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Directeur de th�ese ROBY-BRAMI Agn�es ISIR-CNRS, Université Pierre & Marie Curie
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Résuḿe

L'accident vasculaire ćeŕebral est la premi�ere cause mondial de handicap neurologique acquis chez l'adulte.
Alors que de nombreux exosquelettes destinés �a la ŕeéducation neuromotrice ontét́e d́evelopṕes ces derni�eres
anńees, ces dispositifs n'ont pas encore permis de vrai progr�es dans la prise en charge de ces patients céŕebroĺeśes
par rapport aux th́erapies conventionnelles avec un kinésithrapeute, ou m̂eme�a la th́erapie robotiśee exploitant
de simples robots manipulandums planaires qui n'interagissent qu'avec la main.

Parmi les perspectives d'amélioration de la th́erapie robotiśee, l'une des pistes de recherche les plus promet-
teuses est celle de l'adaptation. En e� et, durant une ŕeéducation neuromotrice, les kinésith́erapeutes adaptent
naturellement et constamment leur actions aux capacités du patient en faisant varier le niveau des forces ap-
pliquées sur le membre de ce dernier et en adaptant la di� culté des exercices. Une des clés pour aḿeliorer
les faibles ŕesultats th́erapeutiques obtenus serait donc de reproduire un tel comportement et de constamment
adapter la th́erapie robotiśee en fonction de l'́evolution du patient et de sa récuṕeration, en adaptant l'assistance
fournie par le robot pour maximiser l'engagement du patient. L'objectif de cette th�ese est donc de mieux com-
prendre les processus d'adaptations réciproques dans un contexte d'interaction physique Homme-Exosquelette;
a�n de développer des stratégies de contr̂ole innovante pour la rééducation robotiśee. Concr�etement, nous
souhaitons d́evelopper des solutions plus e� caces d'adaptation de l'assistance fournie par le robot, modulées
par les variations de performance du patient, mais aussi et surtout,étudier et comprendre comment le com-
portement moteur de sujets peutêtre contraint�a l'aide d'un dispositif exosquelettique appliquant des champs
de force, et comment il serait possible de favoriser la rétention d'un comportement moteur modi�é ou appris et
son transfert�a d'autres contextes que celui de la séance de ŕeéducation avec le robot.

Dans cette optique, nous avons donc, dans un premier temps, dévelopṕe un nouveau type de contrôleur
adaptatif qui assiste le sujet “au besoin”, en modulant l'assistance fournie; etévalúe di� érent signaux pour
piloter cette adaptation a�n de suivre au mieux la récuṕeration du patient. La simplicité de mise en œuvre de
la solution d́evelopṕee permet de l'impĺementer sur la plupart des architectures de contrôle pour exosquelette
existantes. A�n de suivre le plus �nement possible di� érents aspects de la récuṕeration motrice des patients
(trajectoires de la main ou des articulations intermédiaires par exemple), nous avons aussiétudíe la possibilit́e
d'utiliser di� érentes variables pour piloter cette adaptation.

Dans un deuxi�eme temps, comme lors d'une interaction physique homme-robot le sujet adapte aussi son
comportement, nous avons cherché �a étudier l'adaptation de sujets�a l'application de champs de forces dis-
tribués par un exosquelette sur leur bras durant la réalisation de mouvements dans l'espace. En e� et, bien que
l'adaptation motrice humaine aitét́e étudíee de mani�ere intensive ces derni�eres anńees en perturbant l'organe
terminal de sujet (c.a.d. la main)�a l'aide de champs de forces appliqués par des robots planaires, tr�es peu
d'études ont́et́es conduites sur l'adaptation�a la perturbation sur des mouvements dans l'espace 3D et sur
l'impact de perturbations appliquées au niveau articulaire, que seul un exosquelette peut géńerer. Pourtant
l' étude de ce probl�eme est fondamentale pour l'application de rééducation neuromotrice en raison de l'atteinte
importante des synergies (coordinations inter-articulaires) du membre supérieur des patients céŕebroĺeśes. Nous
avons donc appliqúe des champs de forces résistifs (visqueux) distribúes (�a l'aide d'un exosquelette) sur le
bras de sujets sains a�n de modi�er volontairement leur coordinations inter-articulaires et d'étudier l'e� et de
l'exposition �a cette contrainte. D'importantes di� érences inter-individuelles ontét́e observ́ees, avec une adap-
tation �a la contrainte impośee pour seulement 21% des sujets, mais avec des e� ets �a-posteriori persistants
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mesuŕes chez 85% d'entre eux; ainsi qu'une géńeralisation dans l'espace de ces e� ets et un transfert�a des
contextes di� érents (hors du robot).

Ce premier travail de compréhension de l'interaction homme-exosquelette au un niveau articulaire lors de la
réalisation de gestes conjoints pourrait permettre�a terme de d́evelopper de nouvelles approches de rééducation
neuromotrice robotiśee qui pourrait permettre d'obtenir, en�n avec des exosquelettes, de vraies améliorations
dans la ŕecuṕeration.

Mots clés: Robotique de ŕeéducation, Exosquelettes de membre supérieur, Contr̂ole adaptatif, Apprentissage
de coordinations motrices.



Abstract

Stroke is one of the main causes of acquired neurological impairments in adults worldwide. While numerous
robotic exoskeletons have been developed for neurorehabilitation in recent years, the few clinical results ob-
tained so far do not exhibit better performance than training with human physiotherapists or with planar robots
controlling the hand movement.

One important feature which could unleash the potentiality of rehabilitation robotics is adaptation. Dur-
ing physical rehabilitation, human physiotherapists naturally adapt to the patient capabilities by varying the
interaction forces with the patients limb and the rehabilitation exercises. A key to improve the e� cacy of
the therapy is to adapt the assistance provided by the robot in order to maximize the subject engagement and
physical e� ort, by having the robotic therapy evolving with the patient recovery. This is why we aim at better
understanding the process of reciprocal adaptation in a context of physical human-robot interaction, in order to
develop innovative control strategies for rehabilitation robotics. This may help developing e� cient solutions
to guide the adaptation of the robot with respect to the human performance, and to study the way the motor
behaviour is constrained and adapted when the robot control action is performed and the transfer of adapted
behaviours beyond the robot training.

In this context, we �rst developed and tested a new adaptive controller, which assists the subject “as-
needed”, by regulating its interaction to maximize the human involvement. The simplicity of this solution
permits to implement this strategy with most of the existing controllers for exoskeleton. We further compared
di� erent signals driving this adaptation, to better following the functional recovery level of the patients.

While the control action is performed by the exoskeleton, the subject is also adapting his movements.
Although human adaptation has been extensively studied when perturbing the end-e� ector through a planar
robot, there is still a need to understand this adaptation when dealing with 3D movements, joint coordination,
and exoskeletons. Indeed the analysis of the upper-limb synergies is critical with stroke patients, due to the
presence of pathological patterns of movements. Therefore, we exposed human free motions to distributed
resistive viscous force �elds, generated by the exoskeleton at the joint level, to produce speci�c inter-joint
coordination and to analyse the e� ects of this exposition. With healthy participants, we observed important
inter-individual di� erence, with adaptation to the �elds in 21% of the participants, but post-e� ects and persisting
retention of these in time in 85% of the subjects, together with spatial generalization, and, preliminarily, transfer
of the e� ects outside of the exoskeleton context.

This initial work towards understanding the human-robot interaction in multijoint arm movements could
provide insights on innovative ways to develop novel rehabilitation controllers for improving stroke motor
recovery with robotic exoskeletons.

Keywords: Rehabilitation Robotics, Upper-limb Robotic Exoskeletons, Adaptive Control, Motor Coordina-
tion Learning.
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PCA Principal Component Analysis
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PRE Preliminary phase
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1.1 Human upper-limb motor control

The humanupper-limbor upper extremityis the part of the human body extending from the deltoid region to
the hand. It includes the shoulder (girdle and joint), the arm, the forearm, the wrist, and the hand. A detailed
description of these components is presented in Appendix A. This complex musculoskeletal system provides
10 Degrees Of Freedom (DOF) to the human body, without considering the hand and �ngers mobility: these are
usually divided into the 3-DOF of the scapula and the 7-DOF of the arm (respectively, 3-DOF at the shoulder
joint, 1-DOF at the elbow, and 3-DOF at the wrist).

1.1.1 Redundancy and synergies

The presence of a large number of DOF allows the human upper-limb to potentially perform any movement
in an in�nite variety of joint con�gurations: therefore, the human arm is redundant to the so-called Activities
of Daily Living (ADL), meaning that the number of DOF required to achieve any common task (such as, for
example, pointing in the space, drinking and eating a meal, dressing, opening or moving boxes, etc.) is less than
the number of DOF available. For example, when considering grasping any object in the space, only 6-DOF

10
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Figure 1.1: An example of upper-limb redundancy,i.e. a self-motion, while grasping an object.The elbow can turn around a
virtual axis (in dashed red in the picture) connecting the shoulder to the hand, without a� ecting the object position and orientation.

are required to describe the position and the orientation of the hand. Thus, we still have at least one additional
degree of freedom to those necessary to grasp (not considering the scapula). In this case, the redundancy can
be illustrated by considering the possible movement of the arm when grasping the object in a �xed position,
around a virtual axis connecting the shoulder to the hand, as shown in �gure 1.1. The upper-limb redundancy
is even larger when considering the arm muscles. In fact, for each DOF of the arm, there exist a muscle pair,
agonist/antagonist. The exact number of muscles in the human arm is di� cult to determine, however there exist
about 23 teamed muscle groups controlling the whole upper-limb, excluding the hand.

This redundancy provides human beings a dexterous and highly manoeuvrable tool. However, the control
of such a redundant system implies a complex set of control laws for the Central Nervous System (CNS).
A classical hypothesis is that “synergies” [14], fundamental building blocks of motor control, are used by
the CNS to decrease the redundancy of the system. According to this concept, synergies (i) combine several
elements, which share the same spatio-temporal properties and work together, and (ii) may be combined in a
task speci�c way so that a limited number of synergies can give rise to a continuum of responses. However,
there is still no agreement on the space (muscle or joints) in which synergies are encoded. Some authors
study synergies at muscle level [15]. Mathematical techniques such as linear decomposition have been used to
identify muscle synergies in healthy subjects in a variety of tasks such as posture [172] or reaching [33, 32].
Other authors have considered synergies at joint kinematics level, endowed with properties of �exibility and
automatic compensation between elements in order to stabilize the important task related variable [99] (as, for
example, the gun orientation in a pistol shooting task [159]). Despite the large redundancy of the upper-limbs,
the �nal posture, reaching a given position in the space, is usually reproducible for each individual subject [37].
However the factors that determine these �nal postures remain disputed, in particular the relative importance of
static versus dynamic constraints ([47], [49], [126], see [66] for a review).

1.1.2 End-e� ector kinematics

Healthy upper-limb movements are further characterised by invariants of the end-e� ector kinematics. The
trajectory of the end-point in 3D space, in most of the case the hand or the grasped object, follows either
straight path or curves, de�ned by smooth velocity pro�les [4]. When a subject is told simply to move his hand
from one visual target to another, the path of the hand is generally straight, and the hand speed pro�le is bell-
shaped. When the subject is required to produce curved hand trajectories, the path usually approximates a curve
with low curvature elements. Hand speed pro�les associated with curved trajectories contains speed in�ections
which are temporally associated with the local maxima in the trajectory curvature. Interestingly, when people
are asked to move their arm in space, every person uses a very speci�c con�guration of their upper-limb, which
is di� erent among subjects, but which is highly reproducible among movements [37, 36].
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1.1.3 Learning and adaptation

The CNS, consisting of the brain and the spinal cord, is the structure pursuing the motor control in vertebrates.
The above-mentioned properties – smoothness, speed pro�les, reproducible synergies – are typical of healthy
people. However, they are not immutable properties, but rather the results of learning, adaptation, and expe-
rience. Everyday life shows that the CNS can learn new motor strategies through practice, at least in healthy
people [164]. There are still numerous controversies and unknown mechanisms behind the CNS and the way
it reacts and adapts to external disturbances. However it is a common idea that the presence of an internal rep-
resentation of the motor control system and of the environment is used to predict casual relationships between
motor commands and motions [189, 190, 161, 162]. This internal model hypothesis is a key factor in the motor
control system because it allows for cancelling sensory events coming from self-produced motions in order
to distinguish the information from disturbances and external environments. Furthermore, it can play a central
role in maintaining stability in the presence of sensory feedback delay (for example, visual feedback processing
takes about 150ms [118]).

The process of optimizing motor performance is thus achieved through learning and adaptation. The learn-
ing phenomenon for the CNS can be described, by borrowing expressions from control theory, as a closed-loop
system with feedback and feedforward terms [51]. Mainly the feedforward control is learnt in order to account
for the movement, while the feedback control corrects potential disturbances and prediction errors [21]. Trial-
by-trial, the feedback (from sensory and motor commands) drives the adaptation of the feedforward internal
model.

However, motor learning is still a vaguely de�ned term that embraces motor adaptation, skill acquisition,
and decision-making [92]. Motor adaptation occurs when the CNS must react to external stimulus to regain
former levels of performances, thus modifying existing motor patterns. On the contrary, skill learning involves
acquiring new patterns of muscle activation for producing new performances.

Healthy humans are able to adapt trial-by-trial, driven by the prediction error (the brain's predicted move-
ment outcome versus the observed output), and this phenomenon works even implicitly, when the subject is not
aware of the learning process [164]. In addition, it has been observed that adaptation occurs faster when the
stimulus are represented on a second time, meaning that memory is implied as well [92]. On the other hand,
skill learning is a slower process, since it requires, for any generic task, an improvement of the speed-accuracy
trade-o� , which is generally a constant ratio in human beings (if speed increases, accuracy goes down [48]).

Motor impairments of the upper-limb, particularly those due to lesions of the central nervous system,
strongly modify the properties of the motor control, producing, among others impairments, decrease of smooth-
ness, disruption of natural synergies, delays in motor adaptation and learning. Clearly, all these impairments
reduce the independence of the patients: they generally lack of functional abilities, requiring external assistance
in the everyday life. Among others diseases, in this thesis we focused on the consequences of stroke, a brain
damage which generally causes neurological issues and provokes hemiparesis and upper-limb motor control
de�cit.

1.2 Stroke and Rehabilitation

1.2.1 Stroke: a neurological disease

Stroke, also known ascerebrovascular accident(CVA), is a neurological disease occurring when the brain is not
fed with su� cient blood �ow for a period of time long enough to cause brain cell death and, as a consequence,
persisting neurological de�cit. This disease is the second leading cause of death in the world (a person dies from
stroke every 4 minutes, as estimated by the World Health Organization [2] and the National Stroke Association
[1]) and moreover the leading cause for acquired disability in adults [5].

Hippocrates (460-370 B.C.) was the �rst describing the phenomenon of theapoplexy, from the Greek word
meaning “struck down with violence”, referring to the paralysis following a stroke. The ancients believed that
someone su� ering a stroke (or any sudden incapacity) had been struck down by the Gods. The wordstroke
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(a) Stroke causes (b) Stroke contralateral e� ect

Figure 1.2: Stroke causes and e� ects.Images bywebdm.com/stroke.

became a synonym for apoplectic seizure at the end of 16th century, and in the 1970s the WHO de�ned stroke
as a “neurological de�cit of cerebrovascular cause that persists beyond 24 hours or is interrupted by death
within 24 hours”. This de�nition was supposed to re�ect the reversibility of tissue damage and was devised for
the purpose, with the time frame of 24 hours not being chosen arbitrarily. In fact, the 24-hour limit categorizes
stroke fromtransient ischemic attack, which is a related syndrome of stroke symptoms that resolves completely
within 24 hours.

There exist two forms of stroke:ischemicandhemorrhagic. Ischemic stroke (87% of cases) is caused by
blockage of the �ow in blood vessel by an obstruction (thrombosis— blood clot forming locally — orembolism
— a clot from elsewhere in the body). Hemorrhagic stroke is caused by bleeding and thus the accumulation of
blood anywhere within the cranial vault, usually due to blood vessel rupture.

Stroke survivors are usually left with neurological de�cits, resulting in paralysis on the half of the body
on the opposite side of the lesion (hemiplegia), memory loss, visuospatial problems as altered perception of
both themselves and the surrounding environment, balance problems, numbness and cognitive issues, and other
consequences depending on the a� ected side of the brain. According to the National Stroke Association, among
the stroke survivors:

� 10% of the stroke survivors recover almost completely,

� 25% recover with minor impairments,

� 40% experience moderate to severe impairments that require special care,

� 10% require care in a nursing home or other long-term facility,

� 15% die shortly after the stroke.

However, generally, half of the stroke survivors show severe disability and marked limitation in activities
of daily living, necessitating special care, 20% need assistance with ambulation, and about three quarter of the
patients decrease their employability because of their disability.

1.2.2 Stroke e� ects: hemiparesis and hemiplegia

A common issue for post-stroke patients is motor disability, that is moderate to severe impairments on both
lower and upper-limb movements (hemiparesis), together with a loss of hand dexterity. Hemiparetic patients
can exhibit paralysis at di� erent levels and the most severe form, meaning complete paralysis of half of the body,
is namedhemiplegia. Di� erent medical issues (traumas, tumors, etc.) can cause this disability but stroke is the
most common one. Both hemiparesis and hemiplegia are not related to issues with the musculoskeletal sys-
tem, but they are problems concerning the motor command. However, when lacking the voluntary/involuntary
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Figure 1.3: Example of a pathological reaching movement in a patient with a right brain lesion.The shoulder �exion and elbow
extension are limited but there is an involuntary simultaneous shoulder elevation and abduction, indicating a pathological synergy
(photo 4-5). The patient needs to compensate with a trunk movement. The dexterity is also a� ected (in this case, the patient fails at
grasping the object with the impaired hand and utilizes the healthy side to achieve the task, photo 6).

control of the movements, di� erent body muscoloskeletal issues can appear (as, for example, humeral joint
in�ammation, muscle wasting, etc.).

Movement of the body is primarily controlled by thepyramidal tract, a pathway of neurons that begins in
the motor areas of the brain, and travels through the brainstem and the spinal cord. This aggregation of nerve
�bres of upper motor neuron allows the voluntary motion command from the brain to be directly fed into the
motor neurons that control each muscle. Hemiparesis and hemiplegia are thus conditions following lesions
at the pyramidal tracts, resulting incontralateralhemiparesis (a� ecting the body on the opposite side of the
injury), as shown in �gure 1.2(b). Hemiparesis and hemiplegia consequences, other than decreased movement
control, endurance, and strength, may include spasticity (excessive muscle contraction) and could be associated
with impairments of the somatosensory system on the contralateral side. Together, these impairments and the
abnormal contractions result in a disruption of goal-directed upper-limb movements and hand dexterity. The
consequent disability is also worsen by both altered moving coordination and walking gait.

Upper-limb motor control in post-stroke patients

When referring to the speci�city of the impairments to the upper-limb motor control in post-stroke patients,
the word “synergy” is rede�ned. Indeed, this term is also used to refer to the pathological coupling of move-
ments observed in patients [38]. The global and stereotyped patterns of movements that occur when stroke
patients make any e� ort to move are described aspathological synergies, see �gure 1.3. Couplings of shoulder
elevation movements with elbow �exion (�exor synergy) or shoulder adduction/internal rotation with elbow
extension (extensor synergy) have been reported [20]. These abnormal synergies have been documented using
quantitative experimental methods. Tasks involving the isometric generation of force have demonstrated that
abnormal muscle coupling induces involuntary elbow �exion during voluntary shoulder abduction [39, 38].
During forward reaching movements, shoulder �exion and elbow extension tend to be reduced and shoulder
abduction increased [154]. This elevates the elbow and alters the plane of arm movement [117]. The analysis
of arm coordination is complicated by the fact that stroke patients develop compensatory trunk �exion in order
to reach targets in front of them, due to the impairment of the upper-limb extension [26, 153]. A study based
on Principal Component Analysis (PCAs) showed that, when the trunk is �xed, patients with higher levels of
impairment use fewer synergic joint combinations to carry out reaching tasks, suggesting that there is a reduc-
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tion in the �exibility of synergies [147]. Automatic error compensation between joint rotations is also impaired
in stroke patients but appears to be task dependent since it is relatively preserved when the trunk is �xed [147]
but not when trunk movement assists the reach [148]. When the trunk is free, stroke patients use more synergic
joint combinations than healthy subjects [175].

As a consequence of the disordered motor control, other phenomena at the upper-limb motor control have
been observed in stroke survivors:

� During reaching movements in the horizontal plane at the shoulder level, target dependent perturbations
of reaching kinematics and kinetics occur. These are reduced when the arm is supported against gravity
[12, 44, 169].

� The available reaching workspace depends on the degree of shoulder loading [169, 44].

� Kinematic analysis of the time course of joint rotations showed a disruption of the relative timing between
shoulder and elbow movements during reaching [27, 100, 175].

At the kinematics level, the properties of smoothness and the characteristics of the end-point trajectories,
described in section 1.1, are also strongly impaired [26]. Studies have shown that in stroke patients multi-
joint pointing movements are characterized by decreased movement speed, by increased movement variability,
by increased path length of the hand trajectory, and by increased movement segmentation [100, 89]. The
peculiar symmetric bell-shaped pro�le of the hand speed of an healthy person is replaced by an irregular multi-
peak pro�le, corresponding to multiple zero-crossing for the acceleration pro�le. Most studies have analyzed
reaching with the arm supported and found that stroke subjects have decreased elbow velocity [184], initial
movement direction error [13], and increased trajectory curvature [100].

All the mentioned compensatory strategies, as for example the trunk �exion when performing reaching of
a target in front of the patients, help stroke survivors to perform tasks in the short term. Unfortunately these
compensations can be associated with long-term harmful complications [101]. The main problem is that they
can lead to a pattern oflearned nonuse, limiting subsequent recovery [74, 170]. It is therefore important for the
post-stroke therapy, generally namedneurorehabilitation, to target motor recovery, functional independence,
and improvements of sensorimotor impairments.

1.2.3 Post-stroke care: neurorehabilitation

Neurorehabilitation is a long lasting therapy, related to and acting on many di� erent aspects of everyday life,
strongly dependent on the patient and his disability. Stroke rehabilitation is“a progressive, dynamic, goal-
oriented process aimed at enabling a person with impairment to reach their optimal physical, cognitive, emo-
tional, communicative, and/or social functional level”[34].

Neurorehabilitation is provided in clinics and hospitals byphysiotherapistsandoccupational therapists.
Physical therapy tends to focus on evaluating and diagnosing movement dysfunctions as well as on treating the
impairment: in this case the therapy aims, for example, at producing elementary voluntary movements while
reducing motor impairments through passive mobilization and stretching, avoiding contractures and articular
sti� ness. On the other hand, occupational therapy focusses more on evaluating and improving functional abili-
ties: occupational therapists train impaired subjects to perform ADL and other rehabilitative exercises, in order
to increase subjects independence. Of course there is much crossover between these two kinds of therapies.

1.2.4 Key factors for e� cacious rehabilitation

The human brain is a powerful organ, naturally capable of reorganizing cortical representations, in order to
access latent circuits, to create new ones, and/or to bypass damaged pathways. This innate brain capacity
namesneuroplasticityand it underlies all learning and memory related phenomena in both healthy and damaged
brains [185]. One important pursuit of post-stroke treatment, and thus of neurorehabilitation, is to induce
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Figure 1.4: Hypothetical pattern of recovery after stroke in humans.Reproduced from [98].

neuroplasticity in stroke survivors, in order to recover voluntary control of movements. Until the late 90s,
stroke recovery was believed to be only due to spontaneous biological phenomenons, and to occur partially
only during the sub-acute period. Recently, these classical assumptions were reviewed, and nowadays it is
known that rehabilitation can induce activity dependant cortical plasticity [128] and that recovery may occur
also during the chronic period [167]. Figure 1.4 presents a hypothetical pattern of recovery after stroke in
humans, reproduced from Langhorneet al. [98]. The stroke recovery is characterized by the presence of a
quick improvement immediately after the stroke, during the so-calledacute phase(days and few weeks after
the neurological de�cit), followed by aplateauof relearning, where improvements is slower, during the so-
calledchronic phase, few months after the start of the disease. It is interesting to underline that only less than
10% of motor rehabilitation control trials have enrolled survivors at early-stages (during the �rst month after
stroke) [168] and thus there is still a need to improve the general understanding of the interaction of the therapy
with the spontaneous recovery process and the possibly positive e� ects of early treatments. Indeed, in the acute
phase, the ambulatory treatment is focused on stabilizing the vital functions. Only in the following six to twelve
weeks, neurorehabilitation is provided at the hospital, in the form of one-on-one therapy with physiotherapists.
Due to the limited �nancial resources, patients are usually sent home when they are able to walk, although their
upper-limb functionality might still be severely impaired, directly a� ecting patients independence and quality of
life [178, 107]. However there is evidence that more therapy would improve patients motor function [72, 180].
Recently, a new emerging �eld,computational neurorehabilitation[143], is addressing the possibility to model
plasticity and motor learning in stroke survivors, in order to improve movement recovery. Indeed the emergence
of robotics and wearable sensors for rehabilitation is providing an important amount of new data, never really
available before, to develop and test new models of recovery.

Many techniques have been tested for improving motor recovery after stroke and these are still subject of
research (among others, repetitive task training, constraint-induced movement therapy, robotics and virtual re-
ality, motor imagery, noninvasive brain stimulation). However, nowadays, there are some accepted key factors,
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Figure 1.5: Overview of upper-limb rehabilitation robotics timeline.

shared within the medical and research community, recognized as necessary to promote e� cacious therapy.
These factors are all equally important and they are described in the following list [185, 186]:

� intensity of training, meaning that the dose, the frequency, and the duration of the practice should be
considered as important parameters of the therapy,

� involvement and motivation of the patient, as necessity of engaging the subject with active participation,

� minimal necessary ad-hoc assistance to reduce failures, in order to induce con�dence to use the impaired
limb and to keep the motivation high,

� goal-directed task-speci�c activities, as an increase of e� cacy working in a normal daily context on
activities of daily living, more than in simulated or reproduced environments,

� progressive, customized, challenging practice, following the idea that practice should be “di� cult but not
too di� cult”, thus not repetitive and meaningful for optimal engagement,

� early participation, to avoid the time course of recovery, thus the appearing of negative compensatory
approaches and the growing lack of con�dence in using the impaired arm.

1.3 Rehabilitation robotics

Starting from the mid 90s (see �gure 1.5), there has been a burst of research on and development of robotic de-
vices for rehabilitation, particularly for treating the impairments of the upper-limb following a stroke. Robotics
has been identi�ed as one possible solution to provide intensive goal-directed assisted training, increasing the
number of repetitions which any human-led therapy could impose, as well as to improve involvement thanks
to technology appeal and virtual reality [160, 185]. Furthermore, robotics could be used to treat the patients
without the presence of the therapist, allowing for more frequent training with, potentially, reduced costs.

