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Abstract

Neurological disorders often lead to severe gait impairments, limiting independence
and quality of life. Robotic exoskeletons and functional electrical stimulation (FES)
have emerged as promising rehabilitation tools, though their combined application
remains largely unexplored. This case study evaluates the effects of a hybrid program
integrating the UAN.GO lower-limb active exoskeleton with the VIK8 Adaptive
Functional Electrical Stimulation Kinesitherapy (AFESK) system in a 14-year-old boy
with severe spastic paraplegia due to mosaic trisomy 9 and secondary spinal cord
injury.

The 12-week intervention included exoskeleton-assisted gait training, multichannel
FES, and conventional physiotherapy. Assessments at baseline and follow-up
comprised clinical scales (Motricity Index, Modified Ashworth Scale), quadriceps
strength testing, and surface electromyography (sEMG) of rectus femoris and
semitendinosus during gait.

Results demonstrated a one-point reduction in spasticity (MAS) for quadriceps and
semitendinosus bilaterally, while Motricity Index scores remained unchanged. Right
quadriceps strength increased markedly (+124%), whereas the left side remained
stable. SEMG revealed a substantial rise in semitendinosus activation (up to +686%
RMS and +340% iEMG), alongside a pronounced reduction in rectus femoris activity
(-70% iEMG).

These findings suggest that hybrid exoskeleton-FES training can reduce hypertonia,
enhance voluntary strength, and modulate neuromuscular activation even in severely

impaired individuals, supporting its potential role in advanced neurorehabilitation.

Key-words: Exoskeleton, Functional Electrical Stimulation (FES), Neurorehabilitation,

Hybrid rehabilitation, Spastic paraplegia, Gait training, Electromyography (EMG).



Abstract in italiano

I disturbi neurologici comportano spesso gravi compromissioni del cammino,
limitando l'indipendenza e la qualita della vita. Gli esoscheletri robotici e la
stimolazione elettrica funzionale (FES) sono emersi come strumenti riabilitativi
promettenti, sebbene la loro applicazione combinata sia ancora poco esplorata. Questo
studio di caso valuta gli effetti di un programma ibrido che integra I'esoscheletro attivo
per gli arti inferiori UAN.GO con il sistema VIK8 di Stimolazione Elettrica Funzionale
Adattiva Kinesiterapica (AFESK) in un ragazzo di 14 anni affetto da paraplegia
spastica grave dovuta a trisomia 9 a mosaico e a una lesione midollare secondaria.
L’intervento, della durata di 12 settimane, ha incluso training al cammino assistito da
esoscheletro, FES multicanale e fisioterapia convenzionale. Le valutazioni al basale e
al follow-up hanno compreso scale cliniche (Motricity Index, Modified Ashworth
Scale), test di forza dei quadricipiti ed elettromiografia di superficie (SEMG) del retto
femorale e del semitendinoso durante il cammino.

I risultati hanno mostrato una riduzione di un punto della spasticita (MAS) per
quadricipite e semitendinoso bilateralmente, mentre i punteggi del Motricity Index
sono rimasti invariati. La forza del quadricipite destro e aumentata in modo
significativo (+124%), mentre il lato sinistro e rimasto stabile. L’analisi EMG ha rivelato
un sostanziale incremento dell’attivazione del semitendinoso (fino a +686% RMS e
+340% iEMG), accompagnato da una marcata riduzione dell’attivita del retto femorale
(-70% iEMG).

Questi risultati suggeriscono che l'allenamento ibrido esoscheletro—FES possa ridurre
I'ipertonia, aumentare la forza volontaria e modulare l'attivazione neuromuscolare
anche in soggetti con grave compromissione, supportandone il potenziale ruolo nella

neuroriabilitazione avanzata.

Parole chiave: Esoscheletro, Stimolazione Elettrica Funzionale (FES),
Neuroriabilitazione, Riabilitazione ibrida, Paraplegia spastica, Riabilitazione del

cammino, Elettromiografia (EMG).
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1. Introduction

1.1 Neurological diseases

Neurological diseases are the diseases of the Nervous System, i.e., they are the
afflictions affecting the encephalon, spinal cord, and/or nerves [1].

According to the World Health Organization (WHO), they now constitute the leading
cause of illness and disability worldwide, over 1 in 3 people is affected by neurological
conditions, [2] characterized by a high prevalence rate and a heavy impact in terms of
disability. [3]

A 2015 Global Burden of Disease report estimated that neurological disorders have
become one of the leading causes of disability in the world, with DALY (Disability-
adjusted life year), an indicator that assesses the number of active life years lost due to
premature death and disability, reaching 11.6 percent and are the second leading cause
of death after cardiovascular disease, reaching 16.5 percent of all deaths [4].

There are currently about 600 common, uncommon and rare neurological diseases
known to affect both the CNS and the SNP.

Those particularly known are: migraine, stroke, dementia, spina bifida, brain tumors,
epilepsy, carpal tunnel syndrome, Alzheimer's disease, Parkinson's disease, peripheral
neuropathy, and many others [5].

Major neurological diseases originate from different types of causes, among them we
find [6]:

- genetic mutations, present from birth, that originate from DNA modification.
One example is Spina Bifida, a congenital malformation (present from birth) in
the spine due to an error in embryonic development that can result in the
leakage of meninges, spinal cord and spinal nerves, caused by the opening of
the spine (bifida means 'open’) [7]. Another example is Spinal Muscular Atrophy
(SMA), a rare neuromuscular disease characterized by the loss of motor
neurons, those neurons that carry signals from the central nervous system to
the muscles, controlling their movement. It causes progressive muscle
weakness and atrophy [8];

- infections due to contact with bacteria, viruses, fungi and parasites. Depending
on the tissues affected, Encephalitis and Meningitis are distinguished [9];

- degenerative processes, which result in the structural, morphological or
chemical alteration of an organ, tissue or cell by the action of damaging factors.
Among these we recognize Dementias, such as Alzheimer's disease, which
involves a progressive loss of mental function, characterized by degeneration
of brain tissue [10]. Another example is Parkinson's disease, a slow-moving but
progressive neurodegenerative disease that primarily involves movement
control and balance and is the most common movement disorder disease [11].
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- tumor-like (or neoplastic) proliferative processes due to uncontrolled growth of
certain tissues or parts of the nervous system. They can be slow-growing
(benign, such as meningiomas) or fast-growing (malignant, such as
glioblastoma) [12];

- immune-mediated inflammatory processes, which are exaggerated or improper
responses of the immune system. An example is Multiple Sclerosis,
characterized by an abnormal reaction of the immune defenses that attack
certain components of the central nervous system by mistaking them for
external agents [13], which leads to visual and sensory disturbances, fatigue and
loss of muscle strength [14];

- trauma, which can be to the brain or spinal cord [15];

- epilepsy, a disease characterized by the recurrence of seizures due to an
abnormal electrical discharge of a larger or smaller area of brain neurons [16];

- sleep disorders [17];

- headaches, headaches leading to conditions such as migraines [18];

- stroke, due to an altered blood supply to an area of the nervous system resulting
in tissue death and loss of function of the affected area [19];

- nerve compression, due to an alteration in the normal anatomy of the elements
surrounding the involved nerve, impairing its function. An example is Carpal
Tunnel Syndrome, which affects the wrist nerve [20].

1.1.1 Clinical Scales

In neurology, outcomes that cannot be directly measured are frequently assessed, such
as disability, cognitive function, or symptom changes related to the condition under
investigation. These complex outcomes represent abstract concepts or latent constructs
and are typically evaluated through the use of rating scales [21].

Rehabilitation generally begins with a series of standardized assessments to determine
the extent of impairment and functional ability. This initial evaluation establishes a
baseline for movement capacity and typically involves measuring performance during
daily living activities [21] [22] . Since these clinical assessments depend on evaluations
by trained therapists, the scoring systems used are structured to be discrete and, in
certain cases, bounded. Although this design enhances the reliability of the
measurement [22], it simultaneously reduces the scale's sensitivity. Additionally,
assessment scales that have defined boundaries, such as the Fugl-Meyer Assessment
(FMA) [23], the Ashworth or Modified Ashworth (MA) Scale [24], the Barthel Index
[25], the Berg Balance Scale (BBS) [26] and the Motricity Index (MI) [27], are prone to
floor and ceiling effects. These effects occur when the scale's extremes become
unresponsive to significant differences in impairment and functionality.

The clinical value of rating scales lies in their capacity to identify a minimal clinically
important difference, which must be distinguished from mere statistical significance
[21].
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Fugl-Meyer Assessment

The Fugl-Meyer Assessment (FMA) is a stroke-specific, performance-based index used
to evaluate impairment. It is intended to assess motor function, balance, sensation, and
joint mobility in individuals with post-stroke hemiplegia [28] [29]. The FMA is utilized
in both clinical practice and research to determine the severity of impairment, track
motor recovery, guide treatment planning, and assess therapeutic outcomes. Its motor
subsections (upper limb FMA-UE 0-66; lower limb FMA-LE 0-34) are widely
recognized as core outcome measures in stroke trials [29].

The scale comprises five domains with a maximum total score of 226 points (Motor
100; Sensation 24; Balance 14; Joint ROM 44; Joint Pain 44). Each domain contains
multiple items, each scored on a3-point ordinal scale (0 = cannot perform, 1 = per-forms
partially, 2 = performs fully) [29]. Functional tasks are not incorporated into the
evaluation [30].

The scoring system places greater emphasis on the upper extremity (66 points)
compared to the lower extremity (34 points), with reflexes appearing to be
disproportionately represented in the scale [29].

Modified Ashworth Scale

The Modified Ashworth Scale (MAS) is considered the most universally accepted
clinical tool for measuring increased muscle tone in patients with central nervous
system lesions [31].

Currently, the Ashworth scales are widely recommended for clinical studies on
spasticity across different populations, including multiple sclerosis, stroke, spinal cord
injuries, brain injuries, and cerebral palsy. Specifically, according to the Stroke
Taskforce of the American Physical Therapy Association (StrokeEDGE), the Ashworth
Scale is recommended for post-stroke patients in the acute, subacute, and chronic
phases, including in research settings [32]. The AS consists of 5 levels, with scores
ranging from 0 to 4, based on the degree of resistance perceived during passive
mobilization of the examined joints. Higher scores indicate a greater level of resistance.
The MAS is similar to the original Ashworth Scale but introduces an additional
category (1+) to indicate resistance through less than half of the movement. Thus, the
scale consists of 6 levels, with scores ranging from 0 to 4, based on the degree of
resistance perceived during passive mobilization (Table 1).
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Table 1: Modified Ashworth Scale [31].

0 No increase in muscle tone

1 Slight increase in muscle tone, with a catch and release or minimal
resistance at the end of the range of motion when an affected part(s) is
moved in flexion or extension

1+ Slight increase in muscle tone, manifested as a catch, followed by
minimal resistance through the remainder (less than half) of the range
of motion

2 A marked increase in muscle tone throughout most of the range of
motion, but affected part(s) are still easily moved

3 Considerable increase in muscle tone, passive movement difficult

4 Affected part(s) rigid in flexion or extension

The Bartel Index

The Barthel Index for Activities of Daily Living is an ordinal scale used to evaluate an
individual’s capability to perform basic activities of daily living. I assesses feeding,
bathing, grooming, dressing, bowel, bladder, toilet use, transfers bed-to-chair-and-
back, mobility on level surfaces, stair negotiation [33].

Although the Barthel Index is applied across a wide range of populations, it is
particularly recommended for assessing individuals with stroke [34], Parkinson’s
disease [35], brain injury, cancer [36] [37], COVID-19 [38], patients admitted to
intensive care units [39], and older adults [40] (Table 2).

Table 2: The original Barthel Index scores [41].

0-20 “total” dependency
21-60 “severe” dependency
61-90 “moderate” dependency
91-99 “slight” dependency

Most studies use a score of 60/61 (moderate dependency) as a cutting point

Berg Balance Scale

The Berg Balance Scale (BBS) is an objective tool used to evaluate a patient’s ability (or
inability) to maintain balance while performing a series of predetermined tasks. It
consists of 14 items ((1) sitting to standing, (2) standing unsupported, (3) sitting
unsupported, (4) standing to sitting, (5) transfers, (6) standing with eyes closed, (7)
standing with feet together, (8) reaching forward with outstretched arm, (9) retrieving
object from floor, (10) turning to look behind, (11) turning 360 degrees, (12) placing
alternate foot on stool, (13) standing with one foot in front, (14) standing on one foot),
each rated on a five-point ordinal scale from 0 to 4, where 0 represents the lowest level
of function and 4 the highest. The assessment takes about 20 minutes to administer
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and does not include gait evaluation [26]. It is intended for elderly population with
balance impairments and patients with acute stroke [42] [43] [44] [45] (Table 3).

Table 3: Berg Balance Scale scores [46].

0-20 A person with a score in this range will likely need the assistance of
a wheelchair to move around safely.

21-40 A person with a score in this range will need some type of walking
assistance, like a cane or a walker.

41-56 A person with a score in this range is considered independent and
should be able to move around safely without assistance.

Motricity Index

The Motricity Index (MI) is an ordinal measurement scale designed to assess muscle
strength and motor abilities in the limbs of patients with neurological disorders. This
index is primarily used for the evaluation of individuals affected by stroke, with the
aim of predicting overall motor function after the event and estimating future global
disability [47].

It evaluates isometric muscle strength. In upper extremity the movements are shoulder
abduction, elbow flexion and pinch grip, while in lower limb are hip flexion, knee
extension and ankle dorsiflexion [27]. The three scores are summed and added by one,
and total score ranges from 0 (complete paresis) to 100 (normal strength) (Table 4).

Table 4: The lower extremity scores for muscle strength using the Motricity Index [27].

Quality of muscle contraction Motricity scores
No Movement 0

Palpable contraction in muscle, but No Movement 9

Visible Movement, but not full range against Gravity 14

Full range of Movement against Gravity, but not against resistance 19

Full Movement against gravity, but weaker than the other side 25

Normal Power 33

1.2 Muscles physiology

Muscle constitutes the largest group of tissues in our body, forming about half of the
body weight. Muscle cells are able to develop tension and contract due to their ability
to coordinate contraction within the muscle. This coordinated contraction allows: [48]
- the movement of the whole body or parts of it;
- the manipulation of external objects;
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- the performance of the activities of hollow internal organs;

- the removal of substances from certain organs.
There are three different types of muscle: skeletal muscle, cardiac muscle and smooth
muscle. These can be classified under two principal categories: the first to which
striated (skeletal and cardiac), and non-striated (smooth) muscles belong; and the
second to which voluntary (skeletal) and involuntary (cardiac and smooth) muscles
belong. Skeletal muscle forms the skeletal muscle system and is the most abundant
type of muscle used for contraction; smooth muscle is used for the internal lining of
hollow organs, while cardiac muscle is found only in the heart. [49]
Specifically, a single skeletal muscle cell has an elongated, cylindrical shape that is
called a muscle fibre. A skeletal muscle is the collection of numerous muscle fibres
arranged parallel to each other and joined by connective tissue.
Each muscle fibre is made up of numerous myofibrils, specialised contractile elements
that make up 80% of the volume of the entire fibre. These myofibrils are composed of
two types of filaments: thick filaments, made up of the myofibrils and thin filaments,
consisting of actin, tropomyosin and troponin.

actin filament actin troponin tropomyosin molecule

to Z line—>»

myosin filament
=—to Mine~g
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e Y —
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< — —== AT
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Figure 1: Actin and myosin filament and how they join together.

Actin and myosin are the proteins specialise in muscle contraction [50]. Specifically,
myosin consists of six subunits, two of which are identical and form a terminal tail and
two globular heads protruding from one end. These heads form the cross-bridges
between the thin and thick filaments. Each myosin crossbridge has two important sites
for contraction: a binding site for actin and a site that allows ATP hydrolysis, called
ATPase. Actin molecules, on the other hand, have a binding site in order to attach to
the myosin cross bridge. The binding between the cross bridges and the actin and
myosin molecules causes the contraction of muscle fibre. When the latter is relaxed,
tropomyosin and troponin cover the actin binding sites that bind the cross bridges,
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blocking contraction. Troponin has three subunits: one binds to tropomyosin, one to
troponin and one to calcium (Ca?). If troponin is not bound to Ca?, tropomyosin
blocks the binding sites in the cross bridges; when, however, it binds to Ca?, troponin
changes shape allowing tropomyosin to move from its blocked position. In doing so,
myosin and actin bind resulting in contraction.

1.2.1 Skeletal muscle contraction

The interaction between actin and myosin through the cross bridges determines the
contraction of skeletal muscle [50] [51].

During muscle flexion, the thin filaments on the sides of the sarcomere slide in and
over the thick filaments, pulling on the Z-lines to which they are attached in such a
way as to shorten the sarcomere itself. When all the sarcomeres shorten
simultaneously, contraction of the entire fibre occurs. In this situation, the cross
bridges change shape, folding towards the centre of the sarcomere and causing a 'force
stroke' that also pulls the thin filaments inwards. The cyclical repetition of the bonds
in an asynchronous manner and the bending of the transverse bridge result in muscle
contraction.

Z disk SAOMere Z disk
1

Myosin Tropomyosin
M line

Relaxed

Figure 2: Visualization of sarcomere contraction.

