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ABSTRACT 

Spinal cord injury is one of the most serious causes of disability 

that can affect people's lives. In tetraplegia, the loss of mobility 

of the upper limb has a devastating effect on the quality of life 

and independence of these patients, so their rehabilitation is 

considered a crucial objective.  

    We present a tool for functional motor rehabilitation of the 

upper limb in patients with spinal cord injury, based on the use 

of bio-sensors and the sonification of EMG activity during the 

repetitive execution of a specific gesture.   

    During the hospital stay, the patient has a wide range of 

therapies available to improve motor function or compensate for 

loss of mobility, including execution of different maneuvers. The 

repetitive and continuous performance of these tasks is a key 

element in motor recovery. However, in many cases, these tasks 

do not include sufficient feedback mechanisms to help the 

patient or to motivate him/her during execution.  

    Through the sonification of movement and the design of 

adapted interaction strategies, our research aims to offer a new 

therapeutic tool that musically transforms the gesture and 

expands the patient's mechanisms of expression, proprioception 

and cognition, in order to optimize, correct and motivate 

movement.  

 

Author Keywords 
Electromyogram (EMG), Spinal Cord Inury, Rehabilitation, 

Interactive Music System, Signal Processing, Sonification, Max, 

AbletonLive.  

 

CCS Concepts 

• Human-centered computing • Human-centered computing 

~Accessibility ~Accessibility systems and tools 

 

1. INTRODUCTION 
With an estimated global incidence between 40 and 80 new cases 

per year per million inhabitants, spinal cord injury is one of the 

most serious causes of disability that can affect people's lives 

[1]. In humans about 55% of spinal cord injuries occur in the 

cervical segments, and slightly less than 70% of them are 

incomplete. Cervical lesion causes chronic motor deficiencies in 

the upper limbs as a consequence of segmental neuronal death 

and disruption of the descending axons that project caudal to the 

lesion.  

    Multiple factors lead to a bad motor performance of the upper 

extremities: the activation and coordination of agonist and 

antagonist muscles is altered and discrepancies in sensory 

perception can considerably impair joint kinematics, which 

results in increased muscle fatigue and risk of muscular 

contractures. This implies a devastating effect on the quality of 

life and independence of these patients, and hampers patients 

during activities of daily living [2]. Therefore, the rehabilitation 

of arm functions is considered a primary objective.  

    Many of the traditional rehabilitation programs focused on 

improving the motor qualities of arm movement are based on the 

execution of active exercises with partial motor control. They are 

performed by continuous repetitions of the same gesture and can 

be considered mentally and physically very demanding [3].     

Although these tasks are adapted to the patient's physical 

conditions, many of them do not include sufficient feedback 

mechanisms to provide the patient with qualitative and/or 

quantitative information during their execution. In addition, 

repetitive practice, which is essential for recovery, can lead to a 

lack of interest or motivation, especially in the pediatric 

population, requiring the constant presence of a health 

professional to supervise the correct performance of the 

movements. On the other hand, the return to everyday life is also 

a difficult process. The patient must incorporate all the exercises 

learned during the hospital regime into his or her home 

environment and practice them systematically, routinely and 

completely autonomously.  

    Unfortunately, in a large number of cases, the lack of 

accessible tools that provide the patient with adequate 

motivational support leads to a poor performance of the activity 

or directly to its definitive interruption.  

 

2. OBJETIVES 
Our ongoing research aims to develop an engaging and effective 

interactive musical system that can aid the rehabilitation process 

through the auditory feedback of electromyographic activity 

(EMG). EMG biofeedback provides immediate information on 

the pattern of muscle activation, and allows the patient to learn 

to control and regulate specific physiological responses, which 

would not be possible under normal conditions. Through the 

sonification of the gesture, the design of tailored interaction 

strategies and the creation of a suitable musical framework, the 

research aims to offer a new therapeutic tool with which to 

expand the patient's mechanisms of expression, proprioception 

and cognition, optimizing, correcting and promoting movement 

continuity. 

