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Abstract

It is commonly accepted that neuroplasticity is the basic mechanism
underlying the recovery after brain injuries, and it has been widely
shown that rehabilitation motor therapy can considerably influence
recovery in patients with neurological diseases.

However, the neurorehabilitation is labor intensive, often given
through a one-on-one patient-therapist relation, and relies on man-
ual interactions with a trained therapist several hours a day. In
addition, patient evaluation is often done subjectively, with the
therapist making hands-on or visual judgments about a patient’s
movement abilities. This makes it difficult to monitor and evaluate
treatment effects.

The introduction of appropriately designed machines could poten-
tially enhance rehabilitation measurement by quantifying specific
pathophysiological mechanisms, spontaneous recovery, functional
ability, and therapy dosage more accurately than it is now possi-
ble. They could also help with therapy itself, replicating key com-
ponents of current manual therapeutic techniques, or even apply-
ing new techniques, giving help in answering fundamental scientific
questions and improving cost-efficiency of therapy.

The main objective of this work is to provide innovative solutions to
improve functional assessment in hemiplegic patients and enhance
the outcome of neurorehabilitation by customizing the motor ther-
apy on the basis residual motor capabilities of each single subject.

To this purpose, this dissertation thesis presents, on the one hand,
two algorithms to quantitatively analyze the clinical picture of pa-
tients with neuro-muscular disorders; on the other hand, it tries
to provide innovative control solutions that could enhance the per-
formances of the existing machines used in robot-mediated motor
therapy and tailor therapy interventions to each patient’s needs and
abilities.
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Chapter 1

INTRODUCTION

Nowadays brain injuries and consequent motor disabilities are a one of the most
important and growing problem in healthcare. Stroke, for example, is the third
cause of death behind heart disease and cancer and the leading neurological
cause of long-term disability in the world. About 700000 people suffer a stroke
each year only in the United States and in almost one half of the survivor,
motor deficits persist chronically [1].

It is commonly accepted that neuroplasticity is the basic mechanism un-
derlying the recovery after brain injuries, and it have been widely shown that
motor cortex functions change depending on motor experiences; for this reason
rehabilitation interventions can considerably influence post-stroke recovery and
motor therapy is the main therapeutic treatment given to patients in sub-acute
and chronic phase.

The rehabilitation after brain injuries is labor intensive, often given through
a one-on-one patient-therapist relation, and relies on manual interactions with
a trained therapist several hours a day. In addition, patient evaluation is often
done subjectively, with the therapist making hands-on or visual judgments
about a patient’s movement abilities. This makes it difficult to monitor and
evaluate treatment effects [2].

The introduction of appropriately designed machines might partially solve
these problems and improve the efficacy of stroke recovery. Sophisticated de-
vices that would attach to a patient’s limb, measure movement and force gener-
ation, and apply therapeutic patterns of forces could make a significant impact
on stroke rehabilitation management.

Such machines could potentially enhance rehabilitation measurement by

1
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2 CHAPTER 1. INTRODUCTION

quantifying specific pathophysiological mechanisms, spontaneous recovery, func-
tional ability, and therapy dosage more accurately than it is now possible.
They could also help with therapy itself, replicating key components of current
manual therapeutic techniques, or even applying new techniques, giving help
in answering fundamental scientific questions and improving cost-efficiency of
therapy.

The main objective of this work is to provide innovative solutions to im-
prove functional assessment in hemiplegic patients and enhance the outcome of
neurorehabilitation by customizing the motor therapy on the basis of residual
motor capabilities of each single subject. More specifically the work presented
here focuses mainly on the upper limb.

To this purpose, the present study presents, on the one hand, two algorithms
to quantitatively analyze the clinical picture of patients with neuro-muscular
disorders; on the other hand, it tries to provide innovative control solutions
that could enhance the performances of the existing machines used in robot-
aided motor therapy and tailor therapy interventions to each patient’s needs
and abilities.

In particular, at first two complementary works, aiming to improve the
clinical assessment of neuro-muscular disorders of the upper limb, will be pre-
sented; then a bio-inspired interaction control for robot-aided motor therapy
will be proposed and evaluated in comparison with the other traditional and
bio-inspired controls proposed in literature.

This dissertation thesis is structured as follows:

• In Chapter 2 the neurophysiological assumptions of the use of motor
therapy as a treatment for enhancing recovery of neurological patients are
presented and discussed. A short review of the traditional techniques for
neurorehabilittion commonly used in clinical practice are introduced. The
state of the art of the existing robotic platforms for neurorehabilitation
is revised and the main results of the validation of these technologies
through clinical trials are underlined.

• In the following chapter two solutions are presented that aim to use novel
technologies to clinically assess patients’ level of disability through quan-
titative, reliable, reproducible techniques. The first one uses a commercial
stereophotogrammetric system (VICON) for motion analysis to evaluate
the level of impairment of the upper limb in hemilegic subjects. A biome-
chanical model have been developed and implemented to calculate several
kinematic and dynamic variables starting from the VICON output vari-
bles. The clinical experimentation involved four hemiplegic children, and
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their performance were analyzed during pointing tasks executed at two
different speeds. Several evaluation indexes have been introduced and
their utility in discriminating natural from pathological behavior is eval-
uated by comparing results obtained from the healthy arm with those of
the plegic one. The second work aims to develop a reproducible quan-
titative method to estimate the passive stiffness of the wrist joint using
an existing wrist robot. In fact, abnormal muscle tone is one of the
most important symptoms that affects patients with brain injuries and
the evaluation of the passive mechanical properties of patients joints is
often used as a basis for clinical assessment of neuro-muscular disorders.
Nevertheless, clinical scales used to estimate the muscle tone are strongly
operator-dependent and show high inter- and intra-subjective variabil-
ity. In this work measures of wrist passive stiffness are carried out on
10 healthy subjects: a reproducible quantitative estimate of the wrist
passive stiffness for flexion/extension, abduction/adduction and prona-
tion/supination is separately calculated. Then the two-dimensional stiff-
ness of the combined FE/AA movements is determined.

• In Chapter 4 a new control approach is proposed to manage interaction
in robot-mediated motor therapy of the upper limb, that is purposively
conceived for this application field. The control strategy tries to pave
the way for developing control solutions able to answer the requirements
of adaptability, safety, portability, and flexibility. The control law has
been named torque-dependent compliance control in the joint space and
its applicability to robot-aided motor therapy has been validated in com-
parison with another bioinspired interaction control previously presented
in literature, the coactivation-based compliance control law.
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Chapter 2

NEUROREHABILITATION
AND ROBOTICS: STATE OF
THE ART

In this chapter the neurophysiological assumptions of the use of motor therapy
as a treatment for enhancing recovery after brain injuries are presented and
discussed. A short review of the traditional techniques for neurorehabilittion
commonly used in clinical practice are introduced. The state of the art of the
existing robotic platforms for neurorehabilitation is revised and the main results
of the validation of these technologies through clinical trials are underlined.

2.1 Neurophysiological Rationale of the Role of Motor
Therapy in Stroke Recovery

When a stroke occurs, a significant number of neurons and synaptic connection
are suddenly lost by the cerebral tissue [3]. The magnitude of this infarct in
such a focal area is problematic and reorganization of the remaining injured
brain is very important for recovery to occur [4].

Even if the neurobiology of stroke recovery is poorly understood, it is com-
monly accepted that neuroplasticity is the basic mechanism underlying the
recovery after brain injuries [5].

Understanding of the patterns of neurophysiological and physical recovery
time post stroke can allow rehabilitation specialists to provide more effective
therapy and improve use of resources during the patient’s stay in hospital [6].

5
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6
CHAPTER 2. NEUROREHABILITATION AND ROBOTICS: STATE OF

THE ART

Partridge et al. have also suggested that an understanding of recovery and
potential influencing factors can assist in the setting of an effective therapeutic
strategies [7].

An example of factor that can influence recovery after stroke is the initial
severity of the stroke; the “Copenhagen Stroke Study”, conducted on 1197
stroke subjects, showed that the rate of neurological recovery is strictly related
to the magnitude of stroke lesion [8]

Several studies showed that cerebral tissue close to the infarcted area ex-
hibits a lot of structural modifications after stroke; in the same way, several
neurons that are not adjacent to the lesion, but have structural connections
with the affected part of the brain, participate in cortical reorganization [9, 10].

Research on monkeys and humans indicates that rehabilitation can enhance
reorganization in the adjacent intact cortex and contribute to functional recov-
ery after stroke [11, 12]. According to Teasell et al., Rehabilitation or training
can increase cortical representation, whereas lack of rehabilitation decrease
it [13].

One approach that has shown great promise in expediting progress toward
stroke recovery in the upper extremity is activity-dependent motor rehabilita-
tion interventions [14]. There is increasing evidence to suggest that in addition
to injury-related reorganization, motor cortex functions change depending on
motor experiences. Activity-dependent long-term modification of synaptic ef-
ficacy underlies information storage in neural networks. Thus, motor experi-
ences, including rehabilitation interventions, considerably influence post-stroke
recovery levels [15, 16].

Resuming, the neurophysiological assumptions for the use of motor therapy
in the stroke recovery process can be described as follows:

1. Stroke recovery probably depends on neuroplasticity;

2. Motor activity strongly enhances neural plasticity process;

3. The stroke recovery process seems to exhibit the property of specificity,
i.e. the benefits conferred to the not treated limbs are weak;

4. A common assumption is that stroke recovery is like motor learning, even
though the role of abnormal tone, spasticity and other stroke sequelae is
unclear.
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2.2 Traditional techniques for neurorehabilitation

Comprehensive rehabilitation implies coordinated interdisciplinary care, com-
prising a broad spectrum of multidisciplinary interventions. Several neurologi-
cal therapeutic approaches are advocated and applied, proponents of each one
claiming its superiority in efficacy over the others. These approaches include:

• Bobath method [17].

• Neuro-developmental treatment (NDT) [18, 19].

• Brunnstrom method [20]

• Proprioceptive neuromuscular facilitation (PNF) [21, 22].

• Johnstone therapy [23].

Physical and occupational therapeutic programmes vary greatly from one
facility to another as a result of the adherence to different treatment con-
cepts [24, 25] and philosophies. For example, in the NDT method the emergence
of basic synergies is considered as a pathological and undesirable manifestation
of spasticity which should be suppressed in order to enable the facilitation of
normal physiological movements. Contrary to this concept, Brunnstrom en-
courages the development of the same basic synergies and related spasticity in
the pre-synergic phase of motor recovery. She claims this follows the natural
sequence of motor recovery after stroke as first described by Twitchel [26]. To
date the Bobath concept and its related or derived methods are believed to be
the most popular and widely applied methods in stroke rehabilitation [27].

Within the last four decades a number of true-experimental and quasi-
experimental group studies evaluating the efficacy of neurological therapeutic
approaches have been published. These studies have been critically reviewed,
but all reviewers shared the conclusion of Ernst that “it does not matter which
approach is chosen and any of the available therapeutic approaches will improve
the patients functional status” [28, 29, 30].

This conclusion is mainly based on the positive findings presented in the
literature with respect to early initiated intensive rehabilitation in acute stroke
patients.

2.3 Robot-aided Neurorehabilitation

The synergy between robotics and life science was born at the beginning of 80s,
when several researches started using robotics technologies for neuroscientific
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purposes. In those years many research groups tried to understand how the
CNS plan and perform movements and many studies on human motion control
have been carried out by measuring human motion properties through robotic
platform [31, 32, 33].

At the beginning of 90s some of these robots, widely used in neuroscientific
studies, have been modified and applied in the rehabilitation field, to assist the
patients in motor recovery after cerebral injuries. Since then, the machines for
assisted motor therapy have been considerably improved and applied to dif-
ferent fields, such as fitness, sports training, sensory-motor training for main-
taining performance of elderly people and physical medicine and rehabilitation,
with special attention to neurological pathologies (neurorehabilitation).

Machines currently used in most of the sports or rehabilitative training
centers typically integrate a growing number of sensors, for proprioceptive per-
ception, in particular for the measure of the trajectories of the mobile parts of
the machine (and indirectly also of the patients limbs), as well as for exterocep-
tive perception, for the measure of the quantities that characterize the physical
interaction with the human body (forces) and for monitoring the motor, cog-
nitive and physiological parameters of the users. Such machines are therefore
becoming mechatronic systems, with a central processing unit that can elab-
orate information recorded during motor exercises and, in the most advanced
machines, with a system that can actively real-time control and customize the
exercises depending on the subjective conditions of the single user and on the
personal training strategy.