What induces muscle contraction is the electrical activity due to the release of
acetylcholine (ACh). Acetylcholine is a neurotransmitter that comes from nerve cells
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and, via chemical synapses, is released into the muscle fibre. When each terminal axon
of the motor neuron reaches the muscle, it loses its myelin sheath and forms a
specialised junction, called the neuromuscular junction. Since each axon branch
innervates only one muscle cell, there is only one junction per cell. Within a
neuromuscular junction, the terminal axon divides into many branches that end in an
enlarged structure, called a terminal button, which contains thousands of vesicles in
which ACh is located. There are two structures that link nerve cell excitation to muscle
contraction, and they are: the transverse tubules (T tubules) and the sarcoplasmic
reticulum. The transverse tubule crosses the membrane to the centre of the muscle
fibre, so that the action potential coming from the membrane can propagate along the
tubule, transmitting the surface electrical activity within the fibre. The sarcoplasmic
reticulum consists of a thin network of membranes that form closed compartments
surrounding each myofibril. Segments of this reticulum surround the A band and I-
band and the end parts form sac-like regions, the terminal cisternae, separated by the
T-tubules containing Ca2+. The propagation of an action potential along a T tubule
triggers the opening of Ca2+ channels that allow actin-myosin binding.

As mentioned above, myosin filaments possess two sites: an actin-binding site and an
ATPase site. The second site is capable of binding adenosine triphosphate (ATP),
hydrolysing it into adenine diphosphate (ADP) and inorganic phosphate (Pi). This
process releases energy, creating a high-energy myosin cross-bridge that will then bind
to an actin molecule.

When Pi and ADP are released after actin-myosin bonding, the ATPase site is free to
bind to a subsequent ATP molecule. This new binding causes the cross-bridge to
detach, which will prepare for another cycle.

Relaxation begins when the Ca? enters in the terminal cisternae. The sarcoplasmic
reticulum has an energy-consuming Ca? transporter, the Ca?-ATPase pump, which
actively transports Ca? from the cytoplasm to the terminal cisternae.

Muscle contraction has, therefore, its basis at a control system that is managed by the
nervous system, and when talking about muscle, one cannot consider the nervous
system itself. The nerve signal is transformed into a mechanical event in three stages:

- neuromuscular transmission: a nerve impulse reaching the motor plate, after
releasing ACh via synapses, generates an action potential;

- propagation of the action potential throughout the muscle fibre;

- activation of contractile mechanisms.

The transmission of an impulse along a nerve fibre is an electrical phenomenon. The
cell membrane of axons is polarised, which means that there are positive charges on
the outside of the cell membrane and negative charges on the inside. This polarisation
is due to the different concentration of Na+ ions and K+ ions. The Na+-K+ pump keeps
the resting potential constant by transporting Na+ ions outside the cell and K+ ions
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inside. In this way, the amount of positive charge neither inside nor outside does not
change. However, if a sufficiently high electrical stimulus is applied (above the
threshold level, -50 mV), the permeability of the membrane to Na+ increases,
generating a depolarisation that causes an inversion of the internal polarity, giving rise
to the action potential that propagates along the entire axon until it reaches the motor
plate, where the mechanisms for muscle contraction just seen are set in motion.

There are generally two types of contraction: isometric contraction, during which the
external length of the muscle does not change, instead the internal length changes as
there is a shortening of the Z-lines of the sarcomere and isotonic contraction, which in
turn can be divided into: concentric, when there is an obvious external shortening of
the muscle for the production of a force; eccentric, where the muscle lengthens
continuously during the application of a load; isokinetic, where the movement is
performed at a constant speed. [48]

Electrophysiology of muscle contraction

[52] The mechanics of muscle contraction occur due to the shortening of the muscle
effector, i.e. the termination of an efferent nerve fibre that transmits nerve impulses to
the muscle, and intensity, duration, modulation and speed depend on several factors.
The most important are:

- the muscle elongation to which the muscle is subjected before contraction and
the load to which the latter is subjected;

- the number of fibres that are recruited during the contraction;

- the type of muscle fibres that make up the myofibrils;

- the amount of energy available for contraction.

Almost all of these factors are influenced by the type of motor neurons destined for
the individual skeletal muscle. In fact, as seen above, each motor neuron innervates a
specific number of muscle fibres, which is inversely proportional to the motor capacity
of the efferent muscle: the more accurate the movements must be, the smaller the
number of fibres that make up the motor unit, allowing for finer control. The speed of
the impulse varies according to the structure of the nerve fibre and its diameter: in
myelinated fibres, there is a higher speed due to the 'stimulus jumping' mechanism in
Ranvier's nodes. In addition, the diameter of the nerve fibres reduces as one moves
away from the point of entry into the trunk and therefore the periphery of each muscle
will present stimuli with a lower speed than the initial portion. The contraction of
motor fibres occurs according to the 'all or nothing' law: if the action potential that is
generated exceeds a certain threshold, then the whole fibre contracts, if this threshold
is not reached the fibre remains inert [53].

Contraction force is regulated by the brain in two ways: by quantal recruitment or
summation in which smaller motor units are recruited first, followed by a progressive
activation of the larger motor units. This means that during contraction, motor units
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are stimulated according to an increasing size and power of contraction and a
decreasing resistance to fatigue and by rate coding: the shape and power of the
contraction (voluntary and induced) depend on the recruitment and activation
frequency (also known as the discharge frequency). Smaller motor units have a lower
frequency range than larger units, and in this range the force generated increases as
the discharge frequency increases. If a stimulus is sent to a relaxed fibre after the
previous contraction, a spatial summation force occurs, so the force and speed of
contraction are directly proportional to the number of fibres recruited. When
contraction occurs by electrical stimulation, spatial recruitment is directly proportional
to the voltage (amplitude) and duration of stimulation. It is also possible to detect
temporal recruitment due to the fact that as the frequency increases, the muscle does
not have time to relax, consequently the stimuli add up over time, developing a much
greater force than that developed by a single stimulus (this is referred to as
tetanization) [54].

Electrostimulation is able to act on these recruitment mechanisms, allowing complete
and continuous tetanisation of motor units. [52]

1.3 Exoskeleton

Exoskeletons are generally categorized into two groups of wearable machines: passive
and active. Passive exoskeletons employ systems of springs and dampers that store
energy generated by human motion and release it when needed to assist posture or
movement. In contrast, active exoskeletons are equipped with actuators that convert
energy (whether electrical, pneumatic, or hydraulic) into mechanical force to support
and enhance human mobility. Exoskeletons can come in many forms including upper
body, lower body, or full-bodied exoskeletons, with single joint versions also being
developed, and they can be applied across multiple areas [55] [56].

Exoskeletons could facilitate plasticity-related recovery by increasing sensory
feedback and supporting the motor system [57]. They are particularly effective for
delivering intensive, task-specific motor training by guiding the patient’s limb
movements under the supervision of physical therapists, thereby complementing and
enhancing conventional rehabilitation [58].

Robot-assisted gait rehabilitation could involve exoskeleton-type devices, which
provide a direct control of individual joints, thus minimizing abnormal posture or
movement [59].

Robotic exoskeletons designed for gait rehabilitation can guide the legs through
predefined walking patterns, allowing the patient to receive nearly normal
proprioceptive feedback during limb loading [60].

Furthermore, lower-limb robotic exoskeletons can be categorized into “static robots,”
which enable patients to conduct gait training in a restricted area (such as on a
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treadmill), and “overground exoskeletons,” which may be unilateral or bilateral and
allow patients to walk freely overground while interacting with their surroundings
[61].

Figure 3: lower limb exoskeleton.
From O’Connor S., "Exoskeletons in Nursing and Healthcare: A Bionic Future’.

1.3.1 UAN.GO exoskeleton

UAN.GO exoskeleton is a lower limb powered exoskeleton for overground training
after neurological and neurodegenerative diseases, designed by U&O srl, an Italian
startup specialized in the design and production of robotic exoskeletons for medical
use, and in the production of aids for the rehabilitation of people with lower limb
disabilities and movement disorders [62].

It is a therapeutical device, certified as a medical device CE IIA (CEE 93/42), for clinical
and personal use. It is a powered lower limb exoskeleton, which enables people with
mobility impairments the opportunity to walk independently. Power is provided by
sophisticated motors in the knee and hip joints, and combined with advanced sensors
and control strategies, the device allows gait impaired individuals to stand and walk.

UAN.GO has four motorized joints (hip and knee) and two passive joints (ankle). It
allows a robotized walking training with weight completely unloaded to the ground
and guided by a software that facilitates and helps operators to rehabilitate the
functions necessary to retrain the gait.
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It supports both “passive” and “active-assisted” training modes through a control unit
that enables full or partial powered assistance at the joints. The system can operate in
“Assisted Mode,” where the caregiver selects movement maps on the integrated
touchscreen and initiates them via start/stop buttons, or in “Autonomous Mode,”
where the caregiver defines trigger positions and the patient independently controls
the exoskeleton through trunk movements. UAN.GO enables step-by-step gait
training to support the development of walking skills and also provides functionality
for stair climbing. With configurable and customizable movement maps, flexible
activation options tailored to the patient’s abilities, and rapid setup times (mechanical-
anatomical adjustments and software initialization under 2 minutes), UAN.GO is
designed as a robotic rehabilitation device that allows clinical staff to conduct gait
rehabilitation efficiently, effectively, and with ease (Table 5).

The device is intended for individuals with complete spinal cord injury (SCI) at levels
T4 to L5 (with upper extremity motor function of at least 4/5 in both arms), and
incomplete SCI at levels of C7 to T3 (with upper extremity motor function of at least
4/5 in both arms). UAN.GO has been designed also for patients with hemiplegia due
to stroke and multiple sclerosis patients, but more generally for all those with lower
limbs related to neurological pathologies and neurodegenerative diseases with severe
gait impairment (with upper extremity motor function of at least 4/5 in, at least one
upper extremity).

Figure 4: UANG.GO exoskeleton.
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Table 5: UANG.GO technical datas.

Hip 100° flexion — 30° extension
Knee 110° flexion — 0° extension
Ankle 0 — 10° dorsiflexion
Patient’s height 155 - 195 cm

Maximum patient’s weight 100 kg

Maximum spasticity score Modified Ashworth score 3

1.4 Electrostimulation

Depending on the diagnosis and origin of the neurological pathology and/or trauma,
there are diversified treatments [63]. Chief among them is neurorehabilitation [64],
which aims to recover sensory-motor and cognitive deficits caused by pathology
and/or trauma of the central and peripheral nervous system.

This type of rehabilitation is carried out through a combination of manual therapies,
performed by a physical therapist, and rehabilitation technologies, such as
electrostimulation, through a well-designated protocol.

Electrostimulation allows working directly in the injured area, stimulating the
patient's muscles and nervous system [65] [66]. In this way, the latter can get to recover
lost motor function and return to performing the simplest actions of daily life.

This treatment is effective in the rehabilitation of bone, muscle, tendon, and ligament
disorders [67]. It produces several benefits, including increased trophism in the treated
area, decreased inflammation, improved tissue oxygenation, and reduced adhesions
[68] [69].

Basically, this technique can be used in pain therapy or for any other musculoskeletal
condition, in cosmetic treatments to improve physical appearance, and in sports to
increase strength-endurance, strength-speed, and explosive strength [70].

1.4.1 Induced contraction

The contraction-excitation mechanism can be replicated through electrostimulation,
which induces action potentials in excitable cells (nerve or muscle) using electric
currents [71]. The point of application of the electric current is the motor plaque or
neuromuscular junction, the point where a motor myelinated nerve fibre meets a
skeletal muscle fibre. The motor plate, in addition to being a readily available
anatomical point, turns out to have no myelin sheath, which would prevent signal
passage given its insulating function. A circuit is then created that will cause
depolarization of the resting potential to occur, resulting in muscle contraction.

Among electric currents, two main types can be distinguished: direct current and
alternating current. Not all currents, however, are capable of inducing contraction or
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one muscle stimulation. In particular, direct currents are not suitable for contraction
because are currents with a continuous flow of charges in the opposite direction to the
normal motion of electrons. They therefore turn out to be constant and unidirectional,
causing an increase in temperature and ions in the tissue that can cause burns at the
site where they are applied.

In contrast, alternating current is capable of periodically changing its polarities by
means of an established frequency. They determine, therefore, the depolarization of
the nerve fibre membrane giving rise to an action potential that, via the axon, reaches
the motor plate generating an excitomotor effect capable of causing muscle
contraction. Such excitomotor current can be used both in cases of motor deficit and in
cases of muscle strengthening for injury prevention [52].

1.4.2 Type of electrostimulation

There are two main forms of electrostimulation;

- transcutaneous electrical nerve stimulation (TENS), which aims to reduce acute
or chronic pain;

- neuromuscular electrical stimulation (NMES), which aims to increase muscle
contraction.

The type we will focus on is NMES.

NMES consists of applying electrical stimulation to excitable muscle and nerve tissue
in order to reduce specific neuromuscular deficits or replace an impaired function. The
clinical applications of NMES in patients with central nervous system (CNS) injuries
can be divided into two main categories: therapeutic electrical stimulation (TES) and
functional electrical stimulation (FES).

TES consists of repetitive stimulation of paralyzed muscles in order to reduce specific
damage such as muscle atrophy, strength deficits, motor control disorders, spasticity,
and pain. FES consists of activating paralyzed muscles using specific NMES
stimulation sequences to enable the performance of activities of daily living (e.g.,
walking or grasping movements) or to stabilize joints in order to preserve their
biomechanical and functional integrity [72].

Motor nerves can be stimulated using either surface or implanted electrodes. When
electrical pulses are delivered to these nerves, they generate action potentials that
propagate along the axon to reach the target muscle. For this process to occur, the
motor nerves of the targeted muscle must remain intact to allow proper conduction of
the action potentials [73].

Physiologically, there is first a recruitment of the smaller motor units, continuing with
the larger ones. In artificial stimulation, on the other hand, lower currents activate
axons with larger diameters, this is because a greater change in membrane potential is
achieved. Muscle contraction is controlled by manipulating the parameters of the
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current: frequency, amplitude and pulse duration. If the frequency is very high, the
stimuli can add up both spatially and temporally, a situation that can be exploited to
increase the force of a contraction, thus increasing the number of motor units recruited
and increasing the amplitude of the pulsations, creating a larger electric field. It
increases, however, the risk of muscle fatigue that would compromise the restoration
of motor function. Low frequencies are therefore preferable to allow temporal
summation but without having fatigue [74].

Functional electrical stimulation-assisted walking consists of activating specific leg
muscles in a coordinated manner to reproduce the walking pattern. The primary target
for stimulation is the peroneal nerve. Muscle groups in the lower limb that are typically
engaged include the hip flexors and extensors, knee flexors and extensors, as well as
the ankle plantar flexors and dorsiflexors [73] [75].

From a biomechanical perspective, FES applied to the ankle plantar flexors enhances
ground clearance of the lower limb. Moreover, FES-assisted heel lift reduces extensor
tone, thereby shortening swing time [73] [75]. Research has demonstrated that FES-
assisted walking leads to improvements in walking endurance, gait speed, and lower-
limb muscle strength [76] [77] [78].

Furthermore, There is evidence that the association between FES, ideation of a motor
pattern and execution of the gesture leads to greater results in terms of neuroplasticity
[79] [80].

It has also been applied on healthy subjects, showing a correlation between electrical
stimulation of the lower limbs and increased activity in certain cortical areas and how
this is directly proportional to the intensity of stimulation [81] [82].

On stroke subjects, intensive performance of FES led to a significant increase in hand
function and an increase in cortical activity ipsilateral to the paretic hand [83].

Finally, it has been shown that there is a correlation between the duration of the
rehabilitation session with electrostimulation and maintenance of cortical effects over
time [84].

For all these reasons, functional electrical stimulation is the basis of the Adaptive
Functional Electrical Stimulation Kinesitherapy (AFESK) technology on which the
VIKTOR method, examined in this study, is based. In the following, the individual
components of the technology and how it works are analysed in detail.

1.4.3 VIKTOR method

The introduction of the VIKTOR method, devised by Dr. Terekhov Viktor, has made it
possible to revolutionize the concept, limitations, effects, and use of electrostimulation
[85]. As seen above, it is based on the Adaptive Functional Electrical Stimulation
Kinesitherapy (AFESK) technology born from the meeting of functional electrical
stimulation (FES), which can electrically stimulate a maximum of 16 (for VIK16) and 8
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(for VIKS8) muscle groups (synergies) to reproduce complex physiological movement,
and kinesiotherapy. This means that the stimulation given by an AFESK machine
allows a movement to be reproduced in its exactness through cyclic repetition. It acts
on both motor and sensory components such that the nervous system is able to
reactivate lost functional abilities in patients suffering from trauma or neuromuscular
dysfunction, restoring or improving the organization of nerve circuits affecting the
damaged body part. The technology is based on both scientific evidence [86] from
years of research in the field of rehabilitation, to which are added the in-depth scientific
principles developed by Dr. Terekhov, and on clinical practice. Thus, it can be said that
AFESK technology lies in the middle ground between evidence based and clinical
practice.

The term AFESK stands for Functional Adaptive Kinesitherapies Functional Electrical
Stimulation (Table 6).

Table 6: AFESK.

Adaptive Modulability of the stimulus.

Functional Electrical Stimulation Electrical stimulation delivered
concurrently with functional movement.

Kinesitherapy High-intensity movement-based
physiotherapy.

Specifically, this technology is based on several principles, such as: FES, kinesitherapy,
fitness, repetition, activity-based therapy and bilateral training.

Kinesitherapy, the second pillar of the technology, allows the patient to be an active
part of the treatment by actively performing each exercise. The latter must reproduce
the gesture by trying to activate the muscles and cortical areas deputed to the
conception and execution of the movement. If the patient is unable to actively perform
an exercise (e.g., in the case of paralysis), he or she is asked to imagine the movement,
contextually trying to perform it. Motor imagining, in fact, has been shown to be useful
in activating certain cortical areas and increasing the plastic response centrally [87] [88]
[89] [90].

Therefore, the active part plays a fundamental role in AFESKTM technology and is
what distinguishes it from the other types of electrostimulations in use to date, where
the patient plays a passive role [91].

