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Abstract

Neurological disorders, including Spinal Cord Injury (SCI) and stroke, affect over one bil-
lion people worldwide, severely impacting their sensorimotor functions and quality of life.
The growing incidence of neurological disorders, coupled with the aging population, is
causing an increase in the number of subjects who need rehabilitation therapies to restore
physiological and motor functions that strongly impact the independence and community
participation of affected individuals. Therefore, the optimization of such therapies is fun-
damental to maximize their efficacy.
In this work, we will mainly focus on motor rehabilitation, specifically the one of the lower
limbs, intended for gait training. Motor rehabilitation takes advantage of neuroplasticity
through intense, task-oriented and repetitive exercises. This approach is widely recog-
nized as the key mechanism driving functional improvements, especially during the initial
phases following injury.
Besides the Conventional Therapy approach, the integration of technologies within reha-
bilitation has gained increasing interest over time. On one hand, Rehabilitation Robotics
has been introduced into clinical practice with the use of mechatronic devices for sup-
porting or actuating limbs during therapy. These systems enable tailored, repetitive and
challenging exercises, but are strongly limited by a heavy and bulky structure which de-
creases their usability and acceptability from end-users. On the other hand, Electrical
Stimulation (ES) has received particular attention over the past years, offering promising
neuromodulation benefits for sensorimotor recovery in neurological disorders. It involves
the delivery of low-energy electrical pulses to nerves located either peripherally or cen-
trally. In the former case, it is termed Neuro-Muscular Electrical Stimulation (NMES),
further categorized into Functional Electrical Stimulation (FES) and Sensory Afferent
Electrical Stimulation (SAES). FES triggers muscle contractions to produce functional
movements, thus it is administered at an intensity surpassing the motor threshold. SAES,
instead, mainly focuses on sensory fibers for eliciting changes in sensorimotor functions.
The latter alternative, instead, refers to Spinal Cord Stimulation (SCS), primarily em-
ployed to modulate muscle activity and alleviate spasticity. These ES-based strategies
are associated with several peripheral and central advantages, depending on their spe-
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cific nature. Nevertheless, they also face some limitations such as the high variability
of stimulation-induced responses, both between subjects and within the same one, and
the early appearance of muscle fatigue, particularly relevant when ES is delivered above
the motor threshold. Some of these limitations can be overcome by combining ES-based
neuromodulation techniques with robotics.
This thesis aims to explore these different neuromodulation approaches, focusing on their
working principle and induced neurological effects to discuss their potential application in
rehabilitation settings. First, it wonders whether by exploiting FES-induced movement,
it could be possible to reduce motors’ power in hybrid devices and, consequently, realize
lighter devices. In the direction of improving the device usability, the possibility of using
textile electrodes in place of hydrogel ones was also investigated, given their potential
integration into clothes. Moreover, it inspects the neuromodulatory effects of SCS and
the potential benefits of its combination with residual voluntary signals. Finally, the topic
of afferent stimulation is expanded by comparing the reflex waves generated by SCS and
SAES, inferring that they could elicit similar neuromodulatory effects.
The first research question is addressed by integrating FES within a robotic device, real-
izing what is usually referred to as hybrid system. As encouraged by literature studies,
this combination would enhance the advantages of the two technologies and mitigate their
disadvantages. The addition of FES would directly engage the subject’s muscles in move-
ment execution and reduce the motors’ contribution; simultaneously, the robotic support
would be beneficial in delaying the onset of stimulation-induced muscle fatigue, a primary
constraint in prolonged stimulation training. To this aim, the TwinFES prototype was
realized by combining two commercial electrical stimulators into a motorized lower-limb
exoskeleton (Twin, Italian Institute of Technology). The primary study focus has been
the development of a cooperative control strategy that, integrating the two technologies,
enables FES assistance to adapt and compensate for reductions in motor torque. An
extensive validation of this hybrid control system was carried out on healthy subjects and
individuals affected by either complete/incomplete SCI or stroke, recruited at the Villa
Beretta rehabilitation center. Results of both studies confirmed the possibility of reducing
motors’ power enabled by the inclusion of FES and proved that engaging subjects’ muscles
in the movement execution increases the device’s usability. Nevertheless, the complexity
of the overall system emerged as a primary limitation of the device.
Current research is trying to tackle these shortcomings, such as the challenging fit and
the need for precise electrode placement by therapists, aiming to present such systems as
everyday assistive devices and increase users’ acceptance. In this direction, the possibility
of using textile electrodes to improve the wearability of FES-based systems was explored.
A novel set of textile electrodes was developed by integrating commercial screen-printed
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electrodes into textile strips and validated with respect to traditional hydrogel ones, in
terms of electrical properties, overall stimulation comfort and performance on 14 healthy
subjects. Collected results reported no significant differences among the two electrode
types, confirming the possibility of substituting hydrogel samples with textile ones that,
given their possible integration into clothes, would ease hybrid devices’ donning and doff-
ing processes. Furthermore, the textile alternative would facilitate the transition from
clinical-based therapies to home-based solutions.
Then, the focus is shifted to sensory stimulation strategies, namely SCS and SAES, which
act on afferent fibers to modulate the excitability of the central nervous system. Rather
than inducing a movement, such stimulations aim to facilitate the possibility of residual
weak signals to produce movements. To this aim, a protocol combining SCS with cycling
was tested on four complete SCI individuals while recording the EMG signals of their
lower-limbs muscles. Despite the limited number of performed sessions, preliminary but
encouraging observations were retrieved from this study. These included a reduction of
spasticity and some benefits on bladder and bowel function, which persisted for days after
the stimulation. Direct motor facilitation was not reported, probably due to the limited
number of performed sessions, but rather a promising SCS-dependent modulation of the
EMG signal was observed.
Finally, the investigation of afferent stimulation advances by comparing SCS and SAES,
considering that both are based on a reflex-mediated activity. The study was motivated by
the attempt to find an alternative solution to SCS, given its limitations: the impossibility
of applying it in the presence of spinal metal implants, the difficulty of an autonomous
placement of electrodes and the high intensity of required stimulation currents. Tests
involved twelve healthy participants and compared the reflex waves induced by the two
types of sensory ES in terms of shape, amplitude and latency. The study confirmed that
the two types of stimulation techniques trigger the same spinal circuits but at different
locations over the reflex arc. These preliminary results paved the way for future studies
analyzing whether similar therapeutic benefits are prompted by the two strategies, in view
of promoting their interchangeable use depending on the specific case.
This work proposes the use of electrical stimulation therapies, and their possible inte-
gration with robotics, as a valid option for the rehabilitation of neurological diseases.
It highlights the importance of defining the therapy’s intent to determine the appro-
priate stimulation strategy to be applied, with FES mainly employed for the induction
of functional movements and sensory stimulation (SCS and SAES) mainly intended for
neuromodulation. By sending afferent signals to the brain, both alternatives were also
demonstrated to promote plasticity processes and motor learning, particularly when com-
bining the proprioceptive feedback from stimulation with volitional efforts. On one hand,



this study proves the efficacy of cooperative FES-motor control strategies, particularly in
reducing motor torque demands and prolonging benefits of FES, reducing muscle fatigue.
Improvements in system usability were also observed, which could be further enhanced
by replacing hydrogel electrodes with textile ones, given their demonstrated equivalent
properties. On the other hand, it explores the therapeutic benefits of SCS and offers
a preliminary investigation of SAES, emphasizing the need for further inspection of its
therapeutic impact. Challenges and limitations of these techniques are also discussed,
prompting further research to develop more advanced and flexible systems aimed at im-
proving rehabilitation outcomes.

Keywords: Neurorehabilitation, Rehabilitation robotics, Neuromodulation, Functional
Electrical Stimulation, Hybrid exoskeleton, Cooperative control, Spinal Cord Stimulation
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This chapter covers the main themes discussed in my Ph.D. thesis: the use of neuro-
modulation approaches based on Electrical Stimulation (ES) and of robotics to optimize
the rehabilitation of people with Spinal Cord Injury (SCI) and survivors of stroke. Their
main objective is to improve subjects’ quality of life by restoring motor-sensory functions
and social participation.
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1.1. Context

1.1.1. Neurological disorders: Spinal Cord Injury and stroke

Neurological disorders are estimated to affect one billion people worldwide, regardless
of age and geographical region [1]. Among them, injuries to the Central Nervous Sys-
tem (CNS) are life-disruptive conditions that, besides having a different origin, cause a
massive compromise of sensorimotor functions, restricting the functional activities of af-
fected subjects and negatively influencing their independence and quality of life [2, 3].
These injuries include stroke, traumatic brain injury and Spinal Cord Injury (SCI), which
represent leading causes of long-term disability [4].

Spinal Cord Injury. Spinal Cord Injury (SCI) is a condition caused by a damage to the
spinal cord itself or to the tissue and bones (vertebrae) [5], which affects the conduction
of afferent and efferent signals across the sites of lesion. Its main consequence is the loss
of motor and/or sensory abilities, whose severity depends on the level and characteristic
of the injury [6]. The global incidence of SCI is 40 to 80 new cases per million population
per year, which means that every year, between 250 000 and 500 000 people become SCI
[7]. It can have either a traumatic or non-traumatic origin but the former is prevalent,
representing 90% of cases, and its main causes are road traffic injuries, falls and violence
[7]. Nevertheless, in recent years, a trend towards the growth of non-traumatic cases was
observed, along with the increase in the age of patients, probably attributable to the age-
ing population [8]. The age interval in which SCI is most commonly observed is between
33 and 50 years old [9].
A main distinction among SCI cases is made by the expressions tetraplegia and para-
plegia: the former is used to refer to the condition consequent to impairments in the
cervical segments, resulting in damaged functions in the arms as well as in the trunk, legs
and pelvic organs; the latter, instead, considers the condition consequent to injuries at
the thoracic, lumbar or sacral segments of the spinal cord, not affecting the arms func-
tion but involving, depending on the injury level, the trunk, legs and pelvic organs [6].
Furthermore, according to the Standards for Neurological Classification published by the
American Spinal Injury Association (ASIA) [10], a SCI is defined as complete when no
motor and/or sensory function exists below the neurological level of injury, while it is
defined as incomplete when some of these functions are preserved [11]. The first case is
classified as ASIA A, while the second one is classified from ASIA B to ASIA E depend-
ing on how impaired the motor and sensory functions are. Even if SCI incidence is low,
its physical and psychosocial consequences demand a significant change in the lifestyle
of affected individuals [12, 13]. Indeed, this pathology is related to secondary health
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complications such as bowel, bladder and sexual problems [14], pressure sores [15], spas-
ticity [16], impaired cardiovascular [17] and respiratory [18] capacities and a higher risk
of thrombosis and osteoporosis [19, 20]. In this scenario, lifetime costs of managing SCI
pose a significant burden to individuals with SCI, their families, and health-care systems
[21, 22]. In the attempt to enhance the quality of life of these patients, rehabilitation
plays a crucial role, especially the one aiming at restoring voluntary leg movements and,
possibly, gait. In fact, several studies [23–25] analyzed the most relevant functions that
SCI individuals wanted to recover and, regardless of the lesion level, the time since injury,
or the age, walk restoration was identified as the highest priority objective [24].

Stroke. A stroke occurs when the blood flow to a part of the brain is suddenly inter-
rupted (ischemic) or when a blood vessel in the brain bursts, causing bleeding within the
space surrounding brain cells (hemorrhagic). The former causes the deprivation of oxygen
and nutrients to the brain cells that, consequently, die within minutes; the latter, gener-
ates a high pressure on brain cells, inflicting significant damages [26]. The most common
impairment resulting from stroke is the complete or partial paralysis of one side of the
body (contralateral to the brain damage), called hemiplegia or hemiparesis respectively.
The 80% of stroke patients experience it during the acute phase, while more than 40%
in the chronic phase [27]. It leads to limitations in activities such as walking, along with
reduced participation in daily life tasks. Other motor impairments include muscle weak-
ness, altered muscle tone, joint laxity, and inability to produce controlled movements [28].
The Global Burden of Diseases, Injuries, and Risk Factors Study (GBD) classified stroke
as the third cause of death and disability combined (measured by DALYs = Disability-
Adjusted Life-Years) and the second cause of death (with 6.6 million deaths) [29]. Its
incidence is continuously growing, with the total number of stroke individuals almost
doubled in the past 30 years [30] due to the ageing and growth of the population playing
a significant role [31]. This scenario negatively influences the economic impact of stroke,
with its cost expected to grow from US$891 billion per year (estimated in 2017) to US$2.31
trillion by 2050 [32]. Part of these costs are attributable to rehabilitation, fundamental
in post-stroke recovery for improving lost neuromuscular functions, especially within the
acute phase, which has been identified as the period in which intensive exercise therapy
yields the most favorable effects on ADLs [33].
The main goal of post-stroke rehabilitation is the regain of patients’ independence and
their reintegration into social and domestic life [34]. However, in many cases, a com-
plete recovery is not possible. As reported from literature studies, only 20% of stroke
survivors recover a normal upper extremity functionality [35]. Focusing on the lower
limbs, the main rehabilitation objective is ambulation recovery, but in one-third of stroke
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cases, individuals were not able to walk unsupervised when discharged from hospitals [36].

1.1.2. The relevance of rehabilitation and motor learning

The high incidence of these neurological disorders, together with the ageing of the popu-
lation, is causing a continuous increase in the number of subjects who require assistance
and rehabilitation therapies. Their main aim is to induce recovery of physiological and
motor functions, which improve independence, community participation and quality of
life after stroke and SCI [37].
This, in turn, poses a high economic burden not only to affected individuals and their
caregivers but also to healthcare systems [38], limiting their productivity. From the pre-
viously reported data about the costs of these pathologies, it is evident the necessity to
develop tools and effective strategies to promote the recovery of people with neurological
disorders.
Literature studies [39, 40] investigating the general functional recovery of stroke patients
stated that it is concentrated in the early months, within the first 3 to 6 months. However,
some recovery also continues beyond this time, even if at lower rates.
Therefore, also considering the high economic burden of rehabilitation, it is fundamental
to optimize therapy planning and its delivery to patients, to improve users’ quality of life
and not to waste healthcare resources.
In this work, we will mainly focus on motor rehabilitation, specifically the one of the
lower limbs, and thus on the approaches used for retraining gait. We will analyze the
existing rehabilitation techniques, paying particular attention to novel approaches, along
with their advantages and disadvantages.

Motor rehabilitation takes advantage of neuroplasticity, defined as the ability of the ner-
vous system to modify its structure and/or function in response to internal or external
stimuli. Plasticity originates from various neurophysiological processes; in fact, structural
and functional plasticity are distinguished [41]. The former comprises a modification in
the number of synapses and axonal or dendritic branches; the latter, instead, is related
to the change of synapses’ strength (increase in neurotransmitters and receptors density).
When an injury occurs, this process, usually referred to as injury-induced plasticity, is
represented by the spontaneous reorganization of cerebral tissues belonging to the in-
volved brain areas [42]. This process is considered as the primary mechanism underlying
functional improvements after stroke, spinal cord injuries, or brain injuries as it allows
surviving neurons to modify their innervations and create new synapses in non-damaged
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brain regions in order to compensate for lost functions [43]. Thus, the acquisition of motor
skills is strictly linked to neuronal plasticity [44].
To facilitate neural plasticity, motor training should be characterized by intense, task-
oriented, personalized and repetitive exercises, as these represent key elements of neurore-
habilitation and motor relearning. Past studies proved that intensive and task-oriented
rehabilitative paradigms, especially when delivered at early stages after the injury, were
able to enhance neurological and functional recovery after SCI [45] and stroke [46] and
achieve better locomotor outcomes compared to standard therapies [47]. A literature
study considering lower limbs reported substantial changes in the walking ability and
health-related functional status when providing task-specific interventions [48]; main ben-
efits were obtained with respect to balance, endurance and mobility [49].
Practicing frequent exercises is particularly relevant in the early phases after the injury
because plastic changes occur mainly in the first weeks and months after the acute event
[50]. The learning process is influenced by different factors. One example is the presence
of the patient’s volitional contribution [51] that, if possible, should be synchronized with
the execution of movements as it provides the link between function and intention which
is the best condition for motor relearning. Another important aspect is the motivation of
patients while doing the therapy [52], which can be enhanced by therapists defining an
adequate therapy goal and providing performance feedback. This also reduces the risk
of maladaptive plasticity which is a non-genuine brain plasticity occurring when patients
learn a wrong movement pattern leading to compensatory movements (i.e., "compen-
sating" affected limbs by using non-affected body parts) [53]. This artifice allows one
to accomplish everyday activities besides motor impairments but does not stimulate the
functional regain of the affected limb, entering the "learned non-use" condition [54].

Among the wide range of strategies and devices developed for promoting motor recovery by
taking advantage of brain plasticity, it is possible to distinguish two different approaches
[55]:

1. Bottom-Up: those that exploit peripheral (limbs) movements to induce brain struc-
ture changes thanks to neural plasticity;

2. Top-Down: those that work at the high level to induce brain modifications aiming
at regaining peripheral movements.

Top-dow techniques comprise all those strategies that aim at modulating cortical excitabil-
ity to facilitate neural plasticity and motor relearning. Examples of such techniques are
Non-Invasive Brain Stimulation (NIBS) and Transcranial Magnetic Stimulation (TMS),
or the use of plasticizing drugs. The active participation of users during the rehabilita-
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tion process also represents a top-down approach, because the combination of the user’s
volition and the system’s support (assist-as-needed) may facilitate motor learning.
On the other hand, a classic example of bottom-up approach is the Conventional Therapy
(CT) based on passive maneuvers performed by therapists. These latter are in charge
of guaranteeing treatment customization, and patient involvement while providing feed-
back to him/her. Considering gait training, referred to as Locomotor Training (LT), it
is usually performed on treadmills with a Body-Weight Support (BWS) system, whose
compensation is adapted based on the capability of the patient to maintain the upright
position [47]. In this scenario, one-to-one work between the physiotherapist and the pa-
tient is required, unbalancing the cost-effectiveness of this approach, especially in those
cases where more than one therapist is needed [56]. This is the main limitation of the
CT, together with the limited practice allowed, in terms of training hours per day and
number of repetitions, and to the fact that exercises are often boring both for the patient
and the therapist. All these aspects concur with slowing down the rehabilitation process.
A possible solution is the integration of technologies within the rehabilitation process to
improve its outcomes [57]. One example is the introduction of Rehabilitation Robotic into
clinical practice which consists of using mechatronic devices in place of therapists to as-
sist the limbs during stepping. Another alternative that has gained particular attention
over the past years is Electrical Stimulation (ES) to induce beneficial neuromodulations.
Depending on its parameters, it can be used to get different outcomes, such as rewiring
denervated muscles, reducing spasticity or inducing muscle contractions.
Both technologies will be discussed in detail in the next paragraphs.

1.2. Rehabilitation robotics

Rehabilitation Robotics is a growing research field studying a wide range of devices to
support patients’ limbs in rehabilitation activities to overcome the main limitations of CT.
These latter are the difficulty of guaranteeing prolonged and constant exercises and the
mandatory presence of a therapist to accomplish training programs, which has a great im-
pact on the therapy costs and on the amount of available personnel for other treatments.
Mechatronic devices represent the modern version of bottom-up treatments as they are
programmed to deliver a high dosage of task-oriented training to patients affected by dif-
ferent degrees of functional impairments [55]. At the same time, these optimize the time
of therapists because, by being alleviated from the labor-intensive aspects of physical
exercises, therapists can take care of some more relevant features of rehabilitation [58].
For example, the integration of robots into standard treatments could enable therapists to
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provide hands-on postural corrections while the subject is performing robot-assisted tasks.

These systems can be divided into 2 groups, as shown in Figure 1.1 [59]:

1. End-effectors: when the robot applies forces at the distal part without correspon-
dence between anatomical and robotic segments. An example is Gait Trainer [60];

2. Exoskeletons: when robot segments are aligned with the subject’s anatomical axes so
that the movement of each segment can be directly controlled minimizing abnormal
postures. Exoskeletons are named "grounded" or "wearable" depending on whether
their structure is fixed or portable. While the former are well established (with
Lokomat [61] being the leader of this group), the latter are currently entering the
clinical application.

Figure 1.1: Schematic representation of the different types of rehabilitation robots. Adapted from [59].

The control of end-effectors is easier than the one of exoskeletons but the absence of con-
straints at the proximal joints increases the risk of abnormal movements and trajectories.
Consequently, exoskeletons are more used in the early stage of rehabilitation, especially
when dealing with highly impaired patients [62].

On the other hand, robotic exoskeletons, whose evolution dates back to the 1970 [63],
represent a promising therapeutic approach because they are intended to compensate
for reduced motor capabilities of injured patients by addressing the fundamental require-
ments of rehabilitation and motor relearning [64]. As previously said, the physical practice
should be challenging, specific, adaptable over time, intense, task-oriented and engaging
for patients [65]. Robotic systems satisfy these aspects because their characteristics can
be programmed with a high level of detail. This flexibility is related to their structure
and movements, to the implemented exercises and to the number of repetitions. In fact,
their movements are usually defined in a parametric way so that they can adapt to the
subject’s anthropometry. Additionally, many features of the performed exercises, such
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as the level of gravity support, the target velocity or trajectory, can be tailored for the
specific subject depending on the impairment level and adapted over time based on his
or her progress. These devices also increase the users’ motivation thanks to technology
appeal, Virtual Reality (VR), and gaming [62].
Furthermore, since robotic technology includes sensors (encoders, load cells, ...), it can
provide reliable kinematic and kinetic measurements to assess the accuracy in the execu-
tion of movements and the patient’s improvements over time. Generally, robotic treatment
with wearable robots is more expensive (from double to triple) than Conventional Ther-
apy [66]. However, a review [67] examining the expenses associated with both therapies
in post-stroke patients revealed a stronger cost advantage for robotic therapy because of
the potential cost reduction achieved through optimizing the number of patients treated
per robotic session.
Nevertheless, these novel systems also have some limitations and disadvantages. First of
all, it must be noted that there has not been conclusive evidence demonstrating a clear su-
periority of robotic rehabilitation over CT yet. The literature lacks a definitive consensus
on this topic. Although it was proved that robotic rehabilitation may be as effective as
CT in reducing impairment [56], statistically significant differences between the two ap-
proaches were not reported, especially concerning gait training [68]. The question remains
whether robot-assisted movements offer unique therapeutic benefits beyond what human
therapists can provide [58]. On one hand, some highlighted the diversity of CT as the key
aspect making it more effective than robotic therapy [69]; on the other hand, robots allow
a significant intensity of practice that would be difficult to get with a therapist-assisted
setup. However, robotic therapy at low utilization neither demonstrated particular ad-
vantages nor hindered the recovery, and thus there is no reason to assume that robots
lead to better results than an equivalent dose of human-delivered therapies [70].
Establishing an overall superiority of one approach over the other is challenging because
therapy effectiveness depends on various factors and patient-specific characteristics. For
instance, one study [71] noted significant improvements in ADLs with robotic rehabilita-
tion compared to CT, but it also observed an increase in anxiety among participants in the
robotic group. In conclusion, further research is necessary to identify significant differences
between robotic and conventional treatments, and it should include other dimensions of
general health, such as satisfaction and participation [68]. Rather than questioning the
usefulness of robotic technologies per se, the focus should be on identifying who would
benefit the most from the robotic therapy [71].
From a therapeutic point of view, the main risk of employing robots is the slacking hy-
pothesis, which represents an undesired condition in which the patient relies too much
on the exoskeleton support without actively contributing to the task, then worsening the
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rehabilitation outcome [72]. To avoid this, devices are designed to actively involve pa-
tients during therapies and maintain their active attention. This strategy is known as
"Assist-As-Needed" (AAN), wherein the individual receives assistance only to the extent
necessary to complete the task. One alternative to promote patients’ engagement and
initiation of movements involves employing a compliant robotic component that permits
slight deviations around the desired movement trajectory. Another option is the inclusion
of a forgetting factor in the learning algorithm, reducing robotic assistance as performance
errors decrease, thus consistently challenging the participant.
From a mechanical point of view, these machines are heavy and bulky due to the presence
of actuators, rigid structural components and batteries, and require significant power to
generate torques and manipulate limbs. This limits the overall usability of such systems
and discourages patients from using them.
Currently, the technological advancement of these structures does not yet allow us to
consider their potential application beyond clinical settings. Indeed, their cost is still too
high and many times their usage requires the presence of an expert [73]. Consequently, at
the moment, exoskeletons are clinical-based devices used by many patients with a reha-
bilitative purpose rather than an assistive one. Nevertheless, research is moving towards
enabling the utilization of these systems outside clinics and thus also for the assistance of
injured individuals in practicing ADLs.

1.2.1. Lower-Limb powered exoskeleton: State of the Art

After providing an overview of the existing robotic systems for rehabilitation, this sec-
tion offers a picture focused on the wearable lower-limbs powered exoskeletons currently
involved in the industrialization phase, at the market or pre-market stage. Some of them
received clearances, like FDA or CE, while others are going through the process of ob-
taining a clearance.
The complete list of the considered devices is reported in Figure 1.2, while their detailed
individual description is provided as follows.

Atalante (Wandercraft) [74] is a CE-marked exoskeleton for the support of paraplegic
subjects. It has eight actuators: three in correspondence of the hip in the three planes of
movement and one in the sagittal plane of the knee. Additionally, two springs are located
at the ankle level. Joints’ encoders and three IMUs (one on the torso and two on the
ankles) acquire joints’ position and velocity, while force sensors measure pressure on the
feet. It is the first crutch-less exoskeleton on the market, having solved the frontal balance
issue and allowing a stable gait; however, its weight and velocity could be improved.
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Figure 1.2: Existent commercial Lower-limbs powered exoskeletons.

Ekso GT (Ekso Bionics) [75] is a CE- and FDA-marked exoskeleton for the support
of post-stroke, SCI and traumatic brain injury patients. It includes four actuated joints
in correspondence of both hips and knees and two springs at the ankle level. Sensors of
hip and knee angles and feet pressure provide information about the current device state
to choose the desired future one through the state automation controlled by a therapist or
by the patient. The device does not guarantee sagittal balance, thus the use of crutches
is mandatory.

Hybrid Assistive Limb – HAL (Cyberdine) [76] is a CE-, PMDA- and FDA-marked ex-
oskeleton for people affected by SCI or other neurological injuries. It consists of four active
joints (hips and knees in the sagittal plane). The device control is managed through a
Finite State Machine (FSM) that continuously checks the actual system phase by consid-
ering joint angles, plantar force and electromyography (EMG) data.

Twin (Italian Institute of Technology - IIT ) [77] is a CE-approved exoskeleton for both
SCI subjects and stroke survivors. It has four active joints (hips and knees in the sagittal
plane). The device control consists of a rigid tracking of a target position and is managed
through a Finite State Machine (FSM). The triggering of each new step is either manual
or automatic: in the former case, it is controlled by the therapist through a tablet; in the
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latter, a new step is started every time the subject’s bending angle overcomes a threshold.

Hyundai Medical Exoskeleton – H-MEX (Hyundai Motor Company) is an MFDS-approved
(Ministry of Food and Drug Safety in Korea) exoskeleton to rehabilitate people with low-
level SCI or stroke. It includes six active joints for hips’ and knee’ motion in the sagittal
plane and hips’ abduction/adduction. Furthermore, ankle springs allow ankle plantar-
and dorsiflexion and eversion/inversion movements. Data collected by encoders, force
sensors and IMUs are used by the controller to define the next device position in a FSM-
based setting. Gait parameters can be customized via tablet and the user can initiate
movements using buttons placed on the crutches.

Indego (Parker Hannifin Corporation) [78] is a CE- and FDA-approved exoskeleton for
assisting gait training and sit-to-stand movements in SCI patients. It incorporates four
actuated joints on the sagittal plane of the hip and the knee and an Ankle-Foot-Orthosis
(AFO) to provide support at the ankles and prevent foot drop. Joint-level controllers
provide a Proportional-Derivative (PD) control managing the joint impedance and are
supervised by a FSM that switches between states considering the Center Of Pressure
(COP) movements. The use of a walker or crutches is needed for stability while walking.

ReWalk Robot (Argo Medical Technology) [79] is a CE- and FDA-approved exoskeleton
for paraplegics. It uses four actuators for hips’ and knees’ sagittal movements. Different
locomotion modes are available (walking, standing, climbing, . . . ), selected by the user
through a smartwatch. Gait movements are adapted by the control unit depending on
the position of the upper body and the shift in the body weight. These data are retrieved
from a tilt sensor on the trunk and force sensors under the feet. It allows real-time control
of the gait phases but requires in-depth training of users to ensure correct management
of the device through COM movements.

Robotic exoskeleton – Rex (Rex Bionics) [80] is an FDA-approved exoskeleton for rehabil-
itation and assistance of SCI, stroke and brain injury patients during different movements
(walking, standing, turning, . . . ). It is a ten-DOF device with each leg comprising the
following actuators: two for the hip sagittal and frontal planes, one for the knee sagittal
plane and two for the ankle sagittal and frontal planes. It is a hands-free system allowing
user control through a three-button keypad and a joystick as crutches are not required.
Its large footplates provide stability but reduce step length and walking speed, resulting
in a non-physiological gait.
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ExoAtlet I (ExoAtlet) [81] is an exoskeleton certified in South Korea, Japan, Thailand,
Vietnam, Belarus, Uzbekistan, and Kazakhstan (ISO:13485 certified). This is intended
for the assistance of SCI patients during various movements (flat or inclined walking,
descending stairs, sitting, . . . ). It comprises the hips’ and knees’ sagittal motors. Mea-
surements of relative position and current, angular velocity and foot reaction force are
used by the central controller to compute the desired cartesian trajectory, then sent to
actuator drivers. Sufficient arms strength is required to manage crutches and balance.

Fourier X1 (Fourier Intelligence) [82] is an exoskeleton designed for SCI patients. It
includes four actuated joints (hips and knees) and provides four movement patterns. The
overall control is carried out by a real-time posture unit using different sensors, such as
plantar pressure sensors.

FREE Walk (FREE Bionics) [83] is CE- and FDA-approved exoskeleton for walking,
standing and sitting, designed for SCI and stroke patients. It includes four active DOFs
on the hips’ and knees’ sagittal plane and two passive DOFs for ankles and hips abduction.
Normal functioning in the upper limbs is required for using crutches.

Roki (Roki Robotics) [84] is an exoskeleton for SCI patients (inferior to T4 level). It
comprises four actuators (hips and knees) and fifteen sensors. The use of this device
requires good bone density and arms control for maintaining balance with a walker or
crutches. The overall control is operated by the user through buttons placed on the
crutches.

1.3. Electrical Stimulation as a tool for neuromodu-

lation

As explained in previous sections, events such as stroke or SCI determine a damage to
the nervous system that causes an interruption of descending pyramidal pathways and
thus muscles’ weakness or, in worst cases, paralysis. This results in the inability of pa-
tients to voluntarily produce movements and therefore strongly limits their independence
in daily life [85]. A treatment approach proposed in such cases is the use of Electrical
Stimulation (ES), which consists of delivering low-energy electrical pulses to either nerves
or muscles at different locations in the nervous system. Nerve stimulation is employed in
the case of Upper Motoneuron Lesion (UMNL), while muscles are targeted in the case
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of Lower Motoneuron Lesion (LMNL), as better explained in Section 1.4. Depending on
its characteristics, such as location and parameter setting, ES can be employed across
a range of scenarios and intended purposes. In the present thesis, the focus is only on
transcutaneous ES, given its easier and wider applicability.
ES is also associated with enhancing the motor learning process and promoting the regain
of voluntary movements [86], especially when combined with voluntary motor commands.
In such cases, descending signals from the brain reach the corticospinal anterior horn
synapse together with the antidromic signals traveling up from peripheral nerves stimu-
lated with ES. This temporal synchronization strengthens the synapse and increases its
firing probability [87].
Thus, early interventions with ES in patients with neurological diseases could be benefi-
cial in minimizing their morbidity [88].
Many studies demonstrated the potential benefits that rehabilitation recovery can gain
from using different types of ES. Indeed, with ES we refer to an umbrella term including
various stimulation strategies that differ in the set of parameters and, consequently, in
the expected outcome.
A primary distinction lies in where ES is administered: either peripherally or centrally.
When applied to peripheral mixed nerves, the stimulation is generally termed Neuro-
Muscular Electrical Stimulation (NMES).

NMES typically denotes a stimulation method employed for motor recovery purposes, tar-
geting structural and functional deficits to enhance a function [89]. Moreover, reducing
the impairment level, it may increase patients’ participation in voluntary activities [37].
To sum up, it is mainly used to reduce atrophy, to strengthen muscles, to treat spasms,
to promote blood circulation, or to improve sensory perception [90].
Furthermore, one of the most used terms in literature is Functional Electrical Stimulation
(FES) [91], coined by the scientists Moe and Post in 1962 [92]. The term functional indi-
cates that the stimulation does not aim at inducing a generic muscle contraction but one
preceding a functional movement. In fact, it is delivered to completely or partially par-
alyzed muscles to compensate for their restricted or absent functionality [90]. According
to another definition, FES refers to an electrical stimulation synchronized with voluntary
movements to assist their execution [93]. There are many literature examples [94, 95] in
which the stimulation timing was adapted to mimic physiological activation patterns of
either upper or lower limb muscles to generate reaching and grasping tasks or reproduce
the human gait, respectively, and thus to overall improve the function of upper and lower
limbs. The primary objective of FES is the induction of active movements, obtained
by stimulating motor (efferent) nerve fibers with intensities around or above the motor
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threshold. However, it also induces central benefits, by triggering sensory (afferent) fibers
(explained in section 1.4.1).
The first FES experiment dates back to the 1960s and involved the delivery of current to
the peroneal nerve to correct the foot drop in post-stroke subjects [96].
Another type of stimulation is the Sensory-Afferent Electrical Stimulation (SAES), which
consists of a peripheral stimulation directed to sensory (afferent) fibers with low ampli-
tudes, usually around the sensory threshold. Its primary goal is to elicit changes in sen-
sorimotor functions [97]. However, SAES has also been used for active and task-oriented
therapies, to improve motor abilities and drive cortical plasticity [98].
On the other hand, when applied at the central level, the stimulation is referred to as
Spinal Cord Stimulation (SCS). As the name suggests, it is delivered in the posterior
region of the spinal cord. At first, afferent nerve fibers contained in the dorsal roots are
stimulated then, through the synapses, efferent nerve fibers of the ventral roots are also
triggered [99]. This technique is mainly used for spasticity (and eventual pain) reduction.
Despite the majority of therapies employing implanted SCS, we hereby only consider its
transcutaneous application.
All these stimulation strategies will be explained in detail later in Section 1.4.
Before a general overview of the stimulation working principle is presented together with
a description of the stimulation parameters and their effect.

1.3.1. Working Principle

The stimulation is provided by delivering current to a volume of tissue between two elec-
trodes (anode and cathode), with charges moving from the anode (positive electrode) to
the cathode (negative electrode), as reported in Figure 1.3. The localized electric field
creates an ionic flux through the cell membranes of nearby neurons which influences the

Figure 1.3: Neurophysiological working principle of the electrical stimulation. Considering the zoom
over the single fiber, we notice a localized electric field generated by the movement of ions from the anode
toward the cathode. This induces a hyperpolarization below the anode and a depolarization beneath the
cathode, triggering the Action Potential wave.
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transmembrane potential. In particular, membrane hyperpolarization occurs under the
anode due to the accumulation of negative ions while depolarization occurs under the cath-
ode as it attracts positive ions [100]. If the depolarization overcomes a critical threshold,
the migration of sodium ions from the extracellular to the intracellular space generates
an Action Potential (AP) [101], which propagates in both directions away from the site
of stimulation: proximally towards the cell body and distally across the neuromuscular
junction [100]. Given that the threshold charge needed for generating action potentials
in muscle fibers is much higher than the one needed for inducing it in neurons [102], the
electrical stimulation generally activates nerves rather than muscles. Consequently, for
FES to be effective, it is required to have intact lower motor neurons, from the anterior
horns of the spinal cord to the neuromuscular junctions of the target muscles [100]. This
condition applies to both SCI and stroke pathologies and therefore electrical stimulation
can be used as a therapeutic tool in such cases.

1.3.2. Stimulation Parameters

Electrical stimulation devices deliver pulses in waveform patterns represented by geomet-
ric shapes such as square, peaked, or sine waves. Most used ones are square waves, which
demonstrated better fibers recruitment compared to other shapes [103]. Additionally,
waveforms can be monophasic, biphasic or polyphasic depending on the number of pulses
that form the single stimulus. Monophasic and biphasic waveforms are the most common
ones: the former consists of repeated unidirectional identical pulses (usually cathodic),
while the latter is composed by the repetition of two pulses, a cathodic (negative) one
followed by an anodic (positive) one [101]. Both were demonstrated to produce greater
torque than polyphasic waveforms when administered to quadriceps muscles of young
individuals without disability [104]. Usually, the biphasic balanced pulses configuration
is preferred as the positive and negative pulse balance each other, determining a total
injected charge of zero that prevents potential damages at the electrode-tissue interface
[102, 105].
The pulses’ waveform is characterized by three parameters: pulse amplitude A, pulsewidth
PW (or pulse duration) and pulse frequency f [37], as shown in Figure 1.4. Pulse ampli-
tude is the magnitude of the pulse (usually expressed in mA), while pulsewidth is its
duration (usually expressed in µs). Their product, called charge, determines the number
of recruited muscle fibers. The higher the charge, the higher the number of recruited
fibers and thus, for the spatial summation principle, the stronger the resulting contrac-
tion. Consequently, an increase in pulse duration may require a lower pulse amplitude to
generate the same response, and vice versa [37]. Pulse frequency, instead, is the rate at
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which stimulation pulses are delivered. By increasing the pulse frequency, the temporal
summation of twitches results in a higher mean force [37]. It varies widely depending on
the goals of the task or intervention, but optimal clinical results were obtained with 20-50
Hz [106, 107]. On one hand, higher frequencies result in a smoother and more comfortable
stimulation as the individual pulses become indistinguishable [108]; on the other hand,
higher frequencies boost the appearance of muscle fatigue [101]. Therefore, a trade-off in
the definition of the stimulation frequency is required.

Figure 1.4: Parameters of the typical stimulation square wave: amplitude (A) in mA, frequency (f) in
Hz and pulsewidth (PW) in µs.

1.3.3. Fibers Recruitment

The electrical stimulation-induced action potential is indistinguishable from the physio-
logical one. This is due to the nature of the AP which is an all-or-nothing phenomenon
meaning that, once initiated, it is always identical in terms of shape and duration. Con-
versely, the recruitment of motor units is significantly different in the two cases, which
explains the early fatigue onset induced by FES. The main differences are hereby listed:

• Recruitment Order. The physiological recruitment order of motor units follows
the Henneman’s size principle, wherein smaller and fatigue-resistant motor units are
engaged before larger ones [109]. This also helps to postpone the fatigue onset and
to accurately modulate force [101]. Conversely, in the electrical stimulation case,
this order is reversed. Type IIb fibers (fast-twitch ones and less resistant to fa-
tigue), innervated by larger diameter axons, are activated first, then type IIa fibers
(intermediate properties) and, in the end, type I (slow-twitch ones and resistant
to fatigue), innervated by smaller diameter axons [100, 110, 111]. This happens
because the firing threshold of nerve fibers to externally applied stimuli is inversely
proportional to fiber size and proportional to the square of the stimulus-fiber dis-
tance [112].

• Temporal Recruitment. When using electrical stimulation, muscle fibers are
stimulated all at the same time (temporal summation), in contrast to the natu-
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ral unsynchronized activation characterized by turn-over among fibers (alternations
of recruitment and de-recruitment periods) [113], that reduces the metabolic de-
mand of motor units [114]. Consequently, a stimulation frequency of at least 15-20
Hz is required to get a tetanic contraction, higher than the one needed with the
asynchronous physiological recruitment (6-8 Hz) [113]. The higher frequency of the
electrically induced contraction increases the rate of muscular fatigue occurrence
[101], which represents one of the main limitations when dealing with ES [115–117].
It may also cause uncoordinated and inefficient movement patterns, rather than the
smooth force gradation typical of human movements.