The evolution of these systems towards real robotic systems, with actua-
tors that control the degrees of freedom of the machine based on the physical
interaction with the user and, also, on the pre-programmed instructions and
an adequate management of the sensors information during the exercise, may
appear just an incremental evolution in terms of efficiency, functionalities and
versatility oriented to the market in the field of robotic rehabilitation ma-
chines that is strongly growing. On the contrary, a more complex analysis of
the potentialities of these systems [34] in view also of the recent neuro-scientific
achievements (in particular as regards the mechanisms of neurogenesis and cere-
bral plasticity underlying the motor learning and the functional recovery after
cerebral injury) highlights the advisability of using the robotic technologies to
create a real discontinuity in the clinical procedures of the neurorehabilitative
treatment.

Motor therapies where patients undergo passively the neurorehabilitators
intervention, with poor participation of the high-level structures of the nervous
system that are responsible for the imagination and the sensori-motor coordi-
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nation and planning of the movements, may cause a low clinical efficacy of the
functional recovery intervention with respect to the real possibility of improve-
ment of the patients. To maximize patients functional recovery, research in the
nerurorehabilitation field is oriented to therapies that favour motor exercises
based on voluntary movements, often in a scenario of daily living activities.
Moreover, the presence of severe neuromotor disabilities, that prevent patient
from controlling basic motor activities such as the maintenance of erect pos-
ture, the deambulation and simple arm or hand movements, can highly limit
the possibility of applying rehabilitative paradigms based on the active con-
tribution of the patient by using the currently available technologies. From
this point of view, it is clear that the availability of robotic machines for motor
therapy could allow assisting also subject with low residual motor abilities, and
help these patients start and complete motor tasks directly monitoring their
motion intention, thus involving the cerebral structures that are at the basis
of high level motion strategies, like in voluntary movements.

Many research groups have developed robotic devices for neuro-rehabilitation
but only few of these have been validated by clinical experimentation [35]. The
most widely tested in clinical practise are the following:

1. The InMotion systems (MIT-MANUS & Wrist robot) (see Fig. 2.1), de-
veloped by researches of the Massachusetts Institute of and commer-
cialized by Interactive Motion Technologies Inc., have been widely and
successfully used in the last ten years in clinical trials that demonstrated
how the robot-aided neurorehabilitation may complement other treat-
ment approaches by reducing motor impairment in persons with moder-
ate to severe chronic impairments [36, 37, 38]. The most recent studies
show that they significantly improve motor abilities of the exercised limb
segments in persons with chronic stroke [39, 40]. Nevertheless, the details
of the recovery process remain largely unknown, so a deeper understand-
ing is important to accelerate refinements of robotic therapy or suggest
new approaches. For this purpose, robots provide an excellent instrument
platform from which to study recovery at the behavioral level [41].

2. Mirror Image Motion Enabler (MIME) robotic device for upper-limb neu-
rorehabilitation (see Fig. 2.2), developed and tested in the Palo Alto
laboratories, have been used in studies where robot-aided therapy have
been compared with conventional treatment [42, 43]. In these studies
Robot-assisted treatment (bilateral, unilateral, and combined bilateral
and unilateral) was compared with conventional therapy; authors claim
that combined unilateral and bilateral robotic training have advantages
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Figure 2.1: The InMotion2&3 systems (MIT-MANUS and Wrist robot) for
robot-aided neurorehabilitation.

compared with conventional therapy, producing larger improvements on
a motor impairment scale and a measure of abnormal synergies [44].

3. Assisted Rehabilitation and Measurement (ARM) Guide(see Fig. 2.3)
measures and applies assistive or resistive forces to linear reaching move-
ments across a wide workspace [45]. It consists of a hand piece that is
attached to a linear track and actuated by a DC servomotor. The track
can be oriented at different yaw and pitch angles to allow reaching to
different workspace regions. It have been used to directly test the role of
movement practice versus robotic forces in retraining reaching following
chronic stroke [46].

4. The electromechanical gait trainer (GT I) (see Fig. 2.4) is based on a
moving foot plate system [47], with cadence and step length that can be
set individually. The first stroke studies with 30 acute stroke patients
revealed improved gait ability and lower-limb muscle activity in chronic,
nonambulatory stroke patients following 4 weeks of applied GT I train-
ing [48]. A recent multicenter trial, the DEutsche GAngtrainer-Studie
(DEGAS), included 155 acute nonambulatory stroke patients [49]. The
Experimental group scored significantly higher at the end of the study
and at follow-up, on both Functional Ambulation Category (FAC) and
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Figure 2.2: Mirror Image Motion Enabler (MIME) robotic device for upper-
limb neurorehabilitation.

Barthel Index parameters, in respect of the control group. At the end of
the study, 41 of 77 (53.2%) in experimental group versus 17 of 77 (22.1%)
in control group could walk independently, i.e., they had reached an FAC
level of either 4 or 5 [49].

5. The LOKOMAT system (see Fig. 2.5) is an automated gait trainer, devel-
oped by Hocoma (Switzerland) [50]. Since the Lokomat became commer-
cially available in 2000, it has been used for gait training in individuals
with various medical diagnoses. To date, several studies have examined
the therapeutic and functional effects of gait training with the Lokomat in
the SCI (Spinal Cord Injury), stroke, and TBI (Traumatic Brain Injury)
patient populations [51, 52, 53, 54].

Several other robotic prototypes have been recently developed for robot-
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Figure 2.3: The ARM guide rehabilitation system.

aided rehabilitation, but their application in clinical practice has not been
deeply tested and validated. Some of them have been used in pilot studies
that show the applicability of such devices to the rehabilitation context: the
most promising examples are the Bi-Manu-Track [55], the MEMOS system [56],
BRACCIO DI FERRO [57], the ARMin [58].
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Figure 2.4: GT I electromechanical gait trainer. Harness-secured patient is
positionedon two foot plates that when moved simulate stance and swing.

Figure 2.5: Lokomat robotic gait orthosis (Hocoma, AG , Volketswil, Switzer-
land).
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Chapter 3

METHODS AND
TECHNIQUES FOR
FUNCTIONAL ASSESSMENT
OF THE UPPER LIMB

In this chapter two solutions are presented that aim to use novel technologies
to clinically assess patients’ level of disability through quantitative, reliable,
reproducible techniques. First, a biomecanical model of the upper limb for the
clinical assessment of motor impairment of hemiplegic children during pointing
tasks is presented. Then, a reproducible quantitative method to estimate the
passive stiffness of the wrist joint using an existing wrist robot is introduced
and validated.

3.1 Evaluation of motor impairment of hemiplegic
children during pointing tasks

3.1.1 Introduction

This section proposes a biomecanical model of the upper limb for the clinical
assessment of motor impairment of hemiplegic children during pointing tasks.
Accurate quantitative assessment of neuromotor deficits is essential in clinical
application for choosing the appropriate treatment for the patients and moni-
toring recovery progress during rehabilitation. Established motor impairment

15
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scales, such as the Fugl-Meyer, may be insensitive to small changes in impair-
ment, have a very high subject variability, and are strongly operator-dependent.

Many previous approaches to analyze upper extremity motion did not al-
low a wide range of clinical applications [59]. Some were invasive [60, 61] or
the setup restricted movement [62, 63, 61]. Other models simplify the upper
extremity by neglecting some degree of freedom [61, 64, 65]. Several studies
have examined reaching tasks in stroke subjects, but few incorporate upper
extremity motion analysis [66]. The few existing upper extremity models lack
validation, all degrees of freedom and 3D Euler joint angles [67, 65]. Data
obtained from these models is often collected from a small sample population
and with few cameras [68] or the evaluation of the impairment is carried out
by only considering kinematic variables [59].

Despite the lack of application of biomechanical models to clinical practice,
several studies have used systems of motion analysis to model the execution of
upper limb movements of heathy subjects.

Since the early 1950s, several investigators have modeled the upper limb us-
ing various discrete masses, linear springs, and viscous dampers [69]. Previous
mathematical analysis included the following assumptions: bones and tissues
were considered rigid bodies, with their center of gravity fixed at a point, and
joints were considered frictionless [70, 71, 72].

Optical systems with high resolution in space and time have been used to
record 3-D kinematics of the upper limb [73]. A sensing garment that detects
upper limb postures and movements has also been developed [74]. Analy-
ses of upper limb movements are generally performed by measuring kinematic
variables of the links and joints with accelerometers, electrogoniometers, or
cameras [75, 76].

Several experimental approaches have been developed to measure joint mo-
ments. Joint moments can be measured by torque transducers during isometric
tasks or by torque motors during dynamics tasks [73, 77]. All of these experi-
mental approaches for measuring kinematics, forces, and moments restrict nat-
ural movement, require certain calibration and extra mounting fixtures, and
can be invasive. Consequently, 3-D biomechanical models of the whole [70] or
partial [78, 60, 79, 80] upper limb have been developed.

These models have used optimization methods to compute muscle forces and
limb postures. Nieminen et al. used a 3-D model to predict maximum shoulder
strength [80]. Raikova used mathematical analysis and the Denavit-Hartenberg
(D-H) method to calculate position, muscle forces, and joint reactions for the
upper limb [70]. Khalili and Zomlefer developed an approach to estimate the
body segment parameters in a 2-D system for rehabilitation robotics [81]. In-
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verse dynamics can be used to calculate the upper limb reaction forces and
moments at a joint. Kinematics represent the movement of the link-segment
model, while inverse dynamics derive the kinetics responsible for that move-
ment. Recently, Abdullah et al. [82] have developed a dynamic biomechanical
model for assessing and monitoring robot-assisted upper-limb therapy.

Moreover, in the last twenty years, several neurophysiological models have
been proposed to understand and explain the way the brain plans and executes
skilled movements in healthy subjects.

The analysis of kinematic and dynamic features of limb movements provides
useful information about the control processes governing arm movements. The
study of invariant characteristics of human movements under different condi-
tions (speeds, amplitudes or direction of movements and different externally
applied forces) led to different theories on how the central nervous system
chooses from an infinite number of possible motor plans and solves biological
redundancy. In fact, even if any motor task can theoretically be achieved by an
infinite number of possible trajectories, human movement patterns are highly
stereotyped; many studies have shown that subjects tend to move their hand
along a straight path with a single-peaked, bell-shaped velocity profile [83].
This consistency is characteristic of a computational approach known as opti-
mal control, in which a “cost” is specified as a function of the movement, and
the motor output with the lowest cost selected [84].

Early studies of trajectory formation considered cost functions such as min-
imum energy, minimum torque, and minimum acceleration [85]. Hasan [86] has
suggested that the cost function is the integrated “effort” of movement, where
effort is defined as the product of muscle stiffness and the square of the deriva-
tive of the equilibrium point position.

At present only two cost functions are able to account for the majority of
the multijoint data: the cost functions based on the Cartesian “jerk” (Minimun
Jerk Model) [87, 31] and on the first derivative of torque (Minimum Torque-
Change Model) [33].

The main purpose of this study is to use a 3D biomechanical model of the
upper limb for a quantitative estimation of motor impairment in hemiplegic
children during pointing tasks. A sophisticated system for motion analysis
(VICON system) has been used to record kinematic variables of children’s
upper limb during pointing movements and a 3D model has been developed to
calculate kinematic as well as dynamic variables. These variables act as input
for the calculation of several evaluation indexes of motor impairment, and an
analysis of motor performances of each subject have been carried out for both
plegic and unimpaired arm. Using the unimpaired arm as a benchmark of the
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motor performance the single subject can perform, a quantitative evaluation
of the level of disability has been measured and proposed as an assessment of
neuromotor deficits of such patients.

3.1.2 Materials and Methods

Subjects

Four hemiplegic children (two male and two female), having an average age of
MEAN ± SD, have been involved in this study; they have been recruited among
the patients of the Paediatric Neuro-Rehabilitation Division of the Children’s
Hospital “Bambino Gesù”. The main characteristics of the subjects involved
in the experimentation are listed in Table 3.1.

Table 3.1: Overview of the main characteristics of the hemiplegic children
involved in the study.

Age Weight [Kg] Height [cm] Affected arm Gender
Subject A 10 36.5 144 Right Male
Subject B 8 22.5 115 Left Male
Subject C 9 23.6 120 Left Female
Subject D 11 41 149 Right Female

Experimental Setup

The kinematics of the movement was analysed by means of a six-camera motion
capture system (Vicon 512, Oxford Metrics, UK). The sampling rates were set
at 120 images per second. Static and dynamic calibration tests, performed in
accordance with the manufacturer’s indications, showed that overall RMS error
of marker coordinates in three-dimensional space was less than 1 mm.

