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Abstract

The demographic change in the world is leading to a higher proportion of elderly people,
who are at a greater risk of developing chronic disease, which is detrimental to their
quality of life, and a considerable burden on society. Stroke is of particular concern, as
the prevalence of stroke is on the rise, and the rehabilitation needed to regain lost motor
skills following a stroke, is often intensive and long-lasting. In the early days following a
stroke, the neural system has increased capacity for neuroplastic changes which may be
utilized for recovery. Yet, for those severely affected by their stroke who must remain
bedridden rehabilitation options are limited.

This PhD study developed and evaluated three components for a hybrid functional
electrical stimulation(FES)-robotic rehabilitation system of the lower limb, usable while
in bed: 1) A brain computer interface (BCI) to allow for intention-based triggering of
the administration of FES, 2) an assist-as-needed (AAN) control paradigm for adjusting
the assistance provided by the system to match the capability of the patient, to promote
active participation, and 3) a dynamic controller to adjust FES stimulation parameters
online to achieve a target movement velocity.

The three studies of the PhD evaluated each system component, respectively, in
able-bodied participants and demonstrated their technical performance. The first study
demonstrated that the developed BCI was capable of single-trial detections with subse-
quent administration of FES, in an out-of-lab setting. The second study demonstrated
that the developed AAN control method could identify different states in the users’ exer-
cise capability, and adjust the assistance provided accordingly. Additionally, the second
study evaluated the AAN control method in two stroke patients and showed that the
system was capable of appropriately adapting to the capability of the patients, and
that the adaptive exercise was well tolerated. The third study demonstrated that the
developed FES-controller was able to adjust the stimulation parameters online, when
the utilized stimulation parameters were no longer the best suitable to reach the target
movement velocity.

The designed components may be used individually or collectively to provide novel
hybrid FES-robotic rehabilitation of the lower limb while bedridden. The system collec-
tively demonstrated that bedside rehabilitation with a hybrid FES-robotic rehabilitation
system is possible and may be pursued further in the future.
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Resumé

De demografiske séendringer i verden forer til en stgrre andel af seldre i befolkningen, der
har en hgjere risiko for at udvikle en kronisk sygdom, hvilket reducerer den enkeltes
livskvalitet og udggr en betydelig byrde for samfundet. Stroke er seerligt bekymrende,
da forekomsten er i fremgang og da den rehabilitering der er ngdvendig for at genskabe
tabt forlighed efter et stroke, ofte er intensiv og langvarig. I de tidlige dage efter et
stroke, har nervesystemet en gget kapacitet for neuroplastiske sendringer, hvilket kan
udnyttes i rehabiliteringen. Men, for de der er svaert pavirket af et stroke og mé forblive
sengeliggende er rehabiliteringsmulighederne begraenset.

Dette PhD studie udviklede og evaluerede tre komponenter af et hybridt funktionelt
elektrisk stimulering (FES)-robot rehabiliteringssystem til underekstremiteterne, der
kan bruges i en seng: 1) Et brain-computer interface (BCI) der tillader selv-initieret
aktivering af FES, 2) et assist-as-needed (AAN) styresystem, der justerer meengden af
assistance der gives fra system, tilpasset patientens evner, for at promoverer aktiv delt-
agelse, og 3) en dynamisk controller til online justering af FES stimuleringsparametre,
med malet om at vedholde en bestemt bevaegelseshastighed.

De tre studier i PhD’en evaluerede hver system komponent hver for sig i raske
forsggspersoner og demonstrerede deres tekniske egenskaber. Det fgrste studie demon-
strerede at det udviklede BCI var i stand til, at lave detekteringer baseret pa live data,
og efterfplgende aktiverer FES, i et ud-af-laboratoriet miljo. Det andet studie demon-
strerede, at det udviklede AAN styresystem kunne identificere forskellige niveauer i
testpersonernes traeningsevner, og justerede maengden af assistance derefter. Yderligere
testede det andet studie AAN-styresystemet med to stroke patienter, og viste at sys-
temet var i stand til hensigtsmaessigt at justere assistancen til patienternes behov, og at
patienterne tolererede den adaptive traening godt. Det tredje studie demonstrerede at
den udviklede FES-controller var i stand til at justere stimuleringsparametrene online,
nar de brugte stimuleringsparametre ikke laengere var de bedst egnede til at opretholde
den bestemte bevaegelseshastighed.

De designede komponenter kan bruges individuelt eller samlet til at give innovativ
hybrid FES-robot rehabilitering af underekstremiteter mens patienten er sengeliggende.
Systemet demonstrerer samlet at sengeliggende rehabilitering med et hybridt FES-
robotisk rehabiliteringssystem er muligt, og kan forfglges yderligere i fremtiden.
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Chapter 1: Introduction

The world population is getting older [1]. The consequence of such demographic change
is an increased burden on the healthcare system, as the elderly have an increased risk
of developing chronic diseases, such as stroke, Parkinson’s, Alzheimer’s disease, etc.
[2], and a tremendous impact on the affected individuals’ quality of life [2, 3]. In this
context, stroke is of great concern, as it is increasingly prevalent [4], it requires intensive
and long-lasting interventions to reclaim and maintain quality of life [5, 6], and it is
a considerable burden on society, costing an estimated 2.7 billion DKK annually in
Denmark alone [7, 8], and resulted in 143 million disease-adjusted life years globally (in
2019) [4].

An estimated 35% of stroke survivors with some degree of impaired lower limb func-
tion, will show no motor recovery [9]. For stroke survivors that are severely affected
by the stroke and consequently are restricted to a bed in the early days following their
stroke, intensive rehabilitation options are limited [1]. Yet, in the early days following
a stroke, the neural system is particularly receptive to neuroplastic changes, which may
be utilized to promote recovery [10, 11]. These neuroplastic changes may be facilitated
by engaging in exercise [10, 12-16]. Therefore, there is great potential for improving the
outcome of rehabilitation for severely affected stroke survivors, by facilitating exercising
in the early days following their stroke, regardless of their limitations [10, 12, 13, 15, 16].

The above reasons all contribute to an interest in developing technologies to facilitate
exercise for severely affected stroke survivors. Technologies such as robotics can provide
intensive and repetitive exercise for stroke patients [14, 17, 18], which may lead to
improved recovery and the quality of life [19-21]. Additionally, robotics may relieve the
strain on healthcare personnel administering therapy [22], as robotics can replace the
manual labor of the therapist [23].

1.1 Robotics for early lower limb rehabilitation

Robotics may be used in rehabilitation to facilitate exercise of the lower limbs of pa-
tients, which has previously been demonstrated by many [5, 16, 24-26]. The use of
robotics allows for longer and more intense durations of exercise [14, 17, 18], as they do
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not tire as human therapists would. Additionally, robotics can reproduce exact move-
ments, meaning that the quality of exercise provided is identical to all patients and
independent of physiotherapist skill [16]. Robotics that can be used without therapist
intervention during exercise, i.e., the therapist does not need to constantly support or
observe the use of the technology to ensure, e.g., safety and efficacy, allow said therapists
to spent time on other important work [23]. Additionally, it may be possible for a single
therapist to supervise several patients exercising at once, in cases where multiple robotic
devices facilitating exercise are in close proximity (for safety), boosting efficiency. Fi-
nally, providing manual therapy, i.e., repetitively moving the patients’ limbs to facilitate
exercise [5, 22], constitutes a considerable risk to the therapist, as 55-91% of therapists
have reported injuries in the lower back, neck, upper back or shoulders, while 2.8-21%
have reported requiring sick leave following their injury [22]. Hence, the use of robotics
could reduce the risk of such injuries [14, 20, 22] and help combat the increased demand
for therapy [2, 4, 27].

Robotics is a great candidate to facilitate neurorehabilitation principles (NP) shown
to optimize rehabilitation outcomes, such as:

I Massed practice [28],

IT Progressive increase in difficulty [28],
IIT Variable practice [28-30], and
IV Active participation [29, 31, 32].

‘Massed practice’ refers to a period of time during which the patient does repetitive
practice of the same exercise or skill [28]. In this regard robotics can facilitate exer-
cise for a prolonged period compared to human therapists [14, 17, 18], and they may
simultaneously be used to quantify the completed exercise, using the variety of sensors
available in robotic devices. ‘Progressive increase in difficulty’ refers to the exercise task
having to be challenging for optimal rehabilitative outcomes, and to be increasingly
more difficult as patients improve, to continuously be optimal [28]. In robotics, this
could be achieved by adjusting the resistance or assistance provided, making the exer-
cise task more or less difficult for the patient [33]. ‘Variable practice’ refers to exercises
which allow room for error, such as deviation from a defined movement trajectory, which
has been shown to improve motor learning compared to strictly following the moving
trajectory [29, 30]. Here robotics may utilize a so-called “virtual tunnel” to impose a
region of free movability around the defined movement trajectory and thereby allow
error in performing the exercise [29, 34]. ‘Active participation’ simply refers to the need
for patients to be actively involved in the exercise to facilitate motor learning, as alter-
native to having their limbs passively moved around by e.g., a robotic device [29, 31].
Although passive movement of the limbs is effective to promote recovery [35-37], the
active involvement of the patient produces better rehabilitative results [29, 31]. The
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assistance provided by robotics during exercise is thus a drawback for neurorehabilita-
tion, as even during active participation of patients, the assistance of robotic devices
has been shown to limit the effort of the patients involuntarily, a phenomenon referred
to as “slacking” [19, 32]. However, by monitoring the capability of the patient and lim-
iting the assistance provided to only the necessary amount, “slacking” can be avoided.
Additionally, to be fully compliant with the fourth NP, it is important that the exercise
is coupled with the patient’s intention of movement [5, 33, 38, 39]. Hence, NP IV is
comprised of two components: the active participation of the patients muscles, and the
active participation of their mind [5, 29, 31-33, 38, 39]. It is possible to determine
the patient’s intention of movement by monitoring biosignals, such as electromyography
(EMG) in individuals with sufficient remaining voluntary muscle control [40, 41], or
electroencephalography (EEG) through the use of a brain-computer interface (BCI) in
individuals with no voluntary muscle control [42, 43]. When coupling the intention of
patients to the performed exercise, to facilitate neurorehabilitation, it is important to
do it per repetition, i.e., each repetition of exercise should be driven by the patients’
intention [44, 45]. Hence, the intention-detection algorithm (regardless of whether it is
based on EMG or EEG), should be able to work on single trials, i.e., individual attempts
by the patient of moving.

