
Exoskeletons in Rehabilitation Robotics
The new technological advances opened widely the application field of robots. 
Robots are moving from the classical application scenario with structured 
industrial environments and tedious repetitive tasks to new application 
environments that require more interaction with the humans. It is in this 
context that the concept of Wearable Robots (WRs) has emerged. One of the 
most exciting and challenging aspects in the design of biomechatronics 
wearable robots is that the human takes a place in the design, this fact 
imposes several restrictions and requirements in the design of this sort of 
devices. The key distinctive aspect in wearable robots is their intrinsic dual 
cognitive and physical interaction with humans. The key role of a robot in a 
physical human–robot interaction (pHRI) is the generation of supplementary 
forces to empower and overcome human physical limits. The crucial role of a 
cognitive human–robot interaction (cHRI) is to make the human aware of the 
possibilities of the robot while allowing them to maintain control of the robot 
at all times. This book gives a general overview of the robotics exoskeletons 
and introduces the reader to this robotic field. Moreover, it describes the 
development of an upper limb exoskeleton for tremor suppression in order to 
illustrate the influence of a specific application in the designs decisions.
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Foreword

Robotics is undergoing a major transformation in scope and dimension. From
a largely dominant industrial focus, robotics is rapidly expanding into human
environments and vigorously engaged in its new challenges. Interacting with,
assisting, serving, and exploring with humans, the emerging robots will in-
creasingly touch people and their lives.

Beyond its impact on physical robots, the body of knowledge robotics has
produced is revealing a much wider range of applications reaching across di-
verse research areas and scientific disciplines, such as: biomechanics, haptics,
neurosciences, virtual simulation, animation, surgery, and sensor networks
among others. In return, the challenges of the new emerging areas are prov-
ing an abundant source of stimulation and insights for the field of robotics.
It is indeed at the intersection of disciplines that the most striking advances
happen.

The Springer Tracts in Advanced Robotics (STAR) is devoted to bringing
to the research community the latest advances in the robotics field on the ba-
sis of their significance and quality. Through a wide and timely dissemination
of critical research developments in robotics, our objective with this series is
to promote more exchanges and collaborations among the researchers in the
community and contribute to further advancements in this rapidly growing
field.

The monograph written by Eduardo Rocon and José Pons is a contribution
in the area of rehabilitation robotics, which has been receiving a growing
deal of attention by the research community in the latest few years. The
contents are focused on the management and suppression of pathological
tremor in upper limb exoskeletons. Solutions deal with both cognitive and
physical human-robot interaction issues of such wearable devices. Results are
validated in a rich set of experiments, revealing a promising outlook toward
the application to a wide range of so-called soft robots.

Remarkably, the monograph is based on the first author’s doctoral thesis,
which received the prize of the Seventh Edition of the EURON Georges Giralt
PhD Award devoted to the best PhD thesis in Robotics in Europe. A very
fine addition to STAR!

Naples, Italy Bruno Siciliano
September 2010 STAR Editor





Preface

The scientific community is becoming more and more interested in rehabil-
itation robotics. From a robotics perspective, exoskeletons are mechatronic
systems worn by a person in such a way that the physical interface leads to
a direct transfer of mechanical power and exchange of information. A wear-
able robot is designed to match the shape and function of the human body.
Segments and joints correspond to some extent to those of the human body
while the system is externally coupled to the person. Initially, the primary
applications of these robotic mechanisms were teleoperation and power am-
plification. Later, exoskeletons have been considered as rehabilitation and
assistive devices for disabled or elderly people. One important and specific
feature of wearable robotics is the intrinsic interaction between human and
robot. This interaction is twofolded: first, cognitive, because the human con-
trols the robot while it provides feedback to the human; secondly, a biome-
chanical interaction leading to the application of controlled forces between
both actors.

The fact that a human being is an integral part of the design is one of
the most exciting and challenging aspects in the design of biomechatronics
wearable robots. It imposes several restrictions and requirements in the design
of this sort of devices.

Tremor is characterized by involuntary oscillations of a part of the body.
The most accepted definition is as follows: “an involuntary, approximately
rhythmic, and roughly sinusoidal movement”. Tremor is a disabling conse-
quence of a number of neurological disorders. Tremor, the most common of
all involuntary movements, can affect various body parts such as the hands,
head, facial structures, tongue, trunk, and legs. Most tremors, however, occur
in the hands. Tremor is a disorder that is not life-threatening, but it can be
responsible for functional disability and social inconvenience. More than 65%
of the population with upper limb tremor have serious difficulties performing
daily living activities. In many cases, tremor intensities are very large, caus-
ing total disability to the affected person. The overall management of tremor
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is directed towards keeping the patient functioning independently as long as
possible while minimizing disability.

It has been established in the literature that most of the different types of
tremor respond to biomechanical loading. In particular, it has been clinically
tested that the increase of damping and/or inertia in the upper limb leads
to a reduction of the tremorous motion. This phenomenon gives rise to the
possibility of an orthotic management of tremor. An orthosis is a wearable
device that acts in parallel to the affected limb. In the case of tremor man-
agement, the orthosis must apply a damping or inertial load to a selected
set of limb articulations. As a wearable device, it must exhibit a number of
aesthetic and functional characteristics. Aesthetics is more directly related
to size, weight and appearance of the exoskeleton. Functionality is related to
generating required torque and velocity while maintaining the robustness of
operation.

This book will give a general overview of the robotic exoskeletons field and
will introduce the reader to this new robotic field with an extensive review
of its main applications and the technologies suitable for its development.
In addition, it provides detailed studies of the main topics in the wearable
robotics field. The book will use the development of an upper limb exoskele-
ton for tremor suppression in order to illustrate the influence of a specific
application in the designs decisions. It will present the development and val-
idation of an upper limb exoskeleton with three main objectives: monitoring
and diagnosis, and validation of non-grounded tremor reduction strategies.

At the end, the book focuses on describing the upcoming research in the
rehabilitation field which leads to the concept of Soft-Robots (SRs). They are
also wearable, but SRs use functional human structures instead of artificial
counterparts, e.g. artificial actuators are substituted by Functional Electrical
Stimulation (FES) of human muscles. The borderline between human and
robot becomes fuzzy and this immediatilly leads to hybrid Human-Robot
systems.

Madrid, September 2010 Eduardo Rocon
José L. Pons
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Chapter 1
Introduction: Exoskeletons in Rehabilitation
Robotics

1.1 Introduction to Rehabilitation Robotics: Tremor
Management

Rehabilitation Robotics has been defined as the combination of industrial robotics
and medical rehabilitation, thus encompassing many areas, including mechanical
and electrical engineering, biomedical engineering, artificial intelligence and sensor
and actuator technology. Medical rehabilitation often refers to the process by which
human function, be it physical or cognitive, is restored at least partially to their
“normal” condition.

Strictly speaking, Rehabilitation Robotics would not encompass systems that aim
at replacing the mechanical function of weak or missing human limbs. However, in
an integrative view, here we also consider functional restoration as an important area
within Rehabilitation Robotics. As a consequence, all four wearable robots depicted
in figure 1.1 are considered here true rehabilitation robots.

Therefore the objective of Rehabilitation Robotics can be stated as the application
of robotics to assist the user to function with a maximum of autonomy. The ideal
situation arrives when, by means of the assistive rehabilitation robot, [74]:

• The user is autonomous in the execution of a given task;
• The user is able to function in daily life with less human assistance;
• The user either has his physical or cognitive functions restored or is able to

function for a number of hours with the assistance of the robotic companion
and without human assistance.

This ideal scenario usually is to be met by a combination of a rehabilitation robot
and an environment modification. This goes in line with [74], where assistive
devices are not limited to the robotic system but consist of a system of compatible
devices which communicate among them. This approach integrates users into a
comprehensive system in which they are in control of the rehabilitation robot, any
other mobility system and they can exert control on the environment whenever it is
not fully provided by the robotic device. In more recent approaches, [9], the robotic
assistant mediates between the user and all these environmental controls. A clear

E. Rocon and J.L. Pons: Exoskeletons in Rehabilitation Robotics, STAR 69, pp. 1–20.
springerlink.com c© Springer-Verlag Berlin Heidelberg 2011



2 1 Introduction: Exoskeletons in Rehabilitation Robotics

Fig. 1.1 Wearable robots: (top left) an upper limb orthotic exoskeleton; (top right) an upper
limb prosthetic robot; (bottom left) a lower limb orthotic exoskeleton; (bottom right) a lower
limb prosthetic robot.

example of this approach is shown along this book. A robotic system is developed
for the purpose of suppressing pathological tremor. Some of the technologies specif-
ically developed and integrated in the robotic exoskeletal structure are then used to
modify the environment, e.g. algorithms to detect tremor are integrated in com-
puter filters so that users can interact with them via input peripherals (e.g. mouse or
joystick).

There is a clear global trend towards ageing, [72]. According to the World Health
Organization (WHO), elderly population (65+) will increase by roughly 90% in
the coming years. This will take the contingent of senior citizens in US by 2050
to 80 million, similar figures are expected in Europe. This global trend represents
an opportunity to develop and deploy assistive technologies such as rehabilitation
robots.

Rehabilitation robots can be conceived as (1) fixed-base or end-effector systems
and as (2) exoskeleton systems. According to Krebs, [72], the decision on what
particular approach is to be used is based on kinematics criteria and depends mostly
on the application and, in particular, on the motion ranges the system allows to the
human limbs. It is claimed that for limb segment movements requiring less that 45
degrees end-effector system appear more appropriate. On the other hand, exoskeletal
structures are more appropriate for larger limb joint excursions. This decision is also
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to be taken based on ambulatory and portability issues. Whenever a portable solution
is expected, exoskeletal structures are likely more convenient.

The choice between end-effector and exoskeleton structures has major implica-
tions on the design of the rehabilitation system. Both end-effector and exoskeletal
systems are in close physical interaction with the human user, however exoskeletons
exhibit continuous and multipoint physical interaction which is mediated through
users’ soft tissues and they typically map onto several human anatomical joints
which leads to potential kinematic incompatibility and undesired interactions. For
an exhaustive analysis of exoskeletons the reader is referred to [95].

Along this book we will analyze the application of rehabilitation robots, in
particular exoskeletal structures, for the active management of tremor suppression
via portable robotics. Tremor is a symptom of various neurological conditions.
There is no known cure for several tremor diseases. The overall management is di-
rect toward keeping the patient functioning independently as long as possible while
minimizing disability. In view of what is currently known, the treatment options
available for tremor are medication, neurosurgical intervention, rehabilitation pro-
grams (psychotherapy), brain stimulation, and assistance to the limb with compen-
satory technology.

