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1.1 Healthcare robotics

Healthcare robotics, today, is a wide and expanding field of research and develop-
ment. According to the definition given by the World Health Organization in 1946,
"Health is a state of complete physical, mental and social well-being and do not con-

sists only in a lack of disease or disability”. Consistently healthcare robotic does not

only focus on providing technological tools to cure diseases, repair or assist the phys-

ical or cognitive impairments, but it now also investigates the possible improvement

of the life quality of people in good health (for example by limiting physical stress or
muscular fatigue) through robotic assistance. Different robotic platforms are thus
being developed in research facilities and industry to provide value-added services

to users of these devices, whether they are patients, clinicians or even workers in

industry.
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The applications of healthcare robotics (as shown in Fig.1.1) are numerous:
surgery, medical imaging, rehabilitation, physical assistance (to both impaired and
healthy users), telepresence, social or cognitive accompaniment, mediation, etc. The
medical robots market is thus constantly growing (according to a Research and
Markets report, the medical robotics market is projected to reach USD 12.80 billion
by 2021).

Although some devices are already being commercialized, there remains nu-
merous unresolved technological and scientific challenges which critically limit the
performances and thus the usability of present systems, especially for the robots
which are physically interacting with the human body, particularly those with sen-
sorimotor disabilities.

These last devices are supposed to assist, support, correct, enhance, (or prevent
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Figure 1.1: Overview of some healthcare robotic platforms for different applications

in some cases) the gesture of a user suffering from a sensorimotor disability (for
example, an hemiplegic subject during a physical rehabilitation exercise, a para-
plegic wearing an exoskeleton or an amputated user fitted with a bionic prosthesis).
Those devices therefore need to decode finely the user’s intention to provide desired
assistance, and should not constrain user’s perception and interaction abilities. The
objective is indeed to offer an extended user experience in terms of control and
perception and ultimately of appropriation and "body integration".

While a good progress has been made in the last decades on the hardware of
these robotic devices (with new stiff and lightweight materials, biomimetic struc-
tures with an increasing number of active joints, improved electrical actuators and
mechanical transmission technology, along with augmented embedded computation
power, enhanced battery autonomy, etc.), offering users an intuitive and ecological'
control over their "robotically assisted body" remains a critical challenge.

M Ecological" in the sense of the ability to be used within a natural real-world environment
(as opposed to a laboratory setting) to maintain the intrinsically coupling between the user and
his/her environment, as in the definition of the "ecological perception" given by James J. Gibson

(1]
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The primary focus of the research work presented in this document is thus the de-
velopment of better sensorimotor control approaches of physically interactive health-
care robots, and this, specifically for two principal clinical applications:

e the upper-limb (UL) neuromotor rehabilitation of post-stroke patients which
aims at facilitating and maximizing the relearning of "body techniques" through
supervised physical rehabilitation of brain-injured patients;

e the assistance to gesture of upper-limb amputees which aims at increasing the
control capabilities of amputated subjects over their prosthesis and enhancing
the body integration of these devices to improve their functional autonomy.

The context of these two clinical applications is briefly presented in the next
section.

1.2 Context of the targeted clinical applications

Figure 1.2: Left: Neuromotor rehabilitation of a post-stroke patient through exercising
in clinics with an exoskeleton (Armeo® Power from Hocoma, Switzerland) coupled to a
gaming virtual environment. Right: Ergotherapist helping an arm amputee wearing her
prosthesis (Dynamic Arm from Ottobock, Germany) to perform an Activity of Daily Living
task (preparing meals) without exhibiting body compensation.

1.2.1 Upper-limb neuromotor rehabilitation of post-stroke patients

Hemiplegia following a stroke is one of the principal causes for acquired disability in
adults [2]. Stroke (also known as cerebrovascular accident (CVA)), is a neurological
disease occurring when the brain is not fed with sufficient blood flow for a period
of time long enough to cause brain cell death and, as a consequence, persisting
neurological deficit. 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, that directly impede activities
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of daily living and limit their social participation. The principal goal of neuroreha-
bilitation, is to thus induce neuroplasticity in stroke survivors, in order to recover
voluntary control of movements.

For about fifteen years, the physiological knowledge on the mechanisms of the

recovery and the rehabilitation techniques were turned upside down by the demon-
stration of a "activity dependent" cortical plasticity [3]. Thanks to this plasticity,
more active, intense and targeted rehabilitation exercises can allow some recovery
even long after the onset of stroke [4]. Technologies such as virtual reality and com-
puter games help to better target rehabilitation exercises, intensify sessions, increase
motivation (both phenomenons being identified as key factors in the motor recov-
ery) and evaluate quantitatively the patients progress. Concretely, rehabilitation
robots help to guide movements by physically interacting with patients. Robots
can mobilize limbs of highly affected patients, but they are especially interesting for
supporting the limb and strengthening active but weakened movements by automat-
ically adjusting provided assistance in real-time. Robots can also work in resistive
modes for patients who have already recovered well.
The first rehabilitation robots had a planar manipulandum kinematics (MIT Manus
robot, now marketed by InMotion). Many studies have shown that rehabilitation
with such robotic devices is effective but it is yet unclear if this efficiency is related
to the intensity of therapy allowed by robotics (a few hundred movements in one
session instead of a few tens) or if the control mode of the robot has a specific influ-
ence [5]. So far the human-robot interaction with this type of manipulandum was
limited to actions over a handle, and thus was mostly focused on the rehabilitation
of the end-effector (i.e. the hand) only, rather than a more global action over the
different joints of the patient as a physiotherapist would do. Numerous exoskeleton
devices have been designed in the last 10 years in order to consider rehabilitation
at the joint level (see Fig. 1.2 left). Indeed, it is known that the disability of the
patients is linked in part to a deficiency of the interjoint coordination between the
elbow and the shoulder, and it is important to precisely train and correct this coor-
dination [6]. However, despite the fact that numerous hardware platforms have been
developed in recent years, few works focused on the actual use of this distributed
physical interaction between the robot and the patient occurring at the joint level,
and particularly on its effect over the patient motor behavior in the short and long
term.