The monitoring of patients’ capabilities and subsequently adjusting the assistance
provided to the patients’ specific needs, has been made into a field of study within
rehabilitation, under the term “Assist-as-needed” (AAN) [33, 46]. AAN is an exercise
principle/control strategy, in which the patient achieves a certain target nr. of repeti-
tions, movement velocity, movement trajectory, etc., with minimum assistance from the
system [33, 47] (henceforth referred to as the ‘AAN principle’). This in turn promotes
that patients use their own internal resources to the greatest extent possible, which is
suggested to boost rehabilitative outcomes [33, 47], based on NPs II and IV, as their ac-
tive participation and high effort is facilitated /promoted by the system [33, 38, 39, 47].
Generally, AAN is implemented in one of two ways: A) by reducing or increasing the
direct physical demand on patients during exercise, or B) by reducing or increasing en-
forcement of a specific movement pattern or behavior. The physical demand on patients
may be altered, e.g., by adjusting the torque used to help the patient complete the exer-
cise [38, 40, 47-50] or the body-weight support provided to the patient during exercise
[19, 38]. The enforcement of a specific movement pattern or behavior may be adjusted,
e.g., by increasing the size of a virtual tunnel, which proportionally applies corrective
forces according to the patient’s deviation from a desired trajectory [29, 34], thereby
allowing more or less error in the movement trajectory, or by facilitating/restricting
the movement speed of the exercise [48]. For AAN to be implemented successfully, it
is essential that the system can assess or estimate the current capability of the exer-
cising patient, through e.g., force sensors [34, 47, 50] or biosignals [40, 49], to adapt
appropriately to the patient’s capability.

Even though AAN may optimize the assistance provided, it infers that patients are
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able to contribute to the exercise at all. In severe cases, patients may have little-to-no
voluntary muscle control [9]. Yet, in these cases active participation of the patients’
muscles can be facilitated using Functional Electrical Stimulation (FES). FES is the
artificial activation of motor nerves, which relies on the use of electrical stimulation
trains applied to the motor points of muscles of interest [51-54]). Thus, FES constitutes
a way of activating patients’ muscles, even if they have no voluntary ability to do so.
By using FES in combination with robotics, as a hybrid FES-robotic system, it will also
diminish the “slacking” effect of systems only utilizing robotics. A downside of FES
is the rapid induction of fatigue resulting in less force production during stimulation
[51, 52]. However, the induction of fatigue by FES may be mitigated by the robotic
part of the hybrid system, as the robot may reduce the need for force produced by the
FES, resulting in a reduced amplitude/intensity /frequency of FES and thereby fatigue
[55, 56].

Therefore, it is proposed that the best option for early rehabilitation of severely
affected stroke patients, is a hybrid rehabilitation system combining robotics and FES,
incorporating AAN while being able to match the patients’ intentions with the exercise
on a repetition-per-repetition basis. Such system would also relieve the therapist in-
volved in the therapy of stroke patients, and potentially help mitigate the demand for
therapy. Development of such system is the topic of this thesis.

1.2 State-of-the-art hybrid FES-robotic systems for
in-bed exercising

In the following a state-of-the-art of identified FES-robotic hybrid systems for bedridden
patients is presented. For the purpose of this overview FES-cycling devices will be
omitted, as there is a focus on robotic devices for severely affected stroke patients [57],
which may also facilitate specific exercises for severely affected stroke patients, such
as knee extension for standing and ankle dorsal flexion for relieving foot drop, which
FES-cycling cannot.

The identified hybrid FES-robotic rehabilitation systems, which may be used while
in bed for severely affected stroke survivors are listed in table 1.1.

Kuznetsov et al. 2013, Calabro et al. 2015, and Sarabadani et al. 2017, all utilized
the robotic tilt table ERIGO combined with FES [58-60]. The system is fully functional
while the patient is in a supine position, although it does require transfer from the
patient’s bed onto the tilt table [58-60]. The system provides mechanical stepping-
like movement of the patients’ legs through moving footplates, and FES with fixed
stimulation parameters synchronized to the movement of the patients’ legs [58-60]. As
the system can facilitate repetitive exercise, and has the option of loading the trainees
leg for increased exercise intensity, the system abide by NP I and II [58-60]. However,
the system provided cyclic movements, with little variation [58-60], hence NP III was
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Table 1.1: Overview of existing hybrid robotic-FES rehabilitation systems applicable to severely
affected stroke survivors while in bed. In bed use — indicates whether the system is usable while in
bed/supine position. Exercises - indicates which exercises are possible with the respective system. NP
- refers to which of the four outlined NP the respective system abide to. AAN — indicates whether
the system utilizes AAN control strategies. Intention based — indicates whether the system monitors
the intention of the user in the performed exercise. () - indicates that the respective system was not
intended for bed-use.

s
[}
g g g | = 2
= = = 2 Z <
) —~ ) é—j Z, Q
Nq_'_; % e > < Ev
/~ = M 3
=) = E
Robotic tilt table w.
[58-60) or without resistance v Stepping move- I and 11

+ FES synchronized to ments
leg movement
Motorized knee exten-
[61] sion exercise machine | (v') | Knee extension | I and IT
combined with FES
Robotic knee extension

[50] machine coupled with | (v') | Knee extension | I and IT
FES
Any exercise
b ROBERT®’s and IV

triggered delivery workspace

not adhered to. The system did not consider the capability of the exercising patients,
nor their intention, and indiscriminately applied FES synchronized to the movement of
the patient’s legs [58-60]. Thus, it does not incorporate NP IV, the AAN principle of
providing the least amount of necessary assistance, and it is not intention-based. These
shortcomings may limit the rehabilitative capacity of the system [29, 31, 32, 47].
Kirsch et al. 2018 introduced a modified knee-extension exercise machine paired with
FES (denoted ‘Hybrid neuroprosthesis’), as a hybrid FES-robotic rehabilitation system
[61]. The system itself was not intended for in-bed use [61], but in the context of this
overview, it is considered probable that the system may be usable in bed. The system
worked by varying the proportion of torque produced by the motor and FES, based on
the estimated fatigue of the trainee’s muscles, according to a fatigue model [61]. As the
system can facilitate repetitive exercise [61], and it is deemed feasible that the system
may facilitate difficult high effort exercise, i.e., by limiting the provided assistance, it
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abides with NP I and II. Similarly to [29, 31, 32, 47] the system was rigid in terms
of error allowed during exercising, i.e., trainees are strapped to the system whish has
a single degree of freedom [61]. Hence the system did not abide by NP III. Since the
system was tested with a participant instructed to remain passive [61], the system did
not abide by NP IV, the AAN principle, and was not intention-based [61], which may
diminish the systems rehabilitative capacity [5, 14, 33, 38, 39].

Zhang et al. 2017 developed a hybrid FES-robotic knee exoskeleton “FEXO knee”,
for facilitating knee extension exercise [50]. The exoskeleton comprised a circular brace
attached to the shank of a trainee, and all residual mechanical and electrical parts being
mounted on a base bench, to be fixed on a table [50]. The FEXO knee was designed
to be used in a sitting position [50], but in the context of this review, it is considered
probable to utilize the system while in bed. The system would split the torque required
to follow a reference trajectory between the electrical motor and FES in the system [50].
In the study, the proportion of torque to be produced by FES was chosen arbitrarily to
be 30-70% [50]. A model was used to determine which pulse duration would produce the
FES proportion of the necessary system torque, and the torque required by the electrical
motor, would be the remainder [50]. Finally, the system would increase the proportion
of torque provided by the electrical motor, in the presence of muscular fatigue, estimated
as the difference between desired and actual torque [50]. Since the system was capable
of providing repetitive exercise, with varying degrees of assistance, [50] NP I and II are
adhered to. Similarly to [61], the system was rigid in terms of the error possible in
the system with one degree of freedom [50], and hence, the system does not abide to
NP III. The system was tested with the participants remaining completely still, and
thus, it did not comply with NP IV, the AAN principle, and was not intention-based.
Additionally, the extensive modeling in the system, required several calibration steps,
including manual parameter identifications [50]. Such procedures can be time consuming
(time undisclosed in [50]) and may not be appropriate for clinical practice where limited
time is available per patient session (=95 minutes average session length [63], with 16-47
minutes of active patient time per session [64].

Finally, Petersen et al. 2020 introduced a hybrid system consisting of the seven
degree of freedom (DoF) end-effector robot ROBERT® (based on KUKA; Life Science
Robotics, Denmark) combined with an EMG-triggered FES system [62]. This system
was fully capable of being used with patients in their own beds and supported knee
extension and ankle dorsal flexion exercises, but could in principle facilitate any exercise
in ROBERT®’s workspace, based on its ability to follow a manually defined exercise
trajectory [62]. The robotic device provided the movement trajectory, resistance to the
completion of the exercise trajectory, and the automatic return of the lower limb to the
starting position of the exercise, when an exercise repetition had been completed [62].
The system monitored EMG of the trainees and applied FES when a set threshold for
EMG had been reached [62]. The FES facilitated completion of the exercise trajectory
and was terminated upon reaching the end of the trajectory [62]. As the system could
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facilitate repetitive exercise, had a changeable resistance, and provided end-effector
based exercise with room for error, [62] the system abides to NP I-III. As the exercise
was intention-based [62], the system furthermore complied with NP IV. However, the
hybrid system did not comply with the AAN principles, as it indiscriminately applied
FES, regardless of the capability of the trainees [62], which may compromise the possible
rehabilitative power of the system [33, 38, 39, 47].