The standard and most effective treatment of tremor is medication. One of the
main issues here is that drugs are typically prescribed on a trial-and-error basis
in order of decreasing expected effectiveness because the clinical phenomenologi-
cal tremor classifications are not perfectly predictive of their success. If success in
reducing tremor is attained, it must be weighed against side effects and the potential
for addiction, [2].

Drug therapies have not been very successful in tremor treatment, giving rise to
the need of alternative approaches to the problem of tremor suppression. For those
cases in which there is no effective drug treatment, physical interventions such as
teaching the patient to brace the affected limb during the tremor are sometimes use-
ful. The goals of rehabilitation program include preservation of present function,
improve range of motion, posture, strength, and endurance; prevention of disabling
complications (e.g., respiratory, bowel, bladder, visual); family training; and main-
tenance of the patient’s independence as long as possible.

More recently, there has been research interest in the use of deep brain stimula-
tion of the globus pallidus or subthalamic nucleus as a treatment of people that suf-
fer of tremor diseases, specially of some Parkinsonian symptoms, such as rigidity,
bradykinesia, or akinesia. Caparros, [21], in his work discovered that high-frequency
electrical stimulation of ventralis intermedius suppresses Parkinson tremor, and
Friston, [41], stated that the suppression of tremor is associated to reduced blood
flow in the cerebellum. A commercial example of this approach is the Medtronic Ac-
tiva Tremor Control System. The Activa Tremor Control System (Medtronic Corp.,
Minnesota) has been approved by the FDA (Food and Drug Administration - U.S.
Department of Healthy and Human Services) for “unilateral thalamic stimulation for
the suppression of tremor in the upper extremity in patients who are diagnosed with
essential tremor or Parkinsonian tremor not adequately controlled by medications
and where the tremor constitutes a significant functional disability”.
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The main drawbacks of these treatments are:

1. tremor is not managed effectively and sufficiently in about 25% of patients, [15],
2. the drugs used often induce side effects or may be contra-indicated, [135],
3. surgery is associated with a risk of haemorrhage and psychiatric manifestations,

[17]. In particular, a high rate of suicide (4.3%) has been observed recently in
patients treated with deep brain stimulation, [20].

As a consequence, further research and new therapeutic options are required to
manage tremor more effectively. It has been established in the literature that most
of the different types of tremor respond to mechanical loading of the affected limb,
[1, 71, 89]. In particular, it has been clinically tested that the increase of damping
and/or inertia in the upper limb leads to a reduction of the tremorous motion, [1].
This phenomenon, i.e. the change in impedance characteristics of the upper limb,
has a direct effect on the tremor characteristics and gives rise to the possibility of an
orthotic management of tremor.

Biomechanical loading for tremor reduction can be approached either by
exoskeletal robotics or by non-ambulatory, table or wheelchair mounted, end-
effector devices. The former approach is characterized by selective tremor suppres-
sion through internal forces (i.e. forces applied between consecutive segments in
the upper limb kinematic chain) at particular joints, while the latter relies on global
application of external forces that leads to the overall tremor reduction.

While wearable tremor suppression exoskeletons are already a matter of research,
non-ambulatory systems have lead to commercial products, see, for instance, the so-
called Neater Eater, [89]. In addition, the MIT damped joystick, [52], the controlled
Energy-Dissipation Orthosis, CEDO, [116], or the Modulated Energy Dissipation
Arm, MED, (cited in [71]), are implementations of non-ambulatory, wheelchair-
mounted tremor suppression prototypes.

As far as wearable tremor suppression concepts are concerned, just the well-know
wearable tremor-suppression orthosis, [71], has been reported in literature. This is
a semi-active damping loading device, which acts mechanically in parallel to the
wrist in flexion-extension. It completely constrains both wrist abduction-adduction
and pronation-supination.

In the framework of the DRIFTS (dynamically responsive intervention for tremor
suppression) project, [81], the WOTAS exoskeleton was presented as an alternative
treatment for tremor. The exoskeleton was developed with three main objectives:
monitoring, diagnosis, and validation of ungrounded tremor reduction strategies.
An exoskeleton is a wearable device that acts in parallel to the affected limb. In the
case of tremor management, it must apply a damping or inertial load to a selected
set of limb articulations. As a wearable device, it must exhibit a number of aesthetic
and functional characteristics. Aesthetics is more directly related to size, weight and
appearance of the exoskeleton. Functionality is related to generating required torque
and velocity while maintaining the robustness of operation. This book will present
the development and validation of such a platform and at the end the conclusions
and future trends of this study are given.
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1.2 Historical Note on Rehabilitation Robotics

Rehabilitation Robotics is not a new discipline. Rehabilitation Robotics has evolved
along the last 5 decades starting from pioneering work at Case Institute of Technol-
ogy in the early 1960’s, ever since work on rehabilitation robots has been continued
in parallel in U.S., [50], and Europe, [26]. In this section, we will briefly review
main milestones in research on rehabilitation robots.

Rehabilitation Robotics first started in North America. First instances of
rehabilitation robots in U.S. comprise the floor mounted, four degrees-of-freedom,
externally powered exoskeleton developed at Case Institute of Technology in early
1960’s, the so-called Rancho Golden arm which is a six degrees-of-freedom pow-
ered orthosis developed in 1969 at Rancho Los Amigos Hospital, the Johns Hopkins
arm consisting in a four degrees-of-freedom arm plus hand and the use of RTX robot
prototype at Boeing to deal with book and paper handling.

Amongst all these pioneering research activities it is worth highlighting the joint
U.S. Department of Veterans Affairs and Stanford University (VA/SU) Robotics
program that extended over a period of more than 15 years on the topic of rehabil-
itation robots. The program started with the Robotics Aid Project (RAP) between
1978 and 1985. The goal of this project was to use industrial robots in combination
with prototype user interface devices to derive a system usable by persons affected
by quadriplegia, [133]. In this first project, the robot could be voice-controlled in
various different coordinate systems. In this way the user was able to command pre-
existing robot programs. A second project in the framework of the VA/SU Robotics
program was the Clinical Robotics Laboratory (CRL) project which was active be-
tween 1985 and 1989. The Clinical Robotics Laboratory was established in the VA
Spinal Cord Injury Center (SCIC) for development and evaluation of a new genera-
tion of robots assisting people in Activities of Daily Living (ADLs). Again, indus-
trial robots (a new generation, the PUMA-260 this time) was adapted to the task.

While in the previous two projects the concept of the desktop assistant was
explored, the next project in the series, the so-called Mobile Vocational Assistant
Robot (MoVAR), 1983-1988 used a new three-wheeled omnidirectional base with
a PUMA-250 arm mounted on it. This time the system was designed desk-high and
had the ability of going through interior doorways. All the components, electronics
and power, were mounted in the mobile base. A telemetry system between the con-
sole and the robot allowed the transmission of position and status information. The
system interfaces with the patients using either voice control, a keyboard or head-
motion inputs. A desktop version of the MoVAR assistant was the object of the next
research project, the Desktop Vocational Assistant Robot (DeVAR), 1989-1994. The
concept of the vocationally oriented workstations was retaken with the aim of ad-
dressing target areas for which reimbursement of capital equipment would be pos-
sible, [133]. The idea is that assistive technology in the vocational domain would be
an incentive for people with severe physical disabilities return to the workforce.
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Very important conclusions were derived from the VA/SU Rehabilitation Robotics
program:

• The concept of considering the person with a disability “the” user of the
rehabilitation robot must be reconsidered. When the whole value chain of the
rehabilitation robot is considered, then it becomes apparent that the therapists,
will be mainly concerned with the interface layer of the rehabilitation robot (as
they will have to use hardware and software tools for a proper adjustment, set-up
and customization), physicians will use robot-generated reports to assess how the
therapy is evolving, and finally hospital administrations, Health authorities and
Insurance companies will be mainly interested in costs and patient outcomes.
This leads to the necessity of considering all these multiple users along the
conceptualization, design, prototyping and evaluation of rehabilitation robots.

• The importance of robot-based Clinical Evaluation Tools. During the VA/SU
program it was apparent that the involvement of clinical personnel, hand-in-hand
with engineers, was crucial. The program developed several robot-based evalua-
tion tools (e.g. history list feature) to support the evaluation of systems and users’
evolution. This topic together with the previous one leads to the need that users
(patients) and clinicians are tightly involved in the design process of rehabilita-
tion robots.

• The importance of embedding the design process in an iterative design-evaluation
cycle so that technology and methodological/evaluation tools are developed in
concert.

In parallel to the work at VA/SU, in Canada, the Robotics Assistive Appliance
(RAA) was developed at Neil Squire Foundation. The research activities at Neil
Squire Foundation resulted in a six degrees-of-freedom robot that was interfaced to
the users via a variety of modalities, including sip-and-puff, Morse codes and voice
control.

The French project Spartacus can be regarded as one of the first activities on
rehabilitation robotics in Europe. Spartacus involved a feasibility study on the use of
telemanipulators by people with spinal cord injuries. The project focused on control
ergonomics of a workstation configuration based, first, on a MA-23 nuclear telema-
nipulator and, second, on a custom designed telethesis (MAT-1). In parallel to this
work, the Heidelberg Manipulator was sponsored by the German Federal Ministry
of Research and Technology. Again, the Heidelberg Manipulator was a workstation-
based approach developed from the specifications derived from the statements of 75
tetraplegic individuals, [26].

Both projects jointly with other research activities in North America were brought
together in 1978 in an international seminal conference where all research groups
active on the topic were present. From this starting point, Rehabilitation Robotics
begun to be a permanent topic in more general conferences, first in conferences of
the Rehabilitation Engineering and Assistive Technology Society of North America
(RESNA), and then Robotics conferences of IEEE. In this regard, the discipline has
evolved into mature work groups like the IEEE Robotics and Automation’s Tech-
nical Committee on Rehabilitation & Assistive Robotics and thematic conferences
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have been organized along the last decade, e.g. IEEE International Conference on
Rehabilitation Robots (ICORR).

1.3 The Role of Robotic Exoskeletons in Rehabilitation

The exoskeleton is a species of wearable robot with very interesting applications
in the Rehabilitation arena, [95]. The distinctive, specific and singular aspect of
exoskeletons is that the exoskeleton’s kinematic chain maps onto the human limb
anatomy. There is a one-to-one correspondence between human anatomical joints
and the robot’s joints or sets of joints. This kinematic compliance is a key aspect
in achieving ergonomic human–robot interfaces, as is further illustrated along this
book.

In exoskeletons, there is an effective transfer of power between the human and
the robot. Humans and exoskeletons are in close physical interaction. This is the
reverse of master-slave configurations, where there is no physical contact between
the slave and the human operator, which are remote from one another. However,
in some instances of teleoperation, an upper-limb exoskeleton can be used as the
interface between the human and the remote robot. According to this concept, the
exoskeleton can be used as an input device (by establishing a pose correspondence
between the human and the slave or remote manipulator), as a force feedback device
(by providing haptic interaction between the slave robot and its environment), or
both.