To sum up, while robotics use for rehabilitation seems promising, there is con-
sequent effort to pursue for researchers to develop more versatile robotic platforms.
Such devices should be able to assist patients with different level of impairment
(and possibly adapt to it), especially patients who partially recovered and are able
to mobilize, even if imperfectly, their limb (with the challenge of human-robot shared
control and action). This will also requires the gathering of additional knowledge on
the effects of the physical interaction with a robot on human motor control, in order
to understand and maximize both motor adaptation and learning during rehabili-
tation, particularly for robots interacting at the joint level. Finally, there remains a
lack of clinical evaluations of recent and more complex devices such as exoskeletons
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and of the possible outcome differences that may appear depending on the type of
robot control (i.e. assistance) provided.

1.2.2 Assistance to gesture of upper-limb (UL) amputees

Patients with an upper limb amputation represent in France a group of over 12000
individuals [7]. These patients, most of them young active people, are usually fitted
with a functional prosthesis (see Fig. 1.2 right) funded by the Social Security and
composed of several active joints (hand, wrist and sometimes elbow), allowing them
to regain a certain autonomy. While there have been improvements of prosthetic
solutions over the last years, a significant number of amputees still consider that
their prosthesis does not meet their expectations in terms of aesthetics, comfort
or control [8]. Their control is indeed difficult to learn, being non-intuitive, and
cognitively demanding. Moreover, these prostheses lack functionality and do not
provide the expected assistance in Activities of Daily Life (ADLs) [9]. This leads to
the development of compensatory strategies involving the rest of the body, causing
shoulder, trunk, and contra-lateral limb disorders [10].

One of the current major issues, common to all levels of upper-limb amputation,
is the growing gap between the available hardware of arm prostheses which are be-
coming more biomimetic with numerous active joints (e.g., polydigital hands), and
the counter-intuitive and sequential control that limits their actual use [11]. For in-
stance, the myoelectric control, which is the most common method to command an
externally-powered upper limb prosthesis, relies on the use of ElectroMyoGraphic
signals (EMG) from two antagonistic muscles of the residual limb (generally the
biceps and triceps). An on/off strategy is applied by thresholding the input signals
(amplitude and temporal variations of surface ElectroMyoGrams (sEMG)) that the
patient needs to produce with the equipped muscles. Often, each active prosthetic
joint that composes the substituting limb is sequentially controlled by the same
control inputs. So, despite the potential possibilities offered by the new biomimetic
prostheses like whole robotic arms [12] or polydigital hands [13], their control re-
mains complex and limited [14]. And despite numerous recent developments in
pattern recognition algorithm or neural signal interpretation, myoelectric control
remains little robust and hard to master for patients [15].

The lack of active joints, the absence of sensory feedback, the complexity of the
command and the consequent heavy cognitive load, lead to the abandonment of the
prosthesis in more than 25% of upper-limb amputated patients [16]. For the ones
still using their prosthesis, these issues limit the overall use of the device, and thus
reduce their capability and autonomy.

An additional observation is that while a particular attention has been given to
the case of hand and forearm amputation (with numerous advanced development of
prosthetic hands and associated control) which is one of the most common level of
amputation, fewer to no solutions have been proposed for higher levels of amputation
(such as arm amputation or shoulder dis-articulation). This is problematic since
people with an upper arm amputation represent a significant part of the major



6 Chapter 1. Context, introduction and research objective

upper-limb amputees in western countries (for instance 33% in France |7] and 45%
in the UK [17]). The issue here is not only due to aging hardware solutions for those
joints but also to the lack of research on the control of multiple joints (intermediate
joints and hand) in an intuitive and ecological way. Indeed, while dexterity and
hand manipulation is crucial, the inability of arm amputees to correctly position
and orient their prosthetic hand because of unsuitable and inefficient control of
intermediate prosthetic joints is problematic.

1.3 Methods and objectives of my research

The approach chosen to tackle the challenges evoked in the previous section princi-
pally relies on the study, characterization and understanding of human sensorimotor
control and on the integration of this knowledge in the design of the robot’s control
approaches to ease the intention decoding and improve their interactive behavior.
More precisely the two principles of the chosen approach are the following ones:

- to focus on some control inputs that humans can easily and naturally control,
feel and master: the movements. Humans can indeed easily control their
movements, have numerous sensations provided in return (visual feedback,
proprioception, along with tactile perception linked to skin strechting) and
are particularly good at learning and mastering new movements skills, even if
they are complex. Therefore rather than aiming at decoding motor intention
from complex (and difficult to master) electrophysiological activities such as
muscle contractions or cerebral states, using the body movements as principal
control input has always been privileged.

- to consider the body as a whole, even when aiming at assisting only a part
of the user’s mobility. Therefore even when end-effector or distal actions are
considered, the analysis framework should consider the movements of the prox-
imal, support and redundant joints, and necessarily the sensorimotor coordi-
nations that exists between the different body parts.

1.3.1 Using the knowledge on Human upper-limb motor control

Despite the great variability of human gestures, some invariant characteristics of
the motor performance have been highlighted in the past years, especially for the
end-effector kinematics. For example, the trajectory of the end-point (generally the
hand or extremity of the grasped object) in a 3D space, follows either straight or
slightly curved path, defined by a smooth "bell-shaped" velocity profile [18, 19].
Similarly numerous additional invariants do exist such as, for example, scaling laws
which link the duration and the velocity of a movement with its amplitude and
associated load [20].

At the joint level, while the increased kinematic dimensionality is making human
gesture more variable and extending movement possibilities, there also exists some
rather constant characteristics. Indeed, the presence of a large number of Degrees of
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Freedom (DoF) allows the human upper-limb to potentially perform any movement
in an infinite variety of joint configurations: this number of DoF (9 from scapula to
the wrist, without considering the hand joints) makes the human arm kinematically
"redundant" to most of the Activities of Daily Living (ADL) since those common
tasks (e.g. pointing in the space, drinking and eating a meal, dressing, opening or
moving boxes, etc.) require generally less DoF to be completed. This body redun-
dancy provides human beings an extremely dexterous tool. However, the control of
such a redundant system implies a complex set of control laws for the Central Ner-
vous System (CNS). A classical hypothesis is that "synergies" [21], i.e. fundamental
building blocks of motor control, are used by the CNS to decrease the apparent
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 specific 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 in which synergies are encoded: joints or muscle level [22].