It should be noted that the few identified hybrid FES-robotic systems in this overview
(Kuznetsov et al. 2013, Calabro et al. 2015, Tafreshi et al. 2017, Kirsch et al. 2018,
Zhang et al. 2017, and Petersen et al. 2020 [50, 58-62]), does not reflect the absence
of hybrid FES-robotic systems in general. However, it does reflect that the efforts in
developing hybrid FES-robotic systems are generally focused on out-of-bed systems, of
which there are numerous [65], such as a treadmill and body weight supported hip-knee
exoskeleton coupled with FES [23], a powered ankle-foot orthosis for overground walking
coupled with FES [66], or the Kinesis exoskeleton coupled with FES [55].

Some studies were identified which related to the development of the control strate-
gies for hybrid FES-robotic rehabilitation systems [67-69]. However, as these studies
did not realize the system, only the control strategy, it was not included in this review.

From table 1.1 it is evident that no hybrid rehabilitation system exists for use while
in bed, which utilizes all the outlined NP (see section 1.1) and the AAN principle,
while being intention-based. Further, no identified system utilized a BCI, allowing for
intention-based exercise for severely affected patients. Additionally, no identified system
utilized the AAN principle at all, allowing the assistance to be adjusted depending on the
patients capability. Of the identified robotic devices, only ROBERT® used by Petersen et
al. 2020, was able to support different exercise movements [62]. Additionally, ROBERT®
was the only device used in a hybrid system that was truly usable in bed (without need
for transfers) [62]. Hence, there is untapped potential for recovery of severely affected
stroke patients, which may be facilitated by developing the system proposed in section
1.1, and the best identified robotic candidate to base this system on is the ROBERT®
device.

Thus, the identified gaps in the state-of-the-art are:

1. No hybrid FES-Robotics system for bedridden patients provide intention-based
exercise using a BCIL.

2. No hybrid FES-Robotics system for bedridden patients utilized an AAN control
strategy.
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1.3 Requirements for a hybrid FES-robotic rehabili-
tation system

As there is untapped potential for facilitating recovery in severely affected stroke pa-
tients, by use of hybrid FES-robotic rehabilitation systems while in bed, and since no
system has been identified that utilized a BCI or the AAN principle, developing such
a system was the focus of this thesis. Based on the presented literature the following
requirements for a rehabilitation system for early in-bed rehabilitation of the lower limb
following a stroke are defined:

1. Firstly, the system should be able to comply with the four outlined NPs. For
this the system should be hybrid, combining a robotic device and a FES delivery
system. This is to ensure the facilitation of exercise in paralyzed patients, while
actively involving their muscles in the exercise. Such system can facilitate recovery
through NP I[-IV as outlined in section 1.1.

(a) The best identified robotic device to base such a system on is ROBERT®, as
it was found possible to comply with all four NPs using this device, and due
to it being truly usable while in bed in a hybrid configuration, and capable
of various exercises.

2. According to the identified gap 1 in the state-of-the-art (section 1.2), the system
should facilitate intention-based exercise of the lower limb on a repetition-per-
repetition basis, utilizing a BCI. This will facilitate that the exercise may comply
with NP IV, as outlined in section 1.1.

(a) Generally, intention-based exercise should be implemented in the system, us-
ing biosignals, i.e., using EMG-based triggers when voluntary muscle activity
is present, and using a BCI, when no voluntary muscle activity is present.

i. For a biosignal-based implementations it is important that the systems
work in an out-of-lab setting. Particularly BCI’s are usually developed
in labs where EEG-signal quality is optimal [70]. However, the EEG-
signal quality remains a challenge outside of laboratories, such as in the
context of providing rehabilitation in a clinical setting [70]. Therefore,
the biosignal-based implementations should be able to work in an out-
of-lab setting.

3. According to the identified gap 2 in the state-of-the-art (section 1.2), the system
should utilize an AAN control strategy, as this was not present in the current
state-of-the-art. Such a control strategy will constitute a strong rehabilitation
platform that minimizes the assistance provided to the patient during exercise,
to promote the use of the patient’s own internal resources to the highest degree
possible.
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4. While rehabilitation systems, particularly those with more than one source of
power production (e.g., robotics and FES) [40, 49], may be complex in nature, it
is considered important that they remain simple to use. Complex systems may
require specialized skills to use and may take a long time to setup or calibrate,
which will all hinder the systems adoption in clinical practice, where limited time
is available per patient session (16-95 minutes) [63, 64]. Hence the overall design
of each system component should be concerned with reducing complexity of setup,
calibration, and use, while being quick to setup.



10

Chapter 1. Introduction
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The aim of this Ph. D. project was to design, implement, and evaluate a hybrid FES-
robotic rehabilitation system as outlined in section 1.3, targeting early lower limb reha-
bilitation for stroke patients in a supine position.

To fulfill this aim, three research questions were formulated:

RQ1 How can a BCI be designed to provide intention-based exercise with a hybrid FES-
robotic rehabilitation system?

RQ2 How can an AAN control strateqy be designed for a hybrid FES-robotic rehabilita-
tion system?

RQ3 How can FES stimulation parameters be controlled to improve the AAN control
strategy for a hybrid rehabilitation system?

To address these research questions, the thesis was divided into three main studies
with the following objectives:

A) Design and evaluate a BCI based intention detection method for control
of a FES-robotic rehabilitation system:
This study sought to answer the research question RQ1. In very severe cases,
stroke survivors may be unable to produce voluntary movement following their
neurological insult, even though it may still be possible to produce EEG potentials
related to the intended movement. In that case, a BCI should be designed to allow
for intention-based exercising. For the BCI to comply with the NP of ‘active
participation’ (IV), the BCI must work on single trials. Finally, the BCI must be
designed to control the hybrid FES-robotic rehabilitation system, in an out-of-lab
setting.

B) Design and evaluate the feasibility of an assist-as-needed approach for
the FES-robotic rehabilitation system:
This study sought to answer the research question RQ2. To comply with NP of
‘active participation’ (IV), the hybrid FES-robotic rehabilitation system should
allow trainees to exercise to the fullest of their capability, i.e., exercise voluntarily

11
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if possible, and provide a minimal amount of assistance when necessary. Hence, a
control strategy should be designed that can track the exercise capability of the
patient and adapt the assistance provided accordingly.

C) Design and evaluate a controller for adjusting stimulation parameters

of FES in the hybrid FES-robotic rehabilitation system for improved
AAN control:
This study sought to answer the research question RQ3. Fixing FES stimulation
parameters, such as the pulse duration, may over time result in the FES provided
not being effective for what is necessary to complete the target exercise, due
to fatigue. Additionally, the AAN principle dictates (see section 1.1) that only
the minimally required assistance should be provided to complete an exercise
repetition, i.e., FES should be applied in a manner that is not excessively assisting
the patient. Hence, an FES controller should be designed to alter stimulation
parameters to allow for continued exercising, while minimizing the stimulation
parameters to the necessary level. Such controller would allow the AAN control
strategy to better utilize FES for torque production in line with NP IV.

2.1 Dissertation overview

This thesis presents the design and evaluation of a hybrid FES-robotic rehabilitation
system for early exercise of the lower limb, capable of providing intention-based exercise,
by use of a BCI or an EMG-trigger, utilizing a novel AAN control paradigm.

Chapter 3 presents the design of the hybrid FES-robotic rehabilitation system and
its sub-components. Chapter 4 presents a summary of the three experimental studies
focusing on the sub-components of the hybrid FES-robotic rehabilitation system, de-
scribed in the three above mentioned main objectives of the thesis, and published or
submitted as the three main articles of the PhD project, namely:

Study I. Design and demonstration of a hybrid FES-BCI based robotic neu-
rorehabilitation system for lower limbs. [71]
This study fulfills objective A) of the thesis and presents the experimental
evaluation of the BCI-controlled version of the hybrid FES-robotic rehabili-
tation system, conducted in healthy participants.

Study II. A robot-based hybrid lower limb system for Assist-As-Needed re-
habilitation of stroke patients: Technical evaluation and clinical
feasibility. [72]

This study fulfills objective B) of the thesis and presents the experimental
evaluation of the EMG-triggered version of the hybrid FES-robotic rehabili-
tation system employing an AAN control strategy. The system was technically
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evaluated in able-bodied participants and feasibility was preliminary assessed
in two stroke patients.

Study III. Dynamic Multi-level Control of Electrical Stimulation During Hy-
brid FES-robotic Exercise. [73]
This study fulfills objective C) of the thesis. Following the design and test
of the system in study II, this study aimed at expanding the AAN control
strategy by including a controller for grading the provided FES, for better
control of the FES-provided muscular output.

Chapter 5 concludes the thesis, where the main findings and the future considerations
are discussed.
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Chapter 3: Design and implementation
of the hybrid FES-robotic
rehabilitation system

The hybrid rehabilitation system at the core of this work utilized several sub-systems,
which will be outlined in this chapter. First the robotic device ROBERT®, the FES
delivery system and the EMG recording system will be introduced (henceforth referred
to as the base system). Then the three sub-systems developed during this Ph.D. work
will be presented: 1) The BCI, 2) the AAN control strategy, and 3) the Adaptive FES-
Velocity Controller (AFVC).

3.1 The base system: ROBERT®, FES and EMG

ROBERT® (Life Science Robotics ApS, Denmark) is an end effector robot classified as a
Class ITa medical device [74], capable of recording and repeating movement patterns of
the lower limb while in bed [62, 74], thereby relieving manual strenuous physiotherapy
(See ROBERT® in figure 3.1). The robot has 7 DoF with impedance control [72] and
is rated for patients up to 165 kg [74]. The robot offers gravity compensation of the
lower limb, passive or resistive exercise with automatic return to the start of the exercise
trajectory, and a virtual tunnel (promoting a specific movement pattern with room for
variation) [72, 74]. These features allow ROBERT® to comply with NP I-III. Following
the work done in relation to this PhD, ROBERT® now also offers an AAN functionality
(‘sensing and stimulation - SAS’) [75]

FES was delivered using a NoxiSTIM stimulator (JNI Biomedical, Denmark) employ-
ing two stimulation electrodes (8 x 13 ¢m, Durastick Premium, CefarCompex) [71-73].
The stimulation was provided using a unipolar square pulse, with fixed stimulation pa-
rameters for study I and study II: 200 ps pulse duration, at 50 Hz, and an individually
calibrated stimulation amplitude [71, 72]. For study III, the pulse duration was variable
and controlled by the AFVC [73].

