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You are as heavy as the ground pulls you,

As light as your wings flutter...

You are as alive as your heart beats,

As young as your eyes see distance...

You are as good as the people you love,

As bad as the people you hate..

Whatever the color of your eyebrows and your eyes are,
Your color is what the one facing you sees..

Don’t think that what you lived is what you gained:

You are as close to the end as you lived;

However long you live,

Your life is as long as you love...

You are as happy as you can smile.

Don't be sad, know that you will smile as much as you cry
Don't think that everything is over,

You will be loved as much as you love.

— Can Yiicel

To my strong women: Stella, my mum, my grandmothers. ..
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Abstract

Stroke is one of the leading causes of long-term upper limb impairment, which greatly reduces
the quality of life of stroke survivors and their ability to perform activities of daily living.
There is evidence that an increase in therapy dose (i.e., number of exercise repetitions per
time unit and therapy time) could promote recovery. Unfortunately, due to economical and
organizational limitations, it is currently a challenge to offer such intensive therapy schedules
both in the clinics and after discharge. Robotic devices could be a viable solution to offer
motivating and high-dose task-oriented therapies that are relevant for activities of daily living.
However, the potential of robotic systems in complementing conventional therapy has only
been exploited to a small extent. These devices are mostly used in clinical settings and require
constant supervision of trained personnel, which contributes to a cost increase and limits
the maximum doses achievable using this technology. Furthermore, they typically train pure
motor tasks without focusing also on sensory and cognitive abilities that are important for
hand function in daily life.

This PhD thesis firstly aims to evaluate whether robot-assisted therapy of hand function follow-
ing a sensorimotor therapy approach is feasible and produces equivalent therapy outcomes
compared to dose-matched conventional care. This will serve as necessary basis to investigate
and develop the elements necessary to create a portable robot-assisted therapy platform (i.e.,
a haptic device to train hand and forearm function, a patient-centered user interface and a bat-
tery of therapy exercises and assessments), which could offer the same therapy approach with
minimal supervision and potentially enable a therapy dose increase in different environments
(e.g., clinic, home). To achieve this goal, the following steps were undertaken.

First, a robotic platform and therapy concept were developed and the equivalence of robot-
assisted and dose-matched conventional therapy was established in supervised conditions
in a randomized controlled trial with 27 inpatients in the subacute stage after stroke. This
necessary result opened the way to use such platform to complement conventional care with
non-inferior therapy outcomes.

Second, to increase therapy dose, physical and graphical user interface and therapy exercises
have been redesigned to be usable with minimal supervision, and their usability was verified
in a pilot study with ten chronic stroke patients.

Third, to increase safety and monitor unforeseen adverse events (e.g., abnormal increase in
hand muscle tone) without supervision, novel concepts for online monitoring of patient’s
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ability and physical conditions were proposed. These monitoring methods are based on
robotic metrics collected online during therapy exercises. An online muscle tone monitoring
method was tested in five unimpaired subjects and five subjects after chronic stroke.

Finally, to allow the use of the therapy platform in different environments (e.g., at home), a
novel compact, scalable and portable haptic device training grasping, forearm pronosupina-
tion and wrist flexion-extension was developed and preliminarily tested with minimal super-
vision on four subjects after chronic stroke using the developed user interface and therapy
exercises. The usability insights from the pilot study allowed to identify usability challenges
that led to the development of a second improved portable device.

The promising results of this PhD thesis open the possibility to use active robotic devices
with minimal supervision to complement conventional therapies, reduce the costs of robot-
assisted therapy (e.g., by reducing the need of therapist’s supervision over time) and create a
continuum of care that provides the same therapy concept from the clinic to home, increases
therapy dose and progressively promotes subject involvement and autonomy.

This thesis brought three main contributions. First, through a resource demanding clinical
trial, it was demonstrated that a robotic device can be used to offer sensorimotor and cognitive
therapy of hand function after neurological injury, achieving non-inferior therapy outcomes
compared to conventional care. This established the necessary ground to support the second
contribution of the thesis, which is the development of a user-friendly robot-assisted platform
for minimally-supervised therapy, which can be used with multiple devices to start the therapy
in the clinic and continue it at home. The platform also allows basic autonomous monitoring
of the patient ability, physical conditions and safety. The third contribution of the thesis is the
development of two portable therapy devices that are compatible with the therapy platform.
The platform and both devices have been developed in direct collaboration with clinical
and industrial partners. No other portable active therapy device currently in research or on
the market offers the possibility to haptically train the same hand functions with minimal
supervision and with a structured sensorimotor therapy plan that could start in the clinic and
continue at home after patient discharge.



Sommario

Lictus é una delle principali cause di compromissione a lungo termine degli arti superiori,
che riduce notevolmente la qualita della vita dei sopravvissuti all’ictus e la loro capacita di
svolgere attivita di vita quotidiana. Ci sono evidenze che mostrano che un aumento della
dose della terapia (cioe il numero di ripetizioni di esercizi per unita di tempo e il tempo della
terapia) favorisce il recupero funzionale dell’arto superiore. Sfortunatamente, a causa di
limitazioni economiche e organizzative, & attualmente estremamente difficoltoso offrire ai
pazienti programmi di terapia cosi intensiva sia nelle cliniche che dopo la dimissione. I dispo-
sitivi robotici potrebbero rappresentare una buona soluzione per offrire terapie funzionali
stimolanti, ad alta intensita e rilevanti per le attivita di vita quotidiana. Purtroppo, il potenziale
dei dispositivi robotici nel complementare terapie convenzionali € stato fin'ora sfruttato solo
in parte. I dispositivi robotici vengono utilizzati principalmente in ambiente ospedaliero e
richiedono supervisione continua da parte di personale esperto. Cido aumenta il costo del
loro utilizzo e limita la dose terapeutica massima raggiungibile. Inoltre, questi dispositivi
propongono esercizi puramente motori, tralasciando aspetti sensoriali e cognitivi che sono
importanti per la funzione della mano nella vita quotidiana.

Questa tesi di dottorato ha lo scopo in primo luogo di valutare se la terapia robot-assistita
per la funzionalita della mano, seguendo un approccio di terapia sensorimotoria, & fattibile
e produce risultati terapeutici equivalenti alla stessa dose di terapie convenzionali. Questo
servira come base necessaria per investigare e sviluppare gli elementi a supporto di una piat-
taforma portatile per la terapia robotica, che potrebbe offrire lo stesso approccio terapeutico
con una supervisione minima e potenzialmente aumentare la dose di terapia in ambienti
diversi (es., clinica, casa). La piattaforma robotica consiste in un dispositivo aptico utile alla
riabilitazione della funzione della mano e dell’avambraccio, un’interfaccia utente specifica
per questi pazienti, e una serie di esercizi e assessments terapeutici. Per raggiungere questo
obiettivo sono stati intrapresi i seguenti passaggi.

In primo luogo, sono stati sviluppati una piattaforma robotica e un concetto di terapia. Attra-
verso uno studio controllato randomizzato con 27 patienti ricoverati in fase subacuta dopo
l'ictus, e stata dimostrata I'equivalenza tra la terapia robot-assistita e la stessa dose di terapia
convenzionale. Questo risultato € necessario per aprire nuove frontiere per integrare I'utilizzo
di tale piattaforma e le cure convenzionali, ottenendo risultati terapeutici non inferiori.

In secondo luogo, per aumentare la dose della terapia, le interfacce fisiche e grafiche con
I'utente e gli esercizi terapeutici sono stati riprogettati per essere usati con una supervisione
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minima e la loro usabilita e stata verificata in uno studio pilota con dieci pazienti con ictus
cronico.

In terzo luogo, per aumentare la sicurezza e monitorare eventi avversi imprevisti (es., I'au-
mento anomalo del tono muscolare della mano) senza supervisione, sono stati proposti e
testati nuovi concetti per il monitoraggio real-time del livello di abilita del paziente e delle sue
condizioni fisiche. Questi metodi di monitoraggio si basano su metriche robotiche raccolte
online durante gli esercizi di terapia. Il monitoraggio del tono muscolare € stato testato in
cinque soggetti sani e cinque soggetti dopo ictus cronico.

Infine, per consentire I'uso della piattaforma terapeutica in diversi ambienti (es., a casa), &
stato sviluppato un nuovo dispositivo aptico, compatto e portatile per allenare la presa a
livello della mano, la pronosupinazione dell’avambraccio e la flesso-estensione del polso. 11
dispositivo € stato testato preliminarmente con una supervisione minima su quattro soggetti
post ictus cronico, utilizzando la nuova interfaccia utente e gli esercizi terapeutici sviluppati. I
risultati sull’'usabilita ottenuti dallo studio pilota hanno permesso di identificare i punti critici
del dispositivo, che hanno portato allo sviluppo di un secondo dispositivo portatile migliorato.

I risultati promettenti di questa tesi di dottorato aprono la possibilita di usare dispositivi
robotici attivi con una supervisione minima per complementare le terapie convenzionali, ri-
ducendo i costi della terapia robot-assistita (es., riducendo nel tempo la supervisione costante
da parte di un terapista). Cio permette di creare un continuum di cura che fornisce lo stesso
metodo di terapia prima in clinica e poi a domicilio, aumenta la dose della terapia e migliora
progressivamente il coinvolgimento e I’autonomia del soggetto.

Questa tesi ha portato tre contributi principali. In primo luogo, attraverso una sperimentazio-
ne clinica con pil1 soggetti, € stato dimostrato che un dispositivo robotico puo essere utilizzato
per offrire una terapia sensomotoria per la mano dopo un danno neurologico, ottenendo
risultati terapeutici non inferiori a quelli ottenuti con cure convenzionali. Cio ha gettato le
basi necessarie per supportare il secondo contributo della tesi, ovvero lo sviluppo di una
piattaforma robotica user-friendly per la terapia minimamente supervisionata, che puo essere
utilizzata con piu dispositivi per svolgere la terapia in clinica e continuarla a domicilio. La
piattaforma permettere un monitoraggio autonomo di base del livello di abilita del paziente,
della sua sicurezza e condizioni fisiche. Il terzo contributo della tesi € lo sviluppo di due
dispositivi terapeutici portatili compatibili con la piattaforma terapeutica. La piattaforma ed
entrambi i dispositivi sono stati sviluppati in collaborazione diretta con partner industriali
e clinici. Nessun altro dispositivo terapeutico portatile attivo attualmente in ricerca o sul
mercato offre la possibilita di esercitare apticamente le stesse funzioni della mano con una
supervisione minima e con un piano strutturato di terapia sensomotoria che puo iniziare in
clinica e continuare a domicilio dopo la dimissione del paziente.
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|§ Introduction

1.1 Stroke and hand impairment

Globally, there are over 80 million people currently living who have experienced a stroke and
approximately 13.7 million new cases each year [Lindsay et al., 2019]. Stroke is among the ma-
jor health conditions causing serious long-lasting disability [Morris et al., 2013]. This common
and complex condition considerably impacts individuals’ life with physical, psychological,
and social consequences [Northcott et al., 2016, Northcott and Hilari, 2011, Franceschini
et al., 2010]. Stroke survivors suffer from upper limb impairment early after the event in up
to 80% of the cases [Nakayama et al., 1994, C et al., 2012, Lawrence et al., 2001]. Additionally,
more than 40% subjects have limited functional recovery after four years [Broeks et al., 1999]
due to a spectrum of joint alterations and pain, limited range of motion (ROM), muscle tone
abnormalities, reduced sensory functions (e.g., proprioception, tactile perception), motor
learning and motor control [Raghavan, 2007, Broeks et al., 1999]. This can greatly impair
human-environment interactions and explorations, particularly at the level of the hand, which
is characterized by one of the most complex and fine types of sensorimotor control in the
human body. In fact, the hand can perform a wide range of tasks going from power tasks (e.g.,
power grip) to the manipulation of small objects with great precision. As a result, upper limb
and hand impairments directly impact the ability of stroke survivors to execute activities of
daily living (ADL), such as grasping objects, scissoring or writing [Broeks et al., 1999, Kelly-
Hayes et al., 2003, Pandyan et al., 2003, Duncan et al., 1992], and greatly affect their quality
of life [Franceschini et al., 2010, Lieshout et al., 2020]. Moreover, the probability of regaining
functional use of the impaired hand is considered to be low [Kwalkel et al., 2003] and hand
function is one of the domains with highest perceived impact at the Stroke Impact Scale six
years after stroke [Ytterberg et al., 2017].

The nature of impaired hand function can be broken down into three interlinked impairment
types, namely sensory, motor and cognitive impairment, which assume different weight
depending on the lesion location.

More than half of stroke survivors [Connell et al., 2008] suffer from impaired integration of
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sensory information from the upper limb (e.g., during interaction with the environment).
In particular, impaired somesthesis (i.e., the faculty of bodily perception through the sense
of touch, proprioception, pain, temperature) directly impacts hand motor and functional
performance [Carlsson et al., 2018], as confirmed by the anatomofunctional interconnections
in primates between motor cortices, somatosensory cortices and the sensory thalamus associ-
ated with hand control [Nudo et al., 1996, Romo et al., 1993]. Tactile and proprioceptive loss
are among the key contributors to functional outcome reduction in patients with hemiplegia
[Kato and Izumiyama, 2015, Twitchell, 1954], especially in tasks requiring fine motor skills,
even more when associated with visual field loss that could otherwise help compensating for
the deficit [Han et al., 2002]. The restoration of effective sensorimotor pathways is therefore
crucial for the recovery of hand motor and functional performance [Zeman and Yiannikas,
1989], which directly correlates with the changes in activation within the ipsilesional primary
somatosensory area [Laible et al., 2012]. Patients with poorer recovery tend instead to com-
pensate with higher recruitment of parallel bilateral sensorimotor networks (e.g., premotor,
supplementary, cingulate motor areas) [Ward and Cohen, 2004].

Hand motor impairment can derive either from deficits in motor execution (e.g., due to
weakness, abnormal muscle synergies/co-activations, spasticity) or from deficits in higher
order processes (e.g., motor learning and planning through internal involuntary models and
sensorimotor associations). These deficits are directly interfaced and difficult to disentangle
from sensory and cognitive processes and impairments [Raghavan, 2007, Miller and Dewald,
2012].

Stroke is indeed also the second most frequent cause of acquired cognitive impairment [Tang
et al., 2018], which affects 44% of the subjects 2 to 6 months after stroke [Lo et al., 2019a]
and up to 80% after 3 to 6 years [Zhang et al., 2020]. Detriments to four cognitive domains
(each with a prevalence between 30 and 35%) can affect hand function [Lo et al., 2019a, Lezak
etal., 2004, Zinn et al., 2007, Dancause et al., 2002] and motor recovery [Mullick et al., 2015].
First, impaired attention and processing speed can slow down reactions or error corrections
during an action. Second, memory impairments reduce the ability to learn and retrieve
previous sensorimotor skills/experiences to interpret or correct a motor plan. Third, high-
level perceptual and motor dysfunctions can respectively reduce the awareness of the visual
field or of the body (i.e., neglect), and the ability to perform skilled gestures (i.e., apraxia).
Finally, frontal executive dysfunctions can, for instance, compromise the ability to react in an
adaptive manner to novel situations. Frontal dysfunctions can rise from changes in gesture
volition (e.g., awareness of the context, motivation), planning (e.g., organization of steps/skills
needed for the gesture), production (e.g., initiation/termination of sequences of behaviors),
and effective performance (e.g., regulation of gesture intensity or tempo).

In this complex puzzle of highly interconnected functions and impairment modalities, iden-
tifying the exact etiology of hand impairment after stroke is a challenge. For this reason, it
is very difficult to define what should be prioritized within therapies focused on the hand
[Giindiiz and Toprak, 2019, Raghavan, 2007].
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Rehabilitation therapies are the principal intervention to regain hand function in both acute
and chronic stages after stroke [Giindiiz and Toprak, 2019]. A variety of approaches can be
used to support functional recovery through neuroplastic changes in sensorimotor control
pathways. Following the classification of Giindiiz and Toprak [2019], the most frequently used
approaches are:

 Exercise/physical therapy and motor learning programs: upper extremity and hand
dexterity are enhanced through repetitive motor executions or strength training [Biite-
fisch et al., 1995, Chan et al., 2006, Donaldson et al., 2009, Woldag et al., 2010]. This is
thought to facilitate the re-acquisition and retention of simple motor skills, which can
be transferred to the execution of more complex tasks.

* Neurophysiological approaches: therapy focused on normalizing tone and utilizing sen-
sory inputs to inhibit synergistic movements and relearn selective movement patterns,
sometimes not directly linked to daily life functions [Kabat and Knott, 1953, Bobath,
1978, Brunnstrom, 1970, Vojta, 1976, Affolter, 1987, Perfetti and Grimaldi, 1979].

* Task-specific training: exercises focused on relearning activities relevant for daily life to
promote functional recovery [Yoo and Park, 2015b, Bayona et al., 2005, Hubbard et al.,
2009].

* Constraint-induced movement therapy (CIMT): specialized task-specific training that
restrain the less impaired side and intensively train the affected side during functional
tasks [Kwalkkel et al., 2015, Taub et al., 1999, Liu et al., 2017], assuming that this will
enhance neuroplastic changes in the impaired brain hemisphere.

* Bilateral arm training: both affected and less affected hands are trained simultaneously,
but independently of one another, to complete a task. This training assumes that
bilateral movements will promote the activation of similar neural networks in both
hemispheres. Movements may be symmetrical or asymmetrical [Waller and Whitall,
2008, Stewart et al., 2006].

* Motor imagery: according to the motor simulation theory, patients train the activation
of the same brain areas of a real motor task by imagining the task without executing any
real movement [Jackson et al., 2001, Munzert et al., 2009].

* Mirror therapy: the non paretic side is moved in front of a mirror and creates the visual
feedback illusion of a movement on the paretic side [Zeng et al., 2018]. The assumption
is that mirror training can stimulate the affected hemisphere through mirror neurons,
which are activated both when an individual executes a specific motor act and when
they observe the same or similar act performed by another limb or individual.
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* Robot-assisted therapy: a robot is used to provide (sensori)motor training or support
with the aim to offer a patient-tailored high-intensity training to promote recovery
[Lambercy et al., 2018, Veerbeek et al., 2017].

* Virtual reality training: body movements are detected through various sensors and allow
the user to interact with a virtual reality environment [Wattchow et al., 2018, Hatem
etal., 2016, Sheehy et al., 2019, Laver et al., 2015]. The use of virtual reality can elicit
attention and motivation, promoting patient compliance and an increase in therapy
dose.

e Electrical stimulation: sensory or motor stimuli are triggered via transcutaneous or
neuromuscular stimulation, respectively, either in passive conditions or during specific
tasks [Hatem et al., 2016, Schuhfried et al., 2012, Quandt and Hummel, 2014, Capone
et al., 2017]. Sensory stimulation is thought to reduce muscle hyperexcitability (e.g.
in spastic syndrome), while motor stimulation allows to strengthen voluntary muscle
control for patients with minimal ability for volitional muscle activation.

* Noninvasive brain stimulation: typically used in combination with other rehabilitation
treatments to normalize the interhemispheric imbalance and promote brain plasticity
via transcranial magnetic or direct current stimulation [Klomjai et al., 2015, Hatem
et al., 2016]. Due to their complexity, invasive stimulation approaches (e.g., deep-brain,
epidural) have been more rarely investigated [Levy et al., 2016, Hummel et al., 2008,
Teixeira et al., 2015, Coscia et al., 2019].

e Static or dynamic orthosis: an orthosis maintains or supports tonic stretch positions to
increase ROM, and to reduce muscle tone (e.g., biomechanical contracture), pain and
edema [Lannin and Herbert, 2003, Greg Pitts and Peganoff O’Brien, 2008].

Frequently, these therapy methods have been established based on empirical and/or phys-
iological assumptions rather than scientific evidence. There is typically no consensus on
best practices to treat hand impairment to promote true recovery (i.e., restoring the ability
to perform a movement in the same manner as it was performed before injury through the
recovery of function in brain areas affected by the stroke) [Levin et al., 2009, Giindiiz and
Toprak, 2019, Raghavan, 2007]. Furthermore, there is no high-quality evidence to enable
comparisons of the relative effectiveness of interventions [Pollock et al., 2014].

In this context of lack of evidence, some of the therapy approaches became very similar
to philosophical and religious doctrines, which are applied depending on personal experi-
ence/beliefs. This limits their potential for further scientific exploration and maximization
of patient’s recovery. Instead, in clinical routine, it would be good practice to consider and
apply therapy as a modular approach, which is designed for the patient (and considering the
resources of the rehabilitation unit) by combining appropriate therapeutic elements [Basaglia
et al., 2002]. In this sense, a better classification of therapy approaches should be rather
focused on the possible therapy elements that could be combined within the intervention:
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Task: passive or active mobilization focused on either pure high-intensity movements,
strengthening of weak muscles, reduction in spasticity, restoring the balance between
agonist and antagonist muscle groups, intensive task-specific and/or sensorimotor
practice with the affected hand [Raghavan, 2007, Glindiiz and Toprak, 2019]

Limb observation: without or with action observation, and motor imagery for the latter
when there is no active movement in the affected limb [Zhu et al., 2020, Zeng et al., 2018,
Perfetti and Grimaldi, 1979]

Electromagnetic stimulation: magnetic or electrical central (e.g., transcranial direct
current, magnetic stimulation, invasive stimulation) or distal (e.g., functional electrical
stimulation, transcutaneous electrical nerve stimulation) stimulation to induce reflexes,
sensory feedback or motor activation [Hatem et al., 2016, Schuhfried et al., 2012, Quandt
and Hummel, 2014, Klomjai et al., 2015, Hatem et al., 2016, Capone et al., 2017, Levy
et al., 2016, Coscia et al., 2019].

Biofeedback: biomechanical (e.g., movement/posture, force/pressure) and physio-
logical measurements (e.g., electromiography, real-time ultrasound imaging) used to
provide biological information (via visual displays, acoustic or haptic signals) to the
patient in real-time to facilitate normal movement patterns [Giggins et al., 2013].

Physical interaction: mechanical or electromechanical support, resistance, constraint of
either the impaired or less impaired limb. Possibility to focus on haptic and functional
interaction through (instrumented) objects (e.g., sets of tools or handles) or tactile
stimuli (e.g., textures) [Taub et al., 1999, Liu et al., 2017, Lannin and Herbert, 2003,
Greg Pitts and Peganoff O’Brien, 2008, Lambercy et al., 2018, Wattchow et al., 2018,
Hatem et al., 2016].

Training side: mono- or bilateral training [Stoykov et al., 2009, Morris et al., 2008]

Virtual reality: with or without virtual reality to increase the motivation and immer-
sion/identification in the exercise [Wattchow et al., 2018, Hatem et al., 2016]

Pharmacology and biotechnology: with or without pharmacological agents [Cramer,
2015, Mazzoleni et al., 2017, Tran et al., 2016] and, very recently, stem cells [Muir et al.,
2020, Kamelska-Sadowska et al., 2019] under the name of neuroregenerative rehabilita-
tion therapy (NRRT).

Unfortunately, the hand typically receives little treatment during in-hospital rehabilitation

after stroke, which focuses mostly on large and proximal joints [Qiuyang et al., 2019]. After

discharge, this often results in the learned non-use of the hand and in compensatory move-

ments from the proximal joints of the upper-extremity, which are carried over to the chronic

period due to insufficient distal practice in daily life [Gillen, 2015]. Furthermore, it is extremely

challenging to develop targeted therapies that are impairment- and subject-specific at the

level of the hand given its complexity in terms of movements (27 degrees of freedom controlled
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by 34 muscles) [Feix et al., 2015, Wang et al., 2019], extremely fine and versatile sensorimotor
control (involving more than 17000 tactile mechanoreceptors) [Johansson and Vallbo, 1979,
Carlsson et al., 2018], and the entanglement of its impairment symptoms.

1.3 Task-oriented sensorimotor training

In the complex framework of therapy modalities, the selection of appropriate therapy tasks
seems to be of utmost importance. Somatosensation plays an important role in motor skills
learning [Mirdamadi and Block, 2020, Vidoni et al., 2010, Vahdat et al., 2014]. In particular, pro-
prioception and haptic perception are crucial for the accurate generation [Butler et al., 2004]
or correction [Pruszynski et al., 2016, Prokopenko et al., 2008] of upper limb movements, such
as reaching [Sarlegna and Sainburg, 2009, Sober and Sabes, 2003] or grasping [Camponogara
and Volcic, 2019], and are highly interlinked with motor and cognitive abilities needed during
active object exploration/recognition [Reed and Ziat, 2018]. Somatosensory stimulation and
training have been shown to improve and directly correlate with motor (re-)learning after
stroke [Jayasinghe, 2019, Chen et al., 2018, Doyle et al., 2010]. Moreover, combining sensory
and cognitive training could be beneficial to achieve better information processing needed for
sensorimotor relearning [McEwen et al., 2015, Wolf et al., 2016, Zhang et al., 2020]. Despite
increasing evidence of the importance of somatosensory function, assessment and treatment,
current rehabilitation strategies are still mostly focused on motor training and somatosensory
rehabilitation is still largely neglected [Carlsson et al., 2018, Pumpa et al., 2015, Yekutiel, 2000]
and the number of randomized controlled trials that focus on somatosensation is still relatively
low [Kessner et al., 2016].

Furthermore, there is moderate-quality evidence that task-oriented therapy, intended as the
active execution of challenging tasks relevant for daily life with the intention of (re-)acquiring
askill [McDermott et al., 2014], may be beneficial to promote neuroplasticity [Bowden et al.,
2013], improve hand function and ADL [French et al., 2016, Yoo and Park, 2015a], and prevent
the development of learned non use [Winstein et al., 2016]. Unfortunately, the definition of
task-oriented therapy is still highly heterogeneous [McDermott et al., 2014], and only few
studies tested its efficacy in the subacute stage [Thant et al., 2019, Bosch et al., 2014]. Further-
more, with the goal to increase functional capacity, several task-oriented therapies neglect
the quality of execution of the rehabilitative task or focus on the teaching of compensatory
strategies [Almhdawi et al., 2016], which are difficult to remove in the long term. These could
have mixed effects on functional outcome depending on the stroke severity [Jones, 2017] (e.g.,
dominant reliance on the non-paretic limb or reliance on the trunk to move the paretic arm
counter the recovery of more-normal arm movement [Michaelsen et al., 2006], but may be
the only option for severe impairments). The therapeutic association of fine-controlled tasks
that are meaningful for daily life with sensorimotor training modalities seems to have positive
outcomes on motor recovery in terms of Fugl-Meyer of the upper extremity, and may conceal
an unexploited potential that would deserve further focus both in research and in clinical
routine [da Silva et al., 2020].
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In the last thirty years, animal and human research showed that behavioural experience is
one of the most important modulators of cortical function and structure after brain damage,
particularly when reinforced by the simultaneous activation of a given sensorimotor circuits
for a high number of repetitions [Nudo, 2013].

Animal models suggested that therapy dose (i.e., number of task repetitions per time unit
and total therapy time) is important to promote recovery. Training doses up to 600 reps per
session (for 5 to 7 days per week [Nemchek et al., 2021]) allow to alter brain representations
and synapses during motor skills learning either in healthy rats or monkeys [Nudo et al., 1996,
Kleim et al., 1998, 2002] or post-stroke [Jeffers et al., 2018, Bell et al., 2015, Nudo, 2013, Kleim
and Jones, 2008, Nudo and Milliken, 1996]. Conversely, lower training doses in the order of
tens of repetitions [O’Bryant et al., 2007, Starkey et al., 2011], or administered intermittently
every second day [Nemchek et al., 2021], are associated with lower neuroplasticity. Forced
physical training (i.e., treadmill running, [Lee et al., 2009, Ploughman et al., 2007]) and CIMT
(i.e., restraint of the unaffected upper limb to enhance the use of the affected limb [Maldonado
etal., 2008]) can reduce the infarct volume by 30% and 18%, respectively, and skilled reaching
training (e.g., repeated reaching for food pellets [Schabitz et al., 2004]) improved the limb func-
tion by 26.7% [Schmidt et al., 2014]. Moreover, a training combining environment enrichment
and intensive task-specific training (e.g., reaching) resulted to be more effective than either of
the two trainings alone [Clarke et al., 2014], and has been proposed as the best-practice for
pre-clinical recovery of upper limb function [Corbett et al., 2015, Livingston-Thomas et al.,
2016]. A recent study showed that, in severely impaired rats, a higher number of repetitions
per session is required to recover, and could be predefined at baseline as a function of infarct
volume and initial impairment [Jeffers et al., 2018]. These results support the hypothesis of a
direct dose-recovery relation and of a dose threshold below which it is unlikely that surviving
motor networks supporting recovery can undergo a neuroplastic reorganisation [MaclLellan
etal., 2011, Jeffers et al., 2018]. Unfortunately, it is debated to which extent animal models
could be translated to evidence-based therapies for humans, who have different neurophysi-
ology and conventionally receive therapy doses that are lower by one or multiple orders of
magnitude [Dalton et al., 2019, Bernhardt et al., 2016, Walker et al., 2014].

The dose-recovery hypothesis could be supported in humans after large increases in senso-
rimotor and functional recovery were shown in subjects after stroke training at high doses
via conventional [Han et al., 2013, Vloothuis et al., 2016], robot-assisted care [Duret et al.,
2019, 2015, Pila et al., 2017, Hsieh et al., 2012, Burgar et al., 2011], or either of the two [Ward
et al., 2019, Schneider et al., 2016, McCabe et al., 2015, Lang et al., 2015, Lohse et al., 2014,
Veerbeek et al., 2014]. Unfortunately, comparing dose results between and within human and
animal studies is problematic due to different definition, controlling and reporting of therapy
dose. Indeed, most of the scientific literature does not report all the subportions of dose,
namely total scheduled exercise time, its frequency over sessions/days/weeks, number of
repetitions per effective exercise time and, very importantly, a clear definition of the exercise
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repetition (e.g., movement, task) [Lang et al., 2015]. The majority of the high-dose human
studies achieved scheduled (exclusive) upper-limb therapy time above 2 hours per working
day (maximum 5-6 hours per working day [Gomez et al., 2014, McCabe et al., 2015, Ward
et al., 2019]), typically distributed over four to six weeks (maximum eight to twelve training
weeks [Page et al., 2012, Tariah et al., 2010, McCabe et al., 2015, Lohse et al., 2014]). In few
cases, the combination of the two reached a total prescribed therapy time, which is the most
frequently reported measure of therapy dose in humans [Lohse et al., 2014, Lang et al., 2015],
above 80 hours [Ward et al., 2019, Han et al., 2013, Tariah et al., 2010, McCabe et al., 2015, Page
et al.,, 2012]. Regarding the number of repetitions, although rarely reported in humans, plastic
changes were demonstrated above 300 movement repetitions in chronic patients during a 1
hour session [Birkenmeier et al., 2010, Volpe et al., 2008, Waddell et al., 2014] and not below
100 [Carey et al., 2007]. Unfortunately, in clinical practice, dose is not consistent with this
evidence. Upper limb therapy programs in the subacute stage after stroke frequently consist
of less than 40 repetitions for three sessions per week [Lang et al., 2009] and, even when they
are claimed to be high dose [Winstein et al., 2016, Lo et al., 2010, Klamroth-Marganska et al.,
2014], they offer a relatively low therapy time (e.g., 18-36 hours) independently of the patient’s
time/stage after stroke [Ward et al., 2019]. On the one hand, this is due to skepticism on
what is the maximum dose that stroke survivors and therapists could tolerate [Lang et al.,
2016], while maintaining sufficient motivation and energy to work hard in the subsequent
hours of a comprehensive multidisciplinary program or for a typical 8-hours workload, re-
spectively [Duret et al., 2019]. On the other hand, despite showing lower long-term healthcare
costs compared to conventional care [Wagner et al., 2011], intensive therapy regimes pose
immediate economical and logistical concerns, such as the costs and difficulties in organizing
infrastructure, equipment and therapist time needed for a therapy session often requiring a 1:1
therapist to patient ratio, as well as hospitalization for inpatients (in long therapy programs)
or travel for outpatients [Islam and Brunner, 2019, Allen et al., 2019, Lloréns et al., 2015]. To
achieve high dose therapy programs in clinical practice, it is therefore important to find ways
to boost the patient motivation during therapy, and tools to relieve the therapists and reduce
economical and organizational burden on the healthcare facility.