• Spatial Recruitment. ES-induced motor units’ recruitment follows a spatially
fixed pattern, from superficial to deep layers with increasing levels of current (geo-
metrical activation) [118, 119]. This occurs because surface-stimulating electrodes
direct the current beneath the skin’s surface and then it travels through various
viscosities of subcutaneous tissue that introduce resistance, leading to a decrease in
strength while going deeper.

1.3.4. Electrodes

The delivery of stimulation occurs through a pair of electrodes (cathode and anode) which
can be: implanted, percutaneous or transcutaneous (superficial). These three types of
electrodes are hereby briefly described; however, the present thesis will only consider
transcutaneous ones, being those employed in our tests.
Implanted electrodes are surgically inserted into the body and connected by leads to an
implanted stimulator [37], which communicates with an external control unit through a
radiofrequency telemetry link [100]. These electrodes can provide a deeper stimulation
and with a high repeatability and selectivity (isolated muscular contractions) using low
levels of current. However, they require surgery and thus represent an expensive and in-
vasive method, intended for long-term uses and with no possibility of replacing electrodes
[37].
Percutaneous electrodes are implanted as well but their leads exit the skin and are con-
nected to an external stimulator, not requiring a surgical intervention [120]. Since in this
case leads pass through the skin, smaller wires are necessary [100]. Similarly to implanted
ones, percutaneous electrodes enable a highly selective, repeatable and deep stimulation
with low levels of current, but they are also associated with a risk of infection for the
subject [37].
Transcutaneous electrodes are placed over the skin surface and are connected to an exter-
nal stimulator [100]. They are localized either over the nerve or over the "motor point",
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namely the site generating the strongest and most specific contraction at the lowest cur-
rent amplitude. In this thesis, self-adhesive disposable pre-gelled (already incorporating
a hydrogel layer) electrodes were used. These electrodes are easy to use, inexpensive, re-
versible and noninvasive and therefore particularly suitable for therapeutic applications.
However, on the other hand, they are associated with some disadvantages: i) they do not
allow selective and deep stimulation and may induce painful sensations because of cuta-
neous pain receptors activation [121]; ii) their repeated placement in the same location is
complicated; iii) the drying out of their moisture over time deteriorates the skin adherence
[122] and decreases the resistivity, which negatively affects the stimulation efficacy and
comfort and possibly causes skin irritations; iv) their frequent use may be unhygienic as
they are not washable or properly sanitized after use [123].
In this scenario, textile electrodes have been recently proposed as a valid alternative for
FES delivery as they can be used for long periods if an adequate conveying of electric
signals at the skin/electrode interface is guaranteed [124]. They were demonstrated to
increase user comfort and reduce skin irritations, thanks to the good ventilation and flex-
ibility, and they can be easily integrated into clothes and conveniently cleaned [123].

Depending on the relative position of electrodes over the skin area, monopolar and bipolar
stimulation techniques are distinguished. The former is delivered in the form of monopha-
sic pulses and is usually associated with two electrodes of different dimensions: a smaller
active electrode (cathode) located over the target nerve or muscle and a larger reference
electrode (anode) placed over a remote and less excitable tissue [125]. This configuration
is ideal for selective muscle activation over a restricted area [126]. Conversely, in the bipo-
lar one, usually a balanced biphasic pulse is used together with two electrodes of similar
dimensions both applied over the target point.
Regardless of the used configuration, positioning of electrodes is a critical issue: identi-
fying the optimal location for electrodes over the skin area requires a good knowledge of
the human anatomical structure and sometimes a trial-and-error procedure is needed to
verify that the resulting functional movement corresponds to the desired one [37].

1.4. Use of ES in Rehabilitation

As anticipated before, the term ES refers to various types of stimulation that differ in
location, parameters, expected outcome and intended use. A schematic representation of
the different types of stimulation and their main applications is depicted in Figure 1.5.
The definition of the ideal stimulation strategy to be used in rehabilitation depends on the
type of lesion. When considering CNS lesions, two macro-categories can be distinguished:
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Figure 1.5: ES applications with their main usages. Different strategies are used for Upper and Lower
Motoneuron Lesions [127].

Upper Motoneuron Lesion (UMNL) and Lower Motoneuron Lesion (LMNL). The former
affects the Upper Motoneuron (UMN) which extends from the cerebral cortex to the
motor anterior horn cells in the Spinal Cord (SC); the latter, instead, is localized at the
Lower Motoneuron (LMN) level which goes from the anterior horn cells of SC, through
peripheral nerves until reaching motor end plates of a muscle (Figure 1.6).
Depending on the localization of the lesion, the stimulation current is transmitted via
a muscle or nerve fiber. In the LMNL, as peripheral nerves are not able to conduct
signals anymore, direct muscle stimulation is used. In this case we talk about "denervated
muscles" and the electric field elicits APs directly on muscle fibers. For the UMNL (more
common), instead, nerve stimulation is employed, where cell membranes of neurons are
depolarized and APs travel towards muscles, exploiting the residual conduction ability of
peripheral nerves [100].

Figure 1.6: Localization of Upper Motoneuron (UMN) between brain and spinal cord and Lower
Motoneuron (LMN) between spinal cord and peripheral muscles. Image adapted from [127].
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The discrimination between nerve stimulation and direct muscle stimulation relies on the
pulsewidth parameter. Specifically, the threshold charge for producing APs in neurons is
much lower than that needed for muscles [102]. Given the direct proportionality between
charge and pulsewidth, the same trend is observed for the pulsewidth used in the two
scenarios. Figure 1.7a reports exemplary square waves for nerve and muscle stimulation
respectively. The different excitability of nerve and muscle fibers is depicted in Figure
1.7b, where it is evident that nerve fibers can be activated from very low pulse durations,
while muscle fibers require pulses of at least 10 ms.
Typical stimulation parameters for UMNL are pulsewidth of 200-400 µs and frequency
within 20-50 Hz; for LMNL, instead, pulsewidth reaches 35-200 ms and consequently
frequencies are lower, in the range of 0.25-22 Hz. Amplitudes cannot be defined because
they depend on muscle size and subject perception [127]. In the former case, the current
waveform is biphasic rectangular, in the latter it is either biphasic rectangular or biphasic
triangular. In fact, triangular pulses reduce the perceived discomfort due to the ramped
rise compared to rectangular pulses and preferentially activate muscles rather than nerves
[128]. This happens because their moderate ramp causes a slow increase of the electrical
field strength which determines the maintenance of an equilibrium of diffusion currents in
neurons due to their fast-reacting electrical properties; differently, it induces an electrical
discharge in the less sensitive membrane of denervated muscle fibers.

(a) (b)

Figure 1.7: (a) Stimulation square waves with shorter or longer pulsewidth for nerve and muscle
stimulation, respectively. (b) Intensity-duration curves for pulses of nerve and muscle stimulation. Image
taken from [129].

When the stimulation is administered to peripheral mixed nerves, both motor and sensory
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fibers can be engaged. Therefore, electrically induced contractions can be generated by a
combination of [130]:

• Peripheral Recruitment: activation of motor axons beneath the stimulating elec-
trodes, producing a signal from the stimulation point to the muscle (orthodromic
efferent), as depicted in Figure 1.8a. The discharge of the recruited motor units is
represented by the M-wave in the electromyographic (EMG) signal.
Additionally, the movement resulting from the muscle contraction generates sensory
feedback traveling toward the center;

• Central Recruitment: activation of sensory axons producing a signal from the
stimulation point to the CNS (orthodromic afferent), as depicted in Figure 1.8b.
This sensory volley can contribute to the electrically evoked contraction because it
reaches the spinal cord and there, through synapses, recruits motor neurons [131].
This recruitment generates a discharge of motor units (orthodromic reflex response)
through the Hoffmann- or H-reflex pathway, which manifests as the H-wave in the
EMG signal. This latter exhibits a higher latency compared to the M-wave, at-
tributable to the longer pathway the signal takes through the spinal cord.

However, the coexistence of M-wave and H-wave is only visible in a small amplitude
range. As sensory fibers are characterized by larger diameters, these present a lower
firing threshold compared to motor ones and thus H-waves typically precede M-waves in
the EMG signal. When using higher amplitudes, a greater number of motor fibers are
activated, causing stronger contractions but at the same time increasing the antidromic
transmission in motor axons. This latter collides with the descending reflex response,
blocking its movement towards the periphery, as shown in Figure 1.8c. This phenomenon
is known as Collision Block [133, 134]. Figure 1.9 reports the EMG signal obtained from
a Tibialis Anterior muscle under electrical stimulation with growing intensity. At lower
amplitudes only the H-wave is present, indicating a preferential activation of sensory
fibers; then, as the amplitude increases, the M-wave also appears and we observe the
progressive growth of the M-wave and shrinkage of the H-wave, until it disappears.

Therefore, to enhance the central contribution and exploit the advantages of afferent brain
inputs, stimulation amplitude should be low enough to minimize the antidromic block,
but sufficient for inducing stable contractions, useful for restoring movements [130].
Taking into account the influence of pulsewidth, shorter values (0.05–0.4 ms) preferentially
activate motor axons [135], while longer ones (0.5–1 ms) recruit more sensory axons [136–
138]. Lastly, stimulation frequency is directly proportional to the smoothness and strength
of evoked contraction due to the temporal summation of M-waves. Nevertheless, it has
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the opposite effect on central recruitment, which decreases at higher frequencies. This
happens because H-reflexes are progressively attenuated by the post-activation depression
of the synaptic transmission [139].

The recruitment of motor units through central pathways induces a sensory volley directed
toward the center (i.e., the brain), determining the following benefits:

• Augmentation of contractions generated by peripheral pathways, leading to greater
torques and to more fatigue-resistant contractions because central recruitment fol-
lows the size principle;

• Increase in sensorimotor cortex excitability and changes in motor cortical network
activity [140], facilitating long-term and short-term neuroplasticity;

(a)

(b)

(c)

Figure 1.8: Schematic representation of the signal traveling along motor (panel a) and sensory (panel
b) fibers after the stimulation and correspondent induced waves in the EMG signal. Panel c illustrates
the Collision Block phenomenon occurring when opposite signals collide. Image adapted from [132] and
drawn on BioRender.com.
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• Possible enhancement of the NMES capability of reducing muscle atrophy and im-
proving muscle quality [130].

All these processes could be summarized with the term Neuromodulation which is
defined as "an intervention within the central or peripheral nervous system that alters
electrical or chemical activities to modulate or improve a function" [141]. As previously
said, we can differentiate between Sensory (afferent neurons), Motor (efferent neurons)
and Spinal Cord stimulation, but all share the aim of retraining the nervous system and
promoting neural plasticity, namely the reorganization of existent neuronal connections
and the formation of new ones [141].
These aspects are particularly relevant when dealing with spinal cord injured patients as
the decreased activity in their neural circuits reduces the CNS excitability [142], leading to
weak brain-muscle pathways which could be enhanced by exploiting central inputs coming
from the stimulation. Indeed, the idea that "neurons that fire together, wire together",
coming from the Hebbian Theory [143], is always valid [144], regardless of the neural input
origin (either physiological or electrically-induced).

Key elements for neuromodulation and neural plasticity are:

Figure 1.9: M-waves and H-waves induced on the Tibialis Anterior muscle during its stimulation at
different amplitudes. Image realized by Matthias Krenn and used with his permission.
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• Early start: as soon as possible after the lesion;

• Training intensity: neural circuits demonstrate use-dependent plasticity;

• Active subject participation;

• Repetitive and task-specific movements;

• Combination with conventional rehabilitation modalities.

1.4.1. Functional Electrical Stimulation (FES)

FES: Definition and Benefits

As previously anticipated, Functional Electrical Stimulation (FES) consists of deliver-
ing low-energy electrical pulses to the excitable tissue of muscles to induce an artificial
contraction. This is usually used with neurologically impaired individuals to enhance or
replace lost motor functions [145, 146].
Being applied in the case of UMNL, its typical pulsewidth and frequency are 200-400 µs
and 20-50 Hz respectively, while its amplitude is above the movement threshold (to induce
a functional task). The low pulsewidth suggests that, in this case, peripheral recruitment
is predominant.
By coordinating the stimulation of different muscles, functional movements are obtained,
implying that rehabilitation scenarios can derive significant advantages from FES-based
treatments. As said, the primary benefit of FES lies in its ability to induce active muscle
contractions and thus facilitate the practice of motor activities that would otherwise be
hindered by paralysis. Besides this, FES is also associated with peripheral advantages. It
was proven to strengthen muscles, thereby preventing disuse and atrophy, improve bone
density, associated with a diminished risk of osteoporosis, and decrease spasticity and
spasms [95]. Moreover, it improves general cardiovascular fitness and oxidative capacities
[147], inducing the conversion of type IIB fibers, predominant in spinal cord injured pa-
tients, to type IIA and type I [148]. By increasing muscular blood flow and muscle mass
[149], it also prevents pressure ulcers. In some cases, also benefits at the bladder, bowel,
and sexual level were reported [150]. Furthermore, FES can engage users’ attention, be
repetitive and challenging, and provide sensory and visual movement feedback to partic-
ipants, which are essential attributes for an intervention aimed at effectively promoting
motor recovery [151].
Although being applied at the peripheral level, it was also demonstrated to induce central
neurological changes. Indeed, FES targets the mixed nerve trunk and thus synchronously
depolarizes motor and sensory axons (as shown in Figure 1.8a): the first (direct descend-
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ing pathway) generates a contraction by depolarizing motoneurons; the second (indirect
ascending pathway) provides afferent excitatory inputs to the center. This latter promotes
neural plasticity and motor relearning by strengthening existent neural pathways or in-
ducing the sprouting of new axons [152–155]. In fact, some key aspects of Motor Learning
are encouraged by FES: high repetition, active practice, motivation, goal-oriented and
task-specific training [156]. Thus, FES-induced repetitive movements increase the motor
cortex excitability (following the Hebbian principle of activity-dependent neuroplasticity)
and facilitate motor-evoked potentials [157].
This phenomenon is enhanced when FES is coordinated with the residual volitional acti-
vation of patients [153] because the proprioceptive information mediated by FES (through
sensory fibers) determines an increased excitation of primary sensorimotor areas which
produces long-lasting motor improvements [158]. Specifically, the combination of the vo-
litional effort and the perception of successfully completing the movement (through FES)
provides somatosensory feedback that facilitates Hebbian-like plasticity [159]. This com-
bination also induces a sense of agency because the predicted sensory consequences of a
movement align with the actual consequences, allowing patients to perceive the action as
self-generated.
Additionally, this combination was proved to facilitate the carry-over effect as this latter
was demonstrated to be mediated through movement prediction and sense of agency [160].
The carry-over effect is defined as the long-lasting persistence of stimulation’s effects on
the participants’ abilities even after the treatment has concluded. It was observed in the
study by Liberson and colleagues [96], which represents one of the first attempts to include
FES in rehabilitation. They used FES to correct the foot drop, a common motor deficit in
neurological patients [161] given by their inability to contract the tibialis anterior muscle
and thus to lift the foot tip, making it difficult or impossible to walk. In such application,
FES was triggered during the toe-off gait phase and then delivered throughout the whole
swing to the peroneal nerve innervating the tibialis anterior muscle. Interestingly, they
noticed that after stopping the stimulation, some patients were able to dorsiflex the foot
by themselves.
The mechanism behind the carry-over effect is still unclear but Rushton’s hypothesis is
the most accredited explanation [87], based on the previously introduced concepts about
FES. It states that the afferent input sent back to the brain allows to reinforce synapses
and encourages neuroplasticity [101].
In conclusion, FES exerts a double rehabilitative effect [162]: the “orthotic” effect refers to
the practice of lost movements and functions, enabled by the use of FES; the “therapeutic”
effect, instead, considers the long-term recovery of functions and voluntary movements,
observed also in the absence of FES [163]. This latter is associated with the activation
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of cortical motor areas and residual efferent corticospinal pathways [164], and can be
achieved after daily long-term use of FES for at least 6 months [165].

FES: Clinical Application

Before proceeding to the clinical application of FES, some precautions must be considered.
As electrical pulses may affect tissues beyond the intended muscles, subjects should be
excluded in the case of [37]:

• Poor skin conditions (pressure sores or irritations prevent the use of self-adhesive
electrodes);

• Poorly controlled epilepsy;

• Significant autonomic dysreflexia;

• Pregnancy;

• Active implants (e.g., cardiac pacemakers, electric pump);

• Passive implants (e.g., orthopedic plates and screws)

• Cancerous tumor;

• Unhealed fractures;

• Suspected or uncontrolled cardiovascular conditions;

• Botulinum toxin therapy (subjects may not respond to stimulation).

Clinical applications of FES include assistive or therapeutic interventions that range from
improving hand function and ambulation for achieving ADLs to restoring bladder or bowel
control and respiration [100].
The term Neuroprosthesis is used to refer to these techniques, mainly implemented in indi-
viduals with stroke and SCI, that interface with their nervous system to restore impaired
neurological functions and joint movements [166]. The basic components of a neuro-
prosthesis are: an electrical stimulator for generating electrical discharges, electrodes to
deliver pulses, sensors for stimulation control and an orthosis to provide movement assis-
tance [167]. The stimulator can have multiple stimulation channels, each of which consists
of a pair of electrodes (cathode and anode) and can stimulate individual muscles [37].

Upper limb neuroprostheses are intended to facilitate grasping and reaching tasks. Within
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grasping tools, the Handmaster (NESS Ltd., Ra’anana, Israel) [168] is one of the available
options. It consists of a wrist-hand orthosis delivering a predefined opening/closing stimu-
lation pattern to finger muscles at different amplitudes when the user pushes a button. In
other systems, like Bionic Glove (University of Alberta) [169] or Freehand (Neuro-control
Corporation) [170], the user directly controls the stimulation through his/her movements.
The former includes a fingerless glove and a forearm sleeve, integrated with a displace-
ment transducer recording wrist movements: wrist extensions trigger grasp while wrist
flexions trigger hand opening, with an on/off stimulation pattern. Similarly, the latter
uses motion sensors to detect wrist movements and subsequently provide stimulation to
eight epimysial electrodes for fingers’ flexion/extension. Other systems were designed to
implement both reaching and grasping movements that could be obtained with surface
electrical stimulation. Examples are COMPEX Motion Neuroprosthesis for reaching and
grasping (ETHZ) [171] and MyndMove [172]. Both offer a fully programmable stimulation
pattern that allows them to match users’ needs.

Considering lower limb technologies, their main focus is on supporting standing and
walking tasks. An example of a standing device is offered in [173] where a 16-channel
implanted stimulator is used in combination with bilateral activation of thighs, hip, and
trunk to allow paraplegics to stand upright. Considering walking, the simplest and oldest
neuroprostheses are those for foot drop correction. They envision the stimulation of the
peroneal nerve innervating the tibialis anterior muscles, triggered during the swing phase
of gait by a foot switch. In the literature, there are examples using transcutaneous elec-
trodes, such as in Odstock (Odstock Medical Limited) [174] or Footlifter (Elmetec A/S,
Arhus, Denmark) [175], and others using implanted ones, like STIMuSTEP (University
of Twente) [176] or ActiGait (Ottobock SE & CO. KGAA) [177]. Some other walking
neuroprosthesis, instead, are designed for greater lower limb impairments and thus include
a higher number of stimulation channels. Typically, in these cases, the user initiates the
stimulation (e.g., by pressing a button), such as in the COMPEX Motion FES system for
walking [178] or in Parastep (Sigmedics, Inc., Fairborn, Ohio) [179]. This latter enabled
paraplegic individuals to walk for limited distances with a walker. Once initiated, the
stimulation is then delivered to each leg according to the specific gait phase [180]. A more
recent example is NeuroSkin (Kurage, Lyon, France) [181] which includes 12-channel bi-
lateral stimulation and, with an AI-based controller, allows the definition of personalized
muscle contraction sequences, resulting in a variety of functional movements. Many times
these neuroprosthesis are used in combination with a passive [178] or active [182] ortho-
sis, as in the Hybrid Assistive System (HAS), to satisfy the requirement for high stability
during waking.
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Nevertheless, lower limb neuroprostheses still face limitations due to the rapid onset of
muscle fatigue and the high effort demanded from the upper body to maintain balance [88].

The therapeutic effects of FES correspond to an improved capacity of users to voluntarily
control their muscles, which persists even after discontinuing the use of the neuropros-
thesis. In this scenario, FES may be used as part of a short-term intervention with the
aim of inducing the carry-over effect, restoring patients’ ability to move independently,
without neuroprosthetic assistance.
After the earliest report of the carry-over effect, related to the use of a neuroprosthesis
for the foot drop correction [183], further studies followed to formally examine this phe-
nomenon. By comparing the effects of producing ankle dorsiflexion with the peroneal
nerve stimulation against the traditional physiotherapy treatment, a torque three times
higher was obtained in the first case compared to the second [184]. An improved plantar
flexion after training with a walking neuroprosthesis was also reported in [185]. In a sepa-
rate investigation [178], five patients with cervical and thoracic injuries underwent a 12- to
18-week intervention using the previously mentioned COMPEX Motion FES system for
walking. Among them, four participants experienced improvements in both stride length
and stepping frequency, leading to an overall increase in walking speed. The first concrete
evidence of the FES ability to improve upper limb functions was reported by Popovic and
colleagues [186] after applying a 6-month therapy with the Bionic Glove to cervical SCI
subjects. Furthermore, the FES-mediated therapy was shown to yield significantly greater
enhancements in hand functions of cervical SCI subjects compared to the conventional
therapy [187, 188]. Notably, in some individuals these effects endured, and sometimes
improved, months after the intervention.

FES: Limitations

The primary drawback of FES is the early onset of muscle fatigue [115–117], which pre-
vents long-lasting rehabilitation sessions and complicates the modulation of muscle con-
tractions. As previously pointed out, this is due to the inversion of the physiological
motor fibers recruitment order [100, 111], the synchronous activation of fibers [113, 114]
and the limited activation of deep structures when using superficial electrodes [91, 189].
A second limitation is the complex control of the electrically induced movements due to
the non-linear relation between the generated current and the produced torque [190–192],
strongly dependent on the specific subject. This may cause insufficient joint torques to
generate reliable limbs movement and body support [63]. The difficulty of accurately
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modeling the response to muscle activation is particularly evident in multi-joint motions,
where it is further complicated by the physiological delays in muscle response to applied
stimulation [193].

1.4.2. Sensory Afferent Electrical Stimulation (SAES)

SAES: Definition and Benefits

Sensory Afferent Electrical Stimulation (SAES) consists of stimulating sensory nerve fibers
and triggering afferent APs, which lead to an increased sensory input to the brain sen-
sorimotor centers that enhances changes in sensorimotor functions [97]. SAES has been
used in active and task-oriented therapies, to improve motor abilities and drive cortical
plasticity [98]. Indeed, even if targeting sensory nerves, this stimulation also determines
the trans-synaptic activation of motor nerves. This is the H-reflex response induced in
motor fibers (explained in Section 1.4), which can be observed in the EMG activity of pe-
ripheral muscles when stimulating their nerves at low amplitudes. Then, if the amplitude
is increased, also the M-wave appears, resulting from the direct motor fibers stimulation.
This technique induces neuromodulatory effects in the area of short-term plasticity, long-
term plasticity and structural neuroplasticity with the sprouting of new synapses (synaptic
sprouting) and the formation of new anatomical connections (wiring) in the nervous sys-
tem [194].
If the stimulation lasts 30 minutes, the duration of the neuromodulatory effects is in the
range of a few hours [195, 196], while with prolongation and repetition of the stimulation,
longer-lasting effects are possible.
It usually employs standard self-adhesive electrodes, but the sensory afferent input can
be increased by using anodes in the form of electrode gloves or socks, due to the larger
stimulated area [194].
In these practices, the current is usually delivered with an amplitude equivalent to 120%
of the sensory threshold, a duration of 30-60 minutes and a frequency between 10 and 50
Hz [196]. However, the optimal parameters and stimulation patterns for SAES are not yet
exactly known [197]. Based on the literature, stimulation frequency and intensity seem to
have the greatest influence on neuromodulation; in fact, similar neuromodulatory effects
were obtained with lower frequencies but higher amplitudes.
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SAES: Clinical Application

In literature, neuromodulatory effects through SAES were demonstrated in an fMRI study
involving a finger-to-thumb tap paradigm (Test Motor Task, TMT) [195]. Specifically,
the brain activity of both hemispheres during the tapping was increased when performed
after 30 minutes of SAES and this increase lasted for two hours after the stimulation.
The reason is that SAES enhances the Local Field Potential (LFP) of the sensorimotor
cortex and changes its excitability. Consequently, this facilitates the recruitment of the
motor neurons involved in finger-to-thumb tapping, thus getting an additional functional
gain, through the transformation of pre-existing silent synapses into functional ones.
This neuroplastic effect is confirmed by the fact that SAES was also observed to increase
the amplitude of Motor Evoked Potentials (MEPs) of the stimulated muscle, which is a
typical manifestation of plastic changes in the motor cortex [198].
Considering that increased motor excitability in a muscle typically correlates with en-
hanced muscle functionality, this phenomenon may be particularly effective in treating
muscle weakness resulting from stroke, as demonstrated by Ridding and colleagues [155].
Their idea was that in case the motor cortical projection to a muscle has been damaged
by stroke, then its size and excitability can be altered by stimulating the muscle afferently.
Specifically, adjacent areas of the motor cortex take over some functions of the damaged
area, thereby increasing the functionality of the weakened muscles.
SAES was also used in combination with daily motor therapy in stroke patients with
sensorimotor paresis both in the subacute and chronic phase [197]. Higher functional
benefits were observed in patients treated with the stimulation combined with the motor
therapy, compared to those treated with the sole motor therapy [199]. One study [200]
demonstrated that SAES significantly improved the maximum torque of the affected hand
during dorsiflexion and also the performance in the Timed up-and-go test. The Ashworth
score for spasticity was also reduced, but not significantly. This conclusion was confirmed
by other studies testing repetitive motor training in two cases: with and without a pre-
ceding phase of SAES. They demonstrated that the former condition induced a better
motor and somatosensory performance and facilitated training-induced effects [201, 202].
These findings were particularly relevant in those subjects with partially preserved vol-
untary movements and when the stimulation treatment was repeated daily [203].
Another reported application for SAES is in the therapy for neglect reduction [204].
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SAES: Limitations

In addition to the general limitations related to the ES application, SAES presents a spe-
cific drawback related to the type of stimulated fibers. In fact, as previously explained,
SAES targets sensory fibers as it exploits the advantages coming from afferent signals
directed to the brain. However, as SAES is applied to peripheral mixed nerves, it also
triggers motor fibers, generating the M-wave potential. SAES efficacy may be reduced
by this motor fibers excitation, due to the collision block phenomenon among stimulated
fibers. To limit this issue, more precise guidelines about the optimal electrode location
that maximizes the stimulation of sensory nerve fibers are needed.

1.4.3. Spinal Cord Stimulation (SCS)

SCS: Definition and Benefits

Spinal Cord Stimulation (SCS) is a form of stimulation that targets spinal circuits by
placing electrodes over the spinal cord. It is a neuromodulation technique capable of
inducing neuroplastic changes, mainly used to treat spasticity and pain and to improve
or facilitate motor functions [205].
An under-threshold continuous SCS modulates the excitability of spinal circuits, moving
the central state of excitability closer to the motor threshold. By decreasing their activa-
tion threshold, it eases the processing of incoming inputs so that weak residual volitional
signals become strong enough to induce an action potential on motor neurons (Figure
1.10).

Figure 1.10: SCS-provided excitatory input moves the central state of excitability closer to the threshold
and enables an otherwise ineffective supraspinal input to generate a motor output. Figure from Minassian
et al., 2016 [206].

This would be helpful in many SCI patients, usually referred to as “discomplete” [207],
where undamaged axons extending through the lesion are still present but unable to pro-
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vide a voluntary signal strong enough to trigger lower motor neurons [208]. In such cases,
the addition of the SCS input, lowering the neurons firing threshold, could enable residual
voluntary signals to generate APs and therefore produce voluntary motor activities.
The SCS-related assistive effect is distinct from the one induced by FES. Rather than
directly producing a movement, SCS facilitates the ability of residual propriospinal and
supraspinal inputs to activate spinal motoneurons, thereby enabling volitional movement
in previously paralyzed subjects [209, 210]. Thus, SCS rehabilitation has the potential to
strengthen residual spinal pathways, both at the spinal and cortical levels.
It has been suggested that the combination of electrical stimulation with descending mo-
tor commands is essential for beneficial neuroplastic changes, resulting in a Hebbian-type
learning effect [211]. In some cases, the obtained benefits and the recovery of voluntary
movements persisted also in the absence of stimulation, after the end of the protocol
[210, 212].
Previous studies [211] proved that SCS works similarly to peripheral NMES, with the
difference that it targets the neuralgic center of motor neurons rather than the peripheral
CNS. Specifically, being applied on the dorsal roots, it targets sensory afferent fibers,
which have the lowest activation threshold due to their large diameter and to the myelin
sheet [213]. Then, sensory fibers elicit an action potential in the efferent motor fibers
by inter-synaptic excitation within the spinal cord, and the activation of motor fibers
facilitates the muscular contraction (Figure 1.11).

Therefore, motor fibers are activated through a reflex activity [99], which is referred to
as Posterior Root Muscle Reflex (PRM reflex) and represents the distinctive element of

Figure 1.11: PRM reflex: the electrical stimulation causes an action potential in the sensory afferent
fibers, which elicit the motor fibers through trans-synaptic activation, resulting in a short-latency mus-
cular contraction (figure drawn on BioRender.com).
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spinal stimulation. It can be observed in the EMG recordings of the main leg muscles,
being the motor response to single pulses of current. The PRM reflex and the H-reflex are
elicited by the same afferents but stimulated at different locations in the afferent reflex
arc, either in the posterior roots of the SC or in the mixed peripheral nerves [214]. This
was demonstrated in literature for the Triceps Surae muscle [215].
Furthermore, both signals show the Post-activation Depression (PaD) phenomenon, typi-
cal of reflex-mediated responses. It is defined as a reduction in Monosynaptic Excitatory
Postsynaptic Potential (EPSP) which refers to the reduction of the potential induced in
a postsynaptic motor fiber trans-synaptically stimulated by a sensory fiber, due to the
previous activation of the same fiber [216]. Practically speaking, it means that when two
close stimuli are delivered to the spinal cord, the EMG response to the second stimulus
is either absent or much smaller in amplitude (depending on the Inter-Stimulus-Interval)
compared to the one to the first stimulus [206, 214], as shown in Figure 1.12. This method
was used in multiple studies to verify that the recorded EMGs are, in fact, due to SCS
stimuli.
The main similarities and differences between the two reflexes are better detailed in the
State of the Art section of Chapter 5 5.1.

Both Epidural SCS (eSCS) and Transcutaneous SCS (tSCS) exist, which are the inva-
sive and non-invasive approaches respectively. The former uses implanted electrodes to
deliver an electric current through percutaneous leads or an implanted device; the latter,
instead, employs paravertebral and abdominal surface electrodes to stimulate the spinal

Figure 1.12: Post activation depression in the soleus muscle with PRM reflex elicited from transcuta-
neous SCS. Black triangles indicate the stimuli while waves represent the EMG response recorded on the
soleus muscle. It is easily observed that the second stimulus does not generate a muscle response at all in
the case of 60 ms interval, or a very low amplitude response in the case of 100 ms and 150 ms intervals.
Figure from Minassian et al., 2007 [214].
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circuitries, generating a current flow through the lower trunk.
In this work, we will focus on the second one because of its numerous advantages: non-
invasiveness, affordability, suitability for short-term protocols, and compatibility with
conventional and commercially available stimulation devices. Indeed, many complica-
tions are associated with epidural stimulation, such as the loss of electrodes’ efficacy over
time, the formation of masses around electrodes and the migration of the latter in 13 to
22% of implantation reports [217]. These latter lead to a loss of therapeutic efficacy as
well as to neurological complications and infections, requiring additional clinical interven-
tions. Hence, tSCS emerges as a safe and more accessible modality of SCS.
Additionally, many literature studies demonstrated that tSCS can increase limbs’ function
to a degree comparable to the implanted version [218–220]. Hofstoetter and colleagues
[221] also compared the EMG responses of both methods for lumbar stimulation in SCI
subjects and proved that the PRM responses were very similar in terms of EMG wave-
forms and onset latencies.
Nevertheless, due to the different electrode positions, the current flows and electric po-
tentials induced by the two methods are different, with a higher selectivity in the epidural
setting compared to the transcutaneous one. In the former case 80 to 90% of the cur-
rent flows in the highly conductive cerebrospinal fluid, in which the posterior roots are
immersed, generating a localized electric field. Conversely, in the latter case, the current
flow is influenced by the conductivity properties of the numerous tissues between the skin
and the posterior roots. At first, the current is directed below the electrodes, causing
brief contractions of paraspinal and abdominal muscles, and then around the spine, with
some current crossing the spine via soft tissues.

SCS: Clinical Application

The first applications of SCS date back to the 1960s’, when Drs. Shealy and Mortimer
[222] used it for reducing and modulating chronic neuropathic pain, given its ability to
block pain signals traveling through nociceptive nerve fibers entering the dorsal horns of
the spinal cord [223].
Then, as SCS was observed to modulate spinal circuits and induce neuroplastic changes,
it was used to treat neurological discomforts and decreased motor abilities, typical of
neuromuscular diseases, with positive results for the functional recovery of movements
[99, 211, 215, 220, 224], reduction of spasticity [220, 225–227] and improved bladder func-
tion [228].
Additionally, multiple studies discussed the ability of SCS to exploit the capability of
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residual spinal circuits, unaffected by neuromuscular damages [218, 229]. This is par-
ticularly relevant for those circuits involved with standing and walking because SCS is
applied at the lumbar level, where the Central Pattern Generator (CPG) is located. This
comprises biological neural circuits that produce rhythmic outputs in the lower limbs in
the absence of rhythmic inputs [230]. Complex neural interactions participate in walking,
making the weight shift from one leg to the other almost automatic and controlling the
arms’ oscillation during progression [229]. As these interactions are often unaffected by
neurological injuries, SCS may engage them and exploit their residual functionality.
Minassian and colleagues [206] showed that epidural SCS at 22-50 Hz can generate
locomotor-like EMG activity and induce leg flexion-extension movements in individuals
with chronic, motor-complete SCI lying supine. In general, the use of spinal neurostim-
ulation during cyclic movements has shown increased activation of CPG circuits and
perceived motor facilitation both in walking [218, 231] and cycling [232]. Involved current
intensities are quite high: from 30 to 200 mA [218], from 20 to 80 mA [231] and up to
180 mA [232].
Further literature studies reported that, thanks to epidural SCS, some patients were able
to pass from using a wheelchair to maintaining the upright position without any external
help [233]. Less severe cases also recovered part of lost movements due to the injury
[210]. In another study [234], the positive combination of gait training and tSCS proved
beneficial for regaining voluntary gait movements, with current intensity ranging from 80
to 180 mA.
The SCS application will be further discussed in Chapter 4, with a focus on the optimal
settings (electrode position and stimulation parameters) to induce the PRM reflex and
obtained effects.

SCS: Limitations

Practical limits for the application of the tSCS are i) the impossibility of using this tech-
nique on patients with a spinal metal implant (common in SCI patients); ii) the fact that
patients are not able to position back electrodes by themselves but need the presence of
a second person; iii) the higher risks associated with the delivery of this stimulation due
to the high amplitudes involved.
A further limitation of tSCS is the fact that there is no clear consensus on its effects and
benefits, in particular when considering recovery in terms of neuroplasticity. Neuroplas-
tic changes were demonstrated after repeated sessions of tSCS and specific training, and
they seemed greater when the stimulation was phasic, adapting the different stimulation
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parameters to the different phases of the stride [212]. Nevertheless, further research is
needed to better understand where and how these neuroplastic alterations occur. Further-
more, another aspect to be taken into account is the fact that the neuroplastic recovery
may be reduced by the collision block of action potentials on sensory fibers. As previously
explained in Section 1.4, when a nerve fiber is electrically stimulated, APs are generated in
both the orthodromic and the antidromic directions. Those in the antidromic direction of
sensory fibers (efferent) may collide with those that transmit proprioceptive information
(afferent), preventing their propagation to the SC and the brain, which is fundamental
for locomotion [235]. The probability of these collisions is proportional to the stimulation
frequency but the percentage of erased proprioceptive information is proportional to its
amplitude. One proposed solution is to exploit the temporal summation of APs, using in-
stead low-amplitude stimuli with high-frequency that enable the same level of excitability
as high-amplitude stimuli [235].
The collision block phenomenon is more pronounced in SCS compared to FES because of
the higher involvement of sensory fibers [211], as SCS is directly applied to the SC where
these fibers branch.

1.5. Hybrid systems

1.5.1. Definition, advantages and disadvantages

Previous sections introduced robot-assisted devices and electrical stimulation as rehabili-
tation tools that support the functional recovery and motor learning processes. However,
it was also highlighted how their intrinsic limitations decrease the rehabilitation efficiency.
The drawbacks of both approaches are hereby briefly recalled, as retrieved from literature
reviews on this topic [63, 64] (refer to Sections 1.2 and 1.3 for higher details). Robotic de-
vices provide support to the execution of movements and allow an intense and customized
treatment. However, their excessive weight and encumbrance increase the system’s energy
demand for movement execution and discourage patients from using them. Additionally,
it was proved that the induced functional improvements are not significantly higher than
those of conventional therapies and do not necessarily translate into improvements in
ADLs [236, 237]. On the other hand, electrical stimulation, in particular FES, enhances
functional improvements, general physiological benefits and cortical reorganization. How-
ever, it is associated with the early onset of muscle fatigue [115–117] because, inducing a
non-physiological fibers’ recruitment [110], it increases the metabolic cost of movements
that makes it unsuitable for long-lasting applications. Additionally, the management of
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stimulation-induced movements is complicated by the non-linear relation between the in-
jected current and the produced torque [190–192].
In this context, the cooperation of these two components into a single system, usually re-
ferred to as a hybrid system, has arisen as a promising approach for robotic rehabilitation.
The rationale of this research lies in the idea that robotic systems have the potential to
complement FES by supplying power and mitigating discomfort and fatigue [57]. Hybrid
systems are defined as structures designed to facilitate motor function compensation and
rehabilitation [63], offering a promising avenue to enhance the efficiency of rehabilitation
therapies. They present a novel approach to rehabilitation that modulates the torque
produced by stimulated muscles with the one coming from the robotic actuation so as to
achieve the desired movement. At the same time, they address the limitations inherent
in standalone robot-assisted training devices and FES applications [63, 64] and were in
fact proved to be more beneficial than using FES or robotic assistance only [64].
These systems enable smooth and controlled limb motion and offer a more comprehen-
sive sensorimotor experience compared to the sole robotic therapy because they trigger
additional mechanoreceptors and muscle activity through stimulation [57].
Zhang et al. [238] stressed the urgent demand to combine the action of FES with the one
of exoskeletons because the use of the sole robotic therapy produces an assistive torque,
but only generates a passive limb movement. Consequently, it could induce the slacking
effect (previously explained in Section 1.2), which can be instead avoided through the
application of FES [57].
The primary advantage of hybrid solutions lies in the incorporation of stimulation, which
imparts both physiological and functional benefits. Besides this, other advantages are
connected to such devices [63]. By incorporating FES-induced torque input, they enable
a reduction in the torque, and thus power, demand on actuators [239]. In the future, this
could potentially enable the use of smaller motors and batteries, promoting the develop-
ment of lighter systems that enhance the comfort and wearability for users. Furthermore,
the mechanical support provided by these solutions determines smoother and more precise
joint trajectories and lower current levels, thereby delaying the onset of muscular fatigue.
This permits to extend the training duration and the number of repetitions, which is
critical for rehabilitation.
Existing hybrid systems are categorized into orthotic and non-orthotic ones [64]:

1. Orthotic-based: further distinguished into semi-active and active [240]:

a. Semi-active: the stimulation is the only power source for producing joint
torques, while the robotic system just dissipates energy, generated by FES
and gravitational forces, through brakes or clutches. The lack of active ele-
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ments allows for low-weight and energy-efficient systems but also determines
limited joint control and poor-quality trajectories. Indeed, these exoskeletons
provide a correction only when FES-induced torques overcome those needed
to accomplish the desired trajectory. So, they lose their efficacy when the pa-
tient is unable to supply muscle forces sufficiently high to perform the whole
movement, which is common after some time when fatigue appears.

b. Active: both the stimulation and the robotic component are torque-generating
devices because motors can either dissipate or deliver power to joints. In these
solutions, a lack of muscular response or fatigue can be compensated, increasing
the system’s efficacy. However, the presence of actuators and their power
supplies leads to cumbersome and energetically inefficient systems.