VICON system automatically calculated the position of centers of rotation
of shoulder, elbow and wrist which have been used as input of the biomechanical
model. Trials were also videotaped to provide a permanent record and to assist
in clinical interpretation of data.

During the experiments, EMG signals of the five main muscles of the shoul-
der have been recorded to verify the muscular activation patterns in the exe-
cution of the motor tasks.

Figure 3.1 shows an example of the experimental setup during an evaluation
session with the VICON system.
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Figure 3.1: The experimental environment and setup during an evaluation
session with the VICON system.

Experimental protocol

Subjects were placed in the large experimental room and asked to stand in
resting position. Experimenters instructed the subjects to point their index
finger to the wall in front of them and to go back to the resting position,
without stopping between upward and the downward movement.

Subjects executed the task at two different speeds, normally-paced speed
and fast speed, with both unimpaired and plegic arm; instructions to the
subjects were “make the movement using your comfortable speed”, for the
normally-paced speed, and “move as fast as you can” for the fast speed.

The experimental protocol consists of nine movements for each level of
speed with both the arms, for overall thirty-six movements for each subject.
No instructions were given about the hand’s path and arm posture. Movement
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accuracy was not the primary constraint on subjects during these experiments.

Data analysis

The coordinates of the centers of rotation (COR) of shoulder, elbow and wrist
joints provided by the VICON system were used as input to the data analy-
sis. Positions of CORs were low-pass filtered and numerically differentiated to
obtain velocities and accelerations.

After visual inspections of each single trial, movement onset was defined
as the instant which linear tangential velocity of the wrist COR exceeded 5
% of its peak; on the other hand, the end of movement was defined as the
instant when the same velocity dropped below the 5 % threshold, as done in a
previous work by Papaxanthis et al. [88]. Each pointing movement have been
divided into two different components: upward component, that is the part of
the movement performed against gravity, and downward component; the time
used to separate the two parts of the movement has been defined as the time
at which the vertical component of the wrist velocity changes its sign.

Kinematic and dynamic models of the upper limb have been developed to
obtain from the COR positions further kinematic (such as angles, velocities
and accelerations of human joints), dynamic (such as torques applied by the
muscles) and energetic (such as potential and kinetic energy and powers related
to each joint) variables.

The model consists of four 1-degree of freedom (i.e. DOF) revolute joints
and two rigid bodies (links). The revolute joints model the DOFs of the
shoulder joint (in the following sequence: internal/external rotation, abduc-
tion/adduction and flexion/extension) and the elbow flexion/extension. The
two links connect the shoulder COR to the elbow COR and the elbow COR to
the wrist COR, representing the upper arm and forearm respectively.

Figure 3.2 shows the kinematic diagram of the proposed biomechanical
model and the sequence in which the different DOFs are defined. The model
represents the shoulder as a 3-DOF spherical joint (the glenohumeral joint)
and the elbow as a 1-DOF joint (elbow flexion/extension). The wrist joint was
not included in the model because its movements were considered irrelevant
for the specific task. For this reason, the wrist COR was considered the end-
effector of the model. Moreover, the following assumptions were made for this
application: bones and tissues were considered rigid bodies, with their center
of gravity fixed at a point, and joints were considered frictionless.

The lengths of upper arm and forearm were calculated as the distances
between two subsequent CORs, and mass, moment of inertia and center of
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Figure 3.2: The kinematic diagram of the proposed biomechanical model and
the sequence in which the different DOFs are defined.
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mass for the upper arm and forearm were estimated for each subject using the
average anthropometric parameters given in literature [77].

EMG signals of shoulder muscles have been used to verify the presence or
absence of voluntary muscles contraction during the different phases of the
movement. The developed 3D biomechanical model uses as input the shoulder,
elbow and wrist centers of rotation and can be used to calculate the following
sets of variables:

• Kinematic variables: angular positions, velocities and accelerations of
each DOF of the model;

• Dynamic variables: Inertial, Coriolis and Gravitational components of
joint torques for each DOF of the model;

• Energetic variables: potential and kinetic energy of the system, powers
related to each DOF of the model;

• EMG activation patterns for each variable.

The kinematic and dynamic model has been implemented with the SimMe-
chanics toolbox of MATLAB (The MathWorks Inc., USA); Fig. 3.3 shows a
snapshot of the graphical interface of the proposed model.

Using the original and calculated variables, several indexes have been es-
timated to evaluate motor performance of subjects, and quantitatively assess
the motor impairment of the plegic arm. Most of them have been suggested by
the previous studies on human motor planning and execution of movements in
healthy subjects [87, 33, 88]. The evaluation indexes uses in this study can be
resumed as follows:

1. Kinematic Indexes. They are based only on kinematic variables and
are calculated as described below:

• Movement Duration (MD): it is the time the subject takes to per-
form the movements. The duration of the movements is calculated
between the onset time and the ending time as previously described.
MDs for Upwards and downwards movements are calculated sepa-
rately.

• Peak Velocity (PV): it is the maximum values of the velocity magni-
tude of the wrist COR during upwards and downwards movements.
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Figure 3.3: A snapshot of the graphical interface of the proposed model, im-
plemented in SIMMECHANICS/MATLAB environment.

• Time to Peak Velocity (TPV): it is the percentage time (with re-
spect to the Movement Duration) the subject spends to reach the
Peak Velocity. This index characterizes the movement timing be-
cause gives information on the relation between acceleration and
deceleration time of one single movement. For planar point-to-point
reaching movements, it has been shown that this parameter is equal
to 0.5 (same acceleration and deceleration time) [31], but it can be
modified by changes in the physical constraints, such as movements
against gravity [89, 90].

• Peak to Mean velocity Ratio (PMR): it is the ratio between the
peak and the mean velocity magnitude of the wrist COR. This in-
dex describes the shape of velocity profiles: for planar movements at
minimum jerk (which maximize the smoothness of the movements),
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it is equal to 1.875 [31], but it assumes different values during move-
ments against gravity, depending on the direction of the movement
(upward or downward) [88].

• Jerk Index (JI): it is calculated by dividing the mean jerk (deriva-
tive of the acceleration) magnitude by the peak speed. This index
has been suggested by Rohrer et al. [91] as a measure of movement
smoothness in post-stroke patients; in fact, the jerk metric charac-
terizes the average rate of change of acceleration in a movement;
hence an increase of the JI corresponds to a decrease of smoothness.

2. Cost Indexes. They are based on cost functions used in neurophysi-
ological studies to model and understand the way the brain plans and
executes point-to-point movements. Since these indexes have been pro-
posed as the cost functions that brain tries to minimize when executes
healthy movements, they could be very useful in detecting pathological
behaviors of plegic movements when compared to healthy ones. In this
study only the cost functions related to the two main motor control the-
ories have been taken into account:

• Jerk Cost Function (CJ): it was originally proposed by Hogan [87]
for one-joint and Flash and Hogan [31] for multijoint movements,
and states that the cost function the brain tries to minimize is the
first derivative of Cartesian hand acceleration (i.e. jerk). Thus, the
CJ is calculated as follows:

CJ =
1
2

∫ T

0

((
d3x

dt3

)2

+
(
d3y

dt3

)2

+
(
d3z

dt3

)2
)
dt (3.1)

where T is the duration of the movement and x, y, z are the coor-
dinates of the wrist COR at time t. To compare the values of this
index in movements performed at different speeds, the jerk function
in (3.1) has been normalized in magnitude (dividing by the maxi-
mum value of jerk magnitude) and in time.

• Torque-change Cost Function (CT ): it was proposed by Uno et
al. [33] as an alternative approach to trajectory planning and gener-
ation. The minimum torque change model differs from the minimum
jerk model in that the reference trajectories are dependent on the
dynamics of the arm. In this study, CT has been evaluated as fol-
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lows:

CT =
1
2

∫ T

0

((
dτ1
dt

)2

+
(
dτ2
dt

)2

+
(
dτ3
dt

)2

+
(
dτ4
dt

)2
)
dt (3.2)

where T is the duration of the movement and τ1, τ2, τ3, τ4 are the
torques calculated by the model for the four different DOFs. As for
CJ , torques in (3.2) have been normalized in magnitude and time.

Statistical analysis

For each subject the average values and the Standard Error (SE) for all the
indexes detailed above were calculated. Significant differences on all the indexes
between healthy and plegic arm were tested using a two-tailed t-test and the
statistical significance was accepted when P< 0.05.

3.1.3 Results

Figure 3.4 shows the typical profile of wrist velocity magnitude of slow move-
ments, performed with both healthy and plegic arm; in all the figures, the
parts of the movements where EMG activity is present are drawn in green.
Velocity plots clearly show that healthy movements are smoother than plegic
ones. Healthy paths have a single velocity peak in both upward and down-
ward movements. On the contrary, plegic movements exhibit secondary peaks
besides the main one and in downward movements velocity amplitude drops
quickly after the first peak. In particular, this last aspect seems to be strictly
correlated with the absence of EMG activity in the second part of downward
plegic movements, differently to what happens in healthy movements.

For fast movements (see Fig. 3.5), the differences between healthy and plegic
arm are not evident: obviously pathological movements are always slower (as
demonstrated by Movement Duration and Peak Velocity values presented in
the next section), but the shape of velocity profiles is quite similar for the two
conditions. As regard EMG signals, activation patterns show very clear and
reproducible differences between healthy and plegic movements, in both slow
and fast conditions. The main characteristics can be resumed as follows:

• In slow movements with the healthy arm, EMG is always active during
all the movement in both upward and downward directions;
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Figure 3.4: Wrist velocity magnitude of slow movements performed with
healthy (top) and plegic (down) arm. The normalized time goes from 0 to
1 for upward movements and from 1 to 2 for downward movements. The parts
of the movements where EMG activity is present are drawn in green.
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Figure 3.5: Wrist velocity magnitude of fast movements performed with healthy
(top) and plegic (down) arm. The normalized time goes from 0 to 1 for up-
ward movements and from 1 to 2 for downward movements. The parts of the
movements where EMG activity is present are drawn in green.
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• In slow movements with the plegic arm, EMG is active during all the
upward movement but it disappears in the second half of the downward
movement;

• In fast movements with the healthy arm, EMG is active from the onset
of the movement until the wrist reaches the maximum speed and be-
comes silent during the last part of the upward movement; EMG activity
reappears in the first part of the downward movement;

• In fast movements with the plegic arm, EMG is active only in the first
half of the upward movement; it is always silent in downward movements.

This stereotyped behavior of EMG signals can be usefully related to the total
power exerted by shoulder muscles during the movements; it has been calcu-
lated by summing the power associated to the three different shoulder DOFs of
the model. In Fig. 3.6 power plots of slow movements performed by one repre-
sentative subject are shown. In healthy movements the power course appears
to be quite symmetric, with a negative peak during the downward movements
similar in shape and amplitude to the positive peak exhibited in the upward
movements. On the contrary, in trials with plegic arm power goes rapidly
to zero and assumes values very close to zero during all the second half of
downward movement, when EMG is silent.

More interesting remarks can be done for fast movements: power plots show
definite differences between healthy and plegic movements corresponding to the
distinct characteristics in EMG signal. In particular, during the first half of
downward movements where EMG is present in the healthy arm and absent
in the plegic one, power exhibits a relatively long period with positive values
(about 40 % of the downward movement) that is not present at all in plegic
movements. This behavior suggests that subjects actively control the healthy
arm in upward as well as downward movements; on the other hand they do not
actively control the plegic arm in downward movements.

Movement Duration and Peak Velocity

Figure 3.8 shows the average duration of fast and slow movements for both arms
and movement directions. As it can be noted, values of MD for slow movements
are very similar for all the 4 conditions and no statistical differences have been
found between healthy and plegic arm.

For fast movements, MD values are obviously smaller for healthy arm in
both upward (healthy: 0.39±0.011 s (SE); plegic: 0.45±0.015 s) and downward
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Figure 3.6: Shoulder total power of slow movements performed with healthy
(top) and plegic (down) arm. The normalized time goes from 0 to 1 for up-
ward movements and from 1 to 2 for downward movements. The parts of the
movements where EMG activity is present are drawn in green.
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Figure 3.7: Shoulder total power of fast movements performed with healthy
(top) and plegic (down) arm. The normalized time goes from 0 to 1 for up-
ward movements and from 1 to 2 for downward movements. The parts of the
movements where EMG activity is present are drawn in green.
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(healthy: 0.50 ± 0.016 s; plegic: 0.62 ± 0.020 s) directions. It is worth noting
that for both the arms downward movements takes always longer than upward
ones. All the differences are statistically significant (P< 0.05).