1.5 Robot-assisted therapy: an effective solution for hand therapy

Robot assisted therapy could represent a solution to complement conventional therapy while
respecting all the necessary elements for effective therapy of hand function [Lambercy et al.,
2018, Grosmaire et al., 2019]. Since the publication of the first controlled study with stroke in-
patients [Aisen et al., 1997], several studies have demonstrated the potential of robot-assisted
therapy for the upper limb in stroke rehabilitation. Firstly, it has been shown that robotic
devices offer motivating task-oriented training with comparable therapy outcomes compared
to conventional dose-matched therapy [Rodgers et al., 2019, Mehrholz et al., 2018, Burgar et al.,
2011, Conroy et al., 2011, Klamroth-Marganska et al., 2014, Lo et al., 2010, Masiero and Armani,
2011]. Secondly, robotic devices could be used to achieve higher therapy dose compared to
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conventional therapy [Daly et al., 2019, Veerbeek et al., 2017, McCabe et al., 2015, Han et al.,
2013]. For instance, therapy sessions could become longer by letting multiple patients train
simultaneously with the same therapist [Biisching et al., 2018, McCabe et al., 2015], instead
of training one after the other. Additionally, exercise repetitions could increase up to 871
[Duret et al., 2015] and 1295 [Pila et al., 2017] per 45 minute session. Thirdly, robots are able to
accurately control the patient-robot interaction, i.e. they are capable of supporting/resisting
the patient if needed and/or they can accurately render different sensorimotor tasks/envi-
ronments visually and mechanically (through visual and haptic displays). Finally, robotic
devices can be used to precisely assess the patient’s ability and performance [Germanotta
etal., 2020, Duret et al., 2019, Lambercy et al., 2011, Loureiro et al., 2009, Prange et al., 2006]
and to continuously adapt therapy difficulty to the current state of the patient [Metzger et al.,
2014b, Giang et al., 2020].

In the last decade, several robotic hand therapy devices were developed. These devices are
based on end-effector and/or exoskeletal designs [Aggogeri et al., 2019, Lambercy et al., 2018]
that are either standalone [Yeong et al., 2009], tabletop (e.g., Hand of Hope [Tong et al., 2010]) or
wearable [Ou et al., 2020, Nycz et al., 2016], with or without the possibility to support the limb
against gravity. They offer object-based [Choi et al., 2011] or virtual therapy tasks [Huang et al.,
2017, Khor et al., 2014] and therapy modalities ranging from passive mobilization [Sale et al.,
2012] to active manipulation [Lambercy et al., 2011]. Less frequently, they have been tested
with additional types of feedback (e.g., biofeedback [Zadravec et al., 2020], auditory [Rosati
etal., 2013], vibrations [Decker and Kim, 2017]), stimulation (e.g., neuromuscular stimulation
[Lee et al., 2015b]), control interfaces (e.g., invasive or non-invasive brain-machine interfaces
[Kapsalyamov et al., 2019, Soekadar et al., 2015, Buch et al., 2008]), or to train bimanually [Yang
etal., 2012].

Unfortunately, most rehabilitation robots are currently not used at their maximum potential.
They are most frequently used in short therapy sessions in clinical or research environments
[Klamroth-Marganska et al., 2014, Page et al., 2013, Lum et al., 2012] under constant supervi-
sion of trained personnel, which contributes to a cost increase and limits the maximum doses
achievable using this technology. Most devices typically focus on pure motor training and
do not explore the ability of the robot to offer haptic training of sensorimotor tasks relevant
for daily life [Veerbeek et al., 2017, Bertani et al., 2017]. Additionally, robot-assisted therapies
do not usually consider the importance of cognitive training [Aprile et al., 2020, Fasoli and
Adans-Dester, 2019], which can facilitate skill acquisition [McEwen et al., 2015] and signifi-
cantly improve its transfer to ADL [Wolf et al., 2016]. To better exploit their potential, robotic
technologies should be adapted to provide higher therapy dose, which could be achieved by
allowing to perform therapy with minimal supervision. This approach could also increase
therapy dose after discharge from the clinic through the minimally-supervised use of portable
(i.e., that can be carried in a suitcase), scalable and affordable active devices. These devices
should offer sensorimotor therapy exercises that require active cognitive involvement and
train tasks relevant for skill transfer to ADL. Moreover, when considering to use such technol-
ogy in a minimally-supervised way, safety should be ensured through autonomous monitoring
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of the patient and device conditions. Finally, device usability should be guaranteed to ensure
technology acceptance and patient compliance.

1.6 Goals of the thesis

This thesis firstly aims to evaluate whether robot-assisted therapy of hand function following
a sensorimotor therapy approach is feasible and produces equivalent therapy outcomes com-
pared to conventional care. This will serve as necessary basis to investigate and develop the
elements necessary to create a robot-assisted therapy platform (i.e., robot with user interface
and exercises), which could offer the same therapy approach with minimal supervision to
potentially enable a therapy dose increase.

A previous work from Metzger and Lambercy et al. led to the development of the ReHap-
ticKnob, an end-effector based, two degrees-of-freedom hand rehabilitation robot, which
trains grasping (i.e., hand opening and closing) and forearm pronosupination after stroke
[Metzger et al., 2011]. The robot can accurately render therapy tasks/objects visually through
a virtual reality interface and haptically trough powered instrumented finger pads, which
measure 6-DOF forces applied at the level of the thumb and fingers. The ReHapticKnob allows
a variety of interactions, ranging from passively guided movements, which are important
for plegic patients, to the training of fine motor skills in mildly impaired stroke victims. The
neurocognitive therapy approach proposed by Carlo Perfetti in the seventies was selected as
therapy approach since it focuses on the training of sensorimotor functions as well as cogni-
tion, which are fundamental during functional interactions between body and environment,
particularly at the level of the hand [Perfetti and Grimaldi, 1979]. For instance, subjects are
asked to manually explore objects (e.g. sponges, sticks, springs), discriminate and memorize
their haptic properties, and identify them based on their relative differences often without
vision. The level of difficulty of the exercises was customized to the patient’s impairment level
using robotic assessments conducted at baseline, as well as to the patient performance during
the therapy progression to appropriately balance exercise challenge and patient motivation.

This work builds on the neurocognitive robot-assisted therapy concept developed on the
ReHapticKnob, which showed encouraging preliminary results in terms of user acceptance
and impairment reduction [Metzger, 2014]. Furthermore, some promising work suggested that
conventional neurocognitive therapy can significantly improve upper-limb function, ability
to perform activities of daily living and quality of life [Lee et al., 2015a], and recently found
increasing interest in the scientific community [Carey et al., 2011, Albiol-Pérez et al., 2014, Yu
etal., 2014, Morreale et al., 2016], but its efficacy was so far only preliminarily investigated,
particularly if administered via robot-assisted therapy.

This thesis aims to develop new solutions for neurorehabilitation of hand function after stroke
through four research goals, which are detailed below with their expected significance for the
neurorehabilitation field.
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1. Establish the equivalence of robot-assisted and dose-matched conventional neurocog-
nitive therapy. Showing equivalent efficacy (per dose-unit) is an important first step,
which opens the road to the potential use of this technology with minimal supervision
as a complement to conventional care. Furthermore, our approach will demonstrate
the feasibility of executing with a robotic device therapy tasks that are relevant for hand
function (e.g., functional, sensorimotor and cognitive therapy tasks).

2. Develop a robot-assisted minimally-supervised therapy platform for task-oriented sen-
sorimotor training of hand function, and show that the platform is safe, usable with
appropriate changes by stroke patients with limited supervision and requires appropri-
ate workload during preliminary learning phases and during therapy. The usability of
our platform will preliminarily show that it is possible to offer robot-assisted therapy in
a sustainable way with minimal external supervision. This opens the road to increase
therapy doses and create a continuum of care that starts in the clinic and continues at
home.

3. Develop a method for autonomous monitoring of patient ability and physical conditions
during therapy, which could detect the onset of patient abnormal health conditions early,
and through a set of smart algorithms (i.e., "clinical artificial intelligence"), automatically
adapt the therapy plan. This approach will allow to implement minimally-supervised
therapy while guaranteeing safety and appropriate tailoring of the therapy plan and
exercises to the patient needs.

4. Develop a complementary portable/scalable device that would allow to adopt the
minimally-supervised therapy platform to train hand function in any environment, and
show that the device is perceived as usable by subjects after stroke. This new device
is the last necessary element to implement sensorimotor robot-assisted therapy with
minimal supervision in the home environment. This could allow to further promote
a dose increase and functional gains, establish a longer relation with the clinic (which
starts as inpatient and continues after discharge), avoid learned non-use of the affected
arm and increase subject’s independence.

1.7 Thesis outline
In this thesis, the chapters represents the necessary elements and steps needed for the devel-
opment a novel portable minimally-supervised robot-assisted therapy platform:

¢ Chapter 2 describes the equivalence between dose-matched robot-assisted and con-

ventional neurocognitive therapy of hand function

* Chapter 3 describes the development of a robot-assisted platform designed for minimally-
supervised therapy of hand function and its preliminary usability evaluation with a
non-portable haptic device for use in the clinic

11
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¢ Chapter 4 describes the autonomous monitoring of hand muscle tone during the ex-
ecution of active sensorimotor therapy exercises as a proof of concept for the online
monitoring of possible adverse events during minimally-supervised therapy

* Chapter 5 describes the development of HandyBot, a portable device for minimally-
supervised therapy of hand function, which builds on the previous device/platform
tested in clinical settings

* Chapter 6 provides a general discussion of the outcomes of this thesis and further
ongoing developments. The end of the chapter provides suggestions for future work.
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4 Equivalence of supervised neurocog-
nitive robot-assisted therapy of hand
function after stroke

This chapter is adapted from

Neurocognitive robot-assisted rehabilitation of hand function: a randomized control trial
on motor recovery in subacute stroke

Raffaele Ranzani*, Olivier Lambercy*, Jean-Claude Metzger, Antonella Califfi, Stefania Regazzi,
Daria Dinacci, Claudio Petrillo, Paolo Rossi, Fabio M. Conti, and Roger Gassert
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Chapter 2. Equivalence of supervised robot-assisted hand therapy after stroke

2.1 Robot-assisted rehabilitation of hand function

Upper-limb robot-assisted therapy has been established as a safe and feasible treatment to
complement rehabilitation after neurological injury, such as stroke [Veerbeek et al., 2017].
Robots can precisely control the interaction with a patient (e.g., supporting or resisting in an
assist-as-needed manner) and render virtual environments both visually and mechanically,
making them ideal tools for sensorimotor training, providing engaging and challenging therapy
[Klamroth-Marganska et al., 2014, Lo et al., 2010]. Over the past two decades, several robotic
devices to train the proximal upper extremity [Maciejasz et al., 2014] were developed and
clinically evaluated, achieving outcomes comparable to dose-matched conventional therapy
[Veerbeek et al., 2017, Klamroth-Marganska et al., 2014, Lo et al., 2010, Lum et al., 2006, Burgar
etal., 2011, Masiero and Armani, 2011, Mehrholz et al., 2018, Lambercy et al., 2018, Rodgers
etal., 2019].

However, distal arm function is essential for the execution of activities of daily living (e.g.,
eating, dressing) and is often severely impaired after stroke [Raghavan, 2007], with low prob-
ability of regaining its full functional use [Fischer et al., 2007]. Several studies have shown
that functional motor training at the level of the hand with robotic devices can be beneficial
and positively translate into recovery of proximal arm function [Lambercy et al., 2011, Hsieh
et al., 2018]. Despite recent investigations to develop novel robots to train hand function
[Lambercy et al., 2018, 2007, Lum et al., 2012], only few systems took advantage of the haptic
rendering capabilities of robots to support somatosensory training, nor evaluated this in
clinical trials. As such, most systems for robot-assisted therapy developed to date focus on
movement practice without incorporating an established therapy concept adapted to the
capabilities of the respective technology.

In this work, the clinical equivalence of sensorimotor, robot-assisted rehabilitation of hand
function is investigated within a preliminary four-week randomized controlled trial (RCT) on
subacute stroke patients. The neurocognitive rehabilitation method proposed by Perfetti [Per-
fetti and Grimaldi, 1979] was selected as reference therapy approach. It focuses on the training
of motor function, somatosensation and cognition, which all contribute to functional interac-
tions between body and environment (e.g., information perception, as well as elaboration,
selection and execution of motor plans) [Sallés et al., 2017, McEwen et al., 2009, Turville et al.,
2017]. Because of the relevance of the cognitive processing of sensory inputs, this approach
is particularly interesting for hand rehabilitation. Moreover, the integration of multisensory
inputs promotes the involvement of associative cortices that play a key role in learning and
consequently in neuronal plasticity and recovery [Van de Winckel et al., 2012]. While only
a few studies compared neurocognitive therapy to other rehabilitative approaches [Sallés
etal., 2017, Lee et al., 2005], some promising work suggested that it can significantly improve
upper-limb function, ability to perform activities of daily living and quality of life compared to
conventional task-oriented training [Lee et al., 2005]. Consequently, this approach has recently
found increasing interest in the scientific community, applied both in conventional [Carey
etal., 2011, Chanubol et al., 2012, Morreale et al., 2016] and in technology-assisted therapy
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[Albiol-Pérez et al., 2014, Yu et al., 2014], but has so far not been evaluated when administered
through a robotic device. The therapy concept inspired by the neurocognitive approach was
implemented on a high-fidelity 2 degrees of freedom end-effector haptic device to train hand
function (i.e., the ReHapticKnob [Metzger et al., 2014a]). The therapy exercises focused on
grasping and pronosupination (e.g., tactile discrimination tasks, teach and reproduce tasks,
haptic exploration tasks, [Metzger et al., 2014b]) and were performed using virtual objects
rendered both visually and haptically by the robot, mimicking the physical objects used in
conventional therapy. The primary objective of this RCT was to investigate if the implemented
robot-assisted hand therapy concept could be integrated into the rehabilitation program of
participants with subacute stroke during their inpatient stay (i.e., replace one conventional
neurocognitive therapy session on each intervention day) and if, at precisely matched dose, an
equivalent reduction in upper limb motor impairment could be achieved. This study design
was motivated by the need to establish noninferiority in terms of rehabilitation outcomes per
dose unit when comparing the proposed intervention to conventional neurocognitive ther-
apy. This is an important first step towards the investigation of more specific robot-assisted
protocols that could further take advantage of the abilities of the robotic device (e.g., increas-
ing therapy dose through minimally-supervised therapy, automatically monitor the patient
conditions and propose personalized therapies). As secondary objectives, we hypothesized
that neurocognitive robot-assisted therapy of the hand would lead to improvements in motor,
sensory and cognitive functions in participants with subacute stroke.

2.2 Design of arandomized controlled trial

2.2.1 Trial design

A single center, parallel group, randomized control trial was conducted at the Clinica Hilde-
brand Centro di Riabilitazione Brissago, Switzerland. Study participants were recruited among
inpatients undergoing an intensive interdisciplinary rehabilitation therapy program post-
stroke. After screening for eligibility by a medical doctor, participants were randomly assigned
(by balanced prerandomization [1:1]) to a robot-assisted group (RG), receiving robot-assisted
neurocognitive therapy with the ReHapticKnob (see Fig. 2.1) haptic device, or to a control
group (CG), receiving dose-matched conventional neurocognitive therapy without the robot.

On 15 days distributed over 4 weeks, all subjects received three neurocognitive therapy sessions
(i.e., 2 x 45 min and 1 x 30 min) per day focusing on hand function (see Fig. 2.2). In the RG,
one of the 45 min therapy sessions per day was substituted with robot-assisted therapy. Based
on ethical grounds, only one session of upper limb therapy per day was replaced to guarantee
that all patients could still get access to the standard treatment for subacute inpatients. These
sessions were embedded in the weekly therapy plan of each individual participant. The study
protocol was reviewed and approved by the local Ethics Committee (EC 2646) and Swissmedic
(2013-MD-0002) prior to participant recruitment. Simultaneously, the study was registered on
the (non-public) European register EUDAMED and subsequently in Clinialtrials.gov.
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Figure 2.1: A subject with stroke using the ReHapticKnob. The ReHapticKnob is a haptic device
used to train hand opening-closing and forearm pronosupination. The device integrates a
set of 7 therapy exercises reproducing typical neurocognitive exercises [Metzger et al., 2014b].
In the present exercise, the compliance of different virtual sponges rendered by the device
has to be memorized and identified by relying on hand somatosensory inputs during active
interaction with the device.

Day x

\ Conventional neurocognitive therapy

— B Robot-assisted neurocognitive therapy

\ Other therapy sessions

[ F s

TO 4 weeks T1 4 weeks T2 6 months T3

Figure 2.2: Study protocol. Integration of RCT therapy sessions into the weekly therapy
schedule of participants and assessment scheduling. Assessment sessions were performed at
therapy start (T0), after the 4-week intervention (T1), as well as at 4-week (T2) and 6-month
(T3) follow-ups.
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2.2.2 Participants

Subjects were enrolled in the study if they met the following inclusion criteria: age between 18
and 90 years old, first and only cerebrovascular event, subacute lesion (i.e., occurred not earlier
than 6 weeks before recruitment), hemiparesis with arm motor deficit as assessed with a Na-
tional Institutes of Health Stroke Scale (NIHSS, [Brott et al., 1989])= 1. Subjects were excluded
if they presented an altered state of consciousness, severe aphasia (Goodglass and Kaplan test
<1, [Huber et al., 1993]), severe cognitive deficits (Levels of Cognitive Functioning-Revised,
LCF-R<6, [Hagen, 2000]), severe pathologies of the upper limb of traumatic or rheumatic
nature, severe pain in the affected arm (= 5 on a visual analogue scale for pain (VASp)), or if
they had active pacemakers and other active implants.

2.2.3 Interventions

The neurocognitive therapy approach proposed by Perfetti [Perfetti and Grimaldi, 1979] in-
cludes sensorimotor and cognitive aspects, all fundamental during the execution of complex
tasks and activities of daily life. Focusing on haptic and postural perception, often without
vision, subjects are asked to explore objects (e.g. sponges, sticks, springs), discriminate their
properties and perceive relative differences. A robotic device is an ideal tool to perform such
exercises, as a wide range of haptic stimuli can easily and accurately be rendered in a re-
peatable and well-controlled manner [Metzger et al., 2014b]. Seven exercises were available
both in conventional and robot-assisted therapy: passive grip aperture discrimination, pas-
sive pronosupination angle identification, stiffness identification during grasping, stiffness
identification during index finger pinching, teach and reproduce of grip apertures, teach and
reproduce of pronosupination angles. The seventh exercise in the conventional therapy was a
texture identification exercise, while in the robot-assisted therapy, the exercise consisted in the
identification of specific pronosupination angles, indicated by a vibratory cue on the grasping
DOF (within a 4° window around the targeted pronosupination angle). Within these exercises,
the motor aspects of the intervention consisted of symmetric thumb and fingers flexion/ex-
tension, as well as forearm pronation/supination, which were executed either independently
or combined. The sensory aspects of the intervention entailed encoding (i.e., perception
and processing) the following types of somatosensory signals without visual information:
sponge/spring stiffnesses, size and shape of objects (e.g. stick lengths, sponge size), arm
positioning (e.g., pronosupination orientations), and vibratory cues. The cognitive aspects of
the training demanded elaboration/recognition of perceptual information (e.g., understand
and memorize object length/stiffness), encoding/decoding of this information in the working
memory for comparison purposes of more than one object (e.g., identify length/stiffness
of an unknown object), planning/execution/correction of fine motor plans. The tasks were
executed either passively (i.e., guided by the therapist/robot) when they only required sensory
perception (e.g. of object length or forearm orientation), or actively by the subject (against
the resistance of the object/robot) when they required active object manipulation (e.g., stiff-
ness identification). The robotic device used in this study can haptically reproduce the same
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objects and, thereby, motor, sensory and cognitive tasks used in conventional therapy. The
objects are rendered via the robotic handles by generating appropriate forces during hand
opening/closing and forearm pronosupination, while they are displayed on a screen (see
Figure 2.1) [Metzger et al., 2014a].

In both groups, all the conventional neurocognitive therapy sessions included two or three
exercises depending on the session duration (i.e., 30 or 45 minutes), as typically done in the
standard clinical setting. The exercises were performed with the help of the therapist, who
progressively adapted the assistance and difficulty level of the exercise (e.g., number of objects,
object length or stiffness) depending on his/her evaluation of the subject’s ability.

Similarly, each 45-minute session of robot-assisted therapy included three exercises (selected
each day following a predefined plan common to all participants) consisting of up to 30 task
repetitions with the robot (each involving multiple movements and interpretation of sensory
information), in a maximum of 15 minutes per exercise. The exercise type, number of task
repetitions per exercise and the maximum exercise duration were selected based on pilot
tests on subjects with stroke [Metzger et al., 2014b] to precisely match therapy type and dose
typically performed in conventional therapy. In each exercise, the difficulty level was initially
adapted to the subject according to a baseline robotic assessment and continuously updated
at the end of each session depending on the subject’s performance. An experienced physio-
or occupational therapist supervised all the sessions. For a more detailed description of the
robotic assessments, exercises and difficulty adaptation, refer to our earlier work [Metzger
et al.,, 2014b].

2.2.4 Outcome measures and masking

Participants were evaluated on separate days with respect to the therapy sessions, at four
time points: before (T0) and after (T1) the intervention, and in two follow-ups at 8 weeks
(T2) and 32 weeks (T3) (see Figure 2.2). Assessors were masked to treatment allocation, while
participants, therapists and data analysts were unmasked.

Primary outcome. The primary outcome of the study, which was tested for equivalence, was
the change from baseline in upper extremity motor impairment at the end of treatment (i.e.,
T1-T0), assessed with the Fugl-Meyer Assessment of the Upper Extremity (FMA-UE) [Fugl-
Meyer et al., 1975]. The FMA-UE scale was chosen as primary outcome due to its relevance in
sensorimotor rehabilitation and related literature, especially with respect to robot-assisted
therapy.

Secondary outcomes. The secondary outcomes of the study are divided into three categories to
compare the two intervention groups at each time point:

1. Motor, sensory and cognitive scales: changes in upper limb impairment at each time
point were measured using the FMA-UE and its subcomponents related to hand and
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wrist (FMA-WH) as well as shoulder and elbow (FMA-SE), gross manual dexterity using
the Box and Block Test (BBT) [Mathiowetz et al., 1985], spasticity level of the upper limb
(i.e., shoulder adductors, elbow flexors and extensors, wrist flexors and finger flexors)
with the Modified Ashworth Scale (MAS) [Charalambous, 2014], tactile sensation and
proprioceptive ability of the upper limb with the Erasmus MC Nottingham Sensory
Assessment (EmNSA) [Stolk-Hornsveld et al., 2006], cognitive impairment with the Mini
Mental State Examination (MMSE) [Folstein et al., 1975], unilateral spatial neglect with
the Albert Test (AT) [Albert, 1973], and behavioral ability and dementia with the Frontal
Assessment Battery (FAB) [Dubois et al., 2000].

2. Therapy intensity: to verify dose matching, the two groups were compared in terms
of average number of task repetitions performed in one session and therapy intensity
(i.e., number of task repetitions per minute of effective therapy). During conventional
therapy, the number of task repetitions and the effective therapy time were recorded
by the supervising therapist, while they were directly logged by the robot during the
robot-assisted therapy.

3. Acceptance of neurocognitive robot-assisted therapy: in the subjects from the RG,
acceptance was evaluated by a subjective 4-item questionnaire: (Q1) "Are the exercises
with the robot motivating?" (0 no, 1 yes), (Q2) "Would you recommend the additional
robot therapy to other subjects with stroke?" (0 no, 1 yes), (Q3) "Did the robot-therapy
lead to concrete improvements?" (0 no, 1 yes), (Q4) "How comfortable were the exercises
with the robot for you?" (0 uncomfortable, 10 very comfortable).

2.2.5 Statistical methods and sample calculation

The Wilcoxon Rank Sum Test was used to assess homogeneity between groups at baseline
for time post lesion, FMA-UE, FMA-WH, NIHSS, LCF-R and Goodglass-Kaplan, and a two-
sample t-test for age and VASp, which resulted to be normally distributed. Fisher’s exact
test was applied to investigate group differences in gender, side of stroke, and stroke type.
Measurements of the average dose and therapy intensity in RG and CG were also compared
using the two-sample t-test or the Wilcoxon Rank Sum Test.

Equivalence testing [Walker and Nowacki, 2011] was used to investigate whether the groups
showed an equivalent change in terms of the primary outcome measure. Equivalence was
established if the difference in change in FMA-UE between the two groups lies within an
equivalence boundary of +5.2 points, which was reported to be the minimal detectable change
for the FMA-UE [Wagner et al., 2008]. The confidence intervals were calculated as described
by D’Agostino et al. for small sample sizes (<30) [D’Agostino et al., 2006]. The equivalence
test was repeated at T1 (primary outcome), T2 and T3 to evaluate if equivalence is retained
over time. A pre-study power calculation for equivalence testing estimated that 28 subjects
would provide 80% power to prove equivalence between the two groups in terms of FMA-UE,
given the selected equivalence boundary and an estimated standard deviation of 4.66 FMA-UE
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points in the FMA-UE score change after therapy (based on preliminary data [Metzger et al.,
2014b]). To compensate for an expected dropout rate of 15%, a sample size of 32 participants
was selected.

For all outcome measures, the groups were compared after the intervention (T1-T0) and at
the follow-ups (T2-T0 and T3-T0) in a 2x3 (i.e., group x time) repeated measures analysis of
variance (ANOVA) analyzing between and within-group differences. In presence of significant
differences, post-hoc comparisons were performed between T1-T0, T2-T0 and T3-T0. The
statistical significance level of a = 0.05 was corrected using Bonferroni correction in the
analyses of the primary and secondary outcome measures (i.e., ANOVA), leading to a value of
0.0046 and 0.0025, respectively.

To obtain a meaningful estimate of the treatment effect, all analyses were performed by
modified intention to treat (MITT): all assigned participants for whom outcome data at the
end of the intervention (T1) are available were analyzed. For missing data, we inferred the
missing value by last observation carried forward or, if no former value was available, by next
observation carried backward.

2.3 Results of the Randomized Controlled Trial

Between April 2013 and March 2017, 33 subjects with subacute stroke were eligible and agreed
to participate in the study (Figure 2.3). We did not keep a complete log of subjects who were
screened for eligibility, but this number was estimated to be between 80-90 by the principal
investigator. The target sample size was reached with 17 subjects allocated to the RG and
16 subjects allocated to the CG. Only 27 subjects received the allocated intervention and
completed the T1 assessment (MITT population: 14 RG, 13 CG), six subjects did not complete
the intervention protocol or withdrew before the T1 assessment due to lack of motivation,
concomitant unrelated medical pathologies or cognitive deficits that were not detected at
recruitment. Twenty-three subjects (12 RG, 11 CG) completed the full protocol up to T3 as 1
subjects had a recurrent stroke and 3 additional subjects withdrew due to a lack of motivation
after the completion of the intervention. During the duration of the study, no adverse event
related to the intervention was observed.

2.3.1 Baseline characteristics

Table 2.1 reports the baseline demographics and clinical characteristics of the two groups at
TO0. No statistically significant differences were found in baseline characteristics (Wilcoxon
Rank Sum Test, two-sample t-test, Fisher’s exact test, see Table 2.1 for more details). The
participant age range was 38 to 85 years and there were 12 right and 15 left hemisphere lesions.
Most subjects showed mild/moderate [Woytowicz et al., 2017] initial upper-limb impairment
(FMA-UE 50.48+13.50 (meanztstd)) due to both ischemic and hemorrhagic stroke. In the two
groups, a different distribution in stroke type was evident (although not significantly different
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Figure 2.3: Trial profile describing the participants population of the RCT.

Table 2.1: Baseline characteristics of the randomized study participants (MITT, N = 27)

b

Characteristics® Robot-assisted (n = 14) Control (n=13) p
Age (years) 70.00 (12.79) 6746 (11.39) 0.5921 (t(25) = 0.543)
Time since stroke (weeks) 3.14 (151) 3.08 (1.32) 0.8794 (Z=-0.2)
Sex 0.6946

Male 10 8

Female 4 5
Side of stroke 1.000

Left 8 7

Right 6 6
Stroke type 0.0054

Ischemic 13 5

Hemorrhagic 1 7

Both 0 1
FMA-UE 50.14 (12.50) 50.84 (15.01) 0.7891 (Z=-03)
FMA-WH 17.86 (561) 19.39 (6.20) 01478 (Z=-14)
NIHSS 136 (0.75) 169 (1.03) 03500 (Z=-0.9)
VASp 0.00 (0.00) 0.85 (1.63) 0.0623 (t(25) =—-1.951)
LCF-R 886 (1.10) 831 (144) 03390 (Z=1.0)
Goodglass-Kaplan 443 (0.76) 431 (1.18) 0.8438 (Z=-0.2)

Abbreviations: FMA-UE Fugl-Meyer Assessment of the Upper Extremity; FMA-WH Fugl-Meyer Assessment of Wrist and Hand functions; NIHSS National Institutes of
Health Stroke Scale; VASp Visual Analogue Scale for Pain; LCF-R Revised Levels of Cognitive Function; Goodglass-Kaplan, Assessment of aphasia and

related disorders

“Continuous data are expressed as mean (standard deviation), categorical data as number

b

p values are associated with the Fisher's exact test for categorical variables (used for small samples), while Wilcoxon rank sum test and two-sample t-test are

used for continuous variables (independent samples). According to the Bonferroni correction, the significance level a* :%:0.00455)
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Figure 2.4: Equivalence test between robot-assisted and control group w.r.t. the FMA-UE
change. The test was performed at 4 weeks (T1), 8 weeks (T2) and 8 months (T3) compared to
baseline.

after Bonferroni correction), with a majority of ischemic strokes in the robot-assisted group.
Before enrollment, all participants were informed about the study and gave written consent.