Elbow (deg)

135 180

Constrained manipulation (foot position + elbow constrained)

Figure 1.3: Left: typical shoulder-elbow-wrist postural and velocity coordination during
a reaching task in healthy subject [23]. Right: Experimental comparison of the motor
strategies used to reach a similar object in the case of a "natural" gesture (top image) and
of a constrained manipulation leading to an important trunk compensation

In any event, these synergies, or synchronous coordination of the upper-limb
joints, while subject-specific and task-specific are reproducible [24]. Such natural
and rather constant motor interjoint coordinations are known to be found between
the shoulder, elbow and wrist joints during reaching [23] (as shown in Fig. 1.3 left)
or between the finger joints during grasping tasks [25].

It is also possible to consider that additional and even more global natural joint
coordination schemes exist, when considering the body-compensatory strategies that
humans typically exhibit when their natural kinematics is constrained or perturbed.
Body-compensatory strategies can in a way be seen as "provoked" joint synergies,
acting at the whole body level. The natural and unconscious enrollment, during a
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simple reaching task which normally only involves the elbow and the shoulder, of
the scapulas, trunk, waist, knee and ankles joints to compensate for a constraint
(for example an impaired joint as shown in Fig. 1.3 right, or a local obstacle) illus-
trates the existence of those whole body coordination schemes. Similarly it has been
shown, that those motor coordinations are adjustable and that new schemes can be
learned: the performance obtained with Body-Machine Interfaces (BMI) used to en-
able people with spinal cord injury to control a device by remapping their remaining
body movements into the control space of the device |26] is a good illustration of
the human CNS ability to learn new, unnatural and complex coordinations scheme.
Similarly, amputees wearing a body-powered prosthesis that uses the movement of
the contralateral scapula to control (through a cable) the opening and closing of
their mechanical artificial hand, are able to learn and makes such new coordination
scheme natural [27].

1.3.2 Objectives of my research

On the basis of the above, the objectives of my research project are :

1. To study, analyze and characterize the natural motor coordination

in humans, along with their reorganization provoked by whether the
impairment, the use of tools or the interaction with robots.
Among others, my research has been yet focused on the characterization of
i) the motor coordination and compensatory strategies in both healthy and
patients suffering sensorimotor impairments, i) the motor adaptation and
learning in users interacting with an assistive robotic device and finally i)
the remaining or novel muscles coordination after amputation in upper-limb
amputees, as illustrated in Fig. 1.4.

Figure 1.4: Phenomenons studied and used in the control of assistive wearable robots. From
left to right: natural interjoint coordinations (“synergies”); adaptation of natural interjoint
coordinations to force fields; persistance or evolution of muscles coordination schemes

2. To use this knowledge to develop intuitive and ecological control of
rehabilitation and assistive robotics.
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1.4

1.4.1

The objectives of these control approaches may be to i) minimize or maxi-
mize adaptation in human’s motor control through interaction with a robot,
i1) to make assistive robots better at decoding motor intention from natural
or driven motor coordination reorganizations and 44i) to make those devices
capable of coordinating naturally with the human’s body.

And finally, in parallel to these two principal technical objectives:

. To conduct this research in the light of the approach and knowledge

of Sciences and Technology Studies.

In order to integrate my engineering research in a more global vision, to orient
adequately my research directions and favor the development of useful, appro-
priable and acceptable technology for users, I am particularly interested in )
the multi-factor phenomenon of dody integration of technical assistances, i)
the ethics of research in assistive technology and 4ii) the challenges of tech-
nology communication and ideologies.

Ongoing research projects / Organization of the doc-
ument

Understanding & improving neuromotor rehabilitation of upper-

limb synergies with exoskeletons

Figure 1.5: View of the experimental setup. On the left, a participant performing a repeti-
tive task while a coordination constraint is applied by the ABLE exoskeleton. On the right,
the WAM manipulator with the push button represent the variable target to reach.

Hum

an ressources and collaboration context:

This historical research of ISIR started in 2009 with the ANR BRAHMA project
in collaboration, among others, with the CEA-List (developer of the ABLE exoskele-
ton), the department of Neurophysics and Physiology of Université René Descartes
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Paris, and later on with the Physical and Rehabilitation Medicine department of
the the Pitié Salpétriére Hospital in Paris. The research I conducted, which partly
pursued the former research work of Vincent Crocher (PhD student at ISTR between
2009 and 2012) on the rehabilitation of motor coordination in hemiplegic patients
[28], was principally conducted during the PhD of Tommaso Proietti (2014-2017)
that I supervised (direction: Agnés Roby-Brami).

This research was funded by a doctoral allocation from the region Ile de France
(appel hors DIM 2013), and partly by the ISMES (Interfaces SensoriMotrices Embar-
quees pour la rééducation et la Suppléance) project (funded by the Labex-SMART,
ANR-11-LABX-65 / programme Investissements d’Avenir ANR-11-IDEX-0004-02).

Research topic:

This research is dedicated to increasing the potentiality of rehabilitation robotics
through a better understanding of human motor control and adaptation mechanisms,
especially in the case of teaching "healthy" arm coordination to hemiplegic patients
after a stroke.

The initial observation is the following one: during physical rehabilitation, hu-
man physiotherapists naturally adapt to the patient capabilities by varying the
interaction forces with the patients limb and the rehabilitation exercises; and while
such assistance or correction is provided, the subject is also adapting his movements
in return. This research thus aims at better understanding the process of reciprocal
adaptation in a context of physical human-robot interaction, in order to develop in-
novative control strategies for rehabilitation robotics. The double goal is to develop
efficient solutions to guide the adaptation of the robot with respect to the human
performance, and to study, in return, the way the motor behavior is constrained
and adapted when the robot controls action and the transfer of adapted behavior
outside of the robot.

