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number of seniors over the age of

60 has increased significantly. A
recent study from the United Nations
has shown that the number of people
aged 65 years or over will increase
from 727 million in 2020 to 1.5 billion
by 2050 [1]. Consequently, the propor-
tion of the global population aged 65
years or over will increase from 9.3%
in 2020 to 16% in 2050. In parallel
with the aging of the world population,
there has been an increase in age-relat-
ed health issues, such as stroke, senso-
rimotor disorders, Parkinson’s disease,
and essential tremor, which signifi-
cantly impact health-care systems.
With a system that is underresourced,
patients are transferred from hospitals
to home while still suffering from ma-
jor functional deficits. In this aging
crisis, a potential solution is to develop
technologies and techniques that can
provide 1) efficient, effective, widely
accessible, and affordable means of
neurorchabilitation; and 2) intuitive
and agile assistance to maximize the
patients’ independence during activi-
ties of daily living. Biosignal process-
ing (BSP) plays an imperative role in
the development of these advanced,
intelligent, and dynamic rehabilitation
and assistive solutions.

During the last few decades, the
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Signal Processing for Neurorehabilitation
and Assistive Technologies

Human-machine interfacing
Neurorehabilitation and assistive tech-
nologies are based on processing, decom-
posing, and decoding of bioelectrical,
biomechanical, and biochemical signals.
The nonstationary and nonlinear nature
of biological signals requires innovative
techniques beyond conventional ap-
proaches. The ultimate goal is to imple-
ment practical and effective augmentation
techniques for the sensorimotor capabilities
of patients to achieve
either 1) the instan-
taneous replacement
of lost functions (that
is, assistive solution)
or 2) the gradual en-
hancement of the re-
sidual functions (that
is, rehabilitative so-
lution). Achieving these goals require
the development of human—machine in-
terface (HMI) systems, which aim at
the fusion of human neuromechanics
and robotics.

HMIs have been substantially im-
proved by recent advances in BSP and
machine learning (ML), in particular
through the use of deep neural net-
works. An ideal HMI should provide
consistent, direct, intuitive, and accurate
decoding of motor intent with minimal
training and calibration. Furthermore,
it should include sensory feedback
mechanisms to enable bidirectional in-
teraction, thus creating a closed control
loop. Recent HMI systems, developed
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Biosignal processing plays
an imperative role in the
development of these
advanced, intelligent, and
dynamic rehabilitation and
assistive solutions.

in research laboratories, have become
increasingly sophisticated to address
some of these goals. This has been
achieved through the use of embedded
mechatronic systems in combination
with state-of-the-art ML modules and
real-time BSP pipelines designed to
achieve high robustness and versatil-
ity. The design of increasingly complex
HMI systems is a challenging multidis-
ciplinary BSP problem.

This special issue of
IEEE Signal Process-
ing Magazine (SPM)
bridges several disci-
plines, including signal
processing, robotics,
machine intelligence,
neuroscience, and sta-
tistics and control,
applied to the domain of neurorehabil-
itation, neuroprosthetics, and assistive
systems. It describes advanced real-
time processing of multichannel and
multimodal biological signals—for ex-
ample, electroencephalogram (EEG),
video, speech, electronystagmography
(ENG), electrocorticography (ECoG),
and electromyography (EMG)—for
effective and alternative treatments and
diagnosis, with applications in neurore-
habilitation, neuroprosthetics, wearable
health technologies, and hybrid brain—
computer interfaces. The articles in this
special issue address these challenges
and provide an overview of HMIs for up-
per-limb prosthesis control, noninvasive



brain stimulation, Internet-of-Things
(IoT)—based assistive technologies, and
neurosteered hearing devices.

In this issve

The first article of the special issue, by
Ahmadizadeh et al., focuses on tech-
niques used to process biosignals with
the purpose of developing HMIs for
upper-limb prosthesis control. This ar-
ticle provides an overview of the main
research trends in this field, with a par-
ticular emphasis on three challenges:
advanced data acqui-
sition systems and
intention prediction,
intuitiveness of the
control, and transfer
to real-life situations.
Emerging technolo-
gies in each of these
categories are high-
lighted. A core as-
pect of this research
is the need to fill the
existing gap between research devel-
opments and commercially available
devices in a translation effort based on
solid clinical evaluation of technologies
in research laboratories.