2.3.2 Equivalence in Fugl-Meyer of the upper extremity

According to the equivalence analysis (Figure 2.4), the change in FMA-UE in the robot-assisted
group can be considered as non-inferior to the control group. The 90% confidence interval lies
within the equivalence boundaries at T1 (i.e., primary outcome) but tends to move outside
the equivalence boundary in favor of the robot-assisted therapy at the end of the study (T3).
Between TO and T1, subjects in the RG improved on average by 7.14 FMA points, while those
in the CG showed an average increase of 6.85 FMA points. In both groups, these changes are
above the minimal detectable/clinically important change (i.e., 5.2 and 5.25 FMA-UE points,
respectively) [Wagner et al., 2008, Shelton et al., 2001].

The changes in FMA-UE were maintained at T2 and T3 (i.e., secondary outcome measures).
Between T0 and T2, subjects in the RG improved on average by 7.79 FMA points, while those
in the CG showed an average increase of 7.31 FMA points. Finally, from T0 to T3, RG subjects
improved by 8.64 FMA points and CG subjects by 8.08 FMA points.
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2.3.3 Changes in secondary outcome measures

Comparing the changes in clinical scales with respect to baseline over time (see Table 2.2), the
two groups did not show any significant between-group difference, as shown by the group
factor in ANOVA. Additionally, therapy-induced T1-T0 within-group changes of each scale
were maintained at T2 and T3, as shown by the time factor in the ANOVA analysis, except for
the BBT score that continued to increase. At T1, the FMA-WH improved by 2.93 and 2.39 FMA
points in the RG and CG, respectively, while the FMA-SE improved by 4.21 FMA points in the
RG and 4.46 FMA points in the CG. BBT increased by 11.43 blocks/min on average in the RG,
and 12.85 blocks/min in the CG. As for the FMA-UE, the BBT change at T1-T0 was above its
minimal detectable change of 5.5 blocks/min [Chen et al., 2009] in both groups. A significant
time dependency after the end of therapy was observed, and post-hoc analysis suggested
an increase of BBT between T1 and T3 (t(52) = -2.396, p = 0.020), although this change was
not significant following Bonferroni correction. The EmNSA-T increased by 1.07 points in
the RG and 2.85 points in the CG, while the EmNMA-P increased by 0.14 and 0.54 points,
respectively. The MAS showed a negligible increase of 0.07 points in the RG and decreased by
1.54 points in the CG at T1, converging to the same score range (i.e., around 1 MAS point) at
T3. AT1-TO decrease above the MAS minimal detectable change of 1 point [Shaw et al., 2010]
was only detected in the CG, which could be explained by the slightly higher MAS baseline
score of this group. From TO to T3, the MAS decreased by 0.29 and 0.85 points in the RG and
CG, respectively. The MMSE increased by 0.57 and 1.05 points in the RG and CG, respectively,
but both changes were below the MMSE minimal detectable change of 3 points [Feeney et al.,
2016]. The FAB increased by 0.43 and 1.26 points in the RG and CG, respectively, while the
Albert Test showed minor increases of 0.07 and 0.15 points.

2.3.4 Therapy intensity

During a therapy session, the RG performed on average 71.49+10.84 task repetitions while the
CGreceived 73.47+45.19 task repetitions, as reported by the supervising therapist. The average
number of task repetitions per session received in the RG and in the CG was not significantly
different as revealed by the two-sample t-test (t(23) = -0.159, p = 0.875). In terms of therapy
intensity, there was also no statistically significant difference between the two groups, either
comparing robot-assisted and conventional therapy sessions (RG = 1.45+0.33 reps/min, CG =
1.40+0.81 reps/min, Wilcoxon Rank Sum Test Z = -0.8, p = 0.427) or comparing all conventional
therapy sessions in both groups (RG = 1.63+0.85 reps/min, CG = 1.40+0.81 reps/min, Wilcoxon
Rank Sum Test Z = -0.6, p = 0.529). In addition to the neurocognitive therapy sessions, the
average daily amount of occupational therapy and/or lower limb physiotherapy did not
statistically differ in the two groups (RG =40.68+17.88 min, CG = 50.33+6.41 min), as revealed
by the two-sample t-test (t(23) = -1.699, p = 0.103).
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Table 2.2: Patients’ scores in all the clinical and robotic outcome measures

Assessment Group  Baseline (T0)  Change from baseline, Mean (SD) Repeated Measures ANOVA on change from baseline
i/!\a/\lauxe/)Healthy E/Sa[l;)'e’ Mean T T2 T3 Group Time
F (1,25 P F (2,52 P

FMA-UE (66) RG 5014 (1250) +7.14(572)  +7.79 (7.65) +864 (742) 0.035 0.8537 1.206 03076
CG 50.85 (15.00) +6.85 (5.34) +7.31 (5.68) +8.08 (832)

FMA-WH (24) RG 1786 (561)  +293(262) +364 (325 +3.64 (3.23) 0371 0.5480 3.701 0.0314
CG 19.39 (6.20) +239(1.81) +2.54 (2.22) +3.39 (362

FMA-SE (42) RG 3229 (808)  +421(414)  +4.14(592) +5.00 (5.68) 0012 09152 0303 0.7403
CG 3146 (895)  +446 (391)  +4.77 (446) +4.69 (5.62)

BBT (-) RG 17.79 (9.67) + 1143 (6.60) +13.50 (7.33) +17.57 (10.91) 0.504 04842 11.330 8.241e-05*
CG 15.15 (8.44) +1285(822) +1754(1339) +19.92 (13.96)

EMNSA-T(24) RG 2093 (544)  +107 (2200  +143(259) +1.86 (333) 2986 0.0964 2651 0.0801
CG 15.15 (9.44) +2.85 (445) +5.54 (7.33) +4.92 (7.53)

EmNSA-P(8) RG 7.79 (0.58) +0.14 (0.36)  —0.21 (043) 0.00 (0.56) 5.258 0.0305 0520 05976
CG 6.77 (1.92) +054(097)  +069 (1.18) +0.46 (0.78)

MAS(0) RG 1.29 (1.77) +0.07 (237) —-0.21 (2.36) —0.29 (2.56) 1.012 0.3241 0.558 05756
CG 215 (2.94) -154 (291)  -131(3.12) -0.85 (3.69)

MMSE(30) RG 2589 (3.60)  +057(191)  +0.93 (1.64) +1.71 (3.07) 0.072 0.7906 1.088 03446
CG 2362 (547) +1.05(1.87) +0.59 (241) +093 (333)

FAB(18) RG 1460 (238)  +043 (1.74) 4(1.70) +161 (1.67) 0.144 0.7079 1625 0.2067
CG 11.98 (5.29) +1.26 (1.71) + 149 (1.76) +1.05 (1.60)

Albert Test (32) RG 3186 (036) +007(027)  +007 (048) +0.14 (0.36) 0.034 08544 0.000 1.000
CG 3177 (083)  +0.15 (0.90) 5 (0.56) +0.08 (0.28)

Abbreviations: SD Standard deviation; FMA-UE Fugl-Meyer Assessment of the Upper Extremity; FMA-WH Fugl-Meyer Assessment of Wrist and Hand functions; FMA-
SE Fugl-Meyer Assessment of Shoulder and Elbow functions; MAS Modified Ashworth Scale; EMNSA-T Erasmus MC Nottingham Sensory Assessment of Tactile
sensation; EmMNSA-P Erasmus MC Nottingham Sensory Assessment of Tactile of Proprioceptive ability; MMSE Mini Mental State Examination; FAB Frontal
Assessment Battery

Symbols: * Statistically significant according to Bonferroni correction (i.e., significance level a*=%% "5—0 0025)

2.3.5 Acceptance of neurocognitive robot-assisted therapy

Out of 12 participants that answered the questionnaire in the RG, 91.7% found the robot-
assisted therapy motivating (Q1), 84.6% would recommend the robot-assisted therapy program
to other persons with stroke (Q2), and 84.6% found concrete improvements in their health
status at the end of the therapy program (Q3). Participants found the robot-assisted therapy to
be comfortable, rating it at 7.42+1.34 out of 10 (Q4). The questionnaire revealed mild sporadic
discomfort in the finger fixation, and that, in three out of seven exercises, difficulty levels were
sometimes perceived as too high.

2.4 Discussion

This paper presents the clinical feasibility and outcomes of a RCT conducted on subjects
with subacute stroke evaluating the effect of robot-assisted neurocognitive therapy of hand
function, and in particular, if therapy with the haptic device could lead to an equivalent
and lasting sensorimotor recovery compared to dose-matched conventional neurocognitive
therapy. In contrast to most robot-assisted rehabilitation trials, which placed a strong focus

24



2.4. Discussion

on movement training, our approach takes full advantage of the haptic rendering abilities of
the robot, and proposes a therapy program adapted to these capabilities. We could show that
this approach is well accepted and recommended by the majority of the patients, and that
it could be integrated in the daily schedule of inpatients in the subacute stage after stroke.
Most participants found the program motivating, comfortable, and could perceive concrete
improvements in their health status after the end of the treatment.

2.4.1 Equivalent reduction in upper limb motor impairment

Traditionally, most RCTs have aimed to prove that robot-assisted therapy per se could increase
upper limb recovery with respect to conventional therapy (e.g., by increasing therapy intensity,
subject engagement, or by providing exercises targeting specific motor impairments). How-
ever, large clinical studies on arm rehabilitation with subjects with chronic stroke, aiming to
demonstrate the superiority of robot-assisted therapy, were rarely successful, or only observed
small, non-clinically meaningful differences [Klamroth-Marganska et al., 2014, Lo et al., 2010].
Similarly, other studies focusing solely on robot-assisted rehabilitation of hand function in
chronic [Rowe et al., 2017, Connelly et al., 2010, Thielbar et al., 2017, Susanto et al., 2015] or
subacute stroke [Fischer et al., 2007, Kutner et al., 2010, Hwang et al., 2012] were not able
to show statistically significant differences between robot and control therapy groups, or
reported minor differences in secondary outcome measures [Rodgers et al., 2019, Vanoglio
etal., 2017, Orihuela-Espina et al., 2016]. The present RCT directly investigated equivalence
in motor impairment reduction between a robot-assisted and a conventional therapy group
focusing on the training of the upper limb, and in particular the hand. For this purpose, the
therapy dose (i.e., number of task repetitions and therapy time) as well as the therapy intensity
(i.e., task repetitions per time unit) were precisely matched between groups.

The results of the equivalence test comparing the evolution in FMA-UE demonstrate that, for
our specific intervention, the motor recovery in the robot-assisted group is non-inferior with
respect to the control group. In general, it is not surprising to observe little to no difference
between conventional and robot-assisted therapy in the context of studies where therapy
dose and the therapy exercises/movements are designed to be similar, qualitatively and/or
quantitatively, between groups. In this context, the haptic device primarily supports the
therapist, providing additional motivation for the subjects to train, and delivering objective
readouts (e.g., based on task performance, or kinematic and kinetic data) that can be used for
monitoring, difficulty adaptation, or research purposes [Metzger et al., 2014b]. Nevertheless,
the fact that a session of conventional therapy could be replaced without affecting the overall
rehabilitation outcome opens promising avenues for further developing robot-assisted therapy
programs.
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Chapter 2. Equivalence of supervised robot-assisted hand therapy after stroke

2.4.2 Neurocognitive hand rehabilitation led to improvements on motor, sensory
and cognitive scales

Secondary outcome measures further support the equivalence analysis. After four weeks of
treatment (T1), in addition to motor deficits, also sensory and cognitive deficits were concur-
rently reduced in both groups, with improvements in all the secondary clinical scales (i.e.,
proximal and distal arm impairment, functional ability, somatosensation, executive functions
and cognitive control). The decrease in upper limb impairment (FMA-UE, RG +7.14 pts, CG
+6.85 pts) was clinically meaningful in both groups, and favorably compares to other work
focusing on robot-assisted hand rehabilitation in subacute stroke, where changes between
3.0 to 5.3 FMA-UE points were typically reported [Lambercy et al., 2018]. Improvements were
retained over time up to 7 months after the end of treatment. No significant differences were
found between the groups in terms of changes with respect to baseline for all outcome mea-
sures. Only the BBT showed a significant effect of time, with additional increases in changes
with respect to baseline after completion of the intervention (i.e, above 98% at T3). FMA-WH
also showed steady improvements over time after the end of the intervention (i.e. after T1),
but these were not significant after Bonferroni correction. These further increases in BBT and
FMA-WH suggest improvements in unilateral gross manual dexterity, which represents an
essential element in the interaction with objects. This supports the approach of, whenever
possible, focusing therapy on hand function training rather than proximal arm segments only,
as distal training may promote impairment reduction in the entire arm [Lambercy et al., 2011,
Hsieh et al., 2018, Stein et al., 2011].

Only minor improvements were observed in both groups over time in cognitive functions (i.e.,
FAB, MMSE, Albert Test), somatosensory function (i.e., EmNSA), and muscle tone control (i.e.,
MAS). These changes were small mostly due to the saturation of these scales in a mildly/mod-
erately impaired population, and did not show significant changes between the groups and
over time following T1. A decrease in MAS was observed in the CG, but not in the RG where a
small, clinically non-relevant increase was observed. This is partly in line with a recent review
[Veerbeek et al., 2017], which analyzed changes in MAS of the paretic arm in 13 dose-matched
RCTs and found negative effects on muscle tone reduction (i.e., increase in MAS) following
robot-assisted therapy and a significant difference in favor of the respective control groups.
This could possibly be caused by higher forces/muscle recruitment involved in robot-assisted
exercises, but was not monitored in the present study. Also, it is debatable whether a minor,
temporary, increase in muscle tone would negatively affect functional recovery in subjects
with stroke [Perfetti and Grimaldi, 1979, Shumway-Cook and Woollacott, 2007]. In the present
study, the increase in MAS disappeared in follow-up assessments, and the different behavior of
the two groups could also be explained by slightly higher baseline MAS in the CG. Additional
studies are necessary to investigate how muscle tone evolves depending on subject conditions
(e.g., lesion type), therapy type and intensity.

Finally, given the majority of hemorrhagic stroke survivors, a better functional recovery could
have been expected in the control group compared to the robot-assisted group [Paolucci et al.,
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2003, Kelly et al., 2003]. Our results do not support this hypothesis, probably due to the rather
mild impairment level of a majority of patients across both groups, indicating smaller lesions
independent of the lesion type.

2.4.3 Study Limitations

The participants involved in both groups were mostly mildly or moderately impaired (initial
FMA>29) [Woytowicz et al., 2017]. This led to ceiling/floor effects in some of the clinical
sensory and motor assessments, which might have masked some of the intervention effects.
This was, however, not imposed by our study design, subject screening or inclusion criteria,
as the feasibility of the proposed robot-assisted therapy approach was also demonstrated in
more severely impaired outpatients in the chronic stage after stroke [Metzger et al., 2014a].
No measure of real world upper limb use was included in the study design, and it therefore
remains to be explored whether the proposed therapy leads to improvements in upper limb
use in daily life. While the robot-assisted therapy program could be well integrated into
a subacute rehabilitation program to complement the existing therapy, only patients with
mild to moderate cognitive impairment were eligible to participate, as the intense therapy
program challenged some patient’s cognitive abilities. This did not allow to verify up to
which cognitive impairment level the proposed approach could be applied, and the included
patients only had little room for cognitive recovery. However, this was not the objective of
this study since both groups received the same type of treatment. As additional possible
confounder, all participants received additional conventional therapy sessions as part of
their standard inpatient therapy program in parallel to the intervention, which could not be
entirely substituted for ethical concerns. Nevertheless, we did achieve 15 x 45-minute sessions
over 4 weeks, which is comparable to other clinical trials or pilot studies on robot-assisted
rehabilitation of hand function [Susanto et al., 2015, Hwang et al., 2012, Vanoglio et al., 2017].
Furthermore, the results of this study are limited by the rather small sample size and should be
interpreted with respect to the provided therapy and dose level. Finally, as is the case for any
clinical trial at the subacute stage post stroke and of comparable sample size, the contribution
of spontaneous recovery cannot be disentangled from intervention-induced recovery.

2.4.4 Potential of neurocognitive robot-assisted rehabilitation of hand function

The therapy intensity delivered in this study typically exceeded the amount of movement
practice reported in the literature for conventional physio- or occupational therapy sessions
(1.45 rep/min vs 0.92 rep/min) [Lang et al., 2015]. Still, compared to the knowledge gained
from animal studies and to recent high-dose clinical studies [Ward et al., 2019, McCabe et al.,
2015, Daly et al., 2019], this intensity might not be sufficient. It is important to note, however,
that one "repetition" using the neurocognitive approach is not directly comparable to, e.g.,
reaching movements as typically reported in the literature. One repetition corresponds to
one complex task (e.g., sponge identification) involving several actual movements, as well
as sensory processing and cognition, demanding time, effort and concentration. An open
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Chapter 2. Equivalence of supervised robot-assisted hand therapy after stroke

question is whether delivering high (and potentially even higher) intensity of conventional
therapy would be feasible in daily practice over several weeks, outside of a research study.

Establishing the non-inferiority in impairment reduction via robot-assisted therapy at a
clinically-applicable dose is an important step towards opening new research avenues. While
not all components of object manipulation (e.g., texture discrimination) can be trained with
our robot, the proposed robot-assisted therapy of hand function, including sensorimotor and
cognitive training, could ideally complement conventional therapy programs. Our therapy
approach could further help increase the therapy dose provided to neurological patients, with
the aim to positively impact functional recovery [Han et al., 2013, Veerbeek et al., 2014] with
only minimal additional burden on clinical staff. This could be achieved, after appropriate
adjustments to the proposed technology, through semi-supervised therapy of multiple patients
in parallel [Biisching et al., 2018], minimally-supervised therapy during inpatients’ spare time,
or even a continuation thereof at home, as proposed in several promising pilot studies with
passive devices [Hayward et al., 2015, Amirabdollahian et al., 2014]. Especially regarding the
latter, we find it crucial to introduce patients to such technology at an early stage during
therapist supervision, which we here (and others) have shown to be feasible. In that sense, the
results of this study demonstrating that neurocognitive robot-assisted therapy is also safe and
well-accepted are a positive and necessary first step.

To reach the goal of minimally-supervised robot-assisted rehabilitation, special attention
should be devoted to the evaluation of usability and acceptance of rehabilitation devices,
and in that sense, simple end-effector devices, such as the ReHapticKnob device used in this
study, may be advantageous over upper limb exoskeletons often requiring long setup time
and adjustments [Lambercy et al., 2018]. To meet user expectations and improve technology
acceptance with respect to the current setup, more attention should be devoted to the design
of ergonomic handles and to the adaptation of the difficulty levels of the exercises. Embed-
ded clinical "intelligence" building on online robotic assessments, or performance metrics
extracted from therapy sessions, should be further developed to provide means of accurately
monitoring subjects’ ability level and the evolution of their performance during treatment
(or even after discharge), possibly adapting exercise difficulty autonomously to constantly
challenge the user at an appropriate level [Metzger et al., 2014b]. Overall, such technology
could help to increase the therapy dose subjects with stroke receive at the different stages
of their rehabilitation, offer alternative solutions to enable earlier discharge of the subjects
from the clinics, and provide continued and individually modulated therapy in the home
environment after discharge.

2.5 Implications and outlook

This chapter presents the results of a RCT investigating the equivalence in motor recovery
between dose-matched robot-assisted and conventional neurocognitive therapy of hand
function after stroke. The results show that neurocognitive robot-assisted therapy can be
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well integrated in the clinical routine and allows for a non-inferior motor recovery compared
to conventional dose-matched neurocognitive therapy when performed during supervised
inpatient rehabilitation in the subacute stage after stroke. An early familiarization of subjects
with stroke to the use of such patient-tailored robot-assisted therapy program opens the doors
to the use of such technology with minimal therapist supervision in the clinic, or directly at
home after hospital discharge, to help increase the dose of hand therapy for persons with
stroke. However, for this to be possible, the technology should be adapted to be usable with
minimal supervision and portable.
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Chapter 3. Design and usability of a platform for minimally-supervised therapy

3.1 How to increase dose

Robot-assisted therapy may offer a promising approach to increase therapy dose (i.e., number
of exercise task repetitions per time unit and total therapy time) after stroke [McCabe et al.,
2015, Veerbeek et al., 2017, Daly et al., 2019]. A variety of robotic devices have been proposed
to train hand and wrist movements [Lambercy et al., 2007, Gupta et al., 2008, Takahashi et al.,
2007, Aggogeri et al., 2019], as well as to provide sensitive and objective evaluation or therapy
of motor and sensory (e.g., proprioceptive) function [Casadio et al., 2009, Kenzie et al., 2017,
Mochizuki et al., 2019]. However, robot-assisted therapy has so far typically been applied
with constant supervision by trained personnel, which prepares and manages the complex
equipment, sets up the patient on/in the device and configures the appropriate therapy
plan. As a result, most robotic devices are typically used in the context of short (frequently
outpatient) supervised therapy sessions in clinical settings [Lum et al., 2012, Page et al.,
2013, Klamroth-Marganska et al., 2014], and where the presence of a supervising therapist is
required to prepare and manage the complex equipment, set up the patient on/in the device
and configure the appropriate therapy plan. This generates organizational and economical
constraints that restrict the use of the technology [Wagner et al., 2011, Schneider et al., 2016,
Rodgers et al., 2019, Ward et al., 2019] and, as a result, despite claiming high intensity [Lo et al.,
2010, Rodgers et al., 2019], the therapy dose achieved using robots remains limited compared
to guidelines [Bernhardt et al., 2019] and preclinical evidence [Nudo and Milliken, 1996].

Minimally-supervised therapy, defined here as any form of therapy performed by a patient
independently with minimal external intervention or supervision, is a promising approach
to better harvest the potential of rehabilitation technologies such as robot-assisted therapy
[Ranzani et al., 2020]. This could allow for the simultaneous training of multiple subjects in the
clinics [Biisching et al., 2018], or for subjects to receive robot-assisted training in their home
[Chi et al., 2020]. Several upper limb technology-supported therapies have been proposed
for home use [Wittmann et al., 2016, Ates et al., 2017, Nijenhuis et al., 2017, Chen et al.,
2019, Cramer et al., 2019, Laver et al., 2020], allowing subjects to benefit from additional
rehabilitative services to increase dose [Laver et al., 2020, Skirven et al., 2020]. However, only
few minimally-supervised robotic devices capable of actively supporting/resisting subjects
during interactive therapy exercises have been proposed [Lemmens et al., 2014, Sivan et al.,
2014, Wolf et al., 2015, Hyakutake et al., 2019, McCabe et al., 2019] and, as typically happening
in conventional care [Qiuyang et al., 2019], most of them did not focus on the hand. Moreover,
these devices only partially fulfilled the complex set of constraints imposed by a minimally-
supervised use.

To be effective, motivating and feasible, minimally-supervised robot-assisted therapy plat-
forms (i.e. a set of hardware and software technologies used to perform therapy exercises)
should meet a wide range of usability, human factors and hardware requirements, which are
difficult to respect simultaneously. Besides the necessity to provide motivating and physio-
logically relevant task-oriented exercises to maximize subject engagement [Veerbeek et al.,
2014, Laut et al., 2015, French et al., 2016, Johnson et al., 2020] and to monitor subjects’ ability
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level to continuously adapt the therapy [Metzger et al., 2014a, Hocine et al., 2015, Wittmann
et al,, 2015, Aminov et al., 2018], ensuring ease of use is critical [Zajc and Russold, 2019].
When considering using a robot-assisted platform in a minimally-supervised way (clinical
and home settings), specific hardware and software changes should be considered to allow
a positive user experience and compliance with the therapy program/targets, as well as to
assure safe interaction. In this sense, integrating usability evaluation during the development
of rehabilitation technologies was shown to contribute to device design improvements, user
satisfaction and device usability [Shah and Robinson, 2007, Power et al., 2018, Meyer et al.,
2019]. Unfortunately, the usability of robotic devices for upper-limb rehabilitation is only
rarely evaluated and documented in the target user population before clinical tests [Pei et al.,
2017, Catalan et al., 2018, Guneysu Ozgur et al., 2018, Nam et al., 2019, Tsai et al., 2019].

In this chapter, we present the design of a platform for minimally-supervised robot-assisted
therapy of hand function after stroke and the evaluation of its short-term usability in a single
experimental session with 10 potential users in the chronic stage after stroke. The proposed
platform builds on an existing high-fidelity 2-degrees-of-freedom end-effector haptic device
(ReHapticKnob [Metzger et al., 2014b]), whose concept was inspired by the HapticKnob pro-
posed by Lambercy et al. [Lambercy et al., 2007]. This device was successfully applied in
a clinical trial on subjects with subacute stroke, showing equivalent therapy outcomes in
a supervised clinical setting compared to dose-matched conventional therapy without any
related adverse event [Ranzani et al., 2020]. This was a prerequisite for the exploration of
strategies to better take advantage of the robot’s unique features, such as potentially allow-
ing the provision of minimally-supervised therapy. In order to make the device usable in a
minimally-supervise setting, we developed an intuitive user interface (i.e., physical/hardware
and graphical/software) that can be independently used by subjects in the chronic stage after
stroke to perform therapy exercises with minimal supervision, either in clinical settings or at
home. Additionally, two new task-oriented therapy exercises were developed to be used in a
minimally-supervised scenario and complement existing exercises by simultaneously training
hand grasping and forearm pronosupination, which are functionally relevant movements.
The goal of this chapter is to present the hard and software modifications to the platform (i.e.,
robotic device with new physical and virtual user interface and therapy exercises) as well as the
results of a preliminary usability evaluation with participants in the chronic stage after stroke
using the device independently in a single session after a short explanation/familiarization
period. This work is an important step to demonstrate that subjects with chronic stroke can
independently and safely use a powered robotic device for upper-limb therapy upon first
exposure, highlight key design aspects that should be taken into account for maximizing
usability in real-world minimally-supervised scenarios, and thereby provide a methodological
basis that could be generalized to other platforms and applications.
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3.2 Platform development and pilot usability study

3.2.1 ReHapticKnob and user interface

The therapy platform (hardware and software) proposed in this work consists of an existing
robotic device, the ReHapticKnob (RHK, [Metzger et al., 2011]) with a new user interface and
two novel therapy exercises. The user interface is assumed to include physical components
(i.e., hardware interfaces that get in contact with the user, such as the finger pads and buttons
of the rehabilitation device, the ReHapticKnob) and a graphical component (i.e. software), i.e.
the graphical user interface (GUI).

The RHK is a 2-degrees-of-freedom haptic device for assessment and therapy of hand function
after stroke. It incorporates a set of automated assessments to determine the baseline difficulty
of the therapy exercises [Metzger et al., 2014b], and allows to train hand opening-closing (i.e.,
grasping) and pronosupination of the forearm by rendering functionally-relevant rehabilitative
tasks (e.g., interaction with virtual objects) with high haptic fidelity [Metzger et al., 2014a]. The
user sits in front of the robot positioning his/her hand inside two instrumented finger pads,
which slide symmetrically on a handlebar, as shown in Figure 3.1. Contact between the user’s
fingers and the finger pads is assured through VELCRO straps. The simple end-effector design
of the robot (compared to the typically more complex donning and doffing of exoskeletons
where joint alignment is critical) makes it an ideal candidate for independent use. To achieve
and maintain appropriate limb positioning, patients are first instructed by the therapist on how
to place their arm on the forearm support. In our previous clinical trials [Metzger et al., 2014b,
Ranzani et al., 2020], we found this to be sufficient to avoid misalignments and compensatory
movements when using the robot.

Considering the feedback collected from subjects and therapists within a previous clinical
study under therapist supervision [Ranzani et al., 2020], we embedded the RHK into a novel
therapy platform that is more user-friendly and suitable for minimally-supervised use. For
this purpose, a novel GUI now directly controls the execution of the therapy program and
includes two sections, one for the user and one for the therapist to customize the therapy, for
example, before the first therapy session (Figure 3.1A). To configure the therapy for a subject,
the therapist can log into a password protected "Therapist Section", create/update a subject
profile (i.e., selected demographic data, impaired side, identification code and password
consisting of a sequence of 4 colors to access the therapy plan) and select the relevant exercise
parameters (i.e., derived from preliminary automated assessments) that are needed to adapt
the therapy exercises to the subject ability level [Metzger et al., 2014b]. To perform a therapy
session, the subject can autonomously navigate into the "Patient Section" using an intuitive
colored pushbutton keyboard (Figure 3.1A). The subject can log in into his/her therapy plan
by selecting his/her identification code and typing the defined colored password on the
pushbutton interface. In the personal therapy plan, a graphical list of all the available therapy
exercises appears. The user can then manually navigate through the exercise list and select
the preferred exercise.

34



3.2. Platform development and pilot usability study

To maximize the usability and, consequently, the likeliness of therapists and subjects using
the device, attention was devoted to the optimization of esthetics and simplicity in all virtual
displays and hardware components. The design was guided by a set of usability heuristics
[Nielsen, 1995], which included visibility of feedbacks (e.g., show performance feedback and
unique identifiers on each user interface window), matching between virtual and haptic
displays of the platform and corresponding real world tasks, user control and freedom (e.g.,
exit or stop buttons always available), consistency and standardization of displays’ appearance,
visibility and intelligibility of instructions for use of the system, fast system response, pleasant
and minimalistic design, as well as simple error detection/warnings. Particular caution
was directed to the placement (e.g., easily visible/retrievable), size (e.g., large to be easily
selectable), logical ordering, appearance and color coding (e.g., red for quitting/exiting) of
the buttons both in the colored pushbutton keyboard and in the virtual displays [Norman,
2013, de Leon et al., 2020], trying to reduce them to a maximum of five, which was needed
to execute all exercises. Finally, to guarantee platform modularity, a state machine performs
the low-level control of the robot (i.e., position, velocity and force control implemented in
LabVIEW 2016) while the graphical user interface (Unity 5.6) guides the high-level control of
the therapy session and easily allows to insert/remove different exercise types.