In this context, we first 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 exoskeletons. We further compared different sig-
nals driving this adaptation, to better following the functional recovery level of the
patients.

We then studied extensively the human adaptation when exposed to perturba-
tive/constraining applied over the joint coordination of subjects dealing with 3D
movement. Indeed, as previously stated, the analysis of the upper-limb synergies is
critical with stroke patients, due to the presence of pathological movement patterns.
Therefore, we exposed human free motions to distributed resistive viscous force
fields, generated by the exoskeleton at the joint level, to produce specific inter-joint
coordination and to analyze the effects of this exposition. With healthy participants,
we observed important inter-individual difference, with adaptation to the fields in
21% of the participants, but post-effects and persisting retention of these in time in
85% of the subjects, together with spatial generalization, and partial transfer of the
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effects outside of the exoskeleton context.

1.4.2 Coordination-based control approaches for prostheses

-

[ 4

Figure 1.6: Left: Views of a subject who received a transhumeral amputation. Right:
View of a a transhumeral amputated subject performing a reaching task with a 3 active
Degrees of Freedom (DoF) arm prosthesis (elbow, wrist rotator and hand) attached to his
body through the use of a conventional socket covering the residual limb and a harness
responsible for keeping the socket in place.

Human ressources and collaboration context:

I started this research since my recruitment by the CNRS in 2012. This research
was principally conducted during the PhD of Manelle Merad (2014-2017) that I
supervised (direction: Agnés Roby-Brami), during the Master degree internship of
Mathilde Legrand (2017) and Lucas Lavenir (2018) and with the technical support of
both Etienne de Montalivet (engineer, recruited between 2015-2017) and Alexandre
Peudpiece (technician, recruited between 2018 and 2019).

This research was funded by a MNRT doctoral allocation, and the PROCOSY
("Prothese de bras & commande synergique") project (funded by the Financement
Idex Sorbonne Université SUPER, programme Emergence) and partly by the fund-
ing ISMES (Interfaces SensoriMotrices Embarquees pour la rééducation et la Sup-
pléance) project (funded by the Labex-SMART, ANR-11-LABX-65 / programme
Investissements d’Avenir ANR-11-IDEX-0004-02).

Research topic:

As previously described, there is a gap growing between the prosthesis technolog-
ical possibilities and the methods to control it, especially for high level amputees.
Since most transhumeral amputees have a mobile residual limb, we developed an
approach which aims at utilizing this mobility to control intermediate prosthetic
joints, like the elbow, based on the shoulder/elbow coordination observed in healthy
movements. This research thus investigated the possibility of controlling an active
prosthetic elbow using the residual limb motion, measured with inertial measure-
ment units, and knowledge of the human motor control. A primary focus has been
targeting the reaching movement for which a model has been built using regression
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tools and kinematic data from several healthy individuals. The model, implemented
on a prosthesis prototype, has been tested with healthy participants wearing the
prototype to validate the concept, and with six amputated individuals. These par-
ticipants also performed the task with a conventional myoelectric control strategy
for comparison purpose. The results show that the inter-joint coordination-based
control strategy is satisfying in terms of intuitiveness and reduction of the compen-
satory strategies.

1.4.3 Mobile phantom limb & muscles coordination based control
of prostheses

Figure 1.7: Experimental setups used to test, with transhumeral amputees, the control
approach based on the decoding of the myoelectric patterns associated to the mobilization
of the phantom limb, consequences of the neuromuscular reorganizations. Left: setup
dedicated to the control of a polydigital hand. Right: setup dedicated to the control of an
arm to perform functional tasks.

Human ressources and collaboration context:

This research started through a collaboration with Dr. J. De Graaf, neuroscientist,
from Univ. Aix-Marseille, who was interested in understanding the origin of the
electrophysiological manifestations of the mobile phantom limb and studying the
possibility of using this phenomenon to control prostheses. We started this research
together in 2013, in collaboration with the clinicians of the Institut Régional de
Réadpataion (IRR Ugecam Nord-Est) in Nancy.

The scientific work of this research was conducted by myself, with the technical
support of Etienne de Montalivet (2016-2017), engineer which participated in the
development of a hardware embedded prosthetic control kit.

This research was initially funded by the project Reorgamp (2013-2015) funded
by the DefiSENS from the Mission pour I'Interdisciplinarité du CNRS, by the project
MOFACO (2015) funded by the CNRS JCJC INS2I, and finally by the project
PhantoMovControl (2015-2019) funded by the ANR (project ANR-15-CE19-0008-
02).
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Research topic:

This research aims at using the knowledge on neuromotor reorganization and
possible persistence of muscle coordination schemes following amputation in arm
amputees to develop improved control strategies of prosthesis with multiple active
Degrees of Freedom (DoF). The principal consequence of the neuromotor reorgani-
zation we focused on, is the existence of muscular contraction patterns associated
to the voluntary movements of the phantom limb and which appear on proximal
muscular groups of the stump that are normally not associated to the mobilization
of distal joints.

While in the well studied case of below-elbow amputees the Phantom Limb
Mobility (PLM) related electromyographic (EMG) activity is simply and strongly
measured on the muscles that mobilized the fingers before the amputation (which
are generally still present in the residual limb), the situation is quite different in
above elbow amputees. Indeed, in the case of transhumeral amputation, PLM re-
lated EMG activity must be measured over muscle groups of the residual limb which
-before amputation- were not mechanically acting on the joints of the missing limb.
These signals, whether due to neuro-muscular reorganization or to remaining global
supporting contraction schemes (proximal residual muscles acting in synergy with
movements of the -now missing- distal limb), still seem to contain information re-
garding PLM. Yet, with the lack of research and knowledge on this phenomenon, the
only way for above elbow amputees to increase their control capability is to receive
a muscle reinnervation surgery|29| even if this remains a complex surgical procedure
requiring an extended rehabilitation phase and offering a questionable risk /benefit
balance.

