181. [CrossRef] [PubMed]

24. Blood, A.J.; Zatorre, R.J. Intensely Pleasurable Responses to Music Correlate with Activity in Brain Regions Implicated in Reward
and Emotion. Proc. Natl. Acad. Sci. USA 2001, 98, 11818–11823. [CrossRef] [PubMed]

25. Van den Berghe, P.; Lorenzoni, V.; Derie, R.; Six, J.; Gerlo, J.; Leman, M.; De Clercq, D. Music-Based Biofeedback to Reduce Tibial
Shock in over-Ground Running: A Proof-of-Concept Study. Sci. Rep. 2021, 11, 4091. [CrossRef] [PubMed]

26. Derie, R.; Van den Berghe, P.; Gerlo, J.; Bonnaerens, S.; Caekenberghe, I.V.; Fiers, P.; De Clercq, D.; Segers, V. Biomechanical
Adaptations Following a Music-Based Biofeedback Gait Retraining Program to Reduce Peak Tibial Accelerations. Scand. J. Med.
Sci. Sports 2022, 32, 1142–1152. [CrossRef]

27. World Medical Association. World Medical Association Declaration of Helsinki: Ethical Principles for Medical Research Involving
Human Subjects. JAMA 2013, 310, 2191–2194. [CrossRef]

28. Kang, H. Sample Size Determination and Power Analysis Using the G*Power Software. J. Educ. Eval. Health Prof. 2021, 18, 17.
[CrossRef] [PubMed]

29. Alexander, E.J.; Andriacchi, T.P. Correcting for Deformation in Skin-Based Marker Systems. J. Biomech. 2001, 34, 355–361.
[CrossRef]

https://doi.org/10.1186/s11556-022-00310-3
https://www.ncbi.nlm.nih.gov/pubmed/36581809
https://doi.org/10.3389/fspor.2021.654546
https://doi.org/10.1016/j.gaitpost.2021.10.033
https://doi.org/10.1016/j.gaitpost.2021.02.011
https://doi.org/10.1016/j.clinbiomech.2018.09.020
https://www.ncbi.nlm.nih.gov/pubmed/30253260
https://doi.org/10.3390/jcm11216497
https://www.ncbi.nlm.nih.gov/pubmed/36362725
https://doi.org/10.3390/s24010065
https://doi.org/10.1109/RBME.2022.3187840
https://doi.org/10.1109/MMUL.2005.31
https://doi.org/10.3389/fnins.2016.00385
https://doi.org/10.3390/brainsci9030066
https://doi.org/10.1007/s00221-012-3114-8
https://doi.org/10.1016/j.gaitpost.2017.08.001
https://www.ncbi.nlm.nih.gov/pubmed/28800501
https://doi.org/10.2478/ijcss-2019-0012
https://doi.org/10.2519/josptcases.2024.0072
https://doi.org/10.1115/1.4032123
https://doi.org/10.1016/j.gaitpost.2019.03.021
https://doi.org/10.1016/j.gaitpost.2015.10.013
https://doi.org/10.3389/fpain.2022.944181
https://www.ncbi.nlm.nih.gov/pubmed/36483944
https://doi.org/10.1073/pnas.191355898
https://www.ncbi.nlm.nih.gov/pubmed/11573015
https://doi.org/10.1038/s41598-021-83538-w
https://www.ncbi.nlm.nih.gov/pubmed/33603028
https://doi.org/10.1111/sms.14162
https://doi.org/10.1001/jama.2013.281053
https://doi.org/10.3352/jeehp.2021.18.17
https://www.ncbi.nlm.nih.gov/pubmed/34325496
https://doi.org/10.1016/S0021-9290(00)00192-5


Healthcare 2025, 13, 144 13 of 13

30. Andriacchi, T.P.; Alexander, E.J.; Toney, M.K.; Dyrby, C.; Sum, J. A Point Cluster Method for In Vivo Motion Analysis: Applied to
a Study of Knee Kinematics. J. Biomech. Eng. 1998, 120, 743–749. [CrossRef]