In both classes, orthotic robots need to transfer power to users’ limbs and give me-
chanical support while adapting to the user’s anatomy and guaranteeing his/her
safety [64]. Moreover, the provided support should not be exaggerated; instead,
rehabilitation should follow an “assist-as-needed” and “challenged-based” approach
to observe improvements in cognitive and motor functions [72].

2. Non-orthotic: systems such as robotic footplates, mobile platforms or cycling
systems.

1.5.2. Control strategies for hybrid systems

In hybrid systems, the joint activity of muscles and actuators contributes to the final
movement, thus exoskeletons should be compliant structures that allow an active partici-
pation from the subject rather than imposing a rigid control. This “soft” behavior can be
achieved by acting on the mechanical components of the robot or adopting particular con-
trol strategies. In the former case, this characteristic is attained by using soft structures
based on textile technologies or by means of compliant actuators, such as Serial Elastic
Actuators (SEA) or Variable Stiffness Actuators (VSA). SEAs include elastic components
with fixed stiffness in series with the motor while VSAs allow them to modulate their
stiffness according to the gait phase, simulating a more realistic behavior. The latter
case, instead, is adopted when rigid actuators and structures are comprised in the sys-
tem (which is the case of the present work). Here, the soft characteristic is achieved at
the software level, implementing compliant control strategies that shape the mechanical
impedance of the robot (i.e., the dynamic relationship between the robot position and/or
velocity and external forces). Rather than controlling a position or a force, it acts on the
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power transferred to the environment [241], virtually modifying the system stiffness.

Concerning the motor control of robots, this is based on closed-loop strategies, using
torque or position feedback signals. In particular, two opposite control strategies are
most commonly implemented in robots, namely the impedance and the admittance con-
trol [242]. The Impedance control requires a target kinematic trajectory and returns
a force as output. It is composed of an inner force loop with a softening role, promoting
mechanical user-robot compliance, and an outer position loop with a stiffening action
that corrects trajectory errors. It deals with three possible formulations: the 0th order
one (pure stiffness control) which corresponds to a proportional (P) position controller,
the 1st order one which is a proportional-derivative (PD) position controller and the 2nd

order one equivalent to a proportional-integral-derivative (PID) velocity controller. The
1st order impedance controller is the most used in rehabilitation robotics because, differ-
ently from a rigid position controller, it does not aim for the exact tracking of the desired
trajectory but rather for a trade-off between trajectory errors and interaction forces.
On the other hand, the Admittance control represents the counterpart of the Impedance
control as it provides a desired force profile as input and returns a position as output.
Here, the force loop (softening the control) is the outer one, whereas the position loop
(stiffening the system) is the inner one.

Concerning stimulation control, it features both open-loop and closed-loop approaches
[63, 64].
The open-loop strategy consists of delivering a predefined stimulation pattern in feedfor-
ward to muscles, according to the task to be performed, usually triggered by a Finite
State Machine (FSM) [238, 243–246]. This strategy is easier to implement but it does
not allow any balancing between FES and exoskeleton power because the two systems
work independently. Furthermore, it does not adapt to the varying performances of the
user over time and thus it is prone to the risk of overstimulation causing early fatigue or
exaggerated gait pattern. These factors negatively impact the overall equilibrium control
of the subject and potentially threaten his safety.
An example of this control strategy is represented by the hybrid neuroprosthesis proposed
by Kobetic et al. [247], based on implantable electrodes for muscular stimulation and a
passive structure. To get the best trade-off between the stability required during standing
and functional movements of the lower limbs during walking, they proposed a pre-defined
stimulation pattern together with a Variable Constraint Hip Mechanism (VCHM). De-
pending on the gait phase, both the FES amplitude and the mechanical impedance were
varied, with the whole system working with a Finite-State Machine (FSM) where phase
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identification was performed thanks to force and position sensors. However, since FES
was delivered through an open-loop control strategy, it was not possible to adapt stimu-
lation parameters taking into account the onset of muscular fatigue.
The closed-loop strategy, instead, continuously modulates FES by optimizing a muscle
performance indicator to track a desired joint torque or position. This is more promising
and efficient than the open-loop strategy but also deals with a higher computational cost,
considering the difficulty of obtaining reliable indicators of muscles’ performance. In most
of the cases reported in the literature, indirect measures were utilized.
One example is represented FES controllers aimed at minimizing the human-robot inter-
action torque while motors are entitled to ensure the tracking of the target trajectory
[240, 248]. In the study by Ha and colleagues [239], instead, the muscle-generated torque
was estimated as the difference between the torque exerted by the motor when walking
without and with the FES assistance. This estimated muscle torque was then compared
to the desired muscle torque and the minimization of their difference was the cost func-
tion used to shape the FES of the following step. Lastly, more recent studies [189, 249]
managed stimulation with the sole joint position feedback, minimizing the tracking error
between joints’ actual and target trajectory.

1.5.3. Hybrid systems in literature: context and limitations

The first attempts of combining FES and powered devices date back to the 90’s, with the
work by Popovic and colleagues [182] representing one of the first examples Their evolu-
tion primarily occurred within the framework of lower-limb applications. This is given by
the repetitive nature of typical lower-limb movements, such as walking or cycling, which
makes them suitable for replication through FES-assistive patterns. Upper-limb move-
ments, instead, being less stereotyped, are more difficult to perform with FES. This is
caused by the fact that, regardless of adopting an open-loop or closed-loop strategy, the
knowledge of the target movement trajectory is a prerequisite for the majority of FES
controls. Indeed, open-loop approaches usually deliver FES through a predefined activa-
tion sequence, tailored to induce a specific target movement; closed-loop ones, instead,
iteratively adjust stimulation parameters based on one indicator of the subject perfor-
mance in executing the target motion.
However, the first examples of hybrid devices were simply applying the two components
together but with independent controls, rather than developing cooperative strategies
with a real integration between them.
Indeed, the main challenge of hybrid systems is the definition of a shared control able
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to reduce the motor torque demand while increasing patients’ participation. Various ap-
proaches were attempted, dealing with a different number of stimulation channels and mo-
tors [63]. Nevertheless, when considering complex functional and multi-joint movements,
such as walking, the implementation of a hybrid cooperative system is still challenging.
The main difficulty is given by actuation redundancy, which refers to the condition where
a double power source (FES and motor in this case) work on the same joint. A further
challenge when developing hybrid devices is the complex muscle activation dynamics. This
comprises the electromechanical delay (EMD), muscle fatigue, nonlinear and time-varying
dynamics model, and uncertainties of muscle physiology parameters [250].
Many times researchers circumvented these problems by reducing the system’s dimen-
sionality or complexity. With regards to lower-limb examples, the redundancy problem
was avoided either by superimposing the two technologies without any interaction among
them [247], or by using the two actuations on different joints [251].
A further alternative, defined muscle-first approach was proposed by Nandor and col-
leagues [246]. It consisted of a control system where most of the kinetic energy was
injected from FES-stimulated muscles while motors only provided assistance to guarantee
task accomplishment.
Considering instead upper limb examples, in most cases, developed hybrid systems did
not define a shared control strategy between the robotic and the FES components, but
rather combined the two technologies through one of the following alternatives:

• The FES component is used for assistance, while the robotic one is only intended for
gravitational support [252, 253], enabling muscles to relax and preventing fatigue,
or to lock degrees of freedom [254];

• The robotic and the FES components are employed to actuate distinct sets of degrees
of freedom thereby influencing the motion of different joints [252, 255]. Typically,
the robot handles motions that need precision or substantial support, while FES is
used for coarse movements.

The definition of non-integrated hybrid systems reduces their potential advantage, pre-
viously presented in Section 1.5.1 Recent research has thus shifted towards defining co-
operative strategies where the FES and motor components share the same control loop
and are thus aware of each other’s state. This allows each component to respond to any
inefficiencies of the other, compensating as needed to maintain optimal movement per-
formance. One of the first examples of a hybrid cooperative system for the lower limbs is
the one developed by del Ama et al. [240], while for the upper limbs the one of Wolf and
colleagues [256].
An overview of the current state of the art about hybrid cooperative systems is provided
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in the next chapter (Section 2.1), considering that they represent the main target of the
presented research.
Despite the aforementioned benefits of hybrid solutions, the discussion on whether these
systems provide significant improvements with respect to conventional therapies is still
open (as explained in Section 1.2). Future research on the design and implementation
of such devices is needed to drive stronger conclusions. Additionally, it would be par-
ticularly relevant to extend their testing to disabled subjects because current literature
faces a limited number of studies involving SCI or stroke patients, the majority of which
considered small sample sizes [239, 257].
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1.6. Thesis goal and road map

In the context of neuromotor disorders, such as stroke and SCI, rehabilitation plays a
main role in the lifes of affected subjects. Indeed, given the importance of brain plas-
ticity and relearning processes, it supports the regain of fundamental functionalities for
carrying out ADLs and increases patients’ independence, ameliorating their quality of life
[37]. Besides conventional therapies, different strategies were attempted over the years
in the clinical setting, with the final objective of modulating patients’ nervous system,
and enhancing their physiological and physical functions [42]. This thesis discusses var-
ious applications of electrical stimulation, employing different parameters depending on
the intended outcome, whether to attain general physiological benefits (such as spasticity
and pain reduction) or to elicit functional movements. The central goal of this work lies
in analyzing the different types of ES, with their usages and advantages, in the context
of rehabilitation and neuromodulation, which aids the strengthening of residual neural
connections and promotes the formation of new ones [43].

This goal was pursued through two research questions:

• "Is it possible to realize hybrid systems that integrate the use of FES with a robotic
device?".
Related to this, the first aim is to define a cooperative controller able to enhance
the advantages of the two components while mitigating their disadvantages. In-
deed, from the literature, it is known that the addition of robotic support may be
promising in delaying stimulation-induced muscle fatigue, which is the main limit
to prolonged stimulation training.
However, stimulation-based neuroprostheses often deal with low usability due to
their complex fit and the necessary presence of a therapist to accurately position
the electrodes. Thus, the second objective is to enhance the usability and acceptabil-
ity of stimulation-based systems by studying alternative solutions based on textile
electrodes. Indeed, these latter are promising because, given their possible inte-
gration into clothes, they would ease the usability of the stimulation system, in
particular the donning and doffing processes. This would also support the shift
of rehabilitation from a clinical-based setting to a home-based one. This transition
represents a growing trend in recent years as it simplifies the handling of the therapy
for patients, not requiring them to reach the clinic or the hospital to get it.

• "How can alternative non-invasive ES solutions targeting afferent neural circuits
enhance neuromodulation effects to their fullest potential?".
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To address this question, two sub-studies were carried out: one applying the stim-
ulation at the spinal level (SCS) and the other at the peripheral level (SAES).
From the literature, it is known that SCS, by triggering sensory afferent fibers, acts
on the central state of excitability of the nervous system. Specifically, providing
additional inputs to the spinal cord increases its activity level with the potential
of strengthening existing connections or creating new ones. Previous studies [226]
demonstrated the SCS ability to reduce spasticity by inhibiting the hyperactivity
of antagonist muscles. Furthermore, considering the beneficial combination of elec-
trical stimulation and descending motor commands, the increased excitatory level
enabled by SCS could strengthen eventual weak residual signals and facilitate the
firing of fibers to produce voluntary movements. We hereby aim to verify these
observations and better understand their working principle.
Despite demonstrating advantages in the treatment of neuromuscular injuries, SCS
is still difficult to apply outside the clinic. This is due to the high currents involved
in this strategy with respect to peripheral ones, increasing the risks for the subject’s
safety, and the need for a second person to position electrodes on the spine. For
this reason, the study of afferent stimulation was expanded to peripheral sensory
stimulation (SAES). The rationale behind this research is to understand whether
SAES could substitute SCS, considering that both are based on a reflex-mediated
activity.
In this thesis, we do not demonstrate that the two types of stimulation prompt the
same benefits, but we verified that they trigger the same spinal circuits. Despite
being preliminary, this study paves the way for future studies on the therapeutic
effects of the two strategies. In fact, demonstrating their interchangeable use would
be relevant considering that SAES requires a less demanding application than SCS
and thus allows a higher independence for the patient. This would also facilitate the
transition from hospital-based to home-based settings, strongly promoted in recent
years [258, 259].

The first research question was addressed by realizing a hybrid prototype, integrating two
commercial electrical stimulators into a lower-limb exoskeleton, both at the hardware and
software level, to generate a functional walking movement. Particular attention is given to
the implemented control strategy, whose novelty lies in the fact that the two components
are integrated into a shared loop, rather than simply summed on top of each other. A
double validation of this hybrid control system was carried out: at first, it was tested on
non-disabled subjects at the laboratory of the Politecnico di Milano; then it was applied to
target users, namely individuals affected by neuromuscular diseases (complete/incomplete
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SCI and stroke), recruited at Villa Beretta rehabilitation center. Significant advantages
were demonstrated for the FES-robotic integration with respect to using the sole exoskele-
ton. In particular, the addition of FES allowed similar movement performances to the
robotic-only condition, despite a significant motor torque reduction. Additionally, by en-
gaging subjects’ muscles in the movement execution, it increased the device’s usability,
as reported by users. Nevertheless, the developed system was also associated with some
limitations, introducing possible improvements to be realized in the future.
Among these limitations, overall users reported low device usability ratings, despite the
previously mentioned improvements in the condition with stimulation. The second study
included in this research question addresses this topic by investigating the possibility of
using textile electrodes in place of standard hydrogel ones, considered the gold standard
for delivering stimulation. In particular, a new set of textile electrodes, obtained by in-
tegrating commercial screen-printed electrodes into textile strips, was validated. These
latter were compared to hydrogel electrodes with the aim of understanding whether the
two are comparable in terms of electrical properties and induced stimulation performances
and comfort. Conducted tests, involving fourteen non-disabled subjects, demonstrated a
similar behavior for the two types of electrodes. This result is promising for the possibility
of substituting hydrogel electrodes with textile ones, particularly relevant when coming
to home-based setups.
The second research question, instead, is addressed by developing an SCS cycling-based
protocol, then tested on four SCI individuals. Results reported SCS-induced modulatory
effects in the EMG signals, together with further non-motor SCS consequences. Besides
being preliminary, given the low number of tested subjects and performed sessions, these
observations are promising and in the same direction as literature ones.
The second aim of this research question, relative to the possibility of using SAES in place
of SCS, is addressed by juxtaposing the two stimulations. In particular, the reflex waves
induced in the muscles’ EMG by the central and peripheral stimulation are compared in
terms of shape, amplitude and latency. This work was carried out during the 6 months I
spent at the Medical University of Vienna, where I collaborated with the group of Pro-
fessor Winfried Mayr. This preliminary study proved a similar working principle for the
two stimulations that trigger the sensory axons but at different locations along them. It
paved the way for future works investigating whether the two stimulations also induce the
same neuromodulation effects.
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Chapter Highlights

The introduction about hybrid systems presented in the previous chapter (Section 1.5)
highlighted the relevance that such systems could have in the rehabilitation of individuals
affected by neuromotor disorders. However, it also pointed out that only a few studies
in literature carried out cooperative controllers with a real interdependence of the two
components.
Starting from this assumption, we developed a novel controller for a lower-limb hybrid
exoskeleton with two actuated joints (hip and knee) and four stimulated muscles. In
particular, a cooperative FES-motor component was developed at the knee level, which
represents the main focus of the following study. This was then tested both on a group
of non-disabled subjects and on target users (complete/incomplete SCI and post-stroke
individuals).
The complete work is presented in this Chapter as follows. Section 2.1 presents the actual
state of the art about hybrid cooperative devices, focusing on their control strategy. Then,
Section 2.3 contains the development of our system, including a description of the used
materials and the implemented control. Sections 2.4 and 2.5, instead, regard the two
testing procedures with a description of the recruited subjects and of the experimental
protocol, and a presentation of gathered results with their respective discussion. Finally,
Section 2.7 summarizes the main conclusions of the study, along with its main limitations.
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2.1. State of the Art

As previously discussed in the introduction of this thesis, the integration of FES and
robotic devices in the rehabilitation process can facilitate motor and functional recovery.
Specifically, in recent years, increasing interest has grown around the possibility of com-
bining these two technologies into hybrid structures to avoid the inherent limitations of
standalone systems. As introduced in Section 1.5.1, the FES addition, besides provid-
ing the stimulation-related physiological advantages, allows the reduction of the power
required from actuators and thus the creation of lighter systems with better usability.
Additionally, the presence of mechanical support determines precise joint trajectories and
lower current levels that delay the onset of muscular fatigue and prolong the training
duration. Nevertheless, these advantages are obtained only in case of hybrid systems im-
plementing FES-motor cooperative controllers, where the two technologies are not simply
summed one over the other but integrated in a single control loop. Considering that these
represent the focus of this research, the current state of the art about hybrid cooperative
systems is hereby provided. It is presented by dividing the devices according to their
FES control strategy, which is described along with its main advantages and disadvan-
tages. In particular, four different approaches can be distinguished: open-loop control,
Proportional Integrative Derivative (PID) control, Iterative Learning Control (ILC) and
Model-Based control.
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• Open-loop control. In this case FES follows a predetermined control pattern,
without receiving any feedback on the state of the system or the user’s perfor-
mance. This represents the simplest control strategy, not requiring any muscle
modeling process or extra force/torque sensors. However, its control performance is
strongly limited by not accounting for the high variability of FES-induced muscle
responses, in particular when considering muscles affected by fatigue. This control
mainly relies on the muscle-generated torque to produce movements and employs
the motor torque component only to compensate in the case of insufficient muscle
power with the aim of ensuring good target trajectory tracking. To this end, it is
commonly paired with a PID motor control, given its low computational effort and
high robustness.

• Proportional Integrative Derivative (PID) control. This represents the most
straightforward, yet effective approach to address a closed-loop strategy. It con-
tinuously adjusts the output with the aim of minimizing the error between the
system’s actual state and a reference, determining a real-time correction of devia-
tions. Specifically, the Proportional component (P) takes into account the present
error, the Derivative (D) its trend over time and the Integral (I) a prediction of its
future behaviour.
This control strategy is particularly suitable for motor management, while researchers
claimed that it is not ideal in FES applications. This is due to the slow nature of
FES-induced muscle responses [191, 239], where the relationship between the in-
jected current and the resulting movement is non-linear and highly variable over
time, while the PID hypothesizes a linear input-output connection. Indeed, the real-
time and punctual correction of this controller may produce sharp current variations,
which are not effective given the slow muscles’ dynamics and may determine over-
stimulation and uncomfortable sensations. Sometimes, muscle-joint models [260]
were employed to define the relationship between the injected current, the recruited
fibers, the produced torque and the final generated movement. However, the mod-
eling process does not have any control duty, since it only manages the relationship
between required torque and stimulation parameters.

• Iterative Learning Control (ILC). It is a resilient close-loop strategy that con-
tinuously adjusts the system performance by incorporating insights from previous
iterations. It involves strategic adjustments to the input variable with the pri-
mary objective of minimizing a cost function, evaluated at the end of each iteration
[261, 262]. In this way, it avoids the real-time correction of the deviations from the
target movement, which is complicated by the slow and highly variable nature of
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FES-induced muscle responses [239]. Its iterative nature renders ILC exceptionally
well-suited for cyclic activities, common in lower-limb movements (such as walking
or cycling) [249].
All considered works developed a single-joint ILC FES-motor cooperation, even if
dealing with multi-joint movements, such as walking [239, 240], sit-to-stand [249] or
elbow flexion/extension movements [263]. Studies differ in the control variable to be
minimized, used as ILC input; it could be the motor torque required to accomplish
the movement [239], the interaction torque at the leg/exoskeleton interface [240] or
the error between real and target positions [249, 263].

• Model-Based control. These controls were investigated to address non-cyclic
movements, particularly common when dealing with the upper limbs. Recent model-
based works focused on Model Predictive Control (MPC) algorithms [264, 265].
Given an a priori cost function to be minimized, the MPC can solve the optimal
control problem. In particular, it uses the mathematical model of a system (the
musculoskeletal system in this case) and its actual state (as an initial condition) to
predict how it will behave over a finite time horizon. The control signals over the
defined time period are numerically computed by minimizing a user-defined cost
function. At each time step, it computes the torque requirement of the system
by minimizing a user-specific cost function and successively divides it among the
various actuators (FES, motors, etc.). The primary advantage of this approach is
the fact that it does not require the previous estimation of the torque requirement
needed to execute the movement. However, the presence of a pre-defined model
required by model-based controls and the long-lasting calibrations associated with
it represent their main disadvantage. In fact, subject- and session-specific tunings
make such solutions not suitable for clinical applications that instead require rapid
and automated calibrations. System models can be either linear or non-linear; the
main disadvantage of using a linearized musculoskeletal model is that it may decrease
its performance outside the linearization region [265].

In the following paragraph, the most relevant lower-limb literature examples are reported.
Some works [238, 245] implemented the open-loop strategy for stimulating the Quadriceps
during knee flexion/extension movements, paired with a model-based [245] or PID [238]
motor control. In [245] the testing procedure was only carried out in simulation and on
one subject without disability while in [238] the testing was more consistent, including
four non-disabled subjects and five SCI individuals. Both cases reported a satisfying con-
troller capability of tracking the desired trajectory.
The ILC approach, instead, was adopted by Molazadeh et al. [249] for carrying out sit-to-
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stand movements. In particular, by testing it on 4 non-disabled users and 1 SCI subject,
they demonstrated better trajectory tracking performance for this control when compared
to a PID strategy.
Moreover, Ha et al. [239] implemented such control for the stimulation of Quadriceps
and Hamstrings muscles combined with the PID actuation of hip and knee motors, with
the final aim of generating walking movements. In particular, they combined the knee
motor and the Quadriceps stimulation during the swing phase, while the hip motor and
the Hamstrings stimulation during the stance phase.
A similar strategy was carried out by del-Ama et al. [240] with the difference that they
only handled knee flexion-extension movements during walking by actuating the knee
joint (PID control) in combination with Quadriceps and Hamstrings. Specifically, two
different FES control strategies were carried out on the pulsewidth parameter: PID to
stimulate Quadriceps (knee extension) during stance and ILC to stimulate Hamstrings
(knee flexion) during swing. The aim of using a PID control was to stabilize the knee
joint in the extended position, increasing pulsewidth in case of a non-complete extension
(identified by a higher interaction torque), hypothesizing a linear relationship between
interaction torque and FES amplitude. The risk of over-stimulation was avoided because
the main joint stability was guaranteed by a rigidly PID-controlled knee motor, running
in parallel to the FES PID, while the stimulation-induced torque was participating in the
movement only to a small extent.
Both walking movement controls [239, 240], even if differing in the considered joints,
muscles and gait phases, achieved satisfying results when tested on four non-disabled vol-
unteers [240] and three SCI subjects [239], respectively. In particular, good trajectory
tracking at both joints together with a reduction of the torque required from motors to
execute the movement. The reduction of the motors’ contribution demonstrates that the
added input (i.e., the FES-induced muscle torque) positively participates in the move-
ment.
Despite being preliminary, because of the limited number of tested subjects, their results
are promising and should be followed by future research on this topic. In particular, by
demonstrating the possibility of reducing the energy demand to motors, they pave the way
for the future fabrication of exoskeletons with less powerful motors that, being smaller
and lighter, could improve the wearability and acceptability of such structures.
The model-based approach was employed, both for the FES and motor component, by
Chang and colleagues [266] who developed a full-body hybrid system for locomotion. In
particular, they combined knee motor actuation with the stimulation of Hamstrings and
Quadriceps to induce knee flexions and extensions respectively. The cooperative strategy
used kinematic and stiffness controllers to manage motors and FES respectively, allowing
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a dynamic allocation of actuation to motors and FES.
The system, tested on three non-disabled users, demonstrated repeatable and consistent
joint trajectories. Nevertheless, the knee joint tracking performance was negatively influ-
enced by the muscle activation input delay, such that authors highlighted the necessity
of estimating it to implement delay-free controllers. Furthermore, they pointed out that
also the influence of fatigue should be included in the control design, as this would be
particularly relevant when using the system with its target population, represented by
individuals with movement disorders.
Other literature works [264, 265] adopted the MPC approach to perform single-joint
flexion-extension movements by integrating the Quadriceps stimulation with the knee
motor actuation. In the former study, the hybrid condition was compared with the only-
motor and only-FES ones. It reported better tracking performance with respect to the
only-FES one and similar to the only-motor one, which, however, required higher motor
torque. In the latter, instead, a PD motor controller was added in parallel to the MPC
one to overcome possible model-related uncertainties, which represent an intrinsic char-
acteristic of MPC models. By comparing the with- and without-PD alternatives, the first
one resulted in better tracking performance, suggesting that model imperfections may
inhibit system usability.
In [264] the control strategy was employed during stair ascent and descent while in [265]
it was used for tracking single-joint time-varying trajectories within a test bench knee
exoskeleton. The adoption of the single-joint approach, besides being easier to control
includes fewer complexities for the subject as it does not involve the stability of the whole
body. In fact, one big issue of dealing with the gait activity is the fact that a control
failure not only results in a wrong movement execution but also attempts the safety of
the user.
Future studies on this approach should extend to other movements and also increase the
number of tested subjects as both cited works only considered one non-disabled subject
and one SCI.
Moving to model-based applications in multi-joint movements, synergy-based controllers
were recently proposed as a promising alternative to overcome actuators’ redundancy.
They reduce the system’s dimension by solving low-dimensional problems which enable
the use of few control signals for multiple actuators. The inspiration comes from the
Central Nervous System (CNS) which handles the over-actuated musculoskeletal system
by activating muscle fibers not individually but in groups called synergies to simplify the
task.
This approach was first attempted by Alibeji et al. [189, 257] who reported satisfying
results even if preliminary as only testing one non-disabled subject. Nevertheless, the
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resulting controller was difficult to interpret because synergies may not have a direct
physical meaning. Additionally, it required extensive system identification experiments
to find subject-specific model parameters and recruitment curves, that strongly limit the
system’s usability.
Interestingly, some of the previously mentioned works also included a fatigue estimation
strategy, given that it represents the primary cause hindering the long-term usability of
such structures in particular when dealing with disabled individuals. The management of
muscle fatigue aims at maintaining the desired muscle torque output, enabling the correct
task execution, also in the presence of fatigue.
In [239, 240], a reduction of the FES-produced torque was adopted as an indicator of
muscle fatigue. Once it appeared, it determined either a modification or cessation of the
FES delivery for a certain time, to let muscles recover. Actually, as the direct measure
of the torque generated by muscles is not available, an estimate of it was adopted: ei-
ther the interaction torque at the human-exoskeleton interface [240], or the total torque
difference among only-motor and hybrid trials [239]. Both studies considered a uniform
effect of fatigue for all muscles, while future studies should try to monitor each muscle
independently.
In [238], even if not directly addressing muscle fatigue, they defined variable stimula-
tion and motor gains, adjusted depending on torque variations. As soon as registering
a reduction in the total torque compared to the target one (attributed to a decrease in
the FES-generated torque), the exoskeleton gain was increased to compensate for this
reduction and guarantee the correct movement execution. Given the variable nature of
muscle-induced contractions, the modulation of the FES and motor participation in the
movement is ideal as it allows to establish real cooperation between the two components,
where one compensates the other.
Additionally, they mitigated the fatigue appearance by reducing the periods in which FES
was provided, using it only during the active phases of the movement. In particular, FES
was delivered only during the swing phase of walking. During the stance phase, instead,
brakes or other locking systems were used to guarantee the subject stability. In this way,
the total amount of injected current was reduced and, consequently, the muscle fatigue
onset was delayed. A similar approach was also employed in [189].

Considering that the present study deals with a lower-limb hybrid system, a schematic
summary of the most relevant studies developing cooperative controllers intended for
lower-limbs hybrid systems is reported in Table 2.1.
Overall, the state of the art highlights the relevance of lower-limb hybrid systems for walk-
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ing and demonstrates an increasing interest towards them. In the present study, starting
from the reviewed literature, we developed a system where real FES-motor cooperation is
present and particular attention is given to evaluating the motor torque reduction enabled.
Differently from many literature studies comprising small sample sizes, a wide evaluation
procedure was carried out involving twelve non-disabled participants and eleven users
with neuromuscular disorders. Furthermore, being non-model-based, the novel device en-
ables fast calibration procedures which are mandatory when considering a possible clinical
application.

In the following paragraph, some upper-limb literature examples are reported.
In [256, 267], FES was integrated with the elbow motor (PID control) to produce its
flexion/extension. The FES component implemented either an open-loop strategy [267]
or a combination of open-loop and model-based ones [256]. In [256] seven non-disabled
subjects were tested, while in [267] only simulation experiments were carried out. In
both cases, this control strategy was identified as not appropriate for the FES control,
highlighting the need to adopt closed-loop strategies or incorporate the motor component
to refine movements and minimize trajectory errors. To this end, Burchielli et al. [267]
introduced the possibility of varying the torque allocation between FES and the motor.
However, the allocation update was done at the end of an exercise repetition and did not
strongly affect the FES ability to react to trajectory tracking inaccuracies.
An elbow hybrid exoskeleton, combining an electric motor with FES to assist flexion/extension
movements, was also developed by Stewart et al. [268]. They implemented a model to
express the elbow angular position as a function of the stimulation parameters and de-
fined two control loops: one relative to the user contribution (both the volitional and the
FES-induced one) and dealing with position feedback; the other dedicated to the motor
and considering the support percentage allocated to it, whose update depends on trajec-
tory tracking performance. While the support percentage update was fast, stimulation
parameters were gradually updated to comply with the slow dynamics of muscles. This
allowed the motor to provide its contribution to the movement only when the user’s one
was not enough to fulfill precise trajectory tracking (in a range from no assistance to
gravity compensation to active arm manipulation). The main limitation of this study was
its small sample size, only comprising one non-disabled user.
A greater number of subjects (15 non-disabled individuals) was instead included in the
work by Cazenave et al. [57], where the stimulation of wrist flexor/extensor muscles
was integrated in a one-DOF wrist robotic interface. Here the use of muscle models was
avoided by handling the FES control with a linear mapping of the current amplitude
between a minimum and a maximum value. Different types of assistance were tested and
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the hybrid condition exhibited superior tracking performances and movement smoothness
with respect to the sole FES and comparable to those of the only-motor one. The hy-
brid alternative also demonstrated a significantly higher muscle effort, attributed to the
presence of stimulation, which enhances muscle contraction, voluntary contribution and
user engagement. Additionally, it was proven to reduce mental demand, promoting the
recovery process.
With regards to the ILC strategy, the only work found in the literature is the one by Dalla
Gasperina et al. [263] (from our laboratory) who implemented the FES-motor cooperation
during elbow flexion/extension movements. Differently from other works [57, 269], this is
also the first example among upper-limb systems where fatigue was explicitly addressed.
Despite being only tested on 12 subjects without disability, this study reported promising
results both in terms of reducing energy consumption and delaying the onset of fatigue.
Moreover, satisfying trajectory-tracking performances were reported by this novel con-
troller, which just employed the motor to partially compensate for the arm’s weight and
to refine significant trajectory errors with a low-stiffness impedance controller.
A similar control was used by Ferrari et al. [270] who managed knee flexion/extensions
with an EMG-triggered FES strategy. Additionally, they addressed the voluntary contri-
bution as an actual torque component in the control loop, shaping the FES and motor
contributions accordingly.
A model-based control was implemented by Dunkelberger et al. [193] within a powered
4-DOF forearm exoskeleton intended for both wrist and elbow trajectory-tracking tasks.
Similarly to [264], they also included a PID loop at the motor level, in parallel to the
main MPC controller, to limit model-related imperfections. Their tests comprised 10
non-disabled users performing elbow and wrist flexion/extension independently. By com-
paring the hybrid condition with the only-motor one, the former demonstrated better
performances in terms of trajectory tracking and torque reduction.
A more recent study from the same group [269] attempted to develop a synergy-based
controller for the management of multi-joint movements, as previously done in [189].
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2.2. Objective of the study
The aim of this work was to develop a hybrid cooperative control modulating FES and motor assistance
based on trajectory tracking errors. It was implemented in a four-degrees-of-freedom (DOFs) exoskele-
ton integrated with an 8-channel neuroprosthesis, both controlled with a closed-loop strategy. The final
device was defined as TwinFES and was intended to support locomotion.
The main advantage of this system lies in its capability of iteratively adapting to subjects’ performance,
without requiring a pre-defined model. Indeed, few non-model-based literature studies exist [239, 240] and
their validation was limited to non-disabled subjects or a few individuals with disability. Here, instead,
we provide an extensive testing procedure both on non-disabled subjects and on target users. These latter
comprised complete and incomplete SCI and post-stroke individuals. Former tests on subjects without
disability aimed at proving the developed system’s feasibility and its ability to reduce motor torque,
thanks to the FES addition, while preserving safe walking. These experiments were carried out both
during knee flexion/extension movements (single-joint setup), which represent a simplified condition, and
during walking (whole-body gait setup). Latter tests on target users, instead, had a double objective:
demonstrating the ability of the TwinFES system to reduce motor torques compared to the Twin one,
also in case of people with weakness and poor control of their muscles, and comparing the two devices in
terms of system usability, acceptability, user experience and human-exoskeleton interaction.
Given the intended clinical use of the device, a further objective was the development of a fast calibration
procedure, leveraging on the fact of dealing with a non-model-based device.

Figure 2.1: Graphical representation of the work: the rationale and the objective of realizing a hybrid
system, together with the main results.
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Lastly, preliminary considerations on the eventual muscular fatigue induced while using the TwinFES
system were also carried out.
A graphical abstract of this work is offered in Figure 2.1 where the integration of FES and the robotic
exoskeleton is shown, together with the key obtained results.

2.3. Materials and Methods

2.3.1. Experimental Setup
The Central Control Unit (CCU) of the TwinFES device is an ARM Cortex-M4 microcontroller pro-
grammed in C++, running at 500 Hz. It integrates the robotic and stimulation components of the
system, which are reported in Figure 2.2 and hereby described.

(a) (b)

Figure 2.2: (a) Hardware components of the TwinFES hybrid device: the Twin exoskeleton and the
two RehaMove3 stimulators with their cables. (b) A scheme of the connections between components.

Robotic component
The Twin exoskeleton is employed in this work. It is a motorized lower-limb exoskeleton developed by the
IIT-INAIL Rehab Technologies Lab of the Italian Institute of Technology (IIT) [77, 271], in collaboration
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with the INAIL Prosthesis Center.
It was designed for the neuromotor rehabilitation of gait in subjects with lower limb mobility deficits,
specifically SCI or stroke, as they experience a partial or complete loss of muscle functions in their lower
limbs, preventing normal walking [271].
Its structure comprises four actuation modules positioned at the hip and knee joints of both legs and
five rigid connecting links: a pelvic component and four separate segments for the femur and tibia of the
right and left side respectively. Movement transmission between the structure and the subject’s limbs is
achieved through five ergonomic fabric interfaces (braces) attached to the his/her pelvis, thighs and lower
legs on both sides. At the ankle level, two passive Ankle-Foot Orthoses (AFOs) are connected to shoes.
These can be either locked at 90° or unlocked with a Range Of Motion (ROM) of ±20°. Both links and
braces come in various sizes to easily adapt to individuals with different anthropometric characteristics.
Each actuation module includes a motor unit and a sensing unit, working at 2 kHz. The former comprises
a BLDC Maxon motor EC90 Flat, with a gearbox ratio of 100:1 and a driver board controlling it; the
latter, instead, includes an incremental encoder for the acquisition of the joint angular position.
At the trunk level, the exoskeleton is equipped with a backpack containing batteries, IMUs, the emer-
gency button and the CCU of the exoskeleton. The used batteries are Lithium batteries (Accutronics
CMX820P Li-ion batteries) with a nominal voltage of 28.8 V and a maximum current peak of 15 A. The
emergency button is used in case of dangerous situations for the user. Once pressed, it cuts the power
to the actuation units and thus all joints are released slowly (due to friction), allowing an operator to
assist the user on time. The CCU is the exoskeleton’s motherboard, referred to as SMEx (Scheda Madre
Exo), which is the same ARM Cortex-M4 microcontroller we used for the TwinFES device. It receives
information from sensors and sends signals to motors, based on what is defined by the therapist. This
latter is in fact responsible for handling the overall session by defining the activities that the exoskeleton
should perform through a custom application running on an Android tablet.
The communication of the CCU with the actuation unit is based on the CAN protocol, the one with the
batteries on the I2C protocol and the one with the tablet on the BLE (Bluetooth Low-Energy) protocol.
Given that the exoskeleton structure is not self-balancing, users are required to maintain balance through
their upper limbs by using walking aids such as crutches or walkers. Consequently, users must have
sufficient trunk and upper limb function (listed as inclusion criteria) and learn to balance and shift their
weight to achieve an efficient walking pattern.
Twin is intended for rehabilitative use only and thus is confined to dedicated facilities, under the close
supervision of healthcare professionals that must assist users during the whole activity. A session with
the device requires at least two operators, one ensuring user safety and the other managing the overall
training through the tablet.

Stimulation component
Two commercial neuromuscular current-controlled electrical stimulators (RehaMove3, Hasomed GmbH),
one per leg, were integrated into the exoskeleton CCU. Each of them includes four stimulation channels,
enabling the simultaneous stimulation of four different muscle groups, which in our case were: Quadri-
ceps, Hamstrings, Gastrocnemius, Tibialis Anterior. Each channel was connected to a pair of surface
self-adhesive electrodes (Pals®from Axelgaard Manufacturing Ltd.) with a rectangular shape of 5x9 cm,
placed on the target muscle. The stimulation waveform was defined as rectangular biphasic because it is
charge-balanced, and thus it does not induce net polarization, and it promotes an efficient muscle fibers
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recruitment [105].
Stimulators were connected via USB to the CCU, which set the following stimulation parameters: fre-
quency in Hz, pulsewidth in µs and amplitude in mA.
The stimulators’ integration was not only at the physical (hardware) level but also at the software one.
In fact, the exoskeleton software was modified accordingly to include the control of the stimulators.

Inclusion Criteria Exclusion Criteria

• Age > 18 years

• Height range: 150 - 192 cm

• Weight: maximum 90 Kg

• Femur length: 355 – 475 mm, Tibia
length: 405 – 485 mm

• Hip circumference: 690 - 990 mm

• Shoe size: 36 - 45

• SCI: complete and incomplete, acute and
chronic, injury level <T4

• Stroke: ischemic and hemorrhagic,
acute, able to ambulate (FAC* level >2)

• Spasticity: Modified Ashworth <= 2

• Sufficient upper limb strength to use
crutches or a walker safely

• Ability to use FES

• Ability to provide the informed consent

• Pregnancy or breastfeeding

• Previous or present malignant neoplasia

• Previous severe neurological damage

• Chronic inflammatory diseases affecting
lower limb joints

• Severe osteoporosis of hips or spine

• Pelvic fractures or unstable spine

• Significant limitations in the range of mo-
tion of hips and knees

• Severe or uncontrolled spasticity and auto-
nomic dysreflexia

• Presence of a cardiac pacemaker

• Skin integrity problems at the interface
with the device or stimulation electrodes

• Complete lack of response to FES

• Inability to provide the informed consent

*Functional Ambulation Categories (FAC) is a 0-5 scale to evaluate the ambulation capacity,
with 0 meaning “non-functional ambulator” and 10 meaning “independent ambulator”.