The �rst robots developed, also referred asmanipulandaor end-e� ector robots, were only able to guide the
motion of patient's hand in the plane (for example the MIT-Manus [78], the ARM-Guide [145], or the MIME
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(a) Manipulandum (b) Exoskeleton

Figure 1.6: Comparison between manipulandum and exoskeleton.The most important and evident feature is that the exoskeleton
usually controls more DOF than an end-e� ector robot, which is usually planar, that is maximum 2-DOF. Furthermore, the exoskeleton
usually has more contact points with the human wearer. These two characteristics allow the exoskeleton to fully determine the upper-
limb posture, applying torques to each joint separately, and to enable a distributed interaction on the whole limb. Obviously, these
advantages comes with generally more complex controllers and higher manufacturing costs.

platform [22]). Extensive testing of these devices [96], simultaneously to clinical testing on the ARM robot
( c InMotion, the commercialized version of the MIT-Manus) resulted in improvements of the motor capacity
of the impaired arm, after sessions of robotic therapy [179]. However, despite their potentiality, the use of
end-e� ector robots has not shown yet qualitative bene�t (i.e. improved functional recovery) over conventional
therapist-led training session, performed on the same quantity of movements [103, 82, 144].

These preliminary results for rehabilitation robotics, together with the technological progress, pushed the
researchers to develop more complex wearable robots, namedexoskeletons. A schematic of the di� erences
between manipulanda and exoskeletons is shown in �gure 1.6. These multiple degrees of freedom structures,
allowing distributed physical interaction with the whole limb, provided new capabilities within standard reha-
bilitation sessions. Indeed exoskeletons allowed to address natural 3D movements and activities of daily living,
plus supported the analysis of the inter-joint coordination of the human arm. Besides these devices could be
adopted as a detailed source of joints movement measurement, to perform quantitative assessments and analysis
of patient recovery [82].

Therefore numerous upper-limb exoskeletons have been recently developed but their e� ects have been still
little studied, especially clinically. Indeed, the �rst and only commercially available upper-limb exoskeleton
for rehabilitation (the ArmeoPower byHocoma, based on ARMinIII robot) was only released at the end of
2011 [151]. Moreover, the �rst results on a randomized controlled trial with the ArmeoPower and more than
70 post-stroke patients showed not signi�cant improvements with respect to conventional therapy, making the
clinical relevance of exoskeleton-led therapy questionable [93].

1.3.1 What is an exoskeleton?

An exoskeleton is a mechanical structure, either passive or actuated, designed for physically interacting with
one or more parts of the body. Through the interaction points with the body (�xations), the exoskeleton can
interact directly at the joint space of the subject's body. This interaction has di� erent functional purposes
in terms of force (scaling factor, thrust force applied directly to the wearer body, replication) or movement
(monitoring, correction, prevention, assistance, compensation).

An exoskeleton can be therefore considered as an articulated mechanical orthosis, since, as the latter, it
is a device which compensates for an absent or a de�cient function (to allow the gait of a tetraplegic patient,
for example), assists a musculoskeletal structure (to boost the carrying capacity for military applications, for
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example), stabilizes a body segment during a rehabilitative period (the example of exoskeletons for neuroreha-
bilitation of stroke patients), or allows to replicate body motions (for example in teleoperation).

As for any robotic device, the nature of the requested task and, thus, the necessary physical interaction,
in�uences the mechatronic speci�cations: for example, the e� ort capacities of the exoskeleton, the presence
and type of actuation, or the device kinematics and workspace. Normally, the operator physical condition
imposes the interaction and the level of shared control with the robotic structure.

Three main kinds of exoskeleton are then available based on the required performance:

� augmentingexoskeletons, mainly for healthy operators, to increase the natural capability of the human
body,

� passiveexoskeletons, without actuators but sensorized, principally used in a master-slave con�guration
to replicate human operator actions,

� substitutiveexoskeletons, to recreate lost or damaged body features, in case of impaired subjects.

Furthermore, this categorization can be enhanced by considering that each device can be either actuated, thus
robotic exoskeletons, or can be a pure mechanical structure. For example, an augmenting robotic exoskeleton is
used for assistance to improve human load capacity in [157], while in [181], an augmenting mechanical device
is used as a solution to reduce kinetic energy consumption during walking.

1.3.2 Robotic exoskeletons for rehabilitation

Exoskeletons for neurorehabilitation are speci�c devices involved in manoeuvring weak impaired people. The
particular physical situation of the exoskeleton wearer requires compliant devices, completely backdriveable.
Backdriveabilityis an inherent mechanical property that re�ects the capacity of providing almost null resistance
to the operator movement, when needed. This feature is fundamental to deal with post-stroke patients who
should not apply any unnecessary force to move their impaired limb. In addition, it is a useful property for
helping physiotherapists, who need to directly manipulate the robotic joints for showing the correct movements
to the subjects.

The issue with a device lacking of mechanical backdriveability, for example because of friction in the
gears of the actuators, can be overcome at the control level, by detecting the operator motor intention and the
physical human-robot interaction, and therefore by moving the robot accordingly (similarly to an admittance
control scheme). Nonetheless, this solution requires numerous sensors to measure the operator movements and
it will certainly su� er from control limitations (robustness to noise, stability, etc.). Moreover, the interaction
with the robot should be done through sensors only, making di� cult, for example for a therapist, to manipulate
the robot if not applying any input directly to the sensors [84].

The resulting transparency, either thanks to mechanical backdriveability or to an implemented control strat-
egy, provides to exoskeletons another important characteristic for rehabilitation, that is the capability to produce
reliable, distributed, and speci�c measures of the impaired limb motions, to obtain signi�cant data for the anal-
ysis of the process of recovery.

However, while pursuing transparency, the rehabilitative therapy and the necessary assistance must be pro-
vided through the exoskeleton, through forces or imposed displacements. Furthermore, as said before in section
1.2.4, one aim of the therapy is to maximize stroke survivors engagement. Thus a fundamental property for
rehabilitation exoskeletons is the necessity of allowing for shared control modes, between the robot and the
human wearer. Sharing control grants the possibility for the subject to be highly involved in the motion of his
own limbs, but, simultaneously, it enables the necessary assistance for correcting wrong motions and avoiding
task failures.

Finally, in order to increase the involvement during the rehabilitation therapy, an emerging requirement is
the possibility to interface these devices with virtual reality, to include the impaired upper-limb, and therefore
the stroke patients, in immersive interactive video games.
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Figure 1.7: The 4-DOF ABLE exoskeletons.

Joint
Axis 1 Axis 2 Axis 3 Axis 4

Abduction/Adduction Internal/External Rotation Flexion/Extension Flexion/Extension

Shoulder Elbow

Amplitude 110� 130�

Motors DC Faulhaber type

Controller RTLinux (1KHz)

Transmission Screw-Cable System (SCS)

Speed (cartesian) > 1m=s

Joint torque 18Nm 13Nm

Equiv. Force (hand) 50N 40N

Weight 3kg 10kg

Table 1.1: ABLE exoskeleton main speci�cations.

1.3.3 The ABLE exoskeleton

The ABLE exoskeleton is the robotic device used in this thesis for all the experiments, see �gure 1.7. This
exoskeleton, built by CEA-LIST [60], is a four active DOF robot, with 3-DOF at the shoulder (for abduc-
tion/adduction, internal/external rotation, and �exion/extension) and one at the elbow (for �exion/extension).
It was initially developed as a master robotic arm for teleoperation in nuclear plant environments. However,
ABLE has interesting features for rehabilitation robotics, among which, a large workspace, force/torque ranges
compatible with human ones, and above all high backdriveability, thanks to a patented screw-cable mechanical
transmission [59], which is acting together with a model-based gravity software compensation to allow a trans-
parent behaviour. ABLE is equipped with a real time controller (RTLinux) running the control loop at 1kHz,
controlling and actuating the 4 available DC Faulhaber electric motors. It allows 110� of rotation at the �rst
three axes, and about 130� at the elbow. It can generate a force of about 50N at the hand, which can be used
to impose some particular movements and distributed constraints to the whole upper-limb. The total weight of
the arm structure is about 13kg. A summary of all the most interesting characteristics of this exoskeleton is
presented in table 1.1.

Experiments with this device have been validated by a CPP and AFSSAPS in 2009. In addition, each
experimental study within this thesis (therefore the exoskeleton itself and all the instrumentation, the protocols,
the developed control laws, etc.) has been validated by the ethics committee of the Paris Decartes University
(Comité d'Éthique de la Recherche En Santé- CERES - IRB number 20162000001072). The certi�cate is
provided at the end of the dissertation.
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1.4 Thesis objectives

Despite the large number of robotic devices for neurorehabilitation, modern exoskeletons have so far not
brought any major improvement to the results achieved with planar robots or to the standard post-stroke ther-
apy. Indeed the �rst and only results on a randomized controlled trial with the ArmeoPower (c Hocoma) and
77 post-stroke patients did not produce signi�cant improvements with respect to the traditional therapy [93],
making the clinical relevance of robotics, and of exoskeletons especially, questionable. The main causes of this
unexploited potentiality are multiple.

On the one hand, the technological and scienti�c step, which pushed the research directions from simpler
planar robots to complex multi-DOF exoskeletons, did not occur simultaneously to a development of innovative
control strategies, adapted to these multi-DOF joint space based devices. Indeed, most of the available con-
trollers for exoskeletons are often implementation of 2D control laws on a 3D device (mainly end-e� ector con-
trollers adapted to exoskeletons). Robotic exoskeleton state-of-the-art almost completely lacks of controllers
addressing the upper-limb coordination, which is heavily impaired in post-stroke survivors and strongly reduces
the long-term motor improvements, although exoskeletons were introduced above all to address intermediate
joints issues, problems that could not be faced by end-e� ector based robots.

On the other hand, using robots often corresponds to the prescription of standardized therapies which cannot
deal with the necessities of di� erent patients and the variation in the evolution of their recovery. Indeed, the
e� ects of the above mentioned controllers generally consists in a partial and �xed assistance of the upper-limb,
where the level is often manually set, which limits the freedom of the patients movements,i.e. the respect of
their motor intentions, and consequently decrease their involvement in the action.

One important feature which could unleash the potentiality of robotics is therefore adaptation. Adapting
the assistance provided by the robots, in order to maximize the subject engagement and to progress with the
patient recovery, correctly challenging him to increase the physical e� ort, is a key to improve the e� cacy of
the therapy. Physiotherapist naturally adapts to the patient necessities, when leading the physical therapy, by
varying, among others, the interaction forces with the patients limb and the rehabilitation exercises. For this
reason, this thesis aims at better understanding the process of reciprocal adaptation in a context of physical
human-robot interaction, in order to develop innovative control strategies for neurorehabilitation robotics. We
try to �nd the best solution to �nely guide the adaptation of the robot with respect to the human performance,
but at the same time, we need to study the way this motor behaviour is constrained and adapted when the robot
control action is performed and when it is removed (post-e� ects).

Therefore we developed two main sections, corresponding to the two simultaneous aspects of the human-
robot adaptation due to the physical interaction: the �rst aboutthe adaptation of the robotwith respect to the
human action, and the second onthe adaptation of the human actionwith respect to the robot control action.

Robot control adaptation The objective of this section is to study optimal ways to adapt the exoskeleton
action, based on the subject performance. In the current literature, there exist di� erent solutions which dis-
cretely map the successive stages of the patient recovery, and which will be the topic of the next chapter: from
passive control, which zeros the compliance of the robot, to partial assistance, which requires some e� ort from
the operator, to active modes, in which the robot is only compensating for its weight. However, these are only
separate controllers and it is usually the therapist who decides to change among these control modes. An impor-
tant e� ort must be done in order to understand how to produce a continuous automatic adaptation through these
stages. Therefore, we developed and tested a new adaptive controller, which assists the subject “as-needed”,
by adapting its interaction throughout trials. The better the subject is able to perform the task, the less the
robot helps, and vice versa, mainly pursuing the maximization of the human involvement. This idea is not new
in the state of the art, but the simplicity of our paradigm permits to implement this strategy with most of the
existing controllers for exoskeleton. At the same time, we compared di� erent strategies and signals driving this
adaptation, in order to better following the functional recovery level of the patients.
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Human adaptation While the control action is performed by the exoskeleton, the subject is also adapting his
movements. Although human adaptation has been extensively studied when perturbing the end-e� ector on 2D
movements through a planar robot, there is still a need to understand and describe this adaptation when dealing
with 3D movements and exoskeletons, in a redundant situation. The literature on the adaptation of the inter-
joint coordination of the upper-limb, when constraints are produced by an exoskeleton, is scarce. However, the
analysis of the upper-limb synergies is one critical issue with post-stroke rehabilitation: in fact, the presence
of pathological and stereotyped unnatural patterns of movements on the upper-limb coordination is frequent in
stroke survivors. If healthy people can adapt to novel joint force �elds, it may be possible to manipulate the
training environment to have after-e� ects, resembling healthy coordination, in patients [82]. For this reason,
we exposed human free motions to joint resistive viscous force �elds, generated by the exoskeleton to produce
unnatural inter-joint coordination. This corrective control mode helped us to analyse the e� ects of the exposure
to joints distributed constraints on the upper-limb coordination during the experiment and the post-e� ect when
these force �elds were removed. This is a �rst step towards understanding the human-exoskeleton physical
interaction, which could provide insights on innovative ways to develop rehabilitation controllers for improving
post-stroke motor recovery with these devices.

1.4.1 Structure of the thesis

The next chapters are organized in the following way: Chapter 2 concerns a detailed and structured state of the
art of available control strategies for stroke rehabilitation, in addition to a list of the current developed exoskele-
ton devices. It provides a discussion section, in which we tried to underline what we believe is constraining
nowadays rehabilitation robotics with exoskeletons and it extends the concepts summarized in section 1.3 of
this introduction. Chapter 3 deals with the development and testing of our adaptive control mode, and thus the
analysis of the adaptation of the robot to the human behaviour. Chapter 4, instead, addresses the adaptation of
the human behaviour to the robot control action, and it also contains the related experiment on the upper-limb
inter-joint coordination modi�cation. Finally, Chapter 5 provides some perspective of our work and conclu-
sions on this thesis. This document is also made of few appendixes and some additional materials, provided to
help the general comprehension of the dissertation.
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Control strategies for robotic exoskeletons: a
state of the art
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As shown in section 1.3, the two major features of the robotic exoskeletons are their abilities to apply
forces distributed along the assisted limbs and to provide reliable joint measurements [82]. Although the
physical interaction through multiple contact points raises interest and fundamental questions from the control
point of view, most of the existing control approaches have been developed by only considering the end-point
interactions.

While many reviews on robotic exoskeletons are available, most of them are focused on their mechanical
features, as for example [109, 25, 104]. We believe that the key characteristic of exoskeletons addressing
neurorehabilitation stands in their control strategies which, on top of intrinsic mechanical behaviour of the
devices (inertia, friction, backdriveability, etc.), dictate the human-robot interactions. Reviews on high-level
control strategies for neurorehabilitation robots, including both manipulanda and exoskeletons, exist [113, 11],
but since these were not targeting the speci�cities of exoskeletons, many devices and control approaches are
missing.

2.1 Review methodology

We searched related literature in the main scienti�c databases (in particularPubMed, ClinicalTrials, IEEE
Xplore Digital Library, Science Direct, andGoogle Scholar) using di� erent combinations of these keywords:

23
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Figure 2.1: Examples of available exoskeletons for rehabilitation.¬ CAREX [110]: cable-driven exoskeleton. ArmeoPower
[151]: based on ARMinIV, it is the only commercially available upper-limb exoskeleton for neurorehabilitation with more than 3-
DOF. ® EXO-UL7 [163]: a two-arm exoskeleton.¯ BONES [94]: example of pneumatic exoskeleton.° iPam [83]: multi-contact
multi-robot system.

upper-limb, rehabilitation, robot, exoskeleton, shoulder, elbow, wrist, arm, therapy, assisted, training, stroke.
Besides, we also conducted a free search in the above-mentioned databases for references listed in keywords-
based �ndings to include larger context. This review has been published in theIEEE Reviews in Biomedical
Engineering[139]. For a purpose of feasibility, we focused our analysis on the subset of minimum 3 degrees of
freedom (DOF) actuated upper-limb exoskeletons for rehabilitation, with control over at least two upper-limb
joints among shoulder, elbow, and wrist. This re�ects the aim of characterizing the available control strategies
for multi-DOF devices, which apply forces along the assisted limb rather then acting only at the end-e� ector.
Also, a review including most of the planar robots is already available in literature [11]. In the following review,
we brie�y illustrate every available control solution, providing more details on the ones which were clinically
tested.

2.2 Available devices

32 robotic exoskeletons for upper-limb rehabilitation have been identi�ed, considering only the devices with 3-
DOF or more controlling the motions of minimum two out of the shoulder-elbow-wrist joint groups (see Table
2.1). Four devices [122, 83, 155, 173] composed by multiple robots acting on multiple contact points were
not included in this review. Among the 32 exoskeletons, to the authors' knowledge, 10 devices were tested on
post-stroke impaired subjects, but only 6 test provided comparisons with impaired subject control groups which
tested di� erent rehabilitation therapies. In addition, roughly one third of the existing structures seems not to be
currently subject of study,i.e. no results have been published in the main journals and conferences for at least
three years.

On average, full arm exoskeletons are 7 DOF robots, with at least 3 physical interfaces with the human
operator, while, when controlling upper-arm or lower-arm only, the degrees of freedom are reduced to 4, with
2 contact points. Figure 2.1 shows di� erent features of available devices. In particular, we can see di� er-
ences in the actuation systems (more frequently these robots are driven by electrical DC motors, sometimes
by pneumatic or hydraulic actuation, less used mostly because of the characteristics of the task — interaction
with weak people — plus usually more bulky and complex to control), di� erences in mechanical characteristics
(cable-driven versus directly controlled, 2-arm structures versus single ones, light “wearable” devices versus
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Figure 2.2: General neurorehabilitation timeline. Robot controllers should adapt to the correct phase of the therapy of the stroke
survivor.PassiveandActiveare traditional terms to indicate the involvement of the subject in the training.

heavy wall- or ground-�xed systems, etc.).

2.3 Control strategies for stroke rehabilitation

Robot-mediated neurorehabilitation therapy mainly leverages on the same schemes of classical human-directed
rehabilitation, by substituting a robotic device to the therapist, in order to help a patient to train arm movements.
The rehabilitation process depends on subject capacities and phase of the injury, but it generally progresses from
a very initial step ofpassivetraining — the subject is not able to move by himself, the therapist performs the
motion for the subject — to a �nal step ofactive training, in which the subject has relearnt how to control
his own limb, and can achieve simple to complex tasks alone (�gure 2.2). The e� ectiveness of pure passive
motions for stimulating motor recovery is known to be limited [108], since the patient is not involved in making
any e� ort to perform the task. On the other hand, at least at the beginning of the rehabilitation, assistance is
needed in order to reduce failures, to maintain subjects motivation and the intensity of the training, to increase
patients con�dence in using the a� ected limb, and to avoid negative reinforcement [82].

In between the passive and the active modes, there is a su� ciently wide variety of training modalities an
expert therapist can apply. Inspired by the categories presented in [11], we de�ned three main global strategies
for robotic-mediated rehabilitation:assistance, correctionandresistance, see �gure 2.3.

� Assistancemeans that the robot is supporting the weight of the impaired limb and providing forces to
complete the task. If the patient does not produce any e� ort, task completion can be still achieved
depending on the level of assistance.

� Correctionde�nes the rehabilitation situation in which the robot is only acting when the patient is not
performing the movement correctly, forcing the impaired limb to recover a desired inter-joint coordina-
tion.

� Resistancerepresents the techniques in which the robot opposes forces to the motion (potentially increas-
ing the current error, for example) in order to make the task more di� cult for the subject, and to train his
ability to correct the movement and to adapt to external perturbations.

Contrary to assistance, correction does not assist the patient in achieving the task. Obviously, pure correction
is an ideal case of neurorehabilitation therapy, as well as the former categorization. More often, the therapy
involves several strategies combined [82].

While resistive controllers do exist for manipulanda (for example, resistive force-�eld in [161], or error
augmentation in [183]), to the authors' knowledge, to date there are no available resistive controllers developed
for exoskeletons. This could be a consequence of the fact that exoskeletons often target early stage chronic
patients who rarely have recovered enough motor capabilities to undergo resistive therapies. However, most
control strategies developed for manipulanda could be translated to exoskeletons, by considering only the end-
e� ector control; though this solution would not take the full advantages of dealing with multi-contact systems
like the exoskeletons.
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main �rst DOF clinical

project name university/company appearance a p type pHRI testing

supported motion of shoulder-elbow-wrist

ARAMIS [137] Istituto Sant'Anna, Crotone, Italy 2009 6 0 e 2-sfh [137]

ARMinIV [64] ETH Zurich, Switzerland 2007 7 0 e ufh [93]

ArmeoPower1 [151] Hocoma, Switzerland 2011 6 0 e ufh 1

ARMOR [116] Abteilung fur Neurologische, Austria 2008 8 4 e 2-u� h [116]

BONES+SUE [94] University of California Irvine, USA 2008 6 0 p ufh [120]

BOTAS [156] NRCD, Japan 2013 6 0 e 2-ufh

ETS-MARSE [141] Ecole de Technologie Superieure, Canada 2010 7 0 e ufh

EXO-UL72 [163] University of California Santa Cruz, USA 2011 7 0 e 2-ufh [163]

IntelliArm [149] Rehabilitation Institute of Chicago, USA 2007 7 2 e ufh

NTUH-ARM [35] National Taiwan University, Taiwan 2010 7 2 e uf

RUPERT IV [8] Arizona State University, USA 2005 5 0 p sufh

SRE [23] University of Salford, UK 2003 7 0 p fh

SUEFUL 7 [63] Saga University, Japan 2009 7 1 e u� h

supported motion of shoulder-elbow

- [124] INSA Lyon, France 2009 4 0 e uf

- [105] University of Auckland, New Zealand 2014 5 0 e uh

ABLE [60] CEA-LIST, France 2008 4 0 e uf [29]

ALEx [138] Scuola Superiore Sant'Anna, Pisa, Italy 2013 4 2 e ufh

AssistOn-SE [45] Sabanci University, Turkey 2012 6 1 e ufh

CAREX [110] University of Delaware, USA 2009 5 0 e suf

CINVESRobot-1 [61] CINVESTAV-IPN, Mexico 2014 4 0 e

L-Exos [52] Scuola Superiore Sant'Anna, Pisa, Italy 2005 4 1 e ufh [55]

LIMPACT [129] University of Twente, The Netherlands 2008 4 6 h uu�

MEDARM [9] Queen's University, Canada 2007 6 0 e uf

MGA [24] Georgetown University, USA 2005 5 1 e uh

MULOS [88] University of Newcastle, UK 2001 5 0 e u�

Pneu-WREX [188] University of California Irvine, USA 2005 4 0 p ufh [146]

RehabExos [176] Scuola Superiore Sant'Anna, Italy 2009 4 1 e ufh

supported motion of elbow-wrist

6-REXOS [68] University of Moratuwa, Sri Lanka 2015 4 2 e fh

MAHI EXO-II [70] Rice University, USA 2006 5 0 e ufh 3

MAS [42] Nara Institute of Science and Technology, Japan 2008 4 0 p ufh

ULERD [165] Kagawa University, Japan 2013 3 4 e uufh

Wrist Gimbal [114] San Francisco State University, USA 2013 3 0 e fh

multi-contact multi-robot systems

- [122] Universidad Miguel Hernandez, Spain 2011 6 0 p uh

iPAM [83] University of Leeds, Uk 2005 6 0 p uf [31]

NeReBot [155] University of Padua, Italy 2005 5 0 e fh [115]

Reharob [173] University of Budapest, Hungary 2004 124 0 e uf [46]

Table 2.1: Exoskeletons for upper limb rehabilitation. We considered only minimum 3-DOF systems controlling at least two joints
out of the shoulder-elbow-wrist chain. Number of Degrees of freedom (DOF):a-active thus actuated,p-passive thus mechanical only.
Type refers to the actuation system:e-electrical,p-pneumatic,h-hydraulic. Physical Human-Robot Interface (�xation levels) :2-two
arm exoskeleton,s-shoulder,u-upper arm,f -forearm,h-handle. Double letters indicates double interfaces. The last four projects are
not strictly exoskeletons but rather multi-contact multi-robot systems.1based on ARMinII, the only commercialized exoskeleton for
the clinical environment.2based on CADEN-7 (2006) [136].3ongoing test,ClinicalTrials.gov identi�er: NCT01948739. 4two 6-DoF
industrial serial manipulators.
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Figure 2.3: The three global strategies for robotic-mediated rehabilitation.In details, also the current implementations on robotic
exoskeletons.

Figure 2.4: General control scheme for exoskeletons for neurorehabilitation.The control is made of a feedback term, which varies
controller by controller, and a feedforward term, which is usually adopted to compensate for predictable perturbations in an anticipatory
way (for example, the weight or the dynamics of the exoskeleton, and the friction forces within the joints).

Existing controllers for exoskeletons mostly combine assistive-corrective control, but there exists a variety
of implementations of each category by using di� erent control techniques. The general control scheme is made
of a feedback term, which varies controller by controller, and a feedforward term, which is usually adopted to
compensate for predictable perturbations in an anticipatory way (for example, the weight or the dynamics of the
exoskeleton, and the friction forces within the joints), see �gure 2.4. Model-based gravity compensation is one
possible solution to decrease the weight of the robotic arm, and thus the e� ort by the subject, but it is not always
simple to model the usually complex exoskeleton structures (because of, for example, moving parts within the
actuation transmission). Other solutions to produce feedforward compensation usually involve adaptive control
[187], neural networks [193], or iterative learning [7].

2.3.1 Assistive modes

Within this type of control approaches, three groups of assistive strategies were determined —passive, trig-
gered passive, andpartially assistivecontrol — although there exist solutions which are mixed strategies. The
distinction betweenpassiveandpartially assistivecontrols is thin, since if the patient is not participating in the
task, both controllers would react similarly. Also, triggered assistance generally refers to solution only di� erent
to initiate the assistance: once triggered, these controllers usually exhibit either passive or partially assistive
behaviours.
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Passive control

The simplest way to control an exoskeleton is to control the motion rigidly along a desired reference trajectory
through position feedback control with high corrective gains. In rehabilitation thispassivetechnique is common
at early stages of the post-stroke therapy, when the impaired limb is usually unresponsive, and thus passive
mobilization is the only feasible solution to achieve any result. Nonetheless the feedback controller gains have
to be tuned carefully and the exoskeleton has to show a minimum of compliance not to hurt the subject in the
presence of trajectory errors due to excessive muscle contraction, spasticity, or pathological synergies. Such
compliance between the robot and the human body can also be introduced mechanically, at the �xation level
with, for example, elastic straps [8] or mechanical fuses placed serially [173].