 

3. RELATED WORK 
The study of human physiological signals from the point of view 

of musical research began in the 1960s with the work of 

composers Alvin Lucier, Richard Teitelbaum and David 

Rosenboom [4]. However, it was not until the 1980s, as a result 

of research in the field of Human-Computer Interaction (HCI), 

that artists and researchers developed the BioMuse system as a 

tool for transforming body movement into sound [5]. Since then, 

several publications have appeared in the literature questioning 

the traditional concept of instrument, and investigating how 
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gestures made with our limbs and recorded by muscle biosensors 

are suitable for the design of expressive interactions [6,7]. The 

progressive emergence of new technologies and the reduction of 

their costs has allowed the development of new interactive 

devices and has democratized their access to many more users, 

encouraging the production of interdisciplinary proposals and 

generating new models of interaction. 

 

Within the healthcare field, there are many studies that have 

incorporated the use of movement sonification techniques for 

therapeutic purposes, mostly as rehabilitation tools. Biofeedback 

techniques for rehabilitation began to be developed in the United 

States in the 1950s with the goal of improving movement 

patterns after injury [8].  Over the last four decades, different 

publications have compared the effect of biofeedback strategies 

on upper and lower limb motor recovery with conventional 

rehabilitation therapies. Among the patients included there were 

those with stroke, traumatic brain injury, and cerebral palsy. At 

the present time, it is beyond doubt that feedback is a key 

component in motor control and, consequently, 

neurorehabilitation continues to study new types and modalities, 

as well as its influence in motor learning and functional recovery 

[9–15].  

    Probably, one of the most common approaches in most studies 

is to use real-time auditory feedback to help people correct and 

optimize technique during the execution of a specific task [16–

18]. The aim of this type of sonification, therefore, focuses on 

informing the user about qualitative aspects (biomechanical 

characteristics) of the movement. However, other researchers try 

to explore new relationships between sound and movement and 

works directly on the musical characteristics and sonic properties 

associated with the sonification. In this way they attempt to 

modify the perception of movement through sound perception. 

An example of this is the work of Joseph W. Newbold et alii. 

[19] which examines the impact of musical expectation on 

physical activity through different cadences and harmonic 

properties during specific phases of movement. In a similar 

approach, Tajadura et alii, showed how modifying the range of 

sound frequencies of an individual's steps can alter their 

perception of the walking action [20].  

    Although there are very few examples in the literature 

describing the effects of EMG sonification in patients with spinal 

cord injury, its use for functional motor recovery after stroke is 

much better documented. Most of these studies attempt to inform 

the user when the maximum threshold of muscle contraction has 

been reached through a combination of modalities: a visual guide 

(usually a line moving over a cursor) and an audio guide (through 

amplitude modulation of a single tone by direct mapping) [21–

23]. In neither case does the design of these studies aim to create 

a motivational framework that encourages activity and promotes 

continuity of movement which, as mentioned above, is of crucial 

importance in prolonged and repetitive tasks. 

 

4. RESEARCH DESIGN & METHODS 
Among the different gestures that are trained during the 

rehabilitation of patients with spinal cord injury, we consider the 

movement of extending the upper limb to reach a glass and bring 

it to the mouth to be of special relevance. The functional 

recovery of this task is crucial for the autonomy of these patients 

and must be trained repeatedly on a daily basis, so our study will 

focus on the sonification of this gesture. It will be carried out in 

collaboration with physiotherapists and rehabilitation doctors 

from the National Paraplegic Hospital of Spain.  
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    By means of an individual clinical examination, patients will 

be selected and grouped according to similar clinical and 

functional characteristics. This will allow us to design a common 

interaction framework among the subjects in the chosen group. 

Although we consider it relevant whether the patient expresses 

an affinity for music or has previous musical knowledge such as 

playing an instrument, we seek to develop a system that is 

attractive and accessible to the general population. 

4.1 Arquitecture 
We acquire input data in the form of EMG signal and motion 

data using the EAVI EMG board, a bio-sensing device 

comprised of four EMG channels and 3-axis accelerometer. 

Unlike other systems such as the Myoband, this board provides 

independent skin electrodes to be placed anywhere on the body. 

This is of particular interest as it allows us to select the most 

relevant muscles for the specific patient and movement. The 

EAVI EMG board captures the data at a sampling rate of 16 kHz 

and 20-bit resolution and transmits it to a computer via USB and 

Bluetooth Low Energy (BLE) [24].  