Table 2.2: Inclusion and exclusion criteria for the experimental protocol

The inclusion/exclusion criteria defined for the TwinFES device are listed in Table 2.2.

Walking sessions with the TwinFES device were supervised by two therapists, one in charge of phys-
ically supporting the user and the other managing the overall session. His interface with the device was
facilitated by a custom application running on the Android tablet, obtained by modifying the original
Twin application. This App allowed the configuration of subject-specific parameters, the calibration of
the stimulation (better explained in Section 2.3.2), the selection of the operating mode and settings (e.g.,
stimulation and step parameters) and the saving of users’ progress over time.
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2.3.2. Calibration
Before starting a therapeutic session with TwinFES, a calibration of the subject-specific and session-
specific stimulation parameters was carried out. This only involved current amplitude because during all
tests both frequency and pulsewidth were kept constant at 40 Hz and 400 µs, respectively. During the
calibration phase, the user is seated without wearing the exoskeleton and with his/her feet not touching
the ground, allowing free knee flexion/extension movements. This procedure is performed through the
TwinFES application, for one muscle at a time and repeated identically for all stimulated muscles. The
minimum stimulation amplitude delivered by the device is fixed a priori to 4 mA. Then, starting from this
value, the subject receives a stimulation ramp of increasing current and two intensity levels are defined:

• Level 1 – IL1 (Movement threshold): the value that produces a first limb movement;

• Level 2 – IL2 (Maximum threshold): the minimum value between the one producing a full joint
movement and the highest one tolerated by the subject.

These levels define the ranges of stimulation amplitude used by TwinFES.
The calibration procedure was repeated before each session because, even if dealing with the same sub-
ject, different calibration values could be identified as they depend on the specific electrode placement
and on the highly variable muscles’ response.

2.3.3. TwinFES control
A model-free strategy was defined to iteratively modulate motor and FES inputs while easing and accel-
erating calibration procedures, which is an essential requirement for the clinical usability of the device.
Figure 2.3a offers an overview of the control strategy implemented in TwinFES, with different controllers
implemented for joints and muscles depending on the gait phase. For safety issues, during the stance
phase a rigid control was implemented for both joints and FES was superimposed to motors and managed
with an open-loop modality. The same approach was applied to the hip during the swing phase, given
the difficulty of getting FES-induced movements from hip flexors. This hybrid control was defined as
synchronized because the two components share the same timing but operate independently.
Differently, the hybrid control developed for the knee during the swing phase was named cooperative
because a shared input signal modulated the two components to actively collaborate in the movement
generation.
Both cases did not consider any volitional contribution from subjects.

Synchronized Control
At the motor level, a rigid position control was implemented, based on a Proportional Integral (PI) strat-
egy that computed the PWM (Pulse-Width Modulation) duty cycle to minimize position errors (i.e., the
difference between target and actual angular positions). It resulted in a precise tracking of the target
walking trajectory, not comprising any voluntary participation from the subject.

Regarding FES, frequency and pulsewidth were maintained constant while current was modulated in
open-loop following a biomimetic stimulation timing to mimic muscles’ activations during a physiological
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(a) (b)

(c)

Figure 2.3: (a) Overall FES and motor control strategies for locomotion. Depending on the gait phase,
joint motors are controlled either in position or impedance, while muscles are controlled either with
biomimetic or ILC strategy. (b) Biomimetic stimulation profiles derived from literature EMG recordings
[272, 273] and used for the synchronized control. (c) Cooperative control scheme. θt, θ̇t, θ̈t and θa, θ̇a,
θ̈a are target and actual position, velocity and acceleration. τFF , τFB and τTOT are the feedforward,
feedback and total torque components computed. τTOT is transferred to the motor and τMOT is the real
exerted motor torque. α is the percentage of the subject’s shank weight compensated by the motor. I

is the FES current computed by the ILC block and delivered to muscles, generating the muscle torque
τMUSC .
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gait, retrieved from literature EMG recordings [272, 273]. Essentially, this represents a position control
as muscle contractions were coordinated based on the gait timing and thus on the joints’ position.
For Quadriceps and Hamstrings, the amplitude is always below the movement threshold because any in-
duced movement would collide with the rigid control of the motor. In this case, the aim is to exploit the
stimulation advantages and the neuroplastic benefits coming from sending sensory inputs to the brain,
coordinated with the executed movement.
Differently, for Gastrocnemius and Tibialis Anterior, as they do not directly act on a motorized joint, the
current level can be either above or below the movement threshold. In the former case, the AFO must be
unlocked to allow functional movements (“push off” for Gastrocnemius and “foot clearance” for Tibialis
Anterior).
For each channel j, at sample i, Eq. 2.1 defines the delivered current amplitude:

Ij(i) = Imin,j + (Imax,j − Imin,j) · actj(i) (2.1)

where Imin,j is the minimum current for the jth channel (fixed to 4 mA for all channels) and Imax,j is
the maximum current for the jth channel, equal to either IL1,j or IL2,j , depending on whether the under-
or over-movement threshold case is considered. actj(i) is a [0,1] value indicating muscles’ activity level
at each sample i of the gait cycle, retrieved from physiological activation patterns (Figure 2.3b).
The final result was a predefined current profile over the gait cycle, specific for each muscle, aiming at
coordinating the delivered current with the executed movement.

Cooperative Control
The cooperative control (Figure 2.3c) simultaneously modulates the knee joint motor assistance and the
current amplitude delivered to either Hamstrings (early swing) or Quadriceps (late swing). Motor and
FES share the same input (i.e., angular signal) to carry out a dual task: FES primarily contributes to
movement generation while reducing the motor torque; conversely, the faster motor component guar-
antees the correct task execution. Thus, it considers the co-participation of muscles and motors in the
generation of the overall movement, which results in a “softer” tracking of the target trajectory.
The choice of not using this control at the knee and hip level during the stance phase was due to the
high rigidity demanded from the stance leg in that phase, to guarantee subjects’ stability. This aspect is
particularly relevant when dealing with complete SCI individuals who do not present any residual muscle
activation in the lower limbs. Additionally, this control was not used for the hip joint during the swing
phase because a multi-joint cooperative control was not feasible as both Quadriceps and Hamstrings are
bi-articular muscles (acting on the hip and knee joints) with an opposite effect and thus it was not possi-
ble to use them to induce at the same time a hip and knee flexion (1st half of swing) and extension (2nd
half of swing). For example, to induce hip flexion at the beginning of the swing, Quadriceps stimulation
would be needed, but this would also induce a knee extension that is not appropriate in this phase. The
opposite occurs in the second part of the swing phase when hip extension would require Hamstrings
stimulation, which would also determine an undesired knee flexion. Thus, the only possible solution was
to use this system only for the swing knee joint.

At the motor level, a 1st order implicit impedance controller is implemented which guarantees compliant
actuation of the knee motor and performs a trade-off between target trajectory tracking and human-robot
interaction forces. Thus, instead of forcing precise tracking, as in rigid position control, impedance-based
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strategies promote a more compliant behaviour (virtual spring-damper correction), which permits devia-
tions from the target trajectory [242]. The impedance control is defined as implicit because the system is
not equipped with torque sensors at the joint level and therefore it was not possible to measure the actual
torque generated at the output shaft of the joint [242]. Consequently, the torque control was implemented
through an open-loop control based on the motor’s current flow.
Its architecture shows two nested loops: an internal torque loop and an external position-feedback loop.
The former one computes the torque needed to support the movement (τFF ), considering inertia and
gravity contributions of both the exoskeleton and the subject’s shank. This is then adjusted by an alloca-
tion index α ∈ [0, 1], indicating the proportion of the subject’s shank weight compensated by the motor
(Eq. 2.2) [274]. When α = 100% both the exoskeleton and the user component are compensated, when
α = 0%, instead, only the exoskeleton one. α is defined at the beginning of the trial and then maintained
constant. The position-feedback loop, instead, accounts for trajectory-tracking errors by calculating the
corrective torque (τFB) with a Proportional-Derivative (PD) controller based on position and velocity
errors (Eq. 2.3).

τFF = (JE + JSα)θ̈t + (mE +mSα)g
l

2
sin(θt) (2.2)

τFB = Ks(θt − θa) +Kd(θ̇t − θ̇a) (2.3)

θt, θ̇t, θ̈t and θa, θ̇a, θ̈a are target and actual position, velocity and acceleration. JS , mS and JE , mE are
the subject and exoskeleton’s moments of inertia and masses. l is the shank length and g the gravitational
constant. Ks (5Nm

◦ ) and Kd (2Nm∗s
◦ ) are stiffness and damping gains defining the system’s rigidity and

viscosity. They were identified during preliminary tests and maintained identically across all subjects.
The sum of τFF and τFB yields the overall torque (τTOT ) transmitted to the motor and converted in the
duty cycle of the Pulse Width Modulation (PWM) used to drive it.

Considering FES, it was delivered to the Hamstrings during the first half of the swing movement (flexion
phase) and to the Quadriceps during the second half (extension phase). Its frequency and pulsewidth
were maintained constant to 40 Hz and 400 µs, while the current amplitude was stride-by-stride adapted
through an Iterative Learning Controller (ILC) [261, 262, 275]. This approach involves iterative adjust-
ments of the current amplitude to minimize trajectory tracking errors evaluated in the previous step [261].
Thus, the signal is updated only at the end of a complete iteration (i.e. step), making this approach
well-suited for repetitive movements like walking [262].
In particular, amplitude modulation was carried out such that positive tracking errors (under-tracking
of the target trajectory) resulted in a current increase, while negative tracking errors led to its decrease.
The current range was limited by user-specific thresholds IL1 and IL2, determined during calibration.
For each stride k, the current for channel j at sample i was defined as:

Ikj (i) = IL1,j +KFES · uk
j (i) (2.4)

where KFES (4[mA∗ms
◦ ]) represents the stimulation gain, experimentally identified and maintained identi-

cal across all subjects. The resulting current is saturated to IL2,j which is the maximum value established
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for the jth channel during calibration. uk
j is the control vector (i.e., cost function), initialized as zero and

updated at each k as:

uk = uk−1 + f(ekpos) (2.5)

where f(ekpos) is a function of the position errors vector for the kth swing. Errors during the early and
late swing are considered for the Hamstrings and Quadriceps control vector, respectively. These errors
are the same given as input to the impedance block.
It was computed as:

f(ekpos) = λQekpos (2.6)

where λ (1.25 1
ms ) is the error gain, experimentally identified and maintained identical across all subjects,

and Q a Gaussian window filter [262], defining the amplitude of the considered errors window. In fact,
this function at the instant i does not only take into account the ith error, but a symmetric interval of
errors centered around it. As the length of the window increases, the convergence towards the desired
trajectory accelerates; however, there is a simultaneous sharper increase in current. To achieve good con-
vergence in a few repetitions while avoiding current spikes, the filter window length was set to 5 samples.

2.4. Testing on non-disabled subjects

2.4.1. Experimental Protocol
A first testing session was carried out on non-disabled volunteers. This experimental procedure conforms
to the Helsinki Declaration and was approved by the Ethical Committee of Politecnico di Milano (Nr
13/2021 ). Individuals provided their written informed consent before starting.
At the beginning of any experimental session, the calibration procedure was carried out.
This experimental procedure was divided in two parts: single-joint tests and tests during walking. Former
ones were preliminary trials intended to verify the proper functioning and feasibility of the developed
control system, before moving to the latter tests in which the complete device was tested during the
target task (gait).
During single-joint tests, subjects were seated while wearing the TwinFES system with only one motor
(right knee) active and FES delivered to the right Quadriceps. They were instructed to remain passive
while performing knee extension movements, from -90° (flexed-knee position) to 0° (extended-knee posi-
tion), shaped as a beta function lasting 2 seconds. These represent a simplified testing condition, easier
to control as, having the subject in a seated position, it does not involve the stability of the whole body.
Three conditions were tested:

• MOT100%: stimulation OFF and maximum motor assistance (α = 100%) - 50 repetitions;

• MOT0% + FES: stimulation ON and reduced feed-forward motor assistance (α = 0%) - 50 repe-
titions. Since α is the percentage of the subject’s shank weight compensated by the motor, in this
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case the sole exoskeleton’s shank weight was compensated and this is the reason why we talked
about "reduced feed-forward motor assistance" for this condition;

• MOT0%: stimulation OFF and reduced feed-forward motor assistance (α = 0%) - 50 repetitions;

MOT0% represents a proof-of-concept condition where the total system input was reduced, thus not
intended to be used during walking but just to drive theoretical conclusions.
During walking tests, subjects were instructed to remain passive and walk with TwinFES using the joint-
space trajectory implemented by the Twin exoskeleton [77] but slowed down to a step duration of 4s,
instead of 2s. Stimulation was only delivered to Quadriceps and Hamstrings, while Gastrocnemius and
Tibialis Anterior were excluded for simplicity.
Here only two conditions were tested, the MOT100% and MOT0%+FES one. As previously anticipated,
the MOT0% case was excluded here because, reducing the total input to the system, it does not allow
performing the correct walking trajectory and thus it is unsafe to test. The MOT100% condition comprised
20 steps, while the MOT0% + FES one 50 steps. The extended duration of the latter condition was
intended to evaluate muscle fatigue.

2.4.2. Data Analysis and Statistics
Kinematic and dynamic data plus current amplitude were continuously recorded at a frequency of 100 Hz
and 40 Hz, respectively. Data were organized into repetitions. For single-joint experiments, these were
the different extensions; for walking tests, instead, these were the swing and stance phases.
For both testing procedures, the following data were considered: angular trajectory [°], motor current [A],
motor torque [Nm] and FES current [mA]. Then, to assess trajectory tracking performance, the Root Mean
Squared Error (RMSE) between the target and the actual angular positions was calculated. To quantify
motor assistance, integrals of both motor current and total estimated motor torque were computed. To
quantify FES assistance, the integral of the delivered current amplitudes was computed. For the sole
MOT0% +FES condition of walking tests, metrics were also averaged in blocks of 5 consecutive steps to
assess the onset of muscle fatigue.
The mean and Standard Deviation (SD) across all performed movements (either step or extension) were
extracted for all data. The only exception is the FES current for which the median and Inter-Quartile
Range (IQR) were considered.
All data analyses were conducted using MATLAB (R2021b version).
Finally, a non-parametric test for correlated samples was defined in SPSS Statistics (IBM) to compare
the two tested conditions (Twin and TwinFES ) in terms of exoskeleton metrics. Specifically, their mean
values were considered for each subject, condition, step phase and side.

2.4.3. Results
Single-joint tests
Six non-disabled participants (3 M and 3 F, mean age 24.3±2.4 years, average height 165 cm and weight
60 kg) were recruited for single-joint tests. Calibration results for the six subjects who participated in
the single-joint tests, together with some other general information, are reported in Table 2.4.

Figure 2.4(a) displays, for a representative subject (ID 1), the angular position [°], the motor current
[A] and torque [Nm] and the stimulation current [mA] delivered to the Quadriceps for the three tested
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Generalities RIGHT Quadriceps current [mA]
ID Sex Age IL1 IL2

1 M 24 16 26

2 F 27 16 23

3 F 20 10 17

4 M 25 17 30

5 F 26 15 30

6 F 24 17 28

Table 2.3: Data of the 6 subjects who took part in single-joint tests. General information (ID, Sex and
Age) are reported together with the IL1 and IL2 calibration amplitudes for the Quadriceps of the right
leg (only stimulated muscle group).

conditions during knee extension movements (MOT100%, MOT0% + FES and MOT0%). For the angu-
lar position, the MOT100% case (blue line) shows a good trajectory tracking with an end-point position
(reached at t=2s) of -0.6°(±1.9°), closely approaching the target of 0°, and an overall RMSE of 13.3°(±1°).
For the two conditions with α = 0%, movement performances remained good when FES was applied
(pink line), while they decreased when FES was OFF (green line). Registered end-point positions were
-8.7°(±7.8°) and -43.6°(±0.5°); overall RMSEs were 11.4°(±4.4°) and 30.9°(±0.5°).
Considering the motor current and torque, higher values were observed for α = 100% compared to α = 0%,
due to the different feed-forward contribution, with a maximum of 20.1 Nm in the former case and 6.9
Nm in the latter. Surprisingly, even though they receive the same feedforward input, MOT0% + FES

Generalities LEFT leg currents [mA] RIGHT leg currents [mA]
Quadriceps Hamstrings Quadriceps Hamstrings

ID Sex Age[years] IL1 IL2 IL1 IL2 IL1 IL2 IL1 IL2

1 F 24 34 44 17 26 24 29 23 34

2 F 22 15 27 19 26 15 26 21 28

3 F 23 15 29 18 27 16 28 15 22

4 F 40 8 25 11 30 8 25 9 25

5 F 26 12 24 10 15 13 23 15 18

6 F 24 29 35 23 29 27 37 19 25

7 F 23 17 28 30 41 18 27 26 32

8 F 23 26 35 30 41 27 33 30 39

9 F 26 24 40 23 33 27 34 20 27

10 F 22 18 27 21 32 21 32 21 29

11 M 24 13 25 27 30 21 28 27 35

12 M 26 33 40 16 23 29 39 17 27

Table 2.4: Data of the 12 subjects who took part in walking tests. General information (ID, Sex and
Age) are reported together with the IL1 and IL2 calibration amplitudes for Quadriceps and Hamstrings
of left and right leg.
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and MOT0% exhibit distinct total torque outputs, with the latter registering higher values, indicating an
increased corrective torque. Finally, current values were reported for the MOT0%+FES condition. An
initial rapid increase is displayed, followed by an almost constant value, before a final decrease at the end
of the extension phase.
The same results were confirmed when considering all tested subjects, displayed in Figure 2.4(b). Here
the angular RMSE [°], the motor current integral [A] and motor torque integral [Nm] are reported. Sim-

Figure 2.4: Panel (a) reports single-joint experiments of one representative subject (ID 1) for the three
tested conditions: MOT0%+FES, MOT100% and MOT0%. Reported variables are angular position (θreal
in [°]), motor current (IMOT in [A]), total motor torque (τTOT in [Nm]) and Quadriceps stimulation cur-
rent (IFES in [mA]). Data of all extensions were averaged and are here displayed in terms of mean±SD
(Standard Deviation) as a function of time (with 2s being the extension duration), except for the stimula-
tion current, presented for the sole condition with FES in terms of median±IQR (Inter-Quartile Range).
The dotted grey line in the first graph represents the target trajectory θtarget, those in the third graph
the feedforward torque in α = 100% and α = 0% cases and those in the fourth graph IL1 and IL2

subject-specific calibration values. Panel (b) displays the boxplots of the single-joint metrics over the 6
subjects for the same conditions. Position RMSE (RMSE in [°]), motor current integral (IMOT Integral

in [A]) and motor torque integral (τMOT Integral in [Nm]) are reported. The green background indicates
that the cooperative control modality was applied in this case. Differences were considered statistically
significant when p-value<0.05.
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ilarly to before, a comparable RMSE is observed for MOT0% + FES and MOT100% (median of 15.6°
in both cases), while it is significantly higher (p<0.01) for MOT0% (median of 30°). Additionally, the
integral of both motor current and total torque follows the same trend observed for the single-subject
case, with the highest median values displayed by MOT100% (4.4 A and 16.2 Nm), followed by MOT0%

(3.3 A and 10.2 Nm) and MOT0% + FES (3.1 A and 7.2 Nm). Significant differences were registered in
both cases among MOT100% and MOT0% + FES (p<0.01).

Walking tests
Twelve non-disabled participants (2 M and 10 F, mean age 25.3±4.9 years, average height 166 cm and
weight 57 kg) were recruited for the tests during walking.
For all subjects, calibration was completed within 10 minutes.
Calibration data for the twelve subjects who participated in the walking tests, together with some other
general information, are reported in Table 2.4.
Figure 2.5 displays data acquired from a representative subject (ID 4) during walking tests with TwinFES
in MOT100% and MOT0% + FES. Panel (a) reports the angular position [°] in terms of mean±SD over
a complete stride for both hip and knee joint; panel (b) displays FES current amplitude [mA] in terms of
median±IQR over a complete stride for the two stimulated muscles (Quadriceps and Hamstrings). The
figure pertains to the left leg but a similar behavior can be assumed for the other side since both legs
implement the same control strategy. Looking at panel (a), for the hip joint during both gait phases and
for the knee joint during stance, the real trajectory of the two conditions is perfectly superimposed on the
target one. This was expected considering that in these cases the synchronous modality is implemented,
where the same motor control is carried out in the two conditions. For the swing knee, instead, greater
deviations from the target position are noticeable under both conditions, with an overall position RMSE
of 5.1°(±1.4°) for MOT100% and 6.7°(±1.3°) for MOT0% + FES. Considering current levels depicted
in panel (b), a variable current trend is reported for the Hamstrings during early swing and for the
Quadriceps during late swing, as their current is iteratively updated by the ILC over the [IL1, IL2] range.
During all other phases, both muscles follow the imposed biomimetic trend in the [min, IL1] range.

For the same representative subject (ID 4) walking data were also reported for the knee joint during
selected swing movements (Figure 2.6), to observe their trend over time. In particular, 6 swing move-
ments were considered, those from 3 to 5 and those from 17 to 19, to display the system behaviour at
the beginning and the end of the test. In panel (a), the MOT100% case (blue line) shows good trajectory
tracking, comparable among all swings. Differently, the case with FES has a worse tracking at the begin-
ning that then improves over time. Indeed, while a big difference between the two conditions is noticed
in the RMSE of the 3rd swing (9.96° for MOT0% + FES, 5.63° for MOT100%), this difference decreases
over time with comparable values for the 19th swing (5.02° for MOT0% + FES, 5.29° for MOT100%).
This may also be related to the fact that the ILC control takes some time to adapt.
Interestingly, this improvement in the condition with FES occurs with a contemporary decrease of the
associated total torque. The computed total torque integral for the 3rd swing is 11.01 Nm (minimum
torque of -7.03 Nm and maximum torque of 3 Nm), while it decreases to 9.03 Nm for the 19th swing
(minimum torque of -6.15 Nm and maximum torque of 2.5 Nm). Differently, for the condition without
FES, the total torque remains almost constant over time, with an integral of 18.2 Nm in the 3rd swing
and 17.9 Nm in the 19th swing. Additionally, the total torque is always higher in the MOT100% case,
because a larger motor participation is required in this case (α = 100%). Thus, the MOT0% + FES
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case allows a reduction in the total torque exerted by the motor, with a percentage decrease of the total
torque integral of 39% at the beginning (3rd swing) and 49% at the end (19th swing). Considering the

Figure 2.5: Data from one subject (ID 4) over a complete gait cycle, averaged across all performed
cycles. Panel a reports the mean±SD of the target trajectory (θtarget, dotted grey line) juxtaposed to
the actual one (θreal) under two cases: MOT100% (solid blue line) and MOT0% + FES (solid pink line)
for the knee and hip joint (upper/lower panel). Panel b illustrates the median±IQR of the current levels
(IFES) administered to Quadriceps and Hamstrings (upper/lower panel) in MOT0% + FES.

Figure 2.6: Results of the knee joint during selected swing movements of walking experiments on one
representative subject (ID4) for the two tested conditions: MOT0% + FES and MOT100%. Reported
variables are the angular position (θreal in [°]) in (a), the total motor torque in (τTOT in [Nm]) in (b) and
the Quadriceps and Hamstrings stimulation current (IFES in [mA]) in (c) for the sole condition with FES.
Data are displayed for 6 swings, those from 3 to 5 and those from 17 to 19. The dotted grey line in (a)
represents the target trajectory θtarget; the orange and purple ones in (c), the IL1 and IL2 subject-specific
threshold values defined during calibration for the Quadriceps and Hamstrings respectively.
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delivered current to the Quadriceps and Hamstrings (c), we notice an increase in its amplitude over time
for both muscle groups, with the saturation value (IL2) reached in the last swings. Based on these obser-
vations, we can conclude that the growing current input allows the MOT0% +FES condition to attain a
comparable movement performance (in terms of trajectory tracking) as the MOT100% condition, despite
requiring a significantly lower total motor torque. This demonstrates the FES capability of compensating
for decreases in motor torque inputs.

Figure 2.7 displays the metrics retrieved from walking experiments under the two different conditions,
considering all tested subjects and strides (both the left and right side). For the hip and knee motors,
boxplots are relative to the position RMSE [°] and the motor current integral [A]. Additionally, for the
knee motor during the swing phase, the total torque integral [Nm] and the Quadriceps and Hamstrings
current integral [mA] are displayed.
Considering the knee joint during the swing phase (d), it displays a similar RMSE for MOT100% (median
of 6.9°) and MOT0% + FES (median of 6.7°). Differently, significantly higher motor current and motor
torque are reported for MOT100% (p<0.01). Median motor torques are 17.5 Nm for MOT100% and 8.5
Nm for MOT0% + FES.
On the other hand, the hip joints during stance (a) and swing (b) and the knee joint during stance (c)
display similar values between MOT100% and MOT0% + FES for all metrics because, being under the
synchronous strategy (yellow background), they implement the same motor control in the two conditions.
Despite this, a significant difference was observed for the RMSE of the hip in swing which can be justified
by a tendency of data because actual differences were very small: 0.703° versus 0.704° in the MOT100%

and MOT0%+FES condition respectively. The low RMSE values are justified by the fact that the motor
control is a rigid position control. The median FES amplitudes are 63.1 mA for Quadriceps and 65.8 mA
for Hamstrings.
When averaging metrics every 5 repetitions (Figure 2.7(e)), the RMSE exhibits a decreasing trend with
a slight increase in the last block. Nevertheless, no significant differences were reported among blocks.
Motor torque remains almost constant throughout blocks, with only one significant difference among
blocks 11-15 and 36-40 (p=0.045). Significant differences for the motor current integral and Quadriceps
and Hamstrings current integrals are reported in tables in Figure 2.8 with their p-values. The motor
current integral displays a similar trend in between swings, with a slight decrease at the beginning followed
by an increase, as depicted in the table where in the majority of identified significant differences previous
blocks have lower values (downward arrow in Figure 2.8) than latter ones. The FES current delivered
to Quadriceps and Hamstrings showed an increasing trend over time, as indicated in all significantly
different pairs where previous blocks have lower values (downward arrow in Figure 2.8) than latter ones.
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Figure 2.7: Results of the walking experiments under the two conditions (MOT100% and MOT0%+FES)
considering all tested subjects and strides of both sides. Boxplots report position RMSE (RMSE in [°])
and integral of the motor current (IMOT Integral in [A]) for the hip joint during the stance (a) and swing
(b) phase and for the knee motor during the stance phase (c). The yellow background indicates that these
joints are under synchronous control. Panel (d) displays, in addition to the position RMSE and motor
current integral, the motor torque integral (τMOT Integral in [Nm]) and Quadriceps and Hamstrings FES
current integral (IFESIntegral in [mA]) for the knee motor during swing. The same metrics are reported
in panel (e) but averaging data into blocks of 5 consecutive steps for each subject and then mediating
them for all subjects and sides. The green background of panels (d) and (e) indicates that these joints
are under cooperative control. Differences were considered statistically significant when p-value<0.05.
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Figure 2.8: p-values for the 5-by-5 swings comparisons. Tables must be read row by column and the
arrow indicates whether the row value was higher or lower than the column value. Differences were
considered statistically significant when p-value<0.05.

2.5. Testing on target users

2.5.1. Experimental Protocol
A schematic representation of the testing procedure used for target users is reported in Figure 2.9.
The study conforms to the Helsinki Declaration and was approved by the Ethical Committee of Politecnico
di Milano (Nr 0314/10/2022 ). Once recruited, individuals were required to provide their written informed
consent and inclusion/exclusion criteria were verified.
At the T0 evaluation (before starting the tests), subjects’ anamnestic and anthropometric data are
collected. These include age, sex, height, weight and previous experiences with FES and/or lower-limb
exoskeletons. Additionally, for SCI subjects, the lesion type and level, the time since the lesion and the
ASIA scale, while for post-stroke individuals the ictus type and location, the time since the event, and
the FAC scale. The Functional Ambulation Categories (FAC) is a 0-5 scale to evaluate the ambulation
capacity, with 0 meaning “non-functional ambulator” and 10 meaning “independent ambulator”.
At T0, it was checked that the user could undergo the testing procedure by verifying the absence of
spasticity and pain and good autonomic functionality. Then, the following baseline evaluations were
carried out:

• Bristol scale [276] and NBD [277] score for bowel and bladder functionality;

• Modified Ashworth scale for spasticity [278];

• Numeric Rating Scale (NRS) for pain level [279], a 0–10 scale to evaluate pain, with 0 meaning
“no pain” and 10 meaning “worst imaginable pain”;

• Psychological General Well-Being Index (PGWBI) [280].

After that, the subject starts the training. The first phase is the familiarization with the Twin exoskeleton,
during which the subject walks with the sole Twin exoskeleton without FES (corresponding to the
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MOT100% condition: stimulation OFF and maximum motor assistance). This phase lasts for a maximum
of 10 sessions (1 hour each), until the subject can walk for at least 10 meters and perform sit-to-stand
transitions. If this condition is not met the subject is excluded, otherwise the T1 evaluation is carried
out. This includes an evaluation of the outcomes (acceptability, usability, user experience and interaction
with the system) for the Twin device, performed through the following questionnaires:

• System Usability Scale (SUS) [281];

• Technological Acceptance Measure 3 (TAM-3) [282];

• User Experience Questionnaire (UEQ) [283].

After T1, the second phase of the training takes place, which is the testing of the TwinFES device,
during which the subject walks with the Twin exoskeleton integrated with FES (corresponding to the
MOT0% + FES condition: stimulation ON and reduced feed-forward motor assistance). In this case, a
maximum of four sessions are performed (1 hour each). The currents calibration (definition of IL1 and
IL2, as explained in Section 2.3.2) is carried out in the first session and then is maintained identical for
the following ones, unless the subject specifically requires to modify it.
Lastly, the T2 evaluation takes place, during which the same questionnaires of the T1 evaluation are
filled out by subjects but this time focusing on their experience with the TwinFES device.
Similarly to the tests on non-disabled subjects, the joint-space walking trajectory implemented in the
Twin exoskeleton was used [77], but with a step duration of 3s in this case. Differently from the tests on
non-disabled subjects, instead, FES was here delivered to all four muscle groups per leg, each one with
its specific control, as explained in Section 2.3.3.

2.5.2. Data Analysis and Statistics
The analysis of dynamic and kinematic data extracted from the TwinFES device followed the same
procedure used for the data of non-disabled individuals (explained in Section 2.4.2). As here multiple
sessions were performed for the same conditions, all steps belonging to the same condition were considered
together.
Additionally, these tests included the collection of questionnaires’ data, analyzed according to each ques-
tionnaire’s guidelines, as will be detailed in the results section.
All data analyses were conducted using MATLAB (R2021b version).
Finally, a non-parametric test for correlated samples was defined in SPSS Statistics (IBM) to compare the
two tested conditions (Twin and TwinFES ), both for the questionnaires’ answers and for the exoskeleton
metrics. For these latter, their mean values were considered for each subject, condition, step phase and
side.

2.5.3. Results
Thirteen subjects (12 M and 1 F, mean age 40.7±8.3 years) were recruited at Villa Beretta rehabilitation
center (Costa Masnaga, Lecco).
They were subdivided into three categories based on their pathologies: four suffered from a complete
SCI (cSCI), four from an incomplete SCI (iSCI) and five from a stroke (stroke). Not all subjects could
complete the experimental protocol and, in fact, we had two dropouts. In particular, one cSCI subject
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Figure 2.9: Flowchart of the protocol used for tests on target users.
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interrupted the testing procedure as he did not feel well during the second session (for a reason not
related to the ongoing tests) and further sessions could not be scheduled due to incompatibility of his
availability and the end of the project. One iSCI subject, instead, was not able to use the system due to
the mismatch between his availability and the project’s conclusion.
General characteristics of recruited subjects are reported in Tables 2.5 and 2.6.
Figure 2.10, instead, shows the results of the Psychological General Well-Being Index [280] (conducted at
T0). This questionnaire asked subjects to answer 22 questions about their general psychological condition,
on a scale from 0 (low) to 5 (high). Then questions are grouped into six categories: health, positivity,
anxiety, depression, self-control and vitality. The scores for questions within each category are totaled,
and then the response for each category is presented as a percentage relative to the maximum possible
score for that category (taking into account the number of questions within it and 5 as the maximum
score). For all categories, a higher score indicates a better psychological condition, with the exception of
anxiety and depression (“negative” feelings) for which low values are better.
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Figure 2.10: Results of the Psychological General Well-Being Index (PGWBI) for all individuals.
Single-subject data are reported, with a different marker depending on the pathology as detailed by
the legend. Scores are reported on a 0-100 scale, with a higher value indicating a better psychological
condition, except for anxiety and depression (“negative” feelings) for which the opposite occurs.

Similarly as done for tests on non-disabled subjects, Figure 2.11 displays the metrics retrieved from
walking experiments under the two different conditions, considering all eleven tested subjects and strides
(both the left and right side). For both conditions, the steps of all sessions were considered together. For
both joints boxplots are relative to the position RMSE [°] and the motor current integral [°]. For the knee
during swing also the motor torque integral [Nm] and the Quadriceps and Hamstrings current integral
[mA] are displayed.
The hip joints during stance (a) and swing (b) and the knee joint during stance (c) share the same
motor control in the two conditions (as indicated by the yellow background for synchronized control)
and this explains why all metrics display similar values between MOT100% and MOT0% + FES for such
joints. Despite this, significant differences were observed for the RMSE of the hip in swing and the motor
current integral of the knee in stance. Nevertheless, this can be justified by a tendency of data but actual
differences were very small: 1.024° versus 1.006° for the RMSE and 5.49 A versus 4.86 A for the motor
current integral, in the MOT100% and MOT0% + FES condition respectively. Given that the motor
control is a rigid position control, negligible values were obtained for the RMSE.
Considering instead the knee joint during the swing phase (d), more interesting observations arise as this
is when the FES-motor cooperation takes place (as indicated by the green background for cooperative
control). A slight increase in the RMSE is noticed between the MOT100% condition (median of 7.92°)
and the MOT0% + FES one (median of 7.50°), but this increase is not significant (p = 0.053). Such
a small increase is not relevant when compared to the extensive angular Range Of Motion (ROM) of
57.2° travelled by the knee during the swing phase. Indeed, the RMSE percentage values relative to this
excursion are 13.8% and 13.1% for the MOT100% condition and MOT0% + FES one respectively.
At the same time, the knee motor during swing displays a significantly lower (p < 0.001) motor current
integral and motor torque integral in the MOT0% + FES condition. Their values decrease from 5.56 A
to 4.44 A and from 14.47 Nm to 7.52 Nm respectively.
The median FES current amplitudes during the swing phase (when ILC is implemented) were 61.9 mA
for Quadriceps and 59.3 mA for Hamstrings.
These observations demonstrate how the FES addition allows a significant reduction of the motor power
and, at the same time, small variations of the position error that do not alter the walking trajectory.
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Figure 2.11: Results of the walking experiments under the two conditions (MOT100% and MOT0% +

FES) considering all eleven tested subjects and strides of both sides. For both conditions, the steps of
all sessions were considered together. Boxplots report position RMSE (RMSE in [°]) and integral of the
motor current (IMOT Integral in [A]) for the hip joint during the stance (a) and swing (b) phase and for
the knee motor during the stance phase (c). The yellow background indicates that these joints are under
synchronous control. Panel (d) displays, in addition to the position RMSE and motor current integral,
the motor torque integral (τMOT Integral in [Nm]) and Quadriceps and Hamstrings FES current integral
(IFESIntegral in [mA]) for the knee motor during swing. The same metrics are reported in panel (e)
with a focus on the knee joint where users are separated based on their pathology: complete SCI (cSCI),
incomplete SCI (iSCI), stroke - More Impaired side (stroke MI) and stroke - Less Impaired side (stroke
LI). The green background of panels (d) and (e) indicates that these joints are under cooperative control.
Differences were considered statistically significant when p-value<0.05.
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Panel (e) reports the same results of panel (d) but separately for the type of pathology. Specifically, the
following four categories were distinguished: complete SCI (cSCI), incomplete SCI (iSCI), stroke - More
Impaired side (stroke MI) and stroke - Less Impaired side (stroke LI). The statistical analysis was not
carried out in this case due to the small sample size of each category.
For all metrics, the observed trends resemble those previously commented for panel (d). In fact, for all
categories, significant decreases in the motor current and torque are observed when adding FES (condition
MOT0% + FES), with contemporary small alterations in the RMSE value. In particular, when passing
from the MOT100% to the MOT0%+FES, the RMSE variations are as follows (expressed both as absolute
values and as percentage of the knee ROM): from 7.74° (13.5%) to 9.29° (16.2%) for cSCI, from 6.81°
(11.9%) to 6.97° (12.2%) for iSCI, from 6.87° (12.0%) to 7.13° (12.5%) for the more impaired side of
stroke and from 7.67° (13.4%) to 7.47° (13.1%) for the less impaired side of stroke.

Figure 2.12 still focuses on the metrics of the knee joint during the swing phase but, in this case, reported
only for one representative subject (ID1 - cSCI) and separately among sessions. The aim of this figure
was to show the metrics trend over time and user ID1 was selected being the one who performed the
highest number of sessions.
Looking at panel (a), it can be noticed that the RMSE decreases over time during sessions without FES.
Then, it suddenly grows during the first session with FES but then it continues to follow a decreasing
trend, until reaching similar values to the condition without FES. In parallel, for both conditions, the
motor current integral stays constant over time, while the motor torque integral shows a decreasing trend.

Figure 2.12: Focus on the swing knee joint during walking experiments of one representative subject
(ID1 - cSCI) under the two tested conditions (MOT100% and MOT0% + FES). Results are reported
separately for each session. Boxplots report the position RMSE (a), the integral of the motor current
(b), the integral of the total torque (c) and the the integral of the Quadriceps and Hamstrings current
amplitude (only for those conditions including FES) (d).
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For both these metrics, the condition with FES assumes significantly lower values, as expected. By com-
paring the last session in the MOT100% condition (session 6) and the last one in the MOT0% + FES

condition (session 10), it can be noticed that the RMSE assumes the same median value of 6°, while the
motor torque integral is more than halved, decreasing from 16.4 Nm to 7.4 Nm (55% decrease). Lastly,
the FES current assumes a decreasing trend for the Quadriceps while it increases for Hamstrings, with a
sudden decrease in the last session.

This section presents the results of the questionnaires filled out by users at T1 and T2.

Figure 2.13: Results of the System Usability Scale (score between 0 and 100) reported subject-by-
subject as the difference between the value given to the TwinFES system (T2 evaluation) and the one to
the Twin system (T1 evaluation), computed as SUST2 − SUST1.

Figure 2.13 reports the result of the System Usability Scale (SUS) [281]. This questionnaire includes 10
items with a rating scale from 1 to 5 for the subjective evaluation of the system’s usability. Then all ten
answers are summed up and the final score is expressed on a 0-100 scale, where a higher value corresponds
to better device usability. In particular, 4 rankings are distinguished: “awful” from 0 to 51, “poor” from
51 to 68, “good” from 68 to 80 and “excellent” from 80 to 100.
This questionnaire is filled out by users both at T1 (evaluating Twin) and at T2 (evaluating TwinFES )
and the presented figure reports the difference between the usability of the two systems subject by sub-
ject. From this, it can be noticed that the TwinFES device reported higher scores with respect to the
sole Twin for all subjects, except one (ID5 - iSCI). Indeed, the median usability increases from 47.5 (25.6)
for Twin to 55 (35.6) for TwinFES, with an overall median difference of 5 (7.5). This suggests that the
presence of stimulation is beneficial for the overall system usability.