This research is thus both focused on the quantitative characterization of this
phenomenon among an extended representative population of amputated subjects
(close to 100 participants) and on the development of a control approach for multi
DoF active prostheses relying on the use of pattern recognition techniques.

1.4.4 Considering the ethical, legal and societal (ELS) questions
of wearable assistive robotics

Human ressources and collaboration context:

This research started through a collaboration with Marina Maestrutti, lecturer
in sociology from the CETCOPRA laboratory, from Panthéon-Sorbonne University,
Agnés Roby-Brami, INSERM research director at ISIR from Sorbonne Université
which led to the organization of an interdisciplinary workshop entitled "Intégration
corporelle de la technigue” and Guillaume Morel, professor of robotics, who pull
bridges between medical robotics and sociology, over the last few years. It was later
continued within the collective "Corps € Prothéses” (www.corps-protheses.org)
which I co-founded in 2015 with Valentine Gourinat and Paul-Fabien Groud, socio-
anthropologists from S2HEP laboratory of Université Claude Bernard Lyon 1,.
"Corps & Prothéses” and gathers about ten academic researchers from different
fields and aim at understanding the relationship between the body and (all) its
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prostheses, through experiences, uses and contexts. Twelve seminars were orga-
nized between 2016 and 2019 to study different aspects of this question. In parallel
to the organization of workshops, a specific funded research project has recently be-
ing started by the collective on the use and abandon of prostheses, and particularly
on two specific aspects: the experiential knowledge and the peer-learning.

The scientific work of this research was thus conducted by myself in close col-
laboration with the other members of the collective Corps € Prothéses, particularly
V. Gourinat and P.F. Groud with who I co-directed the collective book "Corps et
prothéses"” published in July 2020 at the Presses Universitaires de Grenoble (PUG).

This research was initially funded by the DefiSENS - Mission pour 'interdiscipliarité
of the CNRS, and then through several small fundings for the organization of work-
shops from the Maison des Sciences de ’'Homme Paris Nord, the EREGE (Espace
de réflexion éthique Grand Est), the GDR Robotique and the Labex Smart). More
recently this research was supported by the project APADIP (Analyse du proces-
sus d’appropriation des dispositifs prothétiques : pratiques des soignants, usages des
patients et savoirs expérientiels.) funded by the Fondation Janssen and the IRESP-
CNSE.

Research topic:

Thanks to the numerous interactions I had with clinicians, patients and re-

searchers in humanities throughout my research, and because of my personal interest
in science and technology studies (STS), I am deeply convinced that providing ef-
ficient, suitable and acceptable assistive robotics tools does not only depend on
quantitative specifications and technical performance. Indeed, as detailed through-
out this introduction, while physical interaction with robots is becoming common
and those are getting both more efficient and complex, an important number of those
devices (especially the ones interacting closely with an impaired body) are not ap-
propriated by their users and remain unused. In parallel, we observe a growing
number of hopes turned into beliefs on the unlimited possibilities of technology to
repair the human body, or even to enhance it ("trans-humans") to the point that a
novel kind of human (a "transhuman" up to a "post-human") could be created. This
last imagery, possible consequence of the convergence of popular science-fiction pro-
ductions, the oversimplification of the media speech on science and technology, and
the influential transhumanist ideologies, is so present and strong, that it starts rais-
ing ethical and societal questions that can not be avoided when developing robotic
assistance.
For these reasons, I try to conduct a more "global" research capturing all the as-
pects of the body integration of technological devices, and particularly the socio-
anthropological and cultural phenomena affecting the representation, appropriation
and use of technical objects which interact with the body. I believe that considering
these complementary points of views and theories in the design process of technical
devices could be a way of improving their appropriation. It is also possibly a good
approach to conduct an "ethical" technological research in this field.
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2.1 Improving rehabilitation robotics

Despite the numerous robotic devices developed in the last decades for neurore-
habilitation, modern exoskeletons have so far not brought any major improvement
to the results achieved with the pioneer generation of planar robots [30] or to the
standard post-stroke therapy. Indeed the first and only results on a randomized
controlled trial with the Armeo Power©® (Hocoma, Switzerland) and 77 post-stroke
patients did not produce significant improvements with respect to the traditional
therapy [31], making the clinical relevance of robotics (and of complex systems such
as exoskeletons) questionable.

Several causes to this lack of results can be given. The first one, as shown
in a review we performed [32|, remains the lack of innovative control strategies,
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adapted to 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.
Robotic exoskeleton state-of-the-art almost completely lacks controllers addressing
the upper-limb coordination, which is nonetheless heavily impaired in post-stroke
survivors and strongly reduces the long-term motor improvements. Additionally, as
stated in the introduction, there is a lack of understanding and consensual models
of the human motor control at the joint level, along with a limited number of tools
to characterize the interjoint motor coordination. This absence of knowledge clearly
limits the possibility of developing innovative exoskeleton control approaches mak-
ing use of human motor learning behavior such as the advanced ones developed for
manipulandum (e.g. [33]) which could be real game changers for rehabilitation.

Another possible explanation lies in the fact that robots offers a very standard-
ized therapy which cannot really deal with the necessities of different patients and
particularly with the evolution in their motor capabilities through recovery. Having
a fixed level of assistance or rarely adjusting it to the patient’s state could limit the
freedom of the patient’s movements (i.e. the respect of their motor intentions), and
consequently decrease their involvement in the action. Rehabilitation (similarly to
teaching) is different from assistance [34]: indeed, because of the slacking of human
motor behavior [35], providing too much assistance to the patients will encourage
them to simply rely on the assistance instead of (re)learning to perform with their
own body. Similarly, if the assistance provided is not sufficient (at some early recov-
ery stages), patients could be unable to perform the exercise at all, reminding them
of their disability and thus reinforcing the "learned non-use" [36] of the affected part
of the body and an extended use of compensatory strategies.