    Many of the software tools we are using for signal acquisition, 

feature extraction, control processing and mapping is part of a 

larger project called Body Brain Digital Musical Instrument 

(BBDMI). The BBDMI project is being developed with the aim 

of creating an open source, open hardware and open science 

digital musical instrument using electrophysiological signals that 

is easy to use by artists and researchers without specialized 

knowledge in the fields of neuroscience and signal analysis [25]. 

The development of the instrument is supported by an interactive 

system that is composed of a series of objects created in Cycling 

'74 Max. It is designed to work in a modular way, and it offers 

multiple tools, from input signal generators to control processing 

algorithms such as smoothing, calibration and scaling, feature 

extraction and output routers. They will be reported elsewhere in 

this same conference. 

 

4.2 Interaction Model 
As mentioned above, previous research using EMG biofeedback 

as a rehabilitation tool typically relies on a very simple gesture-

sound interaction design: the amplitude of the EMG input signal 

of a muscle group is mapped directly to the amplitude of a simple 

tone. This model has the main advantage of being easy for the 

user to understand and faithfully representing the activity of that 

specific muscle, although it is unlikely to be particularly 

engaging or motivating. Furthermore, it would not be valid for 

representing complex gestures, where we need simultaneous 

inputs from different muscle groups, as is the case in our study. 

As described by Schmidt R et al. too much feedback information 

can slow down learning in healthy individuals [26], This is why 

it is important to choose carefully which kinematic variables 

should inform the feedback system and how they will be 

translated into the sound domain, in a way that is intuitive for the 

user. In case of co-existence of several representation modalities 

(e.g. visual and auditory) these should be integrated into a 

coherent system, which does not conflict with the user's 

proprioceptive information [27–31].  

    In order to achieve this task, we have incorporated a machine 

learning module based on the rapid.regression1 Max object, 

namely <bbdmi.regress> (paper is in phase of review on the 

same conference), which allows us to simultaneously process 

EMG data from different muscle groups along with other 

kinematic data such as acceleration, and establish a rehabilitation 

space based on auditory feedback. This is helping us to define at 

least three different states during the execution of the gesture: 1. 
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Rest, 2. Extension of the elbow to reach the glass, and 3. 

Elevation of the arm with elbow flexion to bring the glass to the 

mouth (figure 1).  

 

 
Figure 1. Maneuver of reaching a glass of water. 

 

The machine learning component uses a regression algorithm 

that enables the user to associate gestures with sounds by 

combining multiple dimensions of input and target output. The 

model is trained on a set of pre-recorded examples, allowing the 

prediction of output values based on new input data. This results 

in a smooth transition between motion states, as the user can 

listen to the sound representation designed during the mapping 

process. This provides the user with qualitative feedback about 

the activity and can act as a sonic guide to assist with the 

trajectory of movement. It would also be possible to use 

sonification to alert the user about the activation of antagonistic 

muscles, whose co-contraction is undesirable.  

    In addition, the ability to define and identify the different 

phases in the execution of the gesture allows us to quantify the 

number of times the user has successfully performed a complete 

a full cycle of movement (Figure 2). This not only provides us 

with a clinical tool to assess the patient's functional progression, 

but also serves as a basis for building a reward system based on 

target acquisition and an interactive musical framework, aimed 

at promoting continuity of movement. 

 

 
 

Figure 2. Threshold detection system (left) and movement cycle 

counter (right). 

 

4.3 Movement Continuity 
If we want the movement sonification to be attractive to the user, 

its transformation into a musical gesture should be accompanied 

by a certain sense of progression. This would seem easier to 

achieve in the free practice of a movement, where the mere 

curiosity of the user would make him/her progress through the 

sonification, listening to its result and exploring again other 

postures and movements. Unfortunately, in the case of our study 

this is not possible as the maneuver to be rehabilitated is always 

the same and the patient's own disability limits the range of his 

movements.  

    Movement continuity is a crucial aspect of the proposed 

interaction model. In an attempt to promote and encourage 

continuous movements we have tried to change its context, 

making the user feel that, with his/her performance, he/she is part 

of a larger musical composition. We have used Ableton Live to 

create several midi and audio clips with multiple tracks and 

instruments, following a western harmonic and rhythmic 

structure, to form a small musical composition. The Ableton 

Live software allows us to organize the clips in numbered scenes, 

which we will use to define the different parts of the composition 

(introduction, verses, chorus, etc...). Simultaneously, we have 

built a max object that allows us to monitor and count how many 

times the user reaches the turning point of the movement, and 

when the user has returned to neutral or rest position. This will 

act as a trigger for Ableton to play a scene in synchronization 

with the desired phase of the movement. As the user repeats the 

gesture, the musical scenes will play consecutively throughout 

the composition, giving the user the perception of musical 

progression through the execution of the activity (figure 3).  