Figure 2.14 reports answers to the Technological Acceptance Measure 3 (TAM-3) [282] which asks sub-
jects to evaluate how much they agreed with 46 statements, then grouped in 13 categories, on a scale
from 1 (totally disagree) to 5 (totally agree).
As results are reported as the difference between the TwinFES evaluation and the Twin one, data above
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Figure 2.14: Results of the Technological Acceptance Measure 3 (score between 1 and 5) reported
subject-by-subject as the difference between the value given to the TwinFES system (T2 evaluation) and
the one to the Twin system (T1 evaluation), computed as TAMT2−TAMT1. Answers to the 46 questions
are divided into 13 categories. For all categories, a higher score corresponds to a better device evaluation.
Single-subject data are superimposed to the boxplots, using a different marker to indicate the pathology
(reported in the legend).

0 indicate better acceptability for the condition with FES. Additionally, single-subject data are superim-
posed to the graph, using a different marker to indicate the pathology (square for cSCI, star for iSCI and
triangle for stroke).
Overall, no relevant differences can be observed between the two systems, with all median scores around
zero. The statistical analysis was conducted to compare the condition with and without FES across
all individuals, considering differences statistically significant when p-value<0.05. The only significant
difference was found for the “Perceived Usefulness” item (p = 0.02), with a median of 3.5 for the Twin
system and 4 for the TwinFES one.

Figure 2.15: Results of the User Experience Questionnaire (UEQ) reported subject-by-subject as the
difference between the value given to the TwinFES system (T2 evaluation) and the one to the Twin
system (T1 evaluation), computed as UEQT2 − UEQT1. The questionnaire asks subjects to rate, on
a 1-7 scale (then rescaled between -3 and 3), 26 device characteristics then grouped into six categories.
Single-subject data are superimposed to the boxplots, using a different marker to indicate the pathology
(reported in the legend).
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Figure 2.15 depicts the results of the User Experience Questionnaire (UEQ) [283] where subjects are
asked to rate, on a 1-7 scale (then rescaled between -3 and 3), 26 device characteristics, then grouped
into six categories. These latter are: attractiveness, perspicuity, efficiency, dependability, stimulation
and novelty. Additionally, single-subject data are superimposed to the graph, using a different marker to
indicate the pathology (square for cSCI, star for iSCI and triangle for stroke).
Also in this case, data above 0 indicate a better user experience for the condition with FES. Overall, the
two systems received a similar average evaluation from all users, with all median scores around zero. The
statistical analysis was conducted to compare the condition with and without FES across all individuals,
considering differences statistically significant when p-value<0.05. The only significant difference was
found for “Efficiency” (p = 0.03), with a median of -0.5 for the Twin system and -0.25 for the TwinFES
one.

2.6. Discussion
The primary goal of this study was to design and validate a cooperative control system for a hybrid device
(named TwinFES ) integrating FES within a motorized lower-limb exoskeleton to support locomotion in
neurological impaired subjects. The novel controller decreases the motor power and iteratively adapts
FES to compensate for these reductions. Nevertheless, the fast-reacting motor component continuously
monitors the task accomplishment and intervenes in case of stimulation inefficiencies.
An extensive experimental procedure was carried out in two stages: the former encompassed 18 non-
disabled subjects who underwent either full-body or single-joint tests; the latter involved 11 users (either
complete/incomplete SCI or stroke) who performed walking tests with the system.
The gathered results proved the feasibility of the hybrid system and demonstrated that FES assistance
could compensate for lower motor contributions while guaranteeing the system’s safety. In fact, the co-
operative controller implemented by the knee joint during the swing phase allowed a similar RMSE for
MOT0% + FES and MOT100%, with both conditions displaying a median RMSE <7° for non-disabled
subjects and <8° for target users. This occurred together with a significantly lower estimated motor
torque in the condition with FES, which was reduced by 51.5% across non-disabled subjects and 48%
across target users. These observations demonstrate that exchanging a reduction in motor contribution
for the addition of FES did not impact the controller’s ability to track the target trajectory and thus
guarantee the users’ safety. This represents a promising result for the development of future devices with
smaller and lighter motors and batteries and thus with increased usability.
This conclusion is confirmed by the fact that reducing the motor torque without including FES generates
bad trajectory tracking, as observed in the MOT0% case of single-joint tests on non-disabled individuals.
This condition was not tested during walking and on impaired individuals for safety issues.
The MOT0% + FES condition also provoked a decrease in the motor current for the knee joint during
swing, reduced by 20.7% and 20.1% for non-disabled subjects and target users, respectively. The same
trend followed by the motor torque and current proves the validity of using the estimated motor torque
as a proxy of the motors’ real exerted output. Few other studies with FES-motor cooperative actuation
in lower-limb exoskeletons included a clear quantification of the motor torque reduction [239].
The higher motor current and torque of MOT100% are due to the greater feedforward torque required
from motors in this condition (α = 100%). Interestingly, a significant difference in motor current and
torque was observed between MOT0% and MOT0% + FES of single-joint tests. Even if they share the
same feedforward contribution, the former case deals with a larger feedback component. In fact, while
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the MOT0% + FES condition overcomes motor torque reductions through FES-induced movements, the
MOT0% one, not including FES, relies on the feedback portion to compensate for reduced motor inputs.
Nevertheless, the feedback component is not enough to achieve good tracking due to the weak gains of
the impedance controller (Ks and Kd). These were set to low values to avoid having a strong and fast
feedback contribution, overpowering the stimulation slow effect in the condition including FES.
The use of low impedance gains allows a "soft" tracking of the target trajectory but not very precise at
the same time. In fact, considering the average position tracking for one representative subject, reported
both in the walking and single-joint case, it can be noticed that it is not perfect. Actually, it is not ideal
also in the MOT100% case and this can be attributed to imperfections of the modeled feedforward torque
provided as input. Nevertheless, considering that the system is designed for walking movements, small
deviations from the target trajectory are admitted.
On the other hand, for joints undergoing synchronous control, no significantly divergent metrics were
observed, as both conditions implemented the same motor control in this case. Specifically, given that it
was a rigid position control, negligible RMSEs were retrieved. In this circumstance, FES was intended
not to induce movements, but rather to deliver a beneficial therapeutic effect. It was also observed that
it did not alter in any way the system functioning.
Taking into account the subjective assessments provided by target users, it can be concluded that, overall,
the system was accepted and received a medium rating, regardless of including the stimulation. Interest-
ingly, when considering the usability score, a difference was instead observed between using the system
with FES (TwinFES ) or without (Twin), with the former receiving a higher evaluation across all users,
except one. Such a result demonstrates that the FES addition improves the system’s usability. This
finding is not obvious considering that the Twin exoskeleton is already a complex system, exacerbated
by the added complexity of the FES integration that reduces the system’s wearability. Nevertheless, this
observation indicates that impaired subjects indeed found the inclusion of FES beneficial for the system’s
usability, despite the aforementioned limitations. Additionally, it is worth emphasizing that all TwinFES
sessions were carried out after Twin ones, which could have potentially reduced the users’ willingness to
utilize it.

Differently from other studies [251], here FES and motor cooperation acted on the same joint and aimed
at reducing the trajectory tracking error, without the need for sophisticated FES-torque models and
time-consuming FES calibrations [189, 193, 265]. The objective was to use FES as a coarse position
controller, with the motor impedance control serving to fine-tune the movement. The fast calibration
procedure, lasting no more than 10 minutes and not requiring further repetitions, makes this approach
suitable for clinical applications.
Hybrid systems also claimed to postpone the onset of muscle fatigue compared to the use of FES alone.
In our case, we could not test the FES-only condition, being not safe during walking, in particular for
non-ambulatory users. Anyways, when considering 50 consecutive strides performed by non-disabled sub-
jects (Figure 2.7(e)), we did not observe an increase in both RMSE and motor torque demand in the last
steps, which would have indicated a clear onset of muscle fatigue. Nevertheless, we cannot definitively
assert that fatigue was delayed since the number of steps should be increased to identify its clear onset.

This study faced some limitations. The cooperative control was only implemented for the knee in swing,
as in previous studies [189]. The limited scalability to the stance phase and to the hip joint was due to
multiple factors: the need to guarantee subjects’ stability during the stance phase (particularly relevant
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for non-ambulatory users), the fact that Quadriceps and Hamstrings have opposite effects on the hip and
knee joint, and the depth of hip flexors which prevents their transcutaneous stimulation [189].
Nevertheless, future studies should consider the possibility of integrating knee locking systems, such as
brakes, to support the knee extension during the stance phase. Indeed, from the tests on target users, we
observed higher values for the motor current integral with respect to those registered with non-disabled
individuals. This is probably due to the fact that a greater effort is needed to sustain those individuals
that are not completely able to maintain the standing posture by themselves. In the direction of decreas-
ing the motors power, the inclusion of locking devices could enable to alleviate the load on motors.
Additionally, the implemented impedance controller was implicit due to the absence of torque sensors
measuring user-robot interaction forces. Future studies should include direct torque sensing to reject
friction disturbances and improve back-drivability [242].
Concerning the testing, users with and without disability were included, but for both groups only a single
walking speed was considered and this was quite slow. Future studies should evaluate the feasibility of the
proposed approach at faster walking speeds, which would be particularly beneficial for impaired subjects
by reducing their challenges in maintaining balance.
Furthermore, the presence of a volitional contribution in addition to FES and motor assistance was not
considered. Nevertheless, given the adaptability of the control system and its independence from a priori
models, we can assume that this contribution would be integrated into the loop. Specifically, if this tends
to reduce tracking errors, then either FES, motor assistance, or both could be decreased. Additional tests
are needed to demonstrate the feasibility of this three-fold cooperation but it seems promising for future
advancements in cooperative controllers for robotics.

2.7. Conclusions
This study proposes a novel hybrid FES-motorized gait system comprising 4 DOFs and up to 8 stimulated
muscles. The developed cooperative controller modulates FES amplitude and motor torque to potentially
delay the appearance of muscle fatigue and reduce the motor power demand while ensuring good tracking
performance and not compromising the user’s safety.
Preliminary tests on non-disabled participants proved the feasibility of the FES-motors integration and
then the system’s functionality was validated both on non-disabled participants and on target users.
Specifically, the following take-home messages could be extracted:

• when FES is integrated with the aim of inducing a functional movement (cooperative control),
there is a significant reduction in the motor’s workload with a simultaneous negligible alteration
of the angular profile;

• when FES is introduced as a proprioceptive factor, it acts independently from the robotic com-
ponent to potentially induce therapeutical benefits, without altering the system’s control and
security;

• the presence of FES increases the system’s usability, indicating that subjects found beneficial the
use of an exoskeleton in which their muscles contribute to the movement;

• the device is suitable to be transferred to clinical settings thanks to the small calibration time
required.
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These conclusions pave the way for the realization of exoskeletons incorporating smaller and lighter motors
and batteries. This trend is in line with the recent shift towards the development of "soft" robots, which
hold promise for enhancing the overall system’s comfort and acceptance.



89

3| Investigation of textile
electrodes for delivering
transcutaneous electrical
stimulation

Chapter Highlights
As previously explained, when talking about the use of electrical stimulation in the clinical field we refer
to the delivery of current to a volume of tissue between a pair of electrodes (cathode and anode). These
latter can be implanted, percutaneous or transcutaneous (superficial), as detailed in Section 1.3.4.
With respect to the clinical application the most used type of electrodes are the superficial ones, ideal for
temporary applications as they can be easily placed and removed. Nevertheless, these electrodes are also
associated with some disadvantages such as the risk of inducing skin irritations and their non-reusability.
Starting from this, research is now moving toward the development of textile-based electrodes, which
could be a valid alternative for long-time and domestic use of FES. They seem to reduce the risk of
skin irritations, due to their good ventilation and flexibility, and could be easily integrated into clothes,
improving the overall efficacy of wearable FES systems.
In the present Chapter, a study is presented in which a novel set of ink-based printed textile electrodes
for FES was developed in collaboration with the Department of Design of Politecnico di Milano.
This study was accepted for publication on Artificial Organs.

The Chapter is organized as follows. Section 3.1 presents the actual literature about existent textile-
based electrodes and their validation. Based on this, Section 3.2 explains the rationale that prompted
the present investigation. Section 3.3 details the procedure we followed both for realizing the electrodes
and for validating them in comparison to standard hydrogel electrodes. Then, Section 3.4 exposes the
study results and the discussion around them. Finally, Section 3.5 summarizes the main findings of the
study and highlights its limitations.
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3.1. State of the Art
When dealing with the rehabilitative field, ES is usually delivered through transcutaneous electrodes,
which can be easily placed and removed and are thus suitable for temporary applications. Conventionally,
these electrodes are represented by self-adhesive, disposable Ag/AgCl pads, interfacing with the skin
through a hydrogel layer which improves the skin contact and assures a homogeneous current flow [122,
284].
These standard electrodes are widely available at a moderate cost and allow an easy and ad-hoc positioning
[285]; moreover, they are advantageous for fixation and good contact with the skin [123]. However, they
are unable to retain moisture for long periods, resulting in a deterioration of skin adherence after a few
applications [122]. The decrease in resistivity due to the drying out of their hydrogel layer causes a
decrease in resistivity that negatively affects the stimulation efficacy and comfort. Additionally, they
can cause skin irritation and allergic reactions in users over time and they cannot be used with different
subjects as it would be completely unhygienic, considering that they cannot be properly sanitized [123,
286].
A further critical aspect lies in the placement of these electrodes because it strongly influences the
stimulation outcomes but, on the other hand, ensuring a precise and repeatable positioning across subjects
and sessions is challenging and necessitates the presence of a trained therapist. This is in contrast with
the general shift from hospital care to home-based care that has been observed recently [258, 259],
which would be desirable to reduce healthcare costs and burden of care for subjects with disabilities and
caregivers because functional activities could be practiced in the actual home environment, without the
necessity to go to hospitals [287].
In this scenario, textile-based electrodes are emerging as a valid alternative for long-time and domestic
use of FES. These electrodes increase the user’s comfort [288], better adapting to the body shape [289],
and reduce the risk of skin irritations, due to their good ventilation and flexibility [123]. Furthermore,
they could be easily integrated into clothes, improving the overall efficacy of wearable FES systems
[290]. In fact, this reduces the donning time, eases the cleaning processes [123] and allows to target
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predefined location of the body without expert knowledge [286], which consequently increases the user’s
independence.

3.1.1. Electrodes characteristics
Various conductive textile materials were investigated and compared for manufacturing textile stimula-
tion electrodes [289].
This process was boosted by the increasing interest in developing wearable electrochemical devices, mainly
realized with the screen printing technology where a printing ink is inserted in a mesh with an appropri-
ately designed pattern and pressed onto the final substrate. Considering the intended wearable use, these
inks should be stretchable and flexible in order to maintain their structural integrity and conductive prop-
erties under conditions commonly experienced by the human body, such as repeated deformations and
stretches. Indeed, these capabilities facilitate seamless integration with the biological tissue, minimizing
potential irritations [291]. A rich variety of ink formulations has been developed, comprising different
materials such as carbon nanotubes, graphene, and noble metal-based nanoparticles, intended to improve
the system stretchability and minimize concentrated stress locations that may lead to crack formations.
Furthermore, there is a focus on tailoring the device’s design so that it can accommodate additional
stress. Promising results were also reported from literature studies that developed textile electrodes for
delivering Neuromuscular Electrical Stimulation, by integrating conductive textiles into fabric strips [123]
or clothes [285, 289].
In general, the mainly employed materials for producing electrodes to be integrated into garments are
inorganic metal conductors [122]. Silver, in particular, is generally used as ink or as particles/flakes in
coating or printing pastes.
Considering the dimension, textile electrodes follow the same guidelines typically used for hydrogel ones:
smaller pad when a high stimulation complexity or selectivity is desired (to avoid activation of motoneu-
rons which in turn co-activates non-synergistic muscles); larger pads to avoid localized electrical field,
thus reducing pain and improving user comfort [122, 292].
Regarding the shape, usually round and rectangular-shaped electrodes are preferred because the former
avoid sharp corners and elongated shapes that may cause needle-like stinging sensations, while the latter
better cover the skin surface and reduce the risk of insufficient selectivity for motor points [122]. However,
in the majority of studies, a water layer at the skin-electrode interface was needed to increase moisture
and conductivity of the skin and guarantee a comfortable stimulation. This also applies to commercial
systems [293, 294] but precise guidelines on the moisturizing process are lacking. According to the review
published by Euler et al. [122], the majority of studies regarding textile electrodes use them in wet con-
ditions with either water, saline solutions or gel, while only two studies [295, 296] employed dry textile
electrodes.
Although these latter studies successfully developed dry textile electrodes that did not exceed users’ pain
thresholds, wet electrodes have shown increased reliability and reduced pain. Zhou et al [123] observed
significantly improved stimulation comfort and motor threshold with wet electrodes. Similarly, Euler et
al. [122] found a significantly lower skin-electrode impedance for the same textile electrode construction
when it was wetted with tap water. An intermediate solution was presented in the work of Dolker et
al. [295] where the skin was moistened with a wet towel before placing the electrodes, making them a
between-state among dry or wet electrodes.
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3.1.2. Production Methods
Taking into account the production methods of textile electrodes and their integration into garments,
Guo et al. [292] have distinguished four different levels of possible integration:

Figure 3.1: Integration levels for textile electrodes in wearable systems. Image taken from [292].

• in level 1 (add on) electrodes are made by weaving, knitting or nonwoven conductive fabrics [122],
whilst textiles only act as a substrate to position them [292]. The integration of conductive fabrics
into garments is realized using embroidery, glue, or detachable fixtures, such as snap buttons or
hook-and-loop fasteners [122].

• in level 2 (integrate onto) electrodes are applied to the textile substrate by coating or printing. Dif-
ferently from the add on class, here the electrode shape and size are defined during the integration
process.

• in level 3 (integrate into) conductive yarns are integrated into the garment by sewing or embroidery,
which guarantees a more robust fixation.

• in level 4 (seamless integration) conductive yarns are seamlessly integrated into the textile non-
conductive substrate by Intarsia or Jacquard knitting as a "pattern". The core characteristic of
this level is that both electrodes and the wearable system are simultaneously created, without
requiring pre or post-processing.

3.1.3. Evaluation Methods
Various quantitative and qualitative methods have been developed to evaluate and compare the electrical
properties and the stimulation comfort associated with different types of electrodes.

Electrical properties: The evaluation of the electrical properties of electrodes considers their general
conductivity, related to the concepts of resistance and impedance, and the current distribution through
their surface. In general, the desired characteristics for electrodes intended for stimulation are a low
resistance or impedance and a homogeneous current distribution, essential to avoid hot spots that may
cause discomfort and pain.
Some methods developed for acquiring these measures are hereby listed, together with the main results
obtained from the literature studies applying them.
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In [286], the electrode resistance was evaluated by applying two identical periodic pulses with a voltage
of 20 V, frequencies of 15 Hz, 30 Hz, 60 Hz and 120 Hz, and fixed pulsewidth directly to the electrode.
The output waveforms were acquired by an oscilloscope, and those obtained from hydrogel and textile
samples demonstrated a similar behavior.
Differently, in [296] the electrical resistance was measured by placing the electrode between two conductive
plates and using a multimeter, subtracting the resistance of the plates in the calculation. Then, the
electrical resistivity was extracted using the formula:

ρ =
R× S

L
(3.1)

where R is the resistance, S is the area of the cross-section and L is the thickness of the electrode.
By comparing this measure in the case of a different pressure applied on the electrode, they notice a
decrease in resistivity with an increase in pressure. This proves that textile electrodes should be placed
tightly on the skin to ensure better conductivity.
In the same study, they also measured the current distribution in nine points on the electrode by applying
current to the conductive yarn layer under the electrode, which then flew via nine conductive pins on top
of it. Then, a heatmap was used to represent the current distribution. Many conductive yarn patterns
with different grid sizes were evaluated and the outcomes showed an influence of the grid size on the
current distribution.
An alternative method to measure the surface resistance of electrodes was employed in [297], applying
the triple method from 16 different points using a multimeter. It also allowed us to retrieve the distri-
bution of the resistance values, which is related to the concept of the current distribution. Moreover,
Signal-to-Noise Ratio (SNR) values of electrodes were calculated using a signal generator to create square
waveforms at 10 V and 60 Hz and employing a digital oscilloscope to collect the signals. Results reported
a higher resistance for conventional hydrogel Ag/AgCl electrodes than almost all tested textile ones, while
comparable SNR outcomes were obtained for the two electrode types.
In the study by Zhou et al [123], the electrode-skin impedance was measured by a potentiostat with a
10-mV (RMS) AC sinusoidal signal in a frequency range from 0.1 Hz to 100 kHz. A two-electrode cell
configuration was applied, by placing a pair of electrodes over the skin with a proximal inter-electrode
distance of 4 cm. Tests were carried out for hydrogel electrodes and both dry and wet textile ones.
Results showed that hydrogel electrodes had a significantly higher resistance than both textiles. With
respect to the impedance, hydrogel electrodes demonstrated an intermediate behavior between wet and
dry textiles.

Intensity thresholds: The definition of subject-specific stimulation amplitude thresholds is a funda-
mental prerequisite when delivering current to humans in order to get the desired effect without causing
any discomfort.
Moineau et al. [285] compared these thresholds for gel and fabric electrodes for NMES. To this aim, they
delivered asymmetric, biphasic and balanced pulses with a frequency of 30 Hz, a pulsewidth of 300 µs
and an increasing amplitude, continuously growing with 1 mA steps. During this ramp, the following
thresholds were identified: the sensory threshold as the one eliciting a consistent buzzing sensation under
the electrodes, the movement threshold as the one inducing a limb movement (not against gravity), the
full range-of-motion threshold as the one fully mobilizing the limb against gravity, the maximal threshold
as the maximum value that the subject could tolerate. Every time one of these thresholds was identified,
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the stimulation was turned off and then on again to repeat the test for confirmation. Overall, the mea-
surement was performed four times to evaluate the consistency of the found values.
A similar analysis was performed by Zhou et al. [123] who delivered monophasic and rectangular stimu-
lation pulses with a frequency of 30 Hz, a pulsewidth of 200 µs and an increasing amplitude, continuously
growing with 1 mA steps starting from 1 mA. In this case, the sensory, movement (referred to as motor in
this case) and pain thresholds were estimated. Similarly to before, thresholds were acquired four times,
with the first two sessions intended to accustom the subject to the stimulation sensation and the other
two used to extract the thresholds’ mean values.

Stimulation comfort: Usually the assessment of stimulation thresholds was combined with qualita-
tive pain evaluation methods, which can be categorized into both unidimensional and multidimensional
questionnaires. The former assess pain as an overall feeling, while the latter consider pain divided into
perception categories. The most common examples of unidimensional questionnaires are the Visual Ana-
log Scale (VAS) and the Numeric Rating Scale (NRS). The VAS method assesses pain on a 10 cm line
where one end represents "no pain" and the other "worst pain". The subject is asked to place a mark
on the position that best represents the perceived pain and the score is calculated as the distance of this
mark from the "no pain" ending. Differently, the NRS method uses a segmented numeric scale from "no
pain" to "worst pain".
Examples of multidimensional questionnaires are the Fhort-Form McGill Pain Questionnaire (SF-MPQ)
and the Transcutaneous Electrostimulation Comfort Questionnaire (TESCQ). The SF-MPQ is a short-
ened version of the McGill Pain Questionnaire that, similarly to its original form, considers 3 classes of
descriptors (sensory, affective and evaluative) but fewer descriptors for the sensory and affective dimen-
sions (15 instead of 78). Each descriptor is ranked on a scale comprising 0=none, 1=mild, 2=moderate
and 3=severe. The TESCQ, instead, is a modified form of the SF-MPQ that, compared to the original
SFMPQ, discards the affective descriptors and adds keywords of pricking, pulling, tingling and stinging
taken from the full version Mc Gill Pain Questionnaire [122, 298].
The main advantage of unidimensional questionnaires is their easy and fast implementation; on the other
hand, multidimensional ones allow a more detailed and multifaceted characterization.

3.1.4. Examples
The study by Moineau et al. [285] describes a pilot study on able-bodied subjects of shirts and pants
containing custom-size electrodes knitted with a conductive yarn for FES delivery. The FES-shirt was
used to perform repetitive drink-like motions by stimulating the anterior deltoid, posterior deltoid, bi-
ceps and triceps, with a stimulation sequence lasting 6s followed by 6s of rest with no stimulation. The
FES-pants, instead, were used to execute repetitive mobilizations of knee and ankle muscles on both legs
simultaneously, with the subject seated on a chair. In this case, the FES sequence lasted 18 s, followed
by 18 s of rest with no stimulation. Results showed that both stimulation comfort and induced muscle
contractions were comparable to that of standard self-adhesive gel electrodes. Further advantages were
the high level of customization that they enabled and their simplicity of use which allowed a significant
saving of time and subject independence in donning/doffing phases. The main limitations highlighted by
the authors were the compressing action, the need to apply water on the outside of the electrode before
stimulation which is time-consuming, the limited selectivity due to the large size of electrodes and the
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simple open-loop FES protocol implemented.
In another study [286], garments were developed for delivering Transcutaneous Electrical Nerve Stimu-
lation (TENS) for pain relief. These were based on the intarsia knitting technique with silver conductive
yarn knitted into a knitwear. The experimental setup aimed to compare the TENS knitwear with the
hydrogel electrode, focusing on washability and conductivity. The former was investigated through 10
washing cycles which did not affect the overall resistance of textile electrodes. The latter, instead, was
explored by applying two identical periodic pulses to both electrodes and comparing the output signals,
acquired by a cathode ray oscilloscope. Also in this case, similar results were obtained, demonstrating
comparable electrical properties and stimulation efficacy for textile and hydrogel electrodes.
However, in all cases, an electrolytic layer at the skin-electrode interface was needed to increase moisture
and deliver a comfortable stimulation. In fact, compared to dry electrodes, wet ones reduce the skin-
electrode impedance and thus the induced pain [299]. This also applies to commercial systems [293, 294]
but precise guidelines on the moisturizing process are lacking.

3.2. Objective of the study
Although the theoretical feasibility of textile electrodes was proved by various literature studies, some
aspects still require a deeper investigation. Examples are the impedance of such electrodes and the need
of a conductive layer to assure an adequate conveying of electric signals at the electrode/skin interface,
related to the resulting stimulation comfort and performance [101].
These aspects are explored in this proof-of-concept study which aims to compare a novel set of ink-based
printed textile electrodes with respect to self-adhesive hydrogel ones, focusing on the following aspects:

• impedance characteristics;

• performance of stimulation-induced contractions during both dynamic and isometric tests;

• perceived stimulation comfort.

The first aspect was fundamental for exploring differences between the two electrodes in terms of current
delivery. Its trend over time was investigated for new and used electrodes and, for textile samples, it was
also studied after washing them. The second one aimed at comparing their efficacy either in providing
an effective functional movement or in inducing muscle fatigue. Additionally, the EMG of the stimulated
muscle was acquired to compare its activity with and without stimulation for the two electrode types and
rule out the presence of voluntary contractions.

The third one allowed the subjective evaluation of their usability and acceptability.
Differently from other works with a limited sample size, only involving one non-disabled individual
[285, 288] or a few spinal-injured individuals [300], here an extensive testing procedure was conducted
involving 14 subjects without disability. Results obtained from the overall study were used to conclude
about possible applications of textile electrodes in rehabilitation, promoting their further employment for
home-based therapies.
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3.3. Materials and Methods

3.3.1. Ink-based printed textile electrodes
Textile electrodes were realized by integrating screen-printed electrodes (commercial ElastaTrode™ by
Conductive Transfers UK Ltd) into cotton strips by thermal adhesivation (Figure 3.2). The electrodes
were attached to the textile using a thermopress at 180° for 20 seconds and with a pressure of 2 atm;
this allows for a permanent and lasting connection that ensures stability of the electrodes both during
washing and sterilization.
The electrodes were built with ink added with conductive powder while the tracks were built with a
conductive and elastic paste. The tracks were covered with thermoadhesive tape to preserve washability
and durability and allow for attaching the electrodes to the textile. The electrode/cable interface was
realized by integrating a metallic button into each electrode terminal to be connected to the button-like
extremities of the stimulator cable. Velcro straps were added to each strip to anchor it to the subject’s
leg.
Screen-printed electrodes (SPEs) are made by thick film deposition onto plastic substrates, where different
types of conductive ink are printed to create the electrode pattern. The ElastaTrode ink-based electrodes
are mainly composed of silver, which ensures good electrical conductivity and reliable signal transmission
while providing an abacterial and washable solution. Despite this, the proprietary nature of the electrodes

Figure 3.2: Back and front side of the used textile electrodes (ElastaTrode™) and zoom on their
composition and the process followed to realize them.
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prevents disclosure of the composition of the conductive material.
The used ink is biocompatible, guaranteeing its safety for prolonged use on the skin, and offers flexibility
and stretchability. This allows the electrodes to conform to body’s movements without causing any
discomfort [123] or compromising conductivity, unlike classical systems based on conductive ink, elastic
conductive wire, or graphene. All these aspects make them ideal for wearable healthcare applications.

3.3.2. Self-adhesive hydrogel electrodes

In the present work, we used self-adhesive disposable Ag/AgCl electrodes (PALS®, Axelgaard Manu-
facturing Co Ltd). These are pre-gelled electrodes as they already incorporate the Axelgaard patented
multi-layer MultiStick® hydrogel. They have a stainless-steel knit fabric design which allows good flex-
ibility and, together with the hydrogel layer, guarantees a comfortable stimulation by evenly dispersing
current and eliminating stinging, edge biting, and hot spots [301]. For the sake of simplicity, these
electrodes will be referred to as “hydrogel” in the text.

3.3.3. Skin-electrode impedance
An estimate of the skin-electrode impedance was carried out with an LCR meter (GW INSTEK LCR-
6000 Series), measuring the impedance over a wide range of frequencies ([10 Hz; 300 kHz]). The device
(Figure 3.3b) has a power cable receptacle used for the power supply and an RS-232 Interface for the PC
connection, enabling the utilization of the corresponding LCR- 6000 PC software for further applications.
The device can be connected to the Device Under Test (DUT) by using a four-terminal measurement
configuration that simultaneously measures four components of complex impedance (parameters) in a
measurement cycle. These include a primary parameter, a secondary parameter and two monitor param-

(a) (b)

Figure 3.3: LCR measurement system: measurement setup with the LCR meter terminals connected
to a pair of electrodes placed on the subject leg (a) and LCR meter device (b), with a zoom on its display.
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eters, which can be set on the SETUP page. On the same page, also the test frequency can be set over a
wide range of possible values. The internal buffer allows the LCR-6000 to store up to 10000 measurement
readings that can be saved to an external USB drive in a .csv file format.
One subject (female, 24 years old) was involved in this measurement. She was seated on a chair and
was required to keep the tested leg in a horizontal position. A pair of electrodes was placed over the
tibialis anterior muscle with a proximal inter-electrode distance of 6 cm [123], as shown in Figure 3.3a.
The electrodes were connected to the LCR meter using two of the four available terminals. Z (absolute
impedance) was set as the primary outcome measure, evaluated with a 1V AC sinusoidal signal at differ-
ent frequencies between 10 Hz and 100 Hz, as this represents the frequency range commonly used in FES
applications. 10 points were obtained for each frequency value and their average was considered. The
test was replicated for textile and hydrogel electrodes and, in both cases, for a set of new and worn-out
electrodes to evaluate their impedance change over time. The term worn-out electrodes indicates sam-
ples used for 15 hours of non-continuous stimulation for textile ones, or for 5 hours of non-continuous
stimulation for hydrogel ones, before the drying of the conductive gel. For textile electrodes, the test was
carried out both with and without the application of a moisturizing cream on the skin.
Additionally, we tested the impedance of textile electrodes after 10 washing cycles. The washing proce-
dure was performed with a standard washing machine, using a delicate detergent and a program with
these parameters: 30°, 400 rpm and 45 minutes. This test aimed to evaluate the durability of textile
electrodes, related to the possibility of cleaning and re-using them.

3.3.4. Tests on non-disabled subjects

Experimental Setup
The experimental setup used for the acquisitions (Figure 3.4) included three main components: a single-
joint test bench, a neuromuscular electrical stimulator and an EMG amplifier.

Test bench The single-joint test bench comprised a Sensojoint 5012 torque-controlled complete drive
(Sensodrive GmbH) working at 1 kHz and enabling knee flexion-extension movements. It includes a
BLDC motor with a 48 V DC voltage supply, a motor controller, a gearbox (Harmonic Drive) plus an
encoder and a completely integrated torque sensor, for the real-time acquisition of the knee angle and
the leg-structure interaction torque, respectively. The leg of the subject was anchored to the structure
mounted on the actuator using two velcro straps at the ankle and the calf. This structure was composed
of an adjustable aluminum bar coupled with the user’s shank and a pedal to hold the foot.
The test bench movements were managed by a general-purpose computer (Linux-based OS) through
EtherCAT-based communication. The computer was sending time-by-time packages to the motor in a
master-slave configuration using the Power Of Ethernet (POE) protocol.

Stimulator The test bench was integrated with the stimulation block which consisted of a current-
controlled stimulator (MotiMove-8, 3F - FIT FABRICANDO FABER, Serbia). It generates asymmetric
biphasic pulses with exponential discharge and allows to vary the stimulation parameters in the following
ranges: frequency from 1 to 500 Hz, pulsewidth from 50 to 1000 µs and amplitude from 1 to 170 mA,
with steps of 1mA. It has a rechargeable Li-Ion battery, Bluetooth communication with a PC or a Tablet,
a remote controller with a safety switch to stop the stimulation and I2C buses for communication with
external sensors and actuators. An RS485 communication link (Baud 115200, Data 8bit, Stop 1bit, No
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Figure 3.4: Schematic representation of the experimental setup: single-joint test bench, electrical
stimulator connected to a pair of electrodes (textile in this case) and EMG system recording the Rectus
Femoris muscle activity. Dotted lines indicate the connections between components.

parity) allows the research mode use, in which the stimulator acts as a slave device, which is the modality
used in the present work. The stimulator is then connected to the electrodes through monopolar stimu-
lation cables and stimulation is delivered in the pulse-by-pulse modality where each command generates
one pulse for each channel (8 channels available), allowing a better control of the stimulation delivery.
The stimulator was connected via USB (RS485) to the general-purpose computer (Linux-based OS), the
same one used for the test bench control. It was sending time-by-time packages to the stimulator in a
master-slave configuration to modulate the stimulation parameters at a frequency of 40 Hz.
For the purpose of this work, only one channel was connected to a pair of stimulation electrodes since
only one muscle (the Rectus Femoris of the right leg) was stimulated.
Two electrode types were alternatively placed over the muscle belly: either self-adhesive disposable
Ag/AgCl electrodes (PALS®, Axelgaard Manufacturing Co Ltd) or ink-based printed textile electrodes
described in the previous paragraph and shown in Figure 3.2. Electrodes were matched in terms of size,
which was equal to 5x9 cm.

EMG system The EMG system was a SAGA 64+ Device (TMS International), which is a DC-coupled
electro-physiological amplifier characterized by low input noise (<1 µV), high input impedance (> 1
GΩ), high common mode rejection ratio (equal to 100 dB at 50/60 Hz) and high resolution (24 bits).
The system has a maximum sampling rate of 4 kHz, an input range from -150 mV to +150 mV and
allows for both common and average reference amplification. It uses active signal shielding to minimize
the electrode cable capacitance and thereby minimize cable movement artifacts and sensitivity to main
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interferences (50/60 Hz). The SAGA device consisted of a Data Recorder and a Docking Station. The
former was intended to capture and digitize electrophysiological signals and/or sensor data; the latter
acted as a data receiver, transmitting data to the acquisition PC. The Docking Station was connected to
a second general-purpose PC (HP Pavilion laptop) via a USB cable. This connection was used to transfer
data to the PC, where they were stored for further processing, and to control the device by sending
commands from the application software to the SAGA system.
The main application software is the TMSi Polybench, the framework on which another software (SAGA
Quick Recording Application) was built. This latter contains an interface to manage the recordings with
the SAGA system and configure the SAGA Data Recorder.
We employed bipolar input connectors (BIP 1-2 and BIP 3-4) characterized by a pair of cables, for the
positive and the negative input signal, the difference of which is recorded. The reference is represented
by a separate lead connected to the GND input.
In the present work, the SAGA device was used to acquire the EMG signals of the Rectus Femoris of the
right leg at a sample frequency of 4 kHz. EMG signals were recorded by connecting a bipolar cable to
disposable snap-on electrodes; in particular, silver chloride circular (recording diameter of 24 mm) surface
Ag/AgCl pre-gelled self-adhesive electrodes (Kendall H124SG) were used, placed according to SENIAM
[302] with an inter-electrode distance of about 2 cm.

Experimental Protocol
The acquisition protocol aiming at comparing textile and hydrogel electrodes adheres to the Helsinki
Declaration and the Ethical Committee of Politecnico di Milano (Nr 13/2021) approved it. The following
inclusion criteria were defined:

• good health status;

• age > 18 years old;

• intact skin;

• good tolerance to electrical stimulation.

All subjects voluntarily agreed to participate and provided their written informed consent before starting
the acquisition. They had minimal or no prior experience with FES.
The experimental protocol (described in Figure 3.5) consisted of 4 different tests (thresholds identification,
dynamic test, isometric test and comfort evaluation) and was repeated for both electrode types (labeled
type A and B). At the beginning of the test, a randomization procedure was applied to assign each
subject either to group 1 (type A electrodes: hydrogel, type B electrodes: textile) or group 2 (type A
electrodes: textile, type B electrodes: hydrogel). In this way, any bias due to the accommodation to the
stimulation sensation was removed from the results. To ensure the same electrodes’ placement among
tests, the position of the first pair of electrodes was marked on the subject’s leg.
Each acquisition started with the threshold identification for type A electrodes, followed by a 3-minute
pause to let the muscle cool down, and then thresholds were identified for type B electrodes. Subsequently,
dynamic and static tests were performed, first with type B electrodes and then with type A ones. A
pause of 10 minutes was inserted before repeating these tests for the second type of electrodes because
the static test could have induced muscular fatigue. Finally, the last step was filling out the post-training
questionnaire to evaluate the stimulation comfort with both electrodes.
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Figure 3.5: Flow chart of the acquisition protocol.