3.2.2 Exercises for robot-assisted minimally-supervised therapy

The RHK includes a set of seven assessment-driven therapy exercises [Metzger et al., 2014b],
which were developed following the neurocognitive therapy approach formulated by Perfetti
(i.e., combining motor training with somatosensory and cognitive tasks) [Perfetti and Grimaldi,
1979]. So far, these exercises only focused on the training of isolated movements (i.e., grasping
or pronosupination) and were administered under therapist supervision (see Metzger et al.
[2014b], Ranzani et al. [2020] for more details on existing exercises).

To complement this available set of exercises, we implemented two new exercises optimized
for use in a minimally-supervised scenario and focusing on tasks that should facilitate a
transition to activities of daily living. For this purpose, the exercise tasks train synchronous
movements and combine complex elaborations of sensory, cognitive and motor cues.

The tunnel exercise is a functional exercise focusing on synchronous coordination of grasping
and pronosupination and on sensory perception of haptic cues. The user has to move two
symmetric avatars (virtually representing the finger pads of the robot as two purple triangles,
see Figure 3.1B) progressing in a virtual tunnel, while avoiding obstacles and trying to collect
as many rewards/points (e.g., coins) as possible. The exercise includes sensory cues, namely
hand vibrations indicating the correct position to avoid an obstacle, stiff virtual walls that
constrain the movement of the avatars inside the virtual tunnel, and changes in viscosity (i.e.,
velocity-dependent resistance) within the tunnel environment on both degrees of freedom
to challenge the stabilization of the hand movement during navigation. Increasing difficulty
levels linearly increase the avatars speed within the tunnel (while consecutive obstacles remain
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Figure 3.1: The ReHapticKnob therapy platform. (A) The platform consists of a haptic reha-
bilitation device - the ReHapticKnob - with physical (i.e., instrumented finger pads, colored
pushbutton keyboard) and graphical user interfaces and a set of therapy exercises that can
be used with minimal supervision. The graphical user interface includes a section for the
therapist to initially customize the therapy plan and a patient section through which the
user can autonomously perform predefined therapy exercises. (B) Virtual reality interface of
the tunnel exercise. The subject has to drive a set of purple avatars by opening-closing and
pronosupinating the finger pads. The goal is to avoid the green obstacles and collect as many
coins as possible. (C) A subject performing the sphere exercise on the ReHapticKnob. During
the testing phase shown, the subject has to catch a falling sphere halo by rotating the finger
pads (pronosupination). The object is caught if the hand orientation (dotted line) is aligned
with the falling direction (continuous line), within a certain angular range ©. Once the object
is caught, the subject selects the sphere stiffness he/she perceives while squeezing the object
by pressing the corresponding color on the pushbutton keyboard.
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at a constant distance with respect to one other), the maximum pronation and supination
locations of the apertures between obstacles to promote an increase in the pronosupination
range of motion (ROM) of the subject (based on an initial robotic assessment) and the changes
in environment viscosity, while the space to pass through the obstacles and the haptic vibration
intensity are linearly decreased. One exercise block consists of a one-minute long progression
within the virtual tunnel, where up to 30 obstacles have to be avoided. One exercise session
consists of a series of ten one-minute blocks.

The sphere exercise is a functional exercise focusing on hand coordination during grasping
and pronosupination, with a strong focus on somatosensation and memory to identify the
objects that are caught. One exercise block consists of a training phase and a testing phase.
In the training phase, the user moves a virtual hand and squeezes a set of virtual spheres
(i.e., three to five) to memorize the color attributed to each stiffness rendered by the robot
(for more details refer to [Ranzani et al., 2019]). The user can manually switch the sphere
to try/squeeze by pressing a predefined button on the colored pushbutton keyboard. In the
testing phase, semi-transparent spheres (halos) fall radially from a random initial position,
one at a time, towards the hand. By actively rotating the robot and adjusting the hand opening,
the user has to catch the falling halo. A halo is only caught if the hand aperture matches the
sphere diameter within an error band of +10 mm, and the hand pronosupination angle is
aligned with the falling direction within an error band 6 (see Figure 3.1C) between +40° and
+15° depending on the difficulty level. When a halo is caught, the participant has to squeeze
it, identify its stiffness, and indicate it using the colored pushbutton keyboard. Each testing
phase lasts 3 min. At increasing difficulty levels, the number of spheres and the speed of the
falling halos increase, the tolerance in hand positioning to grasp the falling halos are reduced
in the pronosupination degree of freedom, and the relative change in object stiffness decreases
as a function of the subject’s stiffness discrimination ability level (based on initial robotic
psychophysical assessments). One exercise session consists of three blocks (i.e., three training
phases, each followed by a testing phase) and lasts between 10 and 15 minutes.

In both exercises, an assessment-driven tailoring regulates the level of difficulty throughout
the sessions (similar to the approach described in detail in [Metzger et al., 2014b]). In short,
the initial difficulty level at the beginning of the first therapy session is adapted to the subject’s
ability based on two robotic assessments, which determine the subject’s active range of motion
(aROM) in grasping and pronosupination and the ability to discriminate stiffnesses on the
grasping degree of freedom (expressed as "Weber fraction"). In the tunnel game, "aROM"
scales the positioning and size of the virtual walls that determine the size of the tunnel, while in
the sphere exercise, it scales the workspace within which the halos are falling. Additionally, the
"Weber fraction" scales the initial stiffness difference between spheres in the sphere exercise.
At the end of an exercise block, the achieved performance (i.e., percentage of obstacles avoided
over total obstacles for the tunnel exercise, and the percentage of halos correctly caught and
identified over total number of halos for the sphere exercise) is summarized to the subject
through a score displayed before the next block begins. The performance in the previous block
can be used to further adapt the exercise difficulty over blocks similarly to other exercises
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presented in [Metzger et al., 2014b]. This allows to maintain a performance of around 70%,
which maximizes engagement and avoids the frustration that could arise when performance
is too low or too high [Adamovich et al., 2009, Cameirdo et al., 2010, Choi et al., 2011, Lambercy
etal., 2011, Metzger et al., 2014b, Wittmann et al., 2016]. However, since the work presented in
this paper tested only a single session, providing only little data for evaluating performance-
based difficulty adaptation, these aspects will not be discussed in the present chapter.

3.2.3 Study design and participants

A pilot study to evaluate the usability of the proposed minimally-supervised therapy platform
was conducted on ten subjects with chronic stroke (>6 months), representative of potential
future users of the platform. Subjects were enrolled if they were above 18 years old, able
to lift the arm against gravity, had residual ability to flex and extend the fingers, and were
capable of giving informed consent and understanding two-stage commands. Subjects with
clinically significant non-related pathologies (i.e., severe aphasia, severe cognitive deficits,
severe pain), contraindications on ethical grounds, known or suspected non-compliance (e.g.,
drug or alcohol abuse) were excluded from the study. The pilot study was conducted at ETH
Zurich, Switzerland, over a period of two weeks. Participants took part in a single test session,
as illustrated in Figure 3.2. The session consisted of a supervised and a minimally-supervised
part. In the supervised part, a supervising professional therapist assessed the subject’s baseline
ability level through a set of standard clinical and robotic assessments, which were used to
customize the difficulty levels of the therapy exercises. The therapist then instructed the
subject on how to perform the exercises, and actively guided the subject in the execution of
one block of each exercise. In this part of the experiment, subjects were encouraged to ask any
questions they had related to the use of the device. In the subsequent minimally-supervised
part, the subject had to independently use the therapy platform to perform the tunnel exercise
(10 blocks) and the sphere exercise (3 blocks). During that time, the therapist sat at the back
of the room and silently observed the subject’s actions, recording any error or action that
the subject could not perform in a checklist, and intervening only in case of risk or explicit
request from the subject. The subject had to independently place his/her hand inside the
finger pads, log into the therapy plan (i.e., find his/her identification code through other
subject identification codes and insert the personal colored password to log in), find and start
the appropriate therapy exercises from a list of all available RHK exercises, test both exercises
and log out from the therapy plan. At the end of the experimental phase, subjects answered a
set of usability questionnaires.

The usability evaluation was performed on the new, more complex exercises training coor-
dinated movements as well as sensory, cognitive and motor functions for multiple reasons.
These exercises present cognitive challenges (e.g., understanding the exercise structure, robot
commands/instructions and feedback), which directly influence the usability of the device
and thus allow to test usability under the most demanding conditions. To avoid bias in the
usability evaluation with a population in the chronic stage after stroke, which already achieved
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Figure 3.2: Study protocol. Abbreviations: UE — Upper Extremity. aROM — Active Range of
Motion. SUS - System Usability Scale. RawTLX — Raw Task Load Index.

a good amount of recovery, we avoided simpler exercises (e.g., purely sensory, or purely motor)
which are (in most cases) better suited for earlier stages of rehabilitation that would happen
in a more closely supervised context. Our exercises are instead best suited for patients with
mild to moderate impairments, the population that, based on our previous clinical studies
[Ranzani et al., 2020], seems most suitable to train in a minimally-supervised scenario with the
robot. Moreover, compared to simpler exercises, these should allow more subject engagement
during minimally-supervised therapy, where there is no additional encouragement from a
supervising therapist.

The study was approved by the Cantonal Ethics Committee in Zurich, Switzerland (Req-2017-
00642).

3.2.4 Baseline assessments

Subjects’ upper limb impairment was measured at baseline with the Fugl-Meyer Assessment of
the Upper Extremity (FMA-UE) [Fugl-Meyer et al., 1975] and its wrist and hand subscore (FMA-
WH). Gross manual dexterity was assessed using the Box and Block test (BBT) [Mathiowetz
etal., 1985]. In addition to clinical assessments, robotic assessments (i.e., "aROM" and stiffness
discrimination ability expressed as "Weber fraction") were performed and used to adapt the
initial difficulty level of the therapy exercises to the subject’s ability from the first block of
the exercise. "aROM" assesses the subject’s ability to actively open and close the hand and
pronosupinate the forearm. In the tunnel game this scales the positioning and size of the
virtual walls that determine the size of the tunnel, while in the sphere exercise, this scales
the workspace of the falling halos. "Weber fraction" describes the smallest distinguishable
difference between two object stiffnesses and scales the initial stiffness difference between
spheres in the sphere exercise. For more details on the robotic assessments, please refer to
[Metzger et al., 2014b].
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3.2.5 Outcome measures and statistics

To evaluate the ability of chronic stroke subjects to independently use the therapy platform
and identify remaining usability challenges, the main outcome measures were the percentage
of items that could not be performed without external intervention and the results of two
questionnaires evaluating the usability and perceived workload of the user interface and
exercises. A performance checklist was used to record the tasks/actions that the subject
could, or could not perform without supervision or in which therapist help was required,
followed by two standardized usability questionnaires. To evaluate each component of the
therapy platform separately, the performance checklist and the two questionnaires were
repeated for the user interfaces (i.e., GUI and hardware interfaces such as the finger pads and
pushbutton keyboard) and for the two exercises. The performance checklist includes 26 items
are described in Figure 3.3 (i.e., seven about the use of the user interface, six related to the
tunnel exercise, and thirteen related to the sphere exercise). The results of the checklist per
subject are calculated as percentage of items that required intervention with respect to total
performed items.

The standardized usability questionnaires were:

¢ System Usability Scale (SUS) [Brooke, 1996], a ten-item questionnaire which assesses
the overall usability (i.e., effectiveness, efficiency, satisfaction) of the system under
investigation (i.e., user interface and each of the two exercises separately). Two items
of the SUS refer specifically to the "learnability” of a system (i.e., "I think that I would
need the support of a technical person to be able to use this system", "I needed to
learn a lot of things before I could get going with this system") and were considered of
high importance for the evaluation of the minimally-supervised usage scenario [Lewis
and Sauro, 2009]. Ideally, the total SUS score calculated from its ten items should
be greater than 50 out of 100, indicating an overall usability between "OK" and "best
imaginable" [Bangor et al., 2009]. To evaluate if there was any correlation between
SUS scores and baseline characteristics of the subjects, we calculated the Pearson’s
correlation coefficients between the SUS scores (of user interface, tunnel exercise, and
sphere exercise) of all the subjects and their age, FMA-UE, FMA-WH, and BBT score,
resulting in a total of 12 comparisons. For these analyses, the statistical significance
threshold (initially ¢ = 0.05) was adjusted using Bonferroni correction for multiple
comparisons, leading to a corrected a = 0.05/12 = 0.0042.

¢ Raw Task Load Index (RawTLX) [Hart, 2006], a six-item questionnaire which assesses
the workload while using the system under investigation. The RawTLX is the widely
used, shortened form of the original NASA TLX, with the difference of the six workload
domains being evaluated individually without the calculation of a total workload score
through domain-weighting. The workload domains assessed are: (i) mental demand (i.e.,
amount of mental or perceptual activity required), (ii) physical demand (e.g., amount
of physical workload required), (iii) temporal demand (i.e., amount of time pressure
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perceived during the use), (iv) overall performance (i.e., perceived level of unsuccessful
performance), (v) effort (i.e., total amount of effort perceived to execute the task), and
(vi) frustration level (i.e., amount of stress/irritation/discouragement perceived). The
target workload levels differ depending on the application, thus they were defined by
the investigator and therapist. For the user interface, a targeted minimal workload
(i.e. =25%) was set as goal in all domains except for temporal demand, in which an
intermediate workload level (i.e., between 25% and 75% included) was tolerated. The
exercises should be challenging but not too difficult [Adamovich et al., 2009, Choi et al.,
2011], allowing the subjects to maintain actual and perceived performance around 70%.
For this reason, a target workload between 50 and 75% (included) was desired for mental,
physical, temporal and effort domains, and a corresponding workload between 25% and
50% was desired in the performance domain, in which the workload axis is inversely
proportional to the perceived performance. Finally, frustration should be avoided, so a
workload < 25% is required.

The SUS and RawTLX questionnaires were translated to German by a native speaker and rated
on a 5-intervals Likert scale, which was associated with corresponding scores of 0, 25, 50, 75,
and 100%.

To monitor the safety of the platform during the minimally-supervised part of the experiment,
adverse events and situations that could put at risk the safety of the user (e.g., triggering of
safety routines of the robot for excessive forces/movements or hardware/software errors) were
recorded.

The baseline assessments, answers from SUS and TLX questionnaires and population results
of the checklist are analyzed via descriptive statistics and reported as median with first and
third inclusive quartiles (i.e., median (Q1-Q3)) to represent the central tendency and spread-
/dispersion in subjects’ characteristics/responses, respectively. These statistics were selected
because of the relatively small sample size, which does not safely allow to assume normal
distribution of the data, and the ordinal nature of the SUS and TLX results based on 5-intervals
Likert scales [Sullivan and Artino Jr, 2013].

3.3 Usability results of the pilot study

3.3.1 Experiment characteristics

Ten subjects (4 female, 6 male) in the chronic stage after an ischemic stroke (39.5(27.0-60.5)
months post event) were eligible and agreed to participate in the study. The participant age
was 60.5(56.3-67.5) and there were 4 right and 6 left hemisphere lesions, while all subjects
were right-handed. Most subjects showed mild to moderate [Woytowicz et al., 2017] initial
upper-limb impairment with a FMA-UE of 41.5(39.3-50.0) out of 66 points, and a FMA-WH
of 17.0(14.0-19.5) out of 24 points. In the BBT, subjects transported 39.5(30.0-48.8) blocks
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in one minute using their impaired limb. Before enrollment, all participants were informed
about the study and gave written consent. The experiment lasted 111.5(104.0-135.0) minutes,
which included 79.1(67.0-86.0) minutes of robot use and 34.8(24.0-48.0) minutes for baseline
clinical assessments, break time and questionnaires. Within the robot use, the subjects spent
16.0(14.0-20.0) minutes on baseline robotic assessments and 59.9(53.0-67.0) minutes to learn
how to use the user interface and exercises (i.e., instruction and training phase, 27.6(22.0-38.0)
minutes) and test them with minimal supervision (i.e., experimental phase, 30.6(28.0-32.0)
minutes). During the experimental phase, the therapist’s physical intervention (e.g., to assist
hand movements or position the hand) or suggestions and further explanations (e.g., to repeat
the login password or refresh the exercise rules) were required 3.5(2.0-5.0) times per subject
out of the 26 checklist items (see Figure 3.3), with highest number of interventions required
by the oldest subject (subject 3, 87 years old, 7 interventions). Over the duration of the study,
no serious adverse event related to the robot-assisted intervention or event that would put
at risk the safety of the user were observed, but the software had to be restarted two times
due to the triggering of safety routines (e.g., too high forces, positions, velocities generated by
the user). Two subjects reported a mild temporary increase in hand muscle tone (e.g., finger
flexors and/or extensors) during the therapy exercises.

3.3.2 User interface

The user interface was ranked with a SUS score between good and excellent (85.0(75.6-86.9)
out of 100) as shown in Table 3.1 and Figure 3.4A, and a learnability score of 15.0(13.1-16.9)
out of 20. Nine subjects gave excellent rating and reported that they would use the RHK
frequently. Most of the subjects reported that the user interface is intuitive and that the
colored button interfaces are easy to use. The oldest subject (age 87) gave a score in the region
of "worst imaginable" for the user interface (as well as for the sphere and tunnel exercises).
The SUS results showed an inverse relationship with the age of the subjects, but no significant
correlation following Bonferroni correction (correlation -0.737, p-value 0.015), and no linear
relationship with their ability level as measured with the FMA-UE (0.170, 0.639), FMA-WH
(-0.044, 0.904), and BBT (0.207, 0.566) scales.

The Raw TLX results are shown in Table 3.1 and in Figure 3.4B. The median perceived workload
levels lie within the target workload bands in all the workload categories. However, the third
quartile is outside of the target band (higher) for at least one datapoint (25%) in mental
demand, physical demand and effort.

The subjects required external supervision or assistance for 14.3(0.0-14.3)% of the checklist
items related to the user interface (Figure 3.3). Five subjects needed help to insert or reinsert
the hand into the finger pads, as the thumb can easily slip out while moving the finger pads,
particularly during the execution of active tasks within the exercises. Two subjects could not
remember the colored password.
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Table 3.1: System Usability Scale and Raw Task Load Index results for user interface, tunnel
exercise, and sphere exercise.

Questionnaire (max) User interface Tunnel exercise Sphere exercise
[median (Q1-Q3)] [median (Q1-Q3)] [median (Q1-Q3)]

System Usability Scale (SUS)
Total (100)" 85.0 (75.6-86.9) 76.3 (72.5-87.5) 68.8 (50.0-75.0)
Learnability (20)? 15.0 (13.1-16.9) 15.0 (10.0-19.4) 10.0 (10.0-14.4)

Raw Task Load Index (Raw TLX)

Mental (%) How mentally demanding was the task? 25.0 (25.0-62.5) 50.0 (25.0-50.0) 50.0 (25.0-75.0)
Physical (%) How physically demanding was the task? 25.0 (25.0-50.0) 50.0 (50.0-75.0) 50.0 (25.0-75.0)
Temporal (%) How hurried/rushed was the pace of the task? 50.0 (25.0-50.0) 50.0 (50.0-68.8) 50.0 (31.3-50.0)
Performance (%) How successful where you in accomplishing what you were asked to do?®  25.0 (25.0-25.0) 50.0 (25.0-68.8) 50.0 (50.0-93.8)
Effort (%) How hard did you have to work to accomplish your level of performance? 12.5 (0.0-62.5) 62.5 (50.0-75.0) 50.0 (50.0-75.0)
Frustration (%) How insecure, discouraged, irritated, stressed and annoyed were you? 0.0 (0.0-25.0) 25.0 (0.0-43.8) 25.0 (25.0-25.0)

! Based on ten items: (1) I think that I would like to use this system frequently, (2) I found the system unnecessarily complex, (3) I thought the system was easy to
use, (4) I think I would need the support of a technical person to be able to use this system, (5) I found the various functions in this system were well integrated,
(6) I thought there was too much inconsistency in this system, (7) I would imagine that most people would learn to use this system very quickly, (8) I found the
system very cumbersome to use, (9) I felt very confident using the system, and (10) I needed to learn a lot of things before I could get going with this system.

2 Based on items (4) and (10) from '.

3 In this question low workload corresponds to "Perfect" and high workload to "Failure".

3.3.3 Tunnel exercise

The usability of the tunnel exercise was ranked between good and excellent (76.3(72.5-87.5)
out of 100) on the SUS (Table 3.1, Figure 3.4A). Three subjects reported that the exercise is
entertaining and motivating. As for the user interface, the SUS scores showed an inverse rela-
tionship with the age of the subjects, although without significant correlation after Bonferroni
correction (correlation -0.681, p-value 0.030), and no linear relationship with FMA-UE (0.342,
0.333), FMA-WH (0.019, 0.958), and BBT (0.335, 0.344) scores.

The Raw TLX results are shown in Table 3.1 and 3.4C. The median perceived workload levels
lie within the target workload bands in all the workload categories. However, the first quartile
is lower than the target workload band for at least one datapoint (25%) in mental demand.

The subjects required external supervision or assistance in only 0.0(0.0-16.7)% of the checklist
items related to the tunnel exercise (Figure 3.3). Six out of ten subjects could perform the entire
exercise independently without any therapist intervention. One subject could not indepen-
dently perform the calibration at the beginning of the exercise as she did not understand the
instructions provided by the robot (i.e., the robot was asking to open the hand to a comfortable
position and the subject tried to open the hand as much as possible). Two subjects could not
independently perform either the calibration or the hand opening/closing tasks of the exercise,
as they could not actively open the hand beyond of the minimum position of the robot (i.e.,
approximately 4 cm between thumb and index finger tip) due to their motor impairment level
(i.e., FMA-UE below 38 out of 66 points, FMA-WH below 15 out of 24 points). One subject
only completed 8 out of 10 blocks, as the robot went into a safety stop (i.e., too high forces,
position or velocity). Two subjects required further explanations of the scope and rules of the
exercise (e.g., tried to hit the obstacles instead of avoiding them). As additional comments,
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one subject reported that the tunnel speed was too fast for her, and another subject reported
that the depth perception of the virtual reality should be improved. The median performance
(i.e., number of obstacles avoided versus total number of obstacles) of the subjects within the
ten blocks was 71.7(59.1-79.9)%, which is very close to the desired 70% performance.

3.3.4 Sphere exercise

The usability of the sphere exercise was ranked between OK and good (68.8(50.0-75.0) out of
100) at the SUS (Table 3.1, Figure 3.4A). Two subjects reported that the game was too challeng-
ing and more boring compared to the tunnel exercise and would recommend this game for
a mildly impaired population. As for the user interface and tunnel exercise, the SUS scores
showed an inverse relationship with the age of the subjects without a significant correlation
after Bonferroni correction (correlation -0.739, p-value 0.015), and no linear relationship with
FMA-UE (0.092, 0.800), FMA-WH (0.014, 0.970), and BBT (0.081, 0.825).

The Raw TLX results are shown in dark blue in Table 3.1 and Figure 3.4C. The median per-
ceived workload levels lie within the target workload band for mental demand (50.0(25.0-
75.0)%), physical demand (50.0(25.0-75.0)%), temporal demand (50.0(31.3-50.0)%), perfor-
mance (50.0(50.0-93.8)%), effort (50.0(50.0-75.0)%) and frustration (25.0(25.0-25.0)%). How-
ever, the first quartile is lower than the target workload band for at least one datapoint (25%)
in mental and physical demand, and the third quartile is higher than the target workload band
in performance.

The subjects required external supervision or assistance in 11.5(7.7-15.4)% of the checklist
items related to the sphere exercise (Figure 3.3). Only one subject could perform the entire
exercise without any therapist intervention. During the training phase, the subjects pressed a
"next" button to go to the next sphere presented in the exercise. However, two subjects found
this button confusing because the color of the button represented both the action of moving
on to the next sphere to explore and one of the spheres that could be selected as answer. This
issue could not be avoided with the current button interface with only five buttons for five
possible objects/spheres to select from. The subjects suggested to avoid this issue by always
having a unique mapping between button color and function/object, both in the training and
in the test phase of the exercises. One subject did not understand how to repeat the training
phase. During the testing phase, only four subjects learned how to catch and identify the
falling halos, due to difficulties in understanding the catching strategy (six out of ten subjects),
controlling and maintaining the grip aperture during catching or squeezing (three out of ten),
perceiving the stiffness differences (five out of ten). The median performance (i.e., number
of halos caught and identified versus total number of halos) of the subjects within the three
blocks was 27.0(16.4-31.5)%.
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3.3.5 Additional spontaneous feedback

During the trial, the subjects reported additional spontaneous feedback. Three subjects
recommended to modify the elbow support of the RHK. They asked to simplify the adjustment
of the elbow support height with respect to the finger pads, which is currently done manually
with two levers, and to constrain the forearm to the elbow support with straps to avoid large
elbow movements during active pronosupination tasks (e.g., in the tunnel exercise). Two
subjects reported mild/moderate pain in the fingers due to the finger straps, which were
tightened to avoid finger slippage out of the thin handle surface. It was also reported that such
finger pads might not allow a subject with high motor impairment to accurately control and
perceive finger forces, as the contact between fingers and finger pads occurred only at the
fingertips. Finally, the supervising therapist reported that to increase the safety of the device,
all the mechanical parts of the robot (e.g., mechanical transmissions) that could get in contact
with the user should be covered to avoid snag hazards (e.g., of the fingers).

3.4 Discussion

This chapter presented the design and rigorous preliminary usability evaluation of a therapy
platform (i.e., end-effector haptic device with new physical and graphical user interfaces and
two novel therapy exercises) that aims to enable minimally-supervised robot-assisted therapy
of hand function after stroke. This approach promises to be a suitable solution to increase the
therapy dose offered to subjects after stroke either in the clinic (e.g., by allowing the training
of multiple subjects in parallel, or additional training during the subject’s spare time in an
unsupervised robotic gym), or at home after discharge, with the potential to maximize and
maintain long-term therapy outcomes. A careful and quantitative pilot usability evaluation
allows to preliminarily assess if the platform could be applicable in minimally-supervised
conditions and which modifications are necessary to increase the feasibility of this therapy
approach in a real-world minimally supervised scenario (e.g., in the clinic).

3.4.1 Minimally-supervised therapy is possible upon short-term exposure

Through the development of a modular graphical user interface and novel therapy exercises,
we proposed a subject-tailored functional therapy platform that could be used upon first
exposure by subjects after stroke in a single session with minimal therapist supervision. The
platform was developed to meet a tradeoff between different requirements, namely to provide
active task-oriented exercises similar to conventional exercises [Ranzani et al., 2020], while
guaranteeing ease of use and subject compliance to the therapy program (motivation) while
requiring minimal supervision both from a clinical (therapist) and technical (operator of
the device) point of view [Zajc and Russold, 2019]. Particular attention was dedicated to the
optimization of the virtual reality interfaces, both in the graphical user interface and in the
exercises to be easily usable/learnable, efficient (in terms of workload) and motivating, since
it was shown that enriched virtual reality feedback might facilitate an increase in therapy dose
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and consequent improvements in arm function [Laut et al., 2015, Laver et al., 2015, Johnson
et al., 2020].

In clinical settings, minimally-supervised therapy has rarely been investigated and docu-
mented [Biisching et al., 2018, McCabe et al., 2019]. Starting from Cordo et al. 2009, few
robotic devices have been proposed for minimally-supervised upper limb therapy at home
[Cordo et al., 2009, Zhang et al., 2011, Lemmens et al., 2014, Sivan et al., 2014, Wolf et al., 2015,
Hyakutake et al., 2019, McCabe et al., 2019]. Only one device includes a virtual reality interface
to increase subject motivation, and most of these devices only provide basic adaptive algo-
rithms to customize the therapy plan to the subject needs. The device settings (e.g., lengths,
sizes, finger pads) and exercise parameters are mostly manually tuned by the therapist at the
beginning of the therapy protocol, while the subject performance is either ignored, telemon-
itored, or minimally-supervised by the therapist. Typically, these devices were evaluated in
research settings in terms of clinical efficacy, but they lacked usability evaluations, which
would have been more informative and better correlated with their real-world adoption in a
minimally-supervised scenario [Turchetti et al., 2014], as well as with their safety and feasibility.
To obtain meaningful usability results that can be transferred to real-world use, therapy goals
and use environment should be precisely defined.

3.4.2 The platform was attributed high usability, with suggestions for minor im-
provements

We achieved very positive usability results with our therapy platform, with system usability
scores between good and excellent (i.e., between 70 and 90 out of 100) for the user interface
and tunnel exercise, between OK and good (i.e., between 50 and 80 out of 100) for the sphere
exercise, as well as TLX scores within the target workload boundaries. This study revealed
that, even with only few minutes of instruction, it is easy to learn how to use the platform,
use the colored pushbutton keyboard, navigate through the graphical user interface, insert
the hand into the device finger pads and perform the exercises (i.e. particularly the tunnel
exercise). Overall, the time needed to learn how to use the platform (instruction and training
phase) and perform the experiment with minimal supervision (experimental phase) seems
adequate for a first use of the platform (i.e., less than 60 min). The time required for testing
under minimal supervision corresponded to our expectation (i.e., approximately ten minutes
for the test phase of each exercise, and ten additional minutes for training phases and setting
up). The instructions and learning phases were relatively short for a first exposure (i.e., approx.
30 minutes). These results indirectly support the feasibility of the minimally-supervised use
of the platform and seem to indicate that future users could be introduced to the platform
within a single to two therapy sessions. The usability results showed an inverse trend with age
but not with the impairment level of the subjects (either global, distal, or related to manual
dexterity), reaching worst results for the oldest subject (age 87). However, this result is not
significant, particularly with our small user sample size.
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Usability evaluations of rehabilitation robots reported in literature yielded scores between 36
and 90 out of 100 using different usability questionnaires, including the SUS [Pei et al., 2017],
"Cognitive Walkthrough" and "Think Aloud" methods [Valdés et al., 2014], custom-made
questionnaires or checklists [Chen et al., 2015, Smith et al., 2015], which can be based on
the Technology Acceptance Model [Davis, 1985]. Only Sivan et al. 2014 proposed a basic
evaluation of the usability of a minimally-supervised robotic platform considering the time
needed to learn how to use the device independently and the total time of use of the device, and
based on the experiments and user feedback identified design aspects that could be improved
[Sivan et al., 2014]. Human-centered designs based on usability evaluations have become
best-practice in the medical field in recent years [Wiklund and Wilcox, 2005, Oviatt, 2006,
Shah and Robinson, 2006, Blanco et al., 2016, for Standardization, 2019], but the elicitation of
standardized usability requirements and evaluations is still particularly challenging due to
the heterogeneity of user groups, needs and environments (e.g., clinic or home) [Shah and
Robinson, 2006], and the small sample sizes typically considered in this type of studies [van
Ommeren et al., 2018]. Therefore, it is generally difficult to compare the usability evaluations
among different platforms.