15
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Fig. 3.1: Overview of the base-system, comprising A) the robotic device ROBERT® attached to a
trainee through B) a custom brace, and C) stimulation electrodes placed on the trainee’s thigh, to
facilitate knee extension. Note that D) EMG electrodes are not part of the base system.

The combination of ROBERT® and the FES-delivery system fulfills system require-
ments 1, and la (see section 1.3).

3.2 The BCI Control of the hybrid FES-robotic re-
habilitation system

To address objective A) and research question RQ1, a BCI for facilitating intention-
based exercise with the hybrid FES-robotic rehabilitation system was introduced in
Leerskov et al. 2024A [71]. The purpose of the BCI was to allow those with little to no
voluntary movement/EMG production, to actively participate in exercise and promote
recovery [71] (NP IV, system requirement 2, and 2a). The BCI was designed to detect
the intention to perform a movement of the lower limb (knee extension), by determining
the presence of a movement-related cortical potential (MRCP) and then trigger delivery
of FES to facilitate the movement [71].

The BCI only utilized five EEG electrodes placed at positions Fz, C3, Cz, C4, and
Pz [71], as these are positioned over the sensorimotor cortex of the lower limb [76, 77],
and commonly involved in the detection of MRCPs of the lower limb [78]. The limit of
five electrodes was set out of consideration for the limited time available per patient [71]
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(system requirement 4, see section 1.3), and since there is a limited acceptable time (15
min) for setting up an electrode cap for BCI-use [79]. Since EEG electrode preparation
can be time consuming, reducing the number of electrodes necessary would save time.

The EEG was sampled at 250 Hz and streamed from the EEG-headset to a computer
wirelessly for processing using the OpenBCI Cyton board [71]. The BCI itself was
implemented in MATLAB R2019a and was calibrated to classify EEG into either idling
or movement-intention [71]. See an overview of the BCI functioning in figure 3.2. This
was done by the following procedure [71]:

a) Filtering EEG with a second order Butterworth lowpass filter with cutoff frequency
of 12 Hz.

b) Downsampling the EEG data to 25 Hz.

¢) Bandpass filtering the EEG using a second order Butterworth lowpass filter, and
a second order Butterworth highpass filter, with cutoff frequencies of 5 and 0.1
Hz, respectively.

d) Splitting the EEG into epochs of ‘signal and ‘noise’ using a cue, which was pre-
sented during acquiring calibration data.

e) Removing epochs with outlier EEG values, maintaining a balance in number of
‘signal’” (movement intention) and ‘noise’ (idling) epochs.

f) Constructing an Optimized Spatial Filter (OSF) (Niazi et al., 2011), which opti-
mized the signal-to-noise ratio between ‘signal’ and ‘noise’ epochs and produced
a single spatially filtered EEG channel.

g) Using the OSF on the EEG.
h) Generating an average ‘signal’ epoch, referred to as a ‘Template’

i) Calculating a feature based on the max cross-correlation between EEG epochs and
the template (template matching).

j) Identifying the highest threshold value could discriminate ‘signal’ from ‘noise’
epochs based on the template matching feature, with a maximum false positive
rate of 0.2.

During online use, the preprocessing described in a), b), ¢), and g) was applied to
newly recorded EEG [71]. For classifying new EEG as being related to a movement
intention, the template matching feature was calculated (i), and the threshold value
identified in j) was used [71]. To introduce robustness in the detection of movement
intention, the BCI utilized a “best-of-three” approach, where two of three consecutive
decisions (one per 120ms) should indicate a movement intention before it was accepted,
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Fig. 3.2: Overview of the BCI functioning during online use and during calibration. Blue elements
and solid arrows signify the primary processes of the BCI during online use. Green elements signify
processes exclusive to the BCI calibration, and the total calibration process is outlined using dashed
arrows. Red elements signify processes relevant to the functioning of the system, which are handled
outside in the remaining system control (not BCI related). The processes start at the filled circle, and
end with the crossed circle. OSF: Optimized Spatial Filter; 2 of 3 MI: two out of three classifications of
the BCI should indicate a movement intention (MI) before FES was administered. Inspired from [71].
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and FES was applied [71]. The BCI only interfaced with the FES-delivery system [71].
Hence, ROBERT® worked as described in section 3.1, without interference from the
BCI. Upon reaching the endpoint of the movement trajectory, the FES was automat-
ically terminated [71]. During online use it was possible to adjust the threshold for
the classifier, using a ‘factor’, in effect making the BCI more or less likely to classify
incoming EEG as movement intention [71]. During pilot testing, it was found that the
BCI could become unresponsive/too responsive over time. This was hypothesized to be
a result of mental fatigue, concentration issues, or the out-of-lab environment in which
the BCI was tested [71]. Hence there was a need for being able to counteract these
scenarios. This was done by implementing the ‘factor’, which was multiplied with the
set classification threshold value (j), which could be changed online by the experimenter
[71]. This implementation addressed the system requirement 2(a)i (see section 1.3).
Finally, the BCI only classified EEG data in a time window of one second prior to one
second after a cue was presented to the trainee [71]. This was done, as the BCIT would
likely result in false triggers, if it continuously classified all incoming EEG, resulting in
a great likelihood of administering FES when the trainee was not intending it to happen
[71], leading to discomfort and neglecting NP IV.

3.3 Assist-as-needed control paradigm

To address objective B) and research question RQ2, a novel AAN control method was
developed in Leerskov et al. 2024A for the hybrid robot-FES system [72].

The purpose of the AAN was to use the minimally required assistance to allow
trainees of the system to complete the exercise trajectories (system requirement 3, see
section 1.3) [72]. The AAN control strategy was implemented as a state machine in
MATLAB R2021a and interfaced with ROBERT® through an ethernet cable, and the
FES-delivery system and a custom EMG recording system (Aalborg University, Den-
mark) through a data acquisition and signal generation device (National Instruments
USB-6212) [72).

In the developed system, a state machine was constructed to differentiate between
four scenarios of patient capability [72]:

‘Vol’: The patient was fully capable of exercising on their own.

‘FES Trig’: The patient was able to initiate movement but not complete the
exercise trajectory, prompting FES to be administered.

‘FES Auto’: The patient was not moving at all (presumably they were unable
to do so on their own), prompting FES to be applied.

‘FES & Mech’: FES was being applied but the patient was not progressing in the
exercise at an acceptable velocity (presumably they were too fatigued), prompting
mechanical assistance to be applied by ROBERT®.
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These scenarios fully encompassed all possible exercising scenarios and provided
appropriate responses to them, minimizing the necessary assistance provided (AAN
principle), with the goal of enabling and increasing the dose of exercise (NP I), in an
intention-based manner (NP IV) [72].

The state machine is illustrated in figure 3.3. To change between the states, the state
machine monitored the end-effector velocity of ROBERT® and the EMG [72]. The state
machine “asked” a total of three questions to determine the appropriate state-transitions
[72]. Starting in state ‘Vol’, the first question, Q1, was: “Is there any EMG activity in
the next 10 sec.?” [72]. If ‘Yes’, the next question, Q2, was: “Is the movement velocity
above 20 mm/s?” [72]. If Q2 was answered ‘Yes’, no assistance was needed; if Q2 was
answered ‘No’, the state machine would transition to state ‘FES Trig’ and administer
FES [72]. If Q1 was answered ‘No’, the state machine would transition to state ‘FES
Auto’ and administer FES [72]. When the state machine was in either state ‘FES Trig’
or ‘FES Auto’, it would ask the last question, Q3: “Is the movement velocity above
20 mm/s?” [72]. If Q3 was answered ‘Yes’, no additional assistance was provided; if
Q3 was answered ‘No’, the state machine would transition to state ‘FES & Mech’, and
mechanical assistance was added in addition to FES [72].

The presence of EMG activity was determined by using an EMG-threshold, based on
the average + three times the standard deviation of three seconds resting EMG (referred
to as ‘SDx3’) [72]. This EMG threshold was tested for the relevant hybrid system with
other EMG detection algorithms in Rikhof et al. 2022 [80]. It was concluded that the
algorithm ‘SDx2’ (same as ‘SDx3’, with two times standard deviation, rather than three)
was the most successful, as it was more accurate in detecting the movement intentions
of subacute stroke patients [80]. However, the study was completed in a lab-setting
[80], whereas the testing of the AAN state machine was done in a non-lab setting [72]
(system requirement 2(a)i). In this out-of-lab setting, ‘SDx2’ was deemed too sensitive,
and ‘SDx3’ was thus employed [72].

The ‘10 sec.’ in Q1, was chosen under the assumption that patients unable to generate
EMG reaching a detectable level in 10 sec., would not be able to do so during the current
exercise repetition [72]. The velocity threshold of ‘20 mm/s’ in Q2 and Q3, was based
on the average of 2 sec. of velocity data [72] and determined to be appropriate in able-
bodied participants during pilot testing. Later, the appropriate values for stroke patients
were found to be ‘5 sec’, and ‘1-5 mm/s’, respectively, in pilot testing on patients [72].
It was found that the ‘10 sec.” wait to transition from ‘Vol’ to ‘FES Auto’ was too long
when the dose of exercise was important [72] (NP I). Additionally, it was found that
stroke patients were able to exercise voluntarily at lower velocities (5 mm/s during knee
extension and 1 mm/s during dorsal flexion) during the pilot test [72]. This led to the
conclusion that the original threshold of 20 mm/s was too high, and would result in
unnecessary application of FES, in conflict with the AAN principle [72].