31. Bergstrom, I.; Seinfeld, S.; Arroyo-Palacios, J.; Slater, M.; Sanchez-Vives, M.V. Using Music as a Signal for Biofeedback. Int. J.
Psychophysiol. 2014, 93, 140–149. [CrossRef] [PubMed]

32. Styns, F.; van Noorden, L.; Moelants, D.; Leman, M. Walking on Music. Hum. Mov. Sci. 2007, 26, 769–785. [CrossRef]
33. Raglio, A.; De Maria, B.; Parati, M.; Giglietti, A.; Premoli, S.; Salvaderi, S.; Molteni, D.; Ferrante, S.; Dalla Vecchia, L.A. Movement

Sonification Techniques to Improve Balance in Parkinson’s Disease: A Pilot Randomized Controlled Trial. Brain Sci. 2023, 13,
1586. [CrossRef] [PubMed]

34. Scholz, D.S.; Wu, L.; Pirzer, J.; Schneider, J.; Rollnik, J.D.; Großbach, M.; Altenmüller, E.O. Sonification as a Possible Stroke
Rehabilitation Strategy. Front. Neurosci. 2014, 8, 332. [CrossRef]

35. Braun Janzen, T.; Koshimori, Y.; Richard, N.M.; Thaut, M.H. Rhythm and Music-Based Interventions in Motor Rehabilitation:
Current Evidence and Future Perspectives. Front. Hum. Neurosci. 2022, 15, 789467. [CrossRef] [PubMed]

36. Phanpho, C.; Rao, S.; Moffat, M. Immediate Effect of Visual, Auditory and Combined Feedback on Foot Strike Pattern. Gait
Posture 2019, 74, 212–217. [CrossRef]

37. Agresta, C.; Brown, A. Gait Retraining for Injured and Healthy Runners Using Augmented Feedback: A Systematic Literature
Review. J. Orthop. Sports Phys. Ther. 2015, 45, 576–584. [CrossRef] [PubMed]

38. Bowman, T.; Gervasoni, E.; Arienti, C.; Lazzerini, S.G.; Negrini, S.; Crea, S.; Cattaneo, D.; Carrozza, M.C. Wearable Devices for
Biofeedback Rehabilitation: A Systematic Review and Meta-Analysis to Design Application Rules and Estimate the Effectiveness
on Balance and Gait Outcomes in Neurological Diseases. Sensors 2021, 21, 3444. [CrossRef]

39. Lorenzoni, V.; Maes, P.J.; Van Den Berghe, P.; De Clercq, D.; De Bie, T.; Leman, M. A Biofeedback Music-Sonification System for
Gait Retraining. In Proceedings of the MOCO ’18: Proceedings of the 5th International Conference on Movement and Computing,
Genoa, Italy, 28–30 June 2018; Association for Computing Machinery: New York, NY, USA, 2018.

40. Horsak, B.; Dlapka, R.; Iber, M.; Gorgas, A.M.; Kiselka, A.; Gradl, C.; Siragy, T.; Doppler, J. SONIGait: A Wireless Instrumented
Insole Device for Real-Time Sonification of Gait. J. Multimodal User Interfaces 2016, 10, 195–206. [CrossRef]

41. Wittwer, J.E.; Webster, K.E.; Hill, K. Music and Metronome Cues Produce Different Effects on Gait Spatiotemporal Measures but
Not Gait Variability in Healthy Older Adults. Gait Posture 2013, 37, 219–222. [CrossRef]

42. Lorenzoni, V.; Staley, J.; Marchant, T.; Onderdijk, K.E.; Maes, P.J.; Leman, M. The Sonic Instructor: A Music-Based Biofeedback
System for Improving Weightlifting Technique. PLoS ONE 2019, 14, e0220915. [CrossRef]

43. Large, E.W. On Synchronizing Movements to Music. Hum. Mov. Sci. 2000, 19, 527–566. [CrossRef]
44. Ganguly, A.; Olmanson, B.A.; Knowlton, C.B.; Wimmer, M.A.; Ferrigno, C. Accuracy of the Fully Integrated Insole3’s Estimates of

Spatiotemporal Parameters during Walking. Med. Eng. Phys. 2022, 111, 103925. [CrossRef] [PubMed]
45. Cheung, R.T.H.; Davis, I.S. Landing Pattern Modification to Improve Patellofemoral Pain in Runners: A Case Series. J. Orthop.