The usability evaluation proposed in this work allows to quantify different aspects of usability,
such as platform usability and learnability, perceived workload for the user, and ability to
independently perform the tasks required during a minimally-supervised use of the platform.
Our usability evaluation methods and results are not limited to the specific therapy platform
proposed in this work, but can be generalized to most robotic therapy platforms. The early
identification of usability aspects with a small sample population during the development
of the platform allows to improve design points that could bias the clinical applicability and
testing of the platform with patients, and ultimately help reducing pilot testing duration
and associated costs. These points might otherwise only be noticed in longer and resource-
demanding clinical studies and would then require corrections and additional retesting. For
instance, through our detailed usability analysis, we highlighted key aspects regarding the
physical and graphical user interfaces (e.g., handle size and shape, as well as button shape
and color coding), and the exercise architecture (e.g., catching/grasping strategies closer to
activities of daily living). These aspects would not affect the feasibility of using the platform
in clinical settings but would certainly impact the adoption of this device, as well as other
similar upper-limb robotic devices, in minimally-supervised settings. Finally, the GUI and
pushbutton interface proposed in this work achieved very good usability at first exposure,
suggesting that they are a valid approach to achieve minimally-supervised therapy with most
(mono-lateral) upper-limb robotic devices and therapy exercises.

3.4.3 Therapy Exercises are functional, motivating and respect target workload
levels

The mental, physical and effort workloads in the exercises were rather high while frustration
and performance workloads were rather low. The overall usability was high for both exercises.
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This is a promising result, underlining that the two new functional/synchronous exercises
are engaging without being overly frustrating. Improvements would be needed to slightly
increase the mental/cognitive workload required in the tunnel exercise and the physical
workload in the sphere exercise. In the latter, however, the task complexity should be slightly
reduced, since the performance achieved in the exercise is still too low with respect to the
target performance level (i.e., 70%) and requires a too high performance workload. Detailed
descriptions of minimally-supervised task-oriented exercises (e.g., requiring the functional
training of multiple degrees of freedom) are rarely presented in literature [Lemmens et al., 2014,
Sivan et al., 2014, Wolf et al., 2015]. These exercises are often lacking engaging interfaces to
enhance subject motivation [Zhang et al., 2011, McCabe et al., 2019] and are typically focused
on pure motor training tasks, neglecting sensory and cognitive abilities. Based on the level of
task complexity and on the usability results, our therapy exercises could be recommended
for late stages of rehabilitation in a mildly/moderately impaired population. They could well
complement the previously available exercises implemented on the rehabilitation robot that
train either grasping or forearm pronosupination during passive proprioceptive tasks or active
manipulation tasks [Metzger et al., 2014a].

3.4.4 The platform is safe and could be exploited for a continuum of robot-assisted
care

After a guided instruction phase, our test tried to emulate a minimally-supervised environ-
ment in which the therapist intervened only in case help was required by the subject, as done
in other studies performed in real-life minimally-supervised conditions [Lemmens et al., 2014,
Sivan et al., 2014, Hyakutake et al., 2019]. Throughout the test, the therapist intervention was
needed on average less than 4 times per subject out of the 26 checklist items, mostly due to mis-
understanding of the instructions or small software inconsistencies (e.g., unclear feedbacks,
unclear color-function relations) without critical safety-related problems that would affect the
applicability of the system with minimal supervision. These errors are expected to not occur
anymore if the subjects were given a longer time for instructions and training. A continuum
of use (over a larger time span) of our platform from supervised to minimally-supervised
conditions would allow the user to familiarize with the system during the supervised sessions
in the clinic and further continue the therapy seamlessly once the therapist is confident that
the subject can safely train independently. Intervention minimization is useful to use the plat-
form in the clinic, where a single therapist could supervise multiple subjects, and is essential
in home environments, where external supervision is not always available or would require
additional external communication channels (e.g., telerehabilitation [Wolf et al., 2015]). Safety
and customization could be further increased through additional integrated robotic assess-
ments. For example, two subjects reported a mild temporary increase in muscle tone, which
can be physiologically induced by the active nature of the robotic assessments and exercises
[Veerbeek et al., 2017]. An increase in hand muscle tone may cause pain and negatively affect
recovery, but could be monitored online throughout the therapy using robotic assessments
incorporated into the therapy exercises [Ranzani et al., 2019].
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3.4.5 Limitations

The results of this pilot study should be interpreted with respect to the relatively small sample
size tested, which is, however, considered sufficient to identify the majority of the usability
challenges [Virzi, 1992]. The results reflect the usability of the platform for a mildly/moderately-
impaired population in the chronic stage after stroke, which arguably is the target population
for such a minimally-supervised therapy platform, but could also be validated in different
stages after stroke (e.g., subacute). The reported usability results are applicable to a pop-
ulation that does not suffer from color blindness, since most of the user interfaces rely on
color perception. Numbers or symbols could be added for people with color blindness. The
experiment lasted only one session, so it was not possible to evaluate how the subjects could
learn to use the system in a longer term and in real-world minimally-supervised conditions,
e.g. to assess if their motivation level would eventually drop after few sessions. For the same
reason, the performance-based difficulty adaptation algorithms will be further investigated
in the context of multi-session experiments. Moreover, the scales proposed to evaluate the
usability and workloads required by our platform can only partly capture the overall user
experience, which should also account for user emotions, preferences, beliefs, physical and
psychological responses before and after a longer use of the platform [Petrie and Bevan, 2009,
for Standardization, 2019, Meyer et al., 2019]. Additionally, within this pilot study, it was not
possible to implement the necessary usability adjustments that were identified and re-test
the usability of the platform after modifications, but this should be assessed in the future.
Finally, the presence of the technology developers during parts of the study (e.g., instruction
and training phase) might have indirectly biased the usability evaluation performed by the
subjects.

3.4.6 Future directions

Future research should investigate how to equip rehabilitation robots with further intelligence
to automatically propose therapy plans and settings based on objective measures, and pro-
vide comprehensive digital reports to remote therapists to monitor and document subjects’
progress. To be usable in a real-world minimally supervised scenario, the therapy platform
would require minor adjustments identified throughout this study. Regarding the hardware,
the finger pads should be wider to avoid finger slippage, and the pushbutton keyboard should
include more buttons to allow consistent color-function and color-object mapping in GUI
and exercises (e.g., insert one or two buttons uniquely for exercise control or quitting, to
avoid color overlapping in difficulty levels requiring five objects/colors, such as in the sphere
exercise). All the mechanical parts of the robot should be covered to avoid snag hazards, and
an optical fingerprint reader could be added to the platform to simplify the access of multiple
users to their therapy programs without the need to remember colored passwords. Regarding
the software, based on the successful proof of concept with our new minimally-supervised
exercises, the available assessment-driven supervised therapy exercises proposed by Metzger
(Metzger et al., 2014b) will be redesigned to be usable with minimal supervision. As for the
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sphere exercise, attention should be devoted to the optimization of instructions/feedbacks
clarity, and of task complexity and matching to real-world actions. The GUI should provide
feedback to the therapist (e.g., subject performance and statistics) and possibilities to further
customize the exercises (e.g., simplify graphical content for subjects with attention or cognitive
deficits). Finally, a long-term study is required to evaluate the feasibility and usability of a
continuum of robot-assisted care from supervised to minimally supervised conditions, and a
mobile/portable device should be developed to allow the application of this approach also in
the home environment.

3.5 Implications and outlook

The goal of this work was to develop and evaluate, in a single-session pilot study, the usability
of a minimally-supervised therapy platform, allowing to perform functional, personalized
and motivating task-oriented exercises at the level of the hand. Our findings demonstrate
that a powered robot-assisted therapy device respecting usability and perceived workload
requirements can be safely and intuitively used in a single session with minimal supervision
by chronic stroke patients. This preliminary evaluation allowed us to identify further design
improvements needed to increase the platform usability and acceptance among the users.
Our results open the possibility to use active robotic devices with minimal supervision to
complement conventional therapies in real-world settings, offer increased dose with the
existing resources, and create a continuum of care that progressively increases subject in-
volvement and autonomy from the clinic to home. The integration of this technology in the
home environment will require a more portable therapy device and additional integrated
robotic assessments that could autonomously monitor the patient conditions online during
the exercises and, if needed, adapt the therapy to maintain appropriate user tailoring and/or
safety.
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Chapter 4. Method for online monitoring of patient’s ability and physical conditions

4.1 Therisk of unforeseen adverse events during minimally-supervised
therapy

Upper limb robot-assisted therapy has become an established method to complement con-
ventional therapy after neurological injury, with therapy outcomes that are comparable to
intensive conventional therapy [Mehrholz et al., 2018, Veerbeek et al., 2014, Lambercy et al.,
2018]. Recently, there is increasing interest in exploring the minimally-supervised use of
robotic technology (e.g., for home rehabilitation), which may promote recovery by increasing
the overall amount of therapy offered to the patients [Veerbeek et al., 2014]. In chapter 2,
we presented an assessment-driven therapy method, which can patient-tailor the exercise
difficulty based on patient ability and performance [Metzger et al., 2014b]. These adaptive
algorithms allow to replace one important part of the therapist supervision, related to the
execution and adaptation of the single therapy exercise. However, they do not replicate the
same high-level control of the therapy session as a whole, particularly in the event of adverse
situations. Therefore, during minimally-supervised therapy, unforeseen events or changes
(e.g., in patient health conditions or device functioning) could significantly compromise the
therapy outcomes or put at risk the safety of the patient. To overcome these limitations, it
is of utmost importance to introduce additional autonomous monitoring algorithms. These
algorithms could detect changes in patient health parameters (e.g., pain, muscle tone, atten-
tion levels [Rinderknecht et al., 2018]) or in the device behavior (e.g., device errors, damage).
Such information could be used in different ways. First, the monitoring data could be used
longitudinally to investigate the therapy execution (e.g., assess patient compliance) and the
evolution in patient conditions. Second, the platform could automatically react (e.g., auto-
matically adjust the therapy, call for help) to continuously guarantee appropriate and safe
tailoring of the therapy.

Given their potentially intensive therapy regime, robots may promote an increase in muscle
tone, which is often already abnormally increased after stroke in the form of spasticity, with an
incidence rate of 19-43% at 3-18 months after the event [Lundstrom et al., 2010, Veerbeek et al.,
2017, Urban et al., 2010]. Based on the potential frequency of this problem, and to exploit
the fine interaction control and sensing capabilities of our robotic device, the ReHapticKnob,
we decided to start exploring autonomous monitoring strategies with an online muscle tone
monitoring algorithm. This type of monitoring requires the robot to actively perturb the
patient’s hand during a therapy exercise, and to analyzes the force reactions induced at the
level of the fingers [Katz and Rymer, 1989].

4.1.1 Spastic muscle tone abnormalities and assessment

Spasticity is a motor disorder characterized by a velocity and direction dependent increase in
tonic stretch reflexes during resting state (i.e., "muscle tone"), which affects mostly flexors
in the upper limb [Lance, 1980]. Limb joint stiffness is increased due to reduced stretch
reflex thresholds and to alterations in mechanical properties of muscles developing over time
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[O’dwyer et al., 1996]. Although the etiology of spasticity is still widely unknown, according
to some rehabilitation approaches a prompt detection of spasticity is desired to adapt the
therapy such that the patient can re-learn muscle tone control and avoid possible long-term
negative consequences of spasticity (e.g., pain, reduced functional ability and recovery) [Bo-
bath and Bobath, 1950, Perfetti and Wopfner-Oberleit, 1997, Kong et al., 2012, Formisano et al.,
2005]. Unfortunately, in particular within minimally-supervised therapy sessions, current
rehabilitation robots do not consider or monitor alterations in muscle tone during the course
of a rehabilitation session.

Clinically, muscle tone is assessed using passive movements around a joint to determine the
amount of muscle resistance encountered. The most frequently used scales for spasticity
assessment are the Ashworth Scale (AS), the Modified Ashworth Scale (MAS) and the Tardieu
Scale [Tardieu, 1954]. AS and MAS are still commonly used for their reliability and simplicity,
but they are subjective and suffer from low sensitivity [Katz and Rymer, 1989]. The Tardieu
Scale might be a valid alternative in differentiating spasticity, since it is evaluated at three dif-
ferent speeds. Using robotic devices, impedance estimation methods are commonly adopted
to quantify muscle tone using force or position perturbations [Przuntek et al., 2012]. Only
few robotic devices have been used to investigate upper-limb tone changes at the level of
the hand, applying different types of ramp position perturbations to the finger joints (e.g.,
metacarpophalangeal joint) or to the fingers and wrist simultaneously but these approaches
have so far only been applied in dedicated assessment sessions before and/or after therapy
[Gaverth et al., 2014, Orihuela-Espina et al., 2016, Hoppner et al., 2017, Kamper et al., 2001].
To avoid contributions from voluntary reactions, participants typically were in static (i.e., not
moving) and passive (i.e., not exerting force) conditions when the perturbation was applied
[Gadverth et al., 2014, Orihuela-Espina et al., 2016, Kamper et al., 2001]. Unfortunately, these
studies mainly used a single movement speed and often only a single perturbation direction
[Gaverth et al., 2014, Orihuela-Espina et al., 2016, Hoppner et al., 2017, Kamper et al., 2001].
To the best of the authors’ knowledge, no device or study has ever assessed both the speed-
dependent and direction-dependent (opening-closing) changes in hand muscle tone (i.e.,
fingers flexors and extensors), nor was this information assessed online during the execution
of a therapy protocol involving hand movements (i.e., where potential changes in muscle tone
could be expected over time).

In this chapter, we present and evaluate a novel method implemented on a robotic device
to objectively evaluate hand muscle tone online during the execution of a therapy exercise
including the synchronous training of grasping and pronosupination. While both the exercise
and the assessment embedded into it have been newly developed, the assessment paradigm
could also be applied in other robot-assisted exercises. The exercise includes an online assess-
ment of hand muscle tone evaluated with a ramp-and-hold perturbation-based approach (at
different velocities and direction) to detect potential changes in spasticity. Given the repeated
active hand movements required in the exercise, we hypothesized that muscle tone might
increase even in participants that are non-spastic at rest. Therefore, we tested the exercise in
a pilot study with healthy participants and non-spastic participants with stroke to evaluate
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the extent of physiologically natural change in muscle tone caused by such an active training.
This information could be used for remote monitoring, or to develop strategies for online
adaptation of difficulty and intensity of robot-assisted therapy to minimize physiological
fluctuations in muscle tone.

4.2 Method for online muscle tone assessment

4.2.1 Muscle tone monitoring exercise

The proposed exercise includes a series of therapy blocks during which small perturbations
are applied at the level of the hand to assess online for the presence of a spastic muscle tone
change (i.e., speed and direction dependent) over therapy time while training on an end-
effector robotic gripper (i.e., the ReHapticKnob). The user sits in front of the robot and places
his/her hand inside two instrumented finger pads with straps, as shown in Fig. 4.1. A 6-DOF
force/torque sensor is mounted beneath each of the two finger pads, and allows to precisely
measure the interaction force between user and device. To allow independent use of the robot,
the patient uses an intuitive colored pushbutton keyboard to access his/her therapy plan and
participate in the exercise tasks (e.g., select objects or provide answers when prompted by the
exercise; Fig. 4.1), as described in Chapter 3.

The exercise embeds somatosensory and cognitive training aspects together with synchronous
motor training of grasping and pronosupination in order to promote functional recovery
[Perfetti and Wopfner-Oberleit, 1997]. The exercise structure is shown in Fig. 4.2 and follows a
series of blocks (i.e., one guided block supervised by the therapist and 3 experimental blocks
without supervision). Each block is divided into two parts, a training phase and a test phase.

In the training phase, a variable number of virtual objects (i.e., 3 to 5 spheres) are displayed
one by one to the tested participant. The spheres have different colors, each associated with a
different stiffness value. Through the finger pads, the user controls a virtual hand and has to
squeeze the spheres one by one and memorize their stiffness. Position perturbations at the
finger pads are applied during the switch between consecutive spheres, while the participant
is passive.

In the test phase, semi-transparent spheres (halos) fall radially from a random initial position,
one at a time, towards a position fixed at the center of the hand. The participant has to actively
rotate the arm and adjust the hand aperture to catch the falling halo. The halo is caught if
the hand aperture matches the diameter of the sphere and if the hand is properly rotated
towards the falling direction within an alignment range ©, shown in Fig. 4.1. If the halo
is caught, the participant has to squeeze the halo and identify its stiffness/color using the
colored pushbutton keyboard. Each test phase lasts 3 min. At the end, the score collected
during the current test phase is presented, and a new block (i.e., training phase followed by
test phase) begins. One session with the exercise, includes three blocks (i.e., 3 training phases,
each followed by a test phase) and lasts between 10 and 15 minutes.
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Figure 4.1: A participant performing the therapy exercise on the ReHapticKnob. A virtual
reality interface displays the objects in the exercise, while their mechanical properties are
rendered through active instrumented finger pads (held and manipulated by the participant).
During the test phase shown, the participant has to catch a falling sphere. The object is caught
if the hand orientation (dotted line) is aligned with the falling direction (continuous line),
within an angular range 0. Once the object is caught, the participant explores the mechanical
properties by squeezing and selects the color corresponding to the identified stiffness by
pressing a pushbutton on a dedicated colored keyboard.
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Figure 4.2: Exercise description and pilot study protocol. Top: detail of the exercise structure.
A block i consists of a training phase and a test phase. In the training, four opening/closing
fast/slow perturbations (thunderbolt icon) are applied during sphere switches, while the par-
ticipant is inactive. In the test phase, the participant is instructed to catch falling spheres and
to identify their color/stiffness. Bottom: The pilot study includes a supervised familiarization
block, followed by three blocks in which the patient independently performs the exercise. The
Fugl-Meyer of the Upper Extremity (FMA-UE) is evaluated at the beginning of the experiment,
while the Modified Ashworth Scale (MAS) of finger flexors and extensors is evaluated at the
beginning of blocks one and three.
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Figure 4.3: Representative fast (grey) and slow (black) 20 mm (thumb to index tip distance)
ramp-and-hold perturbations in opening direction. (a) 50 ms window in which the average
baseline force (Fps.) is calculated before the ramp onset. (b)-(c) 100 ms window in which the
maximum force peak induced by the perturbation (Fp.r() is evaluated for the fast and slow
perturbations, respectively.

To achieve robust control of the robot behavior during perturbations, displacement pertur-
bations were chosen. Ramp-and-hold perturbations of 20 mm (i.e., 10 mm per finger) were
implemented to not excessively perturb the participant, starting from a baseline hand aperture
of approximately 65 mm (i.e., thumb to index tip distance). This is comparable to the range of
values found in other studies (i.e., 7.5 to 58 mm [Hoppner et al., 2017, Kamper et al., 2001]). To
verify to which extent the change in muscle tone is direction and speed dependent, the pertur-
bations are applied both in finger flexion and extension, and with two different ramp durations
of 150 ms and 250 ms, respectively. These time windows allow to include reflex reactions that
are relevant in the control of muscle tone and happen within 100 ms after perturbation onset
(i.e., monosynaptic/short-loop and transcortical/long-loop reflexes), and to exclude steady
state voluntary control, which typically starts 750 ms after perturbation onset [Davidoff, 1992,
Hammond et al., 1956, Pruszynski et al., 2009]. Examples of opening perturbations are shown
in Fig. 4.3. In total, three sets of perturbations are applied over the session time (i.e., one
per block) during the training phase. Each set includes four perturbations (i.e., slow/fast and
opening/closing) applied in randomized order so that the participant cannot predict them.
Following the adaptation protocol described in [Metzger et al., 2014b] and to maintain an
engaging and challenging training level, the difficulty of the exercise (e.g., number of spheres,
stiffness difference between spheres) is adapted at the end of each block depending on the
participant’s performance (i.e., percentage of correctly identified spheres).
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4.2.2 Pilotstudy

A pilot study was conducted at ETH Zurich, in collaboration with the University Hospital,
Zurich. Five chronic ischemic stroke patients (>6 months) and five age-matched healthy
participants (i.e., >50 years old) were enrolled to participate in a single experimental session. To
be able to measure the amount of physiological muscle tone change induced by active training,
patients were excluded if they had clinically significant concomitant diseases or a baseline MAS
above 1 in hand finger flexors and extensors. As shown in Fig. 4.2, the experimental session
consisted of a guided block in which participants were instructed on how to use the robot and
perform the exercise, followed by an experimental stage in which participants performed the
exercise independently (i.e., 3 blocks, without the intervention of the supervising therapist).
Patients were tested on their impaired hand, while the control participants were tested using
their dominant hand. To differentiate the upper limb impairment level of the patients, a
baseline assessment of the Upper Extremity Fugl-Meyer (FMA-UE) was performed [Fugl-Meyer
et al., 1975]. To compare the force changes in the robot-assisted muscle tone assessment
with a reference clinical scale, the MAS of the finger flexors and extensors was performed
before the beginning of the first and third block (Fig. 4.2). An experienced physiotherapist
guided the experiment and performed the clinical assessments. The participants gave written
informed consent in accordance with the declaration of Helsinki. The study was approved by
the Cantonal Ethics Committee in Zurich, Switzerland (Req-2017-00642).

4.2.3 Outcome measures

For each perturbation in the training phase of a certain block i, the change between the force
before the perturbation and after the perturbation is computed as:

AFx,y(i) :Fpert(i)_Fbase(i) (4.1)

where x is the perturbation direction (i.e., 0 = open, ¢ = close), and y is the perturbation speed
(i.e., s=slow, f =fast). The baseline grasping force before the perturbation (Fj,;,) is calculated
as the average force over the 50 ms before the ramp onset, the force after the perturbation
(Fpert) is calculated as the peak force reached between 50 ms before and 50 ms after the
ramp end. These time intervals, depicted in Figure 4.3, were empirically chosen based on the
physiological duration of reflexes and after visual inspection of pilot data, as they are long
enough to capture both baseline forces and force changes due to the perturbation without
including voluntary reactions. To verify if muscle tone is speed and direction dependent, at
each block i the following metrics are calculated on the perturbation-induced force reactions:

AFp,spai) = AF,, (i) — AFo,s(i) (4.2)
AFgir,f (i) = |AF, £ (i) = AF £ (i)] 4.3)

AF, spa(i) is used to evaluate speed dependency and corresponds to the difference in force
change at two speeds in opening direction, which is the direction that predominantly elicits
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Table 4.1: Baseline characteristics

Category Stroke Healthy pe
Gender (M,F) 3E 2M 2E 3M 1.000
Hand Dominance (L,R) 5R 5R 1.000
Impaired/Test Hand (L,R) 4R, 1L 5R 1.000
0.168
+ 20+12. .60+4.
Age (meanxstd) 67.20+12.01 58.60+4.04 (t(8)=1.52)
Months Post Stroke (mean+std) 57.60+63.47 - -
FMA-UE (mean+std) 48.40+10.14 - -
1.000
+ .20+0. .00=+0.
MAS (mean=std) 0.20+0.45 0.00+0.00 (U=30)

@ P values are associated with the Fisher’s exact test for categorical variables, while Wilcoxon
rank sum test or two-sample t-test are used for continuous variables (independent samples).
Abbreviations: FMA-UE, Fugl-Meyer Assessment of the Upper Extremity (range 0-66). MAS,
Modified Ashworth Scale (i.e., sum of finger flexor and extensor scores).

spastic behavior [Katner and Kasarskis, 2014]. AFqir (i) is used to evaluate the direction
dependency (i.e., open-close) in force change at fast speed, since spastic force reactions
increase with perturbation speed [Davidoff, 1992].

4.2.4 Data analysis

The Wilcoxon Rank Sum Test or the two-sample t-test were used to assess homogeneity
between groups at baseline for continuous variables, while the Fisher’s exact test was used for
categorical variables. The force changes were compared in a 2x3 aligned rank transform for
nonparametric analyses of variance (ART-ANOVA) (i.e., group x block, perturbation speed x
time/block, statistical significance a = 0.05) to analyze between and within-group differences
[Wobbrock et al., 2011].

4.3 Assessment results

All participants completed the full protocol and no adverse event related to the use of the robot
was observed. The baseline demographics and clinical characteristics of the two groups are
described in Table 5.2. Most patients showed mild to moderate initial upper-limb impairment
(FMA-UE 48.40 + 10.14 (mean+std)) and the two groups were homogeneous in terms of non-
stroke related parameters.

4.3.1 Speed dependency in force changes

Figure 4.4 shows the average force changes induced in participants with stroke and healthy
participants by the slow and fast perturbations in opening direction with 80% confidence
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intervals. In the stroke group (Figure 4.4.a), the force changes with the fast and slow pertur-
bation start from a similar range of 3.25+0.32 N and 3.76 +2.50 N at block 1, respectively.
The force change with slow perturbation remains approximately constant over time, while
the change after fast perturbation increases over the blocks, reaching a value of 6.29 + 6.59
N (max 15.98 N) in block 3. Thus, the difference AF,, spd Increases over blocks and reaches a
peak 0f 4.48 +7.78 N (max 13.08 N) in block 3. In the healthy group (Figure 4.4.b), the force
change with fast perturbation is on average always higher than the force change with slow
perturbation, but their value remains approximately the same between block 1 (3.37 +2.17
N, 4.31 £ 1.89 N, respectively) and block 3 (3.14 £ 1.29 N, 4.32 + 2.00 N, respectively). The
difference AF, sp4 is on average always smaller than 1 N, but mildly increases over blocks
and reaches a peak of 0.96 +0.94 N (max 2.05 N) at block 3. In both groups, the change in
force with respect to block and perturbation speed was not statistically significantly different
according to ART-ANOVA (Block: F(2,45)=0.131, P=0.877; speed: F(1,45)=3.320, P=0.075). The
force change with respect to block and subject group was also not statistically significantly
different both at high speed (Block: F(2,16)=0.204, P=0.818; group: F(1,8)=0.106, P=0.753) and
low speed (Block: F(2,16)=0.927, P=0.416; group: F(1,8)=0.030, P=0.867).

4.3.2 Direction dependency in force changes

Figure 4.5 shows the average difference between force changes induced in opening and in
closing directions, in both the stroke (black) and healthy participants group (gray). In the
stroke group, the force differences with fast perturbation AFy;,, f between opening and closing
are on average always below 5 N. The difference is higher in block 2 (4.09 +3.90 N), and below
1.5 N in blocks 1 and 3. In the healthy group, the difference is on average always smaller than
in the stroke group, and its value remains constantly closer to zero between block 1 (0.67 +0.68
N) and block 3 (1.36 + 0.78 N), meaning that the force change is direction independent. The
directional force difference with respect to block and participant group is not statistically
significantly different (Block: F(2,16)=0.7642, P=0.482; group: F(1,8)=3.107, P=0.116).

4.3.3 Comparison with Modified Ashworth Scale

Four patients and the healthy volunteers that participated in the study had an initial muscle
tone level of 0 on the MAS (beginning block 1), which remained the same throughout the test
session (beginning block 3). Only one patient had an initial MAS of 1 in the finger extensors,
which faded to 0 towards the end of the test session (beginning of block 3). This was reflected
by the fast closing perturbation at block 1, where the patient reacted with a 22 N force. Given
these MAS ranges, theoretically, the force changes measured in this work in opening direction
and at the end of the exercise can be associated with physiological hand muscle tone changes
happening during exercise.
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Figure 4.4: Average speed-dependent force changes induced by fast (gray, AF, r) and slow
(black, AF, ;) ramp perturbations (20 mm, 250 and 150 ms) in opening direction over 3 test
blocks. The light gray dotted line is their average difference AF, s,4. () five chronic stroke
patients, (b) five healthy participants.

4.4 Discussion

This chapter presented the development of a method to assess online finger muscle tone
level in a stroke population within the execution of a minimally supervised robot-assisted
therapy exercise of hand function. The muscle tone level is determined using an online
perturbation-based force estimation method. A preliminary pilot study was conducted on
chronic stroke patients and age-matched unimpaired participants to determine which are
the physiological force changes developed within an exercise session. In view of independent,
robot-assisted therapy, this information could be used to adapt the difficulty level of exercises
not only based on the patient’s performance but also considering muscle tone fluctuations,
to minimize undesired increases in muscle tone, which could result in pain or injury. To the
best of the authors’ knowledge, no other robotic device for robot-assisted therapy allows to
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test the evolution of hand muscle tone online during the execution of an exercise. Moreover,
most robotic devices typically only test muscle tone reactions in opening direction and do
not allow to evaluate the directional muscle tone-dependency [Gdverth et al., 2014, Hoppner
etal., 2017, Kamper et al., 2001].

The results of the pilot study showed that the muscle tone level during hand opening is
higher with high perturbation speed in both groups, and corresponds to a force change
of approximately 4-5 N. The two groups did not show statistically significant differences,
but over the three blocks, the force change at slow speed remained constant, while at high
speed it progressively increased in the stroke group, reaching an average of 6.3 N with a
peak of 16.0 N in block 3. Thus, in the stroke group, the force change became more speed-
dependent over exercise time/blocks. This slight increase would be in line with a recent review
reporting that robot-assisted therapy can lead to increased muscle tone [Veerbeek et al., 2017].
Additionally, as expected from non-spastic participants, the observed force levels (i.e., below
6.5 N) are below the force range presented in the work of Kamper and colleagues, in which
stiffness and force changes in finger flexors where determined on 8 chronic stroke patients
with spastic hemiplegia (MAS>1) [Kamper et al., 2001]. Their max developed torque change
ranged approximately between 9-35 N at the fingertip (assuming a finger length of 7.5 cm)
depending on the degree of spasticity. This is not surprising given the almost zero MAS scores
in our population.

Despite being a standard clinical assessment, the accuracy of the MAS assessment is debatable
as shown in several analyses both at a clinical level or performed through robotic devices
[Katz and Rymer, 1989, Melendez-Calderon et al., 2013]. Therefore, it seems reasonable to
adopt a robotic assessment to accurately complement the evaluation of muscle tone and
continuously monitor muscle tone during the execution of unsupervised therapy exercises.
There are several differences though between the MAS and our robotic assessment. First, our
exercise records force peaks at 1 kHz, while humans discriminate different muscle tone levels
via tactile or proprioceptive perception, which elicit cortical activation within 5-50 ms (i.e.,
max frequency 20-200 Hz) [Hatsopoulos and Suminski, 2011]. Second, the MAS is performed
by moving the joint over 1 sec and can therefore activate also voluntary control, while a robotic
assessment can reach much higher perturbation speeds. In our pilot study, the MAS did not
detect any increase in finger flexor tone over blocks, indicating that all the force measurements
that we recorded reflect clinically non-meaningful changes in muscle tone over the exercise
blocks. However, given the scale limitations and force ranges found in literature [Kamper et al.,
2001], it is questionable whether the patient that showed a force change around 16 N in block
3 could have been in a voluntary contracted status when the perturbation was applied, or had
a spastic contraction that was not detected in the MAS.