At first, the test bench size was adjusted to the length of the right leg of the subject (four different levels
were available) and then the leg was anchored to the structure by using two velcro straps. Before starting
with acquisitions, each subject was required to perform three consecutive voluntary extensions and the
mean value of the reached angle was saved as the specific maximum extension angle for the subject, and
used for further normalization. During this phase the motor was in transparent mode, meaning that it
compensates for its inertia, gravity and friction in order not to interfere with the movement.
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For all tests, the stimulation pulsewidth and frequency were fixed at 400 µs and 40 Hz, respectively.
During the overall protocol, subjects were asked to stay as passive as possible in order not to interfere
with the task. To quantify the eventual voluntary participation of subjects in the movement, the surface
EMG of the right leg Rectus Femoris (RF) muscle was recorded by using a single acquisition channel. To
reduce the electrode-skin impedance, the skin area over the muscle was adequately prepared by shaving
and cleaning it with alcohol before placing snap-on EMG electrodes. When textile electrodes were used,
also a thin layer of moisturizing cream was spread over the skin under the electrodes and then removed
with alcohol before placing hydrogel samples to avoid any performance perturbation.
All protocol steps are hereby detailed:

• Thresholds Identification. To provide safe currents to subjects and customize the stimulation de-
livery according to each one’s tolerance level, individual stimulation thresholds were identified.
During this phase, the motor was in transparent mode, allowing the leg to freely swing. An in-
creasing current, from 0 mA with 1 mA

s steps, was delivered to the subject’s Rectus Femoris and
sensory (T1 ), movement (T3 ), maximum (T4 ) and pain (T5 ) thresholds were identified.
T1 was defined as the current value at which the stimulation started to be felt by the subject,
while T5 as the one over which FES was not tolerated anymore; both levels were verbally reported
by participants. T3 and T4, instead, were the current values inducing a first leg movement and
the full knee extension, respectively; both values were automatically identified through the encoder
angle: T3 as the value inducing a knee angle change of 2° from the initial position, T4 as the
one inducing a knee extension over 80% of the subject-specific maximum extension angle. An
additional threshold, defined as motor threshold (T̂2), was defined as the stimulation intensity for
which motor fibers were activated and was only estimated during the protocol execution as T3
minus 2 mA. The accuracy of this estimate was then assessed by comparing T̂2 with the real motor
threshold value T2, retrieved through the offline analysis of the EMG signal.
The overall procedure was repeated four times for each type of electrode: the first one was in-
tended as a familiarization of the subject with the sensation of the surface stimulation, while the
other three (experimental trials) were used to compute the mean and standard deviation of each
threshold value, to account for intra-subject variability.

• Dynamic Test. In this phase the motor was in transparent mode, allowing free swings of the leg
while recording its angular position. A rising current was delivered in the form of a 5-steps ramp
(Figure 3.6), from T̂2 to a level in the [T̂2; T4 ] subject- and electrode-specific range. Each step of
the ramp was tested 3 times for a total of 15 movements and the step-wise increase (δ) between
them was computed as:

δ =
(T4− T̂2)

NumberOfLevels
(3.2)

The FES wave was shaped to induce the knee extension and support its flexion, supposed to occur
passively under gravity. Each single movement (zoomed in Figure 3.6) lasted 4 seconds. The first
2 seconds were intended to induce knee extension: they included 1 second of increasing current
from T̂2 to the maximum, shaped as a beta-function, followed by 1 second of constant current.
Then, as flexion was supposed to occur passively under gravity, the current was linearly decreased
to T̂2 in 0.5 seconds and then maintained constant to zero for 1.5 seconds. At the beginning of
the test, 2 seconds before starting the stimulation, a single biphasic pulse at 10 mA (pulsewidth
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Figure 3.6: Shape of the current wave used for the dynamic test. It includes the EMG trigger followed by
15 flexion/extension repetitions, 3 repetitions for each of the 5 tested levels, with an amplitude difference
of δ. A zoom on the shape of the single generic extension is added.

of 400 µs) was delivered and was then used as a trigger to synchronize the EMG signal with angle
and torque signals acquired by the test bench.

• Isometric Test. In this phase the motor was locked, keeping the knee flexed at 90° without allowing
any movement. The current level was increased from T̂2 to T4 with a 2-second ramp and then kept
constant (Figure 3.7). The test was stopped when the mean torque, computed from the loadcell
value with a moving average over a 500 ms window, went below 50% of its maximum value. As
in the previous test, 2 seconds before switching on the stimulation, a single 10 mA biphasic pulse
was delivered to synchronize the EMG signal acquisition.

Figure 3.7: Shape of the current wave used for the isometric test. It includes the EMG trigger followed
by 2 seconds of pause, 2 seconds of increasing ramp from T̂2 to T4. Then current is maintained constant
until the end of the test.

• Comfort Questionnaire. At the end, each participant was required to fill the Transcutaneous
Electrical Stimulation Comfort Questionnaire (TESCQ), a modified form of the short-term McGill
questionnaire [298] (Figure 3.8), to judge the stimulation comfort for both electrodes.

Data Analysis and Statistics
EMG analysis The EMG signal was filtered with an 8-th order high-pass Butterworth filter with a cutoff
frequency of 20 Hz. Stimulation artifacts were identified with a thresholding analysis on the differential
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Figure 3.8: Transcutaneous Electrical Stimulation Comfort Questionnaire (TESCQ) filled by subjects
after completing the protocol, both for textile and hydrogel electrodes.

EMG (when the difference in EMG amplitude among consecutive samples was > 100 mV). For each
stimulation window lasting 25 ms (equal to the stimulation period), the first 3.7 ms were blanked as
corresponding to the stimulation artifact in our data. The following 20 ms were considered as signal
regions where the muscle activity could be observed. The EMG signal was used to extract:

• Motor threshold (T2). This was obtained through the analysis of the evoked M-wave in the
EMG signal acquired during the threshold identification test. Specifically, in the 20 ms windows
considered, a signal deviation from baseline exceeding 5 mV was categorized as an M-wave [303].
T2 was set as the average across the three repetitions of the minimum current levels at which the
typical M-wave shape first appeared.

• Voluntary participation during FES-induced muscle contractions. This was quantified by analyzing
the 20 ms windows of the EMG signal acquired during static and dynamic tests. The power of the
volitional EMG was computed during phases without stimulation (REST) and with stimulation
(STIM-ON). The REST phase consisted of the 2 seconds between the time point at which the
synchronization trigger was sent and the start of the stimulation ramp.
For each window, the mean was removed and an adaptive filter was applied, following the procedure
described in [304]. The present stimulation period was predicted from a linear combination of M
foregoing stimulation periods. The output of the filter was computed as:

eEMGv(n) = EMGf(n)−
M∑
j=1

bjEMGf(n− jN) (3.3)

where eEMGv is the voluntary EMG estimated by the filter, EMGf is the measured EMG af-
ter windowing and high-pass filtering, M is the number of previous stimulation periods used for
prediction (M=9 in our case), and N is the number of samples of each stimulation period. The
optimal filter coefficients (bj) were updated after each stimulation period by solving a least square
algorithm based on the minimization of the output energy of the current stimulation period with
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respect to the filter coefficients (Cholesky decomposition). After extracting the power of eEMGv

for both REST and STIM-ON phases, the respective mean values were computed.

Based on the analysis of position and torque sensor data, as well as of the stimulation parameters used
during the trials, the following outcome measures were computed for both electrode types.

Thresholds Identification

• Mean and Standard Deviation of thresholds. For each threshold and each subject, the mean and
the Standard Deviation (SD) was computed across the three repetitions.

Dynamic Test

• Mean Range of Motion for each stimulation level. For each subject, the knee angular trajectory
was normalized with respect to his/her specific maximum extension angle. A moving average filter
(400 ms window) was applied to the normalized signal and the Range Of Motion (ROM) achieved
for each of the 15 movements was registered. Then, the mean value among the three ROM values
obtained for each stimulation level was computed.

Isometric Test

• Peak Torque. A moving average filter (500 ms window) was applied to the torque signal and the
maximum value of the filtered interaction torque since the onset of the stimulation plateau was
computed.

• Time-To-Fatigue (TTF). The time interval between the Peak Torque and the 50% drop in the
torque level with respect to the Peak Torque. This condition was hypothesized to coincide with
the appearance of muscle fatigue.

• Total Duration. The time interval from the onset of the stimulation plateau to the end of the test.

• Torque Integral. The area below the torque by time graph, considering Total Duration as theime
interval.

Comfort Questionnaire The items of the TESCQ questionnaire were grouped into cutaneous, deep and
general categories. The cutaneous category included stinging, hot burning, sharp, stabbing and pricking;
the deep one included pulling, aching, gnawing, and cramping; the general one included splitting, tender,
tingling, shooting and throbbing.
For each item, the following quantities were computed:

• Total Score. The sum of scores among all subjects.

• Median and Inter-Quartile Range (IQR). The median and IQR considering all subjects’ scores.

The statistical analysis was conducted to compare the outcome measures obtained with hydrogel and
textile electrodes.
Once proved that data followed a non-normal distribution (using the Kolmogorov-Smirnov test), the
non-parametric Wilcoxon matched pairs test was applied for all outcomes except questionnaire reports.
In that case, in fact, subjects were asked to rate 14 items and thus a Generalized Linear Mixed Model
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(GLMM) was applied considering ratings of all subjects across all items and using Electrode type, Item
and their interaction as main factors. The Bonferroni method was used to correct for multiple compar-
isons.
All data elaboration and statistical analysis were performed in MatLab 2021b (MathWorks), except for
the GLMM that was performed in SPSS Statistics (IBM).

3.4. Results and Discussion

3.4.1. Skin-electrode impedance

(a) (b)

(c)

Figure 3.9: Impedance [kΩ] as a function of frequency [Hz]. Panel a is relative to new textile electrodes
without cream (no moisture) and with cream. Panel b is relative to new and worn-out samples for
both hydrogel (blue lines) and textile (pink lines) electrodes (always moisturized). Panel c is relative
to new textile samples both pre (circle marker) and after (triangle marker) 10 washing cycles. Markers
correspond to discrete values recorded with the LCR meter.

This first test was intended to evaluate the electrical properties of the studied electrodes. Indeed, given
their influence on the resulting stimulation effectiveness and perception, it represents a crucial step to be
carried out before performing stimulation tests on human subjects.
Figure 3.9a reports the impedance value recorded for new textile electrodes both with and without the
application of moisturizing cream on the skin. The graph was obtained by interpolating the impedance
data measured through the LCR meter and by displaying them as a function of frequency. It is evi-
dent that the moisturizing layer significantly decreases the electrodes’ impedance. This observation is in
agreement with other literature studies [122] and proves the necessity of applying a moisturizing layer
on the skin before delivering FES through textile electrodes in order not to provoke painful sensations
[299]. We can suppose that the presence of this conductive layer reduces the impedance of such electrodes
and makes them comparable to hydrogel ones. In this work, the cream was used as moisture and was
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preferred to water as it avoids the wetness feeling on the skin [122]. Figure 3.9b, instead, reports the
impedance for new and worn-out samples of both hydrogel and textile electrodes. For the latter ones, we
only consider the case in which they were applied together with the moisturizing cream because it allows
us to have comparable impedance values for the two electrode types.
For all samples, the impedance decreases as the frequency increases.
Comparing hydrogel and textile samples, a higher impedance is observed for the former ones, both in
the new and worn-out case. This could be attributed to a different amount of conductive material (gel
for the former and moisturizing cream for the latter) at the electrode-skin interface. In fact, it was not
possible to precisely control the amount of applied moisturizing cream. At the stimulation frequency (40
Hz), the impedance of new and worn-out samples is equal to 14.6 kΩ and 16.1 kΩ for hydrogel electrodes
and to 9.3 kΩ and 10.3 kΩ for textile ones.
Focusing on the electrodes’ behaviour over time, instead, it can be noticed that both types of electrodes
display a slightly higher impedance in the worn-out case compared to the new samples, probably due to
the gradual drying of the conductive layer over time.
Lastly, Figure 3.9c evaluates the washability of textile electrodes. In particular, we performed 10 washing
cycles and evaluated the impedance of new textile electrodes before and after the washing cycles. The
impedance shows a slight increase after 10 washing cycles, reaching values comparable to those observed
for worn-out textiles (panel b), with a value of 10.1 kΩ at 40 Hz. Given that the washing procedure does
not significantly impact the impedance value, we can conclude that our textile electrodes can be washed
and reused for some time.

3.4.2. Tests on non-disabled subjects
After establishing comparable electrical properties between hydrogel and moisturized textile electrodes,
their effectiveness and usability as FES-delivering electrodes were assessed through tests on non-disabled
participants.
Sixteen non-disabled subjects were recruited, but then only fourteen of them (8 females and 6 males,
mean age of 24.9±1.9 years old) took part in the experimental protocol. For each subject, the current
amplitudes used during the experimental procedure were adjusted to the personal feeling of stimulation
by registering the stimulation thresholds, defined as the current levels at which a different movement or
sensation was generated by FES.
Figure 3.10a reports the boxplots of all stimulation thresholds. For all thresholds, no significant differences
were found in the values recorded for textile and hydrogel electrodes (Wilcoxon test, p-value>0.05).
Additionally, for the motor threshold, its real value T2 was extracted from the M-wave analysis and
compared to its estimated value T̂2. EMG data were available for 13 out of 14 subjects, due to acquisition
problems. Figure 3.10b reports this comparison for both hydrogel and textile electrodes. In both cases,
no significant differences were found (Wilcoxon test, p-value>0.05).
Thus, we can conclude that these levels were comparable for the two electrode types. This result assumes
particular relevance for the motor threshold (T2) as it strictly relates to the muscle response. In fact, its
value was computed by analyzing the M-wave induced in the EMG signal. This was done for 13 out of
14 subjects because for one subject EMG data were not available due to acquisition problems. Then, a
pairwise comparison was carried out between T2 and its estimated value T̂2 and, both for hydrogel and
textile electrodes, no significant differences were found (Wilcoxon test, p-value>0.05).
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(a) (b)

Figure 3.10: Boxplots of stimulation thresholds recorded during the test (a). For the motor threshold
T2, also the boxplots comparing its estimated value (T2) and its real value T̂2, as retrieved from EMG
recordings, are displayed (b). This latter graph only considers data from 13 subjects out of 14.

Regarding the dynamic test, boxplots of the normalized ROMs are displayed for each stimulation level
and both types of electrodes in Figure 3.11. No significant differences (Wilcoxon test, p-value>0.05)
were registered between the two electrode types for all levels, except L1, in which a slightly higher ROM
was found for the textile electrodes. However, considering that L1 is the level with the lowest current
amplitude, not much relevance was given to this result.

Figure 3.11: Boxplot of the normalized ROMs performed during dynamic tests for the 5 stimulation
amplitudes (L1-L5). For each subject, the normalization is computed with respect to the maximum
extension angle achieved by each subject during the initial voluntary contraction.

Regarding the isometric test (Figure 3.12), no statistically significant differences emerged between the two
electrode types (Wilcoxon test, p-value>0.05) for any metrics. Only a trend towards a higher variability
can be observed for Time to Fatigue and Torque Integral for textile electrodes.

The similar outcomes observed in dynamic and isometric tests demonstrated that the two electrodes
behave similarly in terms of movement and generated torque. In all tests we observed a higher variability
for textile electrodes which could be caused by the non-repeatable moisturizing procedure. The results’
variability may have also been influenced by the less stable positioning of textile electrodes that are not
stuck to the skin.
Following the signal processing described in Section 3.3.4, the estimated volitional EMG (eEMGv) was
extracted from EMG signals recorded when stimulation was on (STIM phase) and off (REST phase)
during the Dynamic and Static Tests. In particular, for the former one, the analysis was performed on
signals coming from 12 of the 14 subjects (ID10 and ID13 excluded); while for the latter one, the analysis
was performed on signals coming from 11 of the 14 subjects (ID4, ID6 and ID10 excluded). Data were
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Figure 3.12: Boxplots for the metrics recorded during the isometric test: Max Torque, Time To Fatigue
(TTF), Total Duration and Torque Integral.

discarded due to a failed connection of the EMG system.
The estimated volitional EMG was estimated both in the presence of stimulation artifacts and M-waves
(STIM phase) and without stimulation (REST phase). Considering that subjects without disability were
involved in the tests, this step was necessary to verify if any volitional contribution was present during
the experimental procedure.
Figure 3.13 shows the estimated volitional EMG (eEMGv) during the dynamic and the isometric test
for both REST and STIM-ON phases. For both electrode types and tests, no significant differences were
found between the two phases. Only a trend towards a higher variability was observed when stimulation
was ON, as expected, but it was not statistically significant.
As subjects were asked not to voluntarily participate during trials, this result was expected and desired.
Anyhow, this verification allows us to rule out that the volitional participation of subjects might have
altered the test results.

The similarity between the two electrodes was also confirmed by questionnaire reports about comfort
evaluation. Table 3.1 reports the TESCQ scores summed across subjects for each item. The direction of
the arrow next to each item indicates a higher comfort; for all items, but tender (which is a “positive”
sensation), the lower the score, the higher the comfort.
Cutaneous sensations displayed similar values for the two electrode types, while deep and general cat-
egories showed higher values in the hydrogel case for all items, except for tender, overall suggesting a
better acceptability and comfort perceived in the case of textile electrodes. Across subjects, the sensation
with the highest rating for both electrode types was tingling.
Figure 3.14 reports the median value of the TESCQ scores for all items. Similar results were achieved
for both types of electrodes, except for prinking, cramping, splitting and throbbing for which the hy-
drogel electrodes resulted to be less tolerated, and tingling for which the opposite occurred. However,
for all items, no statistically significant differences were recorded between the two electrode types (p-
value=0.39). Furthermore, the Item x Electrode interaction was not significant (p-value=0.79).
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Figure 3.13: Mean power of eEMGv. Data from 12 subjects are considered in the Dynamic test, while
data from 11 subjects are considered in the Isometric test.

Hydrogel Textile

Stabbing ↓ 8 8

Pricking ↓ 22 21

Sharp ↓ 18 13

Stinging ↓ 15 15
Cutaneous
category

Hot burning ↓ 15 16

Pulling ↓ 14 12

Aching ↓ 17 11

Gnawing ↓ 5 3
Deep
category

Cramping ↓ 22 19

Splitting ↓ 10 6

Tender ↑ 4 7

Tingling ↓ 33 31

Shooting ↓ 14 9
General
category

Throbbing ↓ 25 18

Table 3.1: Sum across subjects of all TESCQ items scores for the two types of electrodes. The direction
of the arrow indicates greater comfort.

Overall, the experimental procedure did not show significant differences between the two types of elec-
trodes in terms of stimulation thresholds, induced muscle contractions under dynamic and isometric
conditions and perceived comfort, for all fourteen tested subjects.
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Figure 3.14: Spider plot of the scores of all TESCQ items. Solid lines connect the median values of
items across subjects while the shaded area represents their IQR.

3.4.3. Limitations
The collected results represent a promising finding and serve as a starting point toward replacing hydro-
gel electrodes with textile alternatives. Nevertheless, further investigations are needed as this study is
associated with some limitations.
Among them, the main limitation is the necessity for a moisturizing procedure when using textile elec-
trodes. It is beneficial in terms of comfort but makes the effect of the textile-delivered stimulation less
repeatable, as it is not possible to exactly quantify the amount of used cream. Additionally, we proved
that our textile electrodes can resist some washing procedures, but further studies should be conducted
to test their durability in sterilization and stretching processes. Another drawback of our study is the
fact that we could not evaluate the electrodes’ stability during movements, considering the static nature
of our tests. Thus, it would be relevant in the future to explore whether these electrodes stay in place
or move while performing daily life activities, such as walking. A further intrinsic limitation of textile
electrodes is their high cost. However, this primarily pertains to the fabrication of the initial sample,
whereas the production of duplicates is cheaper. Thus, a cost analysis is suggested to understand whether
the expenses for both electrodes become comparable when considering large-scale production.

3.5. Conclusions
In the last decades, textile electrodes have been investigated as an alternative to conventional hydrogel
ones for surface Functional Electrical Stimulation (FES) applications. Their main advantages are the
flexibility, washability and ease of integration into clothes.
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This proof-of-concept study developed a new set of ink-based printed textile electrodes for FES and
tested their efficacy in comparison with state-of-the-art self-adhesive hydrogel electrodes on human sub-
jects. The focus was on exploring electrodes’ properties in terms of current conductivity, stimulation
performance and usability for guiding further use of textiles in rehabilitation practices.
The overall results showed no significant differences between textile and hydrogel samples, both in terms
of movement performances and painful sensations. Thus, despite the mentioned limitations, the proposed
textile electrodes are a valid and innovative alternative to hydrogel ones. In particular, they represent
a starting point in the attempt to realize garments for the FES delivery and integrate electrodes into
clothes to ease donning and doffing procedures. Smart textiles would enable the domestic and long-term
use of electrostimulation, which is particularly relevant considering the current shift towards home-based
care for individuals recovering from SCI and stroke, as opposed to traditional hospital care [258, 259].
In the future, it might be interesting to explore the potential integration of EMG electrodes in the same
smart garments to have the possibility to simultaneously measure and stimulate the muscles so as to
develop EMG-controlled neuroprostheses which have been shown to enhance neural plasticity [152] and
motor recovery [305].
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Chapter Highlights
This chapter offers an overview of transcutaneous SCS, focusing on its working principles and potential
applications. In particular, Section 4.1 details the state of the art about tSCS, its parameters setting
and its usage as a rehabilitation tool in spinal injuries. Then, Section 4.2 presents the aim of the two
preliminary studies hereby described, one on non-disabled individuals and one on subjects with SCI. The
Materials and Methods of both studies are reported in Section 4.3 while their Experimental setup, Data
analysis and Results and Discussion are divided into two sections, Section 4.4 for the one on individuals
without disability and Section 4.5 for the one on people with SCI. Lastly, the Conclusions (Section 4.6)
contain the main take-home messages of the study, together with some considerations about possible
future works.
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4.1. State of the Art
At the spinal cord level, the afferent terminals triggered by tSCS make synaptic contacts with many
homonymous and heteronymous spinal moto-neurons and interneurons. These latter integrate supraspinal
information with the one from these synapses to generate the final motor output. Thus, rather than in-
ducing a motor output by itself, tSCS can be intended as a technique to increase the excitability state
of spinal circuits. Indeed, it could strengthen residual supraspinal inputs reaching the spinal cord and
make them capable of inducing an Action Potential (AP).
Therefore, motor fibers are activated through a reflex activity, referred to as Posterior Root Muscle Re-
flex (PRM reflex), which can be observed in the EMG recordings of the main leg muscles as the motor
response to single pulses of current. Its characteristics and a complete comparison with the H-reflex were
introduced in Section 1.4.3.
Given its potential benefits on the motor system, in the past decades, spinal stimulation has been pro-
posed as an effective rehabilitation tool in neurologically impaired individuals, in particular in the SCI
scenario. Originally, SCS was developed as a chronic pain treatment in the 60s with the epidural (invasive)
approach. It was based on Melzack and Wall’s (1965) gate control theory for peripheral neuromodulation
of pain perception. Later, around the 70s, the motor effects of epidural spinal stimulation were investi-
gated, opening a new research line and highlighting the potential rehabilitation role of the technology.
The first decades of research and development focused on epidural stimulation; then, in the late 90s, tran-
scutaneous SCS (tSCS) was introduced. This research was triggered by the discovery of low-threshold
sites in the posterior structure of the human lumbosacral cord that could be accessed from the surface,
causing muscle twitches [306]. Indeed, in the following decade, the motor reflexes elicited by non-invasive
stimulation were studied and fully characterized [214], showing that posterior root afferents could be
accessed by tSCS.
Alongside the discussion about the rehabilitative effects of SCS, multiple studies investigated the neuro-
plasticity effects of both epidural and transcutaneous SCS [212], highlighting its potential benefits and
influences on the CNS structures. In the past decade, both the invasive and non-invasive approaches re-
ported significant results, with both clinical and technical improvements. Focusing on tSCS, it reported
significant results in motor recovery and neurorehabilitation, improving stepping [218] and walking [231]
performances, and effectively reduced spasticity [225, 226] in neurologically impaired individuals. Fur-
thermore, tSCS was suggested as a neuroprosthesis to promote locomotor-related physiological changes
within the SC circuitry [224]. Particularly when combined with functional motor therapy, this stimulation
was proved to induce neuroplasticity after SCI [307]. Indeed, the combination of SCS with the execution
of movements, involving efferent motor commands (residual voluntary activations) and afferent proprio-
ceptive information, is crucial for beneficial neuroplastic changes because both endogenous and exogenous
(FES-induced) signals increase the firing probability of anterior horn cells, following the Hebbian-type
learning effect [87, 211]. These benefits allowed this technology to become a competitive alternative to
the invasive epidural solution. Indeed, complications related to the invasive approach have been high-
lighted in the past years [217], contributing to increased attention towards tSCS, especially in the motor
rehabilitation setting, where temporary and less invasive solutions are preferred. A complete comparison
of the invasive and non-invasive approaches for SCS was discussed in Section 1.4.3. Among the main
advantages of the transcutaneous approach, we have its non-invasiveness, easy accessibility and cost-
effectiveness. The main disadvantage, instead, lies in its low selectivity. The following paragraphs discuss
the technical aspects of transcutaneous stimulation and their relevance within rehabilitative scenarios.
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4.1.1. tSCS parameters and setting
In literature, a variety of protocols, pulse sequences and electrode placements have been employed for
tSCS, allowing a standard framework for the application of tSCS.
Malik et al. [308] proposed a scheme (shown in Figure 4.1) defining the minimum set of parameters
required to report SCS in spinal cord injury research. As depicted in the figure, the proposed frame-
work identifies three parameters’ categories: (1) SCS characteristics, which describes the pulse sequences
imposed, (2) SCS intervention, which details the followed intervention protocol, and (3) SCS hardware,
which specifies the stimulator and electrodes hardware.

Considering tSCS applications reported by literature studies, their main characteristics are hereby listed:

• Frequency: pulse trains were delivered with frequency bursts from 5 to 30 Hz and a carrier
frequency from 2.5 to 10 kHz [234, 309, 310]. Concerning the carrier frequency, studies yielded
valid results regardless of its application. Currently, there is little solid justification for its use,
except for its ability to decrease the sensitivity of noci-receptors, consequently reducing discomfort
and pain induced by the stimulation. The issue of High-Frequency (HF) carriers was settled by
Dalrymple et al. [311], who discouraged their use. In fact, by comparing the two delivery methods,
they concluded that no benefits come from employing HF carriers as these are comparable to
the conventional approach for stimulation comfort and less efficient in terms of Motor Evoked
Potential.
Other therapeutic experiments selected either biphasic or monophasic rectangular waves with
frequencies in the [1–90 Hz] range, with [20–30 Hz] being the most common one in motor-oriented
protocols [224, 312–315].

• Amplitude: current amplitudes span from 10-20 mA to 100-200 mA, and it is often chosen as the
maximum bearable amplitude for the subject. Defining threshold the amplitude at which a visible
PRM reflex is observed, an over-threshold current level is used for PRM reflex identification and
analysis, while continuous stimulation is usually delivered at a threshold or under-threshold level
(around 80% of the threshold).

• Pulsewidth: the square waves’ pulsewidth (PW) is often around 0.5-2 ms, and inter-pulse width
depends on the stimulation frequency.

• Wave shape: usually rectangular waves are used, both biphasic and monophasic. Inanici et al.
[316] compared the two modalities during cervical tSCS and reported that monophasic stimulation
improved strength, whereas biphasic stimulation promoted fine motor skills. For sustained pulse
trains lasting several seconds, the biphasic configuration is preferred because being charge-balanced
it does not induce net polarization, avoiding skin irritation and potential skin damage.

• Electrode configuration: the bipolar electrode configuration was observed to generate a more
localized electric field, affecting spinal segments more selectively [317].

• Electrode placement: in most studies, the cathode was positioned dorsally and consisted of one
electrode over the longitudinal axis of the spine or a couple of electrodes placed laterally to the
median of the spine (one on the left and one on the right). The vertebral level most commonly
stimulated to target the lower limbs was T11-T12, which appears to be the most favorable location
for activating the Central Pattern Generator (CPG) [317]. Exceptions are two studies [318, 319]
that placed the cathode in T10 and a second electrode on the coccygeal bone [219, 234] and
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Figure 4.1: Minimum parameters framework to report SCS. Figure from Malik et al. [308].

three studies that targeted the L1-L2 lumbar area [310, 320, 321]. For targeting the upper limbs,
instead, the cathode site varied between C3-C4, C5-C6 or C6-C7 [309, 314, 315, 322]. On the
other hand, the anode position varied between the anterosuperior iliac spine (ASIS) and the iliac
or para-umbilical ridges on the anterior abdomen, with two studies [318, 319] recording the use of
both positions depending on the user comfort.

• Body position: Most therapeutic interventions targeting lower limb responses were conducted in
the upright and/or supine position. Sitting position was evaluated for trunk control and balance
[310] and also described in one study for lower limb control [231]. Danner et al. [323] investigated
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the influence of the body position on the neural structures’ recruitment during lumbosacral tSCS.
They reported that supine and standing positions were ideal for the selective stimulation of sen-
sory fibers. In fact, when stimulating non-disabled subjects in the prone position, a concomitant
stimulation of motor fibers was observed.

• Dose: when part of a clinical or rehabilitation protocol, multiple sessions are performed, with
durations spanning from 5 to 45 minutes, and often paired with rehabilitation therapy [231].

• Hardware: standard stimulators from Medtronic® and Digitimer® are commonly used with
adhesive superficial electrodes, rectangular or square, in sizes from 5 to 10 cm. Some studies
develop their own multi-electrode arrays [218], mainly with the aim of improving selectivity.
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4.1.2. tSCS applications for spinal injury recovery
The main application and research focus of tSCS is SCI rehabilitation. tSCS applied alone or in combina-
tion with activity-based rehabilitation programs to improve motor function for individuals with chronic
SCI has been studied in the last decade receiving considerable scientific, clinical, and media attention.
tSCS has been proposed as a viable option for increasing voluntary motor response of the upper and
lower limbs, trunk stability, and improvement of function and quality of life of SCI subjects [220]. As
previously anticipated, the underlying mechanism is the fact that the delivery of electrical stimulation
at the spinal level targets sensory afferents that increase spinal excitability [211]. Consequently, it mod-
ulates the functional status of the spinal network below the injury level, improving its interaction with
the motor drive from the cortex.
Even if the advantages of both cervical and lumbo-sacral tSCS were investigated, in this thesis work we
will focus on the lumbo-sacral tSCS and its effect on lower limbs rehabilitation.

tSCS demonstrated significant results for lower limbs rehabilitation, from improving stepping perfor-
mance [218] to restoring walking and regaining voluntary control in previously paralyzed muscles [231].
The combination of voluntary drive and stimulation has shown better results in multiple cases, under-
lining the significant neuromodulatory effects of spinal stimulation [211, 224]. When dealing with lower
limbs rehabilitation, usually the targeted spinal circuits are those dedicated to cyclic movements, namely
those relative to the Central Pattern Generator (CPG). Indeed, both walking and cycling are cyclic
movements relying on CPGs interactions, which are often below the injury and thus not affected by it,
resulting in viable targets for the stimulation. The use of spinal neurostimulation during cyclic move-
ments has shown increased activation of CPG circuits, inducing rhythmic motor patterns in complete
SCI subjects [312] and causing motor facilitation both in walking [218, 231] and cycling [232]. Minassian
and colleagues [206] showed that locomotor-like EMG activity and leg flexion-extension movements were
induced by SCS at 22-50 Hz in individuals with chronic, motor-complete SCI lying supine. Cycling-based
rehabilitation represents a valid alternative to walking since it eliminates the risk of falling and avoids the
weight-bearing issues that characterize walking-based therapy [211]. Due to the decreased risks and high
engagement of spinal circuits, it might act as an early stage in SCS-based rehabilitation protocols. In
general, multiple studies have proposed rehabilitation protocols that combine SCS with movement-based
therapy [231, 326, 327], and proved that SCS is most effective when paired with physical activity and
volitional intent, in particular in the direction of regaining voluntary movements [234].

tSCS was also investigated as a valid technique for spasticity treatment.
Spasticity is characterized by abnormal muscle tightness due to prolonged muscle contraction and it is
one of the most prevalent impairments following SCI [328]. In fact, this pathology affects descending
fibers with a neuromodulator role, causing the decrease of inhibitory effects and augmenting muscular
contraction. Spasticity increases the motor impairment of users and complicates the rehabilitation pro-
cess. Common treatments range from oral medication and physical interventions to motor nerve block
injections and drug delivery [226]; nevertheless, the control of spasticity is still an issue in neurologically
impaired subjects.
The benefits of SCS on spasticity were investigated for the first time by Dimitrijevic in 1986 [329], who
reported that epidural SCS was significantly effective in reducing spasticity in more than half of the SCI
participants in his study. In the 90s, Pinter’s and colleagues [330] showed a significant suppression of
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severe lower limb spasticity when placing epidural electrodes over the lumbar posterior roots. They sug-
gested that the underlying mechanism was the modification of the excitability of spinal lumbar circuits
through continuous activation of the posterior roots.
In the last decade, also transcutaneous techniques were considered. In 2014, Hofstetter and colleagues
[226], showed a successful reduction of lower limbs spasticity in incomplete SCI subjects through a 30-
minute protocol of lumbar continuous tSCS at 50 Hz. The reduction in spasticity led to benefits in
coactivation patterns and walking speed, improving the residual volitional motor control. Alashram and
colleagues [328] reviewed the current state of the art on SCS for spasticity control in SCI in 2023 and
suggested that the observed reduction in spasticity is caused by the SCS recruitment of inhibitory spinal
circuits through the continuous stimulation of afferent fibers.

Concerning secondary and non-motor benefits of SCS, researchers found improved bladder function both
in rats [331] and in 110 of 169 SCI subjects treated with cervical stimulation [228]. This represents a
crucial aspect as it has been shown that, in addition to the recovery of motor functions, a priority for
SCI individuals is the improvement of their bladder control [332].

4.2. Objective of the study
As previously explained, tSCS has shown a positive influence on the functional recovery of movements
and the reduction of spasticity in SCI subjects. However, there is still no absolute consensus on the
optimal electrode placement and stimulation parameters to be used. This is mainly due to the fact that
there is not a standardized procedure for tSCS but, depending on the specific application case, an ad-hoc
protocol is defined.
The work hereby presented aims to understand the working principles underlying Transcutaneous Spinal
Cord Stimulation (tSCS), replicating and verifying what was found in the literature. Particular attention
was paid to exploring its efficacy and the possible advantages coming from its integration into the reha-
bilitation of neurally impaired individuals. In collaboration with Villa Beretta Rehabilitation Center, we
developed a protocol for the definition of the optimal parameters for the tSCS to be then applied contin-
uously during functional movements such as walking or cycling. Relevant tSCS parameters were taken
into account, such as electrodes’ positioning, configuration, current amplitude, pulsewidth and frequency,
to understand their influence on the final effects induced by the stimulation.
At first, we carried out a study on non-disabled subjects in which we tested and compared different
electrical configurations to induce the PRM reflex and better understand the influence of each parameter.
The aim was to define a valid procedure for identifying the PRM threshold current, namely the lowest
current amplitude able to induce a visible reflex, which represents a crucial preliminary step in most tSCS
studies. The procedure was repeated for two body positions, Standing and Supine, as these are the most
relevant ones for further tSCS application during functional movements, such as walking or cycling.
Then we conducted a second study to investigate the effects of lumbosacral tSCS on the motor facilita-
tion during cycling in individuals with complete SCI. Specifically, we applied tSCS during motor-assisted
cycling and collected data about muscle activations and the force on pedals to assess the stimulation
effects on lower limb motor outcomes. We also evaluated the combination of tSCS and volitional effort
to determine the potential contribution of residual volitional signals during motor training, as suggested
by the literature [326].
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4.3. Materials and Methods

4.3.1. Experimental Setup
This section presents the experimental setup used to deliver tSCS and to collect lower-limb EMG, both
in the study with non-disabled and in the one with SCI subjects. Additionally, this latter included a
motor-assisted trike to evaluate the possible motor facilitation effects of the stimulation during cycling.

(a) (b)

Figure 4.2: Detailed positioning for stimulation electrodes on the lower back (a) and EMG electrodes
on the main four leg muscles (figures composed on BioRender.com).

Stimulator. The RehaMove3 (Hasomed GmbH, Germany) commercial electrical stimulator was used
for both studies, the same one employed in the work presented in Chapter 2 (Section 2.3.1). It was se-
lected because of its flexibility in the setting of parameters and pulse shape. Specifically, charge-balanced,
biphasic square pulses were delivered in a bipolar configuration, with 1 ms pulsewidth and amplitude and
frequency adapted to the specific subject and test. One of the four stimulator’s channels was connected
to a pair of surface self-adhesive electrodes (Pals®from Axelgaard Manufacturing Co. Ltd., Fallbrook,
USA) with a rectangular shape of 5x5 cm. They were placed centrally along the spine, the anode over
L1-L2 spinous processes and the cathode over T11-T12 spinous processes, as shown in Figure 4.2a. The
anode cable (identified with an oscilloscope) was positioned on the L1-L2 region since in the biphasic
configuration the "stimulating" electrode is the anode [214] and thus an anodic stimulation is more ef-
fective in this case [126].
The stimulator was programmed and controlled with a C++ Qt-based custom interface developed in
QtCreator (version 4.5.2, 2018, based on Qt 5.9.5). The code runs on a Dell laptop (operative sys-
tem Ubuntu 18.04.5 LTS) connected to the stimulator via USB cable. The interface offers two different
stimulation settings, the Single Stimuli and the Continuous Stimulation, with different stimulation pa-
rameters. The Single Stimuli modality applies blocks of ten single stimuli at a chosen time distance, with
a one-minute pause in between blocks and the current increased by a predefined value. The Continuous
Stimulation modality, instead, applies a continuous stimulation at a chosen frequency and current am-
plitude. The defined current amplitude is reached with a gradual ramp of a few seconds to reduce any
discomfort caused by an abrupt start of the stimulation.

Electromiography. For both studies, an electromyograph was used to record the surface electromyog-

BioRender.com
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raphy (EMG) of eight lower limb muscles (Rectus Femoris, Semitendinosus, Gastrocnemius and Tibialis
Anterior of both legs). For the study on non-disabled subjects, eight bipolar channels of the Porti TMSi’s
system were employed with a sampling frequency of 1024 Hz. The active shielding of cables ensures that
disturbances such as cable movement artifacts and main interferences (50 Hz) are reduced to a minimum.
It was managed through a General Purpose Dell PC with Linux operating system using a dedicated
Simulink file. For the study on SCI subjects, instead, the new TMSi system was adopted, namely the
TMSi SAGA 32+/64+ REV 2 (Twente Medical Systems International B.V., Netherlands). EMG sig-
nals were acquired with 16 monopolar channels and a sampling frequency of 2000 Hz. The system was
managed through its proprietary software SAGA, running on a Windows 11 (version 23H2) laptop. In
both studies, self-adhesive hydrogel electrodes (Cardinal Health, Waukegan, USA) were placed with a 1
cm inter-electrode distance, as shown in Figure 4.2b. For the study involving the pedaling movement,
an extra bipolar channel was connected to the trike’s trigger, which gave an impulse at the start of each
pedaling revolution, to align the trike data with the EMG activations later in the post-processing.

Trike. A trike model 700 (Catrike, US) with a cycling-assist motor was used for the second study
involving cycling. It includes a pair of sensorized pedals (X-Power, SRM GmbH, Germany), a motor
controlled by a Raspberry central unit, which communicates with a custom Android app on a tablet, and
an encoder for the crank angle acquisition. This app controls the motor state and cadence and allows
real-time monitoring of the power produced by the subject. Orthesis are mounted on the pedals to keep
the subject’s legs in the correct position. The following data are provided: mean-cycle motor power,
instantaneous motor power, instantaneous force on each pedal and the respective crankarm angle. This
trike setup was developed within the NearLab (PoliMi) in the scope of other projects.

Figure 4.3: Experimental Setup. The RehaMove Pro stimulator provides tSCS and is controlled from a
laptop via the custom-developed GUI. EMG data are acquired with eight channels on the TMSI device and
visualized in real-time on a laptop running the proprietary SAGA interface. The motor is controlled by a
Raspberry, which is programmed via Visual Studio from a laptop (figure composed on BioRender.com).

The setup for the study on SCI subjects is shown in Figure 4.3, where the subject is sitting on the trike
and three laptops control the cycling-assist motor, the stimulation and the EMG acquisition. A similar
setup was employed in the first study, with the exception that it does not include the trike component.