Several studies demonstrate the importance of kinesiotherapy and treatment with an
active approach even in individuals with severe movement impairment, with the goal
of both promoting neurological recovery and improved gait in individuals with
incomplete spinal cord injury [92], avoiding reduction of muscle mass by allowing the
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preservation and creation of as many muscle-level receptors as possible that can
communicate with the nervous system (SN) [93].

Thus, the goal of kinesiotherapy in AFESK technology is to focus both on the use of
preserved muscles to achieve compensatory functions and on sub-injury muscle
activation in order to re-train the sympathetic nervous system (SNS) to recover a
specific motor task.

The third concept underlying the method is Fitness, which allows a higher volume of
work to be proposed than traditional rehabilitation (Intensive Functional Recovery).
Patients, particularly neurological patients, have a reduced level of fitness (properly
'being fit’, ‘fitness’) compared to the healthy population that could result in permanent
disability and help from others. The high execution of repetitions, guaranteed by the
AFESK technology, allows to increase the fitness status of the treated people, causing
an improvement of aerobic type and at the level of the cardiovascular system, for
example, positively influencing the walking performance in people with disabilities
[94] [95].

From what has just been defined, another fundamental concept developed within the
VIKTOR method is evident: repetition. Several studies have shown that the high
number of repetitions performed for each exercise is able to induce motor learning [96]
[97] and allows faster recovery of motor patterns, such as walking, and seem to induce
greater neuroplasticity, observed through fMRI [98].

Also related to neuroplasticity turns out to be the concept of Activity Base Therapy
(ABT). Behrman and Harkema defined ABT as “interventions that provide activation of
the neuromuscular system below the level of injury with the goal of retraining the nervous
system to recover a specific motor task” [99].

Choosing from the 50 exercise programs contained within the VIK8 and VIK16,
workstations through which AFESK technology is applied, allow for the selection of
complex functional or sporting movements and gestures that can be selected as the
outcome of the rehabilitation pathway (e.g., walking, sit to stand, reaching). Thus, the
use of predetermined goals and continuous feedback provided by the technology,
allow a higher intensity of work through a high number of repetitions performed by
the patient in the single session in a specific time interval. In this regard, disparate
studies show that in order to improve desired functional outcomes, it is necessary to
reach a certain threshold of intensity [100].

Finally, each program contained within VIK16 involves stimulation of both hemi-
laterals of the body, promoting bilateral work. Even if the pathology has affected only
one side of the body, or a portion of it, the AFESKTM technology is designed to
stimulate the unaffected side as well, so as to ensure a greater increase in strength in
both hemi-laterals, a gain in long term motor skills, and thus an improvement in
neuroplasticity [101] [102].
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The aim of AFESK technology is to promote reorganization and regeneration of the
SNS in all those situations where its impairment causes movement disorders.

Neuroplasticity

The pillars on which AFESK technology is based refer to a common goal: to stimulate
and promote neuroplasticity. Neuroplasticity it is defined as the “ability of the nervous
system to change its activity in response to intrinsic or extrinsic stimuli by reorganizing
its structure, functions, or connections after injuries, such as a stroke or traumatic brain
injury (TBI)” [103]. Aging and neurodegenerative diseases have been associated with
a decrease of neuromodulators and may contribute to a reduction in the ability of
synaptic plasticity [104], which is the ability to make experience-dependent long-
lasting changes in the strength of neuronal connections [105].

After injury to the cerebral cortex, as often occurs in stroke or TBI, a large portion of
the forebrain sensory-motor apparatus is affected, resulting in deficits in motor
function in the contralateral musculature. Motor function impairments are frequently
observed across various neurological disorders. Nevertheless, the adult central
nervous system possesses a remarkable ability to recover and adapt after injury. This
phenomenon, often referred to as spontaneous (or natural) recovery, is known to occur
following spinal cord injury, traumatic brain injury (TBI), and stroke. However, many
adaptive processes may begin early in the post-injury stage and result in reduction of
pathophysiological events or in neuroplastic changes leading to at least some
restoration of function [106].

The task of AFESK technology is to deliver a large amount of afferent information to
the central nervous system (CNS) so as to promote adaptation and response to stimuli,
with the ultimate goal of reorganizing and regenerating (or replacing) neuronal
circuits damaged as a result of trauma, injury, or disease. Electrical stimulation
associated with physiological movement causes the CNS to recognize movements and
stimuli given to it as its own, attempting to reproduce them, promoting the appearance
of new connections or reorganizing existing ones. Consequently, it improves
communication between the periphery and the centre, thus enabling better motor skill
and control [107].

VIKS8

The VIK8 medical device is a neuromuscular electrical stimulation system that works
through external electrodes applied to the patient’s skin. VIK8 is a multichannel (8-
channel) functional stimulator that delivers electrical impulses according to the correct
timing of muscle activation within a movement cycle. It includes program libraries,
each consisting of a cyclic movement to be performed by the patient. The program
library ranges from typical neurorehabilitation exercises to more advanced motor
tasks, such as running or cycling. The VIK8 device is intended for rehabilitation and
can be used in appropriate clinical settings by physicians and physiotherapists, as well
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as in home environments by private users, provided that the supplied manual has been
read beforehand.

AFESH

ADAPTIVE FES KINESITHERAPY
BYVIKTOR

Figure 5: VIKS.

Table 7: VIKS8 technical data.

Class It is a Class II B medical device compliant with
Directive 93/42/EEC — Legislative Decree 46/97.
Current Each channel is current-controlled and capable of

delivering a maximum current of 100 mA with a
nominal load of 1 kQ (therefore, the maximum
voltage per channel is 100 V). For each channel,
sequences of pulses with variable frequency and
intensity are generated.

Outputs Eight electrically separate channels, electrically
isolated from ground.

Pulse shape Symmetric biphasic square waves.
Pulse duration 500 ps.

Pulse frequency 100 or 200 Hz.

Work time (treatment From 1 min to 60 min.

duration)

For adequate electrical stimulation to occur, the current parameters must be set so
there is an accentuated contraction for each of the active channels in the selected
program, i.e.,, maximum muscle contraction must be caused, preferring an increase in
current from session to session as the neuromuscular apparatus gradually adapts to
the electrical stimuli generated by VIKS8. Depending on the patient's pathology,
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characteristics and condition, the VIK8 allows the creation of customized work
sessions by sequentially implementing different motor programs. There is a library of

50 predefined programs, motor exercises that the patient should try to perform to his

or her maximum capacity. The programs were created by evaluating the

polymiography and biomechanics of movement of healthy people, considering the

synergistic, reciprocal and antagonistic relationships of the moments of activation of
the body's main muscle groups [108].

AFESK technology is used in the following areas:

Neurological: spinal cord injuries [92], stroke outcomes [109], peripheral
injuries %, neurological diseases [110] [111];

Musculoskeletal: post-surgery [112], low back pain [113], musculoskeletal pain
[114], prevention [115];

Geriatric: issues related to old age [116] [117] [118], maintaining good fitness
[119], movement deficits [120];

Sports [121] [122]: performance enhancement [123], reathleticization, recovery
[124] and improvement of specific sports gesture, prevention.
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Figure 6: Electrodes placement and exercises for the lower limb.
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Figure 8: Electrodes placement and exercises for upper limb.
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2. State of art

2.1 Electromyographic Insights into Lower-Limb Exoskeleton
Training for Gait Recovery: A Narrative Review

2.1.1 Introduction

Gait impairment is a primary and debilitating consequence of many neurological
conditions, including stroke [125], spinal cord injury [126], multiple sclerosis [127], and
cerebral palsy [128]. Such impairments affect millions worldwide and result in muscle
weakness, abnormal muscle tone, coordination deficits, and impaired balance,
profoundly reducing independence and quality of life [129] [130]. Restoring walking
ability remains a critical goal within neurorehabilitation [131] [132], essential for
preventing the secondary health complications of a sedentary lifestyle and enabling
community participation. In recent years, wearable powered exoskeletons for the
lower limbs are gaining prominence as an innovative solution in robotic-assisted gait
rehabilitation [133].

Conventional rehabilitation approaches, primarily relying on manual physiotherapy,
are often limited by therapist availability, patient fatigue, and insufficient intensity and
repetition to induce neuroplastic changes [134] [135]. As a result, rehabilitation
exoskeletons specifically for the lower limbs have emerged as a major research area
within stroke [136] or cerebral palsy [137] rehabilitation, as they can provide great
support and balance to patients while facilitating rehabilitation exercises [138] [139].
Lower limb rehabilitation exoskeleton robots are mechanical systems designed to
enhance human movements or compensate for lost motor functions [140].

Rehabilitation generally begins with a series of standardized assessments to determine
the extent of impairment and functional ability. This initial evaluation establishes a
baseline for movement capacity and typically involves measuring performance during
daily living activities [141]. Since these clinical assessments depend on evaluations by
trained therapists, the scoring systems used are structured to be discrete and, in certain
cases, bounded. Although this design enhances the reliability of the measurement
[142], it simultaneously reduces the scale's sensitivity. Additionally, assessment scales
that have defined boundaries, such as the Fugl-Meyer Assessment (FMA) [143], the
Ashworth or Modified Ashworth (MA) Scale [144], and the Barthel Index [145], are
prone to floor and ceiling effects. These effects occur when the scale's extremes become
unresponsive to significant differences in impairment and functionality.
Consequently, there is a critical need to create innovative clinical assessment methods
that are objective, quantifiable, reliable, and sensitive enough to detect variations
across the entire spectrum of impairment and functionality. Robots can be fitted with
precise measurement tools designed to evaluate an individual's performance during
specific tasks. These instruments may capture various types of data, such as kinematic
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parameters (position and velocity), kinetic variables (force and torque), and/or
neuromuscular signals (electromyography or electroencephalography) from the
participant as they perform the assigned task [146].

Neural signals for assessment

Despite the promising clinical outcomes observed from overground robotic-assisted
gait training in individuals with neurological conditions [147] [148], conducting
instrumental assessments of gait biomechanics and muscle activation patterns remains
crucial to gain a deeper understanding of the rehabilitation effects [149] because a
critical question remains: how do these devices drive recovery at the neuromuscular
level?

To bridge this knowledge gap, objective, quantitative tools that can probe the
neuromuscular system are central. Surface electromyography (sSEMG) provides a non-
invasive, cost-effective, and direct window into muscle activity during movement. By
capturing the electrical signals generated by muscles, SEMG allows researchers to
quantify the intensity of muscle activation [150], identify pathological patterns such as
excessive co-contraction, and analyze complex neuromuscular coordination through
techniques like muscle synergy analysis. It is a viable instrument for comprehending
neuromuscolar diseases [151] [152]. sEMG provides real-time, muscle-specific insights
that are particularly relevant for understanding the mechanisms by which lower-limb
exoskeletons promote functional improvement [153].

Therefore, this narrative review aims to synthesize the evidence from recent
randomized controlled trials that have utilized sEMG to evaluate the efficacy of active
lower-limb exoskeletons. By focusing on the neuromuscular changes reported in these
studies, we seek to provide a deeper, mechanistic understanding of how these robotic
interventions influence motor recovery in individuals with gait impairments.

2.1.2 Methods

Electronic searches were conducted in PubMed and Scopus from 1 January 2015 to
30 June 2025 with the keywords “exoskeleton”, "lower-limb exoskeleton", "wearable
exoskeleton", “EMG”, “electromyography”, and the query ((lower limb exoskeleton)
OR (exoskeleton)) AND (EMG)), with filters for English language, human studies
and randomised controlled trial (RCT) publication type. The protocol followed current
best-practice guidance for narrative reviews [154] [155] and the identification-
screening-eligibility-inclusion logic is illustrated in the workflow diagram included

below (Figure 9).
Eligibility criteria
Studies were included when they: (i) employed a powered/active lower-limb
exoskeleton as the principal intervention; (ii) enrolled non-healthy participants with

neurological or musculoskeletal gait impairment; (iii) adopted an RCT design with any
conventional or robotic comparator; (iv) reported at least one surface-EMG-derived
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outcome (e.g., RMS amplitude, integrated EMG, co-contraction index, muscle-synergy
structure); and (v) were published within the previous 10 years. Exclusion criteria were
absence of EMG data, upper-limb or trunk exoskeletons, studies in healthy volunteers,
and conference abstracts or protocols without peer-reviewed full text.

2.1.3 Results

Study selection

The database search counted 75 articles. After duplicate removal 67 records remained.
Titles and abstracts were screened; 54 articles were excluded. 23 full-text articles were
assessed for eligibility and 14 were excluded (6 enrolled healthy participants, 2 used a
non-active exoskeleton, 1 was not accessible, 4 didn’t focus on the efficacy of the
rehabilitation program and 1 was not an RCT). Nine RCTs satisfied all criteria and were
retained for qualitative synthesis.

,
Records identified through database:
PubMed and Scopus
L (n=75)
h 4
( A
. Articles excluded:
Duplicates removal
(n=8)
\. J
v
' A 4 )
Records screened o Articles excluded:
(n=67) i (n = 44)
\. J \. w
v
s - ) 4 - A
Full-text articles assessed Articles excluded:
for elegibility » (n=14)
L (n=23) ) » Healthy partecipants (n = 6)
« Non active exoskeleton (n = 2)
« Non accessible (n = 1)
« Not on the efficacy of the
rehabilitation (n = 4)
L-NotaRCT(n=1) )

Studies included in the
gualitative synthesis
(n=9)

Figure 9: Study selection workflow

Data extraction and synthesis

For each were independently extracted: authorship, publication year and diagnosis,
exoskeleton model and training parameters, EMG metrics, and key neuromuscular
findings. Given the narrative nature of this review, no formal meta-analysis was
performed. Instead, a qualitative synthesis was conducted, focusing on outcome
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metrics and patient populations. To facilitate comparison across studies, Table 8
presents a structured summary of the research articles.

The collective evidence from the 9 selected randomized controlled trials (RCTs)
indicates that active lower-limb exoskeleton training can induce significant changes in

neuromuscular activity, coordination, and cortical plasticity, which often translate to

meaningful functional improvements in individuals with neurological impairments.

The findings can be synthesized into five primary themes: the impact on muscle

activation and strength, the refinement of neuromuscular coordination, the induction

of neuroplastic changes, gait and locomotion performance and gains in functional
ambulation and balance.

Table 8: Summary of the main details of the reviewed studies.

STUDY POPULATION DEVICE DESIGN/DOSE EMG MAIN
METRICS FINDINGS
Liang etal., 46 subacute Kickstart 20 min once a iEMG and iEMG and RMS
2025 [156] stroke adults Walk day, 5 days a RMS of of the hip and
(33 M, 13 F) exoskeleton = week for 4 RF, BF, knee joint
Age EG: 60.43 weeks iliopsoas,  flexor and
+11.55 years GMX extensor
Age CG: 61.83 muscle groups,
+12.30 years RF and
iliopsoas
showing
improvements
Zhu et al., After initial Ekso 1.1 10-15 sessions EMG from | No
2021 [157] assessment, 5 over 3—4 weeks; | TA, SOL, improvement
stroke patients each session MG, VM, in motor
received the was 50 mins of | RF, BF, coordination,
training overground SEMand  immediate
intervention (4 walking GMD impact on
M, 1F) lower-limb
Age:58.4+7.6 muscle synergy
years pattern
Weight: 77.4 +
9.0kg
Height: 1.76 +
0.06 m
Fan et al., 22 post-stroke  BEAR-H1  Two training RMSand  Increased RMS
2025 [158] adults (16 M, 6 sessions per day iEMG for of the RF, BF,
F). for 30 min each | RF, BF, TA TA and MG;
Age EG: 48.64 and were and MG, and reduced
+11.33 years trained 5 daysa co- CR during knee
Age CG: 51.55 week for 4 contaction  flexion and
+11.65 years weeks ratio (CR)
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Weight EG: ankle
64.55 +10.34 kg dorsiflexion
Weight CG:
64.73 + 8.63 kg
Height EG:
1.72+0.07 m
Height CG:
1.66 + 0.09 m
Zhang et al.,, 24 sub-acute REX 60 min a day for RMSand  Improvements
2024 [159] stroke patients 5 days a week iEMG for | in RMS and
(18 M, 6 F). for a total of 4 RF, BF, TA  iEMG of RF
Age EG: 63.5 + weeks and MG and BF in the
9 years robot group
Age CG: 63.8 + and control
8.2 years group
Caliandro et 22 chronic Ekso 90 meters walk ~ EMG for Ekso-assisted
al., 2020 stoke patients with and RF, SEM, tasks increase
[160] (13 M, 9F) without Ekso TA and prefrontal
between 47 to SOL activity which
74 years old seems to
and 15 healthy depend on the
controls (9 M, 6 muscle pattern
F) of non-paretic
lower limb.
Infarinato et @ 8 subacute Ekso 60 min training, | Bilateral Volitional
al., 2021 stroke patients 5 sessions per simmety, | muscle
[161] 5M,3F) week co- activations,
Age: 61.1+£10.9 contraction | increase of
years. (CC)and  bilateral
RMS of symmetry in
RF, BF, TA, CC seemed
MG and to decrease in
TA proximal
muscles
Calabro et 40 chronic Ekso 45-min/session, = RMS for Reduced hip,
al., 2018 stroke patients five times/week | TA, SOL, knee, and ankle
[162] (23 M, 17 F) RF, BF flexion during
Age EG: 69 + 4 the swing
years phase, and a
Age CG: 67 +6 decreased
years extension of the
hip during the
stance phase.
Son et al,, 23 stroke Healbot T 30 min per EMG of Muscle
2021 [163] patients with session, 10 GMD, TA, | activation of
sessions GMD, BF, MG
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hemiparesis BE, RE, and LG
(16 M, 7 F). MG, LG muscles
Age: 64.7 £9.0 increased in the
years pelvis-on
Weight: 66.6 + group
9.4kg
Height: 162.1 +
7.9 cm
Zhang et al.,, 34 subacute GR-Al 30 min, 5daysa EMG of Improved
2023 [164] stroke patients = exoskeleton week for 4 TA, LG, symmetry,
(27 M, 7 F) with BWS weeks RF, BF; co- ROM of the
Age EG: 56.88 contraction hips, knee
+10.99 years index flexion, co-
Age CG: 60.81 contraction
+9.61 years index of the
knee

M =male, F = female, EG = experimental group, CG = control group.