»| Exoskeleton

/

Human
Operator

A

Natural adaptation

Figure 2.1: Representation of the reciprocal adaptation that should occur in an optimal
rehabilitation session: robot is providing "assistance as-needed" to maximize the adaptation
and learning of user’s motor behavior

We thus realized that one major feature which could unleash the potentiality of
robotics is therefore to consider the "reciprocal adaptation" as shown in Figure 2.1:
adaptation of the robot action to the evolution of human motor behavior; and in
return understanding the adaptation of humans to the application of joint force fields
to maximize the (re)learning after the interaction with the robot. For this reason,
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during the PhD thesis of Tommaso Proietti, we studied those two aspects in parallel.
On one hand, we tried to experimentally determine the optimal solutions to smartly
guide the adaptation of the exoskeleton with respect to the human performance.
On the other hand, we focused on characterizing the way human motor behaviour
is constrained and adapt when an exoskeleton is applying a force field at the joint
level, and how those motor changes remain when the robot is removed.

2.2 Adapting robotic assistance to the human motor per-
formance

In the current literature, different solutions exist which discretely map the succes-
sive stages of the patient recovery (as shown in Figure 2.2), from "passive" control,
which makes the robot fully stiff and in charge, to partial assistance (requiring some
effort from the operator) up to "active" modes, in which the robot is transparent
and only compensating for its weight (and friction). However, these remain separate
controllers that the therapist has to select manually (when they are available on the
rehabilitation robot) depending on patient capabilities, and which will hardly cap-
ture the fine, continuous and permanent evolution of patient’s motor recovery. For
all the previously listed reasons, there is thus a need for "assistance-as-needed" solu-
tions, able to automatically and continuously adapt the robot behaviour throughout
trials and sessions. While this idea is not new in the literature, we proposed a simple
adaptation paradigm which can be implemented with most of the existing controllers
for exoskeleton. At the same time, we compared different strategies and signals driv-
ing this adaptation, in order to better following the functional recovery level of the

patients.
Passive trajectory tracking Impedance/Admittance control
Passive mirroring Attractive force-field Tunneling
Passive stretching Model-based assistance Coordination control
SI%%EEE#E PASSIVE T@ESSEI\F}ED i’g@g’%&g CORRECTIVE ACTIVE/RESISTIVE
maPPING (FEONTROES | coNrRoL CONTROL eDE MODE
STROKE RECOVERY P time
IDEAL
CONTINUOUS ADAPTIVE CONTROL
ADAPTATION

Adaptive offline control

Figure 2.2: Optimal mapping between patient recovery stage and robot control strategies.
As shown, the assistance provided by the robot is discretely, and generally manually, up-
dated. An ideal adaptive controller would be able to finely continuously modify its level of
assistance, better following the patient capabilities. Taken from [37].

The goal of an efficient assist-as-needed (AAN) control is to avoid over-assistance
which would have negative effect over the rehabilitation process because of the
slacking behavior of human CNS [38], while under-assisting the patient would lead
to failure and a drop of involvement. During, T. Proietti we developed a simple
version of an AAN inspired from human motor control adaptation.
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2.2.1 Adaptive Control
2.2.1.1 Working principle

The principle is simple: the controller should be able to tune automatically and
continuously its level of assistance based on the performance of the user of the
exoskeleton across a session consisting of the repetition of a motor task. This last
one is generally standard and predefined in a rehabilitation environment. Trial after
trials, the performance of the user in completing the task with the robot will be used
to modulate the level of assistance, from "full assistance" (passive mode) with a stiff
robotic assistance along the good trajectory when the user is unable to perform, to
no assistance with a fully transparent robot (active mode) only compensating for
its own weight.

2.2.1.2 Control algorithm

Our AAN control strategy produces an output w € R, , where n is the number of
joints of the robotic exoskeleton, which is composed of two terms w = u + v where
u € R, is a feedforward term (model-based gravity compensation balancing the
robot’s weight), and v € R,, is a feedback control, and more precisely an adaptive
proportional-derivative (PD) control, (i.e. an impedance control without inertial
term):

v=Kpe+ Kgé,e=q(t)—q(t) (2.1)
where ¢(t) is the joint position vector, and error signals e and é are calculated with
respect to the reference joint trajectory ¢.(t) and the reference joint velocity ¢, (t).
K, the stiffness term, and Ky, the damping term, are positive diagonal matrices of
gains.

Based on some work on human stiffness modulation according to environment
perturbation [39], and some implementation of this behavior for adaptive haptic
exploration [40], the gains of the PD controller are adapted trial-by-trial, based on
the former performance of the subject. Namely, at a given trial k, the controller
proportional gain K, ; for the i-th joint of the exoskeleton is computed by:

Kk, = Kﬁ;l + BizFt — (2.2)

where the learning parameter 8; and the decay ~; are positive scalars, and z; repre-
sents the reference parameter at trial kK — 1 to evaluate the performance of the i-th
joint (i.e. similar to a performance error).

In addition, to avoid large increasing of the robotic stiffness and thus awkward
feelings on the arm of the human operator, the stiffness variation increment was
upper-saturated. Additionally, the damping K ; was also modulated proportionally
to Kpﬂ‘.

2.2.1.3 Performance metrics (adaptation signals)

The particularity of this simple implementation is that it can be used to produce
different kind of robot adaptation (targeting certain aspects of the motor behaviour)
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by simply modifying the computation of the reference parameter z;. We therefore
defined four different error signals capable of driving the adaptation process of the
i joints of the robot. First, two local adaptation rules:

e Correction Amount Based adaptation, using the mean of the absolute
value of the feedback term v during previous trial as reference parameter z;: if
the robot controller has to correct a lot the trajectory, it will raise its stiffness
at the next iteration.

e Joint-By-Joint based adaptation(JBJ) in which each joint being locally
adapted based on the integral of its own error (position and velocity) at pre-
vious trial.

Then two global adaptation rules:

e End-Effector Based adaptation (EEB) in which all the joint are being
adapted based on the integral error of the end-effector at previous trial. If the
end effector trajectory is well followed, whatever the joint trajectories are, the
robot will become transparent.

e Single-Joint Based adaptation (SJB) in which the error of one chosen
specific joint drives the adaptation of the whole exoskeleton.