. Passive trajectory tracking Passive control can be achieved by adopting di� erent techniques. The simplest
is the use of a proportional-integral-derivative (PID) feedback control which usually regulates the position
or the interaction force along a known reference (for example, a trajectory or a force �eld model), and can
be applied either at the joint or at the end-e� ector level. Examples of these joint controllers are shown in
[61, 114, 166, 24, 125, 176, 123, 129].

More complex approaches have been recently developed to improve the quality of the physical interaction
during passive mobilization of patient's limb. In [141], the authors developed theSliding Mode Control with
Exponential Reaching Law (SMERL), a non-linear control technique which minimizes the tracking error on
a state space projection. In [102] a fuzzy logic technique is adopted: in order to deal with uncertainties and
disturbances from the environment, adaptive fuzzy approximators estimated the dynamical uncertainties of the
human-robot system, and an iterative learning scheme was utilized to compensate for unknown time-varying
periodic disturbances. Preliminary results on healthy people showed better performances, in terms of tracking
error and average control input, compared to classical PID control.

Di� erent methods exist for de�ning reference trajectories. For passive strategies, these references are of-
ten created by recording the physiotherapist inputs on the subject limb attached to the exoskeleton, during a
teachingphase. In this phase, the robot is generally set in a transparent mode (usually achieved by adopting
a feedforward term to compensate for the robot dynamics) to limit any resistance to perform motions. Once
recorded, the exoskeleton is ready toreplay the trajectory with its feedback controller.Teach-and-replayis
presented in [95]. In [166] teach-and-replay mode was tested on four chronic stroke patients during 8 weeks
of training. Encouraging preliminary results were obtained (increase of Fugl-Meyer Assessment score – FMA,
meaning improvement of motor functionality of the paretic arms, in addition to positive transfer to ADLs).
Nevertheless, no comparisons with control group receiving traditional therapy were provided. Similarly to
teach-and-replay,record-and-replayuses healthy limb motions, recorded within the robot, to create reference
trajectories. This strategy was for example used in [137].

Instead of using external inputs or “healthy” trajectories as references, some research groups have been
trying to directly detect patient motion intention by measuring muscle activity through surface-EMG. In [106]
EMG and two o� ine-trained time delayed neural networks (one for the shoulder and one for the elbow) were
used to estimate and predict the resulting torques at the joint level. By using this prediction, a reference joint
position trajectory was computed and fed to a PD controller with gravity and friction compensation. In [142]
an EMG-based version of the SMERL controller was provided. In this case, EMG signals, transformed to a
desired position reference through a muscle model, acted as the reference for the position feedback controller.

A third strategy to de�ne reference trajectories is to determine cost functions and to use optimization al-
gorithms. Generally the cost function aims at minimizing the jerk. This solution is mostly used for triggered
passive control (for example in [156]) or for partially assistive controls (examples in [187] or [182]). Due to the
complexity and variety of possible actions of the upper-limb, generally the movements of intermediate joints
either occur as a consequence of the end-e� ector movement in the task space (for example in [110]), or are
constrained along speci�c dedicated trajectories, which are synchronized within the joint space (for example in
[53]). However, because of the redundancy of human arm, there are no commonly accepted solution to compute
joint trajectories from task space motions [67].
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Beside standard passive control approach, two other passive strategies exist. Those either target two-arm
exoskeletons (passive mirroring) or utilize a di� erent rehabilitative training,i.e. thepassive stretching.

. Passive mirroring Few exoskeletons have two arms (four devices in Table 2.1, column pHRI). For these
robots,passive mirroringis a further strategy. It consists of synchronous passive mimicking of the behaviour
of the healthy limb, in a master-slave con�guration, as in [137] or in [116]. In [137] a clinical pilot study on
14 impaired subjects (21� 6 days since stroke), based on an average of 31 sessions over 2 months, resulted in
applicability and tolerability of the robot-mediated treatment, with similar improvements to other robot-assisted
rehabilitation therapies. In [69] passive-mirroring was implemented on a single-arm robot in a master-slave
con�guration with an external haptic device to control the master side of the system.

. Passive stretching A di� erent rehabilitative passive training is the so-calledpassive stretching[149]. With
this strategy, individual joints were passively stretched by the robot in order to identify their individual angle-
resistance torque relationships. These relationships were then used to coordinate the passive stretching of
multiple joints together. Feasibility test performed in 3 stroke patients showed a reduction of cross-coupled
sti� ness after a 40 min stretching session.

Triggered passive control

A slight variation of assistive modes consists in approaches in which the user triggers the exoskeleton assistance.
This technique is frequently used to introduce brain-machine interface (BMI) into the control loop. These
approaches are directly adapted from the �eld of assistance to patients with non-recoverable impairments (like
tetraplegia). In fact, after the triggering (mainly a selection of available targets), the exoskeleton is usually
controlled passively along pre-determined trajectories.

In [156] passive recorded-trajectory replication through BMI control is shown. The end-e� ector trajectory
were computed by minimum-jerk optimization. BMI trajectory-replay triggering was implemented through
SSVEP (steady-state visual evoked potential). SSVEP can be observed mainly from the visual cortex when
a person is focusing his visual attention on a �ickering stimulus. Pre-clinical testing (12 healthy and 3 upper
cervical spinal cord injured subjects) were performed to show the capacity of the system to be used by subjects
to activate di� erent trajectory reproductions.

In order to extend patient's control over the task, gaze tracking methods can also be used in addition to
BCI-driven control like in [54]. An eye-tracker together with a target-tracking module (a Kinect camera) gave
the reference position of the target to reach to the exoskeleton controller; the BCI module estimated user's
motion intention, modulating maximum joint jerk, acceleration, and speed within an admissible prede�ned set
of values. Then a PD feedback control (helped by classical gravity and friction compensations) performed the
reaching task. Pre-clinical testing with 3 healthy and 4 chronic stroke patients showed that all subjects were
able to operate the exoskeleton.

In [10] a Motor Imagery based Brain Computer Interface (MI-BCI) is used to control an eight DOF ex-
oskeleton. Three chronic stroke survivors were able to perform passive controlled tasks (arm motion towards
a target, grasping and releasing of an object) by producing MI of the reaching task before the movement. Two
seconds of MI activity collected, triggered the exoskeleton to replay pre-recorded trajectories. In [17] authors
developed a similar approach, by controlling an ArmeoPower exoskeleton through MI-BCI. 9 healthy subjects
and 2 stroke survivors were able to move the exoskeleton along pre-de�ned trajectories, and these motions were
brain-state dependent, meaning that motion was performed only during MI phases.

Partially assistive control

The e� ectiveness of pure passive motions for stimulating neuroplasticity is known to be limited [108], since
the patient is not involved in making any e� ort to perform the task. On the other hand, assistance is needed in
order to reduce failures at least at the beginning of the therapy, thus maintaining subject motivation, intensity
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of the training, con�dence in using the a� ected limb, and to avoid negative reinforcement [185]. But as soon
as the patient has recovered a minimal amount of motor capacity, it is essential for the robot to allow for
shared control of the movements [79], [130]. Indeed, as neurorehabilitation addresses issues related to motor
control, the devices must allow patients to express whatever movement they can without suppressing any motor
capability [77].

Partial assistance, orassistance-as-needed[187], groups all those control strategies which allow the im-
paired subject to actively control the motion, supporting it based on performance indexes. The most com-
mon solution to provide a partial assistance to the impaired limb, is to increase the compliance of the above-
mentioned passive controllers. Instead of rigid “industrial-type” position feedback controllers (with high cor-
rective gains), many controllers for exoskeletons rely on more �exibleimpedance control[76], or its dual
admittance control, with reduced corrective gains to exhibit “human-like” mechanical properties. These con-
trollers allow to implement a good compromise between tracking skills and compliance of the robotic arm.

. Impedance/Admittance control Impedance control is a model-based force controller with position feed-
back while its dual, the admittance control, is a position controller with force feedback. Impedance control
is e� cient for lightweight backdrivable exoskeletons (often cable-driven devices). In these systems, problems
arise when it is necessary to compensate for gravity and friction. For exoskeletons that lack backdrivability,
admittance control may be more appropriate, because the forces at the interfaces with the human limb must
be measured to move the robot, thus considering its inertia and dynamic e� ects. The force-tracking trade-o�
feature, together with the simplicity of implementation, are the reasons why these are two of the most common
control algorithms currently used for rehabilitation exoskeletons [70, 95, 24, 30, 166, 174].

Adopting an admittance/impedance approach, some research groups developed slightly di� erent and more
complex strategies. In [56] the exoskeleton was controlled through two impedance control loops, one for assis-
tance along the end-e� ector reference trajectory, the other to apply corrections along the orthogonal direction
to the trajectory. Model-based gravity compensation was also present. The setup was supported by a virtual en-
vironment on which a reaching game was created. A therapist could directly tune tasks complexity on a therapy
control unit. Pre-clinical testing (8 post-stroke subjects), three one-hour rehabilitation sessions per week for a
total of six weeks, resulted in performance improvements and a reduction of position errors after the therapy
for 5 patients. The same controller was tested in [55] on 9 impaired subjects performing three games (point-
ing task, circle drawing, and puzzle-type game). The robot-aided training induced, independently from the
post-stroke phase, statistical signi�cant improvements of kinesiologic and clinical parameters (such as analysis
of reaching movements, degree of functional impairment through FMA, active range of motion, and Modi�ed
Ashworth scale), as a result of the increased active ranges of motion and improved co-contraction index for
shoulder extension/�exion.

In [194], the authors developed a model-free PID type admittance control in task space to generate desired
trajectories for a lower-level PID position control in task space too. The control parameters can be chosen
based on kinematics and dynamics of the human arm. Besides, a simpli�ed model-based gravity compensation
was used. In [119] the authors compared task space with joint space admittance control, showing that task
space control spent about 11% less of interaction energy for a peg-in-hole task. In [63] the exoskeleton was
controlled by an end-e� ector impedance control. A joint torque fuzzy logic estimator (using signals from 16
sEMG channels and a couple of force/torque sensors) evaluated the user hand motion intention. The fuzzy
set of membership functions determined which data considering from a combination of the two inputs: if
the EMG values were high, the estimation was only EMG-based; if they were low, it was only force/torque
based; otherwise a continuous mixed integration of both signals was adopted. In [165] admittance control was
computed by substituting force sensors with springs, and their compression measured to estimate interaction
force between the human limb and the robotic device. Two control techniques were implemented: respectively
high sti� ness mode when passive DOFs of the arm (a group of 4 springs) were locked, and resistive training
when they were unlocked.

Apart from impedance-admittance controls, there exist others examples of assistive controls in the literature.
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In particular, we can describe three categories of assistance respectively based on attractive force-�elds, on
human arm model, and on o� ine adaptation.

. Attractive force-�eld [91] used, among other approaches, an attractive force �eld to control their exoskele-
ton during a clinical rehabilitation therapy with 15 impaired subjects. During the trial, subjects were randomly
assigned to bilateral training (BT), unilateral training (UT), and standard therapy (ST) and executed a total of
12 sessions of virtual reality gaming (8 di� erent games in total). While in BT partially assisted mirroring of the
una� ected limb was provided by the robotic exoskeleton, in the UT an attractive force-�eld acting only on the
end-e� ector was determined based on the end-e� ector position. For the other joints of the robot, an assistive
force was produced based on reference trajectories computed by using the swivel angle estimation algorithm
[90]. Following these treatments all of the subjects signi�cantly improved their �ne motor control and gross
control across all the treatment modalities. BT showed better results compared to UT but this might have been
because of more assistance from the robot to the impaired limb. However robot-mediated therapy exhibited
comparable outcomes than standard therapy.

. Model-based assistance In [42], after an o� ine posture measurement through motion capture, authors
derived a muscle force estimation to maintain a desired pose, by using a musculoskeletal human model. The
reference muscle force was then fed into the device controller together with the current force, estimated through
3 EMG sensors, and a proportional control drove the pneumatic actuators to provide only the necessary force.
In [41] the former method was improved to reduce non-target muscle e� orts through an optimization algorithm,
and tested for controlling quasi-static posture-by-posture human motion.

. O� ine adaptive control Adaptation trial-by-trial is also a solution to modulate robot assistance based on
di� erent performance indexes. In [8] the authors implemented an iterative learning control: a feedforward
assistive term was learnt using trial-by-trial adaptation, based on the error of the previous trial and on a fuzzy
logic based non-linear function of the tracking error statistics. The feedforward term was then added to a PID
feedback controller at the joint level. Pre-clinical testing with 6 impaired subjects to test its usability are shown
in [195].

In [187] a PD controller was also used with a feedforward assistive term, which was adapted during the
motion depending on the dynamics of the patients extremity, the patients neurological ability, and the patients
e� ort, modelled through a Gaussian radial basis function neural network. Assistance-as-needed was achieved
by adding a force decay term to the adaptive control law, which reduced the output from the robot when errors in
task execution were small. The controller was tested with 11 chronic post-stroke patients. Results interestingly
showed the “slacking” behaviour of the human motor control, meaning that, as the central nervous system
(CNS) tries to optimizes its e� orts, as soon as it can take advantages of the controller, it leaves the controller
taking over most of the physical e� ort required to complete the task. By adding the force decay term, the
controller was able to encourage the patient e� orts.

Two di� erent tests of the same controller on two di� erent exoskeletons were presented in [146] (clinical
testing with 27 impaired subjects) and [120] (20 subjects with mild to moderate chronic stroke). In the �rst
study, the subjects, divided into two groups, received either the assist-as-needed robot training, or conventional
table top therapy with the supervision of a physical therapist. The results were moderately better by assisting
the tasks with an assist-as-needed controller. In the second study, the subjects experienced multi-joint func-
tional training and single joint training, generally improving motor function after chronic stroke. Multi-joint
functional robotic training was anyway not decisively superior to single joint robotic training.

In [140] an adaptive PD controller, acting at the joint level, together with a model-based feedforward gravity
compensation, regulated the sti� ness of a robotic exoskeleton. Tracking error of the reference trajectory drove
the trial-by-trial adaptation of the feedback gains. In [133] a sensorless force estimator, based on a Kalman
�lter, was used to dynamically determine the exoskeleton operator's capability performing the desired task, in
order to provide him minimal assistance with an user-speci�ed maximum allowable bounds on position error.
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Both the two former controllers were only preliminary tested on healthy subjects, showing the applicability of
the two approaches.

Finally, in [135] an assist-as-needed control algorithm tried to anticipate patients deviations from desired
reference trajectories, by utilizing an adaptive model of the patient's dysfunctionality. Such a dysfunctional
pro�le of the patient should be provided by the therapist, depending on both the speci�c ADL and the patient
motion de�cits. The anticipatory behaviour of the controller was only tested through a simulation in virtual
reality by the authors.

2.3.2 Corrective modes

As described in the former section, many assistive controllers act on the trajectory followed by the subject not
only in the direction of the desired motion, but also applying forces along the orthogonal direction, which is the
domain of corrective control.

A key to understand the di� erences between the two approaches is the capability to successfully complete
a motion without any e� ort from the subject: assistance is generally able to move the limb towards the �nal
target, if the subject does not participate, while ideal corrective strategies cannot.

A similar concept can be expressed by considering the time-dependency of the references. Assistive con-
troller are usually fed with desired trajectories,i.e. time-dependent speed pro�les. Pure corrective strategy is
linked to the idea of time-independence of the references, for example feeding the controllers with desired path
instead of trajectory. The time-independence allows the robot to only act on the current position to correct it
along the orthogonal direction.

However, it is often di� cult to make a clear distinction between pure assistive control laws and pure correc-
tive ones. Currently there exist two approaches which provide pure correction, or at least, in which assistance
is clearly decoupled from correction.

Tunneling

Tunnelling consists in creating virtual channels for the end-e� ector or the joints of the exoskeleton, in which
the subject moves: once he/she goes out of the channels, the feedback control takes him back into the channel,
as if a spring impedance was attached from the limb to the center of the virtual channel. In addition, to prevent
the subject from getting stuck during the motion, a supporting force in the direction of the channel is generally
added. Therefore, tunneling strategies can be seen as an impedance control with a path-centred no-action zone,
i.e. one can clearly consider the supporting force �eld as anassistiveterm, and the spring-damper-like force in
the direction of the centre of the channel as acorrectiveterm.

In [64] the channel was acting on the end-e� ector position and the supporting force �eld was adapted de-
pending on minimally desired mean velocity of the subject's limb. The system was also fed with control inputs
from the gravity and friction feedforward compensator. The reference trajectory was divided in subtrajectories,
and a trajectory generator algorithm updated the tunnel direction every time the subject achieved a subtask.
Pre-clinical testing on healthy and 3 impaired subjects showed the feasibility of such control paradigm. The
same controller was tested in [93] in a clinical experiment with 77 stroke survivors. Various games and ADLs
were tested in a virtual reality environment, augmented with online audiovisual information to increase subjects
motivation. After 8 weeks of training, small improvements in FMA scores were higher in patients assigned to
robotic therapy than in those undergone conventional therapy. A similar approach was adapted by [112]. Due to
the cable-driven system, simultaneously to the high-level tunnelling controller, a low-level PI plus feedforward
control kept the tension of the cables [111]. Pre-clinical testing on 8 healthy and 1 impaired subject, showed
that the subjects constantly moved closer to a prescribed path in the training trials.
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Coordination control

When considering corrective modes, the aim of the control law is generally to regulate the coordination (also
called “synergies” [14]) during the movement,i.e. controlling joint positions and/or velocities relative to the
others. Trying to coordinate inter-joint positions or speeds is a way to solve the reference time-dependency
problem, which remain a constraining parameter of the assistive controllers.

In [18] the Time-Independent Functional Training (TIFT) algorithm was introduced: virtual joint-space
walls kept the subject close to the ideal joint-space path, acting simultaneously on multiple joints motion as PD
position controls. This strategy provided assistance as correction to bad motion coordination of the main joints
active during the task, in particular on shoulder and elbow joints. This controller was tested on 12 impaired
subjects in a 3-month pilot study [19]. Data suggested that this robotic therapy could elicit improvements in
arm function that were distinct from conventional therapy (improved inter-joint coordination), and thus it could
integrate to conventional methods to improve outcomes.

In [29] an alternative approach was presented, the Kinematic Synergy Control (KSC). In this work, the
problem of tracking was projected from the reference trajectory space to the joint velocities synergy space
through Principal Component Analysis (PCA). The exoskeleton generated reactive viscous joint torques to
impose speci�c patterns of inter-joint coordination without constraining the hand motion. This controller was
tested with healthy subjects and, preliminarily, with hemiparetic patients, and showed its the ability to impose
constrained synergies without altering the hand motion.

[65] developed an approach based on correction of the pathological involuntary �exion torque, which oc-
curred at the elbow during shoulder abduction. During an evaluation session with the robot, the patients patho-
logical involuntary torque was measured and a counter-active, just-as-needed torque was then calculated and
applied during the therapy. A case study on one patient showed a reduction of elbow involuntary elbow �exor
torque during shoulder abduction. [149] used a similar approach to develop a passive stretching controller for
multiple joints. However no active modes of therapy, during which the subject is actively participating in the
movement, based on previously identi�ed angle-torque relationships, have been developed to target patterns of
inter-joint coordination.

2.4 Discussion

We reviewed the currently available control strategies for robotic exoskeletons for neurorehabilitation, among
about 100 publications and about 30 existing devices. This review allowed us to identify several issues and
scienti�c barriers potentially limiting - to the authors' opinion - the rehabilitative performances of current
exoskeleton devices. In the following section, we discuss some of these analyses.

2.4.1 Hardware limiting control possibilities

One of the performance indexes that quanti�es an exoskeleton ability to precisely produce a programmed
assistance to the subject, is its transparency. This may seem contradictory, since transparency measures the
robot ability of not applying any assistance/resistance to free motion. But this property is a good indicator for
force precision, since any failure to reach transparency during a zero-resistance experiment will be reproduced
and act as a bias in a non-zero force experiment.

As seen in section 1.3.2, transparency therefore quali�es the mechanical properties of the structure (weight,
inertia, friction, etc.), of its actuation (backdriveability, friction, etc.), and of the performances of the low
level control dedicated to the compensations of these perturbing phenomena (feedforward compensation of the
gravity and friction, for example).

A lack of transparency can generate undesired resistances during the upper-limb motion of subjects (even
healthy), from which excessive muscle e� orts can arise to complete even simple motions. This, obviously,
can be negligible for healthy subjects, even if it is already highly perturbing [86], but it cannot be allowed
with impaired patients during rehabilitation. Moreover the lack of transparency can make almost impossible to
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develop pure corrective strategies on the exoskeletons, since it does not really allow shared control (the human
on the motion, the controller on the corrective part).

The transparency level directly in�uences the physical behaviour of the robot, and possibly perturbs the
rehabilitative control strategy of the robot. Therefore it would be necessary to assess exoskeletons standard
features. For example, simply showing comparisons of motion ability (like range of motion) of healthy subjects
with and without the exoskeleton, almost always lacks in exoskeleton design papers. Such an analysis was
recently performed on the only commercially available exoskeleton for neurorehabilitation, and shows that it
signi�cantly a� ects the reaching movements of healthy subjects [50].

Clinical results obtained with any platform are possibly not qualifying the rehabilitation capacity of a con-
trol strategy but rather the global performance of the system. A speci�c care should therefore be given to draw
general conclusions on rehabiltiation approaches with exoskeletons.

Similarly, while researchers are starting to consider exoskeletons' sensors as a direct source of data to
evaluate patient state and recovery evolution [127], it is important to highlight the fact that the capability of
modern exoskeletons to provide correct assessment of quality of human motion, directly lies on their ability to
be transparent.

2.4.2 The problem of reference de�nition

As showed in section 2.3, a central issue for most research groups is related to the generation of reference
trajectories and thus, to the computation of error pro�les to supply the feedback controllers. Physiotherapists
also share the necessity of de�ning references for applying correct torque pro�les on the impaired arm and,
more generally, evaluating subject movements. With the experience, they learn how to correctly manipulate
impaired limbs to induce neuroplasticity and recover motor control. Translating this qualitative feature into a
quantitative reference for the robotic devices is a key issue, especially for 3D movements when considering
interaction at the joint level.

The reference generation is a two-level problem. At the low level, the exoskeleton must be fed with human
arm suited feasible trajectories to successfully complete the desired task, but taking into account the natural
redundancy of human arms, at the high level, the issue is to select one of the many correct possibilities to
perform the motions and achieve the task. Additionally, the ideal reference trajectory should be customized on
the patient features, taking care of the speci�c arm physical characteristics and impairments, such as paralysis,
spasticity, and joint limitations.

It is important to underline how the reference generation is a di� erent problem from controlling the ex-
oskeleton. Indeed, the same controller may lead to di� erent rehabilitative performances being fed with refer-
ences computed by using di� erent techniques (an example of this phenomenon is given in the next chapter,
section 3.4).

In section 2.3, we described mainly three di� erent approaches for generating motion references. The sim-
plest technique is about directly recording the motion of the human limb (teaching/recording). This generation
process of recording and extracting a trajectory is time-consuming and not generalizable to multiple tasks, but
it produces always feasible and customized references.
A second common technique is about usingoptimization algorithms. Computational models usually exploit
minimum jerk optimization to generate the desired smooth feasible trajectory. This optimization technique has
its advantages in the quickness of providing a solution, but this solution is still valid for one-single task. The
last technique is about the possibility of anticipating the human CNS by detecting motion intentions, or more
simply by detecting, in a set of prede�ned trajectories, the one to be performed (motion intention detection).
This approach is spreading as a common solution for many research groups, even if there exist generic tech-
nical issues concerning, for example, discrete signal extraction (either from the brain or from the muscles),
noise deletion, etc. Motion intention detection can be realized through force/torque sensors (for example in
[177]), EMG (examples in [106, 63]), or through oculography and EEG (examples in [54, 156]). The resulting
controllers appear often to be passive-triggered controllers which replay pre-determined reference trajectories,
either recorded or computed through optimization algorithms.
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A fourth solution to produce motion models is the generation of feasible trajectories through the evaluation
of statistically consistent patterns performed by a su� cient number of healthy subjects. Nonetheless, due to its
complexity, this technique is not commonly used for rehabilitation robotics and only one example can be found
in [135].

Despite the above-mentioned strategies, it is important to underline that relying on a reference trajectory
limits the e� cacy of the rehabilitation therapy since these trajectories are generally position and time dependent
and, therefore, they are complex to generalize for di� erent movements, targets, or tasks. This means that the
patients freedom of movement, within the exoskeleton, is limited to speci�c movements. These interactions,
constantly imposing constraints (more or less rigidly), are less physiological than conventional therapy (like,
for example, the Bobath therapy, during which the patient is active, occasionally guided or corrected, but not
constantly constrained to follow a �xed gesture) and therefore their e� ciency is questionable [85].

In order to increase human involvement in the rehabilitative therapy, thus increasing the e� cacy of the
therapy itself, exoskeletons controllers should target goal-independent strategies. Ideal goal-independence is
a solution which allows multiple targets reaching and tasks achievement, without acting on the controller,
neither the control law nor the reference. Thus, in this case, the reference is necessary described at a higher
level of abstraction than the simpler common trajectory reference. Together with goal-independence, time
independence, as de�ning path references rather than trajectories, is a key factor to allow the subject to actively
make an e� ort to achieve the task, not being constrained by following rigid planned trajectories [85].

2.4.3 Addressing coordination control

Time independence translates into a necessity to develop inter-joint coordination controllers, more than tra-
jectory trackers. In fact, this kind of controllers requires relative references (for example, speed pro�les of
joint synergy coordination) more than absolute ones, as, for example, joint positions pro�les in the case of
trajectories. The importance of measuring and controlling joint synergy is primary to better understand quality
of movements during rehabilitative therapy. Post-stroke patients frequently adopt pathological compensatory
strategies that are di� cult to be analysed without coordination assessment. In [127] authors review current
assessment strategies for motor recovery with robotic exoskeletons after stroke. Their emblematic conclusion
says that most assessments for robotic-mediated therapy addresses end-point movements, ending in a minimal
measure of compensatory joint synergy strategies. Without the latter, it is complex to distinguish between
genuine motor recovery and dangerous compensation.

Few research groups developed solutions aiming at controlling synergy joint coordination [65, 149, 18, 29],
as described in section 2.3.2. However, for all these approaches, only preliminary results exist.

2.4.4 Clinical testing issues

What arises from the general overview of this state of the art and of Table 2.2, is the limited number of stud-
ies and experiments both on healthy and impaired subjects. Indeed, among all the devices, only 8 of them
were clinically tested,i.e. providing comparisons between di� erent developed control strategies and/or stan-
dard therapies, including impaired subjects control groups. Furthermore, only three studies out of those eight
involved simultaneously 20 or more stroke survivors [93, 146, 120]. For all these studies, robotic-mediated
therapy generally produced small improvements in impairments measures and motor recovery compared to
standard therapy on the same number of repetitions. These improvements were usually detected by FMA,
range of motion tests, and measurements of strength. Only one study [120] described functional improvements
after robotic training. Clearly, neither motor recovery nor functional improvement alone necessary translate to
improvements in ADLs or in quality of motion, since there may still be unhealthy compensations (in case of
functional improvements) or no real-life relevance (in case of motor recovery) [82].