The next article, by Dantas et al., pro-
vides an overview of technologies and al-
gorithms for decoding movement intent
from bioelectrical signals, such as EMG,
EEG, ENG, and ECoG. First, the article
reviews traditional movement decoders
based on Kalman filters and ML models.
Then, to mitigate the identified deficien-
cies of these conventional methods, three
approaches are reviewed: 1) data aggre-
gation-based training to improve decoder
performance when only limited amounts
of training data are available; 2) a shared
controller that incorporates estimates of
movement goals; and 3) an adaptive de-
coder designed to compensate for time
variations in human—machine interaction.
The numerous actions in complex tasks
and the nonstationary neural states form
a vast and dynamic state-action space, im-
posing a computational challenge in the
decoder to detect the emerging neural pat-
terns and to quickly establish and adjust
the globally optimal policy.

In the next contribution, Wang and
Principe focus on reinforcement learn-

The articles in this special
issue highlight the crucial
importance of BSP in the
field of neurorehabilitation
and assistive technologies
and provide insights on
how BSP will enahle

future directions in this
research area.

ing (RL) methods implemented in repro-
ducing kernel Hilbert space to address
the challenges imposed on decoder de-
sign. RL-based decoders enable the user
to learn the interaction with an external
system without desired target signals
and to better represent the subject’s goal
to complete the task. The RL decoder
needs to assign credit not only over time
but also over space, that is, to infer po-
tential goals over multiple objects and
devise the best trajectory. This work
shows the potential to advance brain—
machine interface de-
sign toward online
continuous learning
of tasks as required
for full restoration of
motor function.

ML models have
been introduced to
both decode and inter-
pret features in EMG
signals for myoelectric
control. In their arti-
cle, Shehata et al. present an overview of
how ML is used in EMG signal-driven
upper-limb prostheses control, along
with a discussion of the need for im-
proving the robustness and reliability of
these devices.

As stated previously, the rapidly ag-
ing population worldwide has spurned
interest in developing new strategies to
cope with age-related neural decline and
neurodegenerative disorders. Noninva-
sive brain stimulation (NIBS) is being
increasingly used to both explore func-
tional mechanisms of the brain and to in-
duce therapeutic modulation of behavior,
cognition, and emotion. Liu et al. focus
on galvanic vestibular stimulation (GVS),
a safe and well-tolerated NIBS technique
that modulates the activity of cortical and
subcortical areas involved in vestibu-
lar and multisensory processing. A key
facet of GVS is that the resulting effects
depend on the stimulus waveform deliv-
ered in a subject-specific manner. Most
of the existing GVS systems, however,
use a generic stimulus across large sub-
ject populations. In their article, Liu
et al. provide a signal processing—focused
overview of the current state-of-the-art
of GVS in neurorehabilitation, including
general stimulation design, concurrent
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analysis with neuroimaging data, and
suggestions for potential future direc-
tions in this area.

Because of the recent pandemic,
older individuals currently spend more
time alone in their homes. Therefore,
assisted living and health-care monitor-
ing of the elderly may become a critical
issue. In this context, Baucas et al. dis-
cuss loT-based assistive technologies. In
their article, they review popular catego-
ries of IoT-based applications for health
care. The aim is to answer how research
can properly address the open issues as-
sociated to IoT-based assistive devices to
improve viable solutions for future health-
care applications. On the other hand, Qian
et al. provide a comprehensive overview
on combining artificial intelligence (Al)
and the [oT applied to the elderly in assist-
ed living and health-care monitoring. The
data modalities and application scenarios
are presented together with the relevant
signal processing and ML algorithms.

Finally, Geirnaert et al. focus on
EEG-based auditory attention decod-
ing (AAD). Recent neuroscientific ad-
vances have shown that it is possible
to determine the focus of auditory at-
tention from noninvasive neurorecord-
ing techniques such as EEG. Based
on these new insights, a multitude of
AAD algorithms have been proposed,
which could, when combined with the
appropriate speaker separation algo-
rithms and miniaturized EEG sensor
devices, lead to so-called neurosteered
hearing devices. The authors provide a
broad review and a statistically grounded
comparative study of EEG-based AAD
algorithms and highlight the main sig-
nal processing challenges in this field.

Overall, the articles in this special is-
sue highlight the crucial importance of
BSP in the field of neurorehabilitation
and assistive technologies and provide
insights on how BSP will enable future
directions in this research area.
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