RF = rectus femoris, BF = biceps femoris, GMX = gluteus maximus, TA = tibialis anterior, SOL
= soleus, MG = medial gastrocnemius, LG = lateral gastrocnemius, VM = vastus medialis, SEM
= semitendinosus, GMD = gluteus medius.

A consistent finding across multiple studies is that exoskeleton-assisted gait training
(EAGT) enhances the activation of key lower-limb muscles, particularly those around
the hip and knee. Several trials utilized Root Mean Square (RMS) and integrated EMG
(iEMG) as proxies for muscle effort and recruitment. RMS refers to the root mean
square of the instantaneous electromyogram amplitudes recorded from all muscles
engaged in each activity over a defined time period, providing an indication of both
the intensity and quality of muscle activity. In contrast, iEMG represents the total
cumulative electrical output from all muscles involved in the same activity period,
enabling the assessment of muscle fatigue as well as the overall intensity of muscle
activation.

Studies using the Kickstart (Liang et al., 2025) system, the BEAR-H1 robot (Fan et al.,
2025) and the REX exoskeleton (Zhang et al., 2024) reported significant increases in the
RMS and/or iEMG of the rectus femoris, iliopsoas, and biceps femoris post-
intervention compared to conventional therapy reflecting enhanced lower limb
strength. In the trial by Calabro et al. (2018), using the Ekso device, patients exhibited a
reduced/increased stance-to-swing ratio in the affected/unaffected limb, along with
inadequate knee flexion on the paretic side (attributed to low activity of the BF)
accompanied by excessive knee flexion on the unaffected side (resulting from elevated
activity of the non-paretic RF). It was found that EAGT led to a significant RMS
decrease in the over-activated affected and unaffected RF and the unaffected BF, and
a magnitude increase in the affected BF and the affected and unaffected SOL,
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contributing to a more balanced muscle pattern around the knee. On the other hand,
in the study by Son et al. (2021), in both groups, the RF and TA muscles exhibited no
significant changes, while all other muscles, excluding RF and TA, demonstrated
increased activation in the experimental group.

The effect on distal muscles, such as the tibialis anterior (TA) and gastrocnemius (GM),
appears more variable. While Fan et al. (2025) and Son et al. (2021) observed increased
activation in the gastrocnemius, other studies reported less significant changes. For
instance, Zhang et al. (2023 and 2024) found no noticeable changes in muscles around
the ankle joint following their RAGT protocol. Infarinato et al. (2021) also reported high
variability and minimal changes in most muscle activation patterns after 15 sessions of
0-RAGT with the Ekso device, with the only significant change being an improvement
in the bilateral symmetry of the tibialis anterior.

The study by Son et al. (2021) uniquely isolated the effect of pelvic movements.
Although no significant differences in pelvis interaction force were observed between
the two groups, the experimental group showed increased activation in the GMD, BF,
MG, and LG muscles, indicating that the pelvic motions provided by Healbot T
induced voluntary muscle activation of the subjects for weight bearing.

Refinement of Neuromuscular Coordination

Beyond simple muscle activation, several studies demonstrated that EAGT can
improve the quality of muscle contraction by refining coordination and reducing
pathological patterns like co-contraction. During walking, patients with stroke have
increased co-contraction in the lower limb muscles; increasing the resistance value of
joint movement: co-contraction of antagonistic muscle groups causes inefficient
movement.

Several explicitly measured the co-contraction index (CCI) or ratio (CR) as a primary
outcome. Zhang et al. (2023) found that EAGT led to a noticeable improvement in the
CCI of the knee (rectus femoris vs. biceps femoris) during the swing phase, which was
significantly better than the control group, showing activation of muscles around the
knee joints, while no noticeable changes of muscles around the ankle joint. Similarly,
Fan et al. (2025) reported that CR decreased significantly after treatment in both control
and treatment group, but their exoskeleton group was more effective in reducing knee
flexion CR than the conventional therapy group. The impaired knee and ankle joints
executed repeated cycles of flexion and extension, accompanied by oscillations of the
robotic exoskeleton, which facilitated the coordinated recruitment (CR) of both agonist
and antagonist muscles. However, neither study found significant improvements in
ankle co-contraction, reinforcing the observation that current exoskeletons often have
a more pronounced effect on proximal joints. In the study of Infarinato et al., 2021 by
the end of the rehabilitation program, co-contraction appeared to diminish in the
proximal muscles, indicating potential improvements in proximal muscle function.

40



This finding aligns with the results reported by Calabro et al., who investigated the
sEMG effects of EAGT using the same exoskeleton.

The study by Zhu et al. (2021) provides a nuanced perspective on neuromuscular
coordination through muscle synergy analysis. It was found that while actively
walking with the exoskeleton, the device could guide stroke subjects' synergy patterns
toward those of able-bodied individuals, notably by promoting the separation of
merged modules on the paretic side: plantar flexors module and knee extensors
module. However, this therapeutic benefit did not translate into a lasting change in the
underlying neuromuscular coordination after the training period; the complexity and
timing of muscle synergies remained largely preserved post-intervention when
walking without the device. This highlights a critical distinction between the
immediate assistive effects of an exoskeleton and its long-term therapeutic effects on
motor learning: the participants of this study were chronic stroke subjects long after
their neural injury (at least 3 years). Recovery from stroke is fastest in the first few
weeks after onset, with the most measurable neurologic recovery occurring in the first
3 months.[165]

Evidence of Neuroplastic Changes

Two key studies used Transcranial Magnetic Stimulation (TMS) to provide direct
evidence that EAGT induces neuroplasticity at the cortical level, offering a potential
mechanism for the observed functional gains.

Fan et al. (2025) demonstrated that EAGT resulted in a significant decrease in the
resting motor threshold (rMT) and an increase in the motor-evoked potential (MEP)
amplitude and recruitment curve (RC) slope compared to controls. Since rMT
represents the stimulus intensity required for nerve excitation, variations in its values
may reflect the excitability of neuronal cell membranes in the motor cortex as well as
underlying neuroplasticity. These changes, indicating heightened corticospinal
excitability, were significantly correlated with improvements in walking endurance (6-
Minute Walk Test) and reductions in ankle co-contraction. Comparable studies have
drawn similar conclusions, indicating that enhancements in motor function among
stroke patients are linked to heightened cortical excitability within preserved motor
pathways. [166]

The work by Calabré et al. (2018) provided a comprehensive neurophysiological
analysis. Their experimental group showed a greater increase in cortico-spinal
excitability (CSE) and a more significant rebalancing of sensory-motor integration
(SMI) between the affected and unaffected hemispheres compared to the control
group. Furthermore, EEG-based analysis revealed that EAGT induced more extensive
and specific changes in frontoparietal effective connectivity (FPEC), particularly
engaging the unaffected hemisphere in the recovery process. The importance of
specific FPEC modulations and the rebalancing of SMI in relation to clinical and
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biomechanical improvements is supported by the strong correlations observed among
variations in FPEC, SMI balance, and performance on the I0MWT.

Gait and Locomotion Performance

Beyond neuromuscular metrics, the goal of EAGT is the restoration of functional
walking. The reviewed studies consistently demonstrate that exoskeleton-based
interventions lead to significant and often clinically meaningful improvements in gait
speed, endurance, spatiotemporal parameters, and overall functional mobility.

Walking speed (measured by the 10-Meter Walk Test, 10MWT) and endurance
(measured by the 6-Minute Walk Test, 6MWT) are critical indicators of community
ambulation and quality of life. A majority of the studies reported superior outcomes
in these domains for the exoskeleton groups. Son et al. (2021) demonstrated that the
group training with pelvic motion showed a 10.6% increase in cadence and an 11.8%
increase in walking speed, whereas the group without pelvic motion did not see
significant changes in these parameters. Both groups, however, saw an increase in
stride length. In the experimental group of Zhang et al. 2023 study, the walking speed
significantly improved, but in the results of 6MWT, EAGT showed no statistical
difference compared with conventional gait training. Calabrd et al. (2018) found that
their Ekso gait training group achieved the MCID for the 1I0MWT and Timed Up and
Go (TUGQG) test, a milestone the conventional overground gait training group did not
reach. Fan et al. (2025) also reported that the BEAR-H1 group was more effective in
improving 6MWT distance than the control group. However, Zhu et al. (2021) found
that 10-15 sessions of Ekso training did not significantly improve stroke subjects’
performance on the TUG, 1I0MWT, or 6eMWT compared to their pre-intervention
baseline. Liang et al. (2025) found that while both the Kickstart and control groups
improved their walking speed, stride length and Temporal Symmetry Ratio (TSR), the
between-group differences were not significant.

Gains in Functional Ambulation and Balance

Global measures of mobility and balance, assessed through validated clinical scales,
also showed consistent improvements with exoskeleton training. Several studies used
the Functional Ambulation Category (FAC) to classify walking independence. Zhang
et al. (2023) and Infarinato et al. (2021) both reported that their exoskeleton groups
achieved significantly better FAC scores than the control groups after the intervention
period; while Fan et al. (2025) showed that both the treatment and control groups had
improved FAC, although no significant differences were observed between the two
groups.

Balance, a critical component of safe ambulation, was assessed using the Berg Balance
Scale (BBS) and the Posture Assessment Scale for Stroke Patients (PASS). Zhang et al.
(2024) found that their REX exoskeleton group showed significantly greater
improvements in both BBS and PASS scores compared to the control group, who
performed upright bed rehabilitation. The robot group also showed superior results
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on instrumental balance tests, including static eye-opening area and dynamic stability
limits.

The Fugl-Meyer Assessment of Lower Extremity (FMA-LE), a measure of motor
function recovery, was used in multiple stroke studies. Liang et al. (2025), Zhang et al.
(2023), and Zhang et al. (2024) all reported that their respective exoskeleton groups
showed significant improvements in FMA-LE scores, finding the gains to be superior
to the control group while Fan et al. (2025) showed that both the treatment and control
groups had improved FMA-LE, although no significant differences were observed
between the two groups. This indicates that EAGT not only improves the performance
of the gait task itself but also enhances underlying lower-limb motor control.

2.1.4 Discussion

This narrative review of 9 RCTs reveals that active lower-limb exoskeletons are more
than just mechanical aids; they are potent tools that can modulate the neuromuscular
system from the cerebral cortex to individual muscles. The sEMG data, when
synthesized, provides a clearer picture of how these devices facilitate recovery,
moving beyond simple functional outcomes to the underlying mechanisms of
improvement. Addressing the heterogeneity of the evidence, this discussion focuses
on the therapy’s effects on muscle groups and on immediate and long-term benefits.

A prominent theme is the preferential impact on proximal versus distal muscles. The
consistent improvements in the quadriceps, hamstrings, iliopsoas, and gluteus medius
(Liang et al., 2025; Fan et al., 2025; Zhang et al., 2024; Calabré et al. 2018) suggest that
EAGT effectively targets the primary drivers of thigh and hip movement. This is likely
due to the design of most evaluated exoskeletons, which have powered actuators at
the hip and knee joints. In contrast, effects on ankle musculature were inconsistent,
with several studies finding no significant changes in the tibialis anterior or
gastrocnemius (Zhang et al. 2023 and 2024; Infarinato et al. 2021). This may be because
ankle actuation is often passive (e.g., spring-loaded systems) or designed primarily to
prevent foot drop rather than to retrain plantarflexion power. This highlights a crucial
consideration for clinical practice: the choice of exoskeleton should be matched to the
patient's specific deficits. A patient with primary hip extensor weakness may benefit
greatly, whereas one with dominant ankle plantarflexor deficits may require a device
with targeted ankle assistance. This suggests the need for exoskeletons with improved
ankle actuation or hybrid systems that integrate FES specifically targeting distal
musculature.

Consistent with the existing literature [137], [167], [168], [169], nearly all trials
documented improvements in walking speed, cadence, and endurance, with many
reaching or exceeding MCID thresholds. Importantly, these changes were observed
even with relatively short training durations, suggesting a rapid functional return on
investment in certain patient groups. Yet, in some studies (Zhang et al. 2023; Liang et al.
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2025), the absence of between-group differences in key outcomes like 6MWT or FMA-
LE suggests that dosage, patient characteristics, or the specific type of exoskeleton may
modulate effectiveness.

Another critical insight is the distinction between immediate assistive effects and
lasting therapeutic benefits. The work of Zhu et al. (2021) showed that an exoskeleton
can enforce a more physiological muscle synergy pattern during use, but this did not
automatically remap the patient's intrinsic motor program after a short-term
intervention in chronic stroke patients. This tempers the expectation that simply
walking in a "correct" pattern is sufficient for motor relearning, especially long after
the initial injury. However, the studies by Calabré et al. (2018) and Fan et al. (2025)
provide a potential bridge for this gap. By showing that intensive EAGT induces
tangible changes in cortical excitability and connectivity, they suggest that with
sufficient dosage, the nervous system could be retrained. The functional
improvements in gait speed, endurance, and balance reported across most studies are
likely the product of both muscular adaptation (strength and coordination) and these
central neuroplastic changes. The key may be delivering high-repetition, task-specific
training early in the recovery process, as most of the studies focused on subacute stroke
populations where neuroplastic potential is highest.

The importance of exoskeleton design in promoting natural movement patterns and
patient engagement is another key theme. The study by Son et al. (2021), which isolated
the effect of pelvic motion, is particularly insightful. The group training with pelvic
translation and rotation demonstrated significantly greater activation of the gluteus
medius, a key muscle for balance and weight-shifting during stance. This suggests that
exoskeletons restricted to the sagittal plane may not fully engage the neuromuscular
systems required for stabilizing gait in the real world. By providing a more
physiological gait pattern, multi-planar robots may induce more comprehensive
voluntary muscle activation and lead to better functional outcomes like improved
cadence and walking speed. This aligns with findings from Caliandro et al. (2020), who
noted that walking with an exoskeleton is an attention-demanding task for stroke
patients, indicating active cognitive engagement rather than passive movement. The
increased prefrontal cortex activity observed in their study was modulated by the
muscle activation patterns, further linking active patient effort to the rehabilitation
process.

While the findings are promising, it's important to acknowledge the heterogeneity
across the reviewed trials. The studies used different exoskeletons, patient populations
(subacute vs. chronic stroke, cerebral palsy), and training protocols. This diversity
enhances the generalizability of the overall positive findings but complicates direct
comparisons and the formulation of standardized clinical guidelines. For example, the
significant functional gains seen in most studies contrast with the more modest results
from Zhu et al. (2021) and Infarinato et al. (2021), which may be attributable to
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differences in EMG protocols, training dosage, patient chronicity, or the specific
outcome measures used. The main limitations identified within the articles themselves
include small sample sizes and a lack of long-term follow-up. Determining the
durability of SEMG and functional changes is critical for establishing the long-term
value of EAGT. Future research should aim to conduct larger, multi-center RCTs with
extended follow-up periods. Head-to-head comparisons of different exoskeleton types
and features (such as pelvic motion or adaptive assistance algorithms) are also needed
to identify which designs are most effective for specific neuromuscular impairments
identified through sSEMG. The use of TMS and EEG in studies like Fan et al. and Calabro
et al. extends the evidence base beyond peripheral metrics, offering a more
comprehensive view of neural adaptation. However, few studies incorporated such
multimodal approaches, and even fewer explored how exoskeleton parameters (e.g.,
level of assistance, joint-specific control) influence neural responses. There is a clear
opportunity for future studies to systematically link device settings with both EMG
and cortical outcomes, thereby optimizing training algorithms.

2.1.5 Conclusion

This narrative review demonstrates that active lower-limb exoskeleton training is an
effective intervention that promotes recovery through multiple, interconnected
mechanisms. The synthesized evidence from the 9 RCTs shows that EAGT consistently
enhances the activation of proximal lower limb muscles, improves neuromuscular
coordination by reducing pathological co-contractions at the knee, and drives positive
neuroplastic changes in the cerebral cortex.

These neuromuscular adaptations support the significant improvements observed in
functional outcomes such as walking speed, endurance, and balance, with many
patients achieving clinically meaningful gains. The findings also reveal device-specific
effects, particularly a more pronounced impact on proximal versus distal musculature,
highlighting the importance of matching technology to specific patient deficits.

While the evidence is strong, it also points to a critical distinction between the
immediate assistive effects of robotic guidance and the long-term changes required for
motor relearning. Future research should prioritize larger, multi-center RCTs with
long-term follow-ups to establish optimal training protocols. By integrating sEMG
with neurophysiological measures, clinicians and engineers can better understand and
leverage the unique capabilities of exoskeletons to tailor rehabilitation, ultimately
translating the immediate benefits of robotic guidance into lasting, fundamental
improvements in a patient's own neuromuscular control.
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2.2 Electromyographic Insights into Lower-Limb
Electrostimulation Rehabilitation for Gait Recovery: A
Narrative Review

2.2.1 Introduction

Injury to the human nervous system, as occurs in stroke or spinal cord injury (SCI),
leads to rapid muscle denervation, resulting in weakness or paralysis and profoundly
impair gait and functional mobility [170]. The absence of neural input prevents
muscles from generating the voluntary forces necessary to drive joint movements
required for everyday functional tasks [171]. Similarly, musculoskeletal disorders are
a broad spectrum of inflammatory and degenerative conditions that lead to pain or
injury in the joints, bones, and muscles [172]. They are among the leading contributors
to chronic disability across the globe. Current treatment strategies help alleviate the
symptoms of musculoskeletal disorders, yet they are frequently linked to a variety of
adverse side effects [173]. These complex impairments are frequently linked to
distressing symptoms such as weakness, pain, fatigue, coordination and/or balance
problems and others [174] [175]. Indeed, multiple symptoms can interfere with the
daily functioning of patients, ultimately impacting their quality of life [174]. A
substantial body of research has therefore concentrated on developing devices,
therapeutic strategies, and training protocols aimed at restoring movement essential
for daily living and quality of life.