A problem arising is the absence of a standard assessment method of the results of the robotic-mediated
therapy, especially with exoskeletons (i.e. with multiple interaction points): the chosen kinematic parameters
specify too often end-point movements only and are not able to address directly motion coordination. Moreover,
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Ref. Device Year No. of subjects Control strategy Summary of the results

[93]* ARMin III 2014 77 Tunneling Small improvements in FMA score

[146]* Pneu-WREX 2012 26 Assistance-as-needed Small improvements in FMA score

[120]* BONES 2013 20 Assistance-as-needed
Improvements in FMA and functional
tests (like WMFT), no di� erences be-
tween multi-joint/single-joint training

[91]* EXO-UL7 2013 15
BT (mirroring), and UT
(partial assistance)

Improvements in score of few e� -
cency indexes but small improvements
in FMA score, BT better performing
than UT

[137]* ARAMIS 2012 14 Rec-and-Replay
Proof-of-concept test, similar score as
other test with exoskeletons

[55]* L-Exos 2012 9 Partial assistance Small improvements in FMA score

[195] RUPERT IV 2011 8 Passive Feasibility test

[29]* ABLE 2012 7 Coordination control
Preliminary results on improvements
on shoulder-elbow coordination

[163]* EXO-UL7 2013 5
BT (mirroring), and UT
(transparency)

Same improvements as standard ther-
apy, UT less performing than BT

[149]* IntelliArm 2013 3 Passive stretching Reduction of cross-coupled sti� ness

[156] BOTAS 2013 3 BMI Feasibility test

[112] CAREX 2014 1 Tunneling
Preliminary results on better trajectory
tracking

Table 2.2: Control strategies tested on stroke survivors with robotic exoskeletons.The asterisk * indicates clinical testing, meaning
results provided comparing di� erent control strategies.

these parameters show insu� cient correlation with standard clinical assessment [127], thus they are di� cult to
be used as predictor to the clinical outcomes of robot-mediated therapy.

However, it is important to underline that each single clinical result is strictly linked to the device and the
selected control strategy. In fact, every test is the result of a combination of the mechanical properties of the
available exoskeleton, its transparency level, the chosen control strategy, and the type of generated reference.
Thus, it is yet di� cult to produce generic conclusions about the results of exoskeleton-mediated therapy.

2.4.5 Lack of adaptation

As mentioned in section 1.2.4, rehabilitation e� ciency increases when patients are involved and motivated to
actively perform physical exercises [150], but at least at the beginning of the therapy, upper-limb assistance
is necessary to increase patients con�dence in using the a� ected limb [82]. Nonetheless, re�ning the level of
challenge of the practice, based on the recovery phase of the patient, may lead to improved results [185].

The existence of this trade-o� between requested involvement of the patients and necessary assistance by
the therapist is clearly an issue for neurorehabilitation. In 2008, two studies, respectively by Wolbrechtet al.
[187] and Franklinet al. [51], showed the existence of a “slacking” behaviour by the human CNS, meaning that
persistent over-assistance of the upper-limb leads to a minimization of the active physical involvement of the
subject, thus mostly transforming partial assistance into passivity, with the consequence of reducing the motor
improvements by the patients.

However, when considering the current state of the art, most of the available control strategies tends either
to partial �xed assistance through impedance/admittance control or to complete passivity of the patients. There
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Figure 2.5: Existing discrete mapping between patient recovery and control strategies.As shown, the assistance provided by the
robot is discretely, and generally manually, updated. An ideal adaptive controller would be able to �nely continuously modify its level
of assistance, better following the patient capabilities. Resistive controllers are not yet available for robotic exoskeletons.

exist di� erent solutions which discretely map the successive stages of the patient recovery: from passive control,
which zeros the compliance of the robot, to partial assistance, which requires some e� ort from the operator,
to active modes, in which the robot is only compensating for its weight, �nally to resistive modes, which �ght
against the user motion intention, see �gure 2.5. However, these are only separate discrete controllers, which
perform rigid assistance, generally manually programmed and updated.

Therefore an important e� ort must be done to understand how to produce a continuous and �ner adaptation
through the di� erent stages of recovery, automatically retrieving the data from the robot reliable measurements
and deriving the information to interact with the therapy. Consequently exoskeletons could improve their per-
formance by providing explicit reactions to patient behaviours during interaction [58] and could even account
for di� erences between stroke survivors, avoiding one great mistake of modern rehabilitation robotics, that is
the prescription of standardized therapies to the di� erent patients, as in the case of the lower-limb exoskele-
ton Lokomat( c Hocoma) which has been found to alter healthy walk patterns due to poor adaptability to the
speci�c human user [73, 75, 134].
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3.1 Introduction

The existence of a trade-o� between requested involvement of the patients and necessary assistance by the
robot is clearly an issue for neurorehabilitation, above all because of the so-calledslackingbehaviour [187, 51],
as mentioned in the former chapter. There exist several di� erent solutions to map the successive stages of the
patient recovery, but these are mostly discrete, meaning that they need to be manually con�gured and updated.
A rather simple improvement to this issue would be the use of adaptive control techniques to produceAssist-
As-Needed(AAN) modes. Adaptation can allow the robot to modulate its assistance level based on the user
necessities, potentially leaving the patients expressing the most of their possible e� ort to train their upper-limb,
�tting into the necessity of progressively increasing the engagement of the subjects. Adaptation can also tune
the controller to account either for di� erences between stroke survivors, or for the level of motor recovery on
the same patient during multiple training sessions. A major contribution of robots is the capability to collect
reliable measurement of the patient performance and therefore exoskeletons have the features to provide a
customizedad-hoctherapy. Adaptation of the assistance could potentially lead to an increase of the e� cacy of
modern rehabilitation robotics.

AAN controllers have been already developed in order to maximize patients involvement by minimizing
robot necessary intervention. There exist few di� erent implementations to produce AAN – as detailed in section
2.3.1 – and the results are generally preliminary (only [146, 120] tested their AAN strategies with patients,
observing small improvements in FMA score). AAN usually involve a feedforward assistance in addition to a

38
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Figure 3.1: Example of typical trial-by-trial o � ine adaptation of feedforward control based on former trial feedback values, in
the human CNS.The more the CNS learns the kinematic and dynamic of the task, the more it controls the upper-limb through feed-
forward motor commands, keeping feedback control to modify the inputs to face, for example, unexpected disturbances. Reproduced
from [21].

feedback controller, with the adaptation generally running o� ine trial-by-trial, based on the user performance,
see �gure 3.1. This strategy is naturally present in the human motor control, where it is generally assumed that
each motor commandw � (w1 : : :wn)T to then muscles involved in a movement is composed of a feedforward
termu and a feedback termv

w = u + v: (3.1)

This fact is probably a direct consequence of the presence of sensory feedback delay in the human CNS. In fact,
we are able to sense the environment and our movements quickly, but transferring the signals from the sensors
to the CNS and processing them, introduces a delay of between 100ms and 200ms (visual feedback is about
150ms for example). Hence, in a sensory feedback delayed system, the use of an internal model to predict and
control in feedforward the upper-limb, becomes crucial. The feedback control is still fundamental to improve
the performances, for example by taking into account unpredictable disturbances, unexpected obstacles, or new,
i.e. unknown, environments.

When considering the implementations of adaptive controllers on current exoskeletons, the adaptation can
occur either at the feedforward level (adaptation of the feedforward term to address repetitive consistent errors
[182], or through an additional neural network to model the subject capabilities [187]) or at the feedback level
(gains adaptation to modify the compliance of the robot with an adaptive forgetting factor, to decrease these
gains in case of poor performance by the subject [6], or with sensorless force estimation, in order to model
subject's capabilities and to avoid the forgetting term [133]).

In our case, we developed a simple AAN solution which performs active modulation of the sti� ness of the
robotic device, thus acting at the feedback level, as a function of the user performance. One interesting feature
of this strategy is its simplicity, which could help to directly apply this adaptive paradigm to most of the common
current feedback controllers for exoskeletons, potentially improving their applicability to rehabilitation.

3.2 Adaptive control

3.2.1 Working principle

The desired behaviour for our robotic exoskeleton is depicted in �gure 3.2. The principle is simple: the con-
troller should be able to tune automatically and continuously its level of assistance based on the performance of
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Figure 3.2: Desired behaviour for our adaptive controller. The exoskeleton should adapt, reacting to the user performance. The
multiple lines represent di� erent rate of adaptation, that is di� erent trade-o� between assistance and involvement, that should be
consequence of the level of recovery of the patients.

the exoskeleton operator. In particular, if the performance worsens (green zone in the above mentioned �gure),
the exoskeleton should help the subject, by increasing its assistance and thus moving toward a “passive” control
of the arm. Vice versa, if the performance improves (red area), the robot should excite the subject to work more
by reducing its cooperation.

This general behaviour is particularly well suited for early rehabilitation therapy, when stroke survivors
are usually too weak to produce important physical e� ort. Indeed, an AAN solution could better follow the
recovery of the patients automatically and continuously, with respect to passive or partial assistive strategies,
with their �xed level of assistance.

For the following experiments in this chapter, we decided to refer to the performance of tracking a desired
pre-de�ned upper-limb trajectory (which is yet the most common rehabilitation control algorithm implemented
in commercial robots). However, this paradigm is not necessary constrained by computing the performance
index on a trajectory tracking problem, but it could be computed on any performance variable of interest. For
example, one could apply this paradigm by directly measuring the muscle activity of the patient and performing
adaptation based on the weakness/strength of the subject, obtaining the same working principle. We therefore
tested several adaptation variables and conducted experiments on healthy subjects, asking to modulate their par-
ticipation within a motor task, in order to evaluate the adaptation of the assistance provided by the exoskeleton
and to study the potential interest of each condition for rehabilitation purposes.

3.2.2 Control algorithm

The proposed robot controller involves a feedforward term and a feedback one as in equation 3.1, where now
w 2 R4 stands for the overall control torque to the four actuators of the ABLE exoskeleton. The feedforward
torqueu 2 R4 is a model-based gravity compensation, which helps the subject not to feel the weight of the
robot while inside the exoskeleton (about 13kg for ABLE). The feedback torquev 2 R4, instead, is provided
by a PD controller, thus similar to an impedance control without the inertial term:

v = K pe+ Kd �e; e = qr (t) � q(t); (3.2)

whereq(t) =
h
q1(t) q2(t) q3(t) q4(t)

i T
is the joint position vector, and error signalse and�e are calculated

with respect to the reference joint trajectoryqr (t) and the reference joint velocity�qr (t). K p, the sti� ness term,
andKd, the damping term, are positive diagonal matrices of gains.
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Through this simple control scheme, the robot imposes the reference trajectoryqr (t) to the subject's joints
when the sti� ness is high (large values ofK p andKd), which is suited for early rehabilitation exercises, when
the subject cannot provide large forces. In this case, the robot torques are large and the subject is mostly passive
in the exoskeleton. During the recovery, as soon as relearning is occurring, the subject is expected to be able to
provide more energy in order to complete the task more autonomously and thus the robot needs to decrease its
assistance. In our control, this is achieved by decreasing the sti� ness of the robotic arm (small values ofK p and
Kd). At the lowest limit,i.e. when nullK p andKd are reached, the robot is only compensated for the gravity
by theu feedforward term, thus leaving the exoskeleton in a transparent mode (no assistance/resistance to the
free motion of the subject), and the subject completely active and free to perform any movement.

To achieve this adaptive behaviour, the gains of the PD controller are adapted trial-by-trial, based on the for-
mer performance of the subject, similarly to what is proposed by Yanget al. [192]. If the subject is performing
the requested task correctly, the robot should try to reduce its assistance, and vice versa if the performance is not
satisfying, the robot should rather increase its assistance. Namely, at a given trialk, the controller proportional
gainKp;i for thei-th joint of the exoskeleton is computed by:

Kk
p;i = Kk� 1

p;i + � izk� 1
i �  i (3.3)

where thelearning parameter� i and thedecay i are positive scalars, andzi represents the reference parameter
at trial k � 1 to evaluate the performance of thei-th joint. In addition, to avoid large increasing of the robotic
sti� ness and thus awkward feelings on the arm of the human operator, the� Kp;i = � izk� 1

i �  i is upper-saturated
such thatmax(� Kp;i) =  i . At the same time the dampingKd;i varies with the proportional gain

Kk
d;i = � iKk

p;i :

Both gains are saturated betweenKmax andKmin > 0, with

� i =
Kmax

d;i � Kmin
d;i

Kmax
p;i � Kmin

p;i

�
Kp;i � Kmin

p;i

�
+ Kmin

d;i :

3.2.3 Performance metrics

As already said,z represents the parameter to evaluate the performance of the exoskeleton operator. Given a
trajectory tracking task, many indexes can be computed to assess this performance. We de�ned three di� erent
error signals capable of driving the adaptation process of equation 3.3: end-e� ector based, joint-by-joint based,
and single-joint based error signal. Indeed these are typically the implicit performances variables evaluated by
a physiotherapist during rehabilitation: hand kinematics and intermediate joint movements.

End-E� ector Based adaptation (EEB)

One intuitive solution to drive the adaptation is by comparing, trial-by-trial, the performance of the end-e� ector
and the desired behaviour. The error computed at the end-e� ector (either position, velocity or both position and
velocity error1) is then globally modifying the behaviour of the robot, that is, all the robotic joints are adapting
their control laws with the same ratio. With our controller, the EEB solution is given by de�ning thezi as

zi , z =
P T

t=0(jjexjj + � jj�exjj) i 2 [1 : : :4] (3.4)

where� is a scaling factor between the position and the velocity error,jjexjj = jjpdes� peejj =
=

p
(xdes� xee)2 + (ydes� yee)2 + (zdes� zee)2 is the end-e� ector position error, where we removed the de-

pendence of time (e.g. xdes(t)) for a matter of readability, and similarly for the end-e� ector velocity error
jj�exjj = jj�pee � �pdesjj.

1Since AAN controllers usually address early post-stroke therapies, faster correct movements than the desired one are unlikely to
happen. Thus the robot should also take care of the speed of the motion, correcting too fast or too slow movements, which are likely
to be the results of unnatural and undesired strategies. However, when considering more advanced therapies with chronic subjects, the
constraint on the velocity could decrease the freedom of the patients, and so these could be removed.
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Joint-By-Joint based adaptation (JBJ)

In JBJ, the error signal in equation 3.3 is locally computed for each joint. In fact, the error takes into account the
single joint performance to adapt its sti� ness. Therefore, with this strategy, each joint may evolve di� erently.
The JBJ performance indexzi , for thei-th joint, is given by

zi =
P T

t=0(jei j + � j�ei j) i 2 [1 : : :4] (3.5)

wherejei j = j� des
i (t) � � i(t)j is the joint position error norm andj�ei j = j�� des

i (t) � �� i(t)j is the joint velocity error
norm, both for thei-th joint.

Single-Joint Based adaptation (SJB)

In SJB, the performance of one speci�c joint drives the adaptation of the joints of the exoskeleton. Therefore,
similarly to EEB, the SJB globally modi�es the compliance of the robotic arm by considering the same error for
the di� erent joints. We de�ned the driving variable as the �exion/extension of the elbow angle� HF , described
by the International Society of Biomechanics [191], that is the angle between the upper-arm and the forearm.
The coordination between these is often impaired in post-stroke survivors [152], and thus focusing on the
resulting angle at the elbow could be interesting for the therapy. The error on this angle is computed as

zi , z =
P T

t=0(je� j + � j�e� j) i 2 [1 : : :4] (3.6)

whereje� j = j� des
HF(t) � � HF(t)j is the the� HF angle error, andj�e� j = j �� des

HF(t) � �� HF(t)j is the� HF angular velocity
error.

3.3 Proof-of-concept

The preliminary experiments we performed consisted in testing the capabilities of our controllers in adapting
to dynamical behaviours when the exoskeleton was operated by healthy subjects. We run the adaptive control
with the joint-by-joint based adaptation paradigm of equation 3.5.

3.3.1 Preliminary test: mimicking relearning

The �rst experiment we conducted was about testing the working principles of our control law. The experi-
ment consisted in mimicking a simpli�ed process of relearning by a post-stroke patient who undergoes an ideal
neurorehabilitation therapy. The main di� erence with the standard rehabilitation — thus simpli�ed — was the
duration of the therapy, since our experiment lasted just 35 trials, in one session only. Within this amount of
motion, the person was asked to perform the desired tracking task several times, while increasing his partici-
pation to the movement. In particular starting from zero muscular activity,i.e. being fully relaxed as if he was
not capable to perform the motion at all, we asked the participant to mimic an ideal relearning process, ending
with full control of the upper-limb. Since it is not possible for a person to gradually increase his EMG/muscle
activity, we decided to only ask for 3 distinct behaviours. In particular the subject was asked to perform the �rst
third of trials with 0% of activation,i.e. staying relaxed and leaving the exoskeleton working for him, then the
second third of trials with 50% of activation,i.e. sharing the e� ort of the motion with the controller, and �nally
to perform the task at his best, as an ideal patient who has �nally relearnt how to control his limb and does not
need the exoskeleton anymore.

Protocol

We tested our controller on one healthy subject. The subject was seating on a stool, in a comfortable way,
within the ABLE exoskeleton. We recorded the activity of �ve groups of muscles through EMG, in particular
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Figure 3.3: EMG sensors position on the �ve selected muscles.¬ biceps, lateral triceps,® pectoralis major,̄ middle deltoid,
and° infraspinatus. Image fromMyoResearchXP( c Noraxon).

biceps, lateral triceps, pectoralis major, middle deltoid, andinfraspinatus, see �gure 3.3. This measure was not
used in the control loop, but it was visually provided in real-time to the subject to have a direct feedback of his
level of activity. The EMG was recorded at 1.5KHz with TeleMyo DTS system (c Noraxon) and the resulting
values were passband �ltered, between 10Hz and 400Hz, o� setted (its mean value was removed), recti�ed, and
�nally processed with Hilbert envelop function on Matlab (c The MathWorks, Inc.).

The motion task was to draw in the air, in front of the subject, two times a 4-edge polygon of side about
50cm, reaching about 80% of their maximum arm extension at the furthest position. The trajectory lasted ap-
proximatively 10s. No markers or any other visual feedback related to the desired trajectory were provided to
the person, in order to make the learning process more di� cult to be successfully achieved. All the recorded
data from ABLE exoskeleton were low-pass �ltered, during post-processing on Matlab, using 3rd order Butter-
worth �lter.

For the control law, we chose the following values, previously tested to allow enough PD gains adaptation
within the duration of the experiment, and to provide enough sti� ness and compliance at the limit values. In
particular, the starting gains were upper saturated to provide an initial sti� behaviour to the robot.

learning factor � i = 0:25 8i

decay factor  i = 5 8i

proportional gain
Kmax

p = [300;200;200;200]

Kmin
p = [10;10;10;10]

derivative gain
Kmax

d = [10;10;10;10]

Kmin
d = [1;1;1;1]

Results

After an initial training with the exoskeleton in transparency mode (null PD gains and active gravity compen-
sation), we recorded the 35 trials with the adaptive controller on. Figure 3.4 shows the total muscle activity
	 (t) =

P 5
i=1  i(t) and the total currentC =

P 4
i=1(ci=�) over the 35 trials, where i(t) is the activity pro�le of

one of the considered muscle groups during one trial,ci is the total current on thei-th actuator from the PD
adaptive control, and� = rg� � 4:26 is the product of gear ratiorg and torque constant� . In the same �gure,
the two tendencies are obtained through 3rd order linear regression. This �gure shows how, as the muscles
activity increases, meaning more subject involvement in achieving the task, the adaptive controller is becoming
more transparent, meaning less constraints on the subject's limb. In particular, between trial 1 and trial 35, total
current decreases by 25% of its initial value.

Three detailed trials, manually selected for the interesting resulting pro�les, are shown in �gure 3.5. First
column is trial 7, second trial 20, and third column is trial 34. The �rst row of plots shows muscles activities,
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Figure 3.4: Robot adaptation to the di� erent performance of the subject.Muscles activity (dashed blue line) and total current from
the adaptive PD controller (dashed red line) over the 35 trials. The two solid lines are the two terms tendencies computed through linear
regression. See �gure 3.5 for details of trial 7, 20, and 34.

through EMG measurement, over the samples for the 5 di� erent muscle groups. The second line of graphs
describes PD controller torque outputs for the 4-DOF. Also, in the same plots,Kp and Kd values for the
chosen trials. Finally, last row of graphs contains joint positions and desired positions for the 4-DOF. These
plots clearly show how the output of the adaptive PD controller decreased while the EMG data increased,
corresponding to a less constrained and more involved subject. At the �nal trial,K p = [132:8;40:2 48:3;45:1]
andKd = [4:4;2:0;2:4;2:2] gave to the subject enough exoskeleton transparency to perform the task almost
freely. As expected, less control increased the position errors, which however remained small enough to be
considered negligible even at the �nal trial (within 5 degree at the joint level, and an increase of approximatively
1cm of the mean error at the end-e� ector between the �rst and the last trial).

3.3.2 Advanced test: more dynamical behaviour and di� erent adaptation rates

The preliminary test, with one subject, showed us the feasibility of the adaptive principle in a pHRI context
with an ABLE exoskeleton. We realized the importance and the complexity of tuning the adaptive parameters
� and — they can be tuned di� erently either to achieve fast adaptation (high gains) meaning less assistance
as soon as the exoskeleton operator starts improving, or slow adaptation (low gains) meaning less controller
modi�cation between trials — and we wanted to further test our controller on more subjects, plus improving
the duration of the experiment and making the human behaviour more variable,i.e. increasing the di� culty for
the robot to adapt to the human.

Protocol

The protocol was similar to the former experiment. We still recorded the muscular activity of the same 5 groups
of muscles, providing these data in real-time to the subjects and not using the EMG in the control loop. Also
the motion task and the trajectory duration were maintained. However this time the experiment lasted 50 trials.
We tested the controller on 6 healthy people, asking the subjects to perform the pattern shown in table 3.1. With
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Figure 3.5: Trials details. First column is trial 7, second trial 20, and third column is trial 34. In red, muscles activity
�
� V

�
during

the trial, for the 5 di� erent muscles (from top to bottom,¬ biceps, lateral triceps,® pectoralis major,̄ middle deltoid, and°
infraspinatus) over the samples (sampling frequency is 1.5KHz). In black, PD controller torque output[Nm] for the 4-DOF (top-
bottom, right-left, joint 1 shoulder abduction/adduction, joint 2 shoulder internal/external rotation, joint 3 shoulder �exion/extension,
and joint 4 elbow �exion/extension). Also, in the same plots,Kp andKd values for the chosen trials are shown. Finally, last line of
graphs presents in blue joint position

�
deg

�
and in green joint desired position

�
deg

�
for the 4-DOF. As expected, EMG activity and

joint position error are increasing with the trials, while controller output is decreasing resulting in an increase of robot transparency.

these tests, we wanted to check the ability of the controller to increase again the sti� ness of the robotic arm
(between trials 31 and 40), after a period of increased compliance, due to human voluntary e� ort (trials 0 to
30).

Besides, we also tested di� erent adaptive parameters, with the same protocol, on the same subjects. In par-
ticular we replicated the experiment three times by using di� erent values for the learning factor� , respectively
fast adaptation (� i = 1;8i), medium adaptation (� i = 0:5;8i), and slow adaptation (� i = 0:25;8i). The order of
these three conditions was randomized among subjects. Clearly, the value of the decay factor ( i = 5;8i) was
�xed among the three tests. We kept the same initial values and saturation for the proportional and derivative
gain as in the former experiment.

Results

Figure 3.6, similarly to �gure 3.4, shows total muscular activity and simultaneously total current to the ex-
oskeleton actuators. In particular,	 (t), the sum of the EMG signals, andC, the sum of the currents from
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Trials 0 - 10 11 - 20 21 - 30 31 - 40 41 - 50

Muscular Activity 0% 50% 100% 0% 100%

Table 3.1: Pattern of requested muscular activity for the advanced test of the adaptive controller.

Figure 3.6: Advanced robot adaptation to the human performance.Muscular activity (blue line) and total current from the adaptive
PD controller (red line) over the 50 trials. On top of the �gure, the requested percentage muscular activity to the subject, trial-by-trial.

the four ABLE's motors, are shown respectively in blue and in red. The performance of the controller is the
expected one: it reduces the sti� ness of the robot in the �rst 30 trials, while the subject is increasing his vol-
untary e� ort along the desired trajectory, thus his muscular activity, and it increases again the sti� ness of the
robotic arm between trials 30 and 40, when the human is relaxing as in the �rst 10 trials. From trial 40 until the
end, the subject tries again to perform the task by himself and consequently the adaptive controller releases the
corrective term, by making the arm more compliant.

The comparison between the performances of the robot with di� erent sets of adaptive factors, is shown in
�gure 3.7. In this graph di� erent pro�les of the proportional gainsK p are displayed. The four plots are, from
left to right, respectively theKp values of the �rst joint (shoulder abduction/adduction), second joint (shoulder
internal/external rotation), third joint (shoulder �exion/extension), and forth joint (elbow �exion/extension).
Each graph shows three lines: every line is relative to a whole 50 trials experiment, keeping �xed all the
parameters but the adaptive parameter� , the learning factor. The red line represents the gains when� = 1, thus
fast adaptation, the green line stands for medium adaptation� = 0:5, and the blue line is the slow adaptation
� = 0:25. For all the experiments shown, the subjects were still following the pattern of table 3.1.

By taking into account the adaptation rule of equation 3.3, the shown behaviour is straightforward: the
higher the learning factor, the higher the value of the former feedback term taken into account for theK p

updating law. Furthermore, the lower� , the larger the weight of the �xed decay factor , resulting in a rapid
relaxation of the robot.

As expected, the adaptation process in red (fast adaptation) keepsKmax
p saturated on the four joints within

the �rst 15 trials. The saturation is along the whole experiment on the �rst two joints and this is clearly related
to the lower range of motion these joints were subjected to,i.e. lower proportional and derivative errors. On
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Figure 3.7: Comparison of proportional gain values by changing the learning factor� and keeping �xed the decay factor . In
particular, in red� i = 1, in green� i = 0:5, and in blue� i = 0:25, for anyi 2 [1 : : :4]. For all the experiments shown, the subjects were
still following the pattern of table 3.1.

the opposite, the blue experiment (slow adaptation) represents the situation in which the decay factor is over-
dimensioned with respect to� : mainly, whatever the participation by the person, the controller is always trying
to make the robotic arm more compliant. Finally the green line, corresponding to the medium factors – the
same values used also in the proof-of-concept experiments of section 3.3.1 – represents the case in which the
controller follows more carefully the dynamics of the healthy behaviour.