 

ç 

Figure 3. The motion cycle counter (left) triggers the selected 

scene in Ableton (right), which jumps forward when a new full 

cycle of movement is completed.  

 

We believe that the combination of all of these elements 

described above will establish a positive feedback loop that 

rewards the user for maintaining smooth and continuous motion. 

 

 

5. ACKNOWLEDGMENTS 
Our thanks to the entire BBDMI team, especially Francesco Di 

Maggio and David Fierro, for their help and support. 

 

6. REFERENCES 
[1] Van den Berg MEL, Castellote JM, Mahillo-Fernandez I, de 

Pedro-Cuesta J. Incidence of spinal cord injury worldwide: a 

systematic review. Neuroepidemiology 2010;34:184–92; 

discussion 192. https://doi.org/10.1159/000279335. 

[2] Beninato M, O’Kane KS, Sullivan PE. Relationship between 

motor FIM and muscle strength in lower cervical-level spinal 

cord injuries. Spinal Cord 2004;42:533–40. 

https://doi.org/10.1038/sj.sc.3101635. 

[3] Traumatic Spinal Cord Injury | Physical Rehabilitation, 7e | 



F.A. Davis PT Collection | McGraw Hill Medical n.d. 

https://fadavispt.mhmedical.com/content.aspx?bookid=2603&s

ectionid=214793570 (accessed February 11, 2023). 

[4] Straebel V, Thoben W. Alvin Lucier’s Music for Solo 

Performer : Experimental music beyond sonification. Org Sound 

2014;19:17–29. https://doi.org/10.1017/S135577181300037X. 

[5] Tanaka A. BioMuse to Bondage: Corporeal Interaction in 

Performance and Exhibition. In: Chatzichristodoulou M, Zerihan 

R, editors. Intimacy Across Visceral and Digital Performance, 

London: Palgrave Macmillan UK; 2012, p. 159–69. 

https://doi.org/10.1057/9781137283337_13. 

[6] Shan G, Visenti P. EMG Applications in Studies of Arts. In: 

Steele C, editor. Applications of EMG in Clinical and Sports 

Medicine, InTech; 2012. https://doi.org/10.5772/27574. 

[7] Caramiaux B, Donnarumma M, Tanaka A. Understanding 

Gesture Expressivity through Muscle Sensing. ACM Trans 

Comput-Hum Interact 2015;21:1–26. 

https://doi.org/10.1145/2687922. 

[8] Tate JJ, Milner CE. Real-time kinematic, temporospatial, 

and kinetic biofeedback during gait retraining in patients: a 

systematic review. Phys Ther 2010;90:1123–34. 

https://doi.org/10.2522/ptj.20080281. 

[9] Fernando CK, Basmajian JV. Biofeedback in physical 

medicine and rehabilitation. Physical Medicine and 

Rehabilitation n.d.:21. 

[10] Fernando CK, Basmajian JV. Biofeedback in physical 

medicine and rehabilitation. Biofeedback and Self-Regulation 

1978;3:435–55. https://doi.org/10.1007/BF00998946. 

[11] Van Dijk H, Jannink M, Hermens H. Effect of 

augmented feedback on motor function of the affected upper 

extremity in rehabilitation patients: a systematic review of 

randomized controlled trials. Journal of Rehabilitation Medicine 

2005;37:202–11. https://doi.org/10.1080/16501970510030165. 

[12] Huang H, Wolf SL, He J. Recent developments in 

biofeedback for neuromotor rehabilitation. J NeuroEngineering 

Rehabil 2006;3:11. https://doi.org/10.1186/1743-0003-3-11. 

[13] Hung J-W, Chou C-X, Hsieh Y-W, Wu W-C, Yu M-Y, 

Chen P-C, et al. Randomized comparison trial of balance training 

by using exergaming and conventional weight-shift therapy in 

patients with chronic stroke. Arch Phys Med Rehabil 

2014;95:1629–37. https://doi.org/10.1016/j.apmr.2014.04.029. 