Duration of movements has of course a strict correlation with peak veloc-
ity values, shown in Fig. 3.8. As previously stated for MD index, statistically
significant differences have been found between healthy and plegic fast move-
ments for both upward (healthy: 3.78 ± 0.124 m/s; plegic: 3.32 ± 0.104 m/s)
and downward (healthy: 3.40±0.079 m/s; plegic: 2.95±0.064 m/s) directions.

Figure 3.8: Average values and standard errors of MD index for slow (blue)
and fast (pink) movements.

Time to Peak Velocity and Peak to Mean velocity Ratio

As shown in Figs. 3.4 and 3.5, velocity profiles exhibit different behavior in the
various testing conditions. These characteristics can be usefully analyzed by
using shape, as quantified by the ratio of Peak to Mean velocity Ratio (i.e. the
PMR index), and the timing, quantified by the ratio of acceleration time to
overall movement duration (i.e. the TPV parameter).

As regards the TPV during slow trials, it does not show significant changes
in the four conditions (see Fig. 3.10), except for the downward movements
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Figure 3.9: Average values and standard errors of PV index for slow (blue) and
fast (pink) movements.

with the affected arm where it assumes higher values (0.47 ± 0.027). In fast
experiments, TPV is strongly different in upward movements with respect to
downward ones, but it does not show any significant difference between healthy
and plegic limb (healthy UP: 0.57±0.013; healthy DOWN: 0.37±0.015; plegic
UP: 0.57± 0.015; plegic DOWN: 0.37± 0.014).

Concerning the timing of movements, the PMR index does not show any
significant difference in slow movements for the different conditions. In fast
tests, as already stated for TPV parameter, the PMR index varies between
upward and downward movements but it is not useful to quantify differences
between pathological and healthy behavior (see 3.11).

Jerk metric

Jerk metric has been successfully introduced by Rohrer et al. [91] as a measure
of movement smoothness in post stroke patients. As expected, in slow move-
ments healthy arm exhibit a smoother behavior (i.e. JI lower) with respect to
the plegic one (see 3.12). JI values are considerably lower (differences highly
significant) in healthy movements than in plegic ones, in both upward (healthy:
15.5±1.11 1/s2; plegic: 20.4±1.40 1/s2) and downward (healthy: 13.5±0.76 s;
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Figure 3.10: Average values and standard errors of TPV index for slow (blue)
and fast (pink) movements.

Figure 3.11: Average values and standard errors of PMR index for slow (blue)
and fast (pink) movements.
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plegic: 19.7±1.54 1/s2) directions. On the contrary, during fast movements JI
values are extremely higher for healthy movements in both motion directions
(healthy UP: 113.6 ± 8.71 1/s2; healthy DOWN: 83.9 ± 4.77 1/s2; plegic UP:
88.5 ± 5.07 1/s2; plegic DOWN: 68.6 ± 4.82 1/s2), contrary to what it can be
supposed (see discussion). In Fig. 3.12 Jerk Index values are represented.

Figure 3.12: Average values and standard errors of Jerk Index (JI) for slow
(blue) and fast (pink) movements.

Cost indexes

Jerk Cost Function (CJ) and Torque-change Cost Function (CT ) have been
widely used in neurophysiological models of human movements as functions
optimized by the brain when performs point-to-point tasks. For this reason
they have been used in this work as indexes capable of distinguishing between
pathological and healthy movements.

Figure 3.13 represents values of CJ and shows that no differences between
healthy and plegic arm have been found in upward movements for both slow
and fast trials. On the other hand, CJ values are higher for plegic arm with
respect to the healthy one in downward movements (healthy slow: 0.115±0.010;
plegic slow: 0.131±0.012; healthy fast: 0.173±0.008; plegic fast: 0.207±0.010),
even if this difference is statistically significant only for fast trails.
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Concerning the CT (see Fig. 3.14), its values in slow tests are statistically
different in both downward and upward movements, with plegic values higher
than healthy ones (healthy UP: 0.147±0.018; plegic UP: 0.191±0.016; healthy
DOWN: 0.099 ± 0.015; plegic DOWN: 0.156 ± 0.019). In fast movements a
statistically significant difference has been found only in downward movements
(healthy: 0.129± 0.013; plegic: 0.156± 0.011); this confirms that in fast move-
ments the most relevant differences between healthy and plegic behavior can
be found mainly in downward movements, as demonstrated by the differences
in EMG activation patterns and in power plots (see 3.7).

Figure 3.13: Average values and standard errors of Jerk Cost Function (CJ)
index for slow (blue) and fast (pink) movements.

3.1.4 Discussion

The main goal of this study is to find some reproducible quantitative indexes
capable to assess motor impairment in hemiplegic children. A very simple mo-
tor task (pointing movements a two different speed, normally-paced and fast)
have been chosen to this propose and several parameters have been evaluated.

A global eloctrophysiological evaluation have been made by monitoring the
EMG of the main shoulder muscles during the experiments. Strong and con-
sistent activation patterns seem to distinguish healthy from plegic behavior,
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Figure 3.14: Average values and standard errors of Torque-change Cost Func-
tion (CT ) index for slow (blue) and fast (pink) movements.

expecially in downward movements. In particular, it clearly results that dur-
ing fast trails subjects actively drive the healthy arm in the downward part of
motion but not the plegic one.

It have been shown that Movement duration and consequently Peak Veloc-
ity don’t highlight any significant difference when children are asked to move
at their comfortable speed. At slow speed, subjects chose to move their limbs
at the same average velocity, even if perform movements with the plegic limb.
On the other hand, when fast movements are required, healthy arms can move
faster then plegic ones; so, Movement Duration and Peak Velocity indexes
strongly change between tasks with healthy or plegic limb.

Results indicate that global characteristics of velocity profiles such as shape
(PMR index) and timing (TPV index) are not able to account for differences
between healthy and plegic limb; for this reason, they can not be used in this
context as evaluation indexes.

On the other hand, the use of the Jerk Index (JI), purposively thought to
quantify movement smoothness and successfully used in previous studies [91],
can strongly discriminate between healthy and plegic behavior of slow move-
ments. As qualitatively shown in Fig. 3.4, plegic movements are considerably
less smooth than healthy ones, and this results in a difference of 25%-30% in the
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Jerk Index. As regards fast movements, it is clear that movement smoothness
is not the main concern, because plegic movements appear to be as smooth as
healthy ones (see 3.5). Moreover it seems that JI is strongly affected by move-
ment speed as demonstrated by the enormous difference in JI values between
slow and fast trials(see 3.12). For this reason, it can be supposed that JI values
of healthy arm assumes higher values with respect to the plegic arm, due to
the difference of about 15% in average velocity.

This lack of resolution of JI can be overcome by using the Jerk Cost Func-
tion. Values of JCF show a different statistically significant in downward fast
movements, where plegic arm exhibits higher values of JCF index. Similar
results have been found using the Torque-change Cost Function, that under-
lines difference between plegic and healthy behavior in slow movements (both
upward and downward) as well as in the downward part of the fast move-
ments. This common difference of cost indexes in downward fast movements
demonstrate that the brain is not able to optimize Jerk Cost Function and
Torque-change Cost Functinon in the same way when controls healthy or plegic
limb. This result also explains the differences showed by EMG signals when
fast movements are performed in downward direction.

3.2 Wrist Passive Stiffness Estimation

3.2.1 Introduction

Abnormal muscle tone is one of the most important symptoms that affects
patients with brain injuries. For this reason, the evaluation of the passive me-
chanical properties of patients joints is often used as a basis for clinical assess-
ment of neuro-muscular disorders. Several clinical scales are used to estimate
the abnormal muscle tone. The most popular of these scales are the Modified
Ashworth Scale (MAS) [92], the Tardieu [93], and the Pendulum tests [94].
Widespread use of a scale does not imply high reliability [95, 96, 97]. A more
quantitative measurement of the mechanical characteristic of tone could be
valuable for both assessment of stroke patients as well as understanding of
posture and human movement. Here we focus on the development of a repro-
ducible quantitative method to estimate the passive stiffness of the wrist joint
using an existing wrist robot [98]. The measurements provided in this study
are related to the wrist passive stiffness of each DOF separately (FE, AA and
PS) and to the combined 2D stiffness of the FE and AA DOFs. While healthy
subjects were recruited for this study, the proposed method is general and
is presently being tested in post-stroke clinical studies. Over the past years,
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several studies have focused on the mechanical properties of the human arm
during both maintenance of posture or movements [99, 32, 100, 101, 102, 103].
These studies showed that the shoulder-elbow muscles have a predominant
spring-like behavior [32] and that the measured stiffness ellipses vary depend-
ing on the arm configuration and during movements [102]. Furthermore, it
has been shown that the CNS regulates the end-point arm stiffness to stabi-
lize unstable dynamics [104]. While there is significant understanding of the
shoulder and elbow stiffness, little is known about the wrist joint. There were
attempts to estimate the total dynamic impedance during co-contraction [105]
and quantify reflex contribution separately [106]. Lakie et al. [107] estimated
the wrist flexion-extension passive stiffness by measuring the resonance fre-
quency of the FE DOF; Leger and Milner [108] analyzed the response of the
wrist joint during FE movements applied by a manipulator and Axelson and
Hadberth [109] investigated the wrist stiffness in extended position. All these
studies focused only on a single degree of freedom of the wrist joint (flexion-
extension). To our knowledge, there were no studies of wrist passive stiffness
in abduction-adduction (AA) and pronation-supination (PS). In this study, we
first moved each degree of freedom of the wrist separately at a constant veloc-
ity. We measured the torque and displacement during movement determining
a reproducible quantitative estimate of the wrist passive stiffness for FE, AA,
and PS. We then determined the two-dimensional (2D) passive stiffness of the
wrist joint in the FE/AA plane. We employed the same analytical techniques
used in the past by others to determine the characteristic of the arm includ-
ing the determination of the distribution of conservative and non-conservative
components of stiffness [32].

3.2.2 Materials and Methods

Subjects

Ten right-handed healthy subjects were involved in this study (7 males and 3
females; mean age 30.1 y.o., range 24 to 42) with no history of neuromuscular
disorders. Subjects volunteered to participate in the study in accordance to
requirements of MIT COUHES (Committee on the Use of Humans as Experi-
mental Subjects).

Experimental Setup

We employed a novel wrist robot capable of moving simultaneously in FE, AA
and PS degrees of freedom (for details see [98]). We selected an impedance
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Figure 3.15: Set-Up: The forearm is fixed in 130 extension, with FE, AA
and PS unrestrained only in the desired movement direction. Axes of rotation
are aligned with the torque motors. The handle is designed to allow radial
deviations.

controller with position and velocity feedback gains of K = 10 Nm / rad and
B = 0.1 Nm s / rad respectively. The wrist robot records joint displacements,
velocities, and torques of which we used the recorded joint angles and com-
manded torques to estimate stiffness. All the stiffness estimates were corrected
for the hardware inherent bias; the hardware bias was estimated by adding a
weight to the handle similar to the average human hand (approx. 0.30 Kg).
The apparent stiffness bias occurs because of the changing moment arms with
respect to the center of mass. Subjects were seated in a chair with their right
shoulder in scaption position, while their forearm was fixed horizontally at 130
elbow extension (see fig. 3.15). The wrist joint was unrestrained only in the
tested DOF.
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Protocol

We instructed subjects not to interfere with the movement. Two different
kinds of approaches were used in this study: the 1-D protocol, designed to
measure the passive stiffness of FE, AA, PS in isolation and the 2-D protocol,
used to calculate the combined stiffness of the wrist in the FE/AA plane. The
1-D protocol consisted of constant-speed movements with the constant-speed
and the range of movement as variables. The goal was to verify that our
stiffness estimation was insensitive to different movement parameters. Each
condition was repeated 4 times and we observed no statistical differences among
the different trials with different speeds and range of movement. Figure 3.16
shows a representative example of position and velocity profiles of the robot
imparted movement. To neglect joint viscosity and to avoid evoking reflexes,
robot velocity was kept very low in all the trials (less than 0.2 rad/sec). The 2-D
bi-dimensional protocol consisted of robot movements along 24 equally-spaced
directions in the FE/AA plane, as it is shown in fig. 3.17. Robot movement
does not pause between two consecutive movements.

Data Analysis

The recorded variables used in the data analysis were the angles and the com-
manded motor torques of the three DOF of the wrist robot (FE, AA, PS).

For the 1-D protocol, we estimated passive wrist stiffness of the linear parts
of the angle-torque curves. We excluded the non-linearity caused by the ap-
parent hysteresis.