3.4 Comparison of di� erent error signals driving the adaptation

We were able to provide assistance-as-needed to healthy operators performing tracking task within an ex-
oskeleton. In the proof-of-concept of the former section, as well as in literature, however, whatever the solution
adopted to provide AAN, limited attention has been yet given to the source of the adaptation, that is the error
signal re�ecting the performance of the operator and driving the adaptation process. In a tracking task, for
example, adapting the behaviour of the robotic exoskeleton only based on the end-e� ector performance, rather
than utilizing multiple di� erent joint-based indexes (as we did in the proof-of-concept), can imply su� cient
di� erent adaptations and thus robot performances.

We believe that end-e� ector based adaptation can be the solution when functional recovery is needed (re-
gaining of independence and functionality for performing activities of daily living), but for impairment recov-
ery, thus addressing regaining of strength and muscle tone, range of motion, as well as joints arm coordination,
for example to avoid unnatural joint synchronization and trunk compensation while extending the arm, a joint-
level adaptation could be more e� ective. It is then clear that, in order to correctly use AAN in rehabilitation
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Figure 3.8: Experimental setup and ABLE close-up.The subject was told to track the outline of a foam-made parallelepiped with a
plastic rod.

therapy, with neurological disease survivors, a speci�c analysis should be done to determine what possible
sources of adaptation exist and which potentiality each of them could exhibit.

In section 3.2.3, we determined and described three di� erent strategies for assessing the performance of the
user within an exoskeleton, respectively end-e� ector based adaptation (EEB), joint-by-joint based adaptation
(JBJ), and single-joint based adaptation (SJB). In the following part of this chapter, we will thus focus on
comparing the three paradigms in order to analyse possible advantages in applying each speci�c strategy for
neurorehabilitation.

Protocol

We asked �ve healthy subjects (aged 24:4 � 0:4) to outline a 25x25x4cm3 foam-made parallelepiped, placed
in front of them at about 80% of their maximum arm extension, while seating on a stool. The exoskeleton
was connected to the right arm of the subjects through three velcro cu� s, one on the upper-arm and two on the
forearm. Besides, the subjects wore a commercial wrist splint to limit wrist motion and prono-supination, not
controlled and not measured by the robot, see �gure 3.8.

To compute the reference trajectories to control the robot, we recorded the joint positions when the subject
was pointing at the corners of the squared foam with the exoskeleton in transparency, and then we interpolated
straight lines in between them to reproduce the exact contour of the tracked object. Therefore, although the
end-e� ector position was the same for each participants, the intermediate joint trajectories varied among the
subjects based on their natural inter-joint coordination.

During the experiment, we performed 40 repetitions of the task for each protocol, thus a total of 120
motions, and each motion lasted 10 seconds. By triggering a push-button with their left hand, the subject
voluntarily started the motion and the trial recording.

Similarly to the former experiments, we asked the subjects for speci�c behaviours imitating di� erent stages
of motor recovery/abilities of post-stroke patients. In particular we determined four di� erent phases of the
experiment:

� Trial 1 to 25 the subjects were asked to perform the task with the support of the AAN control,

� Trial 26 to 30 the subjects were asked to relax and let the robot perform the task,

� Trial 31 to 35 the subjects were asked again to perform the task with the support of the AAN control,
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Figure 3.9: An example ofself-motion. For a same end-e� ector position, the intra-joint coordination can be modi�ed thanks to the
system redundancy w.r.t. speci�c tracking task. This di� erent coordination can be achieved and performed during the whole task,
producing distinct joint trajectories.

� Trial 36 to 40 the subjects were asked to perform the task with the support of the AAN control, but
producing a di� erent inter-joint motion coordination.

In the �rst three phases we expected to see similar behaviours for the three cases of section 3.2.3, with the robot
adapting to the activity of the operator (the simple task should be easily achieved, thus the robot should decrease
its assistance in phase 1 and 3, while it increases the sti� ness in phase 2). We expected small di� erences in the
adaptation strategies, apart from the structural distinction comparing global (EEB and SJB) and local adaptation
processes (JBJ).

In the fourth phase, instead, when asking to change voluntarily the motion coordination, while keeping the
end-e� ector task achievement, we expected to obtain slightly di� erent gains evolutions due to the variation on
the driving error signals. This fourth phase was crucial to observe the speci�cities of the di� erent adaptation
strategies in a context of modi�ed inter-joint coordination, such as in the case of unnatural synergies of stroke
patients described in section 1.2.2.

It is important to underline that subjects able to perform the fourth phase exercise thanks to the redundancy
of the exoskeleton (a 4-DOF robot) with respect to the speci�c task (pointing in the space requires only 3-DOF).
In this scenario, in fact, similarly to any pointing task with healthy human arm, there are more available DOF
than the required ones and we can achieve the same task (following the squared outline) by performing di� erent
strategies at the joint level (usually named asself-motions, see �gure 3.9).

For this experiment, the initial gains were set toKt0
p;i = 200 andKt0

d;i = 6:6 8i, and the gain saturations were
Kmax

p;i = 300, Kmin
p;i = 0, Kmax

d;i = 10, andKmin
d;i = 0 for all the joints. This gain de�nition provided an initial

sti� behaviour to the robot. In addition, at the end of trial 35, we setKp;i = Kd;i = 0 at each joint, in order to
compare the behaviour of the controllers with the same starting gain con�guration (full transparency).� = 0:1
was also set to give more importance to the path tracking, more than to the exact speed pro�le reproduction.

The tuning of the adaptive parameters� and was a crucial phase of the experiment. We wanted the robot to
be transparent towards the end of the �rst phase (within 25 movements). For this reason, givenKt0

p;i = 200, we
selected i = 8;8i. At the same time, we needed the robot to be able to react su� ciently quickly (within 5 trials)
to any increase of the tracking error. To determine a useful� to reproduce this phenomenon, we recorded the
error range (joint error for JBJ,� HF error for SJB, and end-e� ector error for EEB, as de�ned in section 3.2.3)
when the robot was performing the task alone, without any operator, respectively in rigid mode (8Kp = 300
and8Kd = 10) and in transparency (8Kp = Kd = 0). Trivially the rigid mode gave us the minimum error for
each protocol, while the transparency the maximum one (indeed the robot movement was null during this test).
Based on these error ranges and the selected , we computed the values of� for each protocol, which were:
� i;JBJ =

h
0:1 0:1 0:05 0:05

i
, � i;S JB = 0:01, and� i;EEB = 0:01 for anyi 2 [1; : : :4]. The di� erent� for the
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Figure 3.10: Mean evolution of the proportional gains. Evolution of the fourKp;i during the experiment, averaged over the �ve
subjects, for the three adaptive paradigms. At trial 35, the gains were zeroed to have the same starting con�guration for the last
movements. For each condition, the shaded coloured area represents the standard error.

JBJ case were due to di� erent error ranges at the joint 3 and 4 compared to the other joints, for this speci�c
task.

Results

Trials 1-35: adaptation to subject performance Figure 3.10 shows the average evolution of the proportional
gainKp;i over the 40 movements and the �ve subjects, when using the three di� erent error signals. At the same
time, �gure 3.11 shows the average errors at the joints and at the end-e� ector at each trial, for the �ve subjects.
The Kp value can be considered proportional to the sti� ness of the robotic arm. As expected, all the AAN
controllers adapted correctly to the behaviour of the exoskeleton operators. During the �rst phase (trials 1-
25), while the subjects were actively performing the task and consequently the errors were low, the robotic
exoskeleton generally became more compliant (decreasingKp). It is important to see the di� erence between
JBJ local adaptation, in which the four joints adapted di� erently based on local performances, and the other
protocols, in which the performance index was one for all the joints and therefore the gains evolved exactly
the same for the whole robotic device. This di� erent behaviour re�ected into a larger mean error at each joint,
during this interval.

Once the subjects relaxed (trials 26-30), the three controllers correctly increased the sti� ness of the robotic
arm producing better assistance to the movements (increasingKp). In this interval, both joint error and end-
e� ector error increased because of the voluntary relaxation of the subject. As soon as relaxation was over, the
subjects were again contributing to the performance, the errors were drastically decreasing, and thus the robot
compliance increased again.

Trials 36-40: correcting a di� erent coordination For the second part of the experiment, in the interval
of trials 36-40, we asked the subjects to try to perform the same end-e� ector task while adopting a di� erent
inter-joint coordination. The task was performed by increasing both the abduction and the internal rotation
of the shoulder with respect to the desired joint trajectories, exploiting the ABLE/human system redundancy
(�gure 3.9). Figure 3.12 shows the resulting behaviour of the robot, for a typical subject. In particular, the joint
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Figure 3.11: Average error indexes.On the left, average joint errors (sum of position and velocity error) and, on the right, average
end-e� ector error (sum of position and velocity error), for the �ve subjects and the three adaptive processes. For each condition, the
shaded coloured area represents the standard error.

trajectory of trial 36 (dashed line) and 40 (solid line) are shown for each choice of error signal.
As we can see, the di� erent inter-joint coordination was “allowed” by the EEB adaptation, in which clearly

the performance index (the end-e� ector error, which remained small) was not in�uenced by joint level per-
formances. In fact, in this case,Kp did not increase (it remained almost null, providing transparency to the
exoskeleton), and di� erent joint trajectories with respect to the desired ones were performed. On the contrary,
JBJ adaptation quickly brought the operator back to the desired coordination.Kp, with this strategy, increased
fast to decrease joints errors. Finally, an in-between solution was provided by SJB adaptation, in which theKp

increased but larger di� erences in the joint coordination were allowed. Figure 3.11 shows clearly that all the
controllers allowed for similar end-e� ector error scores, thus the di� erent inter-joint coordination did not a� ect
the tracking task.

Discussion

We determined three di� erent adaptation strategies for our AAN controller, respectively based on the local error
of each joint of the exoskeleton (JBJ), on the error of the end-e� ector (EEB), and on the error of a single joint
(SJB), in particular the� HF usually impaired in post-stroke survivors.

These three adaptation paradigms performed as expected in a typical tracking task, with variable voluntary
behaviour of the human operators. All the protocols were able to react either to increased (trials 1-25, and
31-35) or to decreased activity (trials 25-30) by the subjects, showing the overall e� ciency of the AAN control.
Nonetheless it seems possible to suggest that a local adaptation strategy, as in JBJ, could better �t for early
rehabilitation, when mostly targeting motor recovery. For example in this phase, as said, stroke survivors show
decreased capacities to extend their elbow [152], having di� culties in achieving most of the motion tasks; a
JBJ solution could provide better control along a desired reference coordination, performing better tracking of
desired joint trajectories, while a global adaptation strategy (like in EEB or SJB) could determine larger joint
errors.

When considering instead the second part of the experiment (from trial 36), we targeted stroke survivors
who are more capable of acting alone (late rehabilitation), a situation in which the controller should allow the
patients to train intensively, with a minimal assistance to avoid negative behaviour.

End-e� ector based solution, due to its architecture, allowed any motion the subject wanted to perform (con-
trol gains remained almost null, keeping the robot in transparency, �gure 3.10), as long as the end-e� ector task
was achieved (small end-e� ector error in �gure 3.11), and indeed it did not assist anymore the patient along
the desired motion coordinations (large joint error in �gure 3.11). Unfortunately it is clear that perfect perfor-
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Figure 3.12: Joint trajectories for the three strategies.Each column is one of the four joints of the ABLE exoskeleton. For each
plot, three trajectories are shown: in red, the desired joint trajectory, dashed line the 36th motion (the �rst with a di� erent inter-joint
coordination), and in solid line the last motion (always with a di� erent coordination, trial 40). First row is the JBJ adaptation, second
EEB adaptation, third SJB adaptation.

mance at the end-e� ector may happen together with negative compensation at the shoulder level, producing
potentially inadequate therapy [127]. We believe that adapting and basing the rehabilitation performance on a
single parameter, as the end-e� ector score, could therefore in some case mislead the therapy and the robotic
assistance.

Joint-by-joint assistance, on the contrary, once determined the desired joint trajectory, almost did not allow
any di� erent coordination. This paradigm, for later stages of stroke recovery, could be too strict. In fact,
thanks to human arm redundancy, there may be slightly di� erent coordination to complete the same task,
without involving unnatural and pathological behaviour at the joint level or at the shoulder. Therefore the JBJ
approach would also necessitate of highly customized references, since di� erent patients may require di� erent
coordinations. One possible solution to use JBJ, even with chronic patients, would be to develop a simultaneous
adaptation of the desired trajectories, in order to allow feasible and safe multiple strategies. But obviously these
would increase the complexity of the controller and would require a di� cult online evaluation of the feasability
of a coordination strategy.

Finally, the SJB adaptation seems to be promising. It better performed during the last trials, showing
capabilities to assist the subject while leaving some freedom in slightly changing of the arm coordination. A
weakness of this strategy is the global adaptation of the joint sti� ness which generally produced larger joint
errors during trials 1-25 with respect to local adaptation. A possible solution could be obtained by tuning the
values of the adaptive parameters (� and ) di� erently for each joint, thus creating distinct joint adaptations
to the same error signal. Of course, a drawback would be to determine the metrics to perform the mentioned
tuning.

Therefore it seems clear that there is no a single optimal strategy to drive the adaptation in AAN controllers,
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Paradigm Adaptation Joint Control Scope

End-E� ector Based Global

Rigid on the end-e� ector and on the intermediate joints while
gains are large. If more compliant, it loses control on the inter-
joint coordination as long as the end-e� ector respects the ref-
erence.

Functional training

Single Joint Based Global

Rigid on the chosen joint and on the other joints while gains
are large. The inter-joint coordination is constrained, above
all if the selected joint is not distal, but it allows for some
compliances.

Hybrid training

Joint-By-Joint Based Local
Rigid on each joint for which a reference is provided. The
inter-joint coordination is always constrained to the one in-
ferred by the references.

Strength training

Table 3.2: The characteristics of the three di� erent adaptive paradigms.

above all without considering the speci�city of the involved patients. However, this not trivial parameter must
be carefully kept in consideration and tuned for improving the e� ciency of any robot-led therapy. A summary
of the e� ects of each adaptive paradigm analysed is given in table 3.2.

3.5 Conclusions and perspectives

An assist-as-neededsolution controlling the ABLE exoskeleton has been developed in order to study the ca-
pability of the robot to adapt to di� erent human level of involvements in the action. In particular, the adap-
tive strategy aimed at maximizing the involvement of the subjects and better following the unstable recovery
progress of potential patients, during post-stroke therapy. Interestingly, this strategy has in its simplicity a fun-
damental property: the same adaptive paradigm could be applied to most of the existing non-adaptive solutions
currently implemented on rehabilitation exoskeletons. Indeed, it is based on an impedance control mode, which
is yet the most common control strategy available on these speci�c devices, see chapter 2.

Our adaptive solutions performed well in tracking the performance of several healthy human operators,
exhibiting a range of di� erent dynamical behaviour. We focused on the possibility to build a customizable
controller, which could adapt based both on short-term performance (within session,fast adaptation) or on
long-term ones (within therapy,slow adaptation). The manual tuning of the adaptive parameter� and (which
could be simpli�ed) could allow the physiotherapist to control these strategies, based on the necessities of
each patient. We also tested the possibility to drive the adaptation on di� erent error signals (a classical end-
e� ector based strategy, a more localized joint-by-joint based solution, and �nally an in-between single-joint
based strategy), a parameter of the therapy that should be kept into consideration by the supervisor of the
rehabilitation.

The JBJ strategy rigidly forces one speci�c coordination, the one inferred by the reference trajectories:
despite it could be a good solution for early assistance, it could become clearly too rigid with the motor recovery
of the patient. On the other side, an EEB strategy loses quickly the control over the inter-joint coordination,
focusing only on the end-e� ector kinematics. An hybrid strategy with control over a proximal joint of the
upper-limb could provide an interesting in-between solution, despite none of the three would be able to correctly
follow alone the whole recovery of the patient.

The performance of the controller was analysed with respect to the characteristics of a tracking trajectory
problem, which is one of the most common requirements for rehabilitation exoskeleton exercises. However
the proposed solution is not constrained to this speci�c problem and could be easily generalized to di� erent
variables of interests, like motor synergies [43], or not necessarily kinematics as, for example, subject force
and muscular activity, or even an hybrid solution taking care of multiple indexes simultaneously.



Chapter 3. Robot adaptation to the human action 54

Yet, this study on the adaptive controller lacks of testing with patients with sensorymotor impairments.
We are currently working with the rehabilitation department of theHôpital Universitaire Pitié-Salpêtri�ere, in
Paris, in order to program a preliminary experiment on stroke survivors, in order to test the applicability of the
adaptive paradigm in a real clinical environment, with the adaptation of the robotic behaviour to the less regular
impaired motor capabilities of real stroke patients. Therefore the main objective of this preliminary evaluation
will be the study of the dynamics of the process of adaptation when dealing with impaired subjects, to analyse
the applicability (is the robot adaptation able to converge quickly to assist-as-needed the patient?) and e� cacy
of a trial-by-trial paradigm, as the one adopted with healthy participants, rather than a slower within-session or
within-days solution (which adaptation paradigm better follows the patient improvements?).
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4.1 Introduction

Dealing with physical human-robot interaction, it is fundamental to understand the e� ects of this interaction
on the human natural behaviour. Indeed, it is reasonable to imagine that any robotic device, even the most
backdriveable, modi�es the natural upper-limb movements [86]. We can imagine to exploit this property to
potentially induce learning of new healthy imposed motor control strategies in post-stroke survivors. The
characterization of this human natural adaptation to the robot action could be interesting to boost neuromotor
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(a) Pre-exposure (b) Early exposure (c) Late exposure (d) After-e� ects

Figure 4.1: The four typical consecutive phases of human motor adaptation and after-e� ects on 2D experiments.Reproduced
from Shadmehr and Mussa-Ivaldi [161].

rehabilitation. In fact, as seen in section 1.2.2, post-stroke hemiparetic patients normally exhibit pathological
synergies in their upper-limb movements, resulting in global and stereotyped unnatural patterns of coordination
of their arm joints. These impaired synergies can induce in the stroke survivors harmful compensations at the
shoulder and trunk levels, having a negative impact on the quality of movement performance and potentially
limiting the long term prognosis [101, 171].

Therefore, a central question in neurorehabilitation is whether it is possible to modify the patients impaired
upper-limb synergy in order to regain a more natural and healthier control of the arm [43]. In particular, we
are interested in understanding if this is also possible by exploiting the adaptation to the exoskeleton control
and action. Despite the large number of robotic devices, current studies on adaptation and learning, when
performing the exercises within a robotic setup, mostly concern planar robots [196], thus addressing end-
e� ector-based 2D movements with no control and interaction with the other upper-limb joints.

4.1.1 Results on motor adaptation with planar robots

Learning is a complex process involving several phenomena such as motor adaptation, post-e� ects of this
adaptation, generalization over workspace and movements, and retention. In particular, what is crucial for
modern neurorehabilitation is the aptitude of the impaired patients to transfer the post-e� ects of rehabilitative
exercises to di� erent activities of daily living (generalization), and to maintain these e� ects during the weeks
after the training (retention).

A landmark result on motor learning was given by Shadmehr and Mussa-Ivaldi in 1994 [161]. In an ex-
periment, several healthy subjects were asked to perform point-to-point arm motions, under the e� ect of a
velocity-dependent deviating force �eld produced by a planar robot. After an initial failure phase, due to the
force �eld, the users were able to learn how to complete the required task by adapting to these disturbances. The
termadaptationdescribes the progressive reduction of the e� ects of the perturbation performed on the human
upper-limb movements by the presence of the force �eld. Once the force �eld was removed, participants tem-
porary showed an over-shoot on the opposite direction of the �eld, as anafter-e� ectsor post-e� ects, see �gure
4.1. Authors explained this phenomenon as the formation, by the human Central Nervous System (CNS), of an
internal modelof the disturbances produced by the �eld. As a consequence, the internal model was utilized to
compensate the deviating forces in a feedforward manner. Such motor adaptation had also been shown earlier
by Lackner and Dizio [97] with an experiment on the adaptation to the Coriolis force perturbation, due to body
rotation, during forward reaching movements.

Many researches were carried out to study the characteristics of motor adaptation by adopting a similar
experimental setup as in [161]. In particular, in [158] the authors examined the post-e� ects exhibited after
removing a lateral force-�eld when the lateral kinematic error was prevented by con�ning the movements
along the straight-line to the target through using a “haptic channel”. Wash-out of motor adaptation in the
channel resulted in a much slower rate of disadaptation, providing evidence that motor adaptation is in�uenced
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simultaneously by dynamic and kinematic factors, with the latter strongly central in the rapid loss of adaptation
after restoring the original dynamics. Similarly, in [131] Patton and Mussa-Ivaldi showed how, by suppressing
to the participants the vision of the hand location and thus the visual feedback on the error, the post-e� ects
persisted longer in the wash-out phase. Later the same research team observed the fundamental presence of
after-e� ects in eighteen stroke survivors [132], even if these e� ects were not correlated with classical clinical
scores for monitoring motor impairments. At the same time, they compared error augmentation strategy (when
the training forces increased the original error) with an assistive strategy (when either no �elds were applied
or the robot was actively reducing the error) demonstrating the more e� ectiveness of the error-amplifying
therapy. A further experimentation on twenty-six participants with chronic hemiparesis, during two weeks of
training, resulted in small but signi�cant improvements in Fugl-Meyer motor score and in Wolf Motor Function
Test, with respect to a control group without error augmentation practice [3]. In [81], the authors used negative
viscosity to amplify movement error by generating assistive forces in the direction of the motion, combined with
an assistive acceleration-dependent force �eld. They found that the combined training resulted in lower error, a
broader range of speeds, and broader exploration when comparing to training with only acceleration dependent
force �eld, although the potential of muscle co-contraction was not examined. Testing on thirty chronic stroke
survivors con�rmed the capability of negative viscosity to induce improvements in motor exploration, above
all along the sagittal axis of motion [80].

As said, the crucial aspect of motor learning for rehabilitation is the ability of transferring the learnt skills
from a context to another. Yet this is a critical issue for rehabilitation robotics, since important results on
generalization are still missing. This may be related to the fact that robots are seen as external tools by the
patients, meaning that they associate the learnt strategies to the context of“being inside the robot”, and thus,
positive e� ects decay when the orthosis are detached from the impaired limb [82]. This is possibly the biggest
challenge of rehabilitation robotics. Nonetheless, some of the above-mentioned publications [161, 131, 80]
found that the participants were able to transfer after-e� ects in regions of the workspace where no exposure
to the force �elds took place; however these transfer e� ects were only spatial generalizations, limited by the
necessary presence of the planar robotic devices.

4.1.2 Exoskeletons potentialities

The studies presented so far were all limited to movements in a plane, due to the architectural properties of
the utilized devices. The limitations of the planar devices did not allow to directly address intermediate joint
movements analysis. Dipietroet al. [43], for example, showed how the shoulder-elbow impaired independence
was improved in a circle drawing task for 117 chronic stroke survivors, after training with a planar robot
on a therapy of assisted point-to-point movements. However, the shoulder and elbow joint angles were only
deducted from the measured hand path, through a simpli�ed non-redundant two-link model of the human arm.

As mentioned in section 1, modern robotic exoskeletons, on the contrary, thanks to a larger number of DOF
with respect to planar robots, are able to impose forces at each joint of the upper-limb separately and to collect
reliable measures of the intermediate joints movements, providing a promising framework to test adaptation
and learning on 3D activities. Clearly an interesting aspect of working with exoskeletons is the possibility to
investigate the way the human CNS deals with the natural upper-limb redundancy for common activities like
pointing or tracking tasks.

Therefore, we are interested in better understanding the possibility of former results on manipulanda to be
generalized to inter-joint coordination in such a redundant system,i.e. the 7-DOF of the human arm. In fact,
beyond performing therapy for upper-limb movements and functional recovery, there is a growing need for
rehabilitating synergies of patients towards more normal patterns of motion, but yet fundamental studies and
experimental results are lacking on how humans, even healthy, adapt to imposed constraints on the inter-joint
coordination.

To the authors' knowledge, only Mistryet al. [121] investigated human force �eld adaptation using an
exoskeleton with multiple coupled parts and joint level interactions (in particular a 7-DOFSarcos Master Arm
robotic exoskeleton). However, the authors of this experiment limited the application of the force �elds to a
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single joint; in particular, they used the exoskeleton to perturb the elbow �exion/extension, during point-to-point
reaching tasks, by driving a disturbing force �eld based on the shoulder velocity (respectively the sum of the
shoulder �exion/extension and the shoulder abduction/adduction). The authors found that the human nervous
system exploited the redundancy of the upper-limb to minimize the e� ects of the force �eld on the realization
of the endpoint trajectory. In fact, when the force �eld was turned on and after a period of adaptation (about
100 movements), while the trajectories at the joint level remained changed, the hand trajectories returned to
baseline as before the application of the �eld. Moreover, they observed after-e� ects when suddenly removing
the perturbation but this result consisted of only 3 catch-trial movements, with no consequent analysis on the
wash-out.

The goal of this chapter is therefore to try to answer to some of the following questions by utilizing a robotic
exoskeleton.

� Can we modify upper-limb synergies and teach a speci�c inter-joint coordination?

� If we apply some viscous distributed inter-joint constraints through an exoskeleton, without constraining
the end-e� ector movements, how would subjects react?

� Do the participants adapt as in the case of constraints applied at the end-e� ector only?

We hypothesize that the awareness of motor performance is certainly higher when dealing with task com-
pletion (like reaching an object) than the awareness of the motor coordination to perform the task (which is
autonomously and implicitly solved by the CNS, exploiting the upper-limb redundancy). Therefore would par-
ticipants, exploiting this redundancy in the perturbing environment, adapt their motor coordination and show
similar after-e� ects as the ones appearing on the end-e� ector in state-of-the-art studies, in which, however, the
e� ects on the inter-joint coordination were not taken into consideration?

Such knowledge could be fundamental to exploit the main characteristics of modern robotic exoskeletons
– the possibility to control multiple joints separately, by imposing distributed coordination control – and could
lead to the opportunity, in a near future, to rehabilitate pathological synergies with robots.

4.2 Modifying the inter-joint coordination: the experimental setup

We set up an experiment to test the possibility to modify upper-limb synergies in healthy participants, by
inducing adaptation and learning of joint coordination through the exposition to viscous force �elds. For this
experiment, we used the ABLE exoskeleton and a 7-DOF WAM robotic manipulator, as shown in �gure 4.2.
In the following part of the section, the protocol is described.

4.2.1 The exoskeleton controllers

We utilized two di� erent control modes on the ABLE exoskeleton: the Kinematic Synergy Control, to expose
subjects to viscous force �eld that may modify the joints coordination during movement, and theGravity
Compensationmode allowing unconstrained upper-limb motion.