Sports Phys. Ther. 2011, 41, 914–919. [CrossRef]
46. Lorenzoni, V.; Van den Berghe, P.; Maes, P.J.; De Bie, T.; De Clercq, D.; Leman, M. Design and Validation of an Auditory

Biofeedback System for Modification of Running Parameters. J. Multimodal User Interfaces 2019, 13, 167–180. [CrossRef]
47. Feltham, F.; Connelly, T.; Cheng, C.T.; Pang, T.Y. A Wearable Sonification System to Improve Movement Awareness: A Feasibility

Study. Appl. Sci. 2024, 14, 816. [CrossRef]
48. Yogev-Seligmann, G.; Josman, N.; Bitterman, N.; Rosenblum, S.; Naaman, S.; Gilboa, Y. The Development of a Home-Based

Technology to Improve Gait in People with Parkinson’s Disease: A Feasibility Study. Biomed. Eng. Online 2023, 22, 2. [CrossRef]
[PubMed]

49. McCue, P.; Shaw, L.; Del Din, S.; Hunter, H.; Lord, S.; Price, C.I.M.; Rodgers, H.; Rochester, L.; Moore, S.A. Acceptability and
Deliverability of an Auditory Rhythmical Cueing (ARC) Training Programme for Use at Home and Outdoors to Improve Gait
and Physical Activity Post-Stroke. Arch. Physiother. 2022, 12, 1. [CrossRef]

50. Tamburella, F.; Lorusso, M.; Tagliamonte, N.L.; Bentivoglio, F.; Bigioni, A.; Pisotta, I.; Lancini, M.; Pasinetti, S.; Ghidelli, M.;
Masciullo, M.; et al. Load Auditory Feedback Boosts Crutch Usage in Subjects with Central Nervous System Lesions: A Pilot
Study. Front. Neurol. 2021, 12, 700472. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1115/1.2834888
https://doi.org/10.1016/j.ijpsycho.2013.04.013
https://www.ncbi.nlm.nih.gov/pubmed/23623954
https://doi.org/10.1016/j.humov.2007.07.007
https://doi.org/10.3390/brainsci13111586
https://www.ncbi.nlm.nih.gov/pubmed/38002546
https://doi.org/10.3389/fnins.2014.00332
https://doi.org/10.3389/fnhum.2021.789467
https://www.ncbi.nlm.nih.gov/pubmed/35111007
https://doi.org/10.1016/j.gaitpost.2019.09.016
https://doi.org/10.2519/jospt.2015.5823
https://www.ncbi.nlm.nih.gov/pubmed/26158882
https://doi.org/10.3390/s21103444
https://doi.org/10.1007/s12193-016-0216-9
https://doi.org/10.1016/j.gaitpost.2012.07.006
https://doi.org/10.1371/journal.pone.0220915
https://doi.org/10.1016/S0167-9457(00)00026-9
https://doi.org/10.1016/j.medengphy.2022.103925
https://www.ncbi.nlm.nih.gov/pubmed/36792249
https://doi.org/10.2519/jospt.2011.3771
https://doi.org/10.1007/s12193-018-0283-1
https://doi.org/10.3390/app14020816
https://doi.org/10.1186/s12938-023-01066-2
https://www.ncbi.nlm.nih.gov/pubmed/36658571
https://doi.org/10.1186/s40945-021-00126-x
https://doi.org/10.3389/fneur.2021.700472

	Introduction 
	Materials and Methods 
	Study Design 
	Participants 
	Gait Line and Plantar Pressure 
	Musical Feedback 
	Spatiotemporal Parameters and Gait Cycle 
	Qualitative Rating 
	Statistical Analysis 

	Results 
	Gait Line and Plantar Pressure 
	Spatiotemporal Parameters 
	Time to Accomplish Gait Modifications 
	Qualitative Rating 

	Discussion 
	Conclusions 
	References