Of the different robots, exoskeletons are the ones in which the cognitive (infor-
mation) and physical (power) interactions with the human operator are most intense.
In line with the historical note above introduced, scientific and technological work
on exoskeletons began in the early 1960s. The US Department of Defense became
interested in developing the concept of a powered “suit of armor”. At the same
time, at Cornel Aeronautical Laboratories work started to develop the concept of
man–amplifiers — manipulators to enhance the strength of a human operator. The
existing technological limitations on development of the concept were established in
1962; these related to servos, sensors and mechanical structure and design. Later on,
in 1964, the hydraulic actuator technology was identified as an additional limiting
factor.

General Electric Co. further developed the concept of human–amplifiers through
the Hardiman project from 1966 to 1971. The Hardiman concept was more of a
robotic master/slave configuration in which two overlapping exoskeletons were im-
plemented. The inner one was set to follow human motion while the outer one im-
plemented a hydraulically powered version of the motion performed by the inner
exoskeleton. The concept of extenders versus master/slave robots as systems ex-
hibiting genuine information and power transmission between the two actors was
coined in 1990, [69].

Rehabilitation and functional compensation exoskeletons are another classic field
of application for wearable robotics. Passive orthotic or prosthetic devices do not
fall within the scope of this book, but they may be regarded as the forebears of
current rehabilitation exoskeletons. More than a century ago, Prof. H. Wangenstein
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proposed the concept of a mobility assistant for scientists bereft of the use of their
legs:

“This amazing feat shall revolutionize the way in which paraplegic Scientists continue
their honorable work in the advancement of Science! Even in this modern day and age,
some injuries cannot be healed. Even with all the Science at our command, some of
our learned brethren today are without the use of their legs. This Device will change all
that. From an ordinary-appearing wheelchair, the Pneumatic Bodyframe will transform
into a light exoskeleton which will allow the Scientist to walk about normally. Even
running and jumping are not beyond its capabilities, all controlled by the power of the
user’s mind. The user simply seats himself in the chair, fits the restraining belts around
his chest, waist, thighs and calves, fastens the Neuro-Impulse Recognition Electrodes
(N.I.R.E.) to his temples, and is ready to go!”

The concept introduced by Prof. Wangenstein in 1883 contains the main features
of current state-of-the-art wearable robotic exoskeletons: a pneumatically actuated
body frame (in the form of a light exoskeleton), mapping onto the human lower
limb, in which a cHRI is established by means of brain activity electrodes (known
as N.I.R.E.).

Among the spinoff applications of robotic extenders are robotic upper limb
orthoses, [100]. Although studies on active controlled orthoses date back to the mid
1950s, [11], the first active implementations of powered orthoses were the work of
[102]. This functional upper-limb orthosis was conceived for people with limited
strength in their arms.

The interaction between the exoskeleton and the human limb can be achieved
through internal force or external force systems. Which of these force interaction
concepts is chosen depends chiefly on the application. On the one hand, empowering
exoskeletons must be based on the concept of external force systems; empowering
exoskeletons are used to multiply the force that a human wearer can withstand, and
therefore the force that the environment exerts on the exoskeleton must be grounded:
that is, in external force systems the exoskeleton’s mechanical structure acts as a
load-carrying device and only a small part of the force is exerted on the wearer. The
power is transmitted to an external base, be it fixed or portable with the operator.
The only power transmission is between the human limbs and the robot as a means
of implementing control inputs and/or force feedback. This concept is illustrated in
figure 1.3 (right).

On the other hand, orthotic exoskeletons, i.e. exoskeletons for functional
compensation of human limbs, work on the internal force principle. In this instance
of a wearable robot, the force and power is transmitted by means of the exoskeleton
between segments of the human limb. Orthotic exoskeletons are applicable when-
ever there is weakness or loss of human limb function. In such a scenario, the
exoskeleton complements or replaces the function of the human musculoskeletal
system. In internal force exoskeletons, the force is non-grounded; force is applied
only between the exoskeleton and the limb. The concept of internal force exoskele-
tons is illustrated in figure 1.3 (left).

Superimposing a robot on a human limb, as in the case of exoskeletons, is a
difficult problem. Ideally, the human must feel no restriction to his natural motion
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Fig. 1.3 Schematic representation of internal force (left) and external force (right) exoskeletal
systems.

patterns. Therefore, kinematics plays a key role in wearable exoskeletons: if robots
and humans are not kinematically compliant, a source of non-ergonomic interaction
forces appears. This is comprehensively addressed along this book.

Kinematic compatibility is of paramount importance in robotic exoskeletons
working on the principle of internal forces. The typical misalignment between ex-
oskeleton and anatomical joints results in uncomfortable interaction forces where
both systems are attached to each other. Given the complex kinematics of most hu-
man anatomical joints, this problem is hard to avoid. The issue of compliant kine-
matics calls for bioinspired design of wearable robots and imposes a strong need for
control of the human–robot physical interaction.

Exoskeletons are also characterized by a close cognitive interaction with the
wearer. This cHRI is in most instances supported by the physical interface. By
means of this cognitive interaction, the human commands and controls the robot,
and in turn the robot includes the human in the control loop and provides informa-
tion on the tasks, either by means of a force reflection mechanism or of some other
kind of information.

1.4 Salient Issues in Exoskeletal Rehabilitation Robotics

The application of exoskeletons in rehabilitation scenarios encompasses multiple
aspects that need to be carefully addressed. It is widely recognized that evolutionary
biological processes lead to efficient behavioral and motor mechanisms. Evolution
is a process whereby functional aspects of living creatures are optimized. This op-
timization process seeks the maximization of certain objective functions, e.g. ma-
nipulative dexterity in human hands and efficiency in terms of energy balance in
performing a certain function. It is clear that the design of exoskeletal rehabilita-
tion robots can benefit from biological models in a number of aspects like con-
trol, sensing and actuation. Likewise, exoskeletal rehabilitation robots can be used
to understand and formalize models of biological motor control in humans. This



1.4 Salient Issues in Exoskeletal Rehabilitation Robotics 11

concurrent view calls for a multidisciplinary approach to wearable robot develop-
ment, which is where the concept of Biomechatronics comes in.

The term Mechatronics was coined in Japan in the mid 1970s and has been
defined as the engineering discipline dealing with the study, analysis, design and
implementation of hybrid systems comprising mechanical, electrical and control
(intelligence) components or subsystems, [94]. Mechatronic systems closely linked
to biological systems have been referred to as bio–cybernetic systems in the context
of Electromyography (EMG) control of the full-body HAL–5 exoskeleton wear-
able robot system. The concept of Biomechatronics is not limited to bio–cybernetic
systems.
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Biomechatronic System
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Fig. 1.4 Components in a biomechatronic system.

Biomechatronics can be analyzed by analogy to biological systems integrating a
musculoskeletal apparatus with a nervous system, [27]. Following this analogy (see
figure 1.4), biomechatronic systems integrate mechanisms, embedded control and
Human–Machine Interaction (HMI), sensors, actuators and energy supply in such a
way that each of these components, and the whole mechatronic system, is inspired
by biological models. This book stresses the biomechatronic conception of wearable
robots which are outlined in the following paragraphs.
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1.4.1 Bioinspiration

Biomimetics is a relatively recent term coined in the 60s by Schmitt, [121, 138].
According to Webster’s Dictionary, biomimetics is “the study of the formation,
structure, or function of biologically produced substances and materials (as enzymes
or silk) and biological mechanisms and processes (as protein synthesis or photosyn-
thesis) especially for the purpose of synthesizing similar products by artificial mech-
anisms which mimic natural ones”. However, the concept formalizes an idea already
well established in western philosophy, for instance by ancient Greek philosophers
like Aristotle, who stated: “If one way be better than another, that you may be sure is
nature’s way”, or Democritus, who wrote: “We are pupils of the animals in the most
important things: the spider for spinning and mending, the swallow for building, and
the songsters, swan and nightingale, for singing, by way of imitation”.

The understanding and modelling of biological systems has served as a source of
inspiration in the design of different robotic systems. There are several reasons for a
robot designer to study and model biological systems. One of the most important of
these is the impressive performance of biological systems. Biological systems are
able to deal with unpredictable situations; they can adapt, they can learn and they
are robust to failure. It is therefore desirable to build artificial systems, e.g. wearable
robots, with the same level of performance.

Moreover, physical or engineering models of biological systems (formalized
mathematically) have proven very useful for understanding biological behavior.
Models allow some manipulation of conditions that are very difficult to estab-
lish experimentally. Therefore, there is a mutual synergy between Engineering and
Biology, see figure 1.5.
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Fig. 1.5 Interaction of Biology and Medicine with Physics and Engineering. Biology can
provide solutions for complex engineering problems, while mathematical models provide the
most precise explanation for biological systems.
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1.4.2 Mechanisms and Dynamic Models

This topic includes the particular kinematic and dynamic considerations of mapping
robots onto human limb anatomy. It is interesting to note that, given certain reason-
able assumptions, the methods used to study robots can also be used to analyze
human kinematics and dynamics. For instance, one of the most common assump-
tions consists in modelling the human body as a chain of rigid links, where each
segment has certain properties, like length or inertia, which approximate those of
humans, see figure 1.6. These segments are linked by joints that imitate human ones
in terms of degrees of freedom (DoFs) and ranges of motion (RoMs).

Triceps Brachii

Biceps Brachii

Brachialis

Brachioradialis
Flexor carpi

radialis
Radius

Humerus

Ulna

Wrist or
Radiocarpal Wrist

Elbow

Shoulder

Hand
segment

Forearm
segment

Arm
segment

Trunk
segment

Fig. 1.6 Anatomy of the upper limb. Anterior view. (a) Bones (b) Muscles (c) Rigid-segment
model.

This topic therefore encompasses both the mechanics of the robot and the human
limbs. Along this book, the expression of the position and orientation of the robot is
discussed in order to introduce the Denavit-Hartenberg convention algorithm, which
makes a systematic method possible to describe robot position and orientation. The
biomechanics of the upper and lower limbs are described briefly but in enough detail
to show the derivation of the Denavit-Hartenberg parameters for the upper and lower
limbs, this in the context of assessing tremor torque and power. The design aspects
of wearable robotic exoskeletons are discussed in terms of the upper limb.

1.4.3 Physical HRI in the Context of Exoskeletal Robots

One important specific feature of Wearable Robotics is the intrinsic interaction
between human and robot. This interaction, in its simplest manifestation, implies
a physical coupling between the robot and the human, leading to the application of
controlled forces between both actors. The actions of the two agents must be coor-
dinated and adapted reciprocally since unexpected behavior of one of them during
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interaction can result in severe injuries. A classic example of physical interaction
is exoskeleton-based functional compensation of human gait. Here, the robotic ex-
oskeleton applies functional compensation by supporting human gait, i.e. by stabi-
lizing the stance phase.