A reactive controller based on viscous corrective force �eld

The Kinematic Synergy Control (KSC) is a controller developed by Crocheret. al [29], which generates
reactive viscous joint torques to impose speci�c patterns of inter-joint coordination without constraining the
hand motion in space. By exploiting the human natural upper-limb redundancy when performing reaching
tasks, this controller corrects the free arm movement if the operator is not respecting a desired synergy –
a desired ratio among the upper-limb joint velocities – thus encouraging the user to modify his inter-joint
coordination. In this case, the KSC generates dissipative velocity dependent forces to constrain the undesired
upper-limb coordination directly at the joint level, without directly a� ecting the end-point motion. Otherwise,
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Figure 4.2: Experimental setup.On the left, a participant of the experiment within the ABLE exoskeleton. On the right, the WAM
manipulator with the push button on top.� 1 : : : �4 are the angles de�ning the four di� erent joints orientation.

if the given pattern of joint coordination is followed, the controller produces a null torque. More details on this
controller are given in Appendix B.

For our experiment we used the following version of the KSC:

� = � kCTC�q (4.1)

where� is the vector of the output torque to the exoskeleton joints� =
h
� 1 � 2 � 3 � 4

i T
, k 2 R4 is a vector of

viscous gains,�q 2 R4 is the vector of joints velocity, andC 2 R4 is an arbitrary imposed vector of constraints,
which we set for the experiment as

C =
h
0:667 0 � 0:667 0:333

i
: (4.2)

The chosen values ofC provided a generic perturbing behaviour pushing towards unnatural inter-joint coor-
dination, as, for example in our experiment, over abduction while �exing the shoulder during forward hand
movement, instead of the natural synergy (shoulder �exion and elbow extension). Furthermore, the result-
ing constraints, imposing a ratio among the di� erent joint velocities, were complex for the participants to be
understood, providing a not easily predictable exoskeleton behaviour for the users.

Gravity compensation mode

This control mode consisted in a feedforward gravity compensation of the exoskeleton. With this mode, the
robot produces minimal resistance to the human motion, giving freedom of movement to the user [87]. Actually,
the gravity compensation was always active as a feedforward compensation, even simultaneously to the KSC,
thus this control mode can be seen as the situation in which the corrective force �elds were inactive.

4.2.2 Experimental protocol

The experimental protocol has been validated by the ethics committee of the Paris Decartes University (see end
of the thesis for the CERES certi�cate).
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Figure 4.3: Example of goal-directed pointing task (GDM).The four pictures show the motion from the starting position to the
WAM button, while performing GDM task. In this case the subjects were not asked to follow any speci�c endpoint trajectory.

Figure 4.4: Example of path-constrained tracking task (PCT).The four pictures show the motion from the starting position to the
WAM button, while performing PCT exercise. The participants were asked to follow the speci�c endpoint path shown by the rubber
band going from the starting position of the ABLE exoskeleton to the WAM end-e� ector.

Participants

Twenty healthy individuals participated in this study (12 male and 8 female, aged 24:5 � 4:8), giving informed
consent before participation. They were members of the laboratory or relatives, naive to the experiment. We
measured subjects size and their maximum grip force with a dynamometer.

Tasks

The participants were asked to perform several pointing tasks with the ABLE exoskeleton while sitting com-
fortably on a stool. The exoskeleton was connected to the right arm of the operator through three velcro cu� s,
one on the upper-arm and two on the forearm. Besides, the subjects wore a commercial wrist splint to limit
wrist motion and prono-supination (not controlled nor measured by the robot).

A 7-DOF WAM manipulator (c Barrett Technology), with a press button at its extremity, was placed in front
of the participants for presenting the pointing targets. Starting from a resting position (the upper-arm along the
body, with the elbow bent about 90 degrees and the forearm along the leg), the participants were asked to push
the button on the WAM through a plastic rod, screwed on the splint. Once the target button was pressed, the
ABLE exoskeleton was actively bringing back the upper-limb to the starting position, through a position control
mode, while the subjects were remaining passive. For each pointing trial, participants manually triggered the
record of the motion by pushing on a secondary button with the free left hand and they had 4s to complete the
movement.

We chose two di� erent testing tasks:

� Goal-Directed Mode(GDM), a simple pointing task, the participants were free to move from the starting
position to the button,i.e. they were not asked to follow any speci�c trajectory or arm coordination, see
�gure 4.3.

� Path-Constrained Tracking mode(PCT), a path following task, the subjects were asked to follow a spe-
ci�c straight end-point path from the initial position to the WAM push-button, see �gure 4.4. The end-
point path was shown by an elastic rubber band connecting the starting position to the WAM button.

The average total times for each reaching task were about 90 minutes for GDM and 105 minutes for PCT.
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Figure 4.5: WAM positions. The eight Experimental Target positions (ET) and the four Generalization Target positions (GT). The
asterisks * show the mean position of head and shoulder, and the projection of the starting position of the elbow/end-e� ector. On the
left, x-z frontal plane, on the right,y-z sagittal plane (some targets are coincident on this plane). The frames are consistent with the
reference frame of �gure 4.3.

Figure 4.6: Phases of the experiment.Experimental protocol, showing the four consecutive phases, respectivelypreliminary, experi-
ment, wash-outandfollow up. Before the follow up, the subject was resting, detached from the exoskeleton, for about 30 minutes. The
number in front of each phase stands for the number of repetition of each pattern (1 repetition for PRE, 15 for EXP, and 2 for WAS and
FOL).

Reaching targets

The protocol consisted in 12 di� erent �nal positions presented by the WAM robot, grouped inExperimental
Targets(ET, 8 positions) and inGeneralization Targets(GT, 4 positions), shown in �gure 4.5. While the ET
were periodically exposed to the perturbation of the corrective �elds, the GT positions were never exposed to
any �eld. These positions were �xed for all the subjects. The targets ET 1 and GT 2 were placed in the sagittal
plane of the participant, the ET targets 6-8 and ET 7 were placed in a para-sagittal plane respectively more
internal and external to the plane of the participant's upper-arm. The targets were placed at di� erent depths
(about 15cmof range between the closest position to the subject and the furthest one, �gure 4.5). The distance
WAM-ABLE was �xed for all the participants, but selected such that every participant could reach any target
position with the exoskeleton.

Procedure

Ten participants carried out the GDM, and ten the PCT. Initially, every subject was given the possibility to
practice free movements with gravity compensation mode for few minutes. After this initial training, the
subject was asked to point to the di� erent targets with the robotic exoskeleton. All the sequences of pointing
tasks were performed by blocks of 8 ET or 4 GT trials presented in the same randomized order for each subject.
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The experiment consisted of 4 phases:preliminary(PRE),experiment(EXP),wash-out(WAS), andfollow up
(FOL).

In particular we had:

� PRE (24 total pointing task) was 2x8 ET followed by 2x4 GT;

� EXP (300 total pointing task) was 15 repetitions of 2x8 ET plus 4 GT, that is every repetition consisted
of 20 pointing tasks;

� WAS (40 total pointing task) was two repetitions of 2x8 ET plus 4 GT;

� FOL (40 total pointing task) was two repetitions of 2x8 ET plus 4 GT.

Figure 4.6 shows a scheme of the patterns and the phases.
PRE, EXP, and WAS were performed in sequence, while before FOL there was a pause of about 30 minutes,

during which the participants rested, detached from the exoskeleton. It is important to underline that the KSC
was active only during EXP and only during the pointing tasks towards ET. Otherwise, the robot was controlled
in gravity compensation mode. Therefore, as shown in �gure 4.6, the KSC was perturbing and correcting
the subject free motion only during 240 movements over the 404 total movements of each experiment. GT
movements were always unconstrained.

4.2.3 Quanti�cation of the human spontaneous variability within the exoskeleton

A speci�c experiment was performed in order to quantify the spontaneous variability of human subjects per-
forming reaching tasks with the exoskeleton in gravity compensation mode. We performed this experiment
with 10 healthy subjects – participants of the KSC experiment but naive at the moment of the variability test
– performing pointing task to GT targets. Five subjects practised with each exercise (GDM and PCT). They
performed four sequences of �ve repetitions of pointing tasks, towards the 4 GT positions (thus a total of 20
motions per sequence) for a total of 80 reaching tasks for each subject. The sequences were separated each other
by one hour of resting time, during which the participants were detached from the exoskeleton. In this way, we
aimed at measuring the spontaneous human variability and, additionally, at capturing the variability due to the
di� erent arrangement of the device on the human arm, consequence of detaching and attaching the participants
to the exoskeleton. The outcome of this preliminary experiment showed a small and stable variability among
subjects, providing a reference value to compare with the results of the training with the exoskeleton.

4.3 Data processing

4.3.1 Data gathering

Kinematics data were collected through the four di� erential encoders of the ABLE exoskeleton. For the end-
point kinematics (the tip of the rod) a direct kinematic model of the robotic upper-limb was used together with a
measure of the subject forearm length. Post-processing was done using Matlab environment (c The MathWorks,
Inc.). All the recorded data were low-pass �ltered using a 4th order Butterworth �lter, with cut-o� frequency
of 5Hz.

4.3.2 Joint kinematics

We analysed the �nal arm-robot con�guration at the time when the subjects were pushing the WAM button.
The �nal posture joint anglesqi , with i = 1;2;3;4, were expressed relatively to their values at the end of the
�rst movement in the preliminary phase, thus before any force �elds exposition.



Chapter 4. Human adaptation to the robot action 63

4.3.3 End-e� ector kinematics

We computed the speed pro�le (norm of velocity) of the endpoint motion and considered the following temporal
parameters

� motion durationT, for which we de�ned the beginning and end of each movement as 10% of its peak
velocity;

� end-point motion smoothness� , as the spectral arc-length metric de�ned by [6], for which large negative
values mean reduced smoothness;

� maximum end-point velocityvmax.

The spatial charateristics of the trajectory were studied thanks to thecurvatureparameter� , de�ned by [87]
as the maximum de�ection of the hand path from a straight line joining the initial and �nal positions, showing
if the hand is deviated from its natural path:
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4.3.4 Principal Component Analysis

A Principal Component Analysis (PCA) was performed on the simultaneous coordination of the four joints,
i.e. a test to spot potential resultingjoint synergy. Each PCA was performed on the joint velocities of a single
repetition of reaching tasks, therefore on four reaching movements for the GT (one PCA for each black circle
in �gure 4.6) and on sixteen reaching movements for the ET (one PCA for each couple of white circles in �gure
4.6).

In order to determine if two motions were similarly coordinated, we applied the metrics previously devel-
oped in [16] that is a distance metrics between subspaces:

 (U;V) =
q

1 � S2
min(U

TV) (4.5)

whereSmin is the minimal singular value of the matrixUTV, with U andV the two subspaces de�ned by the �rst
three Principal Components (PCs). This function represents the sine of the minimal angle of rotation between
the two subspaces, where = 0 stands for no rotation and = 1 for orthogonality. Thus, a small distance
between subspaces, representing di� erent motions, would mean that these motions were performed by using
similar joint synergies, while a large distance would indicate that the subject has changed his coordination while
performing the same task.

4.3.5 Statistics

For the statistical analysis on the whole group of participants, the analyses were performed separately for the
ET and GT trials. The values of the end-point and the joint variables were averaged during �ve phases of the
procedure, for each target. In particular we considered 2 blocks of PRE trials, the two �rst and two last blocks
of the EXP trials, respectively Early and Late exposition to KSC (E-EXP and L-EXP), the �rst two blocks of
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wash-out WAS, and the �rst two of follow up FOL. Non-parametric statistics were performed on these �ve
di� erent phases. A Mann-Whitney U test was used to compare the e� ect of mode (GDM versus PCT) in every
di� erent phase-target combinations (5 phases, 5x8 cases for ET targets, and 5x4 cases for GT targets). A
Friedman ANOVA test was used to detect the e� ect of phase (PRE, E-EXP, L-EXP, WAS, and FOL) and target
(ET versus GT) separately for the two modes. If these e� ects were statistically signi�cant, further two-by-two
comparisons were performed with the Wilcoxon test.

To analyse individual results, we focused on the shoulder abduction/adduction movements. For each subject
we compared data from PRE and WAS (the mean �nal posture of the two movements in PRE with respect to
the �rst two movements in WAS, therefore only during the �rst repetition of WAS), to determine the presence
of after-e� ects, and data from early EXP and late EXP (the mean �nal posture of the �rst two movements in
EXP with respect to the last two movements in EXP), to determine the presence of adaptation. On these two
intervals, we therefore computed a Student's t-test.

For the PCA analysis, we computed the distance metric (section 4.3.4) between the subspaces describing
the PRE trial and all the subsequent blocks in the same mode. These distances were then compared to subspaces
describing the spontaneous variability observed during the spontaneous variability experiment (4 blocks of 5
repetitions). To this purpose, for each mode, we calculated the mean of the permutation of the distance between
PCs subspaces and used this value as hypothesized value for a non parametric one-sample sign test.

Finally, correlation analyses were also performed between morphological and kinematic data. All the
statistical computation were performed using Statistica (c Dell Inc.).

4.4 Results

First the results of two illustrative participants are presented in order to show the e� ect of KSC and the con-
sequent inter-individual di� erence. Then, separately, the results of the experiment are analysed with respect
to the whole group of participants and the three di� erent tasks, considering successively the e� ect of the di-
rect exposition to the corrective force �elds (movements towards ET), and the consequences over targets and
movements which were never exposed to these �elds (towards GT).

4.4.1 Individual results

Two illustrative cases

Figure 4.7 is composed of four �gures showing the results of two typical scenarios, representing the di� erent
behaviours observable during the experiment. For both cases, the task was the goal-directed mode. The top
�gure, for each case, represents the trajectories of the �rst angle (the shoulder abduction/adduction) on motions
towards the ET number 4 (placed on the left of the plane including the shoulder, thus producing internal shoulder
rotation), for 5 phases of the experiment, respectively preliminary, early exposition (�rst �ve repetitions of
EXP), late exposition (last �ve repetitions of EXP), wash-out, and follow up.

As we can see, the e� ect of the KSC (E-EXP) was, in one situation (case 1) to increase the value of
abduction above the initial level (PRE). Then during the continuous exposition to the KSC (L-EXP) the level
of abduction tended to return to the original one. After the removal of KSC (WAS), the subject showed an
over-shoot of the shoulder angle in the opposite direction of the constraints (in this case, a stronger adduction)
which persisted during follow-up. Similar results were observed mainly for the �rst two angles, on most of the
ET positions.

In the other situation (case 2), clearly the post-e� ect after the exposition of the force �elds is rather a
coordination in between the one imposed by the KSC and the natural one. In addition we did not see any type
of adaptation during the L-EXP phase.

Another way to illustrate these phenomena is by looking at the velocity cycloidsi.e. graphs showing
the velocity of a joint according to the velocity of another joint, thus showing joint velocity synergies. The
bottom graph of �gure 4.7, for each case, shows the cycloids for movement towards target number 4 and, in
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Figure 4.7: Two illustrative cases. For two subjects, during GDM task, we show two di� erent �gures: on top, the averaged trajectory
of the the shoulder abduction/adduction (dark plots) and the single trajectories (lighter plots), when moving towards ET 4; on bottom,
for the same target, the resulting cycloids when considering the ratio between the �rst two joint velocities (shoulder abduction/adduction
versus internal/external rotation). In this case the light plots are the cycloids, while the dark dashed lines are the mean ratio. For the
four graphs, data refer to the 5 phases of the experiment, preliminary (PRE), early exposition (E-EXP, �rst �ve repetitions of EXP), late
exposition (L-EXP, last �ve repetitions of EXP), wash-out (WAS), and follow up (FOL).
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Figure 4.8: Inter-individual di � erences on the e� ect of the KSC exposition, for the �rst joint, during WAS. Each symbol
corresponds to one movement, performed by one subject, towards one ET. The three possible e� ects during the WAS are: persistent
perturbation, over-shoot, and no-e� ect. To the same color corresponds the same ET. Additionally, the presence or not of the adaptation
during the exposition to the force �elds (during EXP) is shown respectively by a square or a triangle.

particular, the velocity of the �rst joint (shoulder abduction/adduction) with respect to the second joint (shoulder
internal/external rotation), during the 5 phases of the experiment. The results are consistent with the two
phenomenona of either late-exposition adaptation towards the original movement, with a strong over-shoot as
post-e� ect during both WAS and FOL, or absence of adaptation in L-EXP, followed by persistent perturbation
as post-e� ect during both WAS and FOL. These are also underlined by the dashed lines representing the mean
ratio between the two joint velocities.

Inter-individual di � erences

During WAS and FOL, most of the movements resulted in either a persistent perturbation or in an overshoot.
In a smaller number of movements, no e� ects were observed when the KSC was removed. At the same time,
generally either adaptation occurred during late-EXP, or participants did not changed their coordination while
moving within the force �elds. The behaviour of each subject, during and after the exposition to KSC, was
identi�ed thanks to the analysis described in section 4.3.5, is shown in �gure 4.8. Based on these, the persistent
perturbation was the most common e� ect (55% of the movements), while one third of the tasks were followed
by over-shoot. No e� ects were observed only on 22 movements out of 160 (14% of cases), and these were
almost equally distributed on the two tasks. GDM resulted mostly in persistent perturbation during WAS (63%
of the movements), while during PCT we observed a slightly increase of over-shoot e� ects (48% of persistent
perturbation versus 33% of over-shoot). Finally late exposition adaptation occurred only in the 21% of the
movements, more frequently during pointing tasks (GDM) than in tracking (PCT).
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Figure 4.9: Mean joint �nal displacement on movement towards ET 3. Mean joint �nal displacement and standard error with
respect to the �nal posture of �rst movement in PRE, in the two di� erent modes, over the 10 subjects. The target position is ET number
3. Columns are the four joint of the exoskeleton. Horizontal dashed lines represent the joint maximum standard deviation� for the
spontaneous variability experiment.

4.4.2 Movements towards ET: adaptation to KSC

Joint kinematics

The mean �nal upper-limb posture, for ET 3 over the whole experiment and for both tasks, is presented in �gure
4.9. The illustrated target was chosen since its height and internal position, with respect to the right arm of the
participants, involved large rotations on which the e� ects of the KSC are more observable.

Mann-Whitney U test performed separately for the 160 cases (4 joints, 5 phases, 8 targets combinations)
showed that the �nal angle in the di� erent joints did not vary signi�cantly with the mode except in 4/160 cases
(3 times for joint 2, once for joint 4).1 Friedman ANOVA, performed separately for each mode, showed that the
posture, for all the joints, varied signi�cantly with the targets and the phases (p < 0:001). Paired comparisons,
through the Wilcoxon test, were used to analyze the di� erences between phases separately for each mode and
each target.

The �rst joint angle (shoulder abduction/adduction) increased signi�cantly between PRE and E-EXP, for
both GDM and PCT modes, for all the targets (p < 0:01), indicating the direct e� ect of the KSC. It remained
increased by reference to PRE during L-EXP (p < 0:01). There were no signi�cant di� erences between E-EXP
and L-EXP phases, except for a slight increase of the deviation for target 4 (p < 0:01), and a decrease for
target 7 in PCT mode (p < 0:05). The angle returned close to PRE values during WAS for all the targets but
for targets 6 in GDM mode, for which the deviation persisted (p < 0:01). During FOL the joint postures were
mostly similar to PRE values, except for targets 6 in both modes (p < 0:05).

The second joint angle (shoulder internal/external rotation) decreased signi�cantly between PRE and E-
EXP (for targets 1 and 3-6, whatever the modep < 0:01, for target 8 in GDM and target 7 in PCTp < 0:05).
This deviation lasted during the exposition to the KSC and remained di� erent to PRE values during L-EXP
(p < 0:01), except for targets 2 and 7. There were signi�cant di� erences between E-EXP and L-EXP phases
only for target 5 in GDM (p < 0:05) and targets 4, 5, and 8 in PCT (p < 0:05). During WAS, the joint angles
remained decreased by reference to PRE values for target 6 in GDM (p < 0:01) and targets 2 and 5 for PCT.
During FOL, the values were decreased by reference to PRE values for targets 3, 5 (p < 0:05) and 6 (p < 0:01)
in GDM.

The third joint angle (shoulder �exion/extension) was signi�cantly modi�ed by the KSC as shown by
signi�cant di� erences between PRE and E-EXP, except for target 1 (p < 0:01 for targets 3-7,p < 0:05 for
targets 2,8 in GDM mode andp < 0:01 for targets 3-8 in PCT mode). The direction of the modi�cation
depended on the target: the angle was increased for targets 2-5 and decreased for targets 6-8. During L-EXP,
the angle remained deviated in the same direction (p < 0:05 for targets 3 and 4,p < 0:01 for targets 5-8 in
GDM, p < 0:01 in PCT). There were only slightly di� erences between E-EXP and L-EXP depending on the

1Joint 2, during PRE, for target 6 (p < 0:02) and, during E-EXP, for targets 1 and 4 (p < 0:05). Joint 4, during E-EXP, for target 1
(p < 0:01).
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Figure 4.10: Mean motion duration T (a), mean peak velocityvmax (b), and mean smoothness� (c). Averaged data over the ten
participants and standard error for the pointing tasks towards ET positions for the two di� erent modes. Smoothness, through spectral
arc-length, is higher when� is closer to zero.

mode and the target.2 The amount of the deviation decreased during WAS (without changing direction) but
remained signi�cant for targets 6-8 in GDM (p < 0:01) and for targets 1, 5 (p < 0:05) and 6, 8 (p < 0:01) in
PCT. During FOL, the values were not signi�cantly di� erent with respect to the PRE phase.

The fourth joint angle (elbow �exion/extension) signi�cantly increased between PRE and E-EXP (p < 0:01
whatever the mode and the target). This deviation remained during L-EXP, as shown by signi�cant di� erences
between PRE and L-EXP, except for target 7 (p < 0:01 for targets 2-6, 8 andp < 0:05 for target 1 in GDM,
p < 0:01 for targets 3-6, 8 andp < 0:05 for target 1 and 2 in PCT). There were no di� erences between E-EXP
and L-EXP in GDM and only a decrease of the deviation for target 1 in PCT (p < 0:05). During WAS, the
values were not signi�cantly di� erent from the ones in PRE, for the GDM, except for a persisting deviation for
target 5 (p < 0:05). In PCT, there was a persistent deviation for targets 3 (p < 0:05) and 5 (p < 0:01), and
a reversal of the e� ect with decreased values, by reference to the PRE values, for targets 1 and 7 (p < 0:05).
During FOL, the values were not di� erent to those in PRE, in GDM, but they remained decreased w.r.t. PRE
for targets 1 and 7 in PCT (p < 0:01).

In conclusion, the KSC consistently modi�ed the �nal joint postures and its e� ect lasted as long as the
exposition to the perturbation with small di� erences between the early and late periods. After the removal
of the KSC, participants were often performing di� erently from their natural coordination, depending on the
mode and the target. The after-e� ect were mostly characterized by the persistence (in the same direction but
with a reduced amount) of the deviation observed during the exposition to KSC. A signi�cant overshoot was
only observed for joint 4, during reaching for two targets in PCT.

End-point kinematics

Motion duration and peak velocity for ET motions are shown in �gure 4.10.a and �gure 4.10.b. Mann-Whitney
U test, performed separately for the 40 cases, con�rmed that the velocity of the movements was slower in
PCT than GDM mode (signi�cant in 36/40 cases, the exceptions were during WAS or FOL) with a longer
duration (signi�cant in 29/40 cases, the exceptions were mostly during FOL). Friedman ANOVA performed
separately for each mode showed that the velocity and duration varied signi�cantly with the target and the
phase (p < 0:001). Post-hoc paired comparison, through the Wilcoxon test, con�rmed that the peak velocity
decreased during the early exposition to KSC (signi�cant decrease between PRE and E-EXP for 2 targets in
GDM mode and 4 in PCT mode), then it remained stable during the exposition to KSC between E-EXP and
L-EXP (except a signi�cant increase for one target in PCT). The peak velocity increased after the removal of
KSC (signi�cant di� erence between L-EXP and WAS for six targets in GDM and for every target in PCT, and
between L-EXP and FOL, for seven targets in GDM and for every target in PCT ). The velocity was slightly

2A decrease of the angle for target 1 (p < 0:05 in GDM, p < 0:01 in PCT), a lessening of the initial deviation for target 3 (p < 0:05
in GDM and PCT) or an increase of the initial deviation (for targets 7 and 8, in GDMp < 0:05, and for targets 6-8 in PCT mode
p < 0:01).
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Figure 4.11: Mean trajectory curvature � . Mean trajectory curvature and standard error for the ten subjects, over the 8 ET positions,
for the two tasks.

higher during FOL than PRE in PCT mode (signi�cant for seven targets). The duration of the movement was
slightly increased at the beginning of KSC (signi�cant di� erence between PRE and E-EXP for two targets
for GDM and PCT ) then decreased during exposition to KSC (signi�cant di� erence between E-EXP and L-
EXP for four targets in GDM and PCT). The duration decreased further after the removal of KSC (signi�cant
di� erence between L-EXP and WAS for four targets in GDM and �ve in PCT, and between L-EXP and FOL
for one target in GDM and for �ve in PCT). During WAS and FOL the movements were shorter than before
exposition to KSC (signi�cant di� erence PRE-WAS for �ve targets in GDM and for all target in PCT, signi�cant
di� erence PRE-FOL for three targets in GDM and six targets in PCT).

As expected (�gure 4.10.c), the movements were less smooth in PCT than in GDM. This was con�rmed by
Mann-Whitney U test showing a signi�cant di� erence in 32/40 cases. Friedman ANOVA performed, separately
for each mode, showed that the smoothness varied signi�cantly with the target and the phase (p < 0:001).
The exposition to the KSC immediately decreased the smoothness of the movement (Wilcoxon: signi�cant
di� erence between PRE and E-EXP for six targets in GDM and two in PCT) and this e� ect lasted during the
KSC exposition (no di� erence between E-EXP and L-EXP; except one target in PCT). When the KSC was o� ,
the smoothness was slightly improved during WAS by reference to L-EXP (signi�cant di� erence in four targets
in GDM and three in PCT).

The variation of the trajectory curvature� as a function of ET target position for the di� erent modes is
shown on �gure 4.11. Mann-Whitney U test con�rmed that the curvature was usually greater in GDM than in
PCT (signi�cant in 27/40 cases). The increase of curvature was observed for the more distant targets (target
1-5 during all the phases and target 8 for phases PRE and E-EXP) but not the closest ones (targets 6 and 7).
Friedman ANOVA, performed separately for each mode, showed that the curvature varied signi�cantly with the
target and the phase (p < 0:001). The curvature increased at the beginning of exposition to KSC (signi�cant
di� erence between PRE and E-EXP for targets 3 and 6 in GDM, and targets 2, 3, 6, 8 in PCT) then remained
at a similar level during the exposition to KSC (no signi�cant di� erence between E-EXP and L-EXP, except
target 4 in PCT). The curvature regained PRE level during WAS and FOL.