The results on direction dependency show that, as could be expected in a healthy population,
the difference in force changes induced by opening and closing perturbations are smaller
in the healthy group (i.e., tending to zero) compared to the stroke group. However, the two
groups did not show statistically significant differences, and in the stroke group, no definite
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conclusion on the force-direction dependency can be made due to the oscillatory direction-
dependent force changes in different blocks. A larger sample size would be needed for this
analysis, which would be key in discriminating spasticity from other pathologies that are
direction independent (e.g., rigidity).

The pilot study and the tested exercise have the following limitations. The results of the study
present rather small force changes but this is not surprising given the non-spastic population
tested and the moderate exercise intensities (i.e, number of repetitions and forces required by
the squeezing/catching task). Future experiments could achieve higher exercise intensities
(both force and repetitions) and include more than one session, to verify the muscle tone
evolution over longer time. Moreover, to capture intra-subject variability, the perturbations
could be repeated multiple times within the same block. The test should be extended to a
wider patient population including also spastic patients. This would be useful to identify
speed and direction dependent force thresholds that could be used to characterize a spastic
muscle tone change and adapt the difficulty level of the exercise accordingly. Finally, to
further quantify changes in muscle tone, electromyography of forearm muscles and other
electrophysiological or clinical scales (e.g., Tardieu Scale) could be recorded. However, while
these approaches could help validate the proposed method in laboratory settings, they would
not be applicable in view of unsupervised applications.

To summarize, in the future the experiments will be repeated in a larger population including
spastic participants and will test higher exercise intensities over more than one session. To
capture intra-subject variability the perturbations will be repeated multiple times in the same
block.

4.5 Implications and outlook

The proposed method to evaluate muscle tone online during a therapy exercise opens up
new avenues for the use of robotic devices with limited supervision, as they would allow
for accurate, objective and quantitative remote monitoring of muscle tone fluctuations dur-
ing robot-assisted therapy. Used within a robot-assisted rehabilitation program that starts
in the clinic and continues after discharge, this method could help documenting muscle
tone changes over time, which could be useful to investigate how to optimize the therapy
strategy for each patient, and will allow to promptly adapt the therapy exercise in order to
prevent pathological increases in muscle tone, as well as their possible effects on recovery.
This monitoring method, could be further generalized to other forms of online autonomous
assessment and monitoring, which will be particular important to guarantee user safety during
the continuation of the therapy with a portable device in the home environment.
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5.1 Towards a continuum of hand therapy after stroke

Almost two third of stroke survivors suffer from long-term upper limb impairment and are
permanently disabled in the execution of activities of daily living (ADL) [Adamson et al.,
2004, Broeks et al., 1999]. There is evidence that increasing therapy dose (i.e., number of
exercise task repetitions and total therapy time) might promote an increase in upper limb
sensorimotor recovery, even long time after the stroke [Veerbeek et al., 2014, Schneider et al.,
2016, Ward et al., 2019]. Unfortunately, in clinical practice, the therapy dose that can be
achieved is often constrained by financial and organizational limitations [Schneider et al.,
2016, Ward et al., 2019]. As a result, patients after stroke typically receive suboptimal amounts
of upper limb therapy both during inpatients rehabilitation programs in the clinic, and most
importantly when back home after discharge. Robotic devices could be viable tools to offer
high-dose functional therapies that are relevant for ADL [Hung et al., 2017]. These devices
offer motivating task-oriented therapies that allow comparable therapy outcomes compared
to dose-matched conventional therapies [Klamroth-Marganska et al., 2014, Lo et al., 2010,
Mehrholz et al., 2018, Rodgers et al., 2019] and, in the case of haptic devices, realistic/accurate
sensorimotor interactions that could support upper limb recovery [Perfetti and Grimaldi,
1979]. Unfortunately, the use of robotic devices is currently mainly limited to short therapy
sessions in the clinics under constant supervision of specialized therapists, which limits their
potential as a vector to increase therapy dose. One way to achieve this objective could be to
use such technology within minimally-supervised robot-assisted therapy programs, which
could start in the clinic [Biisching et al., 2018, Broderick et al., 2021] and continue at home
after discharge [Chen et al., 2019, Hyakutake et al., 2019, McCabe et al., 2019].

Unfortunately, to make the step into the home environment of neurological subjects, robotic
devices should be rethought to guarantee simplicity of use, adaptability to different users
and ergonomics, affordability and scalability, safety and portability [Hung et al., 2017, Lu
etal., 2011, Story, 2010]. These are critical aspects that should be considered early during
design phases as recommended by the Food and Drug Administration [Food et al., 2012].
Meeting these requirements is a challenge [Chen et al., 2019] and, as a result, only few robotic
devices for the upper limb have been proposed and tested for home use [Hyakutake et al.,
2019, McCabe et al., 2019, Lemmens et al., 2014, Sivan et al., 2014, Wolf et al., 2015], often
without reporting their technical evaluation. Furthermore, little is known about their usability,
which is fundamental to optimize the device development, as well as increase acceptance and
user compliance to a therapy plan [Lu et al., 2011, Lee et al., 2005, Ranzani et al., 2021, Just
et al., 2018, Meyer et al., 2019].

In this chapter, we present the design and evaluation of HandyBot (Figure 5.1), a portable
haptic device to perform task-oriented therapy of hand function under minimal supervision.
This work builds on the knowledge gained from two haptic end-effector devices for hand
therapy, the HapticKnob (HK, [Lambercy et al., 2007]) and the ReHapticKnob (RHK, [Metzger
etal., 2011]). These devices train hand opening-closing and forearm pronosupination through
sensorimotor functionally-relevant therapy tasks, which are particularly important for hand
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Figure 5.1: A subject performing a therapy exercise (WristCatch) on the HandyBot, a portable
table-top end-effector robot for the assessment and therapy of grasping, forearm pronosupina-
tion and wrist flexion-extension tasks. Virtual tasks are haptically reproduced through two
pads that get in contact with the fingers of the user, and visually rendered in a virtual reality
environment presented on a computer screen. The user can start his/her therapy by logging-in
via a fingerprint reader or inserting a colored password through a pushbutton keyboard, which
also serves as a input interface to interact with the virtual reality of the exercises. Two easily
reachable emergency stop buttons are embedded in the actuation box of the device, which
includes the actuators as well as electronics and safety components.

rehabilitation [Metzger et al., 2014b], and already proved their efficacy in terms of motor
impairment reduction in supervised clinical settings [Ranzani et al., 2020, Lambercy et al.,
2011]. Unfortunately, they did not make the step out of the clinic due to the device size, cost
and technology complexity.

The current work has two objectives. First, to develop HandyBot (Figure 5.1) and evaluate its
technical characteristics in terms of workspace, sensing, dynamics and haptic performance to
guarantee good rendering of therapy exercises focusing on sensorimotor tasks that are key
to hand rehabilitation. Second, a pilot study should evaluate the usability of HandyBot in
subjects after chronic stroke, which are the target population for home use of the device.

5.2 Device design and usability evaluation

5.2.1 Requirements

We previously proposed two haptic end-effector therapy devices, the HK [Lambercy et al.,
2007] and the RHK [Metzger et al., 2011], which train hand grasping (GR) and forearm prono-
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supination (PS) by rendering functionally-relevant rehabilitative tasks (e.g., interaction with
virtual objects) that can be reproduced with high haptic accuracy through active instrumented
pads that get in touch with the fingers, and are visualized in virtual reality through a computer
screen [Metzger et al., 2014b]. These devices offer a combined sensorimotor and cognitive
training, as proposed by Perfetti [Perfetti and Grimaldi, 1979], and showed equivalent therapy
outcomes compared to dose-matched conventional therapy [Ranzani et al., 2020]. The RHK
was recently embedded into a novel therapy platform (i.e., haptic device with a graphical/phys-
ical user interface and a set of therapy exercises) that allows to perform minimally-supervised
therapy in controlled settings [Ranzani et al., 2021, 2019].

Building on this knowledge, our approach is to develop HandyBot as a portable haptic device
that could offer the same type of sensorimotor therapy as the HK and the RHK in minimally-
supervised conditions, with the long-term objective of independent training in the home
environment. To guarantee the compatibility with therapy exercises previously developed
and clinically validated and, at the same time, guarantee a training in conditions similar to
interaction with real objects, the same movements (i.e., grasping and forearm pronosupina-
tion) should be trained through an end-effector approach. Moreover, given its relevance in
ADL tasks [Reissner et al., 2019, Nelson et al., 1994] and its synergies with grasping functions
[Pezent et al., 2017], it was decided to add a third degree of freedom (DOF) to also train wrist
flexion-extension (FE). Very few robotic devices support these three DOFs, and they either
do not allow their simultaneous training, which is essential for typical ADL or rehabilitation
exercises, or require external help to change the hand interfaces to select the movement/-
task to train [Tong et al., 2015, Khor et al., 2014]. Also, in most cases, the hand mechanism
is embedded in complex and/or expensive multi-DOF therapy platforms [Just et al., 2018,
Pezent et al., 2017, Loureiro and Harwin, 2007]. To make a powered device suitable for home
rehabilitation and potential private use (e.g., on a pay-per-use policy directed by the clinic),
its cost should be at least halved compared to the RHK and other robot-assisted upper limb
therapy devices that cost more than 40000 euro [Just et al., 2018, Loureiro and Harwin, 2007,
Huang et al., 2018], while ease of use and portability should be ensured [Lu et al., 2011]. User
comfort and ergonomics should also be optimized [Hung et al., 2017] and safety during the use
and interaction with the device should be ensured [Story, 2010]. As learned during a previous
study with the RHK [Ranzani et al., 2020], the parts interacting with the user (e.g., finger pads,
straps, supports) should be adaptable in size/positioning and prevent hand slippage, while
arm supports should be positioned not too far from the hand fixations to reduce pressure
marks on the fingers. Thumb motion during grasping is complex and would require simulta-
neous flexion-extension and adduction-abduction for a natural grasping [Biitzer et al., 2020].
Based on data from previous studies with the RHK [Ranzani et al., 2020] (see Table 5.1) and
biomechanical considerations on the human hand, the maximum hand aperture between
thumb and middle finger during typical therapy exercises should be 110mm, the maximum
pronation (or supination) of the forearm is 90° and the maximum flexion (or extension) of the
wrist is smaller than 80° [Norkin and White, 2016]. The maximum force at the fingertip (i.e.,
thumb or four fingers) should be 50N to successfully simulate typical object manipulations in
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Table 5.1: Mean and maximum forces and maximum reachable positions (in grasping GR,
and pronosupination PS) during the execution of neurocognitive robot-assisted exercises
with the ReHapticKnob (for more details on the exercises refer to [Metzger et al., 2014b]).
Mean and maximum forces have been derived using the data of 14 patients that performed
robot-assisted therapy in the randomized controlled trial described in [Ranzani et al., 2020].
Maximum reachable positions are the positions needed to render necessary therapy objects
or tasks of the exercise.

Exercise Forcegp [mean (max)] Torqueps [mean (max)] Position [maxggr,maxps]
E) (bars): Proprioception 1.3(33.2) N - 102mm, -

E,(arches): Proprioception 1.4 (20.8) N 2.0 (2.6) Nm -, £60°

Es(sponges): Haptic perception 2.9 (43.8) N - 102mm, -

E,4(springs): Haptic perception 2.0 (44.00 N - 140mm, +90°

E5(grip memory): Sensorimotor memory 1.1 (33.4) N - 102mm, -
Eg(pronosupination memory): Sensorimotor memory 2.6 (49.8) N 1.6 (1.9) Nm 102mm, +60°

E; (postcards): Sensorimotor coordination 3.6 (44.9) N 0.1 (1.9) Nm 102mm, +60°

ADL and therapy tasks (see Table 5.1). The maximum PS and FE torques relevant to simulate
daily tasks are below 1.2Nm [Lambercy et al., 2007, Williams et al., 2001]. Respecting a tradeoff
between electromechanical components quality and cost, accurate haptic renderings (ranging
from transparency to high impedances) should be reproduced under a stable closed-loop be-
havior in particular in the grasping DOE where they are perceived by the hand with maximum
sensitivity [Skedung et al., 2013].

5.2.2 Design concept and kinematics

Several design concepts and existing design solutions [Tong et al., 2015, Bouri et al., 2013]
have been evaluated for the development of our 3-DOF robot HandyBot before achieving a
design that could maximize structural stiffness and compactness, while providing suitable
ranges of motion and forces, and a complete decoupling between the three DOF (Figure
5.2). The first rotational DOF is the forearm pronosupination 8pg, which is controlled by
a geared motor Mpg — Gpg rotating an aluminum L-shape structure (yellow). Two motors
M drive the rotational DOF for wrist flexion-extension (j=FE, blue) and the linear DOF for
grasping (j=GR, green) through a series of capstan drive stages with 0.69mm tungsten cables
(section 7x7x7x0.025mm, Baird Industries). As recommended in literature [Beira et al., 2010,
Nef et al., 2007], a transmission based on capstan drives (i.e., cable transmission) was selected
since it allows to reduce friction and backlash, while maintaining high structural stiffness
and allowing for the rendering of a wide range of control impedances. To pass through the
coaxial joints J; avoiding cable cross-over conflicts, coaxial pulleys P; ; (in the form of coaxial
tubes of different lengths) are used, as proposed by [Beira et al., 2018]. To avoid cable slippage,
each tungsten cable is constrained to the driver/load pulleys via ball beads (3mm) and drives
inside grooves on the pulley surfaces. The pulley Prg » directly drives the flexion-extension
plate (light blue) generating a rotation 6y around the L-shape structure. The rotation of its

71



Chapter 5. Design and usability of a portable robot for minimally-supervised therapy

coaxial pulley Pgp 2 is transformed in the simultaneous linear motion xgg of custom made
aluminum carriages mounted on linear guides (Misumi miniature guides SELB8), one moving
horizontally the finger pad and two (in lighter green) driving symmetrically the (left- or right-
hand) thumb pad with an inclination of 15°, which allows the simultaneous flexion-extension
and adduction-abduction of the thumb during grasping [Biitzer et al., 2020]. To change the
left/right hand side, the finger pad can be rotated around its axis, while the thumb pad can be
connected to the respective inclined slider. The pads and the palm support include Velcro
straps that maintain hand and fingers in place during active movements, and can be rapidly
exchanged and/or manufactured on a 3D printer in different hand sizes for men, or for women.
Additionally, to ensure user comfort, the palm support (Figure 5.1) can slide to different fixed
positions depending on the hand size and shape. Positions of the end-effector are measured in
joint space with encoders E; attached to the motor shafts, which measure relative angles 66
(j=PS,FE,GR). The position of the end-effector in task space [0ps, Orf, Xgr] can be described
with respect to joint space coordinates (and the initial end-effector absolute position measured
through the potentiometers) by three linear equations.

1
Ops (£) = —060ps,0 (1) +0ps(0) (5.1)
Ips
1 drE,0
Org (1) = ———00ps,0 (1) - 00rg (1) +6pE (0) (5.2)
ips drE
d d d d
XGr (£) = M69FE,O (0 + M59GR,0 (1) + xgr (0) (5.3)
2drg) 2dGr,1

The derivatives of these equations result in the following forward kinematics:

Ops (1) Vips 0 0 Ops,0 (1)

Orp(t) | =| —lirs — dii? 0 OFE,o (1) (5.4)
. dc,d", dG,dG, )

XGr (1) 0 el 7 e Ocr,o (1)

Where ipg is the gear ratio of the gear Gps and d;,; are the diameters of the pulleys P; ;. The
determinant of the Jacobian matrix is not equal to zero, thus the system has no singularities for
any given state. The motion is only constrained by the mechanical range limits of the device.

5.2.3 Electronics, control and safety

The architecture of HandyBot is shown in Figure 5.3. A portable reconfigurable I/O device
with an embedded processor running LabVIEW Real-Time 2018 (National Instruments myRIO-
1900) performs the low-level control of HandyBot. The low-level control (frequency 1kHz)
reads the sensors, performs safety routines and data saving, and sends commands to the
actuators through a state machine including position and impedance (feedforward for PS and
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Per,2
Prg

Figure 5.2: Simplified model of the HandyBot: The geared motor Mpgs — Gps rotates the ball
bearing supported yellow L-shape structure, which allows to perform forearm pronosupina-
tion with an angle 8ps. Two motors Mrg and Mgy drive the wrist flexion-extension (light
blue plate, angle 8rg) and the grasping DOF (thumb and finger pads in light green and green,
displacement xgg) through a series of capstan drives with tungsten cables. To allow the trans-
mission of the power through the coaxial joints J;, coaxial pulleys Prg ; and Pgg ; (concentric
tubes of different lengths) are used for each DOE Linear guides allow the transformation of the
rotational displacement of the idler pulley Pgg» to a symmetric displacement xgg of both the
thumb and finger pads. The position of each DOF is measured through rotational encoders
E on the motor shafts, and redundant potentiometers (pink) for safety and calibration. The
force exerted on the finger pad Fgr is measured through a 1-DOF load cell embedded in the
pad support. Note: The figure shows the right-hand configuration. The thumb pad could be
connected to the 3" unplugged linear slider to allow left-hand use of the device.
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FE, with force feedback for GR [Metzger et al., 2012, Hogan and Buerger, 2005]) control modes.
MyRIO can be connected via USB2.0 to any portable laptop (e.g., ACER Aspire VN7-792G, Intel
Core i7-6700HQ, 32GB RAM), which performs the high-level control of the therapy exercises
in Unity 2018.2.18f1 at 60Hz, communicates via UDP with the low-level control, and provides
interactive graphical/physical interfaces with the user.

1. Actuation: The actuators were dimensioned to meet the force/torque requirements. All
motors are brushed DC motors (RE40, GB, 150W, Maxon Motor) controlled in current
mode by servo controllers (Escon 50/5, Maxon Motor). The motor MPS has a gearbox
GPS with gear ratio 21:1, while the gear ratios achieved through the pulleys in the
FE and GR DOF are approximately 2:1 and 3:1, respectively. These small gear ratios
(i.e., smaller than 30:1) lend the system a medium backdrivability, which guarantees a
tradeoff between system transparency and safety in case of power shut down [Perret
and Vercruysse, 2014].

2. Sensors: Robot positions are measured through optical encoders (HEDL 5540, 500
counts per turn for PS; MR Type L, 1024 counts per turn for FE and GR, Maxon Motor)
mounted on the motor shafts. For redundant measurement of the end-effector position
(in case of failure of the cable transmission) and initial calibration, one rotational
soft potentiometer is mounted between the L-shape structure and the wrist flexion-
extension plate (Rotary ThinPot, 351° travel, 3% linearity, Spectra Symbol) and one linear
soft potentiometer (ThinPot, 100mm travel, 1% linearity, Spectra Symbol) is placed on
the side of the linear guides on which the finger pad is mounted. The PS DOF does not
require any redundant potentiometer for calibration as the L-shape structure passively
stays in a 0° position (i.e., vertical position shown by 0pg in Figure 5.2) through gravity.
A 1-DOF load cell (Thin-Beam load cell, weight capacity 178N, Omega) is mounted
between the finger pad and the aluminum carriage supporting it. This enables precise
measurement of forces applied by/to the fingers during grasping movements, which can
be reasonably expected to match thumb forces during symmetric grasping [Lambercy
etal., 2014].

3. Interactive Physical User Interfaces: In order to operate HandyBot, the user can directly
login into the graphical user interface, in particular into his/her therapy plan, with an
optical fingerprint reader (Digital Persona 4500, HID) (Figure 5.1). An intuitive colored
pushbutton keyboard (Xin-Mo 1 player controller interface, Arcade World UK) allows
the user to autonomously navigate in his/her therapy page, select and perform therapy
exercises. Both interfaces are connected with the laptop via USB2.0.

4. Safety: To fulfill safety norms required for electronic medical devices, the following
safety features were implemented:

¢ To fulfill the European Standard safety requirement for medical electrical equip-
ment (Norm IEC 60601-1:2005:AMD1:2012), all active parts are disconnected from
the mains using a medically certified isolated power supply (VMS 550W, CUI). All
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Figure 5.3: System architecture of the HandyBot.

the components in contact with the user do not carry mains voltage and have
leakage currents below the limits imposed by the norm. All metallic parts are
connected to each other and to the earth conductor of the isolating transformer.

In case of emergency during interaction with the robot, the user can press either
of the two emergency buttons located on top of the robot. This activates a safety
relay (PNOZ s1, Pilz), which operates two power contactors connected in series
to redundantly cut the power supply to the servo controllers without cutting the
power to the sensors. This setup fulfills the highest safety level of the European
Norm EN ISO 13849-1 on safety of machinery.

To prevent any harm to the user, maximum positions, velocities and forces are
limited by the software, and the range of motion (ROM) of each DOF is constrained
by mechanical stops. Additionally, if a mismatch between the redundant positions
sensors is detected, the power to the electronic system is cut.

Furthermore, the design of the device complies with the Council Directive for medi-
cal devices (93/42/EEC:2007), respects labeling and symbols for medical devices (ISO
15223:2015) and has acceptable residual risks for the user during its operation according
to our risk analysis (DIN EN ISO 14971:2018).

5.2.4 Performance evaluation

The general performance of HandyBot was assessed through workspace (i.e., ROM), sensing

and dynamics performance measures, in order to provide a direct comparison with the HK
and RHK [Metzger et al., 2011], as well as with other state of the art rehabilitation robots. The
sensing measures directly affect the control performance and stability, and include:
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* Encoder position resolution: minimal displacement/rotation of the end-effector that
can be captured by the encoder.

» Velocity resolution: minimal detectable displacement (i.e., position resolution) divided
by the sampling interval of 0.001s.

* Maximum measurable force and force resolution: reflect the ranges provided by the
sensor manufacturer. The resolution is calculated based on the force amplifier and the
analogue to digital conversion of the signal.

The following dynamics measures reflect mechanical and actuation properties of the device:

* Maximum velocity and acceleration: estimated using offline lowpass filtered (20Hz)
position measurements from the encoders when giving a maximum current step (for ve-
locity estimation) or a maximum current impulse (10ms long, for acceleration estimate)
to the motors [Hayward and Astley, 1996].

* Uncompensated static friction: computed by increasing the motor current by small steps
until a movement (i.e., 2° and 0.2mm for rotational and translational DOF, respectively)
of the end-effector was detected.

* Maximum and continuous end-effector force: calculated based on the stall and con-
tinuous torques provided in the motor data sheet and transformed from joint to task
space.

Additional measures allow to evaluate the haptic performance of the device when using
impedance control during human-robot interactions.

* Transparency planes describe the lower apparent impedance of the device [Tagliamonte
et al., 2011]. The transparency plane visually indicates, through its flatness, whether
the haptic display is transparent or resists active movements of the user. To construct
the transparency plane on the grasping DOE the end-effector was moved by hand at
different velocities during transparency rendering, while interaction force Fgr and
position xggr were recorded with the corresponding force sensor and encoder. Raw
position data were then differentiated and filtered with a zero-phase lowpass filter with a
cut-off frequency of 15Hz to obtain velocity Xgg and acceleration Xgr values. Thereafter,
the interaction force exerted was plotted with respect to velocity and acceleration values,
and through multiple linear regression the following plane was fitted:

FGr = MgppXcr+ bapprR (5.5)

where mgpp and bgpp are the apparent inertia and damping felt by the user during
human-robot interaction. The linearity of the transparency plane model can be vali-
dated if the trajectory points lie close to the fitted plane (i.e., the residuals of the multiple
linear regression fit are small).
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* Fidelity of rigid contact analyzes the ability of the device to render a sharp transition
from transparency to high-impedance renderings (e.g., virtual wall), which can be
often used to display virtual objects. The transition is implemented through a virtual
spring-damper element that varies with the position xgg:

0 XGR < Xwall
Fy= { ‘ (5.6)
Ka(XGR = Xwail) + baXGr  XGR = Xwall

During this test, one of the highest combinations of stiffness k; and damping b, that
can be stably rendered was identified, while the resulting controlled stiffness at the end
effector k.;,; was calculated using force and encoder signals. The ability of the device to
render a rigid contact was quantified as controlled stiffness fidelity (i.e., ratio between
kctri and kg).

* KB plots, as described by Colgate and Brown [1994], display the curve of stable k; and
b, combinations that are at the edge with an unstable behavior of the system when a
human interacts with a virtual wall described by 5.6. For instance, the stability limit
can be identified when increasing the stiffness k,; for a fixed damping b, until a stable
impact with the virtual wall is not possible anymore. The area underneath the curve
can be seen as an estimate of the Z-width [Colgate and Brown, 1994] and represents the
stable parameter combinations.

The performance measures were computed for each DOF excluding maximum measurable
force, force resolution, rendering of rigid contact and transparency planes, which could only be
computed for GR, as it is the only DOF equipped with a force sensor for high haptic fidelity. To
enable a fair comparison between devices, device size, cost and weight were also considered.

5.2.5 Usability evaluation

To achieve the goal of minimally-supervised robot-assisted therapy, the robotic platform
(i.e., haptic device with user interface and therapy exercises) should meet a wide range of
human factors and mechatronics requirements. In addition, its usability should be assessed
early during development to ensure positive user experience and compliance to the therapy
program, as well as identify necessary design improvements [Meyer et al., 2019, Shah and
Robinson, 2007, Power et al., 2018]. The minimally-supervised user interface and therapy
exercises developed in Unity for the RHK were positively evaluated in our previous work
[Metzger et al., 2014b] and [Ranzani et al., 2021], and were therefore selected as a starting point
for HandyBot. To verify the usability of HandyBot with minimal external supervision, a pilot
usability study was performed with four subjects in the chronic stage after stroke (>6 months).
This typically corresponds to the target population for minimally-supervised exercises in home
settings for which HandyBot has been designed. Participants took part in a single test session,
which consisted of a supervised and a simulated minimally-supervised part conducted in
laboratory settings.
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In the supervised part, a supervising therapist assessed the subject’s baseline ability level
through the Fugl-Meyer of the Upper Extremity (FMA-UE) and a robotic assessment (ROM),
which was used to customize the difficulty level of the therapy exercises. After that, the
therapist instructed the subject on how to use two exercises (i.e., Tunnel and WristGrasp
exercise), and actively guided the subject in a preliminary guided execution. In the Tunnel
exercise, the subject had to coordinate GR and PS to navigate inside a virtual tunnel during
one-minute blocks, while avoiding obstacles and reacting to viscous perturbations (for more
details please refer to [Ranzani et al., 2021]). The WristGrasp exercise was a novel sensorimotor
exercise, developed to take advantage of the new features of HandyBot and train wrist FE in
simultaneous coordination with GR (Figure 5.1), which would be relevant for ADL [Pezent
et al., 2017]. In this exercise, the subject had to grasp a glass sphere and release it onto an
invisible pedestal, located at random wrist flexion-extension positions within the subject
ROM. The location of the pedestal could only be identified through haptic cues (i.e., changes
in wrist FE force field around the target position). One exercise block lasted three minutes.
Both exercises have different levels of difficulty, which are adapted after each block based on
performance.