In this regard, neuromotor rehabilitation represents a very important rehabilitation
branch for the restoration of lost function. However, conventional therapies often
struggle to achieve sufficient intensity, specificity, and neuroplastic drive necessary to
regain volitional movement, particularly in severely impaired patients [176] [177].
Functional electrical stimulation (FES) has emerged as a promising therapeutic
modality that delivers controlled electrical impulses to paralyzed or weakened
muscles, eliciting contractions that mimic natural movement patterns [178] [179].
Beyond muscle strengthening, FES facilitates neuroplasticity, by activating afferent
sensory pathways, thereby promoting cortical and spinal reorganization critical for
motor recovery [179], [180], [181]. Whether applied independently to address motor
impairment or integrated into advanced systems to enable functional multi-joint
movements, the potential of electrical stimulation in rehabilitation is vast. At present,
electrical stimulation is employed in various forms to promote modifications in muscle
activity and performance [171].

The clinical benefits of FES have been demonstrated across multiple populations [182],
including individuals with neurological disorders such as stroke [183], cerebral palsy
[184], multiple sclerosis [185], and SCI [186], as well as those with musculoskeletal
impairments and chronic diseases [182].

46



Despite the promising clinical outcomes observed in various studies, conducting
instrumental assessments of gait biomechanics and muscle activation patterns remains
central to gain a deeper understanding of the rehabilitation effects [149]. Objective
measurement tools that provide detailed insights into muscle activation and
coordination patterns are essential to bridge this knowledge gap.

Biomedical signals, such as electromyography (EMG) [152], are essential for assessing
the electrical activity of muscle contractions [187]. Surface electromyography (SEMG)
offers a non-invasive, real-time method to monitor the electrical activity of skeletal
muscles during movement [150]. It has been extensively utilized to investigate muscle
fatigue, spasticity, denervation, and motor coordination, and its application in
neurorehabilitation research continues to expand [188]. By quantifying parameters
such as activation amplitude, timing, and muscle synergies, sEMG enables
comprehensive assessment of neuromuscular adaptations induced by FES
interventions [189].

Therefore, this narrative review aims to synthesize and critically evaluate the recent
evidence from studies using surface EMG as an outcome measure to investigate the
neuromuscular effects of lower-limb FES in individuals with neurological and
musculoskeletal gait impairments. Specifically, this review examines changes in
muscle activation amplitude, neuromuscular coordination, and functional
performance to provide a comprehensive overview of the mechanisms underlying
FES-based gait rehabilitation.

2.2.2 Methods

Electronic searches were conducted in PubMed and Scopus from 1 January 2015 to 30
June 2025 with the keywords “FES”, “functional electrical stimulation”,
“electrostimulation”, “AFESK”, "lower limb", "lower extremity", “gait”, “EMG”,
“electromyography”, and the query ((FES) OR (functional electrical stimulation)) AND
((EMG) OR (electromyography)) AND ((lower limb) OR (lower extremity) OR (gait)).
The protocol followed current best-practice guidance for narrative reviews [154], [155],
and the identification-screening-eligibility-inclusion logic is illustrated in the
workflow diagram included below (Figure 10).

Eligibility criteria

Studies were included when they: (i) employed FES (or active EMG-driven
neuromodulation closely related to FES) as the principal intervention; (ii) enrolled
participants with neurological (e.g., stroke, SCI, MS, CP) or musculoskeletal (e.g.,
osteoarthritis, patellofemoral pain, locomotive syndrome (LS) [190], [191], spinal
disorders) gait impairment; (iii) adopted an RCT design or a pre-post interventional
design with any conventional or active-stimulation comparator; (iv) reported at least

one surface-EMG-derived outcome (e.g., RMS amplitude, integrated EMG, co-
contraction index, muscle-synergy structure); and (v) were published within the
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previous 10 years in English. Exclusion criteria were absence of EMG data, upper-limb
or trunk treatment, studies in healthy volunteers, and conference abstracts or protocols
without peer-reviewed full text.

2.2.3 Results

Study selection

The database search counted 104 articles. After duplicate removal 99 records remained.
Titles and abstracts were screened; 38 articles were excluded. 61 full-text articles were
assessed for eligibility and 51 were excluded (13 enrolled healthy participants, 6 were
focused on the upper-limb, 5 enrolled patients with no neuromuscular impairment, 1
didn’t report EMG outcomes, 4 didn’t have FES as the principal intervention, 21 were
not RCTs and 1 was not in English). Nine RCTs satisfied all criteria and were retained
for qualitative synthesis.

Data extraction and synthesis

For each study were extracted: authorship, publication year, sample size and
diagnosis, training parameters, EMG metrics, and key neuromuscular findings.
Instead, a qualitative synthesis was conducted, focusing on outcome metrics and
patient populations. To facilitate comparison across studies, Table 9 presents a
structured summary of the research articles.
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Records identified through database:
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(n=299) (n=38)
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I

Full-text articles assessed
for elegibility
(n=61)

v

Studies included in the
qualitative synthesis
(n=10)

Articles excluded:
(n=51)
» Healthy partecipants (n = 13)
» On the upper-limb (n = 6)
» No neuromuscular impairment
(n=5)
* No EMG outcome (n =1)
e FES was not the principal
intervention (n = 4)
Not RCT (n = 21)
Not in English (n = 1)

Figure 10: Study selection workflow.

The collective evidence from the ten selected studies, indicates that functional
electrical stimulation (FES) and related electrical stimulation therapies can induce
significant and varied changes in neuromuscular activity in individuals with both
neurological and musculoskeletal impairments.

Table 9: Articles included in the review.

STUDY

POPULATION TYPE OF FES

DESIGN/DOSE EMG METRICS MAIN FINDINGS

Glaviano et al.
2016 [192]

15 females with ~ Patterned
patellofemoral  electrical

pain (PFP). neuromuscular
Age:26.6+9.1 stimulation
years (PENS)
Weight: 73.1 +

20.1 kg

Height: 172.1 +

6.3 cm

RCT; single 15- = Gluteus medius
min session vs. sEMG
sham amplitude
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Improved GM
activation during
step-down;
reduced pain.



Glaviano &
Saliba 2016
[193]

Glaviano et al.
2020 [194]

Guo et al. 2025
[195]

Huang et al.
2022 [196]

Lee 2020 [197]

22 participants
with PFP (15 F,
7 M)
Age:26.0+7.9
years.

Weight: 75.1 +
179 kg
Height: 173.8 +
8.1 cm

16 females with
PFP
Age:23.3+4.9
years

Weight: 66.3 +
13.5 kg

Height: 166.1 +
5.9 cm

23 EG (10 M, 13
F) and 10 CG (5
M, 5F)all
chronic stroke
Survivors.

Age EG: 589 +
8.1 years
Height EG:
162.0+7.7 cm
Age CG: 632 +
5.3 years
Height CG:
163.7 £ 8.3 cm
60 subacute
stroke patients
(<6 months) (30
CCFES and 30
NMES).
Median age: 58
for CCFES and
59 fro NMES
25EG (17 M, 8
F) and 24 CG (15
M, 9F)all
chronic stroke
patients.

Age EG: 62.16 +
8.13 years

PENS on
quadriceps,
gluteus
medius,
adductors, and
hamstrings

PENS adjunct
to 4-week
rehab

Personalized
synergy-based
multi-muscle
FES

Contralaterally
controlled FES
(CCFES) vs.
neuromuscular
electrical
stimulation
(NMES)

EMG-triggered
FES during
balance
training

Cohort study;
single 15-min
session vs. sham

RCT; rehab +
PENS vs. rehab
+ sham

RCT; 5 sessions
over ~3 weeks
vs. sham

RCT; 3 weeks,
20 min/day, 5
days a week

RCT; 6 weeks,
40 min/day, 5
days a week
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EMG onset and
amplitude and
percentage of
activation
(VMO, VL, GM,
AL, BF, MG)

EMG curve
analysis (GMax,
GM, VMO, VL,
BF, AL)

Muscle synergy
analysis (EMG)

TA and LG
sEMG

sEMG (TA,
gastrocnemius)

Increased GM
activation;
significant pain
reduction during
functional tasks.

Reduced hip
adduction;
decreased EMG
activity of GM,
GMax, adductor
and BF; better
kinematics.

Improved synergy
structure; higher
Fugl-Meyer scores,
better gait
kinematics and
symmetry

CCFES improved
Fugl-Meyer scores
and TA
recruitment more
than NMES.

Higher muscle
activation in
affected limb;
greater
improvements in



Nishikawa et
al. 2019 [198]

Scano et al.
2022 [199]

Weight EG:
63.14 + 6.37 kg
Height EG:
163.36 + 8.80 cm
BMI EG: 23.79 +
3.15

Age CG: 64.88 +
10.35 years
Weight CG:
65.42 + 8.07
Height CG:
164.88 +7.86 cm
BMI CG: 24.05 +
2.32

19 elderly
women with
locomotive
syndrome (10
EG and 9 CG)
Age EG: 71-82
years

Weight EG: 52.9
+5.0kg

Height EG:
151.9+43 cm
Age CG: 70-84
years

Weight CG: 48.7
+5.2kg

Height CG:
149.1+2.3 cm
22 chronic
neurological
patients
(hemiplegia,
paraplegia,
tetraplegia) + 9

healthy controls.

Average age: 52
years
hemiplegia
group, 44 years
paraplegia
group, 46 years

Portable
electrical
muscle
stimulation
(EMS) device
(quadriceps)

Whole-body
Adaptive
Functional
Electrical
Stimulation
Kinesitherapy
(AFESK,
VIK16
workstation)

RCT; 8 weeks, 5
days a week, 23
min a day

Pre-post
interventional
study; ~2
sessions/week
over several
months;
stimulation
delivered to 16
muscles during
cyclic exercises
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Multi-channel
sEMG (VL):
RMS, entropy,
CoV

Multi-channel
surface EMG (16
channels),
muscle synergy
extraction,
similarity
indices vs.
healthy controls

static and dynamic
balance.

EMS increased
muscle strength,
thickness,
improved spatial
muscle distribution
pattern; effects not
sustained at 12
weeks.

Partially restored
physiological
muscle synergies,
improved
activation patterns;
most benefit
observed in
hemiplegic and
paraplegic groups;
suggested
induction of
neuroplasticity.



tetraplegia
group
Tani et al. 2025 17 chronic EMG-triggered RCT; 10 sEMG of the Improved gait
[200] stroke patients  spinal cord + treadmill unaffected speed within FAST
(14 M, 3 F). hip sessions, 2 days  soleus and TA walk group; EMG-
Mean age stimulation a week, 30 min triggered
ranged from (FAST walk) with a 5 min spinal/hip stim safe
49.3 to 56.4 pause and feasible, but no
years across the significant
three groups between-group
effect.
Yang et al. 2521 M, 4F) NMES on TA RCT; 7 weeks, sEMG activity NMES-TA reduced
2018 [201] chronic stroke vs. NMESon 20 min NMES+ of MG and TA, | plantarflexor
patients with MG vs. control = 15 min gait, muscle strength | spasticity,
inadequate 3days a week increased DF
ankle control. strength and
Age ranged symmetry; NMES-
from 49.6 + 3.6 MG improved
to 56.1 £2.1 temporal
years across the symmetry.
three groups

M = male, F = female, EG = experimental group, CG = control group.

VMO = Vastus Medialis Obliquus; VL = Vastus Lateralis; GM = Gluteus Medius; AL = Adductor
Longus; BF = Biceps Femoris; MG = Medial Gastrocnemius; LG = Lateral Gastrocnemus; GMax
= Gluteus Maximus; TA = Tibialis Anterior

A primary finding across several studies is that FES can directly enhance the electrical
activity of targeted lower-limb muscles, as measured by metrics like Root Mean Square
(RMS) of the electromyogram (EMG) signal or the percentage of time a muscle is active
during a task.

In the context of stroke rehabilitation, FES interventions consistently demonstrated an
ability to increase paretic muscle output. Huang et al. (2022) investigated the effects of
Contralaterally Controlled FES (CCFES), where movement of the unaffected limb
triggers stimulation on the paretic side, in 60 patients with subacute stroke. CCFES
represents an advanced version of neuromuscular electrical stimulation (NMES).
NMES is commonly applied in stroke rehabilitation to promote motor relearning,
reduce spasticity, prevent muscle atrophy and disuse-related osteoporosis, and
maintain muscle protein synthesis [171], [202]. The CCFES exercise is an “intention-
driven movement.” The objective muscle response is controlled by the participant’s
subjective exertion. Over a three-week protocol (20 minutes/day, 5 days/week), the
CCFES group was compared to a group receiving conventional NMES. The study
revealed that the improvement in the sSEMG RMS of the paretic tibialis anterior was
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significantly greater in the CCFES group than in the NMES group, suggesting that
patient-driven, bilateral stimulation is superior in activating the number and
synchronization of motor units during muscle contraction. Similarly, Lee (2020)
examined the effects of a six-week EMG-triggered FES program combined with
balance training in 49 chronic stroke patients. The experimental group, which received
FES on the tibialis anterior and gastrocnemius, showed a significant improvement in
the RMS of both muscles on the affected side during maximal voluntary contraction
when compared with baseline values (p < 0.05). In contrast, the control group, which
performed the same balance training without FES, showed no significant changes in
muscle activation, highlighting the specific contribution of the FES component to the
neuromuscular gains. The leg muscle activation on the unaffected side was not
significantly changed after intervention in both groups.

In populations with musculoskeletal pain, FES has been shown to modulate muscle
activity, with effects varying based on the intervention's duration. Two studies by
Glaviano et al. investigated the immediate effects of a single 15-minute session of
Patterned FElectrical Neuromuscular Stimulation (PENS) in females with
patellofemoral pain (PFP). Glaviano et al. (2016) found that a single PENS treatment
resulted in a significant improvement in gluteus medius activation during a lateral
step-down task, but no changes in kinematics or gluteus medius activation during the
single leg squat exercise were found. In a similar single-session study, Glaviano & Saliba
(2016) reported that the percentage of time the gluteus medius was active during the
lateral step-down task more than doubled (increasing from 25.7% to 52.2%) in the
PENS group, a significant interaction effect (P =.024) not seen in the sham group. Also
in this study, no differences for percentage of activation during the single-legged squat
was observed. Furthermore, vastus lateralis duration of activation significantly
increased during the lateral step-down task (P =.04); a large effect size (0.91) was seen
for the vastus lateralis duration of activation in favor of PENS. These studies suggest
that even a brief, single application of patterned stimulation can immediately improve
the recruitment of key hip stabilizing muscles during a functional task. Interestingly,
when PENS was applied over a longer duration, the nature of the neuromuscular
adaptation appeared to change. In a four-week, multi-session trial, Glaviano et al. (2020)
combined the same PENS protocol with a supervised rehabilitation program for 16
females with PFP. In contrast to the immediate increase in activation seen in the single-
session studies, the multi-week program resulted in a significant decrease in EMG
activity in the gluteus medius, gluteus maximus, adductor and biceps femoris during
both a single-leg squat and a step-down task. While a significant decrease in vastus
lateralis activity was only seen during the step-down task. The authors interpreted this
reduction in muscle activity, which occurred alongside significant improvements in
movement kinematics, as an indicator of enhanced neuromuscular efficiency, the
ability to perform a task with less muscular effort. Although enhanced activation of
GMed and GMax may contribute to better frontal plane control and reduced hip
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adduction, alterations in adductor activity can likewise be explained by the kinematic
adjustments taking place. This suggests a shift from immediate recruitment to long-
term optimization of motor patterns.

Refinement of Neuromuscular Control and Coordination

Beyond simply increasing or decreasing the amplitude of muscle activation, several of
the reviewed studies demonstrated that FES could improve the quality and
organization of muscle contractions by modulating more complex aspects of
neuromuscular control, such as muscle synergies, spasticity, and motor unit
recruitment strategies.

Two studies provided novel evidence that FES can guide pathological muscle
coordination patterns toward a more physiological state through muscle synergy
analysis. Guo et al. (2025) implemented a personalized, synergy-based FES intervention
for 33 chronic stroke survivors. In this paradigm, FES patterns were designed to mimic
the specific "normative" synergies that were absent in each individual patient. By
coupling FES with active gait execution during the intervention, authors propose that
the sensory feedback provided by FES strengthens the recruitment of normative
synergies within the CNS, thereby fostering neuroplastic changes. The study’s
findings support this assumption: participants who underwent synergy-based FES
showed greater alignment between their post-FES muscle synergies and the normative
reference; an effect not observed in the sham group. After five sessions of FES-assisted
overground walking, the similarity of the patients' targeted muscle synergies to the
normative patterns significantly increased in the FES group but not the sham group (p
= 0.01). Notably, improvements in functional scores and gait-pattern correlation
coefficients were directly associated with targeted synergy adjustments, indicating
that reestablishing normative synergies contributes to enhanced functional mobility.
Further evidence for FES-induced synergy reorganization was provided by Scano et al.
(2022), who investigated a whole-body Adaptive FES Kinesitherapy (AFESK) protocol
in a mixed cohort of 22 chronic neurological patients, including individuals with
hemiplegia, paraplegia, and tetraplegia. In this non-randomized, pre-post study, the
primary neuromuscular outcome was the similarity of each patient's muscle synergies
to a set of normative synergies derived from healthy controls. After a multi-week
training program, the patients' muscle synergies became significantly more similar to
those of the healthy reference group, with the mean synergy similarity across all
patients increasing from 0.50 to 0.60 (p < 0.001). This improvement was statistically
significant for the hemiplegic and paraplegic subgroups (from 0.45 to 0.60, p = 0.027),
though not for the tetraplegic group (from 0.57 to 0.61, p = 0.454), a result the authors
attributed to a lower number of total training sessions for that cohort. Although muscle
synergies can reflect key elements of muscular coordination patterns, they are not
sufficient to fully represent the progression of EMG activity throughout therapy.
Indeed, in some patients, no substantial alterations in muscle synergy recruitment
were detected, even though notable improvements in clinical outcomes were evident
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through other measures (including clinical scales, functional tests, motor performance,
and related assessments).