During use the AAN state machine would always start in the ‘Vol’ state, and progress
to provide either FES or FES + mechanical assistance according to the answers for Q1-
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Fig. 3.3: Overview of the AAN state-machine functioning on a repetition-per-repetition basis. Each
new exercise repetition begins at the filled circle in state Vol and ends with the crossed circle. Using Q1
(“Is there any EMG activity in the next 10 sec”), the state-machine either progress to state FES Auto
and administer FES or remain in state Vol and progresses to Q2. Q2 (“Is the movement velocity above
20 mm/s?”) is used to either progress to state FES Trig and administer FES or remain in state Vol
and complete the exercise repetition with no assistance. When administering FES, the state-machine
progresses to Q3 (“Is the movement velocity above 20 mm/s?”). From here the state-machine either
progresses to state FES & Mech and administer mechanical assistance on top of FES, or remains in
either state FES Auto or FES Trig, and completes the exercise repetition with pure FES assistance. If
mechanical assistance is provided, the exercise repetition is guaranteed to complete in this state. Note
that Q1-Q3 are continuously asked until either a state transition occurs, or the exercise repetition is
completed. Inspired from [72].

Q3 [72]. Upon reaching the exercise trajectory endpoint, the provided assistance would
be terminated, and the next repetition of exercise would begin again in the ‘Vol’ state,
until the end of the exercise session [72].

3.4 Adaptive FES-parameter controller based on move-
ment velocity

To address objective C) and research question RQ3, a novel controller capable of dynam-
ically changing stimulation intensity on a repetition per repetition basis, the AFVC, was
developed. Despite successfully considering the capabilities of the patient, and thereby
theoretically facilitating recovery [33, 34, 38, 39], the AAN system of Leerskov et al.
2024B, did not fully comply with the AAN principle as it provided FES with fixed
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stimulation parameters [72]. Hence, the adaptive FES velocity controller (AFVC) was
introduced in Leerskov et al. 2024C [73].

The purpose of the AFVC was to expand the AAN capability of the system intro-
duced in Leerskov et al. 2024B [72], by utilizing multiple stimulation levels with varying
pulse durations, rather than fixed FES [73]. This would serve to limit the FES provided
to the necessary level (AAN principle) and avoid excessive electrical stimulation [73].
Theoretically, it could simply be inserted into the state machine outlined in section 3.3,
as a substitution of the fixed FES employed in Leerskov et al. 2024B [72]. The AFVC
was implemented in MATLAB R2022a interface with ROBERT® through an ethernet
cable and with the FES-delivery system through a data acquisition and signal generation
device (National Instruments USB-6212) [73].

The AFVC employed a database mapping a stimulation level (a specific pulse du-
ration) with an expected induced movement velocity profile (velocity samples over the
course of the exercise trajectory) [73]. The specific stimulation levels to be used in the
AFVC for an individual trainee, had to be explored manually, finding the limits of FES
reliably being able to complete the exercise movement (lower boundary), and trainee
tolerance/comfort (upper boundary) [73]. During calibration of the AFVC database,
the stimulation levels deemed acceptable for an individual would be administered three
times to generate the velocity data necessary to obtain an expected velocity profile of
each stimulation level [73]. Hereafter, additional stimulation levels and their associated
expected velocity profiles would be ‘constructed’, i.e., estimated as the average of adja-
cent stimulation levels (one above and one below) [73]. This procedure was chosen to
minimize the time necessary for calibration, in accordance with system requirement 4,
and reduced the calibration time necessary by half [73].

The goal of the AFVC was to minimize the error between a desired target movement
velocity profile of the limb-robot contact point, and the movement velocity induced by
the chosen stimulation level [73]. A target velocity profile was chosen rather than a
target position/movement trajectory due to NP III (‘variable practice’, see section 1.1),
emphasizing the need for variance in the movement pattern [73]. Hence, it would be
suboptimal to target the reproduction of a specific movement pattern. The AFVC would
choose the necessary stimulation level based on the RMSE between the expected velocity
profiles of all stimulation levels, and the target velocity profile [73]. The stimulation
level with the lowest RMSE between the expected and target velocity profile, was chosen
for the next exercise repetition [73]. See an overview of the AFVC in figure 3.4.

During online use, the database would continuously update the expected velocity of
a stimulation level, when new exercise repetitions were completed utilizing the respec-
tive stimulation level, and new velocity data was available [73]. Simply, the expected
velocity of any given stimulation level, was the average velocity of the three most recent
repetitions of movement completed using that stimulation level [73]. The RMSE to
be used for determining the appropriate stimulation level would be recalculated before
every exercise repetition [73]. Hence, the choice of stimulation level by the AFVC, was
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Fig. 3.4: An overview of A) the AFVC database, B) the choice of stimulation level, and C) the update
mechanics of the AFVC. A) During calibration the database were constructed based on the recorded
velocity data (D1-Dx). From this data, expected velocity profiles (V1-VX) were calculated for each
stimulation level (nr. of levels and specific pulse durations depended on the pulse duration boundaries
of each trainee) and matched with its corresponding stimulation level and thereby pulse duration, in
the database. To save time during calibration, every other stimulation level’s data was constructed. B)
For every new repetition of exercise, the AFVC calculated the RMSE between the target velocity profile
and each expected velocity profile in the database. The stimulation level associated with the lowest
RMSE was applied for that exercise repetition. C) When a repetition of exercise had been completed,
the velocity data recorded during the repetition was appended to the database. The expected velocity
profile for the used stimulation level was updated, as the average of the three most recent velocity data
entries in the database. Modified from [73].
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always based on the most recent movement velocities obtained by each stimulation level
[73].

The need for the adaptive nature of the AFVC was planned out of consideration for
fatigue reducing the effectiveness of a given stimulation level. It was, however, further
emphasized during unreported pilots showing a considerable degree of decrease and
increase in the pilots’ response to FES during exercising with the system. Later, a small
study on the degree of change during exercising with the system was made, showing
that velocity could change in the range -41% to 31% [81].

3.5 The overall system

The developed hybrid FES-robotic system allows for intention-based exercise, with FES
being delivered upon detecting the intention of the patient to perform an exercise move-
ment, in the form of a BCI-trigger (objective A) [71], or an EMG-trigger [72, 73]. The
system actively considers the capability of the patient, allowing them to exercise vol-
untarily without any assistance if they are able, and providing assistance in the form
of FES or FES+mechanical assistance, only if it is necessary to complete the exercise
repetition (objective B) [72]. Finally, the system may adjust the stimulation intensity to
maintain a selected movement velocity (objective C) [73]. These features may be used
together with the base system in any combination, with minor modifications, e.g., the
BCI- and the EMG-trigger may not work together, and velocity data recorded while me-
chanical assistance is provided, may not be appropriately used to update the expected
velocity of stimulation levels in the AFVC. Finally, several design choices were made to
reduce the time needed to setup and use the system, out of consideration for the limited
time available during patient sessions [71-73]. Thus, the developed system constitutes
a versatile hybrid FES-robotic rehabilitation platform, fulfilling the requirements listed
in section 1.3.



Chapter 4: Thesis experimental stud-
ies and findings

In this chapter the experimental work of the three studies constituting this Ph.D. the-
sis is outlined. Study I developed and evaluated the BCI (outlined in section 3.2)
for intention-based control of the FES-delivery in a hybrid FES-robotic rehabilitation
system, in an out-of-lab setting. Study II developed and evaluated the AAN control
strategy (outlined in section 3.3) for providing the minimal required assistance during
exercising with a hybrid FES-robotic rehabilitation system. Finally, study III devel-
oped and evaluated a FES-controller (the AFVC, outlined in section 3.4) for limiting
the pulse duration of FES to the necessary level while reaching a target velocity, during
exercising in a hybrid FES-robotic rehabilitation system.

4.1 Study I

Title: Design and demonstration of a hybrid FES-BCI based robotic neurorehabilita-
tion system for lower limbs. [71]

Authors: Kasper S. Leerskov, Erika G. Spaich, M. Jochumsen and Lotte N. S. An-
dreasen Struijk.

Journal: Article in preparation for submission to Biomedical Signal Processing and
Control.

Study I concerned objective A) of the thesis “Design and evaluate a BCI based inten-
tion detection method for control of a FES-robotic rehabilitation system” and research
question RQ1: “How can a BCI be designed to provide intention-based exercise with
a Hybrid FES-Robotic rehabilitation system”. Thus, it primarily concerned the devel-
opment and test of the hybrid FES-robotic rehabilitation system with BCI-triggered
administration of FES. The reasoning behind the BCI was to allow patients with no
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voluntary muscle activity to engage actively in exercise by intentionally triggering the
delivery of FES, contributing to and improving the expected outcome of the exercise
(NP 1V).

10 able-bodied participants were recruited for the experiment, which was conducted
in an out-of-lab environment (office setting). Following the mounting of EEG and
EMG electrodes (over the rectus femoris), as well as the calibration of the base system
(ROBERT® movement trajectory and resistance, and FES amplitude), participants were
asked to complete 50 repetitions of a ‘minor knee extension movement’, to obtain data
for calibrating the BCI. A ‘minor knee extension movement’ was defined as reaching two
times the participant’s resting EMG level briefly during initiation of a knee extension
movement (feedback on EMG amplitude was provided) and relax. Each repetition of
the movement during calibration was separated by 10 sec., guided by a cue presented
to the participant. Following recording of 50 repetitions of the movement, the BCI was
calibrated (see section 3.2).

Participants were then asked to complete as many BCI-triggered exercise repetitions
as possible in 60 min, with small breaks every 20 repetitions. During the online use of the
BCI, the same ‘minor knee extension movement’ was used. Participants were prompted
to attempt BCI activation by a cue, which was presented after a) 10 sec., if the BCI
was unsuccessful in detecting the movement intention of the previous repetition, or b) 3
sec. following the return of the participant’s leg to the start of the exercise trajectory, if
the BCI had detected the movement intention, activated FES, and the participant had
completed an exercise repetition.