In the minimally-supervised part of the study, each subject had to independently use the
therapy platform to perform the Tunnel exercise (i.e., ten blocks) and the WristGrasp exercise
(i.e., three blocks). During this time, the therapist sat at the back of the room, silently observed
the subject’s actions and intervened only in case of risk or explicit request from the subject.
In particular, the subject had to independently position his/her hand on the finger/thumb
pads, log into the graphical user interface, find and start the appropriate therapy exercises
from a graphical list of exercises, test both exercises and log out from the graphical user
interface. At the end of the experiment, the subject answered four System Usability Scale
(SUS) questionnaires, which are the main outcome measure of the study: two for the exercises,
one on the graphical user interface, and one on the device itself. The SUS assesses the overall
usability of the system under investigation. Two items of the SUS refer specifically to the
"learnability” of a system (i.e., "I think that I would need the support of a technical person to
be able to use this system", "I needed to learn a lot of things before I could get going with this
system") and were considered of high importance for a minimally-supervised usage scenario
[Lewis and Sauro, 2009]. Ideally, the total SUS score calculated from its ten items should be
greater than 50 out of 100, indicating an overall usability between "OK" and "best imaginable"
[Bangor et al., 2009], and the learnability subscore should be greater than ten out of 20. The
study was approved by the ETH Zurich Ethics Commission, Switzerland (2020-N-16). Given
the small sample size tested, the results of the experiment are reported as median with first
and third quartile (i.e., median (quartile 1 - quartile 3)). These results will allow to verify if the
usability of the platform (i.e., robot, exercises and user interface) remains comparable with
the results achieved with the RHK [Ranzani et al., 2021].
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Table 5.2: Performance measures of HandyBot and comparison with HapticKnob and ReHap-

ticKnob.
Performance HapticKnob ReHapticKnob HandyBot
Measure
DOF Grasping Pronosupination Grasping Pronosupination Grasping (Xgg) Pronosupination Flexion-

(Bps) Extension (8gg)

ROM 15-75mm +180° 15-100mm +159° 5-55mm +90° +90°
Position 0.115mm/count | 0.021°/count 0.0012mm/count 0.009°/count 0.0063mm/count 0.0086°/count 0.0427°/count
Resolution
Velocity 115mm/s 21°/s 1.23mm/s 9°/s 6.28mm/s 8.57%s 42.7°/s
Resolution
(@1kHz
Max Velocity 520mm/s 1728°/s 688mm/s 651°/s 330%s
Max Acceleration | - - 13.25m/s? 44640°/s* 11.73m/s? 2314°/s? 2075°/s?
Uncompensated 9N 0.02Nm 6N <0.4Nm <5.5N <0.75Nm <0.3Nm
Static Friction
Max End- 50N 1.5Nm 1181IN (88N) 12.18Nm 125N (23N) 21.42Nm 2.1Nm
Effector Force (0.98Nm) (3.97Nm) (0.39Nm)
(continuous)
Max Measurable | 30N (0.2N) 80N (0.02N) 4Nm (0.0005Nm) | 151N (73.73mN)
Force (resolution)
Control 100Hz 1kHz 1kHz
Frequency
Cost - >40000 euro <15000 euro
Device Size 800x1400x1200 mm 445x%605x200 mm
Weight - >100 kg <15kg
Abbreviations: ROM=Range of Motion, DOF=Degree of Freedom

5.3 Results

5.3.1 Performance evaluation

HandyBot resulted in compact table-top design with an actuation metal box (i.e., includ-
ing actuation, electronics and safety components, 445x305x135mm) and an end-effector
(150x300x200mm) (Figure 5.1). The performance of HandyBot in terms of workspace, dy-
namics and sensing was evaluated and is reported in Table 5.2, together with overall device
size, cost and weight. In addition, these metrics are compared with the previously developed
HapticKnob and ReHapticKnob to show the similarity in performance despite the scalability
and compactness of the new device. Some of the performance metrics can also be compared
with three other portable robot-assisted therapy devices, namely the ReachMAN [Yeong et al.,
2009], the CR2-Haptic [Khor et al., 2014] and the OpenWrist [Pezent et al., 2017], which train
(singularly and/or simultaneously) at least two of the DOF trained by HandyBot. In these
devices, the ROM is 25-90mm in GR [Yeong et al., 2009], between +85° and +180° in PS [Yeong
etal., 2009, Pezent et al., 2017, Khor et al., 2014], and between +70° and +135° in FE [Pezent
etal., 2017, Khor et al., 2014], generating maximum end-effector forces/torques up to 10.8N,
3.5Nm and 3.6Nm, respectively. Their static friction is below 2N in GR [Yeong et al., 2009], and
below 0.4Nm and 0.11Nm in PS [Yeong et al., 2009, Pezent et al., 2017, Khor et al., 2014] and FE
[Pezent et al., 2017, Khor et al., 2014], respectively. On the grasping DOEF, transparency planes
were identified for the uncontrolled device and when the device is controlled to render a trans-
parent impedance via impedance control with force feedback (Figure 5.4). The uncontrolled
device showed an apparent mass of 0.65kg and an apparent damping of 24.24Ns/m with aver-
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age residuals above 1N, while the impedance control with force feedback during transparency
rendering reduced the apparent mass by 69.14% (to 0.20kg), the apparent damping by 88.54%
(to 2.78Ns/m) and the residuals below 0.7N. The dynamic human-robot interaction move-
ments achieved during the transparency rendering test reached large velocity and acceleration
values close to or above the maximum velocity and acceleration of the actuated HandyBot
(Figure 5.4.c). This indicates that the control allows the user, with little additional effort, to
push the system above its limits, and that, despite reaching their saturation, the motors are
still supporting transparency. A combination of k; = 25kN/m and b; = 0.02kN * s/ m was
selected to test the control fidelity in rendering a rigid contact. The virtual wall transition
is shown in Figure 5.5 in comparison with the RHK [Metzger et al., 2012] and the commer-
cially available Phantom Premium 1.5 [Massie and Salisbury, 1994]. Similarly to these devices,
HandyBot can render transparency with resistances <1N but, as shown in Table 5.3, can reach
a controlled stiffness accuracy of 94% compared to the accuracies of 92% and 80% of the RHK
and Phantom Premium 1.5, respectively. Figure 5.6.a shows the KB plots for HandyBot and
RHK in the grasping DOF [Metzger et al., 2012]. The maximum stable rendered stiffness k,
and damping b, are 30kN/m and 0.1kNs/m for HandyBot, and 150kN/m and 1.55kNs/m for
RHK, respectively. The estimates of the Z-width (i.e., area underneath the KB curve) of the two
devices are 2.1 and 150.1kN?s/m?, respectively. The KB plots of the forearm pronosupination
and wrist flexion-extension DOF controlled via feedforward impedance control are shown
in Figure 5.6.b and Figure 5.6.c, respectively. The maximum stiffness and damping in the
pronosupination DOF are 17.5 Nm/deg and 0.075 Nm*s/deg for HandyBot, and 6 Nm/deg
and 0.045 Nm*s/deg for RHK, respectively, while they are 0.4 Nm/deg and 0.0025 Nm*s/deg in
the wrist flexion-extension DOF for HandyBot.

Table 5.3: Desired and achieved parameters for a virtual wall (shown in Figure 5.5) rendered in
the grasping DOF of HandyBot, ReHapticKnob [Metzger et al., 2012], and Phantom Premium
1.5 [Massie and Salisbury, 1994].

Device Desired virtual wall Controlled Controlled
stiffness stiffness fidelity

ky by Keqi | Kakeerl
[kN/m] [N*s/m] [kN/m] ka

HandyBot

(impedance control with force 25 20 26.47 0.94

feedback)

ReHapticKnob

(impedance control with force 50 50 54 0.92

feedback)

Phantom Premium 1.5 2 20 24 0.8

(impedance control)
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Figure 5.4: Transparency planes: user experienced transparency (apparent dynamics) during
physical human-robot interaction in the grasping degree of freedom when HandyBot is un-
controlled (a), and when it is controlled via impedance control with force feedback (b) and
perturbed with motion patterns shown in (c). Recorded force-motion trajectories (blue dots)
are plotted over velocity and acceleration to indicate the damping and inertia components of
the apparent impedance. A linear fit (yellow plane) and the identified model parameters of
the apparent damping b,p, and mass mgp) allow a qualitative and quantitative comparison
between the performance of the different control approaches. The plane size represents the
range of maximum actuated velocity and acceleration reachable by HandyBot. The averaged

(AVG) residuals indicate the fitting accuracy of the transparency planes.
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Figure 5.5: Rendering a virtual wall (unidirectional stiff spring-damper combination) with
HandyBot (blue). The interaction with a virtual wall rendered with the ReHapticKnob (black,
[Metzger et al., 2012]) and with the commercially available Phantom Premium 1.5 (orange,
[Massie and Salisbury, 1994]) is shown for comparison.

5.3.2 Usability evaluation

Four subjects (1 female, 3 male) in the chronic stage after an ischemic (3) or haemorrhagic
(1) stroke (71.00(61.00-107.50) months post event) were eligible and agreed to participate
in the study. The participant age was 64.50(62.50-67.00) and there were two right and two
left hemisphere lesions, while all subjects were right-handed. Most subjects showed mild to
moderate [Woytowicz et al., 2017] initial upper-limb impairment with a FMA-UE of 48.50(41.25-
55.50) out of 66 points. During the minimally-supervised part of the study, the subjects could
independently position their hand in the finger/thumb pads, and operate the device to start
and perform the appropriate therapy exercises. No serious adverse event related to the use of
the robot, nor any event that would put at risk the safety of the user was observed. However,
one subject (FMA-UE of 39 out of 66) required external help in both exercises as they could
not autonomously open the hand due to high hand muscle tone. Regarding the hardware,
minor usability limitations were identified for all users. The 3D printed palm support and
its strap fixation were too weak to maintain the hand and arm in place with respect to the
device, which has a perceivable residual inertia (after impedance control) in the PS DOE The
issue with the straps led to difficulties for the users in maintaining their anatomical axes (i.e.,
mainly the forearm pronosupination axis) aligned with the respective robot axes. Moreover,
the wrist FE actuator resulted to be too weak to maintain the hand in place during rapid
pronosupination rotations in the Tunnel exercise, in which gravity directly acted on the wrist
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Figure 5.6: KB plots: Stable desired spring-damper combinations renderable as rigid contact
(described by 5.6) via impedance control with force feedback by HandyBot (K=5) or ReHaptic-
Knob (K¢=10), in grasping (a), pronosupination (b) and flexion-extension (¢, HandyBot only).
The area underneath the curve (Z-width estimate) describes all the possible stable parameter
combinations.
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FE DOE Regarding the software, the subjects had difficulties in understanding the rules of the
WristCatch exercise mainly due to difficulties in perceiving haptic cues at the level of the wrist
or coordinating grasping forces to not break the sphere while moving. HandyBot was ranked
with a SUS score between OK and excellent (76.25(58.13-91.25) out of 100) and a learnability
subscore of 11.25(9.38-13.75) out of 20, while the graphical user interface was ranked with
a SUS score between good and excellent (85.00(73.75-91.25) out of 100) and a learnability
subscore of 13.75(7.50-18.13) out of 20. The Tunnel and WristGrasp exercises were ranked
with SUS scores between good and excellent (78.75(70.00-83.75) out of 100) and between OK
and good (67.50(61.25-74.38) out of 100), and learnability subscores of 13.75(8.75-17.50) and
12.50(9.38-16.25) out of 20, respectively.

5.4 Discussion

5.4.1 The potential of a portable platform for minimally supervised therapy

This chapter presents the design, as well as performance and preliminary usability evaluations
of HandyBot, a novel portable end-effector haptic device for minimally-supervised robot-
assisted therapy of hand function after stroke. HandyBot builds on the sensorimotor robot-
assisted therapy concept developed on two haptic devices, HapticKnob and ReHapticKnob,
whose efficacy was successfully validated in clinical environments when used by subjects after
stroke either with [Ranzani et al., 2020, Lambercy et al., 2011]. HandyBot strives to provide a
similar therapy platform (i.e., end-effector haptic device with user interface and sensorimotor
therapy exercises) than the one previously validated on the RHK [Ranzani et al., 2021], and
to extend it to use in different environments (e.g., start in the clinic and continue at home),
to further promote minimally-supervise use. This would allow to complement conventional
therapies, and increase therapy dose and subject autonomy.

5.4.2 HandyBot is compact and demonstrates good performance

HandyBot is significantly more compact and portable than HK and RHK, and still allows to
actively train grasping and forearm pronosupination, and an additional movement (i.e., wrist
flexion extension), following the same validated sensorimotor therapy concept [Metzger et al.,
2014b, Lambercy et al., 2011]. Excluding hand gloves and exoskeletons, only few powered
portable devices focus on the training of hand function [Pezent et al., 2017, Tong et al., 2015,
Khor et al., 2014, Hesse et al., 2008] and allow to actively assist/resist the patient movements
and/or to reproduce sensorimotor therapy tasks. Compared to these portable devices and its
non-portable predecessors, HandyBot maintains similar performance in terms of workspace,
dynamics and sensing, despite achieving a significant cost reduction with respect to the RHK
(i.e., price above 40000 euro). Respecting therapy and biomechanical requirements, the robot
workspace has been adapted to now allow for smaller minimum grasping apertures for fine
object manipulation, while it is similar for PS and FE. Maximum achievable movement/force
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dynamics and sensor resolution are in the same order of magnitude of the other devices
except for PS, which achieves slightly lower accelerations and has an increased static friction,
probably due to the high weight and inertia of the metal L-shape structure necessary to align
the robotic wrist FE axis with the user anatomical axis. Such high weight and inertia reduce the
device acceleration and exert a high unidirectional load on the rotational bearings of joint Jj,
generating friction. Maximum generated grasping forces are in line with other rehabilitation
devices [Lambercy et al., 2007, Yeong et al., 2009] except for the RHK, which achieves a range
of maximum forces that is not needed in the therapy exercises and in ADL [Lambercy et al.,
2007]. While PS can achieve torques higher than average [Pezent et al., 2017, Khor et al., 2014,
Yeong et al., 2009], the FE DOF achieves maximum torques that, after overcoming the robot
inertia, only allow to assist/resist/perturb the user’s movements, but cannot passively hold
the limb of the user in different positions particularly against gravity (i.e., when the user is in
extreme pronation or supination positions).

Through a single low-cost force sensor, HandyBot allows to maintain good haptic control per-
formance in terms of rigid contact rendering fidelity, and span between maximum achievable
impedances and transparencies, particularly at the level of hand grasping, which is charac-
terized by the finest sensorimotor control of the human body [Réijezon et al., 2017, Radman,
2013].

The transparency rendering performance is better than the RHK, achieving a quarter of the
apparent mass (i.e., 0.2 kg compared to 0.8 kg in RHK) and similar apparent damping (i.e., 2.78
Ns/m compared to 2.7 Ns/m in RHK). The accuracy in rendering high stiffnesses/impedances
is also better than the Phantom Premium 1.5 and RHK, but the range of maximum achievable
impedances (i.e., K, B, Z-width) is lower in GR when compared to the RHK. Still, the range
of impedances that can be rendered is sufficient for the available therapy exercises [Metzger
etal., 2014b].

The differences in impedance rendering between HandyBot and RHK could be explained by
the lower quality of the low-cost components of HandyBot (e.g., force sensor in GR), which may
negatively affect the control performance, and by the nature of their mechanical transmissions.
A geared transmission (e.g., gearboxes and/or timing belts, as in the case of RHK and PS in
HandyBot) allows to stably render a wide range of impedances, but significantly increases size,
weight and inertia of end-effector designs, proportionally to the number of DOE Additionally, it
can reduce transparency mainly due to backlash and/or high gear ratios. A cable transmission
(GR and FE in HandyBot) has instead the potential to reduce the size, weight and inertia of
the end-effector, improve transmission transparency, but it can reduce the range of stable
renderable KB combinations depending on the level of cable tensioning, which alters the
friction in idler pulleys, on the mismatch in cable tensioning within a transmission chain,
which generates cable vibration/resonance similarly to backlash, and on the elasticity of the
mechanical structures, all factors that contribute to the instability of the system [Posa et al.,
2015, Lu and Fan, 2013, Bottin et al., 2020]. Furthermore, in GR, HandyBot has approximately
a 3:1 gear ratio, which is four time less compared to the 12:1 gear ratio of the RHK with the
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same motor. This significantly reduces the maximum range of impedances that HandyBot can
render in GR. On the contrary, in PS, HandyBot has a higher gear ratio of 21:1 compared to
the 14:1 gear ratio of the RHK, which may contribute to the higher impedances rendered by
HandyBot despite differences in, for examples, actuators (i.e., the RE35 90W Maxon motor
used in RHK is slightly less powerful than the RE40 150W Maxon motor used in HandyBot)
and end-effector inertia (i.e., higher in HandyBot).

5.4.3 The platform is safe and maintains the positive usability of ReHapticKnob

We achieved promising positive usability results with our therapy platform, showing that
HandyBot is usable with minimal supervision and learnable during a first exposure. After a
supervised instruction phase, our test tried to emulate minimally-supervised therapy con-
ditions in which the therapist intervened only in case help was required by the subject, as
done in under minimally-supervised training in clinical settings [Hyakutake et al., 2019, Lem-
mens et al., 2014, Sivan et al., 2014]. Throughout the test, the therapist intervention was only
required for one subject that had an increase in hand muscle tone during the experiment.
Robotic assessments incorporated into the therapy exercises could allow to monitor hand
muscle tone throughout the therapy, to avoid negative consequences such as pain that could
affect recovery [Ranzani et al., 2019]. The device respects safety norms for medical devices,
as well as ergonomics and adaptability design requirements, and did not show safety-related
problems. Minimization of issues requiring external intervention and safety are fundamental
for the use of the therapy platform in the home environment, where supervision is not always
available or would require additional communication channels (e.g., telerehabilitation [Wolf
etal., 2015]). The usability results of HandyBot, GUI and Tunnel exercise are between good and
excellent (i.e., approximately between 70 and 90 out of 100), which is aligned with the usability
results achieved when using the RHK with minimal supervision [Ranzani et al., 2021], meaning
that the change of device did not affect the user experience during therapy. The WristGrasp
exercise obtained lower but positive usability scores (i.e., above "OK"), probably associated
with the difficulty of the exercise, which requires good sensorimotor functions to hold the
glass sphere without breaking it or to identify target wrist flexion-extension positions based on
haptic cues. The usability results are positively aligned with other technology-assisted therapy
platforms [Sivan et al., 2014, Pei et al., 2017, Chen et al., 2015, Smith et al., 2015], although only
one of these assessed the SUS with an average score of 71.8 out of 100 [Pei et al., 2017].

5.4.4 Necessary improvements

Our evaluation allowed to identify important design improvements that should be consid-
ered before testing the device in real-world minimally-supervised conditions (e.g., home).
Hand/arm supports and maximum torques generated at each DOF (e.g., FE) should be opti-
mized to allow precise control of the limb positioning (e.g., avoid compensatory movements)
and prevent misalighments between anatomical and robot joints, which could obtrude the
movements of the subject in positions that are at the limit of the robot workspace. Completely
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eliminating these issues is a challenge, particularly in an end-effector device when patients
try to control multiple DOF simultaneously. Therefore, exercises that train maximum two
DOF simultaneously should be considered with an end-effector approach. Furthermore, as
recommended in literature [Perfetti and Grimaldi, 1979], to avoid visual compensation in
solving sensorimotor therapy tasks, the hand of the subject should be covered during therapy.

5.4.5 Limitations

Our preliminary usability results should be interpreted with respect to the small sample size
tested, although this size can be considered sufficient to identify the major usability challenges
of the platform [Virzi, 1992]. However, the results should be further validated over a longer time
horizon and in real-world minimally-supervised conditions (e.g., in the home environment),
to verify the feasibility of this therapy approach, how the subject could learn to use the system,
and if their motivation to use the device would eventually drop.

5.5 Implications and outlook

Our positive performance results in terms of haptic rendering and usability, with the same
minimally-supervised therapy framework than the RHK, open the door to the use of HandyBot
in different settings (e.g., clinic or home) after an appropriate supervised learning period in the
clinic. This could help increase therapy dose for the patients and reduce limb non-use after
discharge, decrease therapy-associated costs (e.g., therapist time during minimally-supervised
use in the clinic) and progressively increase patient independence in daily-life settings. Future
investigations should verify the feasibility and usability of our portable therapy platform
within a clinical trial in home settings. To make the step into the home environment, clear
protocols will have to be defined to decide when the patient is ready to perform such training
at home and how family members and therapists should be instructed to assist the patient
(when needed). Once this is established, it will be important to perform cost-utility analyses
to quantify the benefits in cost and therapy outcomes of this novel robot-assisted therapy
approach.
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General discussion

The potential of robot-assisted therapy for neurorehabilitation of the upper-limb after stroke
is established in research and industry [Maciejasz et al., 2014]. Among several positive features,
one of the most exciting opportunities of robot-assisted therapy could be to increase therapy
dose (i.e., number of exercise repetitions per time unit and therapy time), which is often
considered insufficient in clinical practice and after discharge, especially with respect to
hand function [Lambercy et al., 2018, Qiuyang et al., 2019, Gillen, 2015]. Unfortunately,
currently available robotic devices for rehabilitation of hand function are not exploited at
their maximum potential. On the one hand, they require constant supervision of trained
personnel, which contributes to a cost increase and limits the maximum dose achievable
using this technology. On the other hand, they are only used to perform selective types of
training (e.g., pure motor therapy) that neglect important functions for the hand, such as
somatosensation and cognition [Veerbeek et al., 2017, Bertani et al., 2017, Aprile et al., 2020,
Fasoli and Adans-Dester, 2019].

This work aimed at evaluating whether robot-assisted therapy of hand function following
a sensorimotor therapy approach is feasible and produces equivalent therapy outcomes
compared to dose-matched conventional care. This served as necessary basis to investigate
and develop the elements necessary to create a portable robot-assisted therapy platform
(i.e., a haptic device to train hand and forearm function, a patient-centered user interface
and a battery of therapy exercises and assessments), which could offer the same therapy
approach with minimal supervision and potentially enable a therapy dose increase in different
environments (e.g., clinic, home). To achieve this goal, the following steps were undertaken.

First, a robotic platform and therapy concept were developed and the equivalence of robot-
assisted and dose-matched conventional therapy was established in supervised conditions
in a randomized controlled trial with 27 inpatients in the subacute stage after stroke. This
necessary result opened the way to use such platform to complement conventional care with
non-inferior therapy outcomes.

Second, to increase therapy dose, physical and graphical user interface and therapy exercises
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have been redesigned to be usable with minimal supervision, and their usability was verified
in a pilot study with ten chronic stroke patients.

Third, to increase safety and monitor unforeseen adverse events (e.g., abnormal increase
in hand muscle tone) without supervision, novel concepts for online monitoring based on
robotic metrics collected during therapy exercises were proposed and tested in five unimpaired
subjects and five subjects after chronic stroke.

Finally, to allow the use of the therapy platform in different environments (e.g., at home), a
novel compact, scalable and portable haptic device training grasping, forearm pronosupina-
tion and wrist flexion-extension was developed and preliminarily tested with minimal super-
vision on four subjects after chronic stroke using the developed user interface and therapy
exercises. The usability insights from the pilot study allowed to identify usability challenges
that led to the development of a second improved portable device.

6.1 Neurocognitive robot-assisted therapy of hand function is feasi-
ble and results in equivalent recovery

It has been shown that focusing therapy on task-oriented sensorimotor interactions and
cognitive tasks Jayasinghe [2019], Chen et al. [2018], French et al. [2016], Yoo and Park [2015a],
Aprile et al. [2020], Fasoli and Adans-Dester [2019], as well as increasing therapy dose [Ward
etal., 2019, Schneider et al., 2016, McCabe et al., 2015], are important strategies to promote
recovery. In our robot-assisted platform, we decided to establish a therapy concept following
the neurocognitive therapy approach proposed by Perfetti [Perfetti and Grimaldi, 1979]. We
selected this therapy approach since it is one of the few therapy approaches strongly focused
on somatosensation and cognition, based on their importance for hand function and on strong
neurophysiological assumptions. The method supports a therapy progression from sensory
tasks (e.g., identify hand/finger positions without watching) to multi-DOF sensorimotor
tasks (e.g., perform 3D manipulations), and requires constant cognitive involvement (e.g.,
memorize, correct, identify a gesture) to progressively reteach the patient how to analyze, plan
and execute a task and progressively regain autonomy.

With our RCT, we could show for the first time that neurocognitive robot-assisted care is
feasible and can complement conventional care achieving equivalent dose-matched therapy
outcomes. Unlike the majority of the clinical studies in literature [Lang et al., 2015], our study
respected an accurate definition, reporting and matching of dose (i.e., total scheduled therapy
time, frequency over sessions/days/weeks, number of repetitions per effective exercise time,
clear definition of a task repetition). Our approach goes beyond the movement practice
proposed by most robot-assisted hand therapy devices [Lambercy et al., 2018, Lum et al.,
2012]. Our structured sensorimotor therapy plan takes advantage of the capabilities of robotic
technology (e.g., assessment accuracy, haptic rendering, therapy adaptability, engagement),
while training dynamic interactions with the environment, which are essential hand functions
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[Kamper, 2016]. Showing equivalence in therapy outcomes required extensive resources (i.e.,
more than 860 hours of supervised robot-assisted or conventional neurocognitive therapy
performed by 27 inpatients) and represents an important contribution of this thesis, as it is a
necessary step to demonstrate the therapy effects (per dose unit) that can be safely achieved
with our technology, and support its further exploitation. In fact, the potential of robotic
technologies is wider and should be further explored to achieve, for instance, higher therapy
dose [Duret et al.,, 2019, Pila et al., 2017, McCabe et al., 2015], which were not allowed by our
study design.

6.2 Minimally-supervised therapy is possible with a robotic therapy
platform

A dose increase could be achieved when robot-assisted therapy is used with minimal super-
vision to complement conventional care, as recently shown in literature with self-directed
exergaming [Broderick et al., 2021]. Based on this assumption, we collected patient and thera-
pist inputs and started a user-centered redesign of our therapy platform (i.e., ReHapticKnob
with physical/graphical user interface and therapy exercises). We could successfully show
that the redesigned platform is usable with minimal supervision in controlled settings, while
maintaining the same therapy approach. This is important to establish a continuum of care
that could start in the clinic and continue after discharge in different environments (e.g.,
home), facilitating a dose increase in the long term. Additionally, through these pilot usability
tests, we could early identify further technical challenges and, before the end of the thesis,
already correct them within a new design iteration.

In the hardware, we made the finger pads wider and more ergonomic to reduce finger slippage
[Metzger, 2014, Ranzani et al., 2020], symmetrical to allow left and right hand use and scalable
in five male (or female) anthropometric sizes [Chengalur et al., 2004, Buryanov and Kotiuk,
2010]. We also inserted new covers (e.g., of the mechanical transmissions) to avoid snag
hazards. The virtual reality screen was fixed in a predefined position to guarantee correct
virtual reality scaling and prospective, and its function to cover the user hand was substituted
by an adjustable hand cover. An optical fingerprint reader was added to simplify user login,
such that patients with memory problems do not have to remember a password. Furthermore,
we increased the number of buttons in the pushbutton keyboard to allow a logical color-
function and color-object mapping in all the interfaces (e.g., green always for confirmation
buttons, red always for exit/emergency buttons), as recommended by Norman [2013] and the
IEC 60601-1:2005 [Commission et al., 2005]. The resulting therapy platform is shown in Figure
6.1.

In the software, the appearance of the graphics, consistency and clarity of instructions/feed-
backs, and matching between virtual and real-world tasks were improved in all the graphical
user interfaces and exercises. A new framework (i.e., template with a library of predefined
functions) was developed in Unity (C#) to allow easy and rapid creation/customization of
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Figure 6.1: (A) Latest design of the ReHapticKnob platform for minimally-supervised therapy
of hand grasping (GR) and forearm pronosupination (PS). The user can login into the platform
via an optical fingerprint reader, and interact with graphical interfaces and exercises via a new
pushbutton keyboard (B). The user arm is positioned on the elbow support, while thumb and
index and middle fingers are inserted into symmetrical finger pads with straps (C). To reduce
the risk of snag hazards, plastic covers isolate the mechanical transmission. The virtual reality
screen is placed in a fixed position, while the patient hand can be covered via an adjustable
hand cover.

additional exercises or functionalities. Furthermore, thanks to this framework, the platform
can be used on different devices (e.g., on RHK or on the new portable devices) and auto-
matically performs anonymized data storage and/or retrieval (e.g., of received therapy dose).
Additionally, in the therapist panel, we added the possibility to simplify the graphical content
of the therapy exercises (e.g., remove environment and leave only objects necessary for the
exercise) for subjects with attention or cognitive deficits. Based on the successful proof of
concept with our new minimally-supervised exercises, we redesigned the therapy exercises
tested in our RCT ([Metzger et al., 2014b]) to make them usable with minimal supervision and
improve their difficulty adaptation when needed Ranzani et al. [2020]. Summary descriptions
of the currently available exercises in our therapy platform are shown in Figure 6.2 (grade 1
exercises, which train attention and conscious perception), Figure 6.3 (grade 2 exercises, which
train attention, conscious perception and single-DOF movements), and Figure reffig:Figure2c
(grade 3 exercises, which train multi-DOF actions requiring complex sensorimotor control).
All the exercises follow a patient-tailored adaptation from the first exercise session based on
three baseline robotic assessments, which assess grasping and pronosupination ROM (aROM),
proprioception (i.e., assessing the just noticeable difference (aJND) in length discrimination)
and haptic perception (i.e., assessing smallest detectable stiffness difference expressed as
Weber fraction (aWF)). More details on the proposed assessment-driven therapy concept can
be found in Metzger et al. [2014b].
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6.3 Online monitoring of the patient condition is necessary for cus-
tomization, safety and research

Our therapy platform presents assessment-driven algorithms that allow to replace one im-
portant part of the therapist supervision, related to the execution and adaptation of single
therapy exercises. Moreover, the software safety features implemented in our device (e.g., to
detect sensor errors, or abnormal forces/movements) and our positive preliminary usability
tests, seem to demonstrate that the platform can be safely used. However, these features do
not replicate the same high-level control that a therapist could perform during therapy, partic-
ularly in the event of adverse situations. During minimally-supervised therapy, unforeseen
events or changes (e.g., in patient health conditions or device functioning) could significantly
compromise the therapy outcomes and patient safety. To overcome these limitations, it is of
utmost importance to introduce new autonomous monitoring algorithms.

We started the evaluation of autonomous monitoring strategies from a online muscle tone
monitoring method, which takes advantage of the robot ability to physically interact with the
patient in a controlled way. Through this method, we could successfully demonstrate that it
is feasible to automatically assess and keep track of patient conditions during therapy. This
proof of concept seems to suggest that other abilities of a robotic device, such as performing
online robotic assessments that require physical interaction, could become fundamental in
minimally-supervised therapies in two ways. First, they could detect the onset of adverse
events or variations in patient health conditions (e.g., abnormal muscle tone changes, fainting,
worsening in patient pathology). This could be used to trigger an automatic reaction of the
platform ranging from tailoring the therapy plan/exercises, to undertaking emergency actions
(e.g., emergency calls external intervention) in case of severe problems. Second, they could
be used to continuously monitor the patient progress over time. This could serve as basis to
significantly extend the amount of information on the impairment evolution, which could
be used in research to investigate neurophysiological recovery processes. During the PhD,
we worked on three monitoring strategies: online muscle tone monitoring, online haptic
perception assessment, and precision grip control assessment. The first two are applicable
online within the therapy exercises (e.g., on a trial-by-trial basis, or on a block-by-block basis),
while the last is a standalone assessment that can be applied less frequently (e.g., on a session-
per-session basis, or more rarely). The frequency at which the monitoring strategy is applied
depends on the biomarker measured (i.e., a measurement of muscle tone abnormalities
or safety-critical conditions should take place more frequently compared to a functional
measurement such as the grip control assessment) and on the practicability of the assessment
strategy chosen within the execution of a therapy exercise. Embedding a monitoring strategy
online inside a therapy exercise could allow to maintain higher levels of motivation compared
to standalone assessments and allows faster reactions to unexpected changes, which are
particularly critical in minimally-supervised settings.
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6.3. Online monitoring is necessary for safety and customization

6.3.1 Online muscle tone monitoring

Our muscle tone monitoring method represents a first example of online detection of vari-
ations in health conditions. An important motivation for implementing this method were
the inputs from our clinical partners from the Clinica Hildebrand Centro di Riabilitazione
Brissago during our randomized controlled trial. They supported the hypothesis that highly
intensive robot-assisted training could promote muscle hypertonia and compromise the
patient recovery. We therefore implemented a perturbation-based approach to investigate the
evolution of patient muscle tone during the execution of robot-assisted therapy tasks.

Most state of the art robotic devices test muscle tone reactions at different speeds in opening
direction (i.e., on flexor muscles), and do not allow to evaluate directional muscle tone-
dependencies [Gaverth et al., 2014, Hoppner et al., 2017, Kamper et al., 2001]. Instead, our
approach allows to study both the speed-dependency and the direction-dependency of the
force reactions, which are equally important characteristics of spasticity (i.e., higher force
reactions at higher speed, and in finger flexor muscles compared to extensor muscles). Our
method allowed us to preliminarily identify that finger flexors’ force reactions after ramp-
and-hold perturbations may become more speed dependent over exercise blocks even in a
non-spastic population after chronic stroke. In particular, the difference in force reaction
between fast (150 ms) and slow (250 ms) ramp-and-hold hand opening perturbations of 20
mm (AF, spq) can reach up to 4.48 +7.78N. In the population tested, this change derives
most likely from a physiological mild increase in muscle tone induced by the training, and
would be in line with a recent review reporting that robot-assisted therapy might lead to
increased muscle tone [Veerbeek et al., 2017]. However, this should be carefully distinguished
from an abnormal increase in muscle tone, frequently affecting the upper limb after stroke
[Sommerfeld et al., 2012].