The fact that a human being is an integral part of the design is one of the most
exciting and challenging aspects in the design of wearable robots. It imposes several
constraints and requirements in the design of this kind of device. In this book, the
term pHRI refers to Human-Robot physical Interaction and pHRi refers to Human-
Robot physical Interface. In this book we will give details of the application a phys-
ical interaction between robot and human through a pHRi encompassing the robot
structure and the human soft tissues in the context of tremor suppression. The au-
thors consider that, without losing sight of the general picture, the design challenges
for successful physical interaction are more illustrative in robots of this kind.

1.4.4 Cognitive HMI in the Context of Exoskeletal Robots

The symbiotic relationship between humans and robots transcends the boundaries
of simple physical interaction. It involves smart sensors, actuators, algorithms and
control strategies capable of gathering and decoding complex human expressions or
physiological phenomena. Once this process is complete, robots use the information
to adapt, learn and optimize their functions, or even to transmit back a response
resulting from a cognitive process occurring within the robot.

New human-machine interfaces have recently been developed to support all the
flow of information that a smart system needs in order to perform its function. Sci-
entists consider this cognitive interaction fundamental. Thus we can find terms like
Human-Machine Interface (HMI), Human-Computer Interface (HCI) and Brain-
Computer Interface (BCI), all relating to this cognitive interaction. The search for
a natural communication channel is a constant object of research, especially in the
area of service robots, [104, 122]. In this book, the term cHRI stands for cognitive
Human-Robot Interaction and HRi stands for cognitive Human-Robot Interface.

New trends in cHRI are moving in the direction of sourcing the information di-
rectly from the human cognitive processes involved in the normal execution of tasks.
These are called natural interfaces. The rationale for this approach comes from,
[124]:

• Biological reasons. cHRI systems seek to take advantage of the natural control
mechanisms fully optimized in humans. Moreover, a lot of information is lost
in the translation of biologically executed tasks into discrete events, e.g. natural
movements or gestures into buttons or joysticks.

• Practical reasons. Delays are introduced when natural cognitive processes are
encoded into an imposed sequence of tasks. In addition, a training phase is
needed to teach the user to generate these non-natural commands or to map a
cognitive process into a new set of outputs. Both factors, the delays and the map-
ping, can induce fatigue in the user, both at a musculo-skeletal level and at a
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mental level. These factors can be obviated if the natural outputs of a cognitive
process are used for cHRI.

• Rehabilitation. One of the main applications of exoskeletons, and in particular
the one that we focus on in this book, is rehabilitation. Interacting directly with
the phenomena involved in the cognitive process is a means to excite them and
assess the evolution of the rehabilitation therapy.

The design of a cHRI depends on the kind of information to be transmitted. Figure
1.7 depicts the cHRI concepts. There are unidirectional interfaces to control robots,
bidirectional interfaces, or closed loop interaction, e.g. in haptic applications. Uni-
directional interfaces are defined as interfaces where the subject has no information
about the state of the system immediately after a command is sent. Bidirectional
interfaces provide feedback immediately after the command is sent by the user.
Closed loop systems are defined as continuous symbiotic interaction between user
and robotic system. The closed loop interaction can enhance the user’s situation
awareness, increasing efficiency and achieving control in a way that is more natural
to the user, [122].

The role of the different components of a cHRI and the interaction environment
are also depicted in figure 1.7. The role of the sensors is to measure the human-
related phenomena, while the actuators have to transmit the robotic cognitive infor-
mation to the user to complement his sensory information about the task.

The interaction environment is a key issue for natural cHRIs. The aim of mod-
ern interfaces is to avoid saturating the biological cognitive channels, and therefore

Cognitive

Process

Reasoning

Planning

Executing Sensors

Actuators

HRI

Fig. 1.7 The information flow from user reasoning to final execution of the action, showing
the signals acquired though the information pathway.
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new ones are being explored. Figure 1.7 shows three levels of interaction: one re-
lated to reasoning and planning, one related to muscle activity and one related to the
wearer’s motion. The planning level interaction can be accomplished by monitor-
ing brain activity using different techniques, e.g. electroencephalography or brain
implanted electrodes. The muscle activity level uses muscle electrical activity, that
is EMG, to command the devices. This activity can be acquired even without limb
movement. The movement-related level of interaction uses kinematic and kinetic
information from the subject as control inputs. Multimodal approaches propose di-
versified use of these channels in order to gather more realistic and robust informa-
tion and to gain a better understanding of the phenomena by means of data fusion
techniques.

1.4.5 Sensors, Actuators and Supporting Technologies

The interface between human and robot can exchange signals in order to drive an
action, provide feedback for human motor control, and monitor the status of the HRI
and its surroundings. Wearability within an application imposes a number of particu-
lar requirements on sensor, actuator and energy storage technologies. A comparative
analysis of the state-of-the-art technologies is needed for each category, providing
an overview of the current achievements in technology development.

When defining reliable sensors for a wearable application it may be useful to
analyze a wide range of candidate measurement devices. Measurement requirements
for a system may consider or combine accurate tracking of movement or force,
quantification of the status of the HR interface, acquisition of a physiological signal
for feedback, etc. In order to equip a wearable robot with a measurement system,
the designer must unavoidably accept trade offs between functional versatility and
simplicity of implementation. Using the natural body as a sensing mechanism can be
an elegant solution to enhance the usability of a WR and also to overcome particular
challenges imposed by applications.

Actuators may be required at the level of the human joints or limbs, to respond to
signals from the human body and from the environment. Whether a given actuator
technology is considered for integration will depend on the type of physical interac-
tion with the limb that is required in the given range of applications, e.g. damping,
modulation of resistance, powering, etc.

1.5 Scope of the Book

The main objective of the study presented in this book is to investigate the applica-
tion of robotic exoskeletons for active upper limb tremor suppression. This work was
developed in the framework of the European Project DRIFTS (EU QoL QLK6-CT-
2002-00536). This project was launched on 2002 to validate the concept of tremor
suppression through wearable orthotic devices. The methodology used to reach this
objective was based on a detailed review of research work in the generic area of
tremor management during the last decades. In particular special focus has been put
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on the systems approach and thus a specific section on modelling has been included.
Aspects related to experimental protocol and tremor pattern identification are re-
viewed in detail with the aim of drawing a practical guideline when compensatory
technology has to be developed. This review identified the gaps in the literature of
orthotic tremor management and defined the base for the development of the work
presented in this book. In summary, the mains gaps identified were:

• The lack of research focused on orthotic pathologic tremor suppression.
• There is an absence of studies in the literature centered in the analysis of the

tremor behavior in each articulation of the upper limb.
• The development of algorithms with low computation cost able to distinguish in

real-time tremor from voluntary motion is required.
• The non-existence of biomechanical studies related to upper limb tremor.
• There is a clear need in the rehabilitation area of ambulatory devices able to apply

dynamic forces to the upper limb.
• The absence of control strategies for selective tremor suppression: the orthosis

should minimize involuntary limb movements while preserving the voluntary
limb motion.

The work presented in this book tried to fill these gaps. The main contributions to
the literature of this work are summarized in the following points:

• The development of a sensor solution based on gyroscopes for the estimation of
tremor in the different joint of the upper limb.

• The definition of an interesting novel method (Empirical Mode Decomposition:
EMD) to analyze tremor recordings with superimposed voluntary or other in-
voluntary movement components. It is shown convincingly that this automatized
method performs as well as ’manual’ filtering to separate the different compo-
nents. A second method, the Hilbert Spectrum (HS) is then introduced to analyze
the frequency contents of the different components over time. All in all the meth-
ods and their value in tremor analysis are well documented warranting further
trials applying these methods in tremor analysis.

• The analysis of tremor behavior at different joints of the upper limb.
• The development of an algorithm able to estimate tremor in real-time and with a

low computational cost.
• The definition and the development of an upper limb exoskeleton able to apply

dynamics forces between segments of the upper limb.
• The definition of novel control strategies for tremor suppression without loading

the voluntary motion.
• The presentation of a clinical evaluation of the exoskeleton for tremor suppres-

sion. It performance was assessed in 10 patients suffering from different tremors
pathologies.

• The definition of the limitations, requirements and milestones in the robotic field
so that the exoskeletons for ambulatory tremor suppression overcome the status
of laboratory robots.
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The book is organized in four thematic chapters (chapters 2 through 5) dealing with
all relevant aspects to tremor management and control of wearable robots in close
cooperation with human actors. At the end of the book, chapter 6 summarizes the
most relevant topics discussed in the book and briefly presents an outlook of future
development and likely research avenues. Figure 1.8 illustrate the structure of the
book and the relations amongst chapters. The following paragraphs briefly summa-
rize the scope of the book and of each chapter.

Chapter 2 presents a detailed review on the stat-of-th-art of tremor. Users groups
are identified according to different characteristics of the pathology (rest, postural
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and kinetic tremor). The main characteristics of tremor according to the pathology
are given. Based on this extensive review, it was identified that most of the research
on tremor movements are focused on studying tremor at distal parts of the upper
limb. There is a lack of studies centered in the analysis of the tremor behavior in
each articulation of the upper limb. Moreover, there is no consensus in the optimal
way to objectively measure tremor in the upper limb. In this chapter the authors
proposed a new approach for tremor assessment based on gyroscopes. Moreover, a
novel tool for the analysis of tremor time series is introduced. The main advantage of
this technique it that it allows an automatic estimate of the tremorous movement in
the different pathologies considered in this study. The application of this technique
introduces new attributes to the tremorous signal such as instantaneous amplitude,
instantaneous phase and instantaneous frequency. Based on this new methodology,
a study of tremor behavior at joint level was performed and is presented in this
chapter. This study brings new knowledge to the tremor field and pave the way for
the development of upper limb exoskeletons for tremor suppression.

Chapter 3 addresses the cognitive HumanRobot interaction (cHRI) between the
upper-limb exoskeleton and the human. This CHRI is based on the information pro-
vided by gyroscopes and force sensors, which measures the movement at each joint
of the upper limb and the interaction force between the robot and the human, respec-
tively. The algorithm presented is able to estimate in real-time tremor amplitude and
frequency based on IMU information. Quantification of instantaneous tremor pa-
rameters plays an important role in robotics based tremor management techniques
in order to efficiently exploit the possibilities of biomechanical loading without af-
fecting the voluntary movement of the patient. The algorithm developed presents the
following advantages for its application in ambulatory devices for tremor suppres-
sion: a) Estimate the voluntary movement, b) Estimate the tremorous movement, c)
The delay introduced for the estimation is 1 ms and the convergence time is always
smaller than 2 s, d) Estimate both the amplitude and the frequency of the tremorous
movement, e) Presents a low computation cost.