We believe that end-effector based adaptation can be the solution when functional
recovery is needed (regaining of independence and functionality for performing ac-
tivities of daily living). A joint-level adaptation could be more effective for impair-
ment recovery, since it addresses the 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.

2.2.2 Experimental evaluation
2.2.2.1 Preliminary validation

Preliminary trials were conducted on six healthy subjects mimicking the relearning
of a stroke patient undergoing rehabilitation. Participants attached to the exoskele-
ton, were asked to draw two times in the air, a 50 cm square, during 50 trials,
and to exhibit different levels of participation (see top labels of Figure 2.3) to the
achievement of the task throughout the trials. The Correction Amount Based adap-
tation alone was used for this preliminary assessment. Initial robot stiffness K;,i
and damping K é’i were set to high values at the beginning (i.e. start in passive
mode). The robot participation was measured across trials (as the total current
consumption required by the robot during the task) along with the human partic-
ipation (as the total muscle activity measured with surface electromyography on a
set of 5 principal muscles of the arm attached to the exoskeleton).

The performance of the adaptative behavior with one representative participant
can be seen in the Figure 2.3. The performance of the controller is the expected
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Figure 2.3: Robot adaptation with respect to the human performance. Total muscular
activity (blue line) measured over the muscles indicated on the right, and total current
from the adaptive PD controller (red line) over the 50 trials. On top of the figure, the
percentage of participation (i.e. muscular activity) requested to the subject, trial-by-trial.
Taken from [37].

one: it is able to reduce the stiffness of the robot while the subject is increasing
his voluntary effort along the desired trajectory (thus his muscular activity) and it
increases again the stiffness of the robotic arm when the human is relaxing.

Additionally, we validated the possibility of tuning the adaptation rate of the
AAN controller by changing the parameters 8 and -« values, for example to adapt
within the session (fast adaptation, for short-term performance) or within the ther-
apy (slow adaptation, for long-term ones). This manual tuning of the adaptive
parameter could allow the physiotherapist to control these strategies, in a simplified
way, based on the necessities of each patient.

2.2.2.2 Comparison of different error signals driving the adaptation

To evaluate the ability of our controller to address different rehabilitation issues
through the adaptation to several aspects of the motor performance, an additional
experiment was conducted. We asked five healthy subjects to outline a 25x25cm
foam-made rectangle, placed in front of them. Similarly to former experiment,
throughout 40 trials, we asked the subjects for specific behaviours imitating dif-
ferent stages of motor recovery/abilities of post-stroke patients (see top labels on
Figure 2.4.A) with robot starting in passive mode.

As expected, as shown in Figure 2.4.A, all the AAN controllers adapted correctly
to the behaviour of the exoskeleton operators.

As illustrated in Figure 2.4.B, we observed differences in adaptation with, for
example, EEB allowing different (but possibly wrong) joint coordination contrary to
JBJ, or SJB (here computed on the shoulder opening angle) leaving more freedom
on the inter-joint coordination.
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Figure 2.4: A. Evolution of the four K,; during the experiment, averaged over the five
subjects, for the three adaptive paradigms. For each condition, the shaded colored area
represents the standard error. B. 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, the 36th motion (dashed line) and the 40th trial (solid
line). Taken from [41]

Overall, it seems clear that there is no a single optimal strategy to drive the
adaptation in AAN controllers, and that the choice should be carefully made ac-
cording to the type and phase of rehabilitation, with the risk of requiring again a
human intervention to select the training parameters.

2.3 Understanding adaptation of human interjoint coor-
dination

This work was reported in [42] shown in the Appendix

To study this phenomenon of adaptation at the motor coordination level, we
exposed human free motions to joint resistive viscous force fields, generated by the
exoskeleton to produce unnatural inter-joint coordination. We then characterized
the effects of the exposure to joints distributed constraints on the upper-limb coor-
dination during and after the experiment. This is a first step towards understanding
the human-exoskeleton physical interaction, which could provide insights on the ef-
fect of robots on human coordination schemes, along with innovative ways to develop
rehabilitation controllers for improving post-stroke motor recovery.

2.3.1 DMotor adaptation and learning in humans
2.3.1.1 What is motor learning?

Motor learning is a complex process which can be decomposed in several sub-
phenomenons (as shown on Figure 2.5). First, the Adaptation, which is the process
of "the recovery of performance within the changed |[...| environment" [43], then the
Post-Effects / After-Effects, which is the modification of the motor behavior
observed after the removal of a motor perturbation. It is usually followed by a



22 Chapter 2. Rehabilitation of upper-limb synergies with exoskeletons

Wash-out, i.e. the disappearance of the post-effect and the return to natural (or
earlier) motor behavior, or on the contrary by a Retention, which is the mainte-
nance of adaptation/post-effects in time. Then Generalization, i.e. the presence
of adaptation/post-effects along previously unperturbed spatial directions (or tasks)
which were not exposed to the perturbation can be observed, or even some Trans-
fer, that is to say the appearance of adaptation/post-effects in different activities
or contexts.

perturbation
analysed + orr i on OFF
behaviour :
post-effect
\ / /washout
adaptaé&; _________ /retentlon

Figure 2.5: Chronology of motor adaptation and learning to perturbation. Adapted from
[37].

2.3.1.2 Adaptation to robot physical action

One principal result on motor learning under robotic constraint was obtained by
Shadmehr and Mussa-Ivaldi in [43], in which healthy subjects performed arm point-
ing tasks under the effect of a deviating force field produced by a planar robot. After
initially failing, due to the force field, the users were able to learn how to complete
the required task by progressively adapting to these disturbances. Once the force
field was removed, participants temporary showed an over-shoot on the opposite
direction of the field, as an after-effects or post-effects, as shown in Figure 2.6.A.

Unfortunately, little is known on similar effect of 3D or joint force fields on
the overall motor coordination strategies and the management of redundancy by
the CNS. Mistry et al. [44] investigated human force field adaptation using an
exoskeleton. Authors observed that participants exposed to a force field applied on
a single joint, behave, similarly to [43] at the hand level, but no adaptation at the
joint level (which remained changed) was observed (see Figure 2.6.B). This indicates
that the effect of perturbation or constraint on joints trajectories and thus on motor
coordination is a more complex phenomenon.