According to different rehabilitation approaches [Bobath and Bobath, 1950, Perfetti and
Grimaldi, 1979, Paget-Blanc et al., 2019], a prompt detection of abnormal muscle tone increase
is desired to adapt the therapy such that the patient can re-learn muscle tone control and avoid
possible long-term negative consequences of spasticity (e.g., pain, reduced functional ability,
recovery and independence) [Formisano et al., 2005, Kong et al., 2012, Sommerfeld et al.,
2012]. The identified difference in force reaction between fast and slow perturbations could
be used to define a threshold (e.g., mean+0.5std = 8.4 N) that differentiates a physiological
muscle tone increase (i.e., small speed dependency of opening stretch reflexes, AF, ;q <
8.4N) from a pathological increase (i.e., increased speed dependency of opening stretch
reflexes, AF, spd > 8.4N). Based on this assumption, we extended our perturbation-based
tone monitoring method from the sphere exercise to other two exercises (e.g., bars, neon).
To make the assessment more reliable, we programmed the randomized execution of three
opening fast and three opening slow perturbations per block, and used the threshold to verify
if there is an abnormal increase in the speed-dependency of tonic stretch reflexes. If this
happens, the platform could react by reducing the physical effort required in the therapy
exercises (e.g., reduce velocities or forces, stop motor actions) or terminating them. To the

97



Chapter 6. General discussion

best of the authors’ knowledge, no other robot-assisted therapy platform allows to monitor
the evolution of hand muscle tone online during the execution of a therapy exercise and/or to
use such information for online tailoring of the therapy difficulty.

6.3.2 Online haptic perception assessment

We developed an online assessment that allows to integrate the use of monitoring for inves-
tigation purposes and for therapy adaptation after detecting changes in patient ability. The
assessment aims to embed the haptic perception assessment (aWF) proposed by Metzger
et al. [2014b] into the therapy exercises that require stiffness identification. As a proof of
concept, we implemented the aWF adaptive algorithm (i.e., based on Parameter Estimation
by Sequential Testing, (PEST) [Taylor and Creelman, 1967]) into one of our therapy exercises
(i.e., sponge exercise, see Figure 6.3). In this exercise, the smallest detectable difference in
stiffness (Weber Fraction, WF) is used to scale the stiffness of the therapy object (i.e., sponges).
To respect the identification paradigm required in the exercise, we could not maintain a
two-alternative forced choice (2AFC) paradigm, but we had to introduce a minimum of three
stiffnesses/sponges. The introduction of this assessment directly into the exercise has several
potential advantages. First, it could allow to reduce problems in difficulty settings that can
rise when the assessment results are not easily transferable into a therapy adaptation (e.g.,
due to different exercise paradigms). Second, it could reduce the time dedicated to the as-
sessments, which are less motivating. Third, it will allow to better tune the difficulty of the
exercise depending on the patient performance. However, this approach has some limitations.
Preliminary results with healthy subjects showed that the PEST convergence to a meaningful
WEF takes longer than the standalone robotic assessment. This is due to the necessity in the
therapy exercise to repeat the training phase every time the WF varies. The time increase could
prolong the convergence even across multiple sessions, opening concerns about the reliability
of the results. Finally, the results of the two assessments cannot be directly compared, as a
user is more sensitive while doing a comparative task (e.g., 2AFC) than a discriminative task
(e.g., identification) [Chaudhuri and Bhardwaj, 2018]. The exercise is currently under clinical
investigation with stroke patients. In the future, the validity and reliability of this assessments
(as well as of the others presented in this section) should be investigated.

6.3.3 Precision grip control

As example of assessment to investigate neurophysiological impairment or recovery mech-
anisms, we started studying on the ReHapticKnob the possible applications of a robotic
assessment of precision grip control after stroke. Precision grip control is among the essential
functions of the hand in daily life [Ingram and Wolpert, 2011, Kilbreath and Heard, 2005]. In
particular, the manipulation of objects with unknown mechanical properties is a complex task
relying on the integration of sensorimotor predictions and sensory feedbacks from the hand
[Johansson and Flanagan, 2009], and on the adaptation of the grip strategy [Lambercy et al.,
2014]. Rapid adaptations are based on fast error-based and strategy-based corrections, which
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adapt the gesture based on the cognitive elaboration of sensory feedbacks [Spampinato and
Celnik, 2020]. Long term adaptations are instead generalizable to the application and based
on reinforcement learning, which contributes to the feedforward control of the gesture. We
hypothesized that stroke could greatly impact these processes through different combinations
of sensory, motor and cognitive impairments and that therapy interventions could reduce the
gap between grip control adaptations in unimpaired and stroke subjects.

To verify our hypotheses, we replicated a symmetric grip task proposed by Lambercy on the
RHK [Lambercy et al., 2014], in which the user has to symmetrically close the thumb and finger
pads by 20 mm within 500 + 10015 to reach a visual target displayed on the screen. During
the task, the movement is perturbed by a viscoelastic force field defined by a parallel spring
damper arrangement with two possible mechanical impedances (i.e., K; =0.3N/mm, B; =
0.02Ns/mmny; K, = 0.2N/mm, B, = 0.1 Ns/mm). Given its fast timing, this task is dominated
by feedforward control and adaptation of long-term internal motor control models. During
the randomized controlled trial described in Chapter 2, 17 subacute stroke patients tested
this robotic assessment at baseline (T0), after 4 weeks of intervention (T1), and at 8 weeks
(T2) and 8 months (T3) after baseline. The patients were 8 male and 9 females, 11 ischemic, 5
hemorrhagic, 1 both, 71.4 + 11.7 years old, and with a FMA-UE and a BBT of 55.5 + 33.2 points
and 19.2 +21.1 blocks per minute, respectively. In each session, the subjects repeated the task
20 times per viscoelasticity. To evaluate differences in grip control adaptation, the results were
compared with an available pool of data from nine healthy subjects (5 male and 4 females,
37.5+10.1 years old) that performed only a single session of the assessment.

We introduced four monodimensional metrics. Within a single task trial, we evaluated:
* Closing time (CT): time to reach the target closing of 20 + 1mm. This metric directly

reflects the performance in the task but does not reflect pure feedforward sensorimotor
control (i.e., it is influenced by voluntary/cognitive control).

 Spectral Arc Length (SAL): smoothness of the velocity profile following the approach
of Balasubramanian et al. [2015]. In fast movements, this metric can be more directly
linked to sensorimotor control and impairment [Rohrer et al., 2002].

To investigate the adaptation patterns, we evaluated the evolution of CT and SAL within a
session of 20 trials, introducing:

* Adaptation Time (AT): number of trials needed for CT/SAL to decrease below their
average over all trials
* Performance Plateau (PP): average CT/SAL achieved in the trials after the adaptation

time

A graphical description of AT and PP is given for CT in Figure 6.5.
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Preliminary results on the evolution over one session of CT and SAL in the stroke and unim-
paired groups are summarized in Figure 6.6. Our results show that stroke patients have worse
CT and SAL from the beginning to the end of the session. This confirms their impairment
in grip control [Raghavan, 2015, Bleyenheuft and Gordon, 2014] and might also reflect less
adaptation in internal models. Furthermore, the variance in CT and SAL is higher, probably
due to the different levels of impairment within the patients. On the contrary, adaptation
times are not significantly different, which may indicate that the given stroke population has
limited cognitive impairment (e.g., in attention, motor planning) [Rinne et al., 2018, Cumming
etal., 2012], as confirmed by positive Frontal Assessment Battery and Mini Mental Scale results
(see Chapter 2), and intact cerebellar pathways [Krakauer et al., 2011, Bond and Taylor, 2015,
Taylor et al., 2014].

Regarding the influence of the different viscoelasticities, only the performance of the stroke
patients is significantly different depending on the viscoelasticity. Higher stiffness leads to
higher spread of the CT and SAL performance, while high damping stabilizes and simplifies the
execution of the task. On one hand, this supports the use of adaptable viscous force fields to
simplify task execution and/or alter force/motion profiles and muscle recruitment in therapy
exercises, as typically done in assist-as-needed or adaptive approaches [Oscari et al., 2016,
Abdelhameed et al., 2015, Emken et al., 2007]. On the other hand, it underlines the potential
use of highly elastic fields, within robot-assisted haptic assessments or therapy exercises, to
differentiate impairment types among the patients. For instance, it could discriminate gross
and fine motor impairment depending on the ability of the patients to generate symmetrical
thumb and finger forces, or could determine whether stroke affected the high-level (e.g.,
internal models) or low-level motor control (e.g., muscle control), which would result in a
worse performance in the highly elastic field.

Furthermore, we could prove that our performance metrics capture the effects of the therapeu-
tic intervention in the stroke group. Both SAL and CT performance plateaus show significant
improvements after four weeks of treatment (as most of the conventional scales, described in
Chapter 2) and maintain the recovery over time up to T2. The performance plateaus slightly
decrease only in T3, probably as a result of reduced familiarity with the RHK due to the long
time between sessions, or of reduced use of the hand in daily life after discharge [Raghavan,
2015].

The proposed assessment strategy has the potential to study and discriminate different impair-
ment modalities in stroke patients, evaluate their evolution over time, and adapt the therapy
task (e.g., characteristics of the force field) to challenge the patient at an appropriate level.
Given the strong link to the sensorimotor impairment of the patient, which is slowly adapting,
this monitoring approach could be embedded in minimally-supervised therapy exercises that
are rarely performed (e.g., maximum once a week). The therapy task could for instance require
fine grip control to catch falling fragile bodies (e.g., egg or chick fallen from the nest) without
injuring them.
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— Raw data
Filtered data
— = Average of filtered data (20 trials)

— = Adaptation time

— Performance plateau
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Figure 6.5: Adaptation time and performance plateau calculation for the closing time metric.
Raw closing time data (blue) are filtered (light blue) using a 3-trials moving average window.
Adaptation time (dotted grey) is defined as the number of trials for the filtered closing time to
go below the average of the unfiltered closing time (over all the trials, red dotted). The average
of the closing times achieved after adaptation represents the performance plateau (red).

6.3.4 Clinical artificial intelligence

The monitoring strategies mentioned so far, as well as any other autonomous algorithm
guaranteeing safety and appropriate patient-tailoring of the therapy plan, could be grouped
under the name "clinical artificial intelligence". We define clinical artificial intelligence any
combination of technical or clinical knowledge (e.g., medical, psychological) that can be
embedded, in the form of algorithms, in artificial devices [Lambercy et al., 2021]. These
algorithms can be used to analyze or process online the data generated by the device, and
generate clinical decisions, therapy adaptation strategies (e.g., online adaptation of therapy
exercises), reactions in case of emergencies, and monitoring of the subject progress through
assessment scores. Such smart supervising strategies are essential to implement robot-assisted
therapy protocols and platforms when external supervision is lacking [Kanzler et al., 2020].

Thanks to the successful collaboration with Giada Devittori, who started her PhD in the last
year and a half, additional monitoring algorithms were recently added to our minimally-
supervised therapy platform to increase its high-level intelligence, and solve remaining chal-
lenges that could compromise the feasibility of our therapy approach. The exercises and user
interfaces developed within this thesis allow to substitute an important part of the "therapist
intelligence" for what concerns the execution, control and adaptation of the therapy exercises.
However, they rely on the patient to be manually executed from a graphical list in the GUI.
Through fuzzy logic algorithms, the clinical artificial intelligence allows to generate a therapy
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Figure 6.6: Box plots of the closing time (a) and spectral arc length (b) for all the stroke
(light blue) and unimpaired (blue) subjects over 20 trials during the baseline session. In (a)
and (b), the top plot represents the stiffness-dominated viscoelasticity and the bottom one
the damping-dominated viscoelasticity. The connected circles in the boxes represent the
median values among the subjects. The vertical dashed lines represent the median adaptation
times among all the subjects. The horizontal gray area is the time target for a successful trial
completion (500 + 100ms).
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plan based on therapist inputs (e.g., exercises to train, exercise frequency), and to automat-
ically propose/stop the exercises following the plan. Furthermore, it corrects the exercise
difficulty in case it reaches an upper or lower saturation (e.g., via an intelligent factor described
in Figures 6.2 to 6.4), and produces longitudinal patient statistics (e.g., on exercise dose or
performance) that the therapist can access offline for remote monitoring. Finally, the clinical
artificial intelligence allows to react in safety conditions. For instance, in case the muscle tone
monitoring detects an abnormal tone increases in two or three consecutive exercise blocks,
the clinical artificial intelligence can stops the exercise and starts another exercise with less
motor training, or terminate the therapy session if this kind of exercise is not available.

Apart from assessment-driven adaptation algorithms of therapy intensity and difficulty, which
have been often investigated in literature [Giang et al., 2020, Grimm et al., 2016, Metzger et al.,
2014b], the use of clinical artificial intelligence in technology-assisted neurorehabilitation is
still largely unexplored. In a pilot study with 18 chronic stroke patients, artificial clinical intelli-
gence’s decisions regarding exercise selection were proposed during supervised robot-assisted
rehabilitation to the supervising therapists, showing a high level of agreement [Panarese et al.,
2012]. Increasing interest is attracted by the use of machine learning techniques or, similarly
to our approach, fuzzy logic algorithms to observe the patient behavior and recommend
appropriate therapy exercises, or to adapt existing therapy exercises according to the patient
needs. However, their use has been so far mostly theorized or simulated [Gmez-Portes et al.,
2021, Philipp et al., 2019]. Monitoring strategies have been proposed to detect compensatory
movements or pain [Wittmann et al., 2016, Cai et al., 2020, Bouteraa et al., 2021].

In the future, novel online monitoring (and reaction) strategies could be explored, and could
allow to assess continuously different aspects of sensorimotor control. For instance, patient
voluntary muscle force and ability to move could be investigated through the force sensors
during exercise calibration, motor control could be assessed by evaluating force profiles
(e.g., symmetry) and movement SAL during active exercises. The detection of muscle fatigue
could be useful for exercise difficulty adaptation [Thacham Poyil et al., 2020], but cannot be
easily performed in minimally-supervised settings, as it would require an electromyographical
sensor (e.g., bracelet or patch). A relation between end-effector forces and EMG signals could
be identified to get rid of the EMG [Dorgham et al., 2019], but this would be highly inaccurate
(e.g., depending on the grasping strategy) and subject specific. The influence of cognitive
deterioration on sensorimotor function should be assessed. This could be inspired by the
Hand Active Sensation Test [Williams et al., 2006] and the Tactile working memory scale
[Nicholas et al., 2019], which are among the very few cognitive scales that assess cognitive
abilities within ADL or rehabilitation sensorimotor tasks. Compared to pure visual observation
or pure motion tracking, all these monitoring strategies could be best achieved (without
supervision) via physical human-robot interaction. Additional assessments of, for instance,
pain, motivation or inattention could be automatically implemented via cameras, virtual
reality or a posteriori exercise data analysis [Rinderknecht et al., 2018].
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6.4 Towards a continuum of care with our portable devices with high
usability

To make the step into the home environment of neurological subjects, robotic devices should
be rethought to guarantee simplicity of use, adaptability to different users and ergonomics,
affordability and scalability, safety and portability. We proved the efficacy in terms of motor
impairment reduction of the neurocognitive robot-assisted therapy concept in supervised
clinical settings [Ranzani et al., 2020], and showed that the ReHapticKnob can offer this
therapy approach with minimal supervision in controlled settings through our new minimally-
supervised therapy platform. However, the ReHapticKnob cannot make the step out of the
clinic due to its size, cost and technology complexity. To make our minimally-supervised
therapy platform usable in different environments (e.g., clinic, home), we developed Handybot,
a novel portable haptic device training hand and wrist function. HandyBot respects the most
recent safety norms for medical devices and resulted to be usable by subjects after chronic
stroke with minimal supervision in controlled settings. Excluding exoskeletons, only few
portable powered devices exist for the hand [Tong et al., 2015, Khor et al., 2014, Hesse et al.,
2008] and none of them offers the possibility to train haptic/sensorimotor tasks. Our usability
evaluation suggested that two DOF would be sufficient to train hand and wrist with an end-
effector approach, while increasing the device compactness, and design and use simplicity. In
fact, simultaneously training grasping, forearm pronosupination and wrist flexion-extension
is a challenge for stroke patients, particularly when using an end-effector device. Furthermore,
the cost of the device is lower than other powered devices that are comparable in terms of
functionality [Huang et al., 2018, Metzger et al., 2011, Lambercy et al., 2007], but could still be
reduced to become more scalable for the home market.

Based on this evidence and usability insights, before the end of the PhD we started the devel-
opment of a new portable device, ReHandyBot (Figure 6.7), which combines the best design
elements of ReHapticKnob and HandyBot. The device includes the state of the art electrical
and safety components of HandyBot, which guarantee good functionality and medical safety
compliance with a low price and compact size. A new custom-made PCB (Figure 6.8) allows
to further reduce the device size by embedding together the motors servocontrollers (Escon
50/8, Maxon Motors), power converters, encoder line driver boards, and relays for brakes and
safety. The device mechanics matches the 2-DOF actuation of ReHapticKnob to guarantee
good control performance and, compared to the mechanics of HandyBot, a more compact
design, which is simpler to manufacture and assemble. More details on the mechanics design
and specifications can be found in Metzger et al. [2011]. The 6-DOF load cells used to measure
forces and torques in ReHapticKnob (mini40, ATT Industrial Automation) are replaced with two
single DOF load cells (LCL-040, Omega), which showed good performance in HandyBot. Given
the symmetrical nature of the robot kinematics, one sensor is used to estimate the grasping
force (i.e., 2 * Fy), while the other is used to estimate the rotational torque (i.e., 2 * F), * XGR), as
shown in Figure 6.9. By default, ReHandyBot could be used to train grasping and pronosupina-
tion but, rotating the device vertically, it could also train grasping and wrist flexion-extension
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Actuation box

Virtual Reality

Hand cover

Finger pads Carrying handles

Mechanics cover Emergency stop button

Figure 6.7: ReHandyBot, a portable table-top end-effector robot for the assessment and ther-
apy of grasping and forearm pronosupination tasks. Virtual tasks are haptically reproduced
through two pads that get in contact with the fingers of the user, and visually rendered in a
virtual reality environment presented on a computer screen. Two easily reachable emergency
stop buttons are embedded in the actuation box, which includes the actuators as well as elec-
tronics and safety components. A flexible hand cover (transparent for illustration purposes)
can be moved to cover the hand during the exercises, while plastic mechanics’ covers protect
the hand of the patient from snag hazards.

(through the same rotational DOF). The device was recently manufactured and assembled
(Figure 6.10) showing encouraging preliminary control performance results in the grasping
DOF compared to HandyBot and ReHapticKnob (Figure 6.11) with a size and weight of only
400x450x130 mm and approximately 10 kg, respectively. In particular, the range of renderable
impedances is larger than HandyBot but smaller than ReHapticKnob, since the device has the
same geared mechanics of ReHapticKnob, which increases the impedance range compared to
HandyBot (see Sec. 5.4.2), but few differences that could compromise stability. The low-cost
force sensor allows less accurate force measurements compared to the mini40, and myRIO
allows lower accuracies in sensor measurements and in the current control of the motors due
to the different voltage resolution and ranges (e.g., acquisition/generation ranges) used in Al
and AO channels compared to the PCIs of the ReHapticKnob. Moreover, myRIO can reach
smaller sampling frequencies and the host-target communication implemented via USB is
slightly slower than the Ethernet communication of the ReHapticKnob. Furthermore, the
encoders have smaller resolution (i.e., number of windows per rotation) and the motors are
controlled by different servocontrollers (i.e., Escon 50/8 instead of ADS 50/10 4-Q-DC, Maxon
Motors) that allow lower motor current peaks.

Added to our minimally-supervised therapy platform, both HandyBot and ReHandyBot will
allow to develop a continuum of care that starts in the clinic and continues at home after
discharge. In the clinic, the patient could learn how to use the platform together with the
therapist and progressively decrease the amount of supervision until almost full independence
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Safety relay
reset

myRIO
MSP
connecotrs

Maxon Encoder connector

Figure 6.8: New PCB of ReHandyBot, including electrical connectors, motor servocontrollers
(Escon 50/8, Maxon), brake relays, power converters, and other components not shown such
as safety relay and encoder line drive circuit.

Figure 6.9: New force sensors of ReHandyBot. Two 1-DOF load cells measure the grasping force
(Fy) and the forearm pronosupination torque as function of the grasping position (Fy, * Xgr).
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Figure 6.10: Preliminary tests of the first prototype of ReHandyBot using the sponge exercise
(i.e., stiffness-based identification of different sponges). The user cannot see his/her hand
thanks to a movable hand cover (black).
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Figure 6.11: KB plots of ReHandyBot compared with HandyBot and ReHapticKnob for the
grasping DOF: Stable desired spring-damper combinations renderable as rigid contact via
impedance control with force feedback.
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is ensured. Then, the patient could start training independently with the platform in parallel
to conventional therapy sessions. After discharge, the patient could continue the training at
home with minimal help of family members or friends. This therapy framework would allow
to increase the therapy dose, reduce the therapy costs (e.g., by reducing the therapist time),
avoid limb non-use and progressively promote patient autonomy and independence.

6.5 Contributions

Returning to our thesis goals, this thesis allowed to show that:

¢ an assessment-driven neurocognitive therapy program performed with a haptic device
allows to achieve non-inferior therapy outcomes compared to conventional neurocog-
nitive therapy;

* after appropriate usability-driven design modifications, a robot-assisted therapy plat-
form can be safely and intuitively used upon first exposure with minimal supervision;

* to guarantee patient safety and appropriate tailoring of the therapy, the platform can au-
tomatically detect changes in patient conditions and continuously monitor/investigate
their evolution over time;

¢ the therapy platform can be used with a portable therapy device, with the potential of
increasing therapy dose in different environments.

Three are the main contributions of this work. First, through a resource demanding clinical
trial, it was demonstrated that a robotic device can be used to offer sensorimotor therapy of
hand function after neurological injury, achieving non-inferior therapy outcomes compared
to conventional care. Sensorimotor and cognitive robot-assisted therapy has been rarely seen
in literature and allows favorable increases in FMA-UE and other secondary outcomes. This
established the necessary ground to support the second contribution of the thesis, which is
the development of a user-friendly robot-assisted platform for minimally-supervised therapy,
which can be used with multiple devices to start the therapy in the clinic and continue it seam-
lessly at home. The platform is usable with minimal supervision at first exposure and allows
basic monitoring of the patient ability, physical conditions and safety. The third contribution
of the thesis is the development of two portable therapy devices that are compatible with
the therapy platform. HandyBot is the only portable powered device training simultaneously
grasping, pronosupination and wrist flexion-extension. The therapy platform has been de-
signed through close exchange with patients and the medical staff of the Clinica Hildebrand
Centro Riabilitazione Brissago, while HandyBot was developed in close collaboration with an
industrial partner within the European Project SoftPro (Horizon 2020). Based on its advanced
development status, HandyBot was selected as one of the four final demonstrators of SoftPro.
ReHandyBot is essentially a portable version of the ReHapticKnob, with higher portability and
scalability, and is currently undergoing preliminary successful experiments to characterize
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its control performance. HandyBot and ReHandyBot are the only portable powered devices
allowing to haptically train hand function with minimal supervision.

This project will continue divided in two follow-up PhD projects within the Future Health
Technology (FHT) programme of the Singapore-ETH Centre. One PhD project will focus on
the portable devices and their use in the home environment, thus ReHandyBot will soon fly to
Singapore to continue its path towards the patients’ home. Moreover, we are currently in touch
with an industrial partner that could be interested in the technology of ReHandyBot. The
other PhD project, which already started, is currently focusing on the usability and feasibility
of minimally-supervised therapy concept in clinical settings. A clinical trial about the use
of the developed ReHapticKnob platform is currently undergoing at the Clinica Hildebrand
Centro Riabilitazione Brissago, where patients undertake a 4-weeks program including a week
of supervised therapy (i.e., the therapist fully guides the therapy with the platform), a week
of semi-supervised therapy (i.e., the therapist is present and intervenes in case the patient
needs help), and two weeks of minimally-supervised use (i.e., the patient is assigned with
time slots of recommended autonomous use of the platform). The trial showed promising
preliminary results with six subacute patients. These subjects could easily learn how to use
the platform and five of them could use it independently respecting recommended time
slots and maintaining therapy dose per session comparable with the supervised sessions.
Within the scope of this thesis, we could not test our minimally-supervised portable therapy
platform in different environments (e.g., at home) over time, nor the achievable therapy doses
using this approach. However, our results set the fundamental elements that allow to start
testing the feasibility of minimally-supervised robot-assisted therapy in real-world settings,
as a continuum that starts in the clinic and continues at home. Moreover, such longitudinal
investigations will allow to verify if our approach increases the therapy dose and/or the amount
of functional recovery at the level of the hand compared to currently available therapies.

6.5.1 Dissemination

The research carried out in the scope of this thesis led to the preparation or publication of one
book chapter, one conference paper, and four journal papers.

e Ranzani, R., Albrecht, M., Haarman C., Koh E., Devittori G., Held, J. P. O., Ténis F,
Lambercy O., and Gassert R (in preparation). Design, characterization and preliminary
usability testing of a portable robot for minimally-supervised therapy of hand function.

* Ranzani, R., Eicher, L., Viggiano E, Engelbrecht B., Held, J. P. O., Lambercy O., and Gassert
R. (2021). Towards a platform for robot-assisted minimally-supervised therapy of hand
function: design and pilot usability evaluation. Front Bioeng Biotechnol, 9.

e Ranzani*, R., Lambercy*, O., Metzger, JC. et al. (2020). Neurocognitive robot-assisted re-
habilitation of hand function: a randomized control trial on motor recovery in subacute
stroke. ] NeuroEngineering Rehabil 17, 115.
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e Ranzani, R., Viggiano, E, Engelbrecht, B., Held, J. P. O., Lambercy, O., and Gassert, R.

(2019). Method for muscle tone monitoring during robot-assisted therapy of hand func-
tion: a proof of concept. In 2019 IEEE 16th International Conference on Rehabilitation
Robotics (ICORR) (pp. 957-962).

¢ Rinderknecht, M. D., Ranzani, R., Popp, W. L., Lambercy, O., and Gassert, R. (2018).

Algorithm for improving psychophysical threshold estimates by detecting sustained
inattention in experiments using PEST. Attention, Perception, and Psychophysics, 80(6),
1629-1645.

e Lambercy, O., Ranzani, R., and Gassert, R. (2018). Robot-assisted rehabilitation of hand

function. In Rehabilitation Robotics (pp. 205-225). Academic Press.

Furthermore, to maximize exchange with clinical partners, patients and colleagues in the

field, the PhD candidate led the organization of the summer school Translational Robotics
for Clinical Rehabilitation (TRCR, 2016), was the head of the Powered Leg Prosthesis race at
Cybathlon (2016), and volunteered as expert coach at Enable Makeathon in Bengaluru, India
(2015).

6.6 Outlook

In the future, the following steps could be undertaken (in order of priority):
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¢ Identify minimum protocols and guidelines to establish when it is appropriate for the

patient to switch to minimally-supervised therapy in the clinic or, more importantly, at
home. Within this PhD, we proposed the use of quantitative checklists and question-
naires to objectively identify when the use of minimally-supervised therapy is feasible.
Assessing the patient ability to use the platform before this transition is necessary to
guarantee patients’ safety when supervision is lacking. Moreover, this approach allows
to evaluate when the patients can autonomously execute the exercises correctly, since a
misexecution of the therapy tasks could promote the learning of abnormal motor con-
trol patterns or of compensatory strategies [Perfetti and Grimaldi, 1979]. One checklist
is currently in use within the RHK clinical trial. During the semi-supervised week, the
therapist is supposed to observe the patient behavior and record on the checklist the
items in which the patient needed help. If at the end of the week the patient presents
major problems that would heavily affect the execution of minimally-supervised therapy
(e.g., cannot autonomously place the hand inside the finger pads) he/she continues
another week of semisupervised therapy and then repeats the therapist assessment. If
the patient presents just a few minor issues (e.g., cannot grasp objects in one exercise),
he/she can start training with minimal supervision and the exercises with issues are dis-
carded from the initial minimally-supervised therapy plan. Finally, it will be important
to define best practices to instruct therapist and/or family members on how to perform
minimally-supervised therapy and assist the patient when needed.
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* Verify the effective therapy dose and compliance of stroke patients when using the
therapy platform either in the clinic or at home, since a motivation drop could come
into place over time.

* Investigate whether adding the training of wrist flexion-extension (e.g., in HandyBot)
can lead to an increased functional recovery at the level of the hand. This could be
hypothesized based on the intrinsic anatomical and physiological coupling between
fingers and wrist, which are controlled by several identical muscles (e.g., extensor
digitorum communis, extensor pollicis longus, flexor digitorum superficialis, flexor
pollicis longus) and nerves (e.g., radial, median, ulnar). The positioning of wrist and
forearm has a direct effect on the control capability of hand-grip strength [Liao, 2014],
and the electromyographic activity associated with digit movement is linked to the
movements of the wrist [Beringer et al., 2020]. Furthermore, intact wrist function is
essential to guarantee hand mobility in space and wrist-hand synergies are important
for the execution of daily life tasks [Jarque-Bou et al., 2019].

* Develop a mobile virtual app that would allow to supervise or operate multiple ther-
apy platforms. The app could serve as "virtual therapist" that recommends the most
appropriate therapy for the day and follows the patient progress across different devices.
For instance, the virtual therapist would guide the patient in early rehabilitation phases
while using complex and expensive robotic devices in the clinic, or at home (e.g., rented
out by the clinic), and would gradually propose simpler and cheaper devices that the
patient could afford privately and that would be better integrated in ADL (e.g., sensors
[Wang et al., 2017], tablets [Albiol-Pérez et al., 2014], smart watches [Chae et al., 2020],
low-cost gloves or exoskeletons [Biitzer et al., 2020]).

* Establish telemonitoring solutions that will be useful for the therapist to supervise
multiple (remote) therapy platforms, collect patient data or intervene (e.g., through
teleoperation) when therapist’s support or physical assistance are needed. Moreover,
the extensive amount of data collected online through minimally-supervised therapy
platforms could help identifying evidence-based best practices (e.g., upper and lower
therapy dose thresholds, therapy type) to promote or predict recovery.

* Perform systematic cost-utility analyses to evaluate the cost effectiveness of robot-
assisted therapy [Lloréns et al., 2015, Hesse et al., 2014, Lo et al., 2019b]. These analyses
should consider available guidelines to select the most appropriate metrics [Whitehead
and Ali, 2010]. In particular, it would be important to consider metrics such as therapy
dose, percentage of unsupervised use, possibility to perform group therapies, number
of clinicians involved to operate the device [Aprile et al., 2019].
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