We analyzed the data collected during the 2-D protocol in two different
ways:

1. The first approach, called the fitting ellipse method, consisted of split-
ting the data in 48 different constant velocity movements and aligning
both torques and angles at the origin. We then obtained the components
of torques and angles parallel and orthogonal to each movement direc-
tion. To estimate stiffness for each direction, we run a linear regression
between torques and angles parallel to each direction and estimated the
mean value per direction. The mean values for each of the 24 move-
ments (outbound and inbound) were used to fit a stiffness ellipse. This
approach major advantage is that it permits to estimate the distribution
of the stiffness in the FE/AA plane without any particular a-priori as-
sumptions about symmetry. It allows for the estimated stiffness in one
direction to be different from the opposite direction (with respect to the
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Figure 3.16: Position and velocity profiles of one perturbation of the FE DOF.
This was applied all the three DOFs at different velocities.

origin of the reference frame). On the other hand, this approach major
handicap is that it does not take into account orthogonal components
and hence, cannot be used to analyze the relationship between the con-
servative and non-conservative components of the stiffness.

2. To overcome this limitation, we developed a 2nd approach to account
for the orthogonal component and compare the conservative with the
non-conservative characteristics of stiffness tensor. It employs a mul-
tivariable linear regression method in which we separate the outbound
from the inbound movements, while shifting both torques and angles to
the origin. We then estimated three stiffness tensors for the inbound
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Figure 3.17: Orientation and amplitude of the 24 movements in the FE/AA
plane used in the 2-D protocol.
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movements, for the outbound movements, and for the composite of both.
Such an approach permits the separation of the stiffness tensors into sym-
metric and antisymmetric matrices and affords the comparison between
the non-conservative and conservative components of the stiffness. We
adopted Mussa-Ivaldis graphical representation for the symmetric and
anti-symmetric components [32].

3.2.3 Results

1-D Protocol

Figures 3.18, 3.19 and 3.20 depict typical plots of the angle-torque curve for the
different DOFs. Note that the angle-torque curve has a linear behavior, and
therefore the wrist passive stiffness can be estimated using a linear regression.
The slope of the curve is not symmetric with respect of the two sides of the
neutral position and all curves resemble a hysteresis loop. For all the three
DOFs, the linear parts of the angle-torque curves give the estimation of 4
stiffness values, two for each side of the neutral position. For the FE and
AA DOFs, the linear stiffness estimates were highly correlated, with an R2

coefficient of 0.958 ± 0.029 (mean ± SD) for the FE and 0.928 ± 0.063 for
the AA. Lower values of the R2 coefficient were observed for the PS (0.605
± 0.104), probably due to the gear design. Figures 3.21, 3.22 and 3.23 and
Table 3.2 shows the wrist stiffness estimates for the 10 unimpaired subjects.
For each DOF, the stiffness values were corrected for the hardware apparent
bias stiffness. Of notice, the stiffness estimates on both sides of the neutral
position were statistically significant different for the FE and AA degrees of
freedom, the stiffness values related to the two different sides of the neutral
position are highly statistically different (α=0.05, FE and AA: p<0.01). The
differences between the pronation and supination stiffness are not significant.

2-D Protocol

Figure 3.24 shows a typical example of the results obtained by using the fitting
ellipse method. The polar representation of the wrist FE/AA stiffness shows
the values of the stiffness along the different directions and the fitted ellipse.
Note that for all subjects, the data has quite smooth shape which is well ap-
proximated by an ellipse. The stiffness ellipse is not centered in the origin of
the reference frame, which confirms the results coming from the 1-D protocols
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Figure 3.18: A typical torque/angle curves for one representative subject for
flexion/extension.

(i.e.: extension stiffness higher than flexion and abduction higher than adduc-
tion). Furthermore, the two axes of the stiffness ellipse are not aligned with the
axis of the reference frame, but the ellipse is counterclockwise tilted for right
handed subjects. The linear regressions between torques and angles parallels
to each direction showed very high correlation. The mean R2 value, averaged
over the 48 linear regressions for each subject and over all the 10 subjects, was
0.948± 0.025 (mean ± SD). The estimated stiffness ellipse approximates quite
well the stiffness values: the mean R2 value, averaged over the 10 subjects, was
0.880±0.061. Table 2 shows the results for the 10 enrolled subjects. Note that
the fitting ellipse method allows for asymmetry of the elastic field with respect
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Figure 3.19: A typical torque/angle curves for one representative subject for
abduction/adduction.

of the neutral position. To evaluate the relation between the conservative and
non-conservative components of the elastic force field, we used the multivari-
able linear regression between the torque vector (FE and AA torques) and the
angle vector (FE and AA angles) and estimated three stiffness tensors as de-
scribed earlier. The regressions showed very high correlation values. The R2

value average was 0.947± 0.031 for the inbound movements; 0.935± 0.023 for
the outbound; and 0.924 ± 0.025 for the composite. Figure 3.25 shows an ex-
ample of the stiffness ellipses obtained via this method; in drawing the ellipses
only the symmetric component of the stiffness tensors has been considered, as
suggested by Mussa-Ivaldi (REF). Table 3.3 shows the comparison of the two
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Figure 3.20: A typical torque/angle curves for one representative subject for
pronation/supination.

methods: the fitting ellipse method and the multivariable linear regression.
Note that the magnitude of the stiffness ellipses (represented by the ellipse

area) appears to be quite dependent on the estimation method. However, the
eccentricity is very similar across different estimation methods. The orientation
of the ellipse appears to be insensitive to the estimation methods for the same
subject, even if it showed a quite high intra-subject variability . Nevertheless,
for all subjects, the stiffness ellipses are tilted in the same way. Finally, the curl
values were used to quantify the non-conservative component of the elastic field.
The ratio between the determinant of the anti-symmetric part of the stiffness
and the determinant of the symmetric part is near zero (0.003 ± 0.004; see
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Figure 3.21: Mean stiffness of all subjects, corrected for the hardware bias for
flexion/extension DOF; the dashed lines are the curves related to the Mean
SD stiffness.
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Figure 3.22: Mean stiffness of all subjects, corrected for the hardware bias for
abduction/adduction DOF; the dashed lines are the curves related to the Mean
SD stiffness.

fig. 3.26).

3.2.4 Discussion

The main goal of this study was to find a reproducible, quantitative method to
estimate the passive stiffness of the wrist joint in healthy subjects and pave the
way for further studies with subjects with neuromuscular disorders. The re-
sults presented in table 1 showed that differences between stiffness in flexed and
extended position, as well as abducted and adducted were highly significant in
unimpaired subjects (α=0.05, FE and AA: p < 0.01), while the PS stiffness
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Figure 3.23: Mean stiffness of all subjects, corrected for the hardware bias for
pronation/supination DOF; the dashed lines are the curves related to the Mean
SD stiffness.

Table 3.2: Mean stiffness estimates from all subjects ± SD, corrected for the
hardware bias (the values in the Mean stiffness column are already corrected
for the hardware bias).

Position Mean stiffness [Nm/rad] Hardware bias correction [Nm/rad]
Flexed 0.554 ± 0.170 0.142 ± 0.022

Extended 1.021 ± 0.379 0.146 ± 0.093
Abducted 1.710 ± 0.573 -0.089 ± 0.059
Adducted 1.245 ± 0.448 -0.024 ± 0.057
Pronated 0.183 ± 0.135 0.415 ± 0.046
Supinated 0.224 ± 0.101 0.357 ± 0.063
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Figure 3.24: An example of combined FE/AA stiffness for one subject calcu-
lated using the fitting ellipse method. A: Values of stiffness in the 24 direction
for the OUTBOUND movements (blue line), INBOUND movement (red line)
and the mean values for each direction (green line). B: Fitting of the 24 mean
stiffness values (the dots in the plot) with an ellipse (solid line).
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Figure 3.25: An example of the stiffness ellipses of one subject calculated using
the fitting ellipse method (A) and the multivariable linear regression (B). In B
are reported the ellipse for the OUTBOUND (blue line), INBOUND (red line)
and total regression (pink line).
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Table 3.3: Mean stiffness ellipse parameters from all subjects ± SD, calculated
using the fitting ellipse method and the multivariable linear regression.

Estimation Magnitude Eccentricity Tilt CURL det(Ka)/
method [Nm/rad]2 [deg] [Nm/rad] det(Ktot)

Fitting ellipse 8.16± 3.67 0.72± 0.12 23.6± 15.2
method

INBOUND 5.85± 2.99 0.64± 0.14 26.0± 10.6 0.06± 0.09 0.002± 0.005
regression

OUTBOUND 8.78± 3.92 0.68± 0.14 16.2± 8.8 −0.14± 0.11 0.003± 0.004
regression

COMPOSITE 8.27± 3.17 0.73± 0.13 25.8± 9.2 −0.03± 0.09 0.001± 0.002
regression

appears to be quite symmetrical and the stiffness values are much lower than
the two other DOFs. A plausible explanation for this difference is given by
Gonzalez et al. [110], when assuming that passive resistance to stretching of
the muscles is a main contributor to joint impedance. The summed physio-
logic cross-sectional area (SPCA) of the flexors is approximately twice the one
of the extensors, implicating that more muscle volume has to be lengthened
during passive extension than during flexion. Furthermore, the mean moment
arm of the flexors is 23 % larger. Findings of Delp et al. [111] confirm sig-
nificant differences between maximum voluntary torques on both sides of the
neutral position for FE, but also for AA. A proportional relation between max-
imum voluntary torque and SPCA would mean a larger SPCA for adductors
as opposed to abductors. We found no studies for the PS degree of freedom.
Table 3.3 shows the results using the stiffness ellipses, which capture the main
geometrical features of the elastic force field through three parameters: magni-
tude (the area), shape (the ratio of the axis) and orientation (direction of the
major axis). The magnitude of the ellipses, that represents overall strength of
the elastic field, is the only parameter showing a rather high intra- and inter-
subject variability. Shape and orientation of the stiffness field seem to be quite
invariant across different subjects with anisotropy of 0.7 (ratio between minor
and major axis) and confirm the results of the 1-D protocol. The most novel
result relates to the evaluation of the conservative and non-conservative com-
ponents of the stiffness. The curls of the stiffness matrix, that quantifies the
amount of non-conservative energy dissipated to move the wrist along a closed
path, were found to be close to zero. The conservative part of the stiffness
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Figure 3.26: Passive Stiffness Matrix for the Wrist. The left plot shows graphi-
cally the magnitude of the conservative component of the wrist, while the right
plot shows the much smaller non-conservative component.
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matrix was found to account for over 99 % of the overall matrix. These re-
sults show that the neuromuscular system of the wrist joint is predominantly
spring-like; this characteristic of the neuromuscular system has been demon-
strated earlier for the other human joints of the upper limb [32], but to our
knowledge, it has never been demonstrated for the wrist joint. We determined
for the first time that similarly to the arm and forearm, the wrist joint exhibits
a spring-like behavior.
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Chapter 4

BIOINSPIRED INTERACTION
CONTROL FOR
ROBOT-AIDED MOTOR
THERAPY

In this chapter a new control approach is proposed to manage interaction in
robot-mediated motor therapy of the upper limb, that is purposively conceived
for this application field. The control law has been named torque-dependent
compliance control in the joint space and its applicability to robot-aided motor
therapy has been validated in comparison with another bioinspired interaction
control previously presented in literature, the coactivation-based compliance
control law.

4.1 Introduction

Robotic systems for robot-aided neuro-rehabilitation always operate in tight
physical contact with the user. This entails that in the scenario of automatic
control developed for robotics, the strategies which best fit machines for neu-
rorehabilitation are interaction controls with a direct or indirect regulation
of the force exerted in the interaction. In the history of control, the main
approaches to the interaction control appeared at the first 70s and were basi-
cally focused on assembly and part mating tasks. Many solutions were con-
ceived for this kind of application, still successfully applied. They vary from
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the concept of active compliance [112, 113] to the concept of impedance con-
trol [114, 115, 116], up to the hybrid position/force control [117]. Nowadays
they still represent milestones of interaction control. However, they often need
to be re-examined because of the working environment is getting more and
more complex and industrial tasks can be hardly regarded as a set of repetitive
and pre-defined motor actions [118]. Moreover, introducing robotic machines in
application fields different from industry, like rehabilitation robotics, requires
accounting for fundamental parameters in the control, such as the variability
of the workspace, safety in the physical interaction, robot adaptability, thus
implying reformulating and heavily re-visiting traditional interaction control
laws.