Chapter 4 is focused on the study of the dynamics of the man-machine phys-
ical interaction. This physical interaction is performed by the robotic exoskeleton
WOTAS (Wearable Orthosis for Tremor Assessment and Suppression) that pro-
vides a means of testing and validating ungrounded control strategies for orthotic
tremor suppression. It describes in detail the general concept for WOTAS, outlining
the special features of the design and selection of system components. Two control
strategies developed for tremor suppression with exoskeletons are described. These
two strategies are based on biomechanical loading and notch filtering the tremor
through the application of internal forces.

Chapter 5 is dedicated to the validation and discussion of the different aspect
related to the issues presented in the book. This chapter included the definition of
the experimental protocol defined for the validation of the exoskeleton developed,
the selection fo patients suffering from different pathologies that induces tremor
(Essential tremor, Parkinson Disease and Cerebellar tremor), and the definition of
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the metrics used to evaluate the performance of the exoskeleton in the suppression
of tremor. Results from experiments using the two strategies defined in the previous
chapter on patients with tremor are summarized. Finally, results from clinical trials
are presented, which indicate the feasibility of ambulatory mechanical suppression
of tremor.

Finally, the conclusions and future work of this study are described in Chapter 6.
This chapter introduces the new research lines opened by the work described in this
book.



Chapter 2
Pathological Tremor Management

A great deal of effort has been devoted in the past decades in the generic area
of tremor management. Specific topics of modelling for objective classification of
pathological tremor out of kinematics and physiological data, compensatory tech-
nologies and evaluation rating tools are just a few examples of application field.
This chapter introduces a comprehensive review of research work in this generic
field during the last decades. In particular special focus has been put on the sys-
tems approach and thus a specific section on modelling has been included. Aspects
related to experimental protocol and tremor pattern identification are reviewed in
detail with the aim of drawing a practical guideline when compensatory technology
has to be developed. The current status on ambulatory and non-ambulatory tremor
reduction technologies is given in the section devoted to tremor management. At the
end, we finish our discussion with those aspects related to tremor evaluation.

2.1 Introduction

Tremor is a rhythmic, involuntary muscular contraction characterised by oscillations
(to-and-from movements) of a part of the body, [7]. Although the most common
types of tremor were subject to numerous studies, their mechanisms and origins are
still unknown. The most common of all involuntary movements, tremor can affect
various body parts such as the hands, head, facial structures, tongue, trunk, and legs;
most tremors, however, occur in the hands. Tremor often accompanies neurological
disorders associated with aging. Although the disorder is not life-threatening, it can
be responsible for functional disability and social embarrassment, [33].

There are many types of tremor and several ways in which tremor is classified,
[37]. The most common classification is by behavioural context or position, [33].
There are five categories of tremor within this classification: resting, postural, ki-
netic, task-specific, and hysterical. It is accepted that the majority of the affected
patients have either Parkinson disease or Essential tremor and that the most incapac-
itating are essential tremor, tremor due to Parkinson disease and cerebellar tremor.

E. Rocon and J.L. Pons: Exoskeletons in Rehabilitation Robotics, STAR 69, pp. 21–51.
springerlink.com c© Springer-Verlag Berlin Heidelberg 2011
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Resting or static tremor occurs when the muscle is at rest, for example when
the hands are lying on the lap. This type of tremor is often seen in patients with
Parkinson’s disease. Postural tremor occurs when a patient attempts to maintain
posture, such as holding the hands outstretched. Postural tremors include physio-
logical tremor, essential tremor, tremor with basal ganglia disease (also seen in pa-
tients with Parkinson’s disease), cerebellar postural tremor, tremor with peripheral
neuropathy, post-traumatic tremor, and alcoholic tremor. Kinetic tremor occurs dur-
ing purposeful movement, for example during finger-to-nose testing. Task-specific
tremor appears when performing goal-oriented tasks such as handwriting, speak-
ing, or standing. This group consists of primary writing tremor, vocal tremor, and
orthostatic tremor.

Tremor is a disorder that is not life-threatening, but it can be responsible for
functional disability and social embarrassment. More than 65% of the population
with upper limb tremor present serious difficulties performing daily living activities,
[46]. In many cases, tremor intensities are very large, causing total disability to the
affected person.

The effect of tremor on the patient depends on the clinical manifestation. In gen-
eral it can be said that the more goal-directed movements are distorted by tremor,
the more severe the difficulty in performing daily activities. On the other hand, rest
tremor is seen by the patients as a cause for social exclusion.

2.2 Tremor Manifestations

There are many types of tremor and several ways in which tremor is classified. The
most common classification is by behavioural context or position, [37]. There are
five categories of tremor within this classification: resting, postural, kinetic, task-
specific, and hysterical. Resting or static tremor occurs when the muscle is at rest,
for example when the hands are lying on the lap. This type of tremor is often seen
in patients with Parkinson’s disease. Postural tremor occurs when a patient attempts
to maintain posture, such as holding the hands outstretched. Postural tremors in-
clude physiological tremor, essential tremor, tremor with basal ganglia disease (also
seen in patients with Parkinson’s disease), cerebellar postural tremor, tremor with
peripheral neuropathy, post-traumatic tremor, and alcoholic tremor. Kinetic or in-
tention (action) tremor occurs during purposeful movement, for example during
finger-to-nose testing. Task-specific tremor appears when performing goal-oriented
tasks such as handwriting, speaking, or standing. This group consists of primary
writing tremor, vocal tremor, and orthostatic tremor. Hysterical tremor (also called
psychogenic tremor) occurs in both older and younger patients. The key feature of
this tremor is that it dramatically lessens or disappears when the patient is distracted.

The aetiology of tremor is diverse and different activation circumstances can be
present, [33]. Table 2.1 summarises this situation.
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2.3 Tremor Patterns

As described above, tremor denotes an involuntary oscillation of limbs of the body.
A number of works tried to model tremor but so far no tremor is understood
completely, [44, 64, 108]. Human physiological tremor is surrounded by a long
history of controversy and general interest, [33]. Most of the interest is based on the
beliefs that tremor offers some clue to the mechanisms of neuromuscular control in
man and the clarification of physiological tremor will help to elucidate the origins
of many pathological action tremors.

Pioneered in the work of Lippold, [76], various experiments were performed to
clarify the effect of reflex mechanisms on physiological tremor. According to Lip-
pold the reflex mechanisms which stabilise a limb during maintained posture may
also be responsible for physiological tremor. This possibility arises from the fact
that there are substantial delays in the feedback from muscle so that at certain fre-
quencies (8-12Hz) the feedback is sufficiently delayed so that it adds to the next
phase of the movement, rather than resisting the phase that produced it.

Based on the Lippold work, Stein and Oguztreli, [125] introduced a determinis-
tic model concerning the properties of muscles and the sensory feedback pathways
from muscles in order to evaluate the tremor sources. Stein used a stochastic feed-
back system which applies a signoidal nonlinearity describing the activation func-
tion of the motoneurons. According to Stein, damped oscillations can arise in the
absence of sensory feedback due to interaction of a muscle with inertial loads. Stein
is one of the researchers that performed an experiment to clarify the effect of reflex
mechanisms on physiological tremor.

Other studies address the problem of determining the excitation sources of nor-
mal tremor. In particular, Stiles focuses on determining to what extent mechanical
and neural factors are involved in the excitation of physiological tremor, [126]. In
1998, Timmer used cross-spectral analysis to study the role of reflexes in physiolog-
ical tremor, [129]. Cross-spectral analysis has the advantage of not perturbing the
system, i.e. the stimulus for the reflexes is the tremor itself.

Timmer is one of the researchers that pay more attention to modelling tremor.
Initially, the standard methods of stochastic and deterministic time series analysis
were used to analyse data of various physiological and pathological forms of tremor.
Timmer et al. had shown that the physiological tremor can be described as a linear
stochastic process whereas pathological forms of tremor represent non-linear pro-
cesses, [128] . He used a stochastic feedback system which applies a sigmoidal
nonlinearity describing the activation function of the motoneurons that was intro-
duced by Stein. In this work Timmer gives evidence for the contribution of the
reflexes to the tremor. However, there is no evidence in the data that reflex loops
primarily cause the tremor. Reflex loops alter the frequency, relaxation time, and
amplitude of existing oscillation to some degree. Therefore, Timmer supports that
the primary cause of physiological tremor is the resonant behaviour of the hand and
a synchronised EMG activity that is either generated centrally or due to the recruit-
ment strategy of motoneurons. Other researchers tried to model the behaviour of a
limb affected by tremor. In 1973, Randall suggested linear stochastic autoregressive



2.3 Tremor Patterns 25

processes to model the tremor data, [103]. Randall used digitised samples of hand
acceleration in order to construct a stochastic time series model for hand tremor.
This study showed that of the part of tremor variance which can be explained by the
difference equation, the major portion was explained by a second-order difference
equation having a natural frequency of about 10 Hz (ωn) and a damping ratio of
about 0,10 (ξ ). The unexplained part was essentially white noise and would be the
random noise driving the frequency-selective part, as illustrated by the following
second-order difference equation:

y′′(t)+ 2ξ ωny′(t)+ ωny(t) = 0 (2.1)

The different manifestations of normal or physiological tremor have been exten-
sively analysed during the past decades. In particular, Elble, [33], carefully exam-
ined the relation between hand tremor and the 8-12 Hz component of finger tremor,
that is the range of frequency that received the most attention, largely because of the
work of Lippold, [76]. Previous work, [128], showed that physiological tremor can
be regarded as a linear stochastic process consistent with the interpretation of a me-
chanical system of the hand as a damped linear oscillator driven by a uncorrelated
firing of motoneurons. These results suggest that features, especially of nonlinear
dynamics, may lead to a good classification of the different kinds of tremor.

Pathological tremor exhibits a nonlinear oscillation that is not strictly periodic.
Timmer et al, [130], investigated whether the deviation from periodicity is due to
nonlinear deterministic chaotic dynamics or due to nonlinear stochastic dynamics.
To do so, Timmer applied various methods from linear and nonlinear time series
analysis to tremor time series. The results of the different methods suggest that
the considered types of pathological tremors represent nonlinear stochastic second
order processes. Finally, Timmer investigated whether two earlier proposed features
capturing nonlinear effects in the time series allow for discrimination between two
pathological forms of tremor for a much larger sample of time series than previously
investigated.