[14] Spencer J, Wolf SL, Kesar TM. Biofeedback for Post-

stroke Gait Retraining: A Review of Current Evidence and 

Future Research Directions in the Context of Emerging 

Technologies. Front Neurol 2021;12:637199. 

https://doi.org/10.3389/fneur.2021.637199. 

[15] Morone G, Ghanbari Ghooshchy S, Palomba A, Baricich 

A, Santamato A, Ciritella C, et al. Differentiation among bio- 

and augmented- feedback in technologically assisted 

rehabilitation. Expert Review of Medical Devices 2021;18:513–

22. https://doi.org/10.1080/17434440.2021.1927704. 

[16] Hale R. Validation Of An Error Sonification Auditory 

Feedback Training Program On Proper Sagittal Plane Squat 

Technique n.d. 

[17] Schaffert N, Mattes K, Effenberg AO. THE SOUND OF 

ROWING STROKE CYCLES AS ACOUSTIC FEEDBACK 

2011. 

[18] Yang J, Hunt A. Real-time Sonification of Biceps Curl 

Exercise Using Muscular Activity and Kinematics 2015. 

[19] Newbold JW, Bianchi-Berthouze N, Gold NE. Musical 

Expectancy in Squat Sonification for People Who Struggle with 

Physical Activity. Proceedings of the 23rd International 

Conference on Auditory Display - ICAD 2017, University Park 

Campus: The International Community for Auditory Display; 

2017, p. 65–72. https://doi.org/10.21785/icad2017.008. 

[20] Tajadura-Jiménez A, Basia M, Deroy O, Fairhurst M, 

Marquardt N, Bianchi-Berthouze N. As Light as your Footsteps: 

Altering Walking Sounds to Change Perceived Body Weight, 

Emotional State and Gait. Proceedings of the 33rd Annual ACM 

Conference on Human Factors in Computing Systems, Seoul 

Republic of Korea: ACM; 2015, p. 2943–52. 

https://doi.org/10.1145/2702123.2702374. 

[21] Armagan O, Tascioglu F, Oner C. Electromyographic 

Biofeedback in the Treatment of the Hemiplegic Hand: A 

Placebo-Controlled Study. American Journal of Physical 

Medicine & Rehabilitation 2003;82:856–61. 

https://doi.org/10.1097/01.PHM.0000091984.72486.E0. 

[22] Binder SA, Moll CB, Wolf SL. Evaluation of 

Electromyographic Biofeedback as an Adjunct to Therapeutic 

Exercise in Treating the Lower Extremities of Hemiplegic 

Patients. Physical Therapy 1981;61:886–93. 

https://doi.org/10.1093/ptj/61.6.886. 

[23] Burnside IG, Tobias HS, Bursill D. Electromyographic 

feedback in the remobilization of stroke patients: a controlled 

trial. Arch Phys Med Rehabil 1982;63:217–22. 

[24] Di Donato, B. et al. 2019. EAVI EMG board. (Porto 

Alegre, Brazil, Jun. 2019). 

[25] Tanaka, A. et al. in review. Brain-Body Digital Musical 

Instrument Work-in-Progress. ISEA (in Review) 2023. 

[26] Schmidt RA, Lee TD, Winstein CJ, Wulf G, Zelaznik 

HN. Motor control and learning: a behavioral emphasis. Sixth 

edition. Champaign, IL: Human Kinetics; 2019. 

[27] Jonsdottir J, Cattaneo D, Regola A, Crippa A, Recalcati 

M, Rabuffetti M, et al. Concepts of Motor Learning Applied to 

a Rehabilitation Protocol Using Biofeedback to Improve Gait in 

a Chronic Stroke Patient: An A-B System Study With Multiple 

Gait Analyses. Neurorehabil Neural Repair 2007;21:190–4. 

 

https://research.gold.ac.uk/id/eprint/26476/1/nime_19_demo%20(2).pdf
https://research.gold.ac.uk/id/eprint/26476/1/nime_19_demo%20(2).pdf

	1. INTRODUCTION
	2. OBJETIVES
	3. RELATED WORK
	4. RESEARCH DESIGN & METHODS
	4.1 Arquitecture
	4.2 Interaction Model
	4.3 Movement Continuity

	5. ACKNOWLEDGMENTS
	6. REFERENCES