The standard control strategies cant completely address the requirements
of the rehabilitation context. The main reason is that, in the rehabilitation
motor therapy field, the strict interaction between the patient and the ma-
chine is not an occasional event, as in several industrial applications, but is the
main requirement. The working environment of a robotic machine for motor
therapy can be regarded as partially unstructured. In fact, interaction condi-
tions between the robot and the patient can notably vary depending on the
residual motor capabilities of patients and their unpredictable reactions to the
therapeutic simulations [2]. For these reasons the control system of robotic
machines for motor therapy is required to be highly adaptable and safe. In
particular, the robot control system has to ensure a high level of adaptability
to the different motor capabilities of the patients, different for each patient, and
to devote maximum priority to safety in the interaction, also at the expense of
the accuracy in the execution of the motor task. Furthermore, an ideal control
system for robot-mediated motor therapy, has to be portable, so to be easily
instantiated on different types of rehabilitation machines, i.e., operational re-
habilitation machines or else exoskeletal rehabilitation machines [56, 119], still
providing similar therapeutic performance by just readapting few parameters
of the control law. Finally, a good level of flexibility is needed for the ma-
chine to be prone to implement different motor tasks, with various kinematic
and dynamic characteristics as required by different clinical research protocols.
In particular, studies on the typical tasks of rehabilitation motor therapy have
shown that, in view of the differences in the patient residual motor capabilities,
at least three different operating modalities can be listed which the control has
to be able to implement [120]:

• Passive Mode: the patient is unable to autonomously accomplish the
motor task and the robot actively drives his/her limb. The trajectory is
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fully determined by the robot control system, unless the patients opposes
a resistance to motion which exceeds safety specifications.

• Active-Assisted Mode: the patient starts moving but he/ she is unable
to reach the target; the robot helps him/her complete the programmed
task. When the robot takes control of the task, it goes to passive mode.
Initially the machine is fully compliant to human motion, until it stops.

• Active-Constrained Mode: the patient is able to complete the movement,
and the robot can exert a set of programmed force fields to allow a com-
plete recovery of the muscular tone. Here, the trajectory of the end
effectors dynamically depends on the interaction between the robot and
the human arm.

Traditional interaction control schemes are typically used to control re-
habilitation robotic machines and manage interaction with the patient. For
instance, impedance control [114] is successfully used in motor therapy [37],
since it allows finely regulating the mechanical impedance of robots interacting
with an unstructured environment. It is basically thought for interaction in
the Cartesian space and, consequently, is especially applicable to operational
machines. Further, impedance control requires an accurate knowledge of the
dynamic parameters of the robotic system, in order to compensate robot dy-
namics. This increases difficulties in implementing the control law and entails
computational burden which may limit the field of application of this powerful
technique.

This chapter proposes a new control approach to manage interaction in
robot-mediated motor therapy of the upper limb, that is purposively conceived
for this application field. The control strategy tries to pave the way for devel-
oping control solutions able to answer the requirements of adaptability, safety,
portability, and flexibility by proposing a compliant control in the joint space,
which is computationally simple with respect to other traditional approaches
and potentially applicable to operational as well as exoskeletal machines.

The control law has been named torque-dependent compliance control in the
joint space. It originates from the analysis of the basic operating modalities of
the rehabilitation motor therapy and, also, from the study on the fundamen-
tal mechanisms of biological motor control for generating planar movements
and on viscoelastic regulation in the human arm [32, 121, 122, 123, 102, 124].
With reference to the biological motor control, the torquedependent compli-
ance control law in the joint space tries to mimic the action of the central
nervous system in regulating elastic properties of a human arm. In particular,
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relations between the torques exerted by the muscles and the joint stiffness are
examined and approximately replicated, for implementing an effective low level
compliance control loop. At a higher level, interaction control between patient
and robot is achieved by a traditional direct force control law [125].

The design of new interaction controls that are bio-inspired (i.e. the way
the machine regulate the interaction with the environment, in this case the
patient, is borrowed to the biological motor control) has been successfully used
in several previous studies. For example, the same bio-inspired approach led
to the formulation of the self-adaptive compliance control law [126] and the
coactivation-based compliance control [127]. In particular, the torque-dependent
compliance control in the joint space presented here, has been tested and val-
idated in comparison with the coactivation-based compliance control law. For
this reason a brief description of the coactivation-based compliance control law
is reported in Section 4.2. In Section 4.3 the theoretical formulation of the
torque-dependent compliance control in the joint space is presented. Then, in
Section 4.4 a comparative validation of basic adaptability and safety require-
ments of the two control schemes is carried out in simple and ordinary tasks,
such as reaching and contact/noncontact transitions. The comparative analy-
sis is performed in simulation tests, by means of a simulation tool purposively
developed in MATLAB/Simulink for modeling interaction, and in experimen-
tal trials on an 8 degree-of-freedom (i.e. dof) robot arm. The preliminary
experimental tests are reported to demonstrate the feasibility of using the pro-
posed approach for guaranteeing safe interaction with the patient. Finally,
Section 4.5 reports results of simulation tests of interaction between an opera-
tional machine and a patient in a plane during motor therapy. The dynamics
of the MIT-Manus rehabilitation robotic machine [37] is modelled as coupled
with the dynamics of the human arm and a set of incorrect movements of the
patient is simulated through the developed simulation tool to test the control
capability of counterbalancing a pathological behaviour.

4.2 State of the art: Coactivation-based compliance
control in the joint space

In this chapter the coactivation-based compliance control in the joint space [127]
has been used as benchmark for the evaluation of the performance of the new
proposed bio-inspired controller, i.e. the torque-dependent compliance control
in the joint space.

The Coactivation-based control borrows from biology the term coactiva-
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tion, that is the biological mechanism responsible for the regulation of the arm
viscoelastic properties at the level of muscles and joints, and indirectly at the
level of end effector [128, 129, 130]. Moreover, in [128] it is proposed that in the
human arm feedback acts in the interaction control by regulating the muscular
activity in accordance with the movement error.

The coactivation-based compliance control in the joint space is formulated
as follows [127]:

τ = KP (c)q̃ −KD(c)q̇ + g(q) (4.1)

where g(q) is the estimate of the gravitational torques acting on the joints, and
stiffness and damping matrices KP and KD are linear functions of a unique
parameter c, called coactivation by analogy with the biological mechanism. An
appropriate choice for the c function allows improving arm accuracy in free
space, by increasing stiffness, and increase arm compliance and elasticity in
constrained space, by decreasing stiffness when an external bound is sensed.
In both cases, the gains of diagonal matrices KP and KD evolve from an initial
value, experimentally evaluated, as a function of a unique factor, that is the
coactivation.

In the free space, the i-th element of KP increases from its minimum value
as

kP (c) =

8<:
kPmin if c = 0
kPmin + k̄pc if c 6= 0, kP < kPmax

kPmax if c 6= 0, kP ≥ kPmax

(4.2)

where the coefficient k̄p can be different for each joint, in order to allow regulat-
ing the level of coactivation for each of them. In (4.2), kPmin is the minimum
gain allowing a quite accurate motion and kPmax is the maximum gain which
still ensures stability in the motion. The updating law for c is an increasing
monotonic function of the sole position error, i.e.

c = β
√
q̃T q̃ (4.3)

as presented in [128] for the human visco-elastic regulation. In (4.3), β is a
positive coefficient. An analogous adaptable law is proposed for the viscosity
parameters. The i-th element of KD matrix evolves over time like (4.2), but
with a slower increasing rate, i.e.,

kD(c) =

8<:
kDmin if c = 0
kDmin + k̄dc if c 6= 0, kD < kDmax

kDmax if c 6= 0, kD ≥ kDmax

(4.4)
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In the constrained space, kP function decreases from its initial value kPin

with a law similar to the free space, i.e.

kP (c) = kPinh̄c (4.5)

c = cmin + α
1√
fT f

if fT f 6= 0 (4.6)

where kPinh̄ is the maximum value for the proportional parameter, and h̄ is a
scalar coefficient playing the same role of k̄p. The viscosity parameters kD in
constrained motion observe the same law as in (4.5).

The block scheme of the coactivation-based compliance control in the joint
space is reported in Fig. 4.1.

Figure 4.1: Block scheme of the coactivation-based compliance control.

4.3 Torque-dependent compliance control in the joint
space

As the coactivation-based compliance control in the joint space, the control law
proposed in this chapter is deeply bio-inspired. The biological motor control for
the visco-elastic regulation in voluntary arm movements is assumed as reference

Tesi di dottorato in Ingegneria Biomedica, di Domenico Formica, 
discussa presso l’Università Campus Bio-Medico di Roma in data 08/02/2008. 
La disseminazione e la riproduzione di questo documento sono consentite per scopi di didattica e ricerca, 
a condizione che ne venga citata la fonte.



4.3. TORQUE-DEPENDENT COMPLIANCE CONTROL IN THE JOINT
SPACE 61

and the robot behavior in the free space as well as in the constrained space is
regulated.

As already explained in [126], [127], the choice of designing an interaction
control based on the compliance regulation at the level of joint space is entailed
by the following factors. From neurophysiological studies [32, 121, 122, 123,
102, 124] it emerges that visco-elastic regulation in humans is directly achieved
at the level of muscles and joints and indirectly at the level of end effector.
On the other hand, from a robot control viewpoint, implementing a control
in the joint space does not require to enter details of robot dynamics, thus
allowing reducing the computational burden and extending the approach to
different mechanics. This imply that in applications of rehabilitation motor
therapy a control in the joint space can be easily applied to operational as well
as exoskeletal machines (i.e. portability).

The new bio-inspired control proposed here, namely the torque-dependent
compliance control in the joint space, tries to replicate results obtained in [102]
on human subjects, where joint stiffness is demonstrated to be strictly depen-
dent on the torques exerted by the muscles on the joints. In fact, joint stiffness
seems to increase as the torque module raises and in [102] authors underline
that the relation between joint stiffness and torque module can be assumed
linear, as shown in Fig. 4.2 extracted from [102].

The torque-dependent compliance control in the joint space is a parallel
force/position control where the position control is a compliance control in
the joint space based on PD actions. In the free space the PD control tries
to replicate results obtained in [102] on human subjects, by making the joint
stiffness linearly vary with the torque module as:

Rij(τm
k ) =

{
Rmin

ij + kij |τm
k | if Rij < Rmax

ij

Rmax
ij if Rij ≥ Rmax

ij

(4.7)

where i, j, k = {e, s}, being subscripts e and s the elbow and shoulder joint,
respectively. The corresponding stiffness matrix is:

R(τm) =
[
Rss(τm

s ) Rse(τm
e )

Res(τm
e ) Ree(τm

e )

]
. (4.8)

Note that a maximum value Rmax
ij for each joint needs to be imposed in order

to avoid instability in the control. As regards damping matrix D, it is assumed
to be constant since in [102] the variation of viscosity with joint torques seems
to be negligible. Definitely, in the free space robot behavior is regulated by the
following control law:
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Figure 4.2: Joint torque and joint stiffness relationships for one subject (ex-
tracted by [102]).

τ = R(τm)q̃ −Dq̇ + g(q) (4.9)

where R(τm) is expressed by (4.7) and (4.8).
For the robot behaviour in the interaction with the human subject, the

traditional approach to force control [125] is used. This is because the control
is thought to be applied to motor therapy, where the three modalities of passive
mode, active assisted mode and active constrained mode are to be performed.
Thus, the basic idea for the control in the interaction with a patient is that the
therapist is capable of guiding, assisting or forcing the subject in the execution
of the motor task. Control in the constrained space is then based on a force
feedback loop which, in addition to a position loop, makes the robot capable
of changing the desired trajectory depending on the force error (Fig. 4.3).

The desired trajectory the robot has to follow in the Cartesian space is
composed of two terms:

xd = xdp + xF (4.10)
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where xdp is the desired trajectory in absence of interaction, and xF determines
the displacement from xdp depending on the force error as follows:

xF = KFP (Fd − F ) +KFI

∫ t

0

(Fd − F )dς. (4.11)

In (4.11) KFP and KFI are the proportional and integral matrix gains of the
force control and Fd is the reference force vector imposed by the therapist on
the base of the degree of disability of the patient.

The block scheme of the torque-dependent compliance control in the joint
space is shown in Fig. 4.3.

Figure 4.3: Block scheme of the torque-dependent compliance control.