Summarizing, the results from velocity and duration parameters are consistent: the subjects slowed down
their movements as soon as the KSC became active. Once the KSC was removed, the movements became faster
and shorter. The smoothness of the trajectories reduced and their curvature increased during the application of
the KSC without clear after e� ects.
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Figure 4.12: PCs distance from PRE, on ET pointing task, for the two tasks GDM and PCT.PC subspaces mean distance
and standard error with respect to �rst repetition in PRE phase (trial 1) over the 10 participants when pointing toward ET. In red,
mean values and standard deviation of spontaneous variability experiment with 5 healthy subjects of section 4.2.3. Asterisks * mean
signi�cant di� erence w.r.t. spontaneous variability after non parametric one-sample sign test

Figure 4.13: PCs distance from constraining vector, on ET pointing task, for the two tasks GDM and PCT.PC subspaces mean
distance and standard error from constraining vector (equation 4.2) over the 10 subjects during pointing task towards ET.

Inter-joint coordination

PCA analysis and the above-mentioned subspace-distance based metrics were used to analyse the e� ect of KSC
on inter-joint coordination. By construction, the KSC should increase the distance of the EXP PCs from the
natural PCs (the one computed during the PRE phase) and decrease the distance from the space de�ned by
the KSC constraining vector of equation 4.2. Figure 4.12 shows the distance between PCs subspaces from the
motions in the preliminary phase, thus motions before the exposition to any force �elds (the �rst value of the
distance is null, since it represents the distance of the �rst synergy from itself). For the two tasks, we can clearly
see the consistent e� ect of the presence of the KSC during the experiment phase (bars in blue). In fact these
distances are large and almost constant for all the subjects in all the cases (GDM and PCT). Horizontally, in
red, we plotted the value of the spontaneous variability experiment showing a visual representation of natural
synergy variability of healthy humans performing pointing tasks, see section 4.2.3.

The last four bars, respectively two for WAS and two for FOL, represent the post-e� ects of the force
�elds exposition. During these phases, participants were no longer under the constraints by the KSC, but were
instead performing with a gravity compensated robot, similarly to the PRE phase. Wash-out synergies, both
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Figure 4.14: Mean joint �nal displacement on movement towards GT 3. Mean joint displacement and standard error with respect
to �nal posture in PRE, in the two di� erent modes, over the 10 subjects. The target position is GT number 3. Columns are the four
joint of the exoskeleton. Horizontal dashed lines represent the joint maximum standard deviation� for the spontaneous variability
experiment.

in GDM and PCT exercises, show statistically signi�cant di� erence to the spontaneous variability value (after
non parametric one-sample sign test). In path-constrained tracking task, this di� erence is also kept during the
FOL phase, meaning that a di� erent inter-joint coordination was still present, on most of the participants, even
30 minutes after having performed the last movements under the perturbation by the KSC.

Figure 4.13 shows the distance between each PCs subspace with respect to the subspace computed from
the constraining vector of equation 4.2. Mainly a small distance indicates that the subject is performing the
movement following the imposed constraints, while a large distance stands for di� erent upper-limb patterns of
coordination. Therefore the KSC was able to correctly constrain the participants to perform the desired synergy
(EXP phase) for each mode. On the other side, the post-e� ect of WAS and FOL phases does not seem to
correspond to the e� ective constraints on the joint coordination.

4.4.3 Movements towards GT: catch-trials unexposed to KSC

Joint kinematics

Catch-trials to GT were performed with the exoskeleton in gravity compensation mode and the reaching move-
ments towards GT targets have never been exposed to KSC-generated force �elds.

Mann-Whitney U test, performed separately for the 80 cases (4 joints, 5 phases, 4 targets combinations),
showed that the �nal angle in the di� erent joints did not vary signi�cantly with the mode except in 7/80 cases
(3 times for joint 1, once for joint 2 and 4, and 2 times for joint 3). Friedman ANOVA, performed separately
for each mode, showed that in GDM the posture for all the joints varied signi�cantly with the target and the
phase (p < 0:05 for joint 1,p < 0:001 for the other joints), while, in PCT, it varied signi�cantly with the target
and the phase for joint 1 (p < 0:01), joint 2-4 (p < 0:001), but not for joint 3.

The �rst joint angle (shoulder abduction/adduction) increased signi�cantly between PRE and E-EXP for
targets 1, 2, and 4 (p < 0:05) in GDM, and for target 3 in PCT. It remained increased, by reference to PRE,
during L-EXP for target 1 in GDM (p < 0:05). The angle returned close to PRE values during WAS and FOL.

The second joint angle (shoulder internal/external rotation) decreased signi�cantly in GDM between PRE
and E-EXP for target 2 (p < 0:05), and between PRE and L-EXP for target 1 (p < 0:05). A decrease also
appeared for target 3 during WAS and FOL by reference to PRE. There were no signi�cant di� erences in PCT.

The third joint angle (shoulder �exion/extension), during GDM, was signi�cantly decreased for target 4
between PRE and E-EXP (p < 0:05) and for targets 1 and 4 between PRE and L-EXP (respectivelyp < 0:05
andp < 0:01). It remained decreased during WAS for target 1 (p < 0:05). It was also increased for target 3 but
not signi�cantly due to large variability (�gure 4.14).

The fourth joint angle (elbow �exion/extension) signi�cantly increased between PRE and E-EXP (in GDM:
p < 0:05 for target 1,p < 0:01 for targets 2-4, and in PCTp < 0:05 for targets 1, 3, 4). This deviation remained
during L-EXP (in GDM for target 3,p < 0:05, and in PCT for targets 1, 3,p < 0:05 and 4,p < 0:01). During
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Figure 4.15: Mean motion duration T (a), mean peak velocityvmax (b), and mean smoothness� (c). Averaged data over the ten
participants and standard error for the pointing tasks towards GT positions for the two di� erent modes. Smoothness, through spectral
arc-length, is higher when� is closer to zero.

Figure 4.16: Mean trajectory curvature � . Mean trajectory curvature and standard error for the ten subjects, over the 4 GT positions,
for the two tasks.

WAS, the increase remained signi�cant for target 3 in GDM and for targets 1 and 3 for the PCT. During FOL,
the values were not di� erent than in PRE, except a decrease in PCT for target 2 (p < 0:05).

In brief, during the experimental period when the KSC was active, it also consistently modi�ed the �nal
posture during catch-trials to targets that have never been directly exposed to KSC, suggesting both spatial
and temporal generalization of the e� ect of KSC. This e� ect depended of the target but lasted as long as the
exposition to the force �elds. When signi�cant, the after-e� ects were characterized by the persistence of the
deviation observed during the exposition to KSC.

End-point kinematics

Motion duration and peak velocity for movements toward generalization targets are shown in �gure 4.15.a and
4.15.b. Mann-Whitney U test con�rmed that the velocity of the movements was slower in PCT than in GDM,
with a smaller velocity peak (signi�cant in 14/15 cases for targets 1-3 and 1/5 case for the closest target 4) and
a longer duration (signi�cant in 17/20 phase-targets conditions). Friedman ANOVA, performed separately for
each mode, showed that the velocity and duration varied signi�cantly with the target and the phase (p < 0:001).
Post-hoc paired comparison with the Wilcoxon test con�rmed that the peak velocity did not change during the
early exposition to KSC (no signi�cant di� erence between PRE and E-EXP), but it increased progressively
during exposition to KSC (signi�cant di� erence between PRE and L-EXP for target 3 in GDM and targets 1, 3,
and 4 in PCT). The peak velocity did not change after the removal of KSC (no signi�cant di� erence between L-
EXP and WAS). In PCT, the peak velocity remained higher during WAS and FOL than during PRE (signi�cant
for 4 targets).

The duration of the movement was slightly decreased at the beginning of KSC (signi�cant di� erence be-
tween PRE and E-EXP for target 3 in GDM and target 2 in PCT) then decreased during exposition to KSC
(signi�cant di� erence between E-EXP and L-EXP for target 3 in GDM and 1, 3, 4 in PCT). The duration
remained stable after the removal of KSC (no signi�cant di� erence between L-EXP and WAS, nor between
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Figure 4.17: PCs distance from PRE, on GT pointing task, for the red two tasks GDM and PCT.PC subspaces mean distance
and standard error with respect to �rst repetition in PRE phase (trial 1) over the 10 participants when pointing toward GT. In red,
spontaneous variability mean values and standard deviation of spontaneous variability experiment with 5 healthy subjects of section
4.2.3. Asterisks * mean signi�cant di� erence w.r.t. spontaneous variability after non parametric one-sample sign test.

L-EXP and FOL). In PCT, the duration was shorter after than before exposition to KSC (signi�cant di� erence
PRE-WAS and PRE-FOL for 3 targets).

As expected, the movements were less smooth in PCT than in GDM (�gure 4.15.c). This was con�rmed by
Mann-Whitney U test: the di� erences were signi�cant in 14/15 cases for targets 1, 2, 4 and 1/5 case for target
3. Friedman ANOVA showed that the smoothness varied signi�cantly with the target and the phase in PCT
(p < 0:05), but not in GDM. In PCT, the smoothness was improved during the period of exposition to KSC
(Wilcoxon: signi�cant di� erence between PRE and E-EXP for targets 1, 2 and between PRE and L-EXP for
target 1).

The variation of the trajectory curvature as a function of CT target position for the di� erent modes is shown
on �gure 4.16. Mann-Whitney U test con�rmed that the curvature was greater in GDM than in PCT for the
more distant GTs but less for the closest target 4 (signi�cant di� erence in 14/15 cases for targets 1-3 and
in 1/5 cases for target 4). Friedman ANOVA performed separately for each mode showed that the curvature
varied signi�cantly with the target and the phase (p < 0:001 in GDM, p < 0:01 in PCT). In GDM, the
curvature increased at the beginning of the exposition to KSC (signi�cant di� erence between PRE and E-EXP
for targets 2, 3) and remained at the same level (no signi�cant di� erence between E-EXP and L-EXP). In PCT,
the curvature was signi�cantly increased during the late period (signi�cant di� erence between E-EXP and L-
EXP for targets 1, 3). Then it did not change during the exposition to KSC (no signi�cant di� erence between
E-EXP and L-EXP, except target 4 in PCT) then regained PRE level during WAS and FOL.

Summarizing, in contrast to the direct slowing e� ect of the KSC, the movements performed during the
catch-trials toward generalization targets had a tendency to be performed faster with an improved smoothness.
This e� ect was progressively built up and maximized during the L-EXP period. The e� ect of KSC on the
curvature, observed for the experimental targets, was generalized for the GT targets.

Inter-joint coordination

PCA analysis showed that the distance between spaces, de�ned by the 3 main PCs, during the catch-trials
progressively increased with respect to the initial coordination, during the EXP phase, and it lasted afterwards,
during WAS and FOL, as shown by �gure 4.17. A non parametric one-sample sign test performed with respect
the spontaneous variability experiment, showed that most of the resulting di� erent synergies, above all in GDM,
were statistically signi�cant. The distance between the actual coordination and the constraining vector was not
signi�cantly modi�ed (�gure 4.18) as previously observed for the movements exposed to KSC.
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Figure 4.18: PCs distance from constraining vector, on GT pointing task, for the two tasks GDM and PCT.PC subspaces mean
distance and standard error from constraining vector (equation 4.2) over the 10 subjects during pointing task towards GT.

4.5 Discussion

It is important to underline that, in the next discussion we will refer to the termmotor adaptationas “the
recovery of performance within the changed mechanical environment”, as in the original Shadmehr and Mussa-
Ivaldi study [161]. On the other hand,post-e� ectwill be used to analyse the motor behaviour resulting at the
end of the perturbations caused by the force �elds.

4.5.1 Adapting to new upper-limb synergies

Results overview Twenty participants of our experiment performed a total of 404 pointing/tracking tasks,
240 of which under the e� ect of inter-joint corrective viscous force �elds. Subjects were all healthy, naive,
without any known pathology to the upper-limb.

The peculiarity of our experimental protocol allowed us to analyse di� erent aspects of learning. First, we
were able to study the direct e� ect of the presence of multiple viscous force �elds, perturbing the arm kinematics
at the joint level and therefore at the end-point. Second, we analysed human adaptation to the KSC correction,
looking for progressive decrease of the perturbations during the force �elds exposition (experimental phase of
the practice). Third, we evaluated the presence of post-e� ects when, at the end of the experimental phase, the
force �elds were removed. Fourth, �nally, thanks to the subgroup of targets GT, which were never exposed to
any �elds, we observed temporal and spatial generalization of the imposed upper-limb coordination.

The results showed that most of the subjects could learn from this unknown and unnatural environment,
meaning that their natural upper-limb coordination was exhibiting e� ects of the force �elds exposition in terms
of adaptation, post-e� ects, and generalization. The presence of after-e� ects was still observable after 30 min-
utes from the last constrained movements, during which time subjects were detached from the exoskeleton and
rested. These results extended the conlcusions found on experiments with planar robots [161] or, preliminary,
with an exoskeleton [121].

Poor adaptation during the exposition We observed adaptation to the original coordination, during late-
EXP phase, meaning a reduction of the e� ect of the perturbation induced by the �elds, only on 21% of the
testing population. In most of the subjects, we did not observe changes neither in their coordination, nor at the
end-e� ector kinematics, between E-EXP and L-EXP,i.e. they did not adapt by compensating for the external
perturbation, as usual in state of the art experiments with planar robot. The absence of joint space adaptation
was observed also in the results by Mistry etal. [121], but di� erently from their experiment, since in our case
no adaptation of the end-point movements occurred.
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Post-e� ects: two observable distinct behaviours At the same time, distinct post-e� ects were observed after
the removal of the KSC: they consisted, in some cases (30%), in over-shoot on the opposite direction of the
natural original coordination – thus similarly to Shadmehr and Mussa-Ivaldi original experiment, but at the joint
level, rather then at the end-e� ector – but the main pattern (55%) consisted of a persistence of the perturbation
during the wash-out and even the follow up period. This persistence of the perturbation could be the direct
consequence of the CNS not globally optimizing the motor behaviour, but rather tending to repeat suboptimal
task-satisfying solutions, because of in�uenced by motor memory, as described by Ganesh etal. [57]. In the
remaining 15% of the movements, we did not observe any post-e� ect.

Di� erent dynamics, similar results: comparing the two testing modes When considering the constraint
of following a path with the end-e� ector (thus in PCT), PCA results – meaning the existence of larger PCs
deviation from the preliminary motion with respect to the spontaneous variability experiment – are weaker
than in GDM, but we can still see, almost always, persistent post-e� ects in movements towards both ET and
GT. At the same time, during wash-out and follow up phases, in both cases most of the participants produced
an upper-limb coordination strategy modi�ed with respect to their natural preliminary one (respectively 63%
persistent perturbation and 29% over-shoot in GDM, versus 48% and 33% in PCT). These results are interesting
considering the di� erent dynamics of the two tasks (PCT generally required slower movements and longer
duration). Indeed generally GDM task corresponded to ballistic movements, thus probably mostly driven by
feedforward control and o� ine adaptation, while PCT requested stronger visual feedback to correct online the
trajectory, as demonstrated by longer duration, slower velocity, and poorer smoothness.

4.5.2 Application to rehabilitation / Limits

Di� erences from existing studies A clear di� erence from Shadmehr and Mussa-Ivaldi original experiments
and most of the results described in the introduction of this chapter of the thesis, is linked to the nature of
the requested task to the participants. In fact, while in 2D experiments, participants were asked to perform
point-to-point reaching task, thus explicitly requiring to contrast the deviating force �elds, in our experiment
we never asked the participants to follow any speci�c behaviour in terms of coordination. Thus, subjects were
voluntarily deciding to resist the e� ects of the robot, to follow the constraints imposed by the KSC, or, of course,
any possible strategy in between. Additionally, in 2D experiments, the perturbations were applied in the task
space, as velocity dependant �elds on the end-e� ector, whilst in this case, applying the velocity dependant force
�elds at the joint space, the subjects were implicitly constrained while moving and while being focused on the
reaching tasks.

Ability to impose a speci�c synergy The main purpose of utilizing a KSC-like strategy with post-stroke
patients would be the possibility for the exoskeleton to teach a healthy natural upper-limb coordination, in
order to correct common negative and pathological compensations in impaired subjects. Our results did not
perform as expected, since after the KSC practice, we did not observe the desired coordination imposed by
the force �elds. This result, observable in the distance from the constraints of graph 4.13 and 4.18, could be
related to the only dissipative nature of the version of the kinematic synergy controlled that we adopted for this
experiment. The original KSC [28] presents also a non-dissipative viscous torque, developed to avoid energy
waste by the exoskeleton and to encourage motions which satisfy the desired constraints. In the future we will
need to verify if, by adding this assistive term to the control law, we could obtain better performance on the
post-practice resulting coordination. Furthermore, it is reasonable to consider that imposing and retaining a
non-optimal synergy in healthy subjects is highly challenging. Probably the e� ects of the exposition to the
natural correction by the exoskeleton would achieve better outcomes when modifying impaired pathological
synergies in post-stroke survivors.
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Subjects awareness We observed learning in participants who were not aware – at least at the beginning
of the training – of the e� ects of the control law imposed by the exoskeleton, who were only told to focus
on the achievement of the task (pushing the button) rather than on the performance of the motion itself (i.e.
the inter-joint coordination). The idea ofimplicit learningof motor control was already analysed by Pattonet
al. [131] in an experiment with a planar robot, observing a detectable reduction in the washout of the after-
e� ects. Indeed, this phenomenon of long lasting e� ects seems con�rmed in our case. This “unawareness” of
the participants could have also interesting application for neurorehabilitation: we can imagine to train patients
on rehabilitative exercises for the upper-limb inter-joint coordination while asking them to play video games,
involving end-e� ector movements, on ad-hoc virtual environments. Post-stroke participants could then focus
their attention only on the video games controlled by the end-e� ector, rather than being involved in performing
particular upper-limb motions and therefore being forced to consider multiple goals for the movement of the
joints of the arm. Meanwhile the exoskeleton could impose healthy rehabilitative constraints at the joints of the
arm, decreasing the cognitive load on the impaired subjects. Moreover, computing performances for inter-joint
coordination could be more complex to judge and qualify in order to produce the rewards-metric, mostly due
to the human upper-limb redundancy. Thus considering the feedback to the user from the end-point only, while
leaving the robot taking care of the correct joint synergy, could simplify the overall rehabilitative therapy.

Behind no-adaptation and distinct post-e� ects An important inter-individual di� erence was observed, both
at the level of presence of adaptation during the exposition, and at the level of consequent post-e� ects. At
the same time, a smaller but not negligible variability within subjects of these parameters was also found.
Personal participants data as weight, height, and grasp force were collected and correlations analysis were
performed between these data and the results of the experiment. Learning generally happened when subjects
were stronger, taller, heavier, and moving faster, but the di� erence between any two groups of participants (by
either de�ning the group in which we observed post-e� ects, and the one in which these e� ects did not happen,
or by taking the group which adapted versus the one which did not adapt, or again, the group which resulted in
persistent perturbation versus the one which resulted in over-shoot) were not statistically signi�cant for any of
these parameters. The fact that our exoskeleton has �xed-length joint, thus not adjustable to the user physical
characteristics, and that the distance between the exoskeleton and the WAM manipulator was not changed with
respect to the di� erent height of the participants, may have a� ected the results.

4.5.3 Assessing learning e� ects with an exoskeleton

A central issue for this experiment was clearly the de�nition of parameters to assess adaptation, post-e� ects
and generalization occurring during the robotic-aided training. Most of the usual adopted indexes to qualify the
presence of these phenomena – in literature it is often shown a su� cient number of kinematic parameters as
joint trajectory, end-point trajectory, speed pro�les of one or more representative subjects – have been mostly
developed for analysing 2D tasks, for which the requested behaviour of the participants was clear (point-to-
point movements by following a straight-line). We believe that utilizing PCA analysis helped us to quantify
phenomena happening during the motion and not only resulting in di� erent con�guration at the end of the
movements. However the PCs distance metric was often not su� cient to describe the adaptation: for example,
being an unsigned index, it could not discern the observable di� erent post-e� ects of section 4.4.1. Cycloids
seemed to be a �ne tool when compared to PCs distance, but their computation produced complex reports to
analyse (six cycloids per motion for a 4-DOF robot as ABLE).

4.6 Transferring of post-e� ects outside the robot

Given these promising results, an interesting investigation should be performed on the e� ects on the participants
when the upper-limb is detached from the robotic exoskeleton. Could we still observe any e� ect on their arm
synergy with respect to their natural unperturbed strategy before the experiment? This fundamental question
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Figure 4.19: Setup of the transferring experiment with the Codamotion system.The seven markers are circled in orange (1 on the
end-point of the plastic rod, 1 on the hand, 1 on the forearm, 1 on the upper-arm, 1 on each shoulder, and 1 on the trunk. On the left
two of the three cameras of the Codamotion (the third is hidden on the right of the photo).

a� ects directly the transferring to ADLs, outside the clinical environment and without the assistance of the
robot, and thus deeply concerns corrective strategies potentiality on the rehabilitation e� cacy. In fact, due to the

Figure 4.20: Phases of the transferring experiment with the Codamotion system.To the original phases, four intermediate phases,
consisting of movements outside of the robot, were added.

internal model hypothesis, the two di� erent contexts (being or not in physical interaction with the exoskeleton)
would rely on di� erent internal models: this fact could limit the e� ects of the exposition to the robot constraints
on the movements performed outside of the exoskeleton, reducing the robot-led therapy e� cacy.

For this reason, we preliminary tested potential generalizations and post-e� ects outside of the robot, by
performing the same experimental protocol with a naive subject. We used a camera-based motion capture sys-
tem (the Codamotion,c Charnwood Dynamics Ltd.) that uses infra-red cameras to locate infra-red emitting
markers, placed on the participant; 3 cameras were used in the setup and 7 markers were placed on the subject's
body, as depicted in �gure 4.19. The motion capture system acquisition frequency was 100Hz. We asked the
participant to replicate the same exercise as in the goal-directed mode, moving from a given external start-
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Figure 4.21: 3D view of the movements of a point of the forearm, recorded through the MOCAP system.The target shown is
experimental 4 (ET4). Values are inmm. The marker was placed on the forearm of the participant. The axes are coincident with the
one of �gure 4.19.

ing position (indicated by a wood stick placed vertically on the �oor) to reach the push-button on the WAM.
Concerning the experimental protocol and the data processing, we kept the same structure described in section
4.2.2. The only relevant di� erence between the two experiments, consisted in the presence of four intermediate
phases, with respect to the pattern of �gure 4.6, in which the participant was asked to perform the pointing ex-
ercise, but detached from the exoskeleton, thus without any possible e� ects due to the robotic device presence.
Therefore, in these intermediate phases, the motion capture system recorded the subject movements. The new
pattern of phases is shown in �gure 4.20.

In the following results section, we show the movements towards an experimental target (in particular the
ET4): due to the nature of the constraining vector of equation 4.2, the e� ect of the movements towards this
particular target were evident in the previous work. Nonetheless, at the end of the section, we also show how
similar e� ects were observed on the entire set of experimental targets. The graphs present movements only
performed outside of the exoskeleton, thus in a unperturbed, unconstrained, natural context for the participant.
These movements are shown in �gure 4.21 (3D view of the movements) and �gure 4.22 (the same movements,
projected in the three di� erent 2D planesxy, xz, andyz), for marker number 3 (the one placed on the participant's
forearm).

The result of this generalization experiment seems promising. Indeed, it is possible to observe di� erent
phenomena, occurring at the successive phases of repetition of the exercise. In particular:

� An important modi�cation of the motion trajectories occurred generally among the phases but largely
during the wash-out: here the trajectories were strongly modi�ed by the exposition to the KSC force
�elds (up to a maximum deviation of about 15cm of the elbow position along thez-axis), even if the
robot perturbation was null at that time.

� By looking at the trajectories performed during the �rst follow up (thus about 2 hours after the exposi-
tion and before being reattached to the exoskeleton), even if they converged back towards the original
preliminary shape – thus showing the process of recovery of the natural inter-joint coordination – still, it
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Figure 4.22: 2D views of the movements, recorded through the MOCAP system.From left to right, respectively planesxy, xz, and
yz. The target shown is experimental 4 (ET4). Values are inmm. The marker was placed on the forearm of the participant. The axes
are coincident with the one of �gure 4.19.

is possible to observe non-negligible deviations of the elbow position, for a maximum of about 7cmon
thez-axis from the trajectory performed in the preliminary phase.

� An interesting phenomenon is observable in the �nal repetition – the third follow up – just after having
performed a classical follow up pointing exercise within the exoskeleton (not applying any constraint).
Indeed, having the participant reattached to the ABLE exoskeleton for a short period of time and detached
again, caused an important deviation of the forearm trajectories – maximum deviation of the elbow
position along thez-axis of more than 5cmwith respect to the last movement in the �rst follow up outside
of the robot – which could be the results of motor memory due to the re-exposition to the presence of the
gravity-compensated exoskeleton.

Therefore, although preliminary, the results show 1) a process of transfer to movements without the robot (i.e.
in a di� erent context), and 2) an access to motor memory. The 2D planes of �gure 4.22 con�rm that the KSC
correction was mainly a� ecting the elbow elevation, thus along thez-axis, as an expected consequence of the
chosen constraining vector for the KSC controller.

Considering the same movements but di� erent body parts, �gure 4.23 shows the trajectories for marker 1
(end-point of the plastic rod) and for marker 4 (upper-arm of the participant). The upper-arm follows the same
general analysis of the forearm one, con�rming the interesting preliminary results on the modi�cation of the
inter-joint coordination (in particular the elbow elevation while pointing at the target). On the contrary, for the
movements of the end-point, the paths were not largely a� ected by the exposition to the KSC �elds (maximum
deviation always less than 5cmon thez-axis). This is a direct consequence of the redundancy of the system with
respect to the task and of the paradigm behind this controller, which a� ects as much as possible the upper-limb
inter-joint coordination, without deeply impacting the end-e� ector movements. The same result, but extended
to all the other experimental targets, is presented in �gure 4.24, which represents the mean �nal elevation,
thus the �nal position along thez-axis, for the 8 experimental targets, along with the relative standard error,
respectively for the end-point and for the upper-arm. This graphs generalizes the former analysis performed
on the ET4 to the other targets, underlying the e� cacy of the KSC approach to movements even outside of
the robotic device. Moreover, we can again observe the role of motor memory by looking at the increase of
elevation during the third follow up phase, for the upper-arm.

The last result of this experiment is shown in �gure 4.25. We performed principal component analysis on the
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Figure 4.23: 3D views of the movements, recorded through the MOCAP system.From left to right, respectively movements of
marker 1 (end-point of the plastic rod) and marker 4 (upper-arm of the participant). The target shown is experimental 4 (ET4). Values
are inmm. The axes are coincident with the one of �gure 4.19.