Before the calibration of the BCI and after the 60 minutes of BCI-triggered exercis-
ing, neurological measurements were taken to quantify any acute neuroplastic changes.
This was motivated by previous BCI-triggered electrical stimulation interventions show-
ing remarkable acute changes [82, 83|, despite the concrete intervention was considerably
different. Measurements were taken related to changes in the movement-related cortical
potential, somatosensory evoked potentials, and conditioned H-reflexes (homosynaptic
depression, presynaptic inhibition, and reciprocal inhibition) [84]. No trend for changes
was found for any change within these measurements — hence they were not reported.

The study included quantifying: the performance of the BCI, the time needed to use
the system, and the participants’ perception of exercising with the system. The true
positive rate (TPR) of the BCI classification was on average of 62.9 + 9.2% and was
in the range 41-75% (see figure 4.1). The latency of the BCI, defined as the difference
between the detection of movement intention of the BCI and the time of peak negativity
in the movement-related cortical potential of the participants, was on average of -700 ms,
ranging from -978 to -436 ms. On average 31.5 + 3.3 minutes were spent on setting up
and calibrating the system by the PhD student, until it was ready for use. Participants
found the system moderately taxing to use (NASA TLX total score of 8.5 out of 20),
with performance and mental load being the primary contributors with a median NASA
TLX score of 45.0 (interquartile range (IQR): 46.0) and 37.5 (IQR: 18.0), respectively.
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Fig. 4.1: Visual representation of individual TPR achieved during use of the BCI. The red line indicates
the mean TPR across participants.

However, participants still indicated moderately high median level of comfort (6.0, IQR:
3.3), enjoyment (5.5, IQR: 3.0) and ‘no pain’ (5.5, IQR: 4.0) associated with the exercise,
with a moderately low median level of tiredness (1.5, IQR: 5.0).

Thus, the study demonstrated that it was possible to use a BCI for intention-based
triggering of FES in a hybrid FES-robotic exercise system for in-bed use, in an out-of-lab
environment, for able-bodied participants. Hence, study I demonstrated the feasibility
of utilizing a BCI to engage trainees in active intention-based exercise with a hybrid
FES-robotic rehabilitation system. Such a system would allow those with little-to-no
muscular control to pair their active participation with the executed movement/exercise,
which is essential for motor learning (NP IV). The study emphasized that the modest
TPR may be boosted with using more EEG channels or better/more complex algorithms
for processing and classifying the EEG. Yet, this should be balanced with the simplicity
of using the system, which may overall hinder the adoption of the system in any clinical
setting, where specific BCI knowledge may not be available, and time for setup and
calibration of a BCI is a limited resource. The study also highlighted that the amount
of time spent setting the system up could be a hindrance for clinical use, but, as the
system represents an advanced rehabilitative option for patients with little to no other
alternatives, the inappropriate setup time would likely be worthwhile.
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4.2 Study II

Title: A Robot-Based Hybrid Lower Limb System for Assist-As-Needed Rehabilita-
tion of Stroke Patients: Technical Evaluation and Clinical Feasibility. [72]

Authors: Kasper S. Leerskov, Cindy J. H. Rikhof, Erika G. Spaich, Strahinja Dosen,
Gerdienke B. Prange-Lasonder, Erik C. Prinsen, Johan S. Rietman and Lotte N. S.
Andreasen Struijk.

Journal: Computers in Biology and Medicine, vol. 179., DOI: 10.1016/j.compbiomed.
2024.108839

Study IT was concerned with objective B) of the thesis “Design and evaluate the
feasibility of an assist-as-needed approach for the FES-robotic rehabilitation system”
and research question RQ2: “How can an AAN control strategy be designed for a
hybrid FES-robotic rehabilitation system?”.

Hence, the study was concerned with developing an AAN functionality for the hybrid
FES-robotic rehabilitation system. This was motivated by several consideration. Firstly,
albeit the system primarily targeted patients with some degree of muscular control, it
should be useable for any patient no matter their functional capability. Specifically, the
system was developed for stroke patients, who may present very differently despite being
affected in similar cortical areas. Furthermore, patients exercising with the system may
be prone to fatigue, and thus changing their physical capability rapidly during a single
exercise session. Thus, depending on their initial state and how patients would progress
during exercise, the system had to adapt to the patients’ capabilities, for the exercising
to continuously be optimal from a rehabilitation point of view, i.e., provide the minimal
necessary assistance (AAN principle). If the system provided too much assistance,
“slacking” could become an issue and rehabilitation outcomes could be compromised; If
the system provided too little assistance, no meaningful exercise would be completed.
Hence, the AAN for the hybrid FES-robotic rehabilitation system (see section 3.3) usable
for in-bed rehabilitation was developed and tested.

The study was split in two: a technical validation study on 10 able-bodied partici-
pants in an out-of-lab setting, and a clinical feasibility test on two stroke patients in a
lab-setting.

During the technical validation study, participants were asked to simulate specific
behavior, mimicking that of patients with varying degrees of physical capability, to
trigger each of the system’s four different states 10 times each, for both knee extension
and ankle dorsal flexion exercise. This test should reveal if the system could reliably
detect the different levels of physical capability, and act appropriately. To trigger the
four different states, the participants were asked to:
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- During ‘Vol’: Exercise with their own non-influenced effort in the entire exercise
trajectory.

- During ‘FES Trig: Make a small initial movement, simulating a “movement at-
tempt” and then remain still until the system administered FES.

- During ‘FES Auto: To remain completely still and await the system to administer

FES.

- During ‘FES & Mech: To remain completely still and await the system to adminis-
ter FES, although FES would be turned off during this test. Hence, no movement
would be produced, prompting the system to administer mechanical assistance.

The study included quantified: the accuracy of the AAN state machine in providing
the correct assistance to the simulated behavior of able-bodied participants, describing
the progression of the assistance provided for the patients during exercise, and the
fatigue experienced by the patients during exercise. The test showed that the system
indeed recognized the simulated behavior of the able-bodied participants and changed
state appropriately in 97.2 + 2.2% and 96.6 + 5.3% of repetitions, for knee extension
and dorsal flexion, respectively (see figure 4.2).

Knee extension Ankle dorsal flexion
Vol 1 0.5% Vol 3.4%
Trig 2 1.0% Trig 1.7%
Auto 18 9.0% % Auto PR 7.8%
o
@
Mech | 1 0.5% E Mech 0.6%

99.5% 912% 98.9% 100.0% 100.0% 89.4% 99.4% 98.9%

05% | 88% | 1.1% 106% | 06% | 1.1%
Vol Trig Auto  Mech Vol Trig Auto  Mech
Predicted Class Predicted Class

Fig. 4.2: Confusion matrix describing AAN state-machine transitions during testing of the four states,
for both knee extension and ankle dorsal flexion exercises. The vertical column to the right of the
confusion matrices describes how many percent of the true class occurrences were correctly classified
(resulted in the right state transition). The horizontal column under the confusion matrices describes
how many percent of the predicted classes were belonging to the true class (resulted in the right state
transition). ‘Trig’: FES Trig. ‘Auto’: FES Auto. ‘Mech’: FES & Mech. Modified from [72].
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Fig. 4.3: AAn overview of the AAN state-machine transitions during knee extension and ankle dorsal
flexion exercise of the two patients. Modified from [72].

During the clinical feasibility test two stroke patients exercised with the system
naturally, meaning that they did not simulate any specific behavior and were not asked
to do anything other than exercise to the extent of their ability. Two surprising results
came from this test. Firstly, patient 1 had a Motricity Index of 0 for the lower extremity,
yet they could complete 95% of the knee extension exercise repetitions of the study,
without any assistance by the system (see figure 4.3). It should be noted that this
was resistive exercise. Secondly, patient 2 started their dorsal flexion exercise requiring
extensive assistance, notably the state ‘FES Auto’ was used a 9 out of the first 17
repetitions, suggesting that the patient was unable to produce detectable EMG during
this time. Hereafter, however, patient 2 progressed to exercise without any assistance of
the remaining 43 repetitions (except for one). Additionally, the two patients tolerated
the exercise with the system well, providing a mean fatigue score of 2 and 2 (out of 10),
respectively, for the knee extension exercise, and 4 and 5.5 (out of 10), respectively, for
ankle dorsal flexion exercise.

The study demonstrated that the developed AAN could adjust the assistance pro-
vided to both able-bodied participants and stroke patients, providing the least amount of
assistance necessary for completing the exercise. This ensures a high level of active par-
ticipation in the exercise, important to facilitate recovery (NP IV). It was highlighted
that the additive way of providing a combination of FES and mechanical assistance
in the developed AAN control strategy, bypassed the need for complex control systems
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needed to balance the torque product of either assistance modality. This in turn reduced
the necessary calibration steps required, and thereby the setup time of the system.



32 Chapter 4. Thesis experimental studies and findings

4.3 Study III

Title: Dynamic Multi-level Control of Electrical Stimulation During Hybrid FES-
robotic Exercise. [73]

Authors: Kasper S. Leerskov, Lotte N. S. Andreasen Struijk, Strahinja Dosen and
Erika G. Spaich.

Journal: Article in preparation for submission to Biomedical Signal Processing and
Control.

Study IIT was concerned with objective C) of the thesis “C) Design and evaluate
a controller for adjusting stimulation parameters of FES in the hybrid FES-robotic
rehabilitation system for improved AAN control” and research question RQ3: “How
can FES stimulation parameters be controlled to improve the AAN control strategy for
a hybrid rehabilitation system?”.

The need for a controller to adapt the stimulation parameters of the FES provided
in an AAN context, was brought on by the fact that FES induced fatigue, and hence,
unadjusted stimulation parameters would eventually be inadequate to produce the same
movement. Additionally, the result of study II showing that patient 2 needed less as-
sistance over time, implied that fixed stimulation parameters may also constitute assis-
tance that is more than necessary. Hence, the FES-controller (AFVC) was developed
(see section 3.4).

The AFVC was tested in 10 able-bodied participants, in an out-of-lab setting. Im-
mediately following calibration of the AFVC, the expected velocity profiles of each stim-
ulation level were saved and used as the velocity target profiles for the test. Therefore,
the velocity target profiles, and the number of tests was determined for each participant
individually. Since the expected velocity profiles and target velocity profiles following
the calibration were identical, the same stimulation level would be utilized through
the entire test of its respective corresponding target velocity profile, if no change in
the participants’ responses to FES occurred. Each velocity target profile was used in
a randomized order as the target, in 10 successive exercise repetitions. The updated
expected velocity profiles from previous exercise repetitions carried over, whenever the
target velocity profile changed.