FES was also shown to address specific pathological patterns like spasticity. This was
a central finding in the study by Yang et al. (2018), who conducted a 7-week
randomized controlled trial in 25 chronic stroke patients with inadequate ankle control
who were assigned to one of three groups: EMG-triggered NMES on the tibialis
anterior (NMES-TA), EMG-triggered NMES on the medial gastrocnemius (NMES-
MG), or a control group receiving range of motion and stretching exercises. The study
uniquely assessed both static spasticity, using the Modified Ashworth Scale (MAS),
and dynamic spasticity during walking, using a spasticity index defined as the
relationship between the MG’s EMG activity and its lengthening velocity during the
stance phase. After the 7-week intervention, the NMES-TA group was the only group
to show a significant decrease in both static (p = 0.028) and dynamic (p = 0.025)
spasticity of the antagonist plantarflexors and the reduction in dynamic spasticity in
the NMES-TA group was significantly greater than that achieved by stimulating the
spastic muscle directly in the NMES-MG group (p=0.044). Furthermore, muscle
strength of ankle dorsiflexors was only significantly improved in the NMES-TA group
(p=0.012). However, even though ankle dorsiflexor strength increased and
plantarflexor spasticity decreased, the NMES-TA group did not show a significant
improvement in active ankle dorsiflexion at heel strike following training. These
results provide strong evidence for a therapeutic effect mediated by reciprocal
inhibition, demonstrating that stimulating the antagonist dorsiflexors is an effective
strategy for reducing plantarflexor spasticity during gait.

In a non-neurological population, Nishikawa et al. (2019) demonstrated that FES can
alter underlying motor unit recruitment strategies. The study investigated the effects
of an 8-week, home-based electrical muscle stimulation (EMS) program on the
quadriceps of 19 women diagnosed with locomotive syndrome. To assess changes in
muscle activation patterns beyond simple amplitude, the researchers used multi-
channel surface EMG to analyze the spatial distribution of activity across the vastus
lateralis during maximal isometric contractions. The results showed that after 8 weeks,
the intervention group exhibited significantly more heterogeneous muscle activation
patterns compared to the control group. This was quantified by a significant decrease
in modified entropy (p =0.0003) and a significant increase in the coefficient of variation
(CoV) of the EMG signals (p = 0.0017), where a lower entropy and higher CoV both
indicate greater heterogeneity in the spatial muscle activation pattern. The authors
interpreted this shift toward a more varied spatial distribution as a change in the
neural strategy for muscle activation, potentially reflecting a pattern that is more
effective at delaying muscular fatigue. This suggests that EMS training can induce a
reorganization of motor unit recruitment even in a non-neurological, musculoskeletal
condition. However, it is crucial to note that these neuromuscular changes, along with
the gains in muscle strength and thickness, were not sustained; they returned to
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baseline levels at the 12-week follow-up, four weeks after the EMS intervention was
discontinued.

Finally, one study investigated a more novel approach by targeting the spinal cord.
Tani et al. (2025) developed an EMG-triggered system that delivered transcutaneous
stimulation to both the spinal cord (Th11-12) and the hip extensors at the paretic mid-
stance phase in 17 chronic stroke patients over 10 sessions. Participants were assigned
randomly to one of three groups: spinal and hip stimulation, spinal stimulation only
or treadmill only group. While the intervention was found to be safe, the EMG-related
outcome, spinal reciprocal inhibition as measured by H-reflex conditioning, there were
no significant changes in either disynaptic reciprocal inhibition or presynaptic
reciprocal inhibition among any of the three groups over time. This indicates that the
effect of this specific spinal stimulation protocol on spinal inhibitory circuits was not
captured by the selected metrics, a null finding the authors suggest could be attributed
to the assessment being performed at rest rather than during dynamic movement or
the fact that the spinal stimulation was applied in the early swing phase and mid-
stance phase of the affected lower extremity, which may not be the optimal time to
induce changes in the reciprocal inhibition controlling the soleus muscle.

Gait and Locomotion Performance

Beyond the direct neuromuscular metrics, the primary goal of FES-based rehabilitation
is the restoration of functional walking and balance. The reviewed studies consistently
demonstrate that these interventions can lead to significant and often clinically
meaningful improvements in motor function, balance, gait speed, and spatio-temporal
parameters.

Global measures of motor recovery and balance, assessed through validated clinical
scales, showed consistent improvements following FES training, particularly in stroke
populations. A prime example is the study by Guo et al. (2025), which evaluated a
personalized, synergy-based FES intervention in chronic stroke survivors. While both
the FES (n=23) and sham (n=10) groups started with comparable Fugl-Meyer
Assessment of Lower Extremity (FMA-LE) [143] scores (21.4 and 21.7, respectively,
maximum = 34), the FES group demonstrated a significantly greater improvement after
just five sessions. The FES group's score increased by an average of 2.6 points (a
statistically significant within-group change, p = 2.2x107), increasing to 2.9 points at
one month follow-up with 50% of the participants exceeding 3 points of change. In
contrast, the sham group's score increased by a non-significant 0.7 points. The
difference in improvement between the two groups was statistically significant (p =
0.04). This improvement was not limited to the total score; the FES group also showed
significant gains in the specific FMA sub-scores for the ankle, knee, and hip joints.
Similarly, Huang et al. (2022) found that while both CCFES and conventional NMES
improved FMA-LE scores in patients with subacute stroke in flexor synergy, extensor
synergy, movement combining synergy, movement out of synergy, and
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coordination/speed, the gains in the CCFES group were significantly greater,
particularly in subcategories related to extensor synergy, movement combining
synergy, and movement out of synergy. The clinical improvements were also reflected
in activities of daily living [145], with both the CCFES and NMES groups showing
significant gains in the Barthel Index (BI). Balance, an essential determinant of safe
ambulation, was a primary outcome in the trial by Lee (2020). Following a 6-week
intervention of balance training combined with EMG-triggered FES, the experimental
group demonstrated significantly greater gains than the control group, who received
balance training alone (p < 0.05). On the Berg Balance Scale (BBS), participants in the
experimental arm improved by approximately 1.4 points. While statistically
significant, this change is unlikely to fully eliminate fall risk. In contrast, improvements
on the Functional Reach Test (FRT) were both statistically and clinically meaningful:
forward reach increased by about 3.7 cm. These findings suggest that EMG-triggered
FES may confer added benefits for dynamic stability, even if its impact on overall
balance scores remains modest.

Improvements in walking speed and endurance are crucial indicators of community
ambulation. Several studies reported positive outcomes in these domains. The Timed
Up and Go (TUGQG) test [203], which measures dynamic balance and mobility, improved
significantly more in the EMG-triggered FES group in the study by Lee (2020) than in
the control group. The experimental group's time decreased by an average of 2.15
seconds, a clinically significant change; however, the average TUG of the two groups
was about 30 seconds, which is considered high risk of falling [204], [205], [206].
Walking speed, often measured with the 10-Meter Walk Test (10MWT), was the
primary outcome in the study by Tani et al. (2025). They found that their novel EMG-
triggered spinal and hip stimulation led to a significant improvement in 1I0MWT time
for the intervention group at post-treatment and at a 4-week follow-up, an effect not
seen in the spinal-stimulation-only or treadmill-only control groups. Although the
between-group difference was not statistically significant, the mean improvement in
gait speed for all three groups exceeded the Minimal Clinically Important Difference
(MCID) of 0.15 m/s for chronic stroke [207]. However, not all gait parameters
improved; the same study found no significant change in gait symmetry, as measured
by the Time Symmetry Index (TSI), for any of the groups. Spatio-temporal parameters
like stride length and gait symmetry were also positively affected. The trial by Yang et
al. (2018) provided a detailed analysis of various spatio-temporal gait parameters.
After the 7-week intervention, both the NMES-TA and NMES-MG groups showed a
significant increase in the step length of the affected limb (p = 0.036 and p = 0.011,
respectively), an effect not seen in the control group. Regarding gait symmetry, the
effects were specific to the stimulation site. The NMES-TA group demonstrated a
significant improvement in spatial asymmetry when compared to the control group (p
= 0.018), which aligned with the significant reduction in spasticity observed in that
group. In contrast, the NMES-MG group was the only group to show a significant
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improvement in temporal asymmetry (p = 0.011). However, the study also reported
several null findings. Despite trends toward improvement, there were no statistically
significant post-training improvements in overall gait velocity or cadence for any of
the three groups. Adding to this, Guo et al. (2025) reported an overall "enhancement in
gait symmetry" and demonstrated that functional improvements in the FMA ankle
score were significantly correlated with reductions in ankle angle asymmetry during
gait.

2.2.4 Discussion

This narrative review of 10 studies reveals that functional electrical stimulation is a
versatile neuromodulatory tool capable of inducing significant changes in the
neuromuscular system of individuals with both neurological and musculoskeletal
conditions. The synthesized sEMG data provides a clearer picture of how these
therapies facilitate recovery, moving beyond simple functional outcomes to the
underlying mechanisms of improvement. However, the evidence is not uniformly
positive. A critical interpretation of these findings requires exploring not only the
promising trend toward patient-driven stimulation and neuromuscular re-education
but also the significant heterogeneity and limitations of the current evidence, including
inconsistent outcomes and questions regarding the durability of effects.

A prominent theme emerging from this review is the evolution from passive, pre-
programmed stimulation toward more advanced, patient-driven FES paradigms.
Many of the reviewed studies employed modalities that require active patient
participation, such as Contralaterally Controlled FES (CCFES), various forms of EMG-
triggered FES, and personalized, synergy-based FES. This shift aligns with modern
principles of motor learning [208], which emphasize that active engagement is critical
for inducing neuroplasticity [209]. The "intention-driven movement" of CCFES, where
the patient's voluntary action on the unaffected side controls the stimulation of the
paretic side, leverages this principle. The superiority of this active approach was
demonstrated by Huang et al. (2022), who found that CCFES led to significantly greater
improvements in FMA-LE scores in extensor synergy, movement combining synergy,
and movement out of synergy and tibialis anterior RMS amplitude compared to
conventional, passive NMES in subacute stroke patients. This suggests that the
therapeutic benefit of FES is maximized when it is synchronized with the patient's own
voluntary drive, reinforcing active motor pathways rather than simply inducing
passive muscle contractions.

While the findings suggest FES can do more than strengthen muscles, the evidence for
deeper neuromuscular re-education is mixed. On one hand, studies by Guo et al. (2025)
and Scano et al. (2022) provided evidence that FES can remodel pathological muscle
synergies toward more physiological patterns, suggesting a positive effect on the
central nervous system’s motor modules. Similarly, the study by Yang et al. (2018)
offered clear evidence of spinal-level modulation by showing that stimulating the
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tibialis anterior reduced spasticity in the antagonist plantarflexors through reciprocal
inhibition. However, other attempts to modulate spinal circuits were less successful.
Tani et al. (2025), using a novel EMG-triggered spinal cord stimulation system, found
no significant changes in spinal reciprocal inhibition, a key measure of spinal-level
control. This null finding indicates that not all FES protocols effectively target or alter
these complex neural pathways, or that the current methods for measuring these
changes are insufficient. Furthermore, while Glaviano et al. (2020) interpreted a
decrease in EMG activity after multi-week training as a sign of improved efficiency,
this contrasts with the straightforward increase in activation seen after single sessions,
highlighting that the mechanisms of FES-induced change may vary significantly with
dosage and duration.

A critical question in rehabilitation is whether therapeutic gains are lasting, and this
review reveals a significant concern regarding the durability of FES-induced effects.
The most striking example comes from Nishikawa et al. (2019), where the significant
improvements in muscle strength, thickness, and activation patterns after an 8-week
home-based EMS program were completely lost by the 4-week follow-up. This
suggests that some FES-induced benefits may be transient and highly dependent on
continued application. While the more task-specific protocols used by Guo et al. (2025)
and Tani et al. (2025) did result in functional gains that were sustained at a one-month
follow-up, the broader evidence indicates that maintaining the benefits of FES may
require long-term or ongoing intervention strategies, a crucial factor for clinical
implementation.

While the overall findings are promising, it is essential to acknowledge the significant
heterogeneity and inconsistencies across the reviewed trials. The studies used different
FES technologies, diverse patient populations, and widely varying protocols,
complicating direct comparisons. This diversity leads to conflicting functional
outcomes. For instance, while Tani et al. (2025) reported a significant improvement in
walking speed, the study found no corresponding improvement in gait symmetry
(TSI) and no significant between-group difference compared to treadmill training
alone. Conversely, Yang et al. (2018) found their NMES protocols significantly
improved spatial or temporal symmetry but reported no statistically significant
improvements in overall gait velocity or cadence. This variability suggests that specific
FES protocols may target distinct aspects of gait, and improvement in one domain (e.g.,
speed) does not guarantee improvement in another (e.g., symmetry). This underscores
a key clinical implication: FES is not a monolithic therapy. The choice of which muscles
to stimulate, the type of stimulation, and the training context must be carefully
matched to the patient's specific neuromuscular and functional deficits. Common
limitations identified across the articles, including small sample sizes and limited
training dosages, further temper the conclusions and highlight the need for larger,
methodologically rigorous trials to establish clear clinical guidelines.
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2.2.5 Conclusion

This narrative review shows that functional electrical stimulation (FES) is an effective
neuromodulatory tool that induces significant neuromuscular adaptations in patients
with neurological and musculoskeletal gait impairments. Surface EMG data reveal
improvements in muscle activation, coordination, and functional outcomes. There is a
clear trend toward patient-driven FES paradigms, such as contralaterally controlled
and EMG-triggered FES, which actively engage voluntary effort and promote
neuroplasticity more effectively than passive stimulation. These approaches yield
superior motor recovery, particularly in stroke patients. FES also modulates muscle
synergies and reduces spasticity through reciprocal inhibition, though effects on spinal
circuits remain inconsistent. Training duration influences neuromuscular responses,
with long-term interventions enhancing efficiency. Durability of benefits is a concern,
as some gains decline after stopping treatment, suggesting a need for continued
application. Protocol heterogeneity and varied patient characteristics highlight the
importance of personalized FES strategies targeting specific impairments.

Overall, FES shows promise as part of gait rehabilitation, but further large-scale,
rigorous studies are necessary to define optimal protocols and clinical guidelines.

2.3 FES and Exoskeleton rehabilitation

In the landscape of neurorehabilitation, robotic exoskeletons and Functional Electrical
Stimulation (FES) have traditionally been explored as distinct, powerful interventions
[210], [211], [212], [213]. The logical, yet largely unexplored, next step is the integration
of these technologies, a synergistic approach where the exoskeleton guides a
physiological walking pattern while FES simultaneously drives active muscle
contraction [214], [215], [216].

This hybrid model promises to transform a passive exercise into a dynamic,
neuromuscular demanding therapy. However, despite its compelling rationale, this
area of research is exceptionally new, with a near-complete absence of clinical
evidence. Published in Frontiers in Rehabilitation Sciences, the investigation by Hohl
et al. (2022)[217] is a pilot study that systematically analyses the effects of a combined
overground exoskeleton and FES protocol.

The primary goal of the Hohl et al.[217] study was to evaluate the impact of this
combined intervention on the muscle health of individuals in the acute phase of spinal
cord injury (SCI), a period characterized by rapid muscle degradation [218] [219]. The
researchers employed a randomized crossover design, where six participants with
acute (<1 month) traumatic SCI acted as their own controls. This design is particularly
effective in small, heterogeneous populations as it minimizes the confounding effects
of inter-patient variability.

The study protocol was divided into two consecutive three-week blocks. During one
block, participants received the intervention, which consisted of exoskeleton and FES

60



training in addition to their standard-of-care therapy. During the other block, they
received the control treatment of standard-of-care alone. The early-start group
received intervention for three weeks and then crossed over to the control group for
another three weeks, the late-start group started acute rehab in the control group and
then crossed over to the intervention group (Iable 10).

Table 10: Methods of Hohl et al. (2022) [217].

Exoskeleton Ekso GT provided power assistance for overground training

FES 8 channel FES system delivered timed stimulation to bilateral quadriceps,
hamstrings, tibialis anterior, and gastrocnemius

Partecipants 6 adults with acute SCI between C7-T11. Weight under 99 kg, height between
152-193 cm

Intervention 13 sessions over 3 weeks with 28 minutes of walking and 20 minutes of active
FES

Outcome Primary outcomes: lower-extremity muscle and percentage of intramuscular

measures adipose tissue (IMAT).

Berg Balance Scale.

The most compelling result of the study was effect of the intervention on muscle
volume. The data, analyzed with a non-parametric Wilcoxon Rank Sum test, revealed
a highly significant difference in the percent change of muscle volume between the
intervention and control periods (p<0.001). During the control period (standard-of-
care only), participants experienced an average decrease in muscle volume of
approximately 4%. This finding is consistent with the well-documented phenomenon
of rapid disuse atrophy that occurs in the weeks following SCI. During the intervention
period (Exoskeleton + FES), the same participants experienced an average increase in
muscle volume of approximately 8%.