BioRender.com
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4.4. Testing on non-disabled subjects

4.4.1. Experimental Protocol
The experimental procedure adheres to the Helsinki Declaration and the Ethical Committee of the Po-
litecnico di Milano approved it with protocol number Nr 13/2021. This work was intended as a feasibility
study and thus the protocol was carried out only on non-disabled subjects. Generally, all participants
responded positively to the spinal stimulation.
The following inclusion criteria were taken into account for the protocol:

• No disability

• No implanted electronic devices

• Age > 18

• Good response to stimulation

At the beginning, for each subject, the satisfaction of all inclusion criteria was verified and then he/she
was required to sign the informed consent and accept to take part in experiments.
The first step was the collection of some personal parameters, such as age, sex, height, and weight. Then,
the subject was prepared for the test. Before placing EMG electrodes, the skin was cleaned with alcohol
to remove dead cells that might introduce artifacts in the recorded EMG signal, worsening its overall
quality. Next, EMG electrodes were placed over the four target muscles in a bipolar configuration, mean-
ing that, for each muscle, a pair of electrodes was positioned along the longitudinal axis of the muscle
as shown in Figure 4.2b. Additionally, a common ground electrode was positioned over the fibula heads,
as a reference for all measured voltage potentials. Next, stimulation electrodes were placed as previously
explained and shown in Figure 4.2a).
During the protocol definition, different configurations were tested, with one electrode on the back and
one on the abdomen, as reported by some studies (Table 4.1). Nevertheless, many subjects reported feel-
ings of pain and cramping in the abdomen and two of them also fainted, probably because of the current
crossing through soft tissues, including the Solar Plexus. Thus, we discarded this electrode configuration.
Different settings for the stimulation parameters (frequency, pulsewidth, amplitude and shape of current
pulses) were also attempted to better understand their effect in terms of induced muscular responses and
make a point about the variety of information found in the literature.
After replicating the various configurations found in the literature, the stimulation waveform was defined
as rectangular biphasic because, being charge-balanced, it does not induce a net polarization. The pulses’
pulsewidth was set to 1 ms, while the amplitude was adjusted for each subject depending on its specific
responses and tolerance. This procedure for identifying the PRMs Threshold was carried out by sending
single electrical pulses, as these were proved able to induce such reflex [220]. Specifically, the Single
Stimuli modality was employed (previously explained in Section 4.3.1), with an inter-pulse distance of 5 s
and the current amplitude that, starting from 30 mA, was block-by-block increased by 5 mA. The overall
procedure was stopped when reaching the pain tolerance of the subject, which was verbally reported to
the experimenter. The overall procedure was repeated for two body positions, Standing and Supine, to
study their influence on the PRM threshold amplitude.
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4.4.2. Data Analysis
EMG data analysis was performed using MATLAB (R2021b version). Data from the EMG channels of
interest were extracted and filtered with a 10-250 Hz band-pass filter. The cut frequency of the low-pass
component was limited by the low sampling frequency (1024 Hz). Stimulation artifacts, superimposed on
the recorded physiological EMG activities, were identified with the findpeaks MATLAB function. These
artifacts are easier to identify in proximal muscles because they have a higher amplitude due to their closer
position to the stimulation site, while they are significantly smaller in distal muscles. Thus, the artifacts
detection primarily focused on the Rectus Femoris by examining the entire signal. Then, for all other
muscles, artifacts were sought within narrow time frames surrounding the instants at which artifacts were
detected in the Rectus Femoris. Afterward, the 50 ms-windows of signal following each stimulation peak
were extracted as this represents the time interval in which the reflex is expected to occur (when present).
In this way, for each electrical pulse, it was possible to study whether the reflex response was induced in
muscles and eventually analyze its characteristics. In particular, we were interested in its peak-to-peak
amplitude (i.e., the difference between the maximum and minimum wave peaks) and its latency (i.e., the
period between the stimulation artifact and the beginning of the reflex wave). The onset of the reflex
wave was defined as the first deflection from baseline larger than 5% of the reflex peak-to-peak amplitude
[214]. For each subject and amplitude, the baseline was computed by considering the EMG signal in the
windows from 1s to 1.5 s after each pulse and by averaging them over the ten delivered pulses. Based on
the literature [333], both for the supine and standing position, the PRM current threshold was identified
as the current amplitude evoking a reflex response with a peak-to-peak amplitude greater than 50uV in
at least half of the ten pulses.
Finally, Generalized Linear Mixed Models (GLMM) were defined in SPSS Statistics (IBM) to compare
the two different positions. Specifically, the mean latency and peak-to-peak amplitude over the ten pulses
and the PRM threshold for each subject were considered as the target for each model following a gamma
regression distribution with a log link to the linear model.

4.4.3. Results and Discussion
The study included 11 non-disabled subjects (6 men and 5 women, age: 25 years ± 12.5, height: 172 cm
± 11.5, weight: 65 kg ± 21).
Results are reported only for the Rectus Femoris and Semitendinosus because of the low quality of EMG
signals in the distal muscles. In one subject out of 11 (ID2), the threshold of the PRM reflexes could
not be identified for both muscles, sides and positions because the subject felt pain before reaching the
stimulation amplitude that would have triggered the reflex activation. For all other subjects, instead,
there were only some specific cases in which the threshold could not be registered. Those subjects on
which the PRM reflex could be observed were defined as "responders". The percentage of stimulation
responders divided by positions, muscles and sides over the eleven tested individuals is reported in Table
4.2. Figure 4.4 reports, for both positions and muscles, the median PRM threshold (a) and the median
latency (b) and peak-to-peak amplitude (c) for the reflexes recorded at the same amplitude of the PRM
threshold. These medians are computed by joining the left and right sides and by considering only the
responders for each combination (muscle and position). For the latency and peak-to-peak amplitude, the
mean value over the ten delivered pulses is taken into account for each subject. Considering the PRM
threshold, no significant differences were found between the two conditions for both muscles, with median
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RectusFemoris Semitendinosus

Right Left Right Left

Standing 64% 64% 73% 82%

Supine 64% 64% 73% 73%

Table 4.2: Percentage of stimulation responders divided by positions, muscles and sides over the eleven
tested individuals. The term "responders" refers to those subjects on which the PRM reflex could be
observed.

± IQR (Inter-Quartile Range) values in the Standing and Supine conditions of 55±20 mA and 57.5±30
mA for the Rectus Femoris and 50±10 mA and 55±20 mA for the Semitendinosus.
Similarly, for the latency parameter no significant differences were found among the two conditions, with
median ± IQR values for the Standing and Supine conditions of 9.86±0.29 ms and 9.77±0.39 ms for the
Rectus Femoris, and 10.2±0.81 ms and 9.92±0.78 ms for the Semitendinosus. Concerning the peak-to-
peak amplitudes, even if slightly higher values were registered in the Supine condition with respect to
the Standing one, no significant differences were noticed also in this case.

Figure 4.4: Boxplots of data computed for the two muscles and positions, across all responder subjects
and sides. Reported medians are relative to the PRM threshold current (a) and the average latency (b)
and peak-to-peak amplitude (c) calculated over the reflexes induced by the ten delivered pulses at the
same amplitude of the PRM threshold. Differences among the two positions were considered statistically
significant when p-value<0.05.

The gathered results allowed us to verify what was found in the literature and define a valid procedure
for identifying the threshold amplitude able to induce the PRM reflex. This represents a crucial step
for tSCS studies because in the majority of cases the spinal stimulation is applied at the threshold level.
As previously explained, several configurations and stimulation parameters were tried before defining the
used ones. In particular, we decided to place both electrodes on the back instead of one on the back
and one on the abdomen (as seen in various studies) because it equally demonstrated the possibility
of evoking reflex responses [325] and it represented a safer setup, without current flowing through the
body. Indeed, by placing both electrodes on the back, soft tissues are not affected and sensations of pain
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and abdominal contraction are reduced. In particular, electrodes were placed at the L1-L2 and T11-T12
levels. In general, the electrodes’ position must be accurately determined as it is known to influence the
arousal threshold and the amount of induced motor response [220]. Although the spinal stimulation elicits
a multi-segment response, the absence of a valid reflex in most of the distal muscles may be explained by
the fact that electrodes were mainly targeting spinal circuits directed to proximal muscles.
The PRM threshold values that we obtained across all muscles (54.35±11.2 mA for standing, 56.67±13.7
mA for supine) are in line with the ones reported by Danner and colleagues [323] for the Supine position
(56.4±3.5 mA) but not for the standing one (44.7±2.8 mA). Indeed, they reported significantly lower
values in the Standing condition, while in our study the body position did not have a significant effect.
On the other hand, we reported a significantly higher variability for both positions. Taking into account
the latency parameter, by averaging data across body positions while maintaining the distinction be-
tween muscles, the following average latencies were obtained: 10.02±0.5 ms for the Rectus Femoris and
10.40±0.7 ms for the Semitendinosus. These results align with those reported in other literature studies
[214, 221]. Nevertheless, as the adopted configurations vary widely among studies, the comparison of the
results is not straightforward.
To conclude, the main take home message of this study is the definition of a suitable protocol for deliv-
ering tSCS as it proved able to induce a valid PRM reflex in the majority of cases. The absence of a
visible reflex noticed for some EMG recordings across subjects and for all recordings of one subject (ID
2), might be attributed to the necessity of higher current levels for eliciting the reflex, which were however
impractical as dealing with non-disabled subjects. On the other hand, the absence of the reflex in most
distal muscles is probably due to electrodes’ positioning that was favoring spinal circuits innervating
proximal muscles rather than those directed to distal ones. For future studies, a real-time verification of
the EMG signal of all muscles is suggested together with the adjustment of the electrodes’ position (if
necessary).

4.5. Testing on subjects with SCI

4.5.1. Experimental Protocol
Once defined a proper configuration for delivering tSCS and validated a suitable procedure for detecting
the PRM threshold, a second experimental protocol was proposed to determine a possible tSCS-induced
motor facilitation in people with SCI during leg cycling. In particular, EMG activations of lower-limb
muscles were analyzed to observe whether there was any cycling-related modulation.

The experimental protocol conforms to the Helsinki Declaration and the Ethical Committee of the Po-
litecnico di Milano approved it with protocol number Nr 50/2023 on 12/12/2023.

Subjects with complete SCI (classified as ASIA A and B) were recruited. They had no prior experience
with spinal stimulation and their medications were not changed during the study. The inclusion and
exclusion criteria are summed up in Table 4.3.

For safety reasons, each subject’s clinical history was reviewed by Franco Molteni, MD, the study’s clinical
supervisor, who confirmed the absence of contraindications to spinal stimulation. In the beginning,
subjects were required to sign the informed consent to accept to take part in the experiment. Then,
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Inclusion Criteria Exclusion Criteria

• Age: 18-75 years

• Complete spinal cord le-
sion (ASIA A or B)

• Autonomous trunk motor
control to allow indepen-
dent sitting

• Good response to spinal
stimulation

• chronically denervated muscles

• neurogenic paraosteoartropatia

• cardiovascular diseases

• fractures in the lower limbs in the last 12 months

• absence of response to spinal cord stimulation

• allergy to the stimulation electrodes

• implanted pacemaker or other electrical devices

• metal implants

• inability to independently consent to the participation

Table 4.3: Inclusion and exclusion criteria for the experimental protocol

anamnestic data were collected and double-checked by an on-site clinician to confirm the absence of
metal implants in the subjects and their health status at the time of the stimulation session was verified
by acquiring the following basal data: Heart Rate (HR), Arterial blood Pressure (AP), and blood oxygen
saturation (SatO2 %), and by controlling them against physiological ranges.
After that, the proper experimental session could start and lasted nearly 90 minutes. The EMG and
stimulation electrodes are placed on the legs and lower back, respectively, with the same setup used for
non-disabled subjects (Section 4.4.1). Then, the subject is asked to sit on the trike and his legs are
fastened to the pedals’ orthoses.
Each session can be subdivided into three phases:

1. Calibration: the subject is seated on the trike in the standard position (right pedal up), with the
legs resting and the motor off. The PRM reflex threshold current amplitude is identified following
the same procedure previously validated on non-disabled subjects (Section 4.4.1) by looking at the
real-time EMG signal.

2. Passive cycling: this phase consists of three minutes of passive cycling, where the movement is
completely generated by the trike’s motor at a constant cadence while the stimulation is off. This
represents the baseline condition to which the following stimulation conditions will be compared.

3. tSCS cycling: this step comprises six minutes of cycling with both the motor on at a constant
cadence and the continuous tSCS on. The stimulation amplitude was set to the PRM reflex
threshold if the subject could stand it, or to the maximum tolerated amplitude otherwise. During
the first three minutes, the subject is required to do nothing, while during the following three
minutes, he is asked to think about moving his legs voluntarily.
This step is repeated for three frequencies (20 Hz, 50 Hz and 80 Hz) in random order and tSCS is
switched off for 1 minute after each 6-minute block. During this pause participants are asked to
fill out a questionnaire rating the pain, burning, cramping and pressure sensations on a 0-10 scale
and investigating any perceptible motor facilitation effect.
The rationale for testing different frequencies originates from the fact that this parameter was
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varied in the literature, usually in the [1-90 Hz] range [317], observing different outcomes. Usually,
lower frequencies were employed in motor-oriented SCS studies [317] while higher ones ([50-80 Hz])
demonstrated to suppress severe lower limb spasticity [330].

The overall protocol is summed up in Figure 4.5, detailing the state of stimulation, motor and voluntary
effort during each step.
Participants were also asked to report any other relevant sensation they felt during the test and feedback
calls were conducted about 24/48 hours after the session to take note of any stimulation-induced change
they may have noticed.

Figure 4.5: Experimental protocol with three steps: calibration, passive cycling and tSCS cycling. The
diagram shows the combination of stimulation, motor, and subject’s voluntary effort in the three stages.

4.5.2. Data Analysis
The data analysis was performed using MATLAB (R2021b version).
EMG data were filtered with a 10-500 Hz band-pass filter and a 50 Hz notch filter to remove static noise
from the trigger channel and stimulation artifacts were identified. For the EMG acquired during the
Calibration step, the analysis focused on identifying the PRM reflex by considering the 50 ms-windows
following each stimulation pulse, similarly to the previous study (Section 4.4.2). The aim was to verify
the PRM reflex threshold extracted in real-time during the test. The EMG signal of the other two steps,
instead, was used to extract and compare muscle activations. In particular, 2-5 ms blanking intervals were
applied around the identified stimulation artifacts to remove them and substitute them with the signal
offset. Then, offset subtraction and rectification were performed on the whole signal, and its envelope
was extracted using a 5th-order low-pass Butterworth filter with a 10 Hz cutoff frequency. Cycling
revolutions were then segmented based on the trigger EMG channel and averaged to obtain a sample
cycling revolution for each muscle and cycling condition. These average cycling revolutions were then
rescaled to the subject’s baseline, computed as the average amplitude of the EMG acquired for a few
seconds before calibration, with the legs of the subject still in the standard position and both motor and
stimulation off.
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4.5.3. Results and Discussion
The study included four male participants aged from 25 to 40 years old, whose main characteristics are
reported in Table 4.4, together with the PRM reflex thresholds identified during the Calibration phase
and the current amplitude of the continuous tSCS delivered during the tSCS cycling phase.

Sub. Lesion
type

Lesion
level

Time since
lesion

Metal
implants

BMI
(kg/m2)

Medication PRM
thresh-
old

cont.
tSCS
amp.

01 A D4 52 months D1-D7 19.11 baclofen,
movicol,
resolor

60 mA 60 mA

02 A D3 23 months D3-D9 21.97 ossibutinine,
urimesk

55 mA 55 mA

03 B D12 29 months none 21.92 baclofen,
lyrica

70 mA 50 mA

04 B D2 ≈ 12 months none 25.18 ossibutinine,
urivesch

65 mA 65 mA

Table 4.4: Included subjects’ characteristics

All subjects, but subject 04, were used to FES-cycling as they had been consistently trained with a FES-
bike in the past years but had never undergone spinal stimulation. Subjects 03 and 04 had lower limb
muscle rigidity and hypertonia and presented some involuntary contractions and clonuses. Subject 04
scored 1 on the spasticity Ashworth scale six months before the study. He also presented a clonus on the
right leg, triggered by the ankle joint at 90°, and thus the trike’s orthosis was adapted during his trial to
avoid reaching this angle. Medication data show that subjects 01 and 03 were undergoing anti-spasticity
treatments and that all participants took medication to control urination and intestine functionality. All
participants but subject 03, who has preserved sensibility in the entire lower back region, tolerated the
PRM threshold amplitude for the continuous tSCS. Subjects 01, 02 and 03 underwent two stimulation
sessions a week apart, while subject 04 underwent a single session.

EMG and force results
EMG and forces data were analyzed individually for each participant rather than as a population, given
the participants’ unique clinical histories and the low number of performed trials. These data are summed
up in Figures 4.6 and 4.7, where each row is relative to a different tested frequency, and data are reported
over an average cycling revolution starting at a null right crank angle (standard position). Panel (a)
reports the EMG data for the right Rectus Femoris and Semitendinosus normalized to the subject’s
baseline (left) and the mean RMS values and Standard Deviations (SD) of EMG amplitudes of the same
trial (right). Hip and knee flexion and extension ranges for the specific experimental setup were evaluated
by measuring the crank angle (through the encoder) corresponding to the different joints’ phases. These
were then superimposed with grey and black lines on the top of the plots. Panels (b) and (c) report force
data for the right pedal, with panel (b) showing the absolute force of the considered tSCS test together
with the passive one (left) and the active force, computed as the difference between the force during tSCS
and the passive one (right). A positive active force indicates a functional participation of the subject in
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the movement. Panel (c), instead, reports the mean active force with its SD for all performed tests.
EMG and forces data acquired during passive cycling were compared to those relative to tSCS sessions
to evaluate the modulation of muscle activations induced by the stimulation and study eventual motor-
facilitating effects. The results for the left side are not reported here since they show an analog behaviour.
Those relative to the Gastrocnemius and Tibialis Anterior, instead, are not displayed because of their
low quality probably caused by the pedals’ orthoses touching the EMG electrodes.
Interestingly, subjects 01 and 02 showed similar behaviours for EMG activations and pedals’ forces, which
were distinct from those common to subjects 03 and 04 during both passive and tSCS cycling. These
differences are probably due to the fact that subjects 01 and 02 have a higher level of spinal injury, while
subjects 03 and 04 have a lower one together with hypertonia and clonuses. Thus, we decided to discuss
the two trends separately in Case Studies 01 and 02.

Case Study 01
EMG and force results for subject 02 in the first session are reported in Figure 4.6, as representative of
both sessions of subjects 01 and 02 included in this group.
Focusing on panel (a) and considering the right Rectus Femoris we notice that the EMG amplitude is
moderately over the baseline during the passive trial while it is slightly amplified and reduced by the
20 Hz and 80 Hz stimulation frequencies, respectively. Differently, the 50 Hz stimulation amplifies the
activation up to three times the baseline. On the other hand, the Semitendinosus activation is at its
highest during the passive condition, reaching approximately 2.2 times the baseline, while it is reduced
by all stimulation frequencies. The 50 Hz stimulation is the only one introducing a cyclic trend on both
muscles and, interestingly, an opposite cycling pattern is induced by the 50 Hz and the combined 50 Hz
plus voluntary intent conditions. Despite none of them resembled a proper voluntary activation, the one
introduced by the case without the voluntary intent was closer to the expected behaviour.
Both participants showed small oscillations in amplitude with respect to the passive cycling force, as
depicted for subject 02 in panel (b). A minimum of cycling cooperation during tSCS cycling condition
with respect to the passive one can be observed around 200-300°, during the pulling phase of the pedal’s
revolution. On the other hand, the negative active force around 0-50° indicates a resistance introduced by
tSCS at the beginning of the cycle in the majority of the sessions. The overall mean active forces (panel
c) show an average increase for all tSCS conditions compared to passive cycling, underlining that the
positive phase during pulling overcomes the negative one at the push. Similar mean values are reported
for all frequencies and for the tSCS-only and tSCS+voluntary conditions.
While EMG data for subjects 01 and 02 do not suggest noticeable motor facilitation during the stimula-
tion, mean force data show a promising preliminary result.

Case Study 02
EMG and force results for subject 03 in the second session are reported in Figure 4.7, as representative
of sessions of subjects 03 and 04 included in this group.
Focusing on panel (a) and considering the right Rectus Femoris we notice that the EMG amplitude is
around the baseline during the passive trial, it is slightly reduced and amplified by the 80 and 20 Hz
stimulations respectively and it is significantly amplified by the 50 Hz stimulation, with a clear cyclic
component. While this behaviour resembles the one of the first Case Study, that on the Semitendinosus
reveals the critical difference between the two groups. Indeed, here the Semitendinosus shows a significant
cyclic activation with amplitude up to 8 times the baseline, both during passive- and the stimulation-
cycling, with the stimulation not affecting the cyclic pattern and sometimes reducing and sometimes
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amplifying its amplitude. For subject 04 these cyclic activations were particularly increased in the
right leg, which is more affected by hypertonia. However, comparing these cyclic activations with the
physiological knee and hip extension and flexion ranges, it can be noticed that they were not in phase.
Thus, we supposed that, given the muscle hypertonia of the two subjects, the observed cyclic contractions
were not functional to the movement but rather caused by the stretch reflex during hip extension. The
spinal stimulation did not seem to affect such activations in terms of temporal characteristics but only in
terms of amplitude.
Differently from the Case Study 1, force values (panel b) show significant oscillations around the mean
passive force over the cycle, suggesting alternated phases of cooperation and resistance to the movement.
The oscillations observed during tSCS-only trials are similar to those of subject 02 (Figure 4.6, panel b),
with cooperation during the final pulling phase for all frequencies. On the other hand, the oscillations
are particularly relevant when the stimulation is combined with the voluntary intent of movement, where
collaboration around 50° (pushing phase) is suggested by an increase in the active force (Figure 4.7,
panel b). This underlines spinal stimulation’s potential of amplifying residual volitional signals and lays
out promising perspectives. However, this increase of active force is followed by a resistance (negative
active force) at the end of the pushing phase (100-200◦). As for the positive phase, for all stimulation
frequencies, this behaviour is augmented by the voluntary intent addition compared to the stimulation
alone, suggesting that residual volitional signals may not be functional to the movement during the entire
cycle, at least not during these preliminary trials.
Considering subject 04, given his minimum residual motor ability on the right leg, we decided to perform
passive trials also with the addition of the voluntary effort and to repeat them twice, before and after the
tSCS cycling blocks. Both trials reported a negative mean active force meaning that the addition of the
voluntary intent caused resistance to the pedalling. However, the post-tSCS trial scored slightly better
than the initial one, suggesting some tSCS-related improvements. Similarly to subject 03, forces during
stimulation cycling blocks were significantly higher than the passive one for all frequencies, but without
consistent differences between the tSCS-only sessions and those with combined tSCS and voluntary intent.
These results suggest a tSCS-related amplification of the residual motor ability of the subject, together
with a benefit in decreasing hypertonia, suggested by the reduced EMG amplitude during tSCS cycling
compared to the passive case, where it was causing resistance to movement.

Overall, EMG data among subjects show that the stimulation does not consistently increase muscle
activations compared to passive cycling, but it rather modulates them, both amplifying and reducing
depending on the muscle and the session, with no particular scheme. Contrary to expectations, EMG
during passive cycling was neither null nor inactive in multiple muscles and subjects. Although we could
not identify a stimulation frequency consistently increasing muscle activations over the passive level, the
80 Hz tSCS showed reduced EMG amplitude in all participants and muscles, suggesting that it may be a
viable option for spasticity reduction. The 50 and 20 Hz stimulations, instead, showed values sometimes
slightly below the passive range but in most of the cases over it, with the 50 Hz scoring as the most
amplifying frequency on average.
Although higher EMG activations did not consistently lead to cycling force improvements, these results
align with the literature, where a 30-50 Hz frequency is usually employed in motor-oriented SCS studies
[317]. The lack of motor outcomes in our study is probably due to the low number of trials and not to
the stimulation frequency; indeed, studies reporting improved motor outcomes do so after months-long
stimulation protocols.
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Figure 4.6: Data from the first trial of subject 02, representing the Case Study 01. (a) Right Rectus
Femoris and Semitendinosus EMG during an average cycling revolution (left), reported as mean ± SD
(Standard Deviation), and mean RMS values of the EMG amplitudes (right). Data are normalized to the
subject’s baseline and reported with respect to the right crank angle, which is null when the right pedal
is at 90◦ upright. Knee and hip flexion and extension intervals are superimposed with black (extension)
and grey (flexion) bars on the graphs. (b) Average cycles of the active force computed as the difference
between the one during tSCS trials and the one during the passive trial. Each row is relative to a different
tested frequency. (c) Mean and SD of the active force for all tSCS cycling conditions.
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Figure 4.7: Data from second trial of subject 03, representing the Case Study 02. (a) Right rectus
femoris and Semitendinosus EMG during an average cycling revolution (left), reported as mean ±SD

(Standard Deviation), and mean RMS values of the EMG amplitudes (right). Data are normalized to the
subject’s baseline and reported with respect to the right crank angle, which is null when the right pedal
is at 90◦ upright. Knee and hip flexion and extension intervals are superimposed with black (extension)
and grey (flexion) bars on the graphs. (b) Average cycles of the active force computed as the difference
between the one during tSCS trials and the one during the passive trial. Each row is relative to a different
tested frequency. (c) Mean and SD of the active force for all tSCS cycling conditions.



134 4| Neurorehabilitation effects of transcutaneous Spinal Cord Stimulation

tSCS induced sensations
For each stimulation frequency, participants were asked to rate feelings of pain, burning, cramping,
tingling and pressure on a scale from 0 to 10, with eventual additional comments. Subject 01 scored
0 in all categories, indicating no stimulation perception. The other participants reported feeling the
stimulation as an intense tingling both in the lower back and proximal legs, and, in some cases, as a
heating or painful sensation. The single pulses delivered during the calibration phase were described as
a "push" on the lower back, while the continuous tSCS caused higher discomfort. However, it decreased
over the three-minute session, indicating an adaptation phenomenon. Supporting this latter hypothesis,
subjects 02 and 03 scored lower in all categories in the second session compared to the first one. Those
who tried FES-cycling before argued that the tSCS sensation was similar to the one induced by FES,
when stimulation is directly applied to lower-limb muscles.
As expected, reported scores were proportionate to the lesions’ levels, with subject 03 communicating the
most discomfort (lesion D12). Subject 02 declared increased discomfort with increasing frequencies. For
subject 01, instead, the highest discomfort was experienced during the 50 Hz tSCS. Subject 03 reported
a significant increase in pain when adding the volitional effort to the 20 Hz stimulation. Nevertheless,
no clear consensus was found among subjects regarding the stimulation type perceived as the most
uncomfortable.

Secondary effects of tSCS
Participants were asked for feedback 24/48 hours after the stimulation session. No one reported any
discomfort or negative feelings following the stimulation. On the other hand, non-motor effects were
observed, which are worth mentioning, even if not strictly related to the motor facilitation aim of the
study. On one hand, bladder- and bowel-related benefits were reported. Specifically, subject 01 commu-
nicated reduced bowel evacuation time while subject 02 regained bladder sensibility for 5-7 days after the
stimulation and also bowel sensibility after the second stimulation session. On the other hand, a reduced
lower-limb muscles’ rigidity, with less spasticity and clonuses, was reported by subjects 02, 03 and 04 for
48 hours after the spinal stimulation session. This result is in line with literature reports [225, 226, 328],
with Hofstoetter et al. [225] demonstrating improved spasticity for 2h after a 30-minute tSCS session and
a carry-over effect up to 7 days after the session. These secondary tSCS-induced effects offer promising
perspectives for further research, suggesting that SCS could have a substantial influence on the daily
activities of SCI individuals.

4.6. Conclusions
Spinal Cord Stimulation (SCS) is a promising non-invasive motor rehabilitation technique in individuals
with Spinal Cord Injury (SCI), showing reinstatement of volitional motor control in previously completely
paralyzed subjects in its epidural, invasive version. Transcutaneous SCS (tSCS) is the non-invasive, acces-
sible and cost-effective alternative to the epidural approach that, despite a significant lack of selectivity,
has shown promising neurorehabilitation results.
Given these benefits, we decided to start investigating tSCS. As this was the first approach for our labo-
ratory, initially we carried out an exploratory study that tested different configurations and parameters
on non-disabled subjects to define a suitable setup for inducing visible effects. As the literature lacks a
clear consensus on the best protocol to be used, this work was also intended as a verification of the stud-
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ied literature. It represented a necessary preliminary work that allowed us to define a valid stimulation
protocol, capable of inducing a visible muscle reflex, to be then applied to users with neuromotor deficits.
As follows, we delivered a cycling-based protocol to four SCI individuals to evaluate the stimulation’s
motor-facilitating effects during pedaling. We also assessed a combination of tSCS and volitional effort
to determine the potential contribution of volitional signals to the movement.
Our trials demonstrated the feasibility of the proposed protocol, without any discomfort experienced by
subjects during cycling with tSCS. Our results are preliminary and do not reflect the significant motor
improvements reported in the literature but they have to be contextualized to the low number of trials
performed. Indeed, motor benefits described by the literature were observed after weeks of SCS sessions.
Nevertheless, we proved the tSCS ability to modulate muscle activations but with no correlation between
higher muscle activations and improved forces during cycling.
Interestingly, one subject improved his pedaling force when stimulation was combined with the volitional
effort compared to the sole stimulation, highlighting SCS’s potential amplification of residual volitional
signals. For participants with hypertonia, EMG data showed the stretch reflex, often reduced in ampli-
tude by the stimulation, underlining the spasticity-related benefits of SCS. This aligns with the reduced
lower-limbs rigidity communicated by participants in the days following the stimulation. Additionally,
they observed reduced bowel evacuation time and regained bladder sensitivity, which represent interesting
side benefits of a motor-oriented protocol, with positive impacts on the subjects’ quality of life.
Overall, tSCS combined with cycling was proved as a feasible approach for SCI motor rehabilitation,
with different effects depending on the frequency and the specific subject. This suggests that the tSCS
therapy should be intended as a subject-specific treatment. Moreover, further physiological benefits were
observed, demonstrating the multi-modal effects of this technique. Its main limitations are related to the
small number of participants recruited and trials conducted and the absence of long-term evaluations.
Future work should evaluate the motor-facilitating effects of this protocol for longer periods, both during
and after stimulation.
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Chapter Highlights
This chapter considers those stimulations targeting the sensory fibers, namely Sensory-Afferent Electrical
Stimulation (SAES) and Spinal Cord Stimulation (SCS), and compares their neuromodulatory effects.
In particular, Section 5.1 details the state of the art about SAES and its usage in the rehabilitation of
neuromuscular injuries. A detailed description of the SCS strategy was instead offered at the beginning of
the previous chapter (Section 4.1). Then, Section 5.2 presents the aim of a preliminary study conducted
on non-disabled individuals where the two stimulations are compared. This research was conducted
during the 6 months I spent at the Medical University of Vienna in collaboration with Professor Winfried
Mayr. Then, Section 5.3 details the Experimental Setup, Experimental Protocol and Data Analysis used
during the study, while its main results are presented and discussed in Sections 5.4 and 5.5. Lastly,
Section 5.6 presents the main findings of the study and suggests the path that future research should
take to drive stronger conclusions in the clinical field.
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5.1. State of the Art
SAES is a form of Neuro-Muscular Electrical Stimulation (NMES) delivered to peripheral mixed nerves
and targeting sensory (afferent) fibers with low amplitudes, usually around the sensory threshold. Its
primary goal is to elicit changes in sensorimotor functions [97] but it has also been used for active
and task-oriented therapies, with the aim of improving motor abilities and drive cortical plasticity [98].
Indeed, even if targeting sensory nerves, this stimulation also determines the trans-synaptic activation
of motor nerves. In particular, it elicits a reflex response in motor fibers, referred to as H-reflex, which
can be observed in peripheral muscles’ electromyographic (EMG) activity when stimulating their nerves
at low amplitudes. Then, when increasing the amplitude, also the M-wave appears, resulting from the
direct motor fibers stimulation [334].
At the central level, this technique induces neuromodulatory effects in the area of short-term, long-term
and structural neuroplasticity, with the sprouting of new synapses and the formation of new anatomical
connections (wiring) [194]. In an fMRI study [195], it was proved to increase the excitability of the
sensorimotor cortex through the transformation of pre-existing silent synapses into functional ones. A
typical consequence of such plastic changes in the motor cortex is the increase in the amplitude of
Motor Evoked Potential (MEP) of the stimulated muscle and thus an improvement of its functionality.
These benefits would be particularly relevant in treating muscles weakened by neuromuscular diseases, as
demonstrated by Ridding and colleagues [155]. Further advantages were reported from studies combining
SAES with motor therapy, reporting higher functional benefits and better motor and somatosensory
performance compared to the sole motor therapy [199, 201, 202].
On the other hand, SCS targets spinal circuits by placing electrodes over the posterior region of the
Spinal Cord (SC). Similarly to SAES, it targets sensory nerve fibers (those contained in the dorsal roots
in this case) and then, through the synapses, it triggers motor nerve fibers (those contained in the ventral
roots) [99]. Consequently, also this stimulation induces a reflex response in motor fibers, referred to as
Posterior Root Muscle Reflex (PRM reflex) and observed in the EMG recordings of the main lower-limb
muscles.
Its main characteristics and usages were already detailed in the previous Chapter (Section 4.1). There,
it was highlighted that this technique proved capable of inducing neuroplastic changes by modulating
the excitability of spinal circuits. Given these beneficial effects, it was used to treat decreased motor
abilities typical of neuromuscular diseases, demonstrating positive results for the functional recovery of
movements [99, 211, 215, 220, 224], the reduction of spasticity [220, 225–227] and the improvement of
bladder functions [228].
Previous studies proved a similar working principle for these two types of stimulation. Indeed, the PRM
reflex and the H-reflex are essentially elicited by the same sensory fibers stimulated at different locations
in the afferent reflex arc, either in the posterior roots of the SC or in the mixed peripheral nerves [214].
This was demonstrated in literature for the Triceps Surae muscle [215].
Furthermore, in both cases, the Post-activation Depression (PaD) phenomenon is observed, typical of
reflex-mediated responses. It is defined as a reduction in the Monosynaptic Excitatory Postsynaptic
Potential (EPSP) which refers to the reduction of the potential induced in a postsynaptic motor fiber,
trans-synaptically stimulated by a sensory fiber, due to the previous activation of the same fiber [216].
Therefore, when two SCS stimuli are delivered close in time (Inter-Stimulus-Interval around 50 ms), the
EMG response to the second stimulus is much smaller in amplitude compared to that of the first stimulus
[206, 214].
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Even if the PRM reflex and the H-reflex are very similar, they differ in some aspects, as investigated by
Minassian and colleagues [213]:

• The PRM reflex has shorter latencies than the H-reflex because the latter depolarizes afferent
fibers more distally than the former. Thus, APs elicited by peripheral nerve stimulation need a
longer time to travel to the spinal cord. Mean latencies reported from literature recordings of the
gastrocnemius muscle are around 31 ms for the H-reflex evoked by the tibial nerve stimulation and
20 ms for the PRM reflex [214].

• In the PRM reflex generation, SCS selectively activates only afferent sensory fibers. Differently,
in the peripheral nerve stimulation, mixed nerves are excited and thus both motor and sensory
fibers. This limits the possible current amplitudes employed by SAES because higher amplitudes
would determine an increase in the direct recruitment of motor fibers. This would cause both an
orthodromic short-latency M-wave and an antidromic volley that collides with the H-reflex induced
in the same motor axon (caused by the orthodromic activation of sensory fibers and monosynaptic
activation of motor ones). Consequently, the maximal attainable proportion of the motoneuron
pool is larger in the PRM reflex than in the H-reflex, limiting the maximum size of the H-reflex.

• Related to the previous point, the recovery cycles of the two reflexes, studied by Hofstoetter and
colleagues [335], showed that the PRM reflex has a stronger depression than the H-reflex and that
this depression is greater in subjects without disability. This may depend on the different targets
stimulated to evoke the reflexes (i.e., the spinal cord and the peripheral nerves), with a larger pool
of neurons being excited in the PRM reflex.

The collision of ascending and descending signals on motor fibers is a phenomenon known as Collision
Block which represents one of the main limitations of the SAES technique, affecting the resulting H-
reflex. Future research should focus on more precise guidelines about the optimal electrode location to
maximize the stimulation of sensory nerve fibers. SCS also exhibits a similar phenomenon, resulting
from the collision between the antidromic signal on sensory fibers (efferent) and the one transmitting the
proprioceptive information (afferent). This prevents the propagation of the proprioceptive information
towards the SC and the brain, which is instead fundamental for locomotion [235], but does not affect the
PRM reflex.
Further limitations of the tSCS application are: i) the impossibility of using this technique on individuals
with a metal implant on their spine, which is common in SCI cases; ii) the difficulty for subjects to au-
tonomously position electrodes on their back; iii) the higher risks associated with the delivery of greater
current amplitudes usually involved with SCS.

5.2. Objective of the study
Both for SAES and SCS, there is no clear consensus in the literature about the induced benefits, in
particular when considering recovery in terms of neuroplasticity. Additionally, the ideal parameters to
be used are not exactly known [197], but frequency and intensity seem to have the greatest influence on
neuromodulation.
This study aims to compare the two stimulation techniques, focusing on the induced reflex signals,
particularly on their shape, latency and current levels needed to generate them. To do this, single
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stimulation pulses are applied at the spinal level (for SCS) and on three different peripheral nerves (for
SAES). Contemporarily, the EMG activity of the four main lower-limb muscles (Rectus Femoris, Biceps
Femoris, Gastrocnemius and Tibialis Anterior) of one leg is recorded to acquire the generated PRM reflex
and H-reflex, respectively.
For the sake of simplicity, the two stimulation techniques will be sometimes referred to as Central and
Peripheral stimulation.
An extensive testing procedure has been carried out on twelve non-disabled subjects to evaluate the two
reflexes in terms of shape, amplitude and latency.
The final objective was to understand whether a similar neuromodulatory effect could be hypothesized
for the two techniques. By demonstrating this, SAES could substitute SCS in all those situations where
the latter is not applicable. Additionally, benefits would be obtained in terms of subject independence
and reduction of involved currents.

5.3. Materials and Methods

5.3.1. Experimental Setup
Both the central and the peripheral stimulation were delivered with the STIMISOLA stimulator (BIOPAC
Systems, Inc.). It is a 1-channel Linear Isolated Stimulator (shown in Figure 5.1a) delivering customiz-
able electrical pulses; in particular, it allows to select the shape of the pulse (monophasic or biphasic),
the pulsewidth (i.e., the duration of each phase of the pulse), the amplitude and the frequency. The
stimulator is connected to a two-fold cable which terminals are then coupled to stimulation electrodes
attached to the skin of the subject. Standard transcutaneous commercial electrodes (Comepa Industries)
were used in both cases but with different sizes: 2 identical square electrodes (5x5 cm) were selected for
the back stimulation; a round anode electrode (Ø 30 mm) and a rectangular cathode electrode (5x10 cm)
were used for the peripheral stimulation. The stimulator was connected to a Windows PC via the USB
interface and was controlled through an own-made application realized with the LabVIEW software.
For the EMG acquisition, the Powerlab system (ADInstruments) was used (shown in Figure 5.1b), in
particular the 16/35 model, which is a data acquisition and analysis system for use in research. It has
a 16-bit resolution, a maximum recording speed of 400 kHz and incorporates 16 input channels. In this
work only 2 channels were used, connected to 2 Biological Amplifiers FE231 (ADInstruments), suitable
for the acquisition of biological signals. The interface with the subject was realized via a cable with 3
terminals at both endings: on one side it was connected to the 3 inputs of the amplifier (Ref, + and -),
while on the other side to the 3 electrodes on the subject’s skin. Specifically, the Blue Sensor N, ECG
Electrodes (Ambu) were used. For each EMG signal to be acquired, 3 electrodes were necessary: a pair
of recording electrodes placed over the target muscle and a reference electrode placed close to a bone, as
far as possible from other interfering muscle activities. We selected the area of the fibula heads as it is
considered a suitable location for the reference electrode.