4.4 Comparative control analysis

4.4.1 Description of the simulation tool

A simulator has been developed in MATLAB/Simulink for a preliminary val-
idation and a comparative analysis of the control laws (4.1) and (4.9). The
simulator models a 2-dof robot arm interacting with a human arm [131, 132].
The simulated robot arm is the 2-dof MIT-Manus operational robotic machine
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(see Fig. 4.4). The main reason for the choice of the MIT-Manus system is that
it is a commercial robot specifically designed for robot-aided rehabilitation and
tested in several clinical studies of motor therapy [37, 133, 134, 39]. The model
developed in MATLAB/Simulink is based on kinematic and dynamic parame-
ters extracted from [135]. On the other hand, for the human arm a simplified
planar model has been considered, consisting of two joints (a shoulder and an
elbow), two links and three couples of muscles (see Fig. 4.4) [122]. This type
of simplified model is widely used in most neurophysiological studies regarding
human motor control [114, 136].

Figure 4.4: The MIT-MANUS rehabilitation robot (a), and a planar model of
the human arm (b).

The dynamic model of the MIT-MANUS robot can be described as:

BROB(q)q̈ + CROB(q, q̇)q̇ = τ − JT
ROB(q)FROB . (4.12)

whereas the dynamics of the human arm interacting with the robot can be
expressed as:

BHUM (θ)θ̈ + CHUM (θ, θ̇)θ̇ = τHUM − JT
HUM (θ)FHUM . (4.13)

In (4.12) and (4.13),

• q, q̇, q̈ ∈ R2×1 are the robot joint position, velocity and acceleration
vectors, respectively;

• B(q) ∈ R2×2 is the joint inertia matrix;

• C(q, q̇)q̇ ∈ R2×1 is the vector of centrifugal and Coriolis torques;
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• J(q) ∈ R2×2 is the robot Jacobian matrix;

• τ ∈ R2×1 is the torque vector;

• F ∈ R2×1 is the vector of forces exerted on the external environment.

and subscripts ROB and HUM indicate that the quantities are referred to the
MIT-MANUS and the human arm, respectively.
The values of matrices BROB(q), CROB(q, q̇), JROB(q) are taken from [135],
while the values of BHUM (θ), CHUM (θ, θ̇), JHUM (θ) are based on the anthro-
pometric data in [121].

Furthermore, in view of the physical interaction between the two systems,
forces FROB and FHUM are equal and opposite in sign (i.e. FROB = −FHUM )
while position, velocity and acceleration in the Cartesian space are the same.
The inequality in the Cartesian space yields:

θ = k−1
HUM (kROB(q)) (4.14)

θ̇ = J−1
HUM (θ)JROB(q)q̇ (4.15)

θ̈ = J−1
HUM (θ)(J̇ROB(q)q̇ + JROB(q)q̈ − J̇HUM (θ)θ̇) (4.16)

where kROB(q) is the robot forward kinematics and k−1
HUM is the inverse kine-

matics of the human arm. Thus, the joint variables for the human arm (i.e. θ̈,
θ̇, θ) can be calculated as a function of the MIT-MANUS joint variables (i.e.
q̈, q̇, q).

By substituting Eqs. (4.14)–(4.16) in (4.13) and extracting FHUM = −FROB ,
a complete dynamic model of the interacting robot-human system can be ob-
tained by Eq. (4.12).

In Fig. 4.5 the image of the two simulated interacting systems is shown.
The MIT-Manus system is represented in blue while the human arm is in red.
The handle of the robot where the patient is attached is coloured in pink.

Control torques τMIT for the robotic system are provided by the robot
control law.

For the human arm (4.13), instead, motor torques τHUM are generated by
the motor commands from the CNS [121], [122], [99], [136] and are dependent on
the visco-elastic muscle behavior. Here, for simplicity, human muscular activity
is not modeled and only the consequence at level of joints is considered. This
entails a joint visco-elastic behavior described as:

τHUM = RHUM (θd − θ)−DHUM θ̇ (4.17)
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Figure 4.5: Graphical interface of an operational robotic machine interacting
with a human subject: the MIT-Manus robot arm is drawn in blue, the human
arm is drawn in red

where the values of joint stiffness matrix RHUM and damping matrix DHUM

have been chosen in accordance with the data in [102] on the joint visco-elastic
behavior of the human arm. Vector θd is the arm desired trajectory in the joint
space.

4.4.2 Simulation results

Performance of the coactivation-based compliance control in the joint space
and of the torque-dependent compliance control in the joint space have been
preliminarily compared through the developed simulation tool. The robot arm
is regarded as an uncoupled system (i.e., without coupling with the human
subject) and is controlled to execute motor tasks of positioning in the free
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space as well as of interaction with an unexpected constraint.
For the simulation tests in the free space, the robot arm is moved in the

Cartesian space from the initial position Pi = [−0.2; 0.58] m to the final position
Pf = [0.2; 0.58] m in 4 s plus 2 s for the adjustment. For the control law (4.1) the
control gains have been chosen as: Kmin

Pss
= 10.8 · 40 Nm/rad, Kmin

Pee
= 8.67 · 40

Nm/rad, kPss
= 2.86 · 40 Nm/rad, kPee

= 6.82 · 40 Nm/rad, Kmin
Dss

= Kmin
Dee

= 4
Nm/rad · s−1, kDss = kDee = 0.1 Nm/rad · s−1, β = 50. On the other hand, for
the control law (4.9) the visco-elastic parameters have been empirically set as:
Rmin

ss = 10.8 · 40 Nm/rad, Rmin
ee = 8.67 · 40 Nm/rad, Rmin

se = 2.15 · 40 Nm/rad,
Rmin

es = 2.34 · 40 Nm/rad, kss = 2.86· rad−1, kee = 6.82 · 40 rad−1, kse = kes =
7.5 · 40 rad−1, KDss = KDee = 4 Nm/rad · s−1. All the parameters have been
empirically set, by using as initial values the biological values reported in [102]
and changing them to improve performance of the control laws.

The norm of the position error in the Cartesian space for the two cases of
coactivation-based compliance control and torque-dependent compliance control
is shown in Figs.. 4.6 and 4.7, respectively. The error time course is very similar
and in both cases the maximum value is close to 1.3 · 10−3 m.

After the analysis in the free space, the effectiveness of the control during
interaction in an unstructured environment has been tested. An unexpected
external constraint has been simulated and the interaction force between the
robot and the constraint has been read. The external constraint has been
modeled as an elastically compliant system having stiffness Ke and described
by the following equation:

Fe = Ke(xe − x) (4.18)

being xe and x the Cartesian position of the constraint and the robot end
effector, respectively, and Ke = 104 N/m in the simulation.

The robot is moved from the initial position Pi = [0.46; 0.44] m to the fi-
nal position Pf = [0.46; 0.44] m, and the obstacle is assumed to be vertically
positioned in xe = 0.2 m. Figures 4.8 and 4.9 report the interaction force in
norm for the two cases of coactivation-based and torque-dependent compliance
control. In order to compare force performance, control gains for the two con-
trol laws have been tuned to generate the same position error. As evident,
the interaction force related to coactivation-based compliance control presents
a series of spikes in the contact/non-contact transition phase, which are no-
tably reduced in the force evolution related to (4.9). After the transient, both
controllers reach a reasonable force value, that is close to 5N for the controller
(4.1) and 1N for the controller (4.9). In the constrained motion, the control
gains of the coactivation-based control law in (4.5) and (4.6) are chosen as:

Tesi di dottorato in Ingegneria Biomedica, di Domenico Formica, 
discussa presso l’Università Campus Bio-Medico di Roma in data 08/02/2008. 
La disseminazione e la riproduzione di questo documento sono consentite per scopi di didattica e ricerca, 
a condizione che ne venga citata la fonte.



68
CHAPTER 4. BIOINSPIRED INTERACTION CONTROL FOR

ROBOT-AIDED MOTOR THERAPY

Figure 4.6: Simulation results on position error in the free space for the
coactivation-based compliance control law.

KPin = diag{40, 8} Nm/rad, H = diag{0.8, 0.7}, cmin = 0.4, α = 1. For the
force control in (4.11) control gains have the following values: KFP = 10−3

mN−1, KFI = 10−2 m · (Ns)−1, Fd = 1 N.

4.4.3 Experimental results

Experimental trials of reaching in the free space and motion in the constrained
space have been carried out to complete the compared evaluation of the two
control laws. The experimental robotic platform consists of the Dexter arm,
a robot manipulator at the ARTS Lab of the Scuola Superiore Sant’Anna of
Pisa and manufactured by Scienzia Machinale s.r.l. for applications of assistive
robotics, and a six-axis ATI force/torque sensor (see Fig. 4.10).

The Dexter arm is made of 8 rotational joints actuated by a mechanical

Tesi di dottorato in Ingegneria Biomedica, di Domenico Formica, 
discussa presso l’Università Campus Bio-Medico di Roma in data 08/02/2008. 
La disseminazione e la riproduzione di questo documento sono consentite per scopi di didattica e ricerca, 
a condizione che ne venga citata la fonte.



4.4. COMPARATIVE CONTROL ANALYSIS 69

Figure 4.7: Simulation results on position error in the free space for the torque-
dependent compliance control law.

transmission system of pulleys and steel cables which determines coupling in
the degrees of freedom (see [126] for further details). The force/torque sensor
is mounted at the arm wrist and is capable of reading force in the range of
[−210,+210]N. The sensor is used to monitor force values during interaction
and close the loop in the force control. A photo of the experimental setup is
shown in Fig. 4.10.

The control law is written in C++ programming language and run on a PC
Pentium II under DOS Operating System. The motor commands are sent to
the actuation system every 10 ms, by means of two MEI 104/DSP-400 control
boards. As in the simulated environment, the experimental tests consist of a
series of point-to-point movements in the free space as well as in the constrained
space.

For tests in the free space, the Dexter arm is moved in the Cartesian space
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Figure 4.8: Simulation results on interaction force in the constrained motion
for the coactivation-based compliance control law.

from the initial position Pi = [0.70;−0.25; 0.50] m to the final position Pf =
[0.50; 0.25; 0.45] m in 13 s plus 3 s for the adjustment.. A point-to-point quin-
tic polynomial trajectory (with zero velocity and acceleration boundary condi-
tions) has been planned to guide the robot from the initial to the final configura-
tion. The experimental tests have been performed with high gain values, in or-
der to reach the target position with high precision. Thus, for the coactivation-
based compliance control, the following values have been chosen: KPmin =
diag{60, 40, 10, 9, 8, 1, 0.2, 0.2}, β = 1.5, K̄P = diag{3, 2.5, 2.5, 2, 1.8, 1, 0.2, 0.2}.
Instead, for the torque-dependent compliance control Rmin =diag{640, 120, 80,
64, 32, 4, 4} Nm/rad, k =diag{20, 20, 16, 14.4, 8, 4, 4} rad−1 and KD=diag{10,
10, 6, 2, 2, 0.8, 0.8} Nm/rad · s−1 have been set. The position error in the Carte-
sian space is shown in Figs. 4.11 and 4.12, respectively. Definitely, in the free
space performance of the two compliance control laws seems to be comparable.

To evaluate the adaptability of the control laws to unexpected constraints,
the robot arm has been commanded to move from the initial position Pi =
[0.50; 0; 0.40] m to the final position Pf = [0.75; 0; 0.40] m and the experi-
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Figure 4.9: Simulation results on interaction force in the constrained motion
for the torque-dependent compliance control law.

menter is instructed to constrain the robot end effector by using his/her hand
at about x = 0.60 m. The results shown in Figs. 4.13, 4.14 correspond to
the following set of control parameters: KPin =diag{60, 40, 15, 10, 8, 4, 1, 1}
Nm/rad, H̄ =diag{1, 0.8,
0.8, 0.7, 0.7, 0.5, 0.1, 0.1}, cmin = 0.4, α = 1 for the control law (4.1) and
KFP = 10−3 m · N−1, KFI = 10−2 m · (Ns)−1, Fdx = −5 N, Fdy = Fdz = 0 N
for the control law (4.9). In both cases the robot adapts the trajectory to the
external constraint and, for the control (4.9) it also regulates the interaction
force to the desired value.

However, it is worth noticing that for the second controller, i.e. the torque-
dependent compliance control, force time course never resulted in sharp vari-
ations at the impact with the constraint, whereas for the coactivation-based
compliance control force time course appears to be quite impulsive in the adap-
tation to the obstacle (Fig. 4.13). This achievement is in accordance with
results in Figs. 4.9 and 4.8 obtained in the simulation tests and is extremely
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Figure 4.10: The Dexter robot arm with the six-axis ATI force/torque sensor
mounted on the arm wrist.

important for selecting the appropriate control law for biomedical applications,
where safety and smooth adaptability in the interaction with humans are re-
quirements with maximum priority.