According to Timmer, tremor time series span a large range of different be-
haviours. The physiological tremor of healthy subjects represents a linear second
order stochastic process driven by white noise originating from uncorrelated firing
of motoneurons, [129]. The enhanced physiological tremor can either be described
by a stochastic linear second order process driven by colored noise or non-linear
stochastic delay differential equation depending on the degree of the contribution
of a central pacemaker or of reflexes, [130]. Timmer also support that pathological
tremor like essential, Parkinson, and Kinetic tremor exhibit a non-linear oscillation.
The oscillation is not strictly periodic. Timmer is researching the possible reasons
for the deviation from a strictly periodic, limit cycle type of dynamics. According
to Timmer, the oscillation of the pathological tremors is best described by a non-
linear stochastic second order process. This affirmation contradict the suggestion
of Gresty et al., [48], that the variability observed in the considered pathological
tremors should be interpreted as caused by frequency and/or amplitude modulated
harmonic oscillators.
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The different manifestations of normal or physiologic tremor have been exten-
sively analysed during the past decades. As described below, there is sufficient
evidence that supports the fact that oscillating limbs behave as second order
biomechanical systems relating input muscle torque to output limb position. Adel-
stein in his thesis gives evidence of this second order behaviour, [1]:

• The frequency of the oscillating peaks in subjects with normal physiologic tremor
is inversely related to the square root of the lumped sum of the inertia of the body
part and the externally added mass.

• The effect of varying the limb stiffness (of the forearm) results in a frequency
change directly related to the equivalent stiffness.

From the point of view of the applicability of tremor-suppression exoskeletons, this
book is mainly interested in Essential, Parkinsonian and kinetic tremor. Following
the characteristic patterns of these forms of tremor are reviewed.

2.3.1 Essential Tremor

This is the most common form of pathological tremor. Moreover, it is the pathology
with more incidence among all the movement disorders, [7]. More than five million
of americans citizens, the majority older than 60 years, are affected by Essential
tremor. Essential tremor may begin in childhood but it is usually seen later in life
and persists through adulthood. The mean age at onset is between 35 and 45 years
and it is slowly progressive, tremor frequency declines and amplitude increases.
When severe it can be disabling and result in difficulty in writing and in handling
tools or eating utensils. Up to 25% of the patients with this condition retire or change
jobs as a result of tremor.

Essential tremor (ET) is defined by a bilateral postural tremor involving the upper
limbs, [70]. Essential tremor is typically symmetric affecting both upper limbs in
particular the hands and forearms, [7]. Koller states that it appears most frequently
in the hands, being abduction-adduction of fingers and flexion-extension of wrist
typically affected, [70]. In some cases it also affects pronation-supination of the
forearm.

A kinetic tremor, increasing in amplitude when the limb approaches a target, is
often observed, and a head tremor may be associated. ET is postural and kinetic and
a rest component is rarely found and always in the most advanced cases. It is always
accompanied by a rhythmic entrainment of the motor units discharge that forces the
affected body into oscillation. This results in rhythmic bursts in the EMG of the in-
volved muscles. Mechanical loading has little effect on the frequency characteristics
of Essential tremor, typically <1 Hz, [35]. The frequency band of Essential tremor
differs according to the reporting author, while Jain, [64], gives relatively narrow
frequency band of 5 to 8 Hz, Elble gives 3 to 11 Hz, [35].

ET, a heterogeneous disorder, is the most common movement disorder in adults,
with an estimated prevalence of 4% (2-3). Possible non-motor manifestations of ET,
such as mood fluctuations or personality disorders, require further work prior stating
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that they could share similar mechanisms with motor symptoms, [77]. Symptoms
typically are progressive and disabling. The link between ET and Parkinsons disease
is often a matter of debate, [78].

The mechanism of ET remains to be elucidated, [37]. According to animal mod-
els of ET, an abnormal olivo-cerebellar activity would result in enhanced oscillatory
activity in the cerebellum and its target nuclei in the thalamic circuits. However,
recordings of neurons in human are not consistent with the theory of continuous
olivo-cerebellar driving of the motor cortex via thalamic connections. ET might be
induced by networks enabling tremor-related activity during voluntary movement
and by enhanced access of sensory feedback. To the light of the role of the cerebel-
lum in sensorimotor processing, a pathological coupling between sensory inputs and
motor output may be considered, [83]. There is evidence from behavioural studies
and imaging techniques that the cerebellar circuit is a plausible site for the gene-
sis of ET. The clinical similarities between symptoms of ET and the symptoms in
classical cerebellar disorders is obvious, [70].

For a given patient the Essential tremor frequency decreases at a rate of 0.06 to
0.08 Hz yearly, however, Elble found that tremor frequency is a function of age but
not of duration illness. The age, a, and frequency, f , of unit motor entrainment in
the forearms of these patients show the following linear relationship:

f = −0.077a + 11.4 (2.2)

Following with the characterisation of the essential tremor, Elble found a logarith-
mic relationship between tremor amplitude, A, frequency, f , and the amplitude of
the EMG, v:

log(A) = αlog( f )+ β log(v) (2.3)

Little figures were found in the literature about Essential tremor amplitude. Just
Elble reports that the mean value of the tremor acceleration amplitude was 2 m

s2 . This
figure was obtained with the forearm pronated and supported in such a way that only
motion about the wrist was allowed.

In our literature review we have only found estimations on the power for Essential
tremor due to Kotovsky, [71]. They assume the tremor to follow a sinusoidal pattern
with a frequency of 3 Hz and tremor amplitude of 30o (severe tremor). They adopt
a worst case assumption to establish an upper bound on the power that should be
dissipated by an active orthosis. They assume that: (1) the muscle torque exciting
the tremor is not reduced with the addition of the orthosis, (2) all the muscle torque
in the presence of the orthosis must be dissipated by the orthosis itself (none is
applied to the elastic and innertial elemnets). Under these conditions the power to
be dissipated results in 1.7 W.

2.3.2 Parkinsonian tremor

Parkinson disease is a chronic, slowly progressive degenerative disorder of the
central nervous system that was first described by James Parkinson in 1817 as
“paralysis agitans. It is characterized by the presence of a resting tremor, rigidity,
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akinesia, and postural instability. The principal pathology of Parkinsons disease is
loss of dopaminergic cells in the substantia nigra pars compacta, and this abnormal-
ity is responsible for most, if not all, of the motor abnormalities, including tremor.
However, the source of oscillation in parkinsonian tremor is still uncertain.

As reported by Koller, [70], men and women appear to be affected equally.
Parkinson disease ranks behind cerebrovascular diseases and arthritis as the third
most common chronic disease of the late adulthood, [35]. The incidence increase
with age, with the peak onset between the sixth and eight decades. Familial oc-
currences are seen, but the lack of concordance in twins indicates the absence of
a strong genetic factor, [64]. It affects 1% of the population over the age of 50 in
US with an estimated incidence of 40,000 new cases per year, [35]. Other authors
report slightly lower prevalence figures. In particular Deuschl, [30], gives an overall
prevalence of 110 cases per 100,000.

Parkinsonian tremor is a rest tremor affecting flexion-extension of the thumb
against the index finger, flexion-extension of the wrist and pronation-supination of
the forearm. The voluntary muscle contraction typically suppresses Parkinsonian
rest tremor, but it is generally followed by a mild to moderate action tremor. Jain,
[64], in his research, discovered that in Parkinson disease, all aspects of movement
are affected, including initiation, execution, and the ability to halt a movement once
it has begun. In the majority of patients, Parkinson disease develops insidiously and
progresses slowly. There are often long periods during which the progression is so
slow that it appears to be in a partial remission.

As reported by Elble, in many patients the rest tremor persists during posture and
movement, typically with lower amplitude, but with no change in frequency or EMG
characteristics. In other patients the action tremor has slightly higher frequency,
[35]. The frequency band of this tremor ranges from 3 to 6 Hz, as reported by Jain,
[64]. Cooper supports that Parkinson tremor is commonly associated with a 4-6 Hz
rest tremor that is often asymmetric, [24]. It is originally distal and extends to more
proximal body parts as Parkinson progresses.

2.3.3 Cerebellar tremor

The most common type of cerebellar tremor is kinetic, or goal directed. Gordon
Holmes used the term intention tremor to describe the tremors that are observed
in patients with cerebellar lesions, [60]. According to Jain, a kinetic tremor is seen
in cerebellar dysfunction as an oscillatory ataxia of proximal muscles, [64]. It is a
jerky, arrhythmic interruption of the normal progression of voluntary motion and
becomes more pronounced as greater precision is demanded. Once the target is
reached, the tremor ceases. The frequency of the tremor varies from 3 to 5 Hz.
Hallet in his work remarked that multiple sclerosis is the most common cause of the
cerebellar postural tremor, [49]. Other causes of this tremor include tumors, strokes,
and brain traumas, as well as neural degeneration in the cerebellum.

During examination, a cerebellar tremor increases in severity as the extremity
approaches its target. Other signs of cerebellar pathology, such as abnormalities of
gait, speech and ocular movements, and the ability to perform rapidly alternating
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movements, may be present and may help to confirm the diagnosis of cerebellar
tremor. Many medications have been tried with little or no benefit in the treatment
of cerebellar tremor. This is not surprising, given the pathophysiological complexity
of the oscillating transcortical and transcerebellar pathways, [35, 37]. The added
inertia of wrist weights attenuates cerebellar tremor and is useful in some patients,
[71]. In general a lack of figures on prevalence of tremor following cerebellar trauma
is observed in the literature.

The most common form of cerebellar tremor is an intention tremor of frequency
lower than 5 Hz. The tremor is typically bilateral and symmetric when caused by
a degenerative or toxic disorder, [24]. The most thorough study on the pattern of
intention tremor is due to Adelstein, [1]. It was conducted on a group of patients ex-
hibiting intention tremor of diverse etiological origins. It was conducted under two
conditions, namely free wrist rotation and complete isometric restrain. The tremor
characteristics as reported by Adelstein are as follows:

• The frequency band ranges from 2 to 4 Hz.
• The frequency band is independent of external loading both under additional

viscous damping and isometric constrain
• The EMG shows synchronous bursts in flexors, extensors or both simultaneously.
• Under isometric constrain tremor activity is found in the measured torque.
• All the measured signals (EMG, acceleration and torque) are stationary.
• The comparison of torque densities associated to the isometric tremor spectral

peaks and estimated from free oscillation trials indicated that the torque driv-
ing the oscillating tremor is independent of the magnitude of externally applied
loads.

Other works, see Manyam [82], show that the kinetic cerebellar tremor is charac-
terised by oscillation of variable amplitude and perpendicular to the direction of
movement. Proximal muscles are most commonly affected, and the tremor ampli-
tude can reach up to 30 degrees. According to Manyam the frequency of cerebellar
kinetic is commonly described as being 3-5 Hz, but studies have shown that the fre-
quency of cerebellar is inversely proportional to limb inertia, resulting in frequency
being dependent on the part of the affect limb. In the upper extremities, kinetic
tremor has a frequency of 3-8 Hz, and in the lower extremities is usually 3 Hz. The
truncal tremor usually has a frequency of 2-4 Hz.