The combined therapy did not merely slow down or halt the expected muscle wasting;
it actively reversed it, promoting muscle hypertrophy in a population where atrophy
is the clinical norm. This provides the first quantitative evidence that this synergistic
approach can induce positive structural adaptations in skeletal muscle during the
critical acute phase of recovery.

The analysis of IMAT showed no statistically significant difference in the percent
change of fat infiltration between the two periods. However, the data approached
statistical significance (p=0.07). During the control period, participants saw a
substantial increase in IMAT, averaging approximately 28%. This reflects the rapid and
detrimental decline in muscle quality that accompanies paralysis. During the
intervention period, the increase in IMAT was markedly smaller, averaging
approximately 16%.
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While this difference did not meet the threshold for statistical significance the trend is
clinically relevant. It suggests that the combined intervention may have a protective
effect, mitigating the severity of fatty infiltration.

Overall, the intervention group demonstrated a greater average improvement in Berg
Balance Scale scores compared to the control group. The late-start group showed a
much larger improvement in their BBS scores during their intervention block
compared to their earlier control block. The early-start group, conversely, showed
similar levels of improvement during both their initial intervention block and their
subsequent control block. The authors suggest it could indicate that the intervention is
most impactful after an initial period of natural recovery has occurred. Alternatively,
it could be a "carryover effect," where the gains made during the initial intervention
period were maintained during the subsequent control phase.

A critical practical observation noted by the authors was the universal tolerance of the
intervention. Individuals with acute SCI often struggle with orthostatic hypotension,
making upright activity challenging. The fact that all participants could immediately
tolerate walking in the exoskeleton is a significant finding, demonstrating that this
combined approach is not only effective but also a feasible tool for promoting early
mobility.

The pilot study by Hohl et al. (2022) [217] provides the first, crucial piece of evidence
that the novel combination of overground exoskeleton training and multichannel FES
is an achievable, safe, and powerful therapeutic strategy in the acute phase of SCI. The
intervention was shown to significantly reverse muscle atrophy, show a strong trend
toward mitigating fatty infiltration, and improve functional balance. Despite its
limitations, this study successfully moves the concept of a hybrid exoskeleton-FES
therapy from the realm of theoretical potential to that of evidence-based promise. For
any further investigation and pilot study in this area, the work of Hohl et al. serves as
both the primary rationale and a methodological guide.

2.3.1 Objectives

Building upon the foundational pilot data from Hohl et al. (2022), which established
the initial evidence for this novel therapeutic approach, the primary objective of the
present case study is to conduct an in-depth exploration of the feasibility and potential
effects of a combined exoskeleton and FES intervention in a single patient suffering
from severe spastic paraplegia caused by a rare genetic syndrome (mosaic trisomy 9)
in addition to a T7/T8 spinal cord injury following a titanium instrument distraction
operation to correct kyphoscoliosis. This study aims to provide a detailed account of
the neuromuscular and functional changes observed.
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3. Materials and Methods

The study was carried out in collaboration with the VIKTOR Physiotherapy Centre in
Dalmine, Bergamo, and it enrolled a 14-year-old boy suffering from severe spastic

paraplegia.

The objective of the present study is to evaluate the functioning through an analysis of
electromyographic data before and after treatment with the VIK8 workstation and
UAN.GO exoskeleton. Specifically, EMG data were analysed using BTS Smart
Analyzer software. Processing was done by comparing individual muscles before and
after a treatment period of 82 days.

3.1 Subject

A single adolescent male (14 years old) suffering from severe spastic paraplegia caused
by a rare genetic syndrome (mosaic trisomy 9) in addition to a T7/T8 spinal cord injury
following a titanium instrument distraction operation to correct kyphoscoliosis was
enrolled. The patient also presented a mild cognitive delay. Inclusion criteria were: (i)
medical stability, (ii) ability to tolerate upright standing in a harness of a powered
lower-limb exoskeleton (UAN.GO), and (iii) tolerance of surface FES (VIKTOR).
Exclusion criteria included uncontrolled epilepsy, active skin lesions at electrode sites,
orthopedic contraindications to weight-bearing, cardiorespiratory instability. The
participant was unable to stand up or ambulate independently, or even with manual
assistance, and was therefore wheelchair-bound for all mobility.

3.2 Experimental sessions

Two standardized scales were administered before any stimulation or robotic training
and repeated at follow-up (Session 2, = 8 weeks later) by the same physiotherapist,
who was involved in training delivery.

The Motricity Index [27] was used to demonstrate the overall patients” impairment as
it quantifies volitional strength of three key movements in the limbs. The Modified
Ashworth Scale Testing [220] was used to rate velocity-dependent hypertonia
(spasticity) via resistance to passive muscle stretch.

For the acquisition of the electromyographic trace, electrodes were placed directly on
the patient's skin, previously shaved from the presence of any hair and cleaned for
better adherence. The EMG electrodes were placed on both legs on the tibialis anterior,
the gastrocnemius, the rectus femoris and the semitendinosus.

Data were acquired at the VIKTOR Physio Lab Centre, and the underwent two
acquisition sessions: before and after treatment through VIK8 and UAN.GO
exoskeleton. The exercises performed were chosen from the 50 programs offered by
the machine according to the patient’s disability.
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All electrodes were placed according to SENIAM guidelines [221]. Both the VIKS8
electrodes and the EMG electrodes were placed at the beginning of the session and
removed at the end.

The duration of each session was approximately 60 minutes.

3.2.1 Experimental Setup

The therapeutic intervention integrated a powered lower-limb exoskeleton with a
multichannel functional electrical stimulation (FES) system. Overground gait training
was performed using the UAN.GO exoskeleton, while patterned electrical stimulation
was delivered by the VIK8 AFESK system (VIKTOR). To monitor neuromuscular
activity and assess the effects of the training, a wireless surface electromyography
(sEMG) system was utilized. The use of wireless electrodes ensured that the patient's
movement was not restricted during the dynamic walking tasks. Data was collected
from key lower-limb muscles (Tibialis Anterior, Gastrocnemius, Rectus Femoris,
Semitendinosus) to analyze changes in activation patterns throughout the study.

3.2.2 Session 1 (Baseline)

Step 1: Supine mobility warm-up

Purpose: increase soft-tissue compliance, reduce stiffness, and standardize starting
range of motion prior to stimulation. Procedure: with the patient supine, the therapist
guided passive-assisted mobilization of hips, knees, and ankles (multi-planar, slow
continuous arcs within the pain-free range), emphasizing posterior pelvic tilt
awareness and gentle lumbopelvic dissociation.

Step 2: Bed-based FES-assisted task set (therapist-facilitated)
Each drill was executed under manual guidance to reproduce the target joint

trajectories while minimizing compensations (excessive lumbar flexion, pelvic hiking,
or abduction drift) (Table 11).

Table 11: Bed-based exercises.

Exercise 2.1 Alternating knees-to-chest (unilateral hip-knee flexion)
Kinematics: supine, alternating end-range hip flexion with
coupled knee flexion (contralateral limb maintained in
comfortable extension). The pelvis was stabilized in slight
posterior tilt.

Primary targets: iliopsoas/rectus femoris as prime movers;
abdominal wall for lumbopelvic

control.

Goal: selective unilateral flexion without trunk substitution.

Exercise 2.2 Double knees-to-chest (bilateral hip-knee flexion)
Kinematics: simultaneous, symmetrical bilateral hip and knee
flexion to end-range; controlled eccentric
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return.
Targets: synergistic activation of hip flexors with abdominal co-
contraction; avoidance of lumbar shear.

Exercise 2.3 Bridging (bilateral hip extension from supine)
Kinematics: from hook-lying, posterior pelvic tilt followed by
hip extension to lift the pelvis into a straight-line shoulder-hip-
knee; controlled lowering.
Targets: gluteus maximus and hamstrings; deep abdominals for
anti-lordotic control.
Goal: extensor recruitment and proximal stability.

Exercise 2.4 “Snow-angel” legs (bilateral hip abduction-adduction)
Kinematics: supine with knees extended and neutral rotation;
frontal-plane abduction-adduction arcs of both lower limbs,
heels sliding on the bed to minimize friction and avoid hip
Targets: gluteus medius/minimus and adductor group;
emphasis on neutral pelvis and prevention of external-rotation
drift.

Exercise 2.5 Unilateral straight-leg raise to 90° (contralateral limb stabilized)
Kinematics: one limb performed a straight-leg raise to ~90° hip
flexion with the knee extended; the contralateral limb remained
knee-flexed with plantar contact on the bed to stabilize the
pelvis. Sides were alternated.

Targets: rectus femoris/iliopsoas with quadriceps isometric
control; contralateral hip abductors and abdominals for anti-
rotation.

All drills in Step 2 were executed with therapist assistance throughout (graded manual
facilitation and blocking) to ensure safety, joint alignment, and adherence to the
intended motor pattern.

Step 3: Maximal voluntary contraction (MVC) testing: quadriceps (no FES)

Purpose: obtain a strength reference for normalization of EMG amplitude and to
characterize maximal isometric knee-extensor force.

Procedure: with the patient seated as per lab standard, the knee extensor MVC was
measured using a dynamometer; the limb and dynamometer were stabilized to
minimize extraneous motion. Brief (3-5 s) isometric efforts were performed with
adequate rest (=60 s) to limit fatigue; peak force was recorded.
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Figure 11: Strength test with dynamometer.

Step 4: Pelvic warm-up in the exoskeleton (UAN.GO)

Purpose: familiarization and mobilization of the lumbopelvic complex under the
device’s constraints prior to gait.

Procedure: assisted sit-to-stand and stand-to-sit repetitions with UAN.GO, focusing
on symmetrical weight shift, hip hinge, and alignment within the orthosis.

Step 5: Over-ground gait with FES + exoskeleton (primary intervention block)
Environment: straight 10-m walkway, supervised out-and-back laps with turns.
Temporal structure: 3 s per step with an inter-step dwell of 1 s (i.e., 4 s/step = 15
steps/min). Total walking time = 25 min, yielding ~3755 steps in total (+ variability due
to turns).
Control: walking was driven under therapist supervision and with the aid of a walker;
exoskeleton assistance ensured consistent joint trajectories while FES delivered phase-
appropriate activation according to the predefined mapping. Rest breaks were offered
ad libitum if needed.

Step 6: Over-ground gait with exoskeleton only (no FES) for EMG acquisition

Purpose: obtain stimulation-free EMG during robot-assisted walking to avoid
stimulation artefacts and characterize neuromuscular patterns under mechanical
assistance alone.
Procedure: same walkway and temporal structure as Step 5; no electrical stimulation.
Safety and supervision unchanged.

Step 7: Bed-based task set without FES (EMG acquisition)

The same drill sequence as Step 2 (Exercises 2.1-2.5) was repeated this time while
recording EMG. Therapist facilitation and blocking were maintained to replicate the
intended joint kinematics and to minimize compensatory strategies.
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Step 8: Strength testing (no FES): repeat MVICs

Strength assessments were performed to book-end the protocol: quadriceps MVC

(repeat of Step 3) under identical positioning and procedures.

3.2.3 Session 2 (Follow-up)

The same protocol and task order were used, with one modification:

Pelvic warm-up in the exoskeleton (Step 4) was omitted because the patient no longer
required device-specific acclimatization. This change is clinically relevant and is

considered in the interpretation of follow-up outcomes.

All other steps (1-3, 5-8) were reproduced as described for Session 1, including
temporal pacing for gait and the full bed-based task set with and without FES.

Table 12: Summary table of the workflow.

Step Task FES Exoskeleton Primary purpose
1 Supine mobility warm-  No No Tissue prep & ROM
up standardization
2 Bed-based task set (5 No No Elicit/selective activation
drills) with therapist facilitation
3 MVC - Quadriceps No No Strength reference for EMG
normalization
4 Pelvic warm-up in No Yes Device acclimatization,
UAN.GO (Session 1 only) proximal control
5 Gait 3sstep+1sdwell; Yes Yes Primary intervention
~15 min) (coupled assistance)
6 Gait (same tempo) No Yes Stimulation-free EMG
during assisted gait
7 Bed-based task set No Yes Stimulation-free EMG in
(repeat) standardized drills
8 Strength testing - No No Post-block strength metrics
Quadriceps & Hip
adductors

A licensed physiotherapist controlled all initiations, transitions, manual facilitation
and exoskeleton walk; an additional spotter supervised during exoskeleton walk. The
patient chose to use also a walker as an aid. Rest periods were permitted if signs of

67



fatigue or discomfort emerged; any deviations (e.g., early stop, missed repetitions)
were logged in the session sheet.

Figure 12: a) Bed-based assisted exercises, b) Exoskeleton gait training, ¢) UAN.GO and VIKS.

Table 13: VIKS current values for gait training.

Channel Muscle Current (nA)
1 Flexors R 10
2 Quadriceps R 35
3 Flexors L 10
4 Quadriceps L 35
5 Gluteus R 32
6 Lumbar 25
7 Gluteus L 32
8 Abdomen 10
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3.3 Intervention

For 82 days (= 12 weeks) the patient followed the weekly training in Table 14.

Table 14: Weekly training for the 12 weeks intervention.

Physiokinesiotherapy (FKT) [222] 2-3 days/week
FKT in water 2 days/week
Aquatic therapy (swimming) 2 days/week

Gait training with UAN.GO 1 day/week (45-50 min)
Gait training with UAN.GO and VIKS8 1 day/week (45-50 min)
Cycle ergometer 1 day/week (60-70 min)
Cycle ergometer and VIKS 1 day/week (60-70 min)

The current values for VIKS in gait training are the same as the one used in Session 1
and Session 2 (Table 15). The current values for the cycle ergometer training are shown
in the table below.

Table 15: VIKS8 current values for cycle ergometer training.

Channel Muscle Current (nA)
1 Flexors R 12
2 Quadriceps R 30
3 Flexors L 12
4 Quadriceps L 30
5 Gluteus R 28
6 Lumbar 15
7 Gluteus L 28
8 Abdomen 10

3.4 EMG analysis

For the electromyographic (EMG) analysis, the focus was placed exclusively on the
data collected during the assisted walking trials. This choice was determined by the
observation that the muscle activation patterns recorded during the bed-based
exercises showed a behaviour that was difficult to reconcile with a physiological
pattern, making a functional interpretation complex. Furthermore, we decided to limit
the analysis to the comparison of Session 1 and Session 2, so before and after the 82
days treatment, excluding the intra-session analysis, as the main focus of this study is
to observe to this rehabilitation program performs on long periods.
Surface EMG activity was collected bilaterally from the rectus femoris (RF) and
semitendinosus (ST) muscles during exoskeleton-assisted gait. Additional electrodes
were placed on tibialis anterior and gastrocnemius medialis, but those channels were
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excluded from the analysis due to excessive spastic interference. Signals were acquired
using the BTS SMART system (BTS Bioengineering, Italy) at a sampling frequency of
1000 Hz, with a hardware band-pass of 20450 Hz and stored in microvolt (uV) units.

Raw EMG traces were exported in pV and processed offline in MATLAB (The
MathWorks, Natick, MA, USA). All EMG signals were trimmed to a duration of 30
seconds in order to standardize the length of the recordings across sessions.
Subsequently, the mean root mean square (RMS) value was computed for each muscle
in Session 1 (PRE) and Session 2 (POST). The RMS was calculated as an indicator of
the average amplitude of the EMG signal, providing a measure of muscle activation
intensity over time [223].

Finally, the mean integrated EMG (iIEMG) value was calculated for each muscle in
Session 1 (PRE) and Session 2 (POST). In the discrete form, given a signal sampled at
frequency fs of 1000 Hz, the iEMG was computed as

N
IEMG = le[n]l - At
n=1

where x[n] is the EMG sample at index n, N is the total number of samples in the
selected window, and At=1/fs is the sampling period. The final PRE and POST values
were obtained as the average of two trials per session. The iEMG was computed as the
time integral of the rectified EMG signal, representing the overall amount of muscle
activity within the selected window [223].

In addition, the mean values of the maximal quadriceps strength were plotted for
Session 1 (PRE) and Session 2 (POST). To ensure reliability, trials in which the
measured force exceeded 1 kg were excluded from the averaging, as these values were
likely influenced by compensatory trunk movements performed by the patient. It
should also be noted that the method adopted for strength acquisition was not fully
standardized: the patient was seated on the bed with the ankle tied to it using a rope
and instructed to perform an isometric quadriceps contraction. However, slight
differences in rope length between the two sessions may have introduced variability
in the measurements.
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4. Results

About one month after the baseline clinical assessment, the patient underwent
botulinum toxin injection in the left iliopsoas and bilaterally in the adductors,
reporting beneficial effects lasting approximately 6-7 months.

Clinical scales

Two standardized scales were administered before any stimulation or robotic training
and repeated at follow-up (Session 2, = 12 weeks later) by the same physiotherapist,
who was involved in training delivery.

The Motricity Index [27] was used to demonstrate the overall patients” impairment as
it quantifies volitional strength of three key movements in the limbs. The upper limb
(both left and right) scores were ‘Normal power’ (33/33) for all the three categories
(shoulder abduction, elbow flexion and pinch grip) in both sessions. For the lower limb
results did not change before and after the 82 days rehabilitation (Table 16).

Table 16: MI scores pre (session 1) and post (session 2) the 82 days intervention.