The AFVC was able to maintain an average induced movement velocity with 7.1 £+
11.3% deviation from the average target velocity, across all participants (see figure 4.4).
This, however, was despite the response to FES changed significantly in the experiment.
Participants were split into two groups based on whether they experienced an average
increase or an average decrease in the induced movement velocity. The velocity of each
stimulation level for the two groups changed either an average of 18.8 + 19.1%, or -10.6
+ 12.6% from the initial to the final repetitions of stimulation. To cope with this, the
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Fig. 4.4: The average percentage difference between the target velocity and the achieved velocity
across participants, during testing of the AFVC. Each bar represents the average velocity difference
for 10 repetitions of exercise across participants. The total number of tests for each participant was
determined individually and followed the number of target velocity profiles for the participant. Hence,
the number under each bar represents the number of participants who completed the respective number
of tests. Modified from [73].

AFVC only chose the stimulation level associated with the target following calibration
in 23.5 + 9.1% of the repetitions, and in 20.2 + 13.4% of the repetitions it deviated
more than two stimulation levels from the one associated to the target. Finally, the
whole setup of the system, including calibrating the AFVC, took 20.5 minutes.

The study showed that the AFVC could maintain a target velocity with an error of
7.1 £ 11.3%, and that it was able to adapt (update expected velocities) and change pulse
duration to keep up with the changing responses to FES. Hence, the AFVC could adjust
the assistance provided, as needed (i.e., providing longer or shorter pulse durations; the
AAN principle), resulting in a nearly maintained target velocity. It was highlighted that
the changes in response to repeated FES observed while exercising with the hybrid FES-
robotic system, were surprising. Particularly, that the positive changes were observed,
i.e., velocity of movement increased rather than decreased, as would be expected with
induced fatigue. The study also highlighted that the cause of the positive changes in
response to FES is yet unknown but hypothesized to be due to potentiation.
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Chapter 5: Discussion

5.1 Main findings

This PhD concerned the development of a hybrid FES-robotic rehabilitation system for
severely impaired patients, usable while in bed. In that respect, a BCI was developed
to allow weak patients to do intention-based exercise for facilitating motor learning,
through their active participation (through intent) in the movements produced by the
system [71]. Additionally, to improve the motor learning facilitating capabilities of the
system, an AAN control strategy was developed and tested in able-bodied participants
and in a pilot study with stroke patients [72]. This was done in a novel way by additively
combining FES and mechanical assistance, controlled by a state machine [72]. Finally,
an automatic controller for the adjustment of the FES intensity, i.e., the AFVC, was
developed, to further elaborate the AAN capability of the system, and minimize the FES
employed by the system, to the minimum required for maintaining a target velocity [73].

5.1.1 Design and evaluate a BCI based intention detection method
for control of a FES-robotic rehabilitation system

The BCI was designed to detect the presence of a MRCP of the lower limb and subse-
quently deliver FES (see section 3.2). This way the trainee’s intention of moving was
coupled with the movement produced by the FES, thereby facilitating intention-based
exercise [71].

The BCI was found to be successful in controlling the delivery of FES in the hybrid
FES-robotic rehabilitation system [71]. Yet, the modest TPR of 62.9 + 9.2% is relatively
low [71]. Yet, another study with a TPR of 67.15 + 7.87% found acute neuroplastic
effects following their BCI-electrical-stimulation based intervention [82], suggesting that
it is feasible that TPR of the BCI of this thesis is sufficient to induce neuroplastic
effects [71]. However, an extensive protocol of neuroplastic investigations [84] were
conducted to see if the coupling of participants’ intent to the induced movements would
be sufficient to show some degree of acute plasticity, following the exercise [71]. These
investigations were ultimately unsuccessful in finding any trends of acute changes [71].

35
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Although other studies did find impressive acute differences following relatively short
BCl-electrical stimulation-based interventions [82, 85], it was found that the differences
in the studies’ methodology were too great to be of appropriate comparison [71]. Likely,
acute neuroplastic changes were unreasonable for the intervention, as most studies using
similar technology and exercising with multiple joints and muscles have intervention
times ranging from several days to several months [15, 24, 71].

The BCI was found to be feasible from a technical point of view, while the feasibility
of employing the BCI-controlled version of the system in a clinical setting was found
to be ambiguous [71]. The ambiguity stems from the consideration that the BCI is
time-consuming to set up, despite only using five electrodes, and to calibrate (total
setup and calibration time: 31.5 + 3.3 minutes), which may be incompatible with
clinical practice where time is a scarce resource [63, 64, 71]. Yet, the system facilitated
intention-based exercise, which in accordance with NP IV (‘active participation’) should
facilitate recovery [5, 33, 38, 39], and the target group for the system have few to no
alternatives for this type of exercising [71]. Hence, there is an argument to be made
that the BCI version of the system may be worthwhile, despite the considerable setup
and calibration time [71].

5.1.2 Design and evaluate the feasibility of an assist-as-needed
approach for the FES-robotic rehabilitation system

The AAN control was designed to additively provide assistance to trainees, based on
four states/scenarios [72]: Vol: The trainee was able to exercise without assistance; FES
Trig: The trainee was able to initiate a movement but not complete it, resulting in the
delivery of FES; FES Auto: The trainee was unable to initiate a movement, resulting in
the delivery of FES; FES & Mech: The trainee was unable to complete the movement
despite assistance in the form of FES, resulting in the delivery of mechanical assistance
[72].

The AAN control strategy was found to be technically sound as it applied the correct
assistance to simulated behavior in 97.2 4+ 2.2% and 96.6 + 5.3%, for knee extension and
ankle dorsal flexion, respectively [72]. Additionally, the AAN was found to be clinically
feasible, as exercising with the developed system was well tolerated in stroke patients,
and even found to facilitate better the utilization of the patients’ own resources [72].

The improvements found in the stroke patients, i.e., their decreased need of assistance
by the system, may be caused by a multitude of factors, such as the phosphorylation of
myosin regulatory light chains (main mechanism of ‘potentiation’, i.e., increased torque
production following previous muscular contraction), temperature increases, increased
excitability of motoneurons, increased recruitment of motor units, acute elevations in
plasma catecholamines levels, increases in the circulating concentration of testosterone
after exercise, learning effect and familiarization with the task, placebo effect and subject
motivation, and finally changes in pennation angle [86, 87]. However, the finding of less
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need for assistance of study II were later verified in a larger cohort of stroke patients
[88]. Rikhof et al. 2024, tested the AAN controlled hybrid FES-robotic rehabilitation
system in eight stroke patients [88]. The data related to stroke patients in study II, was
taken from the cohort of patients in Rikhof et al. 2024 [72], hence the exercise procedure
of the patients where the same [72, 88]. In Rikhof et al. 2024, it was found that the
patients overall required some degree of assistance during the first set of 30 repetitions
of knee-extension exercise, while no assistance was required in the second set (9% —
0%) [88]. Similarly, the number of repetitions requiring assistance during dorsal flexion
exercise dropped considerably (56% — 33%) [88]. The median reported fatigue was 2,
and 4 for knee-extension and dorsal flexion respectively [88], comparable to the mean of
2.0 = 0.0 and 4.8 £ 1.0 reported for knee-extension and dorsal flexion, respectively, in
study II [72]. These results suggest that the AAN control strategy can facilitate great
utilization of patients’ own resources for exercise [72], which according to NP IV would
be ideal for promoting recovery [33, 34, 38, 39].

The AAN control strategy designed in study II provided two types of assistance:
FES, or FES + mechanical assistance, and was deemed technically and feasibly sound
[72]. Other systems combining FES and robotics working in unison, need to balance the
contribution of force from either source during use, requiring several calibration steps
[40, 49]. This was not necessary with the described implementation, leading it to be
require less time to set up [72], making it more feasible for clinical use due to simplicity
and time preservation. However, the simple design of the AAN makes it less compliant
with the AAN ideology of “minimally required assistance” during exercising, as it lacks
dimensionality in the provided assistance [72]. Hence, it was decided to pursue the
development of a FES controller (AFVC) for grading the FES applied during exercise
(study III) [72, 73].

Finally, since the AAN control designed requires no more setup or calibration than
the base system (see section 3.3), it is as feasible in a clinical setting as the base system
[72]. This is validated by the fact that the base system is currently being used in clinical
settings, and recently implemented the developed AAN control as part of product by
Life Science Robotics ApS [75].

5.1.3 Design and evaluate a controller for adjusting stimulation
parameters of FES in the hybrid FES-robotic rehabilita-
tion system for improved AAN control

Study III introduced the AFVC; a FES controller that was designed to be implemented
in the AAN control strategy of study II [73]. The AFVC worked by utilizing a database
associating a stimulation level (pulse duration) with an expected velocity profile and
updating respective velocity profiles whenever new data was available [73]. By calcu-
lating the RMSE between a desired target velocity profile, and the expected velocity
profiles, the AFVC could choose the optimal stimulation level to approach the target
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velocity profile, for each exercise repetition [73].