The software acquisition of the EMG signal was made with the official ADInstruments application
LabChart which communicates with the front-end via an appropriate front-end driver. This applica-
tion runs on a Windows PC (different from the one used for the stimulation), connected to the PowerLab
via a high-speed USB (2.0). Through this application, we could set a sampling frequency of 40 kHz and
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(a) (b)

Figure 5.1: Experimental setup for the stimulation component (a) with the STIMISOLA stimulator
and its cable for electrodes connection, and for the EMG component (b) with the PowerLab acquisition
system, the biological amplifier and its three-fold cable for electrodes connection.

add a hardware band-pass filter between 10 Hz and 500 Hz.

5.3.2. Experimental Protocol
The study conforms to the Helsinki Declaration and the Ethical Committee of the Medical University of
Wien approved the study. Twelve non-disabled participants (9 males, 3 females, mean age of 27.75±5.1
years old) took part in the trials after providing their written informed consent. Before starting, par-
ticipants were informed about the content and details of the study by the attending physician who also
verified that they were meeting all the inclusion criteria.
In the case of female subjects, they were also required to take a pregnancy test to prove they were not
pregnant at the time of the test.

Central Stimulation Protocol
For the central stimulation, 2 square electrodes were positioned on the back of the subject, the anode at
the level of the iliac crests (L1-L2) and the cathode at the level of the last rib (T11-T12), with the same
setup already used in our previous study (displayed in Figure 4.2a). During the acquisition, the subject
was comfortably lying on his back while receiving a ramp of electrical pulses with increasing intensity.
Specifically, the ramp started at 10 mA and stopped between 70 mA and 100 mA (maximum stimulator
amplitude), depending on the subject sensitivity. In fact, all tested individuals were required to inform
whenever the stimulation was becoming uncomfortable or painful. The amplitude step between pulses
was set to 2 mA, the inter-pulse-interval was 5 s, leading to a frequency of 0.2 Hz, and the pulsewidth was
1 ms. The low frequency value indicates that we were not delivering a continuous stimulation pattern but
a single-pulse one to be able to see the reflex responses, which would be otherwise impossible because of
the refractory period of nerve fibers. Lastly, the biphasic pulse shape was selected as it is charge-balanced
and offers a more efficient recruitment.
After this primary stimulation, the Post Activation Depression (PaD) was tested out by sending two close
pulses with a time distance of 50 ms. The amplitude of the pulses was different for each individual and
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it was selected as the amplitude able to induce a strong and visible reflex response but lower than the
maximum in order not to induce discomfort in the subject. This step aimed to verify the presence of the
PaD phenomenon and thus prove that the observed EMG signal indeed represented a reflex response,
meaning that the muscle activity was not due to a direct motor fibers stimulation but to a trans-synaptic
one, caused by the stimulation of sensory fibers.
To study the PRM reflex induced by the stimulation, the EMG activity was recorded for the 4 main
leg muscles: Rectus Femoris (RF), Biceps Femoris (BF), Tibialis Anterior (TA) and Gastrocnemius (G).
The position of the 4 pairs of EMG electrodes is the same already used in our previous study (displayed
in Figure 4.2b). Before placing the electrodes the skin was cleaned and exfoliated using the Nuprep skin
preparation gel (Weaver and Company) to improve the signal quality. Considering that we only had two
Biological Amplifiers (i.e., we could record only 2 muscles at a time), in order not to prolong the test
duration we decided to acquire the EMG activity only from one leg (left side), repeating the same current
ramp two times, once while recording the RF and BF muscles and the other while recording the TA and
G muscles.

Peripheral Stimulation Protocol
In this case, three different tests were carried out, each one stimulating a different leg nerve and thus
changing the electrodes’ location. In particular, 3 nerves were tested: the femoral nerve passing through
the femoral triangle, the sciatic nerve located below the gluteal fold and the tibial nerve on the popliteal
fossa. In all cases, a large rectangular reference electrode (cathode) was placed on the patella while a

(a) (b) (c)

Figure 5.2: Position of stimulation electrodes (anode and cathode) and EMG ones (one reference and
two recording) in the 3 peripheral tests: stimulation of femoral nerve (a), sciatic nerve (b) and tibial
nerve (c). Blue labels mark the position of stimulation electrodes, pink labels the one of EMG electrodes.
Labels with a dotted line indicate that the electrode is on the other side of the leg and thus covered.



5| Comparison of the neuromodulatory effects of peripheral and central
electrical stimulation 143

small round stimulation electrode (anode) was used to target the nerve and thus it had a different position
in the three tests. The aim of using a small electrode was to increase the selectivity of the stimulation as
we were interested in stimulating only sensory nerve fibers and not motor ones to optimize the induction
of the H-reflex.
However, the identification of the right electrode location is complicated by the fact that the peripheral
nervous system has mixed nerves and thus sensory and motor fibers are in the same location. To optimize
the positioning of the stimulation electrode, a preliminary exploratory phase was carried out by moving a
metal electrode around the area where the sensory nerve fibers were expected to be located. During this
phase, the EMG signal on the LabChart software was monitored to find an electrode position suitable
for inducing a visible H-reflex and, at the same time, a small M-wave or no M-wave at all.
Similarly to before, the stimulation was delivered in the form of a ramp but with different parameters.
Here the starting current level was determined as the first amplitude able to produce a visible activity
on the EMG signal (seen from the LabChart application) while the stimulation was stopped when the
H-reflex wave was no longer visible. The amplitude step between pulses was set to 1 mA and the inter-
pulse-interval was 2 s, leading to a frequency of 0.5 Hz. The pulsewidth was 1 ms and the pulse shape
was biphasic. Here, differently from before, 10 pulses were repeated for each amplitude because of the
higher variability of the muscles’ response to the peripheral nerve stimulation.
For the EMG acquisition, not all the 4 leg muscles were acquired during all tests but, depending on the
specific stimulated nerve, we acquired only the one or ones where an H-reflex was expected to be induced.

Specifically, 3 different test configurations were tried out:

1. Stimulating electrode on the femoral nerve and EMG acquisition of the Rectus Femoris muscle
(Figure 5.2a);

2. Stimulating electrode on the sciatic nerve and EMG acquisition of the Biceps Femoris muscle
(Figure 5.2b);

3. Stimulating electrode on the tibial nerve and EMG acquisition of the Tibialis Anterior and Gas-
trocnemius muscles (Figure 5.2c).

Following the same protocol explained for the central case, also in the three peripheral conditions the
occurrence of the PaD phenomenon was tested out.

5.3.3. Data Analysis
For the central stimulation, the EMG signal recorded for each stimulation amplitude was extracted.
Then, for each stimulation amplitude, the following indexes were extracted:

• Stimulation index: sample time at which the stimulation pulse is observed on the EMG signal;

• Start wave index: sample time at which the reflex wave starts, computed as the instant at which the
EMG signal displays a deflection from baseline higher than the 5% of its maximum peak-to-peak
amplitude [214];

• Latency: time delay between the instant in which the stimulation pulse was sent and the one in
which the reflex response was recorded;
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• Peak-to-Peak amplitude: the absolute difference between the maximum and minimum voltages of
the EMG signal.

For the central stimulation, as 10 pulses were sent for each amplitude, the average EMG signal of the 10
pulses was considered and then the following indexes were extracted:

• Stimulation index

• Start wave index

• Latency: both for H-reflex and M-wave;

• Peak-to-Peak amplitude: both for H-reflex and M-wave.

Lastly, the following average indexes were extracted for each muscle under both stimulations:

• Reflex threshold current: the current amplitude at which the first reflex response is visible;

• M-wave threshold current: the current amplitude at which the first M-wave is visible (only for
peripheral stimulation cases);

• Average and Standard Deviation (SD) of the latencies across all tested current amplitudes;

• Amplitude ratio between the 1st and 2nd reflex responses obtained when sending two pulses close
in time (i.e., when testing the PaD phenomenon).

Data were analyzed using MATLAB 2021b (Mathworks).
Finally, a non-parametric test for correlated samples was defined in SPSS Statistics (IBM) to compare the
four muscles among them both in the Central and Peripheral case. Then also for pairwise comparisons
of the 2 types of stimulation (Peripheral and Central) in the four muscle alternatives.

5.4. Results
The results are hereby presented, distinguishing between those of a representative subject and of all
subjects.

5.4.1. Representative Subject
Here the single EMG waves recorded on one exemplary subject (ID5) are reported to offer an idea of the
shape of these waves and their characteristics. The subject was selected because his results are in line
with literature reports and thus represent the standard behaviour that we would expect when stimulating
the posterior spinal roots and the peripheral nerves.
Figure 5.3 reports the PRM Reflex waves recorded on the four tested muscles under central stimulation
for the selected user. For all muscles, the same current amplitude range was tested, from 10 mA to 70
mA with steps of 2 mA. To ease the visualization, not all tested amplitudes are displayed but, for each
muscle, waves are shown for the reflex threshold current and then for increasing current amplitudes from
30 mA to 70 mA with steps of 10 mA.
Looking at the graphs it can be noticed that the reflex threshold current is different for each muscle
as well as the voltage amplitudes spanned by the waves, with higher amplitudes for posterior muscles
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(a)

(b)

(c)

(d)

Figure 5.3: PRM reflex waves in mV for a single subject on the 4 tested muscles: RF (a), BF (b), TA
(c) and G (d), displayed one per row. The used current amplitude is reported on the top of each panel.
Dots on the graphs indicate the starting point of the reflex and its latency with respect to the stimulation
instant (vertical dotted line) is reported in ms on the x-axis.

(BF and G) and lower for anterior ones (RF and TA). Focusing on the shape of the reflex waves, this
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(b)

(c)

(d)

Figure 5.4: H-reflex and M-waves in mV for a single subject on the 4 tested muscles: RF (a), BF (b),
TA (c) and G (d), displayed one per row. The used current amplitude is reported on the top of each
panel. Dots on the graphs indicate the starting point of the H-reflex and its latency with respect to the
stimulation instant (vertical dotted line) is reported in ms on the x-axis.
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is consistent for the reflex waves recorded on the same muscle at different amplitudes but changes when
considering different muscles. Nevertheless, some similar patterns can be spotted, such as the presence
of a maximum and a minimum peak.
Figure 5.4, instead, reports the peripheral waves recorded on the same subject on the four tested muscles.
In this case, as we started from the lowest current amplitude able to elicit a visible H-reflex (reflex
threshold) and stopped when the reflex was not visible anymore, a different amplitude range was tested
on the various muscles. In the figure, we reported some of the tested amplitudes with a distance of 2
mA; as a consequence, similarly to before, a different number of current levels (with a different value)
are shown for each muscle.
Here, two different EMG waves appear after the stimulation artifact: the first one is the M-wave, induced
by the direct stimulation of motor fibers, and the second one is the H-reflex, induced by the trans-synaptic
stimulation of motor fibers.
For the RF, TA and G muscles, we observe the standard behaviour of the M-waves and H-reflexes, which
we would have expected from the literature. In particular, some of the expected features are:

• Clear separation in time between the two waves;

• Lower H-reflex threshold than M-wave threshold (i.e., H-reflex waves appear before M-waves);

• Decrease of the H-reflex amplitude and opposite increase of the M-wave amplitude when increasing
the current level.

For the BF muscle, instead, these features are less visible because the high magnitude of the M-wave
covers in part the H-reflex; in fact, we suppose the H-reflex is the second wave that appears over the first
one, but it is difficult to clearly define its starting and ending points. The big amplitude of the M-wave,
in this case, is caused by the fact that we are using higher current levels for this muscle with respect to
other ones, as we could not see this double wave phenomenon at lower current amplitudes.

Figure 5.5 represents the Post Activation Depression (PaD) phenomenon on the same representative sub-
ject (ID5). Only one muscle was reported (the BF muscle under central stimulation) as this phenomenon
displayed a similar behaviour in all the other cases. The graph displays two stimulation pulses (inter-
pulse distance of 50 ms) together with the induced reflex waves. The numerical value of the peak-to-peak
amplitude for the two waves is reported in the graph and it can be noticed that, as expected from the
literature, the amplitude of the 1st reflex (ppAmp=4.6 mV) is significantly higher than the one of the
2nd reflex (ppAmp=0.935 mV).

5.4.2. All Subjects
This subsection shows cumulative results that take into account all subjects’ data, reported for each
muscle and stimulation type in terms of median and Inter-Quartile Range (IQR).
It has to be remarked that not all reflexes could be recorded for all subjects; the percentage of responders
(i.e., those subjects on which the specific reflex could be registered) for each reflex on each muscle is
reported in Table 5.1.
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Figure 5.5: PaD phenomenon for the BF muscle during the central stimulation protocol on the repre-
sentative subject (ID5).

CentralStimulation PeripheralStimulation

RF BF TA G RF BF TA G

100% 100% 100% 100% 83% 25% 100% 92%

Table 5.1: Percentage of stimulation responders for the two stimulation types and different muscles
over the twelve tested individuals. The term "responders" refers to those subjects on which the PRM
reflex could be observed.

Figure 5.6 compares the following metrics for the central and peripheral stimulation over the four muscles:
reflex thresholds (a), reflex latencies (b) and amplitude ratios between the 1st and 2nd reflex responses
during PaD (c).

(a) (b) (c)

Figure 5.6: Boxplots comparing the reflexes induced by the two stimulation types across all subjects
in terms of reflex threshold (a), reflex latency (b) and amplitude ratio between the 2nd and 1st reflex
response when testing PaD (c).

The reflex threshold (Figure 5.6a) refers to the lowest current level at which the reflex was observed.
By comparing its value for the central and peripheral stimulation, we can see that for all muscles the
threshold is significantly lower in the latter case (p<0.05), except for BF. If focusing on a single type of
stimulation and analyzing the similarities and dissimilarities among muscles, we can notice that for the
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central reflexes, comparable threshold values were reported by the two distal muscles (TA and G) and
by the two proximal ones (RF and BF), with higher median values in the distal condition but without
significant differences. For the peripheral reflexes, instead, similarly to before, we have comparable values
for the distal muscles, lower than those for the proximal ones. These latter, instead, display different
values, with a much higher current level for the BF but not reaching the level of significance.
Considering the average reflex time latency (Figure 5.6b), a remarkable difference can be noticed between
the central and peripheral conditions, with significantly higher latencies for the peripherally-induced
reflexes of all muscles (p<0.05), except BF. Focusing, instead, on a single type of stimulation, we observe
a pattern similar to the one already discussed for the current thresholds. Both for the peripheral and for
the central case, in fact, the two distal muscles and the two proximal ones can be grouped as they display
similar median latencies, higher in the former case with respect to the latter one. For the central case,
RF and BF were significantly different from TA and G; for the peripheral case, instead, no significant
differences were retrieved.
Lastly, when comparing the amplitude of the reflex responses induced by two close pulses (Figure 5.6c), no
significant differences between the central and peripheral cases were reported by all muscles. The central
stimulation displays small ratios for all muscles except the RF, which reports a higher median and a
wider variability among data points with respect to other muscles but without significant differences.
The peripheral stimulation, instead, presents small ratios for the distal muscles (comparable to those
of the central one), while the medians of the proximal muscles are much higher as well as their data
variability. Nevertheless, in all eight cases, the median amplitude ratio is lower than 1, meaning that the
amplitude of the 2nd reflex response is always smaller than the one of the 1st response, aligning with the
expected behaviour outlined in the literature.

(a) (b)

Figure 5.7: Boxplots of the max amplitudes of the PRM reflex (central) and H-reflex (peripheral) across
all subjects (a), together with the current amplitudes at which this maximum reflex was registered (b).

Figure 5.7a displays the maximum amplitude recorded for both reflexes on the four muscles across all
subjects. It can be noticed that for all muscles, except the BF, results are comparable both in terms
of median and IQR, with slightly lower values for the peripheral reflex compared to the central one but
without significant differences. The higher value of the BF may be due to the fact that its H-reflex could
be registered only on three subjects out of twelve while the PRM one was recorded for all the twelve
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individuals (as reported in Table 5.1). The absence of significant differences is interesting considering
that for all muscles (except BF) the current amplitude at which the maximum reflex was registered was
instead significantly different (p<0.05). This was around the lowest tested currents for the peripheral
H-reflex, and around the highest ones for the central PRM reflex (5.7b).
Taking into account, instead, pairwise comparisons among muscles, we notice that the only significant
difference is for the maximum reflex amplitude at the central level between RF and BF (0.009). Differently,
the current amplitude of the maximum reflex reported no significant pairwise differences both at the
central level and at the peripheral level.

5.5. Discussion
In this study Central and Peripheral Stimulations were investigated as possible neuromodulation tech-
niques, analyzing their similarities and differences. In particular, the main interest was to give guidelines
on how to apply them and understand whether the known advantages given by the Central stimulation
could also be replicated with the Peripheral approach. Indeed, particularly for the peripheral stimulation,
the literature lacks clear guidelines about the electrodes’ position and parameters to be used to better
address the sensory fibers. Indeed, considering that the SCS stimulates the sensory fibers in the posterior
roots of the spinal cord, in an attempt to replicate the same neural processes induced by this stimulation,
also the peripheral technique should mainly target these fibers. To this aim, both stimulations were de-
livered to twelve non-disabled subjects while contemporarily recording the EMG signal of four lower-limb
muscles.
The main difference between central and peripheral stimulation lies in the fact that the former only trig-
gers sensory nerve fibers while the latter, targeting mixed nerves, elicits both sensory and motor fibers.
Indeed, when considering single-subject recordings (Figures 5.3 and 5.4), a single EMG response (PRM
reflex) is displayed in the former case, while two waves appear in the latter case, both the direct motor
response (M-wave) and the reflex one (H-wave). The fact of stimulating mixed nerves is also associated
with a higher difficulty in identifying the electrode’s position, which should be the optimal one for trigger-
ing sensory fibers. Despite this difference, the two reflexes are similar in terms of shape, with the presence
of a minimum and maximum peak, across all considered muscles. However, it must be underlined that
this standard behaviour reported for one subject is not representative of all tested subjects. Particularly
for the peripheral stimulation, there were some cases in which the reflex activity could not be recorded.
In fact, as previously said, the results of the peripheral stimulation on the BF are only available for 3 out
of 12 subjects and those on the RF for 10 out of 12 subjects. This was due to the fact that the current
level required to obtain a visible reflex in such cases was higher than the maximum current level that the
tested person could tolerate. It happened with nerves innervating proximal muscles (RF and BF) and
not distal ones (TA and G) because these nerves are more difficult to localize and stimulate as they are
deeper [336] and covered by a bigger amount of fat mass that, increasing the tissue impedance, elevates
the current level needed to get the same potential difference.
This inspection is in line with the fact that considering data across all subjects, the H-reflex threshold
amplitude displays a higher median for proximal muscles compared to distal ones. The opposite behaviour
was instead observed for the central stimulation, with higher currents needed to induce a reflex in distal
muscles compared to proximal ones. In this case, it is not explained by anatomical considerations but
rather by the location of the stimulation electrodes: the threshold for distal muscles can be decreased
by moving the lower electrode caudal, while the opposite occurs when moving it more apical. This is
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coherent with the observation that threshold values are similar for the two distal muscles and for the two
proximal ones, confirming the link between them.
Considering both reflexes, generally, the current threshold amplitude is always higher for the PRM reflex
compared to the H-reflex because of the deeper location of nerve roots in the spinal posterior horns,
which require a higher current than peripheral nerves to get a similar depolarization level. Related to
this, when considering maximum reflex amplitudes, we observed similar values for the central and pe-
ripheral case across all muscles (except the BF) but induced by significantly higher currents in the former
case compared to the latter. The BF is an exception because of the difficulty of observing the H-reflex
in this muscle. Nevertheless, for all other muscles, this represents a relevant result, supporting the the-
ory that the two stimulations may induce similar neuromodulatory effects, with the advantage that the
peripheral one involves significantly lower current amplitudes. Of course, a deeper investigation in this
direction is needed, but this result reinforces the rationale behind our research. If similar neuromodu-
latory effects were demonstrated, subjects could use the peripheral stimulation in place of the central
one, gaining the same benefits while being injected with significantly lower charges. Moreover, this would
enable an autonomous application of the treatment, strengthening the independence of subjects and the
shift of rehabilitation from hospital-based settings to home-based ones, strongly promoted in recent years
[258, 259].
Significantly higher latencies were registered for the peripheral reflexes due to the larger distance that the
signal has to travel: from the stimulation site on the leg, it goes up to the spinal cord through sensory
fibers and then back again to the recording site on the leg through motor fibers. For the central case,
instead, the stimulation site is already at the spinal cord level and thus only the descending path has to
be travelled. Related to this, both reflexes reported lower latencies in proximal muscles than distal ones,
because the former are closer to the spinal cord.
Given that this study was based on the comparison of two reflex responses, the Post Activation Depression
phenomenon was verified for both cases to guarantee that the observed waves on the EMG signal were
actual reflex responses. This test was carried out on all subjects by sending two close pulses (inter-pulse
interval of 50 ms) and by noticing that the median amplitude ratio between the 2nd and 1st reflex re-
sponses was always lower than 1, meaning that the 2nd one was always attenuated. However, computed
ratios varied across muscles, with lower values for distal muscles than proximal ones, especially in the
peripheral case. A possible explanation may be the fact that the electrical signal travels a lower distance
in proximal nerves, reducing their refractory period and thus making these fibers ready to spike again
before those innervating distal muscles.
Overall, the present work collected some interesting observations, supporting further investigations in this
field. Nevertheless, this study also faced some limitations. The main one is given by the fact that only
subjects without disability were tested and consequently, moderate current levels could be delivered. This
mainly limited the central stimulation setup because, as previously discussed, the SCS requires higher
current levels which are not always tolerated by non-disabled subjects. Furthermore, it also prevented
the application of a continuous stimulation pattern as it would have resulted in higher pain. However,
testing this protocol on neurologically impaired subjects would represent a crucial step for this research,
enabling to prove the therapeutic benefits of SCS, like the reduction of spasticity-induced side effects
[226, 330]. Thus, future studies should apply both approaches to neurologically impaired subjects and
compare them in terms of induced therapeutical effects.
Secondly, a precise mapping for electrode positioning was not performed but they were rather placed
where the nerve was expected to be located. Then, by looking at the real-time EMG signals, some
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trial-and-error adjustments were made to find the nearby location in which the strongest EMG signal
was induced. As a consequence, we cannot state whether the optimal location was identified or not, and
this may be the reason why we also observed some unexpected results, not in line with literature reports.
For example, sometimes it was difficult to get a clean H-wave and a later appearance of the M-wave but
rather the contemporary presence of the two signals was observed. Future studies should optimize the
electrodes’ positioning step by mapping mixed nerves and spotting ideal locations for the preferential
triggering of sensory fibers.

5.6. Conclusion
This study proposes the comparison of two stimulation approaches targeting sensory nerve fibers, Spinal
Cord Stimulation (SCS) and Sensory Afferent Electrical Stimulation (SAES). The comparison focused
on the reflex responses induced by the two techniques, in the attempt to understand whether these could
induce similar neuromodulatory effects. Indeed, while there has been growing attention on exploring the
benefits of SCS for individuals with neuromuscular diseases in recent years, the SAES investigation has
received less attention. The peripheral approach is usually adopted for the direct stimulation of motor
fibers and the induction of artificial contractions, while its effect on the afferent sensory nerves has been
rarely attempted. Only in recent years, some interest was observed towards the development of full-body
or half-body suits, already integrating electrodes, intended to deliver a sensory stimulation or haptic
feedback. Some examples include the TeslaSuit [294], the Exopulse Mollii Suit [293] (by Ottobock) and
the Neural Sleeve [337] (by Cionic).
The rationale of this study lies in the fact that demonstrating similar effects for SCS and SAES would
enable to substitute the former with the latter and thus overcome some inherent SCS disadvantages.
Among them, are its inapplicability in individuals with spinal metal implants and the difficulty for
subjects to place back electrodes independently. The gathered results proved similar characteristics for
the two reflex waves in terms of shape and amplitude, proving that similar excitation levels could be
obtained for sensory fibers by using significantly different current amplitudes, lower for the peripheral
condition. Tests were only conducted on non-disabled subjects delivered with single electrical pulses but a
study on neurologically impaired users is strongly suggested, together with the application of a continuous
stimulation. Nevertheless, the collected evidence represents a promising starting point that paves the way
for future studies on possible uses of SAES in place of SCS, encouraging higher subject independence and
enabling the shift of rehabilitation treatments from hospital-based settings to home-based ones.
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Chapter Highlights
The research work outlined in the present thesis is hereby summarized, enhancing its main findings and
the key insights derived from it. Then, a perspective of the potential future research direction is offered,
along with insights into interesting points that warrant further exploration.
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6.1. Key take-home messages of the thesis, limita-

tions and future perspectives
My Ph.D. research deals with the use of different neuromodulation approaches for optimizing the rehabili-
tation process of people affected by neuromuscular disorders. In particular, I concentrated on non-invasive
Electrical Stimulation(ES)-based technologies, which have received growing attention in recent years and
could be employed in routine clinical practices to address conditions such as Spinal Cord Injury (SCI)
or Stroke. Their main objective is to restore subjects’ motor-sensory functions but also to improve their
quality of life by inducing secondary physiological benefits and enhancing their social participation. The
diffusion of these strategies was supported by the rapid evolution of engineering technologies, that con-
tinuously propose advanced solutions, increasingly accepted by users and tailored to their specific needs.
During my Ph.D., I investigated the different existing electrical stimulation techniques, particularly fo-
cusing on their working principles and on their induced effects at the central and peripheral neurological
levels. Starting from this, novel therapeutic approaches were hereby proposed where, depending on the
sought effect, the optimal stimulation strategy was applied, within an innovative setup that has been
rarely or never tested in the literature.
The primary objective is to offer technological advancements that could lead potential enhancements
in the rehabilitation of neuromuscular diseases. Indeed, conducted studies gathered promising, albeit



154 6| Conclusion and future perspectives

sometimes preliminary, results when applying such approaches to both disabled and non-disabled sub-
jects. Therefore, this thesis serves as a starting point, stimulating future applications of such innovative
therapeutic strategies to draw stronger conclusions about their effects and benefits.

This conclusive chapter aims to provide an overview of the different studied techniques, with their ad-
vantages and disadvantages, and with insights about their potential usage in the future. The idea is to
support the reader in understanding which is the most suitable stimulation to be set up depending on
the specific conditions he/she is dealing with. These conclusive remarks result from an initial theoretical
study, mainly retrieved from literature research, then supported by more practical procedures that I
conducted during my Ph.D., comprising experiments in which the electrical stimulation was applied at
different levels along the nervous system tree. Some tests have been carried out in the form of preliminary
feasibility studies, only involving non-disabled participants; others instead were more extensive, reaching
the clinical environment and thus individuals affected by neurological diseases, which represent the final
target of my study.
The main take-home messages that I collected throughout my research are hereby presented.

• The combination of FES with an active robotic device within a hybrid structure enables the re-
duction of the power demanded to motors and thus the realization of lighter and less cumbersome
systems (i.e., integrating smaller motors and batteries). Indeed, by delivering pulses above the
motor threshold, FES induces functional muscular contraction and thus provides torque inputs
positively participating in the movement execution.
However, such advantages are gained if defining a cooperative FES-motor control strategy, where
the two components are integrated within the same control loop rather than being merely summed
together but operating independently. Indeed, only with a connection among them, the two com-
ponents are aware of each other’s state and can react to eventual variations of their performances
over time. On one hand, the FES control can continuously adapt the stimulation parameters to
compensate for motor torque reductions; on the other hand, the motor intervenes in case of stim-
ulation inefficiencies, such as in cases of muscle fatigue.
Additionally, being applied at the peripheral level and thus triggering mixed (both sensory and
motor) nerve fibers, FES also induces benefits at the central level. Indeed, the afferent fibers stim-
ulation provides excitatory inputs back to the brain which promotes neural plasticity and motor
relearning [152, 153]. This phenomenon is emphasized when FES is coordinated with residual
volitional activations [154] because the intention of the action is combined with the perception of
effectively completing it, allowing subjects to perceive movements as self-generated [158].
Both these aspects support a general improvement of the usability of hybrid devices when com-
pared to standard robots. On one side, users are more willing to use these technologies if presenting
a less cumbersome structure; on the other side, the perception of the active participation of their
muscles in the movement execution determines psychological benefits, besides the FES-related
physiological ones (previously listed in Section 1.4.1).
A further alternative to enhance the usability of these devices, in particular considering the don-
ning and doffing processes, is the usage of textile-based electrodes that can be directly integrated
into the system’s structure. In this way, the electrode positioning process is avoided. This repre-
sents a strong advantage because it is time-consuming and often requires the presence of an expert
to identify the optimal skin locations for their placement.
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This was demonstrated in Chapter 2 of this thesis, which reports the development and testing of
the TwinFES hybrid system, characterized by a novel cooperative controller.

The second research question investigates alternative non-invasive ES solutions acting on afferent
neural circuits with the aim of maximizing the neuromodulation effects.

• When the stimulation only aims at inducing a neuromodulatory effect, instead, other two alter-
native non-invasive ES solutions are possible, besides the FES. These are SCS and SAES which
trigger afferent fibers at the central and peripheral levels respectively. They aim to send upward
signals directed toward the center to increase the overall excitability of the nervous system and
ease the processing of incoming inputs. Indeed, rather than directly inducing contractions, these
strategies are intended to facilitate the performance of movement. They are particularly useful
in the case of residual volitional efforts that reach the spinal cord but are too weak to trigger
fiber depolarization. By providing additional input, these strategies increase the central state of
excitability and allow these signals to overcome the firing threshold.
SCS received increasing attention in recent years, in particular for its demonstrated ability to reduce
spasticity [226] thanks to the inhibition of the hyperactivity of antagonist muscles. Additionally,
it is known that the combination of electrical stimulation with descending motor commands is
beneficial for neuroplastic changes, resulting in a Hebbian-type learning effect [211]. However, the
definition of therapeutic protocols applying this stimulation, potentially in combination with the
execution of functional movements, is still scarce in the present literature. As a consequence, no
clear consensus has been found so far about the real effects of this stimulation, in particular when
considering long-term applications.
With regards to SAES, instead, it was rarely investigated in the literature and thus its potential
advantages in terms of neuromodulation and brain plasticity are still unknown. Nevertheless, it
was proved that SAES and SCS are initiated in the same type of sensory axons, even if at different
locations along them [214]. Therefore, it is reasonable to imagine that the two stimulations could
also induce similar therapeutic effects.

In Chapter 5 of this thesis, we demonstrated similar characteristics for their induced reflexes but
further study should test their eventual similarity in terms of therapeutic effects on users.

Concerning the first point, we could draw such conclusions by addressing the first research question
of this thesis. In particular, the first aim was to integrate FES within a motorized robotic lower-limb
exoskeleton (Twin, Italian Institute of Technology [77, 271]), with a particular focus on the developed
control strategy.
Indeed, as already discussed in this thesis (refer to Section 1.4.1 for more details), the possibility of in-
tegrating FES within active robotic devices has gained increasing interest in recent years. Nevertheless,
many times they were managed with autonomous controls, with one component acting regardless of what
the other was doing. This was due to the difficulty of managing the actuation redundancy due to the
presence of two power sources. Such systems take advantage of the FES-related physiological benefits
but do not enable a motor torque reduction because, even if FES-induced movements effectively go in
the direction of the intended activity, the motor assistance, acting independently, is not decreased.
Differently, our research was prompted by the possibility of reducing motors’ power enabled by the FES
integration. The novel component of our system is the definition of a cooperative control strategy in
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which the motor power is decreased and the FES component is continuously adapted to compensate for
this reduction. In particular, the target trajectory tracking error was used as the common control signal.
In this scenario, FES primarily contributes to the movement generation by modulating the current am-
plitude, while the motors’ assistance is intended as a corrective component that guarantees the correct
task execution. This strategy was defined for controlling one joint during walking movements, namely
the knee during the swing phase, in combination with the stimulation of Quadriceps and Hamstirngs.
An extensive testing procedure was carried out both on non-disabled and neurologically-impaired indi-
viduals, proving the validity of our hypothesis. In particular, thanks to the presence of FES-induced
muscle torques, we could get significant motor torque reductions without observing relevant worsening
in the trajectory tracking performance. In particular, the motor torque was reduced by 51.5% across
non-disabled subjects and 48% across target users, with a median RMSE <7° for non-disabled subjects
and <8° for target users.
This demonstration paves the way for the future realization of robotic systems that, by integrating FES,
experience reduced power output demands and thus can incorporate smaller and lighter motors and bat-
teries.
Furthermore, questionnaire reports from target users proved that the FES addition increased the overall
device usability. This is justified by the fact that the active muscles’ participation in the movement
positively impacts the overall sensorimotor experience of users.
However, despite being higher for the case with FES, the overall usability scored low ratings. To this aim,
the potential realization of less cumbersome devices could enhance also this aspect, making users more
willing to employ them. A further step forward in this direction would be the development of cable-based
soft exoskeletons that could render these systems effectively usable as assistive devices during everyday
activities.
In the direction of enhancing the device’s usability, a further alternative is represented by the usage
of textile-based electrodes. Their main advantage is the possibility of being integrated into clothes or
fabric components that would improve the overall system wearability, easing donning and doffing pro-
cesses. This aspect constitutes the second aim of this research question and was addressed by developing
a textile-based solution for delivering stimulation by integrating screen-printed electrodes (Conductive
Transfers UK Ltd) into cotton strips. These were then compared to standard hydrogel electrodes in terms
of electrical properties and stimulation comfort and performance over fourteen non-disabled individuals.
Collected results revealed no significant differences between the two types of electrodes. Even if they were
not tested on disabled subjects, this result already represents a strong confirmation of the possibility of
using textile electrodes, eventually integrated into robotic systems, in place of self-adhesive hydrogel ones.
In recent years we assisted to the development of various suits integrating electrodes for the delivery of
different types of stimulation, such as the TeslaSuit [294], the Exopulse Mollii Suit [293] (Ottobock) and
the Neural Sleeve [337] (Cionic).
Furthermore, this would support the rehabilitation shift from a clinical-based setting to a home-based
one, which was noticed as a growing trend in recent years because it simplifies the handling of the therapy
for patients, not requiring them to reach the clinic or the hospital to get it.
Besides the low usability, another limitation of the TwinFES study resides in the fact that the cooperative
control was only defined at a single joint level. This was done because Quadriceps and Hamstrings are
bi-articular muscles with an opposite effect on the hip and knee joints which prevents the induction of
contemporary knee and hip flexion and extension during the early and late swing phases, respectively. In
particular, for both muscles, the effect on the knee joint would overcome the one on the hip joint, because



6| Conclusion and future perspectives 157

hip-actuating muscles are more difficult to stimulate given their depth and the higher torques required
in this case.
From these considerations, we concluded that the possibility of stimulating hip-actuating muscles does
not represent a viable option also for future studies. Rather, it would be helpful to integrate locking sys-
tems, such as brakes, to support the hip extension in the stance phase. Indeed, from the tests on target
users, we noticed that a non-negligible motor current and thus power was required from the motor, which
was not instead observed during trials on non-disabled subjects. This is probably due to the fact that a
greater effort is needed to sustain them during stance, considering their partial or complete inability to
maintain standing posture.
A further future advancement could be the increase in the number of muscles integrated into the coopera-
tive control and thus actively participating in the movement. Distal muscles (Gastrocnemius and Tibialis
Anterior), here only integrated into the synchronous control and thus stimulated at amplitudes below the
motor threshold, could induce plantar flexion and extension by being combined with an actuated ankle
joint.

With regard to the second theme, we investigated it through the second research question of this thesis.
First, we reviewed the present state of the art about SCS, its working principle and its main advantages.
Despite demonstrating interesting benefits at the neuromuscular level, this stimulation still pertains to
the research field. In response to it, the first aim of this research question is to propose a possible thera-
peutic application integrating tSCS within a rehabilitative activity. The rationale of this study originates
from the consideration that, given the proven potentiality of this technology to augment volitional sig-
nals [210, 234], tSCS could provide significant advantages when combined with functional movements,
particularly in the case of subjects with residual volitional abilities.
In our study we developed a cycling-based tSCS protocol by combining this stimulation with the assisted
pedaling activity on a motorized trike. Four complete SCI individuals were tested and their leg EMG
was acquired to verify whether any activity was induced in their muscles during the protocol execution.
We noticed some interesting EMG modulation, also directed towards the reduction of spasticity in the
case of users with hypertonic muscles. Moreover, some advantages and sensation recovery were reported
for bowel and bladder control, which is even more significant for subjects’ quality of life than a recovery
of motor abilities [338]. Overall, our results tendency confirmed some literature observations even if we
could not observe direct motor effects such as movement facilitation, probably because of the limited
number of performed SCS sessions.
Future research should consider this (or similar) therapeutic technological platform and test its effects
and benefits in the long-term scenario.
Among the main tSCS limitations, we find the impossibility of applying it on subjects with spinal metal
implants, the high current amplitudes required by this stimulation and the difficulty of autonomous
electrode positioning on the back. These considerations boosted the second aim within our research on
afferent stimulation, which is the investigation of its peripheral approach, referred to as SAES. Very little
evidence was found in the literature about its neuromodulatory effect [195] and possible applications.
Nevertheless, given that it was demonstrated to affect the same spinal circuits as SCS [214], we hereby
wanted to compare the two stimulation types in terms of induced reflex waves. This was done by ap-
plying both stimulation on twelve non-disabled participants: SCS at the spinal level and SAES on three
peripheral nerves (femoral, sciatic and tibial). The reflex waves induced in the two cases, PRM reflex and
H-wave respectively, were then compared in terms of shape, current threshold and latency. The shape
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of the two reflexes were similar, while observed differences in the current threshold and latency were in
line with the hypothesis that the two stimulation types are directed to different levels of the nervous
system tree. This result confirms literature observations and makes it reasonable to suppose that the two
strategies might provoke a similar neuromodulatory impact as well.
However, our analysis was more of a preliminary experimental verification and thus further investigations
testing the therapeutic effects of this stimulation are needed. If comparable benefits of SCS and SAES
are confirmed, then one could decide to use one approach or the other depending on the specific case he
is dealing with and considering their specific disadvantages. With respect to SAES, the main challenge
is given by the difficulty of specifically targeting sensory fibers, given that this stimulation is directed to
mixed nerves in the periphery.
Future research should also move towards the combination of robotic devices with afferent stimulations.
At present, little research in this field is encountered in the literature [313] but this represents an inter-
esting point to be further explored, given the beneficial motor-facilitating effects previously discussed.
In this thesis, we attempted to combine the Twin robotic system with a stimulation below the motor
threshold when in the synchronous approach we delivered a proprioceptive stimulation. The aim here
was not to generate a movement but rather to combining the walking activity with an afferent sensory
input synchronized with it. Nevertheless, we only proved its feasibility but did not test whether some
central effects were specifically triggered by this stimulation. Indeed, even if the TwinFES system re-
ported higher usability with respect to the sole exoskeleton, we cannot draw any conclusion on whether
also this stimulation (in addition to FES) contributed to this result. Future studies should test it, for
example by verifying whether an increase in the system usability would be registered also in the case of
using the exoskeleton with the sole proprioceptive stimulation, without FES.
Besides the peripheral one, also the central afferent stimulation (SCS) could be integrated into such
devices. Indeed, targeting the Central Pattern Generator [230], this stimulation may influence the gen-
eration of rhythmic movements, involved in cyclic activities such as walking or cycling. Stunning results
were already reported by literature studies [339] applying the epidural SCS for walking restoration in SCI
individuals. All this collected evidence makes us optimistic about the potential benefits that could be
obtained when combining tSCS with robotic devices for walking or cycling. Even if not directly inducing
a movement as in the epidural case (notably more selective and effective), we can expect it to facilitate
the performance of functional tasks.
A further step forward would be the possibility of combining SCS and FES. In fact, such integration was
not found in the literature but we think that the understanding of how these stimulations would interact
in the nervous system is of particular relevance.
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