Session 1 Session 2
Exercise Left score Right score Left Score  Right score
Hip flexion 14/33 14/33 14/33 14/33
Knee extension 14/33 14/33 14/33 14/33
Ankle dorsiflexion 0/33 0/33 0/33 0/33
TOTAL 29/100 29/100 29/100 29/100

The Modified Ashworth Scale Testing [220] was used to rate velocity-dependent
hypertonia (spasticity) via resistance to passive muscle stretch. Scores of bilateral
tibialis anterior and gastrocnemius remained the same, while both bilateral
semitendinosus and quadriceps had a one-point improvement of the resistance to
passive muscle stretch (Table 17).

Table 17: Modified Ashworth Scale scores pre (session 1) and post (session 2) the 82 days intervention.

Muscle tested Session 1 score Session 2 score
Tibialis Anterior R Non Tonic Non Tonic
Tibialis Anterior L Non Tonic Non Tonic
Gastrocnemius R 4 4

Gastrocnemius L 4

Semitendinosus T 4 3
Semitendinosus L 4 3
Quadriceps R 4 3
Quadriceps L 4 3
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Strength testing

In the right quadriceps the mean value in session 1 was 0.200 Kg while in session 2
showed a significant increase to 0.448 Kg. However, in the left quadriceps despite a
slight decrease (from 0.345 Kg in session 1 to 0.330 Kg in session 2), the difference did
not reach statistical significance (Table 18).

Table 18: Strength quadriceps test in Session 1 (pre-intervention) and Session 2 (post-intervention).

Right Quadriceps [Kg] Left Quadriceps [Kg]
Session1 Session2 Var% Session 1 Session 2 Var%
TEST 1 0.20 0.37 0.17 0.79
TEST 2 0.10 0.66 0.50 2.31*
TEST 3 0.20 0.36 0.10 0.10
TEST 4 0.21 1.14* 0.79 0.22
TEST 5 0.24 0.41 0.22 0.29
TEST 6 0.25 0.44 0.29 0.25
Mean 0.200 0.448 124% 0.345 0.330 -0.04%
value

*Values greater than 1 were excluded from the averaging, as these values were likely
influenced by compensatory trunk movements performed by the patient.
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Figure 13: Distribution of maximal quadriceps strength values across sessions (PRE and POST) for
the right and left limbs.

72



EMG analysis

Within the gait trials, the analysis was narrowed to the agonist-antagonist muscle pair
of the knee: the rectus femoris (RF) and the semitendinosus (ST) and limited to the
comparison of Session 1 and Session 2, so before and after the 82 days treatment,

excluding the intra-session analysis.
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Figure 14: EMG absolute amplitude of two gait cycles (8 seconds) in session 1 and session 2 for the
Rectus Femoris and the Semitendinosus.

RMS and iEMG were computed as they provide quantitative estimates of the
amplitude and overall intensity of muscle activation, respectively.
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Regarding RMS results, in the right leg the semitendinosus showed a marked increase
from 15 pV to 118 uV (+ 686%), while the rectus femoris decreased from 13 uV5 to 6.5
uV (-50%). A similar trend was observed in the left leg, where the rectus femoris
decreased from 12.5 uV to 8.5 uV (-32%), whereas the semitendinosus exhibited a
much larger increase, rising from 85.5 uV to 562.5 uV (+558%).
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Figure 15: RMS mean values in session 1 (PRE) and session 2 (POST) for both muscles, left vs. right.
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Regarding iEMG results, in the right leg the rectus femoris decreased from 0.3933x10¢
uV-s to 0.1008x10¢ uV-s (-74%), while the semitendinosus increased from 0.4756x10°
uV:-s to 2.0923x106 uV-s (+340%). Similarly, in the left leg the rectus femoris decreased
from 0.3675x10° uV-s to 0.1064x10° uV-s (-71%), whereas the semitendinosus exhibited
a substantial increase from 2.2220x106 uV-s to 8.5765x10° uV-s (+286%).
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Figure 16: iEMG mean values in session 1 (PRE) and session 2 (POST) for both muscles, left vs.
right.
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5. Discussion

This study aimed to evaluate the effects of a rehabilitation program combining
functional electrical stimulation (FES) with a powered exoskeleton on a 14-year-old
boy suffering from severe spastic paraplegia caused by a rare genetic syndrome
(mosaic trisomy 9) n addition to a T7/T8 spinal cord injury following a titanium
instrument distraction operation to correct kyphoscoliosis.

A significant clinical improvement was observed in the participant's spasticity, as
measured by the MAS. After the nearly three-month intervention, the scores for both
the semitendinosus and quadriceps muscles bilaterally improved by one point,
decreasing from 4 to 3. This reduction in velocity-dependent hypertonia is a clinically
meaningful outcome, as excessive spasticity can interfere with voluntary movement,
comfort, and care [224]. However, it's crucial to consider that the patient received a
botulinum toxin injection to the left iliopsoas and bilateral adductors approximately
one month after the baseline assessment. While the MAS improvements were in
muscles not directly injected (quadriceps and semitendinosus), the systemic or
regional effects of botox can be complex [225]. Therefore, the observed reduction in
spasticity is likely attributable to a combination of the therapeutic effects of the FES
and exoskeleton training and the pharmacological action of the botulinum toxin. In
contrast, the MI scores for the lower limbs remained unchanged between the first and
second sessions. The scores for hip flexion and knee extension stayed at 14/33, while
ankle dorsiflexion remained at 0/33. The lack of change in this scale is not entirely
unexpected given the severity of the participant's impairment and the relatively short
duration of the intervention. The MI quantifies volitional strength through discrete
functional movements [27], and it may lack the sensitivity to detect subtle
neuromuscular gains in individuals with profound weakness. The underlying
physiological improvements may need to reach a higher threshold before they
translate into the functional gains captured by this index [226]. The patient's upper
limb scores were consistently normal, which aligns with the diagnosis.

The central finding of this study concerns quadriceps strength. In the right limb, a
significant increase was observed after the two-month training program (+124%),
highlighting a measurable gain in muscle force generation. However, the left
quadriceps remained the same (-0.04%), which did not reach statistical significance.
The overall improvement in quadriceps strength, particularly on the right side,
constitutes the primary result of this study, as quadriceps activation is crucial for gait
initiation, knee extension, and weight acceptance during walking [227]. These results
suggest that the combined intervention with functional electrical stimulation
(VIKTOR) and active exoskeleton (UAN.GO) can positively influence voluntary force
production, at least in part, even in a young patient with severe motor impairment.

EMG analysis provided additional insights. A consistent shift in muscle activation was
observed, with a great increase in semitendinosus activity (up to +686% RMS and
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+340% iEMG) accompanied by a reduction in rectus femoris activation (-=70% iEMG).
This pattern may indicate improved agonist-antagonist coordination, with reduced
pathological co-contraction at the knee. Indeed, the observed increase in RMS and
iEMG activity of the semitendinosus, together with the reduction in rectus femoris
activation, allows us to put forward a possible hypothesis regarding gait mechanics.
Specifically, these changes could indicate a shift from a stiff-legged walking pattern
(dominated by excessive quadriceps activity that keeps the knee extended [228])
towards a slightly more physiological gait. In this scenario, greater semitendinosus
activation would promote knee flexion during swing, while lower quadriceps activity
would decrease the tendency to maintain the knee rigid during the gait cycle. Of
course, this remains a speculative interpretation, especially considering the severity of
the patient’s condition. Nevertheless, it may represent a plausible explanation for the
neuromuscular adaptations observed.

Taken together, these results support the hypothesis that hybrid exoskeleton-FES
training can modulate neuromuscular activation, reduce hypertonia, and promote
voluntary strength gains even in a patient with profound motor impairment. While
preliminary, the findings align with existing evidence on the neuroplastic potential of
task-specific, repetitive, and actively assisted rehabilitation.

This study has several limitations. First, it is a single case, and the possible influence
of botulinum toxin injections cannot be ruled out. The strength tests were not carried
out in fully standardized conditions, and it is possible that residual spasticity
interfered with voluntary contractions, making the results less reliable. Another point
is the patient’s clinical condition. The underlying genetic disorder does not allow for
real recovery, so rehabilitation has more the meaning of maintaining and containing
function rather than achieving major improvements. Finally, although the patient was
generally cooperative, his participation was partly limited by both the severity of the
impairment and a mild cognitive delay, which may have affected the consistency of
training and assessments. Together with the short follow-up and the lack of a control,
these factors limit the generalizability of the results, even if the study still shows that
exoskeleton-FES training can lead to measurable changes in a very impaired patient.

Future studies should address the limitations of this case report. Expanding research
to larger samples will be essential to confirm whether the observed adaptations
represent consistent therapeutic effects or individual variability.
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Appendix

Matlab code for EMG data analysis.

clc
clear all
% Definizione dei file e delle colonne di interesse
files = {
'provaz PRE.xlsx',
'provad4 PRE.xlsx',
'proval POST.xlsx',
'prova2 POST.xlsx'};

colonne = {'Time', 'Right Rectus femoris~5', 'Right Semitendinosus~5', ...
'Left Rectus femoris~5', 'Left Semitendinosus~5'};

Q

% Importa i dati selezionando solo le colonne di interesse

pre2 = readtable(files{l}, 'VariableNamingRule', 'preserve');

pred = readtable(files{2}, 'VariableNamingRule', 'preserve');

postl = readtable(files{3}, 'VariableNamingRule', 'preserve');
( )

’

post2 = readtable(files{4}, 'VariableNamingRule', 'preserve'
% Mantieni solo le colonne specificate
pre2 = pre2(1:30000, colonne);
pre4d = pred4(1:30000, colonne);

I

postl = postl(1:30000, colonne

)
post2 (1:30000, colonne)

’

post2

% Crea la struct EMG

EMG.pre2 = pre2;
EMG.pre4 = pre4;
EMG.postl = postl;
EMG.post2 = post2;
muscoli = {'Right Rectus Femoris', 'Right Semitendinosus', ...

'Left Rectus Femoris', 'Left Semitendinosus'};

% Valori RMS (calcolati da software BTS)

RMS pre = [13, 15, 12.5, 85.5]; % media su pre2 e pre4

RMS post = [6.5, 118, 8.5, 562.5]; % media su postl e post2
% Bar plot

figure ('Name', 'Confronto RMS pre/post', 'NumberTitle','off');
bar ([RMS pre; RMS post]')

set (gca, 'XTickLabel',muscoli)

legend ('Pre', 'Post', 'Location’', 'NorthWest"')

ylabel ("RMS [uV]"')

title ('RMS pre/post intervention (Right vs Left)"')
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%% Tabella MVCs

% Dati grezzi

O o

5 Sessione 1

S1 Right raw = [0.20; 0.10; 0.20; 0.21; 0.24; 0.25];
S1 Left raw = [0.17; 0.50; 0.10; 0.79; 0.22; 0.29];
% Sessione 2

S2 Right raw = [0.37; 0.66; 0.36; 1.14; 0.41; 0.44];
S2 Left raw = [0.79; 2.31; 0.10; 0.22; 0.29; 0.25];

%% Filtro: considero solo valori <= 1 Kg

S1 Right = S1 Right raw(S1 Right raw <= 1);
S1 Left = S1 Left raw(S1 Left raw <= 1);
S2 Right = S2 Right raw(S2 Right raw <= 1);
S2 Left = 82 Left raw(S2 Left raw <= 1);

%% Preparo vettori per boxplot

datal = [S1 Right; S2 Right ];
data2 = [S1 Left; S2 Left];
groupl = [

repmat ("PRE Right", numel (S1 Right), 1);

repmat ("POST Right", numel(S2 Right), 1)];
group2 = [

repmat ("PRE Left", numel (S1 Left), 1)

repmat ("POST Left", numel (S2 Left), 1)1

%% Boxplot PRE vs POST per Right e Left
figure ('Name', 'Strength Test per Lato', 'NumberTitle', 'off');

% —--—- Right side
subplot(1,2,1)

boxplot (datal, groupl, 'Colors', 'br','Symbol','o', 'Whisker',1.5)
title ('Quadriceps Right', 'FontSize',12, 'FontWeight', 'bold")
ylabel ('Strength [Kg]')

grid on

set (gca, 'FontSize',10)

% —-—-- Left side

subplot (1,2,2)

boxplot (data2, group2, 'Colors','br',6 'Symbol','o', 'Whisker',1.5)

title ('Quadriceps Left', 'FontSize',12, 'FontWeight', 'bold")

ylabel ('Strength [Kg]')

grid on

set (gca, 'FontSize',10)

sgtitle ('Strength Test - PRE vs POST', 'FontSize', 14, 'FontWeight', 'bold'")

%% analisi 1EMG

condizioni = {'pre2',6 'pred', 'postl', 'post2'};
mn=1[2, 3, 4, 5];
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£s5=1000;

dt=1/fs;
for ¢ = 1l:numel (condizioni)
cond = condizionif{c};

for m = l:numel (mn)
x = EMG. (cond) {:,mn (m) };
iEMG tot. (cond) {:,mn(m)} = sum(abs(x)) * dt;
end
end

preSum= cellfun(@plus, 1iEMG tot.pre2, iEMG tot.pre4, 'UniformOutput',
false);

postSum= cellfun(@plus, iEMG tot.post2, iEMG tot.postl, 'UniformOutput',
false);

preSum = cell2mat (preSum) ;
postSum = cellZmat (postSum) ;

preMean = preSum/2;
postMean = postSum/2;

% vals RRf = [preMean(l), postMean(l)];
% vals LRf = [preMean(2), postMean(2)];
% vals RSt = [preMean(3), postMean(3)];
% vals LSt = [preMean(4), postMean(4)];

o\

Supponiamo che preMean e postMean siano vettori [1x4] nell’ordine dei

muscoli

% [Right RF, Left RF, Right ST, Left ST]

vals = [preMean(:) postMean(:)]; % 4x2 matrice

figure;

bar (vals); % bar plot con gruppi

set (gca, 'XTickLabel', muscoli, 'FontSize', 10); % muscoli = {'Right

RF','Left RF', 'Right ST', 'Left ST'}

legend ({'Pre', 'Post'}, 'Location', 'best');

ylabel ("1EMG') ;

title ('"iEMG pre/post intervention (Right vs Left)');
grid on

%% plot signals NON NORMALIZZATO

figure;

% 1) Right Rectus femoris

subplot (2,2,1)

plot (EMG.pred4.Time, EMG.pred. ("Right Rectus femoris~5")); hold on
plot (EMG.pred4.Time, EMG.pred. ("Left Rectus femoris~5"));

legend ("Right", "Left")

ylim ([0 1le+5])

title ("Pre - Rectus femoris")

xlabel ('Time'); ylabel ('EMG [uV]'")
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% 2) Semitendinosus

subplot (2,2,2)

plot (EMG.postl.Time, EMG.postl. ("Right Rectus femoris~5")); hold on
plot (EMG.postl.Time, EMG.postl. ("Left Rectus femoris~5"));

legend ("Right", "Left")

title ("Post - Rectus femoris")

ylim ([0 le+5])

xlabel ("Time'); ylabel ('EMG [uV]')

o°

3) (solo lato destro, ma puol aggiungere se serve)

subplot (2,2, 3)

plot (EMG.pre2.Time, EMG.pre2. ("Right Semitendinosus~5")); hold on
plot (EMG.pre2.Time, EMG.pre2. ("Left Semitendinosus~5"));

legend ("Right", "Left")

title ("Pre - Semitendinosus")

ylim ([0 le+5])

xlabel ('Time'); ylabel ("EMG [uV]"')

o°

4) (solo lato sinistro, idem)

subplot (2,2,4)

plot (EMG.post2.Time, EMG.post2. ("Right Semitendinosus~5")); hold on
plot (EMG.post2.Time, EMG.post2. ("Left Semitendinosus~5"));

legend ("Right", "Left")

title ("Post - Semitendinosus")

ylim ([0 1le+5])

xlabel ('Time'); ylabel ("EMG [uV]"')

sgtitle ("EMG total") % titolo generale

%% ridotto (solo 2 cicli del passo)

figure;

% 1) Right Rectus femoris

subplot (2,2,1)

plot (EMG.pred4d.Time, EMG.pred. ("Right Rectus femoris~5")); hold on
plot (EMG.pred4.Time, EMG.pre4d. ("Left Rectus femoris~5"));

legend ("Right", "Left")

x1im ([0.7e+4 1.5e+4 1)

ylim ([0 le+5])

title ("Pre - Rectus femoris")

xlabel ('Time'); ylabel ('EMG [uV]")

oe

2) Semitendinosus

subplot (2,2,2)

plot (EMG.postl.Time, EMG.postl. ("Right Rectus femoris~5")); hold on
plot (EMG.postl.Time, EMG.postl. ("Left Rectus femoris~5"));

legend ("Right", "Left")

title ("Post - Rectus femoris")

x1im([0.7e+4 1.5e+4 ])

ylim ([0 1le+5])

xlabel ('Time'); ylabel ('EMG [uV]'")
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o°

3) (solo lato destro, ma puol aggiungere se serve)

subplot (2,2, 3)

plot (EMG.pre2.Time, EMG.pre2. ("Right Semitendinosus~5")); hold on
plot (EMG.pre2.Time, EMG.pre2. ("Left Semitendinosus~5"));

legend ("Right", "Left")

title ("Pre - Semitendinosus")

x1im ([0.7e+4 1.5e+4 ])

ylim ([0 le+5])

xlabel ("Time'); ylabel ('EMG [uV]')

\O

> 4) (solo lato sinistro, idem)

subplot (2,2,4)

plot (EMG.post2.Time, EMG.post2. ("Right Semitendinosus~5")); hold on
plot (EMG.post2.Time, EMG.post2. ("Left Semitendinosus~5"));

legend ("Right","Left")

title ("Post - Semitendinosus")

x1im([0.7e+4 1.5e+4 1)

y1lim ([0 le+5])

xlabel ('Time'); ylabel ('EMG [uv]')

sgtitle ("EMG INTERVAL (2 cycles)") % titolo generale
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