2.4 Tremor Characterization at Joint Level

A number of papers discuss the quantification of tremor. Quantification of tremor
is of clinical interest as an aid to diagnosis and to evaluate objectively the effect
of treatment. Hand writing and drawing patterns are often used to examine tremor.
Recording such patterns using a digitising tablet has been introduced as one way
to provide precise quantification. Most of these studies are focused on assessing
tremor at distar part of the arm, since tremor is more disabling and visible at this
level. There is an absense of studies in the literature centred in the analyis of tremor
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behaviour in each joint of the upper limb. The analysis of tremor at joint level is
crucial for the design of robotic solutions for tremor suppression, for instance the
selection of appropiate actuator technology to be used by a power exoskeleton. This
section will be focused on studying tremor behaviour at joint level.

Clinical classification of tremor is based on the body parts involved, position of
maximum activation, morphology, and frequency. From the point of view of tremor
quantification, the two most important factors are the frequency and the amplitude.
Frequency of tremor has been often given much importance and is used in classifi-
cation, [35]. Amplitude of tremor is easily quantifiable and is classified as middle,
moderate, and severe on various rating scales. It is important to show up that the am-
plitude of tremor in patients with the same disease may vary and can be increased
by physical and emotional stress.

Gao used dynamical systems theory in order to discriminate between essential
and Parkinsonian tremors and has shown that pathological tremors can be charac-
terised as diffusional processes, [44]. He concluded that the quantities that might
be able to discriminate among different pathological tremors should be purely of
dynamical origin, since quantities that are purely of dynamical origin characterise
more the similarities than the differences among different pathological tremors, as
summarized in his studies. Gao used a non-dynamical quantity L

T , which is the ratio
between the embedding delay time and the mean oscillation period, and concluded
that it is a much more promising figure of merit in discriminating between essential
and Parkinsonian tremors. On the other hand, Timmer showed that these kinds of
tremor can be characterised as different non-linear processes.

According to Elble, tremor is well suited to spectral analysis, the most popular
method of tremor quantification, because of its oscillatory characteristic, [33]. The
idea is to calculate a power spectral density function indicating the signal power
at different frequencies across the spectrum. The dominant frequency of tremor
is evident in the form of a peak in the power spectral density, while the average
tremor amplitude can be determined from the area under the peak. Riviere used a
computational method, the weighted frequency Fourier linear combiner (WFLC),
for quantification of tremor, [107]. This technique rapidly determines the frequency
and amplitude of tremor by adjusting its filter weights according to a gradient search
method. It provides continual tracking of frequency and amplitude modulations over
the course of a test.

Others researches, i.e. Beuter and Edwards, [31, 32], focused their studies on the
use of time and frequency domain characteristics to discriminate among the various
types of tremor. Their studies showed that time domain and frequency domain char-
acteristics can enhance the diagnostic power of tremor and could eventually be used
by clinicians and epidemiologists to detect subclinical changes in tremor.

The detection and quantification of tremor are of clinical interest for diagnosis of
neurological disorders and objective evaluation of their treatment, [108, 128, 129].
Methods based on the Fourier transform (FT) are commonly employed for this
purpose, specially because of the similarity between the tremor to a sine wave,
[34]. Some inherent drawbacks of techniques based on the FT are pointed out in
[3, 4]. First, the signal is linearly decomposed as combination of sines and cosines.
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Secondly, the compromise between time and frequency resolution of methods based
on the FT may not highlight the presence of local oscillations in the signal which
can have important physical meaning.

Recently, a novel technique for analysis of nonlinear and nonstationary time-
series, was successfully applied to investigations of seismological and biological
signals. This technique was first introduced in [61], and it is formed by two comple-
mentary tools, which are called Empirical Mode Decomposition (EMD) and Hilbert
spectrum (HS). The EMD decomposes any arbitrary time-series into a set of com-
ponents designated as intrinsic mode functions (IMFs). The main aim of the EMD
is to iteratively identify distinct time-scales (or frequency bandwidths) from the data
themselves that may have a physical meaning, e.g. IMFs may be related to biologi-
cal phenomena. The existence of such a meaning is not guaranteed and an important
issue in any practical investigation applying this technique is to define or identify it.

Once IMFs are extracted from the signal it is possible to analyze how their energy
evolves as a function of time and frequency on the Hilbert spectrum (HS). In contrast
to the spectrogram (based on the FT) the HS is a windowing independent time-
frequency representation that may provide enough resolution in the signal analysis
for detection of events often obscured in a conventional analysis. Examples showing
the gain in resolution provided by the HS when compared to the spectrogram and
scalogram (wavelets) are given in [61].

This section introduces the application of the EMD and HS as an alternative tool
to the study of tremor. First we show that in this context, IMFs have a physical
meaning, that is, single IMFs may represent either voluntary or involuntary move-
ment activity of patients. The identification of such a physical meaning for IMFs
is relevant because it shows that the method can automatically detect tremor. Note
that the automatic detection of tremor is an important stage in systems that aim to
control limb oscillations, and also in biofeedback studies. Secondly, it was shown
that other physiological events that normally accompany the tremor, e.g. spasms,
may also be identified in some IMFs.

In a further analysis, Hilbert spectrum was used to visualize how the energy of
IMFs vary as a function of time and frequency. This study showed that the energy of
voluntary and involuntary movement activity could be well distinguished on the HS.
This result may be useful for investigations that aim to classify distinct neurological
disorders, as the precise characterization of the energy of abnormal oscillations in
limbs is a crucial stage in these studies. Results are based on an extensive analysis
of signals collected from 31 subjects suffering from distinct neurological disorders
and executing different types of movements or tasks.

2.4.1 Measuring Tremor: The Experimental Protocol

In order to assess tremor characteristics we studied its behavior in 31 patients
suffering from different pathologies (Table 2.2). The average age of patients was
52.3 years old (ranging from 23 to 84 years old). All patients provided their written
consent for the experiments.
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Table 2.2 Description of the type of disorders and tremors investigated. The way that patients
expressed the tremor is also included, for instance, patients with essential disorder expressed
the tremor during voluntary muscle contraction (VMC).

Disorder Type of tremor Number of patients Expression

Essential Postural and Kinetic 21 VMC
Cerebellar Kinetic 4 VMC
Parkinson Parkinsonian 3 at rest

Others Postural, kinetic and Rest 3 VMC

The diagnosis of the condition of patients was given by the neurological staff of
the General Hospital of Valencia (GHV, Spain) and the functional state of patients
was evaluated by means of the Faher scale, [39]. Ethical approval for this research
has been granted by the Ethical Committee of the GHV.

2.4.1.1 Sensors

There is a continuous need to develop miniaturized systems with low energy con-
sumption for biomechanical analysis that can extract a wide range of parameters
from human motion. Kinematic data obtained by biomechanical studies have been
increasingly used and required in active prosthetics/orthotics control systems, [111].

The tremor was detected by a customized sensor, [91, 115], which is based on the
combination of two independent gyroscopes placed distally and proximally to the
joint of interest. The joint angular speed is obtained by subtraction of the angular
speed measured by one gyroscope from the angular speed measured by the other
one. The weight of the system is roughly 15 g, [111], which is a low-mass system
when compared to other sensors used in the field, for instance, [36] employed a 15
g triaxial piezoresistive accelerometer secured to a 57 g plastic splint in his exper-
iments. The use of a low-mass sensor is important to reduce the effect of low-pass
filtering on the detected signal. Further discussion about this issue is presented in
[36, 111].

This system could measure the upper limb joint angle, velocity and acceleration
without any external reference. Unlike accelerometers, the measurement of angu-
lar velocity is not influenced by gravity and they are in general accurate both in
frequency and amplitude.

The main advantages of this system is that it is light, cheap and does not cause
any discomfort to subjects thus providing a powerful tool to monitor biomechanical
variables during physiological tremor movements.

2.4.1.2 Gyroscope Placement

Since gyroscope provides absolute angular velocity in its active axis, the combina-
tion of two independent gyroscopes was used. They were placed distally and proxi-
mally to the joint of interest. Gyroscopes could be placed anywhere along the same



2.4 Tremor Characterization at Joint Level 33

plane on the same segment providing almost identical signals. The gyroscopes could
therefore be attached to a convenient position in order to avoid areas of skin and
muscle movement, [91]. Figure 2.1 illustrates the placement of the gyroscopes.

x1
x2

z2

y1 y2

z3

y3

y4

Gyroscope 1
Gyroscope 2

Gyroscope 3

Gyroscope 4

Gyroscope 1: Placed over the third metacarpal
Gyroscope 2: Placed over the edge of the forearm
Gyroscope 3: Placed bellow the olecranon process
Gyroscope 4: Placed over the olecranon process

Fig. 2.1 Strategy for positioning of sensors on the upper limb of patients. The weight of the
system is roughly 15g and do not influence the tremorous movement of the patient.

With gyroscopes positioned as indicated in Figure 2.1 the following movements
of the upper limb were measured:

• Elbow flex-extension
• Forearm pron-supination
• Wrist flex-extension
• Wrist deviation

These articulations were selected because they are considered the most important
articulations in the kinematic chain of the upper limb, [115].

2.4.1.3 Tasks

Six different tasks were employed for excitation of tremor. They are defined as
follows:

1. Rest: the patient was asked to keep the arms in a rest position with the hands
resting on the thighs (elbow flexed at 90o and the shoulder at 0o and hands in
pronation).

2. Reaching for an object: patients had to point at a target (at the shoulder height)
located in front of them. They were asked to perform the movement slowly. The
distance between the shoulder and the tip of the middle finger was 85% of upper
limb length.
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3. Drawing a spiral: the patient was asked to follow with the index finger a spiral
drawn in a sheet of paper fixed in front of them.

4. Arm outstretched: the patient was asked to maintain the upper limbs outstretched
in front of them, hands in supination, against the gravity, for 30 seconds.

5. Touching nose: the patient was asked to touch the nose with the index finger,
starting from a rest position (hand on the thigh). They had to keep the finger on
the nose during 10 seconds.

6. Moving a cup: the patient was asked to take a rigid cup with one hand and move
it to the left and to the right. They were sitting near to a white table. The target
locations were identified by black tape fixed on the table. The tape was fixed
along a line passing through positions defined as DEL and DER. The patient was
first asked to maintain the elbow flexed at 90o and the shoulder at 0o, close to
the trunk in the frontal plane. Hands were in pronation on the table with fingers
extended. The targets were located at 10 cm on the left and on the right from the
extremity of the third finger (DE left and DE right). Areas of the position of the
cup were pre-drawn with a red marker.

In all tasks the patient was sitting on a chair. This set of tasks aims to activate all
different types of tremor. Figure 2.2 illustrates a patient performing the six tasks
presented above.