Therefore a central question remains on the actual possibility of teaching motor
coordination (or at least acting over it) with an exoskeleton and thus using this type
of device for the clinical rehabilitation of "non-pathological” synergies. We thus
decided to rigorously study and quantify the reaction of subjects being exposed to
a viscous force field specially designed to modify the interjoint coordination.
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Figure 2.6: A. (left): View of the setup, of the perturbative force field and of the four
typical consecutive phases of human motor adaptation and after-effects (from [43]). B.
(right). View of end-effector and joint trajectories under exposure to joint force field (from

[44]).

2.3.2 Experiment

We set up an experimental campaign to evaluate the possibility of modifying upper-
limb synergies in healthy participants, by inducing adaptation and learning of joint
coordination through the exposition to viscous force fields applied by an exoskeleton.
A group of healthy subjects performed numerous randomized pointing tasks (with
targets being designated by the end-effector of a WAM robotic arm manipulator
fitted with a push button) as shown in Figure 2.7.

FIRST PERSON VIEW

aaaaaaa

@@ [

Figure 2.7: A: 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. B: WAM positions (targets). The 8 Experimental Target positions (ET) and the 4
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-effector.
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2.3.2.1 Exoskeleton and controller

For this experiment, we used the 4 DoF ABLE exoskeleton [45] both to apply a force
field to the participant arm joints, and to measure (thanks to its joint encoders)
the kinematics of participant’s arm when the constraint was applied or removed
(exoskeleton being then set in "transparent mode").

We utilized two different control modes on the ABLE exoskeleton: a joint force
field entitled Kinematic Synergy Control (KSC), to expose subjects to viscous force
field that should perturb the joints coordination during movement, and a generic
Gravity Compensation mode (considered as "transparent" mode) allowing uncon-
strained upper-limb motion. The KSC is a controller developed by Crocher et al.
[46] which generates reactive viscous joint torques to impose specific patterns of
inter-joint coordination without constraining the hand motion. This controller was
here tuned in a way to provide a generic perturbing behavior (complex enough not
to be easily predictable) pushing towards unnatural inter-joint coordination encour-
aging an over abduction while flexing the shoulder during forward hand movement.

The gravity compensation mode simply consisted in an always active feedforward
gravity compensation of the exoskeleton to produce minimal resistance to the human
motion, giving freedom of movement to the user [47]. This control mode can be seen
as the situation in which the corrective force fields were inactive.

2.3.2.2 Experimental protocol

Twenty healthy individuals participated in this study: ten of them were asked to
perform several pointing tasks (GDM, for Goal Directed Movements) while the ten
others performed tracking tasks (PCT, for Path-Constrained Tracking) with the
ABLE exoskeleton while sitting comfortably on a stool. The experimental proto-
col has been validated by the ethics committee of the Paris Descartes University
(CERES).

PRELIMINARY EXPERIMENT WASH-OUT FOLLOW UP
~30 min

0000 > =000 > =000 > = > =000
16 ET 8 GT 16 ET 4 GT 16 ET 4GT 16 ET 4GT
I | L | L |

24 motions 240 motions 60 motions 40 motions 40 motions

gravity compensation mode KSC active gr.co. mode gravity compensation mode gravity compensation mode
O = a block of 8 ET in gravity ’ = a block of 4 GT in gravity © = a block of 8 ET in KSC mode
compensation mode compensation mode

Figure 2.8: Phases of the experiment. Experimental protocol, showing the four consecutive
phases, respectively preliminary, experiment, wash-out and follow 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).

After an initial training, subjects were asked to point different targets with the
robotic exoskeleton. All the sequences of pointing tasks were performed by blocks
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of 8 ET trials (Experimental Targets, see Fig. 2.7.B) or 4 GT trials (Generalization
Targets, see Fig. 2.7.B) presented in the same randomized order for each subject.

The experiment duration was between 90 to 105 minutes for each participant.
The experiment chronology, as shown in Figure 2.8, consisted of 4 phases: prelim-
inary (PRE), experiment (EXP), wash-out (WAS), and follow up (FOL). 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 Fig-
ure 2.8, 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.

2.3.3 Principal results

The results showed that most of the subjects could learn from this unknown and
unnatural interactive environment, meaning that their natural upper-limb coordi-
nation was exhibiting effects of the force fields exposition in terms of adaptation,
post-effects, and generalization. The presence of after-effects was still observable
after 30 minutes from the last constrained movements, during which time subjects
were detached from the exoskeleton and rested. The main results obtained are
detailed below.

case 1: over-shoot (30% of movements) case 2: persistent perturbation (55% of movements)

shoulder abduction/adduction shoulder abduction/adduction
PRE E-EXP L-EXP WAs FoL PRE E-EXP L-EXP WAs FoL
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Figure 2.9: Two illustrative cases for two subjects, during GDM task. 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 first two joint velocities (shoulder ab-
duction/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, first five
repetitions of EXP), late exposition (L-EXP, last five repetitions of EXP), wash-out (WAS),
and follow up (FOL)

A limited adaptation during interaction: Adaptation in participants who
tended to minimized the effect of the perturbation induced by the robot, was only



26 Chapter 2. Rehabilitation of upper-limb synergies with exoskeletons

observed in 21% of the population. A majority of participants did indeed not adapt
(i.e. react) to the robot’s perturbation, similarly to the observation in [44].

Two distinct behavior in the post-effects: The major result of this study
lies in the fact that we clearly observed two different types of motor behavior and
therefore two distinct post-effects. Those post-effects were observed in 86% of the
population. As shown in Figure 2.9 "Case 1", in a minority of cases (30%) in which
adaptation occurred (variations between E-EXP and L-EXP), an over-shoot on the
opposite direction of the natural original coordination (thus similarly to [43], but
at the joint level rather then at the end-effector) was observed. And surprisingly it
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