The AFVC was found to be successful in maintaining a target velocity, albeit with
a 7.1 £+ 11.3% error, by choosing the most appropriate stimulation levels to reach the
target velocity profile [73]. Tt was also found that participants had significantly different
responses to FES between the exercise repetitions used during calibration, to the last
of the test repetitions [73]. The participants’ responses to FES changed either to an in-
creased movement velocity, on average 18.8 + 19.1%, or a decreased movement velocity,
on average -10.6 £+ 12.6% [73]. This was partly expected, which is why the AFVC was de-
signed to be adaptable [73]. However, the adaptability of the AFVC was introduced as a
consideration of modest levels of fatigue, which would reduce the achievable velocity of a
given stimulation level [73]. However, the study demonstrated that significant increases
in velocity occurred, which was surprising [73]. Additionally, the changes in response to
FES was of such considerable magnitude, that in some cases, the target velocity ended
up being unobtainable, as no stimulation level of the AFVC was able to reach it [73].
Just prior to participating in the experimental procedure of study III, participants were
asked to sit idle through 50 repetitions of FES, as a familiarization/warm-up period
[73]. The changes observed during those 50 repetitions were reported in Leerskov et al.
2022 [81]. Leerskov et al. 2022 also observed significant changes of movement velocity
in a positive direction (18.6, standard error of mean: 4.9) [81]. These results, combined
with the increased exercise capability of patients observed in Leerskov et al. 2024B [72]
and Rikhof et al. 2024 [88], infers that the hybrid FES-robotic rehabilitation system
developed in this work can promote, at least temporarily, an increased muscular output,
voluntarily and elicited by FES [73]. As previously highlighted, the mechanism of this
is not clear, but it is hypothesized to be partly explained by potentiation, an increase
in muscular output followed by repeated voluntary or stimulation-based activation of
muscles [73, 86, 87]. Furthermore, despite the changes in movement velocity of either
18.8 & 19.1% or -10.6 £ 12.6%, the AFVC deviated from the target velocity profile
with only 7.1 + 11.3% [73]. This was deemed indicative of the AFVC’s ability to alter
stimulation parameters appropriately to reach the desired target velocity profile [73].

Additionally, the design of the AFVC allowed a reduced calibration time, as the
internal model for stimulation levels were partly “constructed”, reducing the need for
obtaining data for calibration [73]. The AFVC in its current state required 7.2 minutes
longer to set up, compared to the base system, with potential to reduce this if the
“construction” capability of the AFVC calibration procedure was expanded, further
reducing the required data and time to obtain the full AFVC database [73].

5.1.4 The overall system

Study I, II, and III, all required design and implementation, and was concerned with
testing of the individual sub-systems [71-73]. However, a focus was that the three
systems were possible to combine. Hence, the BCI could work as a replacement of the
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EMG trigger in the base system, regardless of whether the AAN and/or AFVC was
implemented in the same version of the system. Despite this focus, time and resources
did not allow for the combined testing of the sub-systems developed in the three studies,
although this would have been interesting to pursue.

It should be noted that the highlighted concerns with the systems in terms of setup
time and complexity, would be additive in a full combined system. It is therefore
uncertain how truly feasible the complete system (combining sub-systems of study I —
I1I) would be, with the current state of each sub-system. There is, however, tremendous
opportunity for optimization and development of automatized sub-components, which
would reduce the need for manual control and calibration of the sub-systems (true for
most complex systems), that may make the complete system, or the individual sub-
systems, more suitable for clinical practices.

5.2 Limitations

The sub-systems developed in studies I (BCI) and III (AFVC), were designed to be
used for patients [71, 73]. Despite this the studies were completed in an able-bodied
group [71, 73]. This is a necessary first step for any development process, to make sure
that the systems are functional and safe, prior to testing in a patient group. However,
the applicability of the results of these studies for the intended patient group, is limited
[71, 73]. Yet arguably the feasibility results related to setup times are fairly transferable
for patients that may tolerate FES, and where spasticity is not overly prominent. It
would have been ideal to do, at least, feasibility testing of study I and III in stroke
patients, however, study I was conducted during the COVID-19 pandemic, where patient
contact was extremely limited, and it was not possible to recruit patients for study III,
due to limited time and resources.

Despite all sub-systems being successfully implemented [71-73], certain aspects could
be improved in each. For the BCI, it would be ideal to improve the TPR [71]. This,
however, should be achieved in a way that does not add considerably to the setup and
calibration time. Likely, this is achievable using more complex but automated process-
ing techniques, including pre-processing, feature extraction and classifiers [71]. For the
AAN, in line with the development of the AFVC in study III, it would be interesting
to pursue a graded approach to the mechanical assistance, to further improve the AAN
aspect of exercising with the system [72]. For the AFVC, the adaptive capability of
the controller should be finetuned, including updating of the learning effect from newly
available data, and the adaptation of all stimulation levels upon arrival of new data,
rather than just the corresponding stimulation level [73]. However, all these improve-
ments require further development and mandate new studies for verification.

Despite a focus on simplicity and feasibility of the designed sub-systems to be used in
clinical settings, some degree of manual calibration was still necessary, limiting simplic-
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ity and feasibility. In the BCI, a factor could be adjusted for making intention detection
more or less likely [71] and in the AAN, parameters for the state machine transitions
could be altered [72]. This will limit the use of the systems to the personnel that are
trained in using the system and comfortable altering these variables, if necessary. Ad-
ditionally, if adjustments are frequently required, the potential self-governed exercising
possible with the systems are compromised. Additionally, no study assessed healthcare
personnel’s acceptability of the sub-systems, which would have validated whether the
systems truly are feasible.

Finally, spasticity was considered during the development of the sub-systems, how-
ever, little-to-no features were implemented to cope with spasticity during use of the
system [72]. This was in part due to the focus of the study, and partly due to the
base system already having a “safe-mode” in which the leg of the trainee is locked in
place, with room for limited movability in all directions, designed to limit adverse move-
ments and risk of injury [72]. Still, spasticity and how to manage it should be further
considered for the developed systems.

5.3 Conclusion

This PhD developed and evaluated the first BCI, and AAN control system, for a hybrid
FES-robotic rehabilitation system targeting severely affected patients, allowing for in-
bed exercise. Throughout the PhD, 30 able-bodied participants and two stroke patients
have been participating in tests of the implemented sub-systems. It has contributed to a
better understanding of the possibilities within hybrid rehabilitation systems, as well as
highlighted important aspects and considerations for designing future hybrid systems.
Following the aims of the PhD, the conclusions are:

A) Design and evaluate a BCI based intention detection method for control
of a FES-robotic rehabilitation system: The implemented BCI obtained a
TPR of 62.9 + 9.2% in an out-of-lab setting. This TPR was deemed sufficient for
driving neuroplastic changes, based on another study showing similar TPR with
documented upregulation of MEPs following a single intervention session. Hence,
the BCI was successfully capable of facilitating intention-based exercise in the
hybrid FES-robotic rehabilitation system, with the potential to promote recovery.
The feasibility of the developed system is uncertain, due to the long setup and
calibration time (31.5 + 3.3 minutes). Yet the system is deemed relevant, as it
may facilitate intention-based exercising with a hybrid FES-robotic rehabilitation
system, in a population with limited alternative hybrid therapies. Hence, the
proposed BCI was deemed a success for providing intention-based exercise in a
hybrid FES-robotic rehabilitation system.

b) Design and evaluate the feasibility of an assist-as-needed approach for
the FES-robotic rehabilitation system: The developed AAN control strategy
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was deemed successful in adjusting the necessary assistance to match capability
of the trainee, as I correctly identified and provided the appropriate assistance
to simulated behavior of able-bodied participants (97.2 + 2.2% and 96.6 + 5.3%,
for knee extension and ankle dorsal flexion, respectively). Additionally, the AAN
was deemed clinically feasible, as two stroke patients exercised with the system,
which changed the assistance provided according to their exercise capability, and
even facilitated more assistance-free exercising in patient 2. The exercising with
the system was well tolerated by both stroke patients (average fatigue score of 2,
and 4.75, for knee extension and ankle dorsal flexion, respectively). Hence, the
proposed AAN control strategy for a hybrid FES-robotic rehabilitation system
was overall deemed a success.

C) Design and evaluate a controller for adjusting stimulation parameters
of FES in the hybrid FES-robotic rehabilitation system for improved
A AN control: The AFVC was deemed successful in adjusting the pulse duration
of the administered FES to reach a specific target velocity (with a deviation of 7.1
+ 11.3%). This was accepted as the trainee’s average responses to FES changed
either 18.8 + 19.1% (for those exhibiting an increased response), or -10.6 £+ 12.6%
(for those exhibiting a decreased response). Thereby, the AFVC adjusted the
stimulation parameters to maintain a target velocity profile more efficiently than
fixed FES, effectively providing FES as needed. Hence, the proposed AFVC was
deemed a success for changing the stimulation parameters of FES in a hybrid
FES-robotic rehabilitation system, to improve the AAN capability of the system.

5.4 Future perspectives

The sub-systems developed in study I and IIT should be tested in stroke patients, to
validate the applicability of these systems in the appropriate target group [71, 73].
Likewise, all sub-systems should be tested in a real clinical context, to appropriately
gauge the feasibility (for study I and III; feasibility of the AAN was established by Rikhof
et al. 2024 [88]) and effect of using them in a clinical context [71-73]. Additionally,
healthcare personnel should be introduced to the systems and their acceptability of the
systems should be assessed, as well as the level of manual calibration that would be
appropriate when using such complex systems.

As highlighted previously, certain aspects of the sub-systems may be improved to
boost their efficacy and/or clinical feasibility. This includes assessing the possibility of
making the manually adjusted parameters automatically calibrated, including assessing
the feasibility of such automated procedures. The manually adjusted parameters, which
may be candidate for automation, all relate to when FES should be applied or not.
Whether it is feasible, let alone ethical, to automatize calibration/adjustment of such
parameters, is up to debate. However, if achieved, the use of the system would be more
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self-governed by the patient, and it would be more feasible that the healthcare personnel
in charge will be able to attend several patients’ exercise at the same time, compared
to the current implementation.

Spasticity coping needs to be addressed in the future versions of the system. As an
estimated 39.5% of stroke patients suffer from spasticity [89, 90], it is essential that the
system can be used safely, even in the presence of spasticity. Alternatively, the level of
spasticity that should be considered a contraindication of exercise with the system and
its sub-systems, should be assessed [72], although this may affect the relevance of the
system.

Finally, the strength of the developed system is its ability to perform intention-
based, AAN-controlled exercise in a population unable to get out of bed [72]. However,
the system may just as well be used in other populations not bound by a bed, such
as less severely affected stroke and spinal cord injured patients [72]. Demonstrating
the feasibility and relevance of the system in these groups would of great interest for
scalability of the system [72].
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