Figure 4.24: Mean �nal position along the z-axis and standard error, over the 8ET. Final elevation, averaged over the 8ET,
respectively for marker 1 (end-point of the plastic rod) and marker 4 (upper-arm of the participant). Values are inm.

movements outside of the robot, thus using the data obtained through the motion capture system. Successively,
by following the subspace distance metrics of equation 4.5, we calculated the distance between the preliminary
inter-joint coordination (the subject natural one, before being attached to the exoskeleton) and the other ones,
evaluated after the exposition to the �elds, but always measured outside of the robotic arm. This bar plot
con�rms how the inter-joint coordination was modi�ed, when detaching the participant from the exoskeleton,
by showing an increased distance from the natural coordination, larger than the reference of the spontaneous
variability (recorded and computed within the exoskeleton, thus larger then the healthy synergy variability
performing pointing task in the free space, with no constraints). As expected, this modi�ed coordination washed
out in the �rst follow up; however the e� ect of the perturbation signi�cantly reappeared in the second follow
up, as said before, probably as a consequence of the motor memory activated by the second exposition to the
robotic device (even if it was not applying any constraint).

Although very preliminary, these are the �rst results of transfer of motor adaptation outside of a controlled
environment, after being exposed to distributed corrective force �elds produced by an exoskeleton. The shown
behaviour appeared on all the targets, both the experimental one (i.e. the one on which there has been a
training phase with the presence of the force �elds) and the generalization one (the target never exposed to any
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Figure 4.25: PCs distance with respect to the coordination in the preliminary phase.On the left, PCA on movements towards
experimental targets, on the right, towards generalization targets. The principal component analysis was performed only on the move-
ments outside of the robot. In red, the spontaneous variability measure from the former KSC experiment.

constraint). Clearly, the preliminary nature of the study, which above all concerned only one subject, does not
allow to derive any conclusion. However, if the results were con�rmed in the future, they could be fundamental
to rehabilitation robotics and could open new opportunities for using exoskeletons for neurorehabilitation.

4.7 Conclusions and perspectives

By using a 4-DOF robotic exoskeleton, we were able to modify more than to teach new upper-limb synergies on
twenty healthy subjects, performing pointing and tracking tasks. The peculiarity of our experimental protocol
allowed us to observe and analyse di� erent e� ects of learning –adaptationto force �eld, presence of post-
e� ects, andgeneralizationof the adaptation – separately on two sets of pointing targets. Although adaptation
(during the exposition to the force �elds) did not occur in the majority of the cases, the presence of di� erent
after-e� ects was persistent and observable even after 30 minutes from the last constrained movements, which
represents a new result with respect to classical motor adaptation experiments with robots.

One reason of this long lasting e� ects could be linked to the unexplicit nature of the constraints imposed
by the exoskeleton and consequently a decreased involvement of the participants in the process of synergy
modi�cation. This result, if con�rmed, could have interesting e� ects on the rehabilitation of post-stroke patients
and the creation of intensive therapy. Unfortunately, the chosen number of repetitions for observing a complete
wash-out was not always su� cient, thus, in future, an e� ort will be done to study the e� ective duration of these
e� ects.

An interesting but preliminary investigation was also performed on the e� ects on the participants when
the upper-limb was detached from the robotic exoskeleton. This is a fundamental issue which a� ects directly
the transfer of robot-led therapy to ADLs outside the clinical environment and without the assistance of the
robot, and thus deeply concerns corrective strategies potentiality on the rehabilitation e� cacy. We observed
the possibility to modify the upper-limb coordination even on movements outside of the robotic device, pro-
viding a new and promising result for rehabilitation robotics with exoskeletons. Data from this investigation
were obtained by using an external motion capture system and the study was performed on a single healthy
participant. Clearly, although very promising, these results necessitate deeper analysis, con�rmed on a larger
population and tested while performing di� erent tasks. Above all, a similar approach must be carried out to
study the potential e� ects on a group of impaired patients, in order to provide conclusions on the therapy.

Many questions are still unanswered, above all concerning the subset of participants who did not adapt
and did show post-e� ects during the training with the exoskeleton, and the presence of two distinct adaptive
behaviours, not necessary correlated with any measurement performed or with the requested tasks. Addition-
ally, one of this two behaviours seems not to follow the well-established internal model hypothesis, due to the



Chapter 4. Human adaptation to the robot action 82

Figure 4.26: The Adaptive KSC control schemePossible future implementation of an adaptive corrective strategy for the ABLE
exoskeleton.

absence of over-shoot in the post-e� ects phase, and we will need to investigate if they could follow other recent
paradigms (as for example theuse-dependent learning[40] or themodel-free learning[71]). In particular, the
use-dependent learning is the idea of a secondary mechanism of learning, with respect to the classical error-
based paradigm, leading to persistent behavioural changes induced through simple repetition of movements in
the absence of systematic errors. These changes are obviously allowed when the perturbations are applied along
redundant dimensions of the movements, that is, without preventing successful task performance. Model-free
learning, instead, is a third alternative model of human learning related to a slow mechanism of adaptation
which relies only on the degree of success of a movement and not on the directionality or magnitude of errors.
Therefore it is a learning mechanism driven directly by reinforcement of successful actions, without update of
an internal model. Clearly, all these theories have to be considered as complementary rather than in contrast to
describe the complexity of the architecture of learning of the human CNS.

In the future, we could verify the reaction of the participants when testing the same protocol on multiple
sessions, during successive days, to understand if possibly the post-e� ects are reinforced and/or anticipated in
order to provide a better insight on the property of the human CNS and the role of motor memory, as preliminary
observed in section 4.6.

Moreover, it could be interesting to adopt di� erent techniques to analyse the experimental data, in order to
better characterize the obtained results. For example, an interesting study would be the use of theuncontrolled
manifoldsprinciple, as made by Scholzet al. in [159], which could give better insights on the role of inter-joint
synergies and determine relevant task variables.

Concerning the observed inter-individual variability and the absence of e� ects in few participants, one hy-
pothesis could arise about the magnitude of the distributed force �elds, which was constant among subjects,
and therefore could have been not enough for some of them to be noticed, to generate a reaction and thus
an adaptation to the perturbation. One possibility, which will be studied in the near future, is then the devel-
opment of an adaptive corrective approach,i.e. an Adaptive KSC. A scheme of this approach is depicted in
�gure 4.26. This new solution should modify the magnitude of the corrective constraints accordingly to the
resulting inter-joint coordination, following therefore the same paradigm of the adaptive control of chapter 3.
In particular, the gaink of equation 4.1 would be the adaptive parameter to account for the di� erences among
participants reactions and the discrepancy between the desired synergy and the current one, parameters which
are not adjusted by the current control architecture. By increasing or decreasing the strength of the applied
corrective force �elds, it would be possible to obtain a more customized controller, which could stimulate more
e� caciously the adaptation of the participants to the constraints and generally better perform with respect to
the original KSC.



Chapter 5

Conclusions and perspectives

Despite the large number of robotic exoskeletons for neurorehabilitation and the potentialities of this technol-
ogy, modern robotics has not yet pushed further the achievements reached by the standard therapy. We hy-
pothesize that a fundamental property which could improve exoskeletons results would be the use of adaptive
techniques in order to maximize the subject involvement, to evolve the therapy with the patient recovery, and
to challenge the patient current physical capabilities. These actions are naturally performed by any physiother-
apist, when leading the rehabilitation. However, if correctly implemented on modern exoskeletons, adaptation
could exploit the large amount of data feedback that these devices can measure throughout the training, to
produce a �ner control of the recovery process.

For this reason we studied the simultaneous adaptation occurring when a subject performs any action within
a robotic exoskeleton,i.e. the adaptation of the human motor control to the new environment and to the
presence of the robot control action, and the possible concurrent adaptation of the robotic assistance to the
human behaviour and performance.

We developed a new adaptive control strategy, which shapes the robotic assistance, and in particular the
exoskeleton compliance, based on the motor performance of the human subject, on a trial-by-trial basis. This
strategy has in its simplicity a fundamental property: the same paradigm could indeed be applied to most of
the existing non-adaptive solutions currently implemented on rehabilitation exoskeletons. This controller was
then preliminary tested on healthy subjects, showing the feasibility of the paradigm and its capability to react to
di� erent human motor dynamics. Furthermore, we tested di� erent approaches to guide the robotic adaptation,
by comparing multiple error signals to feedback and compute the human operator performance. The results of
this analysis showed interesting characteristics for each strategy, suggesting distinctive use depending on the
patient recovery stage. Future works will certainly concern the possibility to test this controller on patients
with sensorimotor impairments, as post-stroke survivors, within a clinical environment, in order to analyse
the adaptability to the motor peculiarities of these impaired subjects and the potential bene�ts of using this
approach in a context of neurorehabilitation.

In parallel, we were interested in studying the human adaptation to distributed force �elds, acting at the
joint level, as in the case of interaction with a robotic exoskeleton. We observed, analysed, and, for the �rst
time quanti�ed the e� ects of the prolonged exposition to corrective distributed force �elds, at the joint level, in
particular by showing their post-e� ects and the results of the generalization, both spatial and temporal. For this
experiment we engaged more than 20 healthy people, obtaining an interesting inter-individual variability, which
still leaves many open fundamental questions on the underlying phenomenon of motor adaptation and learning.
Additionally, we were also able to preliminary observe the motor control adaptation even outside of the robotic
device, obtaining a very promising result for rehabilitation and the applicability of robotic exoskeleton-led
therapy. However, even in this case (the general case study of human adaptation to the robot action), we will
still need to con�rm our results by testing the experimental setup with impaired subjects, since all our analysis
were carried out exclusively by working with healthy participants.

We are currently working with the rehabilitation department of theHôpital Universitaire Pitié-Salpêtri�ere,
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in Paris, in order to program preliminary experiments on stroke survivors, in order to test the applicability of
the adaptive paradigm in a real clinical environment, and to study the possibility to modify the upper-limb
inter-joint coordination even in impaired subjects.

The perspective of this work of thesis, centred on the study of the mutual adaptation when physical
human-robot interaction occurs, is therefore the development of an innovative control strategy for rehabili-
tation robotics, especially for multi-DOF exoskeletons, able to address the inter-joint coordination issue, to
adapt to the current stage of recovery of the patients, personalized to their real abilities, and capable of truly
exploiting the huge amount of collectable data that modern devices can produce.



Appendix A

Elements of Anatomy

A simpli�ed overview of the anatomy of human upper limb is provided in this appendix in order to facilitate
the understanding of the thesis work.

The humanupper limbor upper extremityis the part of the human body extending from the deltoid region
to the hand, �gure A.1. It includes, respectively from the deltoid region to the hand, the shoulder (girdle and
joint), the arm, the forearm, the wrist, and the hand.

Figure A.1: Principal bones of the human arm.

� The shoulder girdle or pectoral girdle, composed of the clavicle and the scapula, connects the upper
limb to the axial skeleton through the sternoclavicular joint (the only joint in the upper limb that directly
articulates with the trunk), a ball and socket joint supported by the subclavius muscle which acts as a
dynamic ligament. The girdle is supported by a large number of muscles, among which the trapezius,
the sternocleidomastoideus, the pectoralis minor, the two rhomboideus, and the muscles of the scapula.
The girdle provides 3-DOF to the upper limb, in particular those motions related to the scapula eleva-
tion/depression, retraction/protraction (also known as adduction/abduction), and the upward/downward
rotation, see �gure A.2.

� The glenohumeraljoint (colloquially called theshoulder) is the highly mobile ball and socket joint
between the glenoid cavity of the scapula and the head of the humerus. Lacking the passive stabilisa-
tion o� ered by ligaments in other joints, the glenohumeral joint is actively stabilised by the rotator cu� , a
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Figure A.2: Shoulder girdle degrees of freedom. Scapula elevation/depression, scapula protraction/retraction, and girdle up-
ward/downward rotation.

Figure A.3: Shoulder joint and arm movements.Shoulder abduction/adduction, shoulder internal/external rotation, shoulder �ex-
ion/extension, and elbow �exion/extension.

group of short muscles stretching from the scapula to the humerus. Among the muscles of interest for this
joint, we can cite the supraspinatus, the infraspinatus, the deltoideus, and the pectoralis major. The gleno-
humeral joint provides other 3-DOF to the human limb: shoulder abduction/adduction, �exion/extension,
and internal/external rotation, see �gure A.3.

� Thearm, sometimes called theupper arm, the region between the shoulder and the elbow, is composed
of the humerus with the elbow joint at its distal end. Biceps and triceps are the main muscles involved in
producing 1-DOF motion: the elbow �exion/extension.

� Theforearm is composed of the radius and ulna: the latter is the main distal part of the elbow joint, while
the former composes the main proximal part of the wrist joint. The most of the muscles in the forearm
are used to control the motion of wrist, hand and �ngers. We can consider the forearm controlling the
rotation/pronosupination of the wrist, see �gure A.4(a).

� Thewrist is a 2-DOF (3-DOF taking into account the pronosupination) joint, made of the carpal bones
and connecting the hand to the upper limb. Many muscles are involved in controlling and moving the
wrist, and it is quite complex to describe. The 2-DOF produced are the wrist �exion/extension and the
ulna/radial deviation, �gure A.4(a).

� Finally, thehand is composed of 5 classes of bones (carpals, metacarpals, proximal phalanges, inter-
mediate phalanges, and distal phalanges) for a total of 27 bones, not including the sesamoid bone, the
number of which varies between people. In the hand there are a total of 34 muscles which move the
�ngers and thumb: 17 are in the palm of the hand, and the remaining 18 in the forearm. An interesting
fact about the human hand is that about a quarter of the motor cortex in the human brain is devoted to the
muscles of the hands. The human hand has 21 degrees of freedom: 4 in each �nger, 3 for extension and
�exion and one for abduction/adduction; the thumb is more complicated and has 5-DOF. For a reference
of the hand movements, see �gure A.4(a).

Wrapping up, not considering the hand, the human upper limb is a 10-DOF system, usually divided into the 3-
DOF of the scapula and the 7-DOF of the arm. A trivial consequence is the redundancy of our arm to carry out
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(a) Forearm, wrist, and hand movements (b) Muscles of the human arm

Figure A.4: Wrist movements and arm muscles.

most of the tasks in the 3D space (for example, all the pointing tasks require 3-DOF, 6 if we consider also the
orientation of the �nger), meaning that we can achieve the same task by adopting di� erent arm con�gurations
or poses, by exploiting the so-calledself-motion, motions which involve the unconstrained DOFs. The exact
number of muscles is di� cult to determine, but we can consider about 23 teamed muscle groups controlling
the whole upper limb, excluding the hand. Some of these muscles are shown in �gure A.4(b).



Appendix B

The Kinematic Synergy Control

The Kinematic Synergy Control is a controller, developed by Crocheret. al [29], which aimed at a� ecting
the natural synergy of the human arm. Given the number of available jointsn and the number of degrees of
freedom required to achieve the taskm, this controller worked whenn > m, that is in the case of redundancy,
by imposingl � n � m scalar constraints to the robot joint velocity vector �q 2 Rn. More precisely, the di� erent
constraints are de�ned as a set ofC1 scalar constraintsfi( �q) = 0 that can be grouped in a vector function
F : Rn ! Rl :

F( �q) =

2
6666666666666666666666664

f1( �q)

: : :

fi( �q)

: : :

fl( �q)

3
7777777777777777777777775

= 0:

The controller is a reactive controller, working without anya priori knowledge on the motion intended by the
patient. It has the form of a viscous impedance control law

� = � K �q

whereK 2 Rn� n is a viscosity matrix, not necessarily constant nor diagonal. Assuming the exoskeleton moved
by the subject, ifF( �q) = 0 the resistive torque should be null, because the subject's motion satis�es the con-
straints. In any other case the velocity should be corrected. Namely, the velocity correction� �q is such that

F( �q + � �q) = 0: (B.1)

Considering small correction we obtain

F( �q + � �q) � F( �q) � J� �q

and to satisfy (B.1) we need
� F( �q) = J� �q

and so
� �q = � J+F( �q)

whereJ+ is the pseudo-inverse of the jacobian matrix

J+ = JT(JJT)� 1:

Finally, the torques applied by the controller are

� = k� �q = � kJ+F( �q) (B.2)
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wherek is a scalar viscosity factor. Obviously this torque will be null whenF( �q) = 0. In the particular case of
linear constraints

F( �q) = C�q = 0

with C 2 Rl� m, and therefore, sinceJ = C, we have

� = � kC+C�q:

To de�ne the correct vector of constraintsC, Crocheret. al analysed human motions during 3D pointing
tasks. In this case, the task dimension ism = 3. By performing Principal Component Analysis (PCA) on the
joint velocities�q(t), they expressed these in terms of Principal Components (PC)pi and their respective weight
ci(t)

�q(t) =
4X

i=0

ci(t)pi : (B.3)

Classically, however, upper-limb synergies are characterized, within the PCA framework, by the fact that less
than four principal components are su� cient toexplainmost of the movement, that is

�q(t) �
dX

i=0

ci(t)pi : (B.4)

whered < 4. Indeed, they veri�ed that 3 PCs are su� cient to describe more than 90% of the movement within
the exoskeleton. This means that the fourth componentp4 can be viewed as a constraint that characterizes
pointing movements for a given human being. In particular, thenatural constraintCn

Cn = p4 (B.5)

is supposed to impose a constraint that corresponds to the one naturally employed by the subject. Therefore,
with this choice, the exoskeleton does not modify the subject upper-limb synergy. On the contrary, when
C , Cn, a modi�cation of the joint synchronization is performed.



Appendix C

Upper-limb rehabilitation assessment
methods

The most common methods for assessing upper-limb rehabilitation recovery are presented in this appendix,
divided intofunctional assessment methodsandrecovery from impairments assessment methods.

Functional assessment methods

Functional assessment deals with the capacity of motor control recovery in functional activities like ADLs.
Functional tests assess task-speci�c improvements, for example, grasping a wooden block or pouring water.
Because these tests do not consider possible compensatory strategies, frequently adopted by stroke survivors
during activities of daily living, these assessments do not necessary re�ect true recovery [185]. The most
common tests are:

Wolf Motor Function Test (WMFT)
Quantitative measure of upper extremity motor ability through timed and functional tasks. The widely
used version of the WMFT consists of 17 items. Composed of 3 parts: Time, Functional ability, and
Strength. Examiner should test the less a� ected upper extremity followed by the most a� ected side.
Uses a 6-point ordinal scale: 0= “does not attempt with the involved arm to 5= “arm does participate;
movement appears to be normal. Maximum score is 75.
Length:6 to 30 minutes.
Equipment:can, pencil, paper clip, lock and key, face towel, ...

Arm Mobility Arm Test (AMAT)
The test consists of 13 ADL (cutting and eating meat, drinking from a mug, opening a jar, tying shoelace,
use telephone, wiping up spilled water, putting on t-shirt and sweater, ...) activities involving one to three
component tasks or movement segments.
Length:30 minutes.
Equipment:about 30 objects.

Jebsen Hand Function Test
To assess a broad range of uni-manual hand functions required for activities of daily living (ADLs).
Lower score corresponds to greater function. It assesses speed, not quality of performance.
Length:15 minutes.
Equipment:7 items.

Action Research Arm Test (ARAT)
The ARAT's is a 19 item measure divided into 4 sub-tests (grasp, grip, pinch, and gross arm movement).
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Performance on each item is rated on a 4-point ordinal scale (possible range 0 to 57).
Length:10 minutes.
Equipment:various sized wood blocks, cricket ball, stone, jug and glass, ...

Nine-Hole Peg Test (NHPT)
Measures �nger dexterity Administered by asking the client to take the pegs from a container, one by
one, and place them into the holes on the board, as quickly as possible. Participants must then remove
the pegs from the holes, one by one, and replace them back into the container. Scores are based on the
time taken to complete the test activity, recorded in seconds.
Length:less than 1 minute.
Equipment:1 wood block and 9 pegs.

Box and Block Test (BBT)
Assesses unilateral gross manual dexterity Individuals are seated at a table, facing a rectangular box that
is divided into two square compartments of equal dimension by means of a partition. One hundred and
�fty, 2.5 cm, colored, wooden cubes or blocks are placed in one compartment or the other. The individual
is instructed to move as many blocks as possible, one at a time, from one compartment to the other for
a period of 60 seconds. The BBT is scored by counting the number of blocks carried over the partition
from one compartment to the other during the one-minute trial period.
Length:less than 5 minutes.
Equipment:a box with two compartments and 150 wooden cubes.

Stroke Impact Scale (SIS)
Assesses health status following stroke A 59 item measure, 8 domains assessed: 1. Strength 2. Hand
function 3. ADL/IADL 4. Mobility 5. Communication 6. Emotion 7. Memory and thinking 8. Partic-
ipation/Role function. Each item is rated in a 5-point Likert scale in terms of the di� culty the patient
has experienced in completing each item. Summative scores are generated for each domain, scores range
from 0-100.
Length:30 minutes.
Equipment:a questionnaire with 59 questions.

Motor Assessment Scale (MAS)
Assesses everyday motor function in stroke patients 8 items that assess 8 areas of motor function. Patients
perform each task 3 times, only the best performance is recorded. Items are assessed using a 7-point scale
(0 to 6). A score of 6 indicates optimal motor behavior. Item scores are summed to provide an overall
score (out of 48 points).
Length:30 minutes.
Equipment:8 objects (stopwatch, jellybeans, cup, rubber ball, spoon, pen, ...).

Barthel Index (BI)
Assesses the ability of an individual with a neuromuscular or musculoskeletal disorder to care for him/herself.
10 ADL/mobility activities including feeding, bathing, grooming, dressing, ambulation, stair climbing,
...
Length:30 minutes.
Equipment:a questionnaire with 10 questions.

Functional Independence Measure (FIM)
Contains 18 items composed of 13 motor tasks and 5 cognitive tasks (considered basic activities of
daily living). Tasks are rated on a 7 point ordinal scale that ranges from total assistance (or complete
dependence) to complete independence. Scores range from 18 (lowest) to 126 (highest) indicating level
of function. Activities include feeding, bathing, grooming, dressing, ambulation, stair climbing, ...
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Length:30-45 minutes.
Equipment:a questionnaire with 18 questions.

Recovery from impairments assessment methods

These methods provides measurements of the impairment by, for example, measuring pain level during stretch-
ing, range of motion of single joints, arm strength, ...

The most common method is theFugl-Meyer Assessment (FMA), one of the most widely used quantitative
measures of motor impairment [62]. It evaluates and measures recovery in post-stroke hemiplegic patients,
and it is used in both clinical and research settings. For FMA, items are scored on a 3-point ordinal scale:
0 = cannot perform, 1= performs partially, 2= performs fully. The maximum Score is 226 points. The
�ve domains assessed include: motor function, sensory function, balance, joint range of motion, joint pain.
Modi�ed (abbreviated) versions have been developed. It lasts about 30 minutes.

Another common test is theAshworth Scaleor Modi�ed Ashworth Scale, originally developed to assess
the e� ects of antispasticity drugs on spasticity in Multiple Sclerosis, it measures spasticity in patients with
lesions of the Central Nervous System. The original Ashworth Scale tests resistance to passive movement
about a joint with varying degrees of velocity. Scores range from 0-4, with 5 choices. A score of 1 indicates no
resistance and 5 indicates rigidity. For the Modi�ed Ashworth Scale, the test is similar to Ashworth, but adds a
1+ scoring category to indicate resistance through less than half of the movement. Thus scores range from 0-4,
with 6 choices. Score: 0= No increase in tone, 4/5 = Limb rigid in �exion or extension. Both test last less than
5 minutes, depending on the number of muscles/joints tested.

Finally, other assessment methods are theMRC ScaleandFrenchay Arm Test, which are less used but
with similar approaches.
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Abstract

While many robotic exoskeletons have been developed for stroke rehabilitation in recent years, there were
not yet improvements to the traditional therapy. A key to unleash the potentiality of robotics is to adapt the
assistance provided by the robot in order to maximize the subject engagement and e� ort, by having the robotic
therapy evolving with the patient recovery. For this reason, we aim at better understanding the process of
reciprocal adaptation in a context of physical Human-Robot Interaction (pHRI). We �rst developed a new
adaptive controller, which assists the subject ”as-needed”, by regulating its interaction to maximize the human
involvement. We further compared di� erent signals driving this adaptation, to better following the functional
recovery level of the patients. While the control is performed by the robot, the subject is also adapting his
movements, and this adaptation has not yet been studied when dealing with 3D movements and exoskeletons.
Therefore, we exposed human motions to distributed force �elds, generated by the exoskeleton at the joint
level, to produce speci�c inter-joint coordination and to analyse the e� ects of this exposition. With healthy
participants, we observed important inter-individual di� erence, with adaptation to the �elds in 21% of the
participants, but post-e� ects and persisting retention of these in time in 85% of the subjects, together with spatial
generalization, and, preliminarily, transfer of the e� ects outside of the exoskeleton context. This work towards
understanding pHRI could provide insights on innovative ways to develop new controllers for improving stroke
motor recovery with exoskeletons.

Keywords: Rehabilitation Robotics, Upper-limb Robotic Exoskeletons, Adaptive Control, Motor Coordina-
tion Learning.

Résuḿe

Alors que de nombreux exosquelettes destinés �a la ŕeéducation neuromotrice ontét́e d́evelopṕes ces derni�eres
anńees, ces dispositifs n'ont pas encore permis de vrai progr�es dans la prise en charge des patients céŕebroĺeśes.
Une des cĺes pour aḿeliorer les faibles ŕesultats th́erapeutiques obtenus serait de constamment adapter la
thérapie robotiśee en fonction de l'́evolution du patient et de sa récuṕeration, en adaptant l'assistance fournie par
le robot pour maximiser l'engagement du patient. L'objectif de cette th�ese est donc de comprendre les proces-
sus d'adaptations réciproques dans un contexte d'interaction physique Homme-Exosquelette. Dans un premier
temps nous avons donc dévelopṕe un nouveau type de contrleur adaptatif qui assiste le sujet “au besoin”, en
modulant l'assistance fournie; etévalúe di� érent signaux pour piloter cette adaptation a�n de suivre au mieux la
récuṕeration du patient. Dans un deuxi�eme temps, nous avonsétudíe l'adaptation de sujets sains�a l'application
de champs de forces distribués par un exosquelette sur leur bras durant la réalisation de mouvements dans
l'espace. En e� et, lors d'une interaction physique homme-robot, le sujet adapte aussi son comportement aux
contraintes exerćees par le robot. D'importantes di� érences inter-individuelles ontét́e observ́ees, avec une
adaptation�a la contrainte impośee chez seulement 21% des sujets, mais avec des e� ets�a-posteriori persistants
mesuŕes chez 85% d'entre eux; ainsi qu'une géńeralisation dans l'espace de ces e� ets et un transfert�a des con-
textes di� érents (hors du robot). Ces premiers résultats devraient permettre�a terme d'aḿeliorer la ŕeéducation
neuromotrice robotiśee.

Mots clés: Robotique de ŕeéducation, Exosquelettes de membre supérieur, Contr̂ole adaptatif, Apprentissage
de coordinations motrices.