4.5 Simulation tests of human-robot interaction during
motor therapy

Following results of comparison between the two control laws, which have shown
the torque-dependent compliance control as the safer and more adaptable be-
tween the two, an application of (4.9) to interaction with a patient during tasks
of motor therapy has been simulated. In particular, through the simulator in
Section 4.4.1 three different levels of motor disabilities have been modeled, in
order to qualitatively test system adaptability to different interaction condi-
tions. For simplicity, the different pathological levels have been represented by
means of sharp deviations of the human arm from the linear reference trajec-

Tesi di dottorato in Ingegneria Biomedica, di Domenico Formica, 
discussa presso l’Università Campus Bio-Medico di Roma in data 08/02/2008. 
La disseminazione e la riproduzione di questo documento sono consentite per scopi di didattica e ricerca, 
a condizione che ne venga citata la fonte.



4.5. SIMULATION TESTS OF HUMAN-ROBOT INTERACTION
DURING MOTOR THERAPY 73

0 5 10
0

0.005

0.01

0.015

0.02

0.025

[sec]

[m
]

POSITION ERROR

Figure 4.11: Experimental results: norm of the position error in the free space
for the coactivation-based compliance control.

tory. Whereas a linear motion from a generic point A to a point B is expected
for a healthy subject, a sequence of short linear paths (like a sawtooth func-
tion) can be imagined for a patient undergoing neurorehabilitation therapy.
The rate of variation of the sawtooth is assumed to be dependent on the level
of disability.

The MIT-MANUS robot arm has been controlled to linearly move from the
initial point Pi = [−0.20; 0.42] m to the final point Pf = [0.20; 0.42] m in 4
s and force the patient to follow a linear motion in accordance with the level
of disability. As natural, the level of robot force has to be opportunely tuned
to guarantee safety of operation with human subjects. To this purpose, the
reference value for the force control consists of two contributions:
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Figure 4.12: Experimental results: norm of the position error in the free space
for the torque-dependent compliance control.

• A force Fdx = cost that guides the arm in the direction of motion.

• A force perpendicular to the motion direction which counterbalances in-
correct movements. It is expressed as Fdy = Ky ỹ, where ỹ is the position
error in the direction perpendicular to the motion and gain Ky assumes
higher values as the level of disability increases.

Table 4.5 reports the values of the parameters of the force control used for
simulating interaction in the three cases of disability.

For brevity, simulation results only for two levels of disability are reported
in this paper. They are shown in Figs. 4.15 and 4.16 and correspond to the
simulated case of slight and severe disability, respectively. The two figures show
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Figure 4.13: Experimental results: interaction force in the constrained motion
for the coactivation-based compliance control law.

both the incorrect movement executed by the patient in absence of the MIT-
MANUS assistance and the movement described by the patient when guided
by the robot. The efficacy of robot corrective actions directly depends on Fdx

and, especially, on Ky. This is evident also in the case of severe disability
in Fig. 4.16. However, it is worth noticing that the choice of the control
parameters is superiorly limited due to instability problems and safety in the
interaction. High values may determine interaction force that can be dangerous
for the patient. For instance, when the critical case of severe disability and
high control parameters (Fdx = 45 N, Ky = 1000 N/m) has been simulated
the interaction force has reached a dangerous peak value of nearby 80 N (see
Fig. 4.17). Hence, a superior limit needs to be imposed to the force exerted by
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Figure 4.14: Experimental results: interaction force in the constrained motion
for the torque-dependent compliance control law.

Disability 1 Disability 2 Disability 3

Fdx = 5 N Fdx = 15 N Fdx = 30 N
Ky = 100 N/m Ky = 100 N/m Ky = 100 N/m

Fdx = 15 N Fdx = 30 N Fdx = 45 N
Ky = 100 N/m Ky = 100 N/m Ky = 100 N/m

Fdx = 5 N Fdx = 15 N Fdx = 30 N
Ky = 1000 N/m Ky = 1000 N/m Ky = 1000 N/m

Fdx = 15 N Fdx = 30 N Fdx = 45 N
Ky = 1000 N/m Ky = 1000 N/m Ky = 1000 N/m

Table 4.1: Parameters for the force control in the simulation tests of robot
interacting with the patient.
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the robot while guiding the human arm, that is around 45–50 N, as in the real
MIT-MANUS system [37].

4.6 Discussion

In this chapter basic criteria for the design and implementation of interaction
control of robotic machines for motor therapy have been briefly introduced
and a bio-inspired compliance control law developed to address requirements
coming from this specific application field have been presented. In particu-
lar, a inner-outer control scheme has been designed to ensure a high level of
adaptability to different patient motor capabilities and to guarantee a high
level of safety in the interaction. Also basic requirements coming from the the-
ory of robot control, such as simplicity of implementation, low computational
burden and functional force regulation have been satisfied. The control law,
named torque-dependent compliance control in the joint space tries to over-
come limitations of the traditional interaction control by taking inspiration
from biological motor control, and integrates a bio-inspired approach for the
low level regulation of robot stiffness with a classical force feedback loop to
directly control the interaction with the patient. It basically differs for the
strategy of stiffness regulation used to generate a variable proportional gain in
the PD control. A preliminary evaluation of the proposed control law has been
performed on a simulation tool purposively developed in MATLAB/Simulink.
This tool allows simulating the dynamics of the MIT-MANUS rehabilitation
robot coupled with a human arm of a patient with different levels of disability.
A first set of tests is used to validate the control law with standard tech-
niques; a comparison with the coactivation-based compliance control in [127],
used as a reference benchmark to evaluate the performance of the proposed
scheme, shows the improvement of the torque-dependent control in situations
of contact/non-contact transition. Trials of robot positioning in the free space
and in the constrained space have revealed similar performance of the control
laws as regards position regulation. However, for force regulation in presence
of unexpected constraints the coactivation-based control appears to be less safe
than the torque-dependent compliance control, due to the numerous and sharp
spikes in the contact/noncontact transitions. This result is enforced by the
experimental evidence on a 8-dof robot arm. Following the goodness of per-
formance, an application of the torque-dependent compliance control in the
joint space to rehabilitation motor therapy has been simulated. The simulator
in fact can be also used to simulate different levels of disability of the patient
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Figure 4.15: Pathological (solid line) and normal (dashed line) trajectories (a)
and subject trajectories counterbalanced by the robot for Fdx = 5 N, Ky = 100
N/m (b), Fdx = 15 N, Ky = 100 N/m (c), Fdx = 5 N, Ky = 1000 N/m (d),
Fdx = 15 N, Ky = 1000 N/m (e) in case of slight disability.
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Figure 4.16: Pathological (solid line) and normal (dashed line) trajectories
(a) and subject trajectories counterbalanced by the robot for Fdx = 30 N,
Ky = 100 N/m (b), Fdx = 45 N, Ky = 100 N/m (c), Fdx = 30 N, Ky = 1000
N/m (d), Fdx = 45 N, Ky = 1000 N/m (e) in case of severe disability.
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Figure 4.17: Interaction force between the robot arm and the patient in case of
severe disability and high control parameters (Fdx = 45 N, Ky = 1000 N/m).

interacting with the robot. The results showed that also in presence of severe
disability the control system is capable of counterbalancing incorrect move-
ments, with an efficacy dependent on the control parameters. Future work will
be addressed to further investigate performance of the coactivation-based and
torque-dependent compliance control by implementing the two control laws on
a real operational robotic machine for motor therapy (e.g. the MIT-Manus sys-
tem) and carrying out clinical trials. Also, the formulation of the control law
in the joint space ensures an easy portability of the control law to exoskeletal
systems. Thus, an extension and application of the two compliance control to
these machines is envisaged.
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CONCLUSIONS

The application of novel technologies to neurorehabilitaion is expirencing a real
breakthrough in the therapy of brain injuries and the interest in this field is
continuously growing.

The introduction of properly designed technological solutions and methods
could help improving functional recovery in two directions:

• enhancing rehabilitation measurements by quantifying specific patho-
physiological mechanisms, spontaneous recovery, functional ability, and
therapy dosage more accurately than is now possible;

• giving therapy itself, replicating key components of current manual ther-
apeutic techniques, or even applying new techniques for customizing the
therapy on the basis of residual motor capabilities of each single subject.

This dissertation thesis presented innovative methods aimed at supporting
the improvement of the current methodologies in both these fields.

From the functional assessment point of view, two different solutions are
presented to evaluate patients’ level of disability through quantitative, reliable,
reproducible mehods.

The VICON stereophotogrammetric system has been used to evaluation of
motor impairment of hemiplegic children during pointing tasks. Four subjects
were involved in this study, experiments were performed at two different move-
ment speeds with both healthy and plegic arms. A quantitative comparison of
motor performance between healthy and plegic patient’s arm have been carried
out using several evaluation indexes.

Results showed that Movement Duration and Peak Velocity don’t highlight
any significant difference at low speed, but healthy arms can move faster when
fast movements are required. Moreover global characteristics of velocity profiles
such as shape (PMR index) and timing (TPV index) are not able to account
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for differences between healthy and plegic limb; for this reason, they can not
be used in this context as evaluation indexes.

On the other hand, the use of the Jerk Index (JI), purposely thought to
quantify movement smoothness can strongly discriminate between healthy and
plegic behavior in slow movements. Moreover It seems that JI is strongly
affected by movement speed so in fast movements JI values of healthy arm
assumes higher values with respect to the plegic arm, due to the difference of
about 15% in average velocity.

This lack of resolution of JI can be overvome by using the Jerk Cost Func-
tion. Values of JCF show a different statistically significant in downward fast
movements, where plegic arm exhibits higher values of JCF index. Similar
results have been found using the Torque-change Cost Function, that under-
lines difference between plegic and healthy behavior in slow movements (both
upward and downward) as well as in the downward part of the fast move-
ments. This common difference of cost indexes in downward fast movements
demonstrate that the brain is not able to optimize Jerk Cost Function and
Torque-change Cost Functinon in the same way when controls healthy or plegic
limb.

The main goal of the second work was to find a reproducible, quantitative
method to estimate the passive stiffness of the wrist joint in healthy subjects
and pave the way for further studies with subjects with neuromuscular dis-
orders. The results showed that differences between stiffness in flexed and
extended position, as well as abducted and adducted were highly significant in
unimpaired subjects, while the PS stiffness appears to be quite symmetrical
and the stiffness values are much lower than the two other DOFs.

The two-dimensional stiffness of the combined FE/AA movements has been
represented using the stiffness ellipses, which capture the main geometrical
features of the elastic force field through three parameters: magnitude (the
area), shape (the ratio of the axis) and orientation (direction of the major
axis). The magnitude of the ellipses, that represents overall strength of the
elastic field, is the only parameter showing a rather high intra- and inter-
subject variability. Shape and orientation of the stiffness field seem to be quite
invariant across different subjects with anisotropy of 0.7 (ratio between minor
and major axis) and confirm the results of the 1-D protocol.

The most novel result relates to the evaluation of the conservative and non-
conservative components of the stiffness. The curls of the stiffness matrix,
that quantifies the amount of non-conservative energy dissipated to move the
wrist along a closed path, were found to be close to zero. The conservative
part of the stiffness matrix was found to account for over 99 % of the overall
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matrix. These results show that the neuromuscular system of the wrist joint is
predominantly spring-like; this characteristic of the neuromuscular system has
been demonstrated earlier for the other human joints of the upper limb, but to
our knowledge, it has never been demonstrated for the wrist joint.

From the motor therapy point of view, a new control approach is proposed
to manage interaction in robot-mediated motor therapy of the upper limb,
that is purposively conceived for this application field. The control law has
been named torque-dependent compliance control in the joint space and its
applicability to robot-aided motor therapy has been validated in simulation
tests as well as in experimental tests.

A first set of tests is used to validate the control law with standard tech-
niques; a comparison with the coactivation-based compliance control, used as
a reference benchmark to evaluate the performance of the proposed scheme,
shows the improvement of the torque-dependent control in situations of con-
tact/ non-contact transition. Trials of robot positioning in the free space and
in the constrained space have revealed similar performance of the control laws
as regards position regulation. However, for force regulation in presence of
unexpected constraints the coactivation-based control appears to be less safe
than the torque-dependent compliance control, due to the numerous and sharp
spikes in the contact/non-contact transitions.

An application of the torque-dependent compliance control in the joint
space to rehabilitation motor therapy has been simulated. The simulator in fact
can be also used to simulate different levels of disability of the patient interact-
ing with the robot. The results showed that also in presence of severe disability
the control system is capable of counterbalancing incorrect movements, with
an efficacy dependent on the control parameters.
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