Fig. 2.2 Tasks of the measurement session: a) Rest, b) Reaching for an object, c) Drawing
spiral, d) Arm outstretched, e) Touching nose, f) Moving a cup.
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2.4.2 Studying Tremor: The Hilbert Spectrum

The generation of the Hilbert Spectrum (HS) is performed into two steps. First, the
Empirical Mode Decomposition (EMD) decomposes the input time-series into a
set of functions designated as Intrinsic Mode Function (IMFs), and secondly those
functions are used for generation of a 3-D plot called the Hilbert Spectrum. The
following sections provide a description of the constituent steps of the HA.

2.4.2.1 The Empirical Mode Decomposition

The main aim of the EMD is to decompose a time-series into a set of components
or functions, known as IMFs. This class of function was defined in [61]. To be
considered an IMF a time-series has to satisfy two conditions: first, in the whole
data set, the number of extrema and the number of zero crossings must be either
equal or differ at most by one, and secondly, at any point, the mean value of the
envelope defined by the local maxima and the envelope defined by the local minima
is zero.

Note that the decomposition of a time-series into IMFs consists in the identifica-
tion of the basic units (IMFs) in that time-series. A practical procedure, known as
sifting process, is employed for this purpose, [61]. It involves the following steps,
leading to a decomposition of the signal S(t) into its constituent IMFs:

a) x (an auxiliary variable) is set to the signal to be analyzed and a variable
k, which is the number of estimated IMFs, is set to zero.

b) Splines are fitted to the upper extrema and the lower extrema. This will
define the lower (LE) and upper envelopes (UE).

c) The average envelope, m, is calculated as the arithmetic mean between
UE and LE .

d) A candidate IMF, h, is estimated as the difference between x and m.
e) If h does not fulfill the criteria defining an IMF, it is assigned to the vari-

able x and the steps b) to d) are repeated. Otherwise, if h is an IMF then the
procedure moves to step f ).

f) If h is an IMF it is saved as ck, where k is the kth component.
g) The mean squared error, mse, between two consecutive IMFs ck−1 and ck,

is calculated, and this value is compared to a stopping condition (usually a very
small value, i.e. 10−5).

h) If the stopping condition is not reached, the partial residue, rk, is estimated
as the difference between a previous partial residue rk−1 and ck, and its content
is assigned to the dummy variable x and the steps of b) to d) are repeated.

i) If the stopping condition is reached then the sifting process is finalized
and the final residue r f inal can be estimated as the difference between S(t) and
the sum of all IMFs.

Note that the criterion used to state whether h is an IMF or not is to verify if h
satisfies the two conditions that define an IMF.
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An important feature of the sifting process is that it, adaptively and based solely
on the data, is able to find appropriate time-scales that may reveal important infor-
mation embedded in the original signal. In fact, single IMFs may have a physical
meaning, and an important issue in any practical application is to determine the
existence of this meaning.

2.4.2.2 Hibert Spectrum Generation

Once IMFs are obtained as result of the sifting process, it is possible to generate the
Hilbert Spectrum, or a 3-D plot (time-frequency-energy) that represents the varia-
tion of frequency and energy of IMFs over time. The notion of frequency and energy
for each IMF is obtained by employing the concept of analytic signals.

An analytic signal is a complex signal with one-sided spectrum that preserves all
information contained in the original signal, [86]. Note that the representation of a
real signal as an analytical signal eliminates redundancy, since the negative half of
the signal frequency spectrum containing redundant information with respect to the
positive half is eliminated. A very simple way of estimating an analytical signal is
by employing the Hilbert Transform, [86]. The real part of an analytical signal is the
original input time-series, whereas its complex component is the Hilbert Transform
of that signal.

Given an analytic signal, Z(t), defined as Z(t) = X(t)+ iY (t) = a(t)e jθ(t), where
X(t) is the input time-series and Y (t) the Hilbert Transform of X(t), the following
instantaneous attributes of Z(t) can be defined:

a(t) = [X(t)2 +Y(t)2]1/2 (2.4)

θ (t) = arctan

(
Y (t)
X(t)

)
(2.5)

ω(t) =
dθ (t)

dt
(2.6)

where a(t) is the instantaneous amplitude, θ (t) is the instantaneous phase and ω(t)
is the instantaneous frequency.

With the definition of instantaneous attributes above the Hilbert Spectrum,
H(ω ,t), is generated as follows:

1. Estimate intrinsic mode functions from the input signal.
2. Estimate the instantaneous attributes of each IMF.
3. Generate a 3-D plot, H(ω ,t), in which the amplitude is contoured in the time-

frequency plane.

In contrast to other time-frequency methods, the HS does not define an explicit equa-
tion that maps a 1-D time-series into a 3-D representation that provides information
about time, frequency and energy (amplitude).

From the HS it is also possible to estimate the Marginal Hilbert Spectrum (MHS),
h(ω), which is defined in Equation 2.7. In practice h(ω) is analogous to the Fourier
power spectrum.
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h(ω) =
∫ T

0
H(ω , t)dt (2.7)

2.4.2.3 Data Analysis

Figure 2.3 depicts the sequence of steps for data analysis. The resulting movement
profile (or the collected signal x) was sampled at 400 Hz and filtered using a 5th
order low-pass FIR filter with cut off frequency set to 20 Hz. This is relevant for
attenuation of the influence of any high-frequency noise on the digitized signal y.

In a further step, y was manually decomposed into tremor and voluntary activity,
by means of a digital pass-band Butterworth filter. Note that the word manually (or
manual) refers to the ad hoc setting of the the cutoff frequencies of the digital filter
in contrast to an automatic setting provided by adaptive methods like the EMD.

For estimation of the voluntary movement, VMre f , the cutoff frequencies of this
filter was set to 0 - 2 Hz. The cutoff frequencies employed for detection of the
tremor, Tre f , were 2 - 20 Hz. Previous investigation of this data set showed that the
tremor activity was limited between 3 Hz and 8 Hz, [108], and that voluntary move-
ments were always below 2 Hz for the tasks described above. It is well established
in the literature of tremor that the voluntary movement and tremor movement used
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Fig. 2.3 Block diagram showing the sequence of analyses performed in this study. First the
detected signal x was filtered and digitized in order to yield the time-series y. In a further step
this signal was decomposed into tremor (Tre f ) and voluntary movement (VMre f ). This was
manually performed by means of two distinct digital filters. The same signal y was also auto-
matically decomposed via EMD, and the automatically estimated tremor Temd was compared
to Tre f . The components provided by the EMD, or im f s, were employed for a further analysis
of the signal y in the frequency domain.
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to be separated in frequency. Tremor (2-12 Hz) tends to be at higher frequencies
than voluntary (0-2 Hz) movements, [33, 107]. Note that those digital filters do not
introduce phase lag in the filtered signal.

The time-series y was also automatically decomposed via EMD. This decompo-
sition yielded intrinsic mode functions from which it was possible to identify the
tremor Temd and voluntary movement VMemd . A comparison between Temd and Tre f

was performed and resulted in the generation of the estimated square error signal
ê =

√
(Tre f − Temd)2. This signal measured the discrepancy between automatic and

manual estimates. A small value for ê indicates a strong relation between an intrin-
sic mode function (Temd) and a manual definition of tremor (Tre f ). Thus, in practice,
a small ê is a good evidence that Temd has a physical meaning related to tremor ac-
tivity. The identification of such a physical meaning is the main focus of this study.

An additional investigation showing how the activities of tremor and voluntary
movement were perceived in the frequency domain was also performed. For this
purpose, the HS and MHS were employed as indicated in Figure 2.3.

Figure 2.4 shows an example of a signal manually decomposed into its con-
stituents, i.e. the voluntary movement and tremor.
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Fig. 2.4 Example of manual decomposition of the movement profile (x) of an Essential
tremor patient performing the task of drawing a spiral. Digital filters are employed for
estimation of tremulous movement (Tre f ), oscillating around zero in the top, and voluntary
movement (VMre f ).
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Fig. 2.5 Decomposition of a movement profile (Signal) detected from an Essential tremor
patient provided by EMD. Four intrinsic mode function (IMF1, . . . , IMF4) were obtained.
IMF1 was identified as the tremulous movement.

2.4.2.4 Automatic Detection of Tremor

The signal presented in Figure 2.5 (top) was detected from a patient with Essential
tremor performing the draw spiral test. The signal components, or intrinsic mode
functions, obtained by means of the EMD are also shown in this figure. The first
component identified as IMF1 is the finest time-scale component, whereas the last
component (IMF4) is the largest time-scale component.

A comparative study between different IMFs and the tremor signal (obtained
manually) showed that the IMF1, which is the component that best represents the
high frequencies of the signal, was an accurate estimate of the tremor, i.e. this
component had a very strong physical meaning. This observation is illustrated in
Figure 2.6. The manual estimate of the tremor is in the top of the figure, its auto-
matic estimate, or IMF1, is in the middle, and the estimated error, ê, between those
two signals is shown in the bottom. Note that the error is very small.

The same analysis for the signal in Figure 2.5 was carried out for all available
data sets. It was also noted that the voluntary movement can be obtained by the
summation of all available IMFs but the first one, which represented the tremor (see
Figure 2.7).

This investigation showed that the first IMF was always a precise estimate of the
tremor. This accuracy was quantified by the mean square error signal, ē = mean(ê).
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Fig. 2.6 Comparison between IMF1 (from Figure 2.5) and the manual estimate of the tremor
(Tre f ). Note that the error signal is very small.

The average and standard deviation of distinct signal errors ē was estimated. The re-
sults show that a very small error, 0.09±0.19 degrees, was obtained for all patholo-
gies. Note that due to fact the majority of patients suffers from Essential tremor the
results are only statistically significant for the tremor activity related to this pathol-
ogy. Nevertheless, the results indicates that the method is able to estimate tremor
activity for all pathologies evaluated. Additional investigation should be pursued in
order to validate the performance of this technique in the estimation of tremorous
movements from others pathologies.

2.4.2.5 Visualization of Tremor on the Hilbert Spectrum

It has been shown that a particular intrinsic function is physically related to the
tremor. Besides the representation of embedded components in the signal those
functions may also be employed for a time-frequency analysis of time-series. This
is obtained via the Hilbert Spectrum.

In practice it was observed that the Hilbert Spectrum could describe the variation
of the energy and frequency of tremor and voluntary movement activities distinctly.
That is, the energy of tremor and voluntary movement was very well localized in
time and frequency. This is illustrated in Figures 2.8 and 2.9 for patients with differ-
ent disorders. The oscillations around 5 Hz are related to tremor activities whereas
the others are related to other components of the global movement.
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Fig. 2.7 Comparison between voluntary motion (top) and its estimate obtained via
summation of different IMFs (IMF2, IMF3, IMF4) (middle) shown in Figure 2.5. Note that
the difference between the manual and the automatic estimation of the voluntary movement
(Vre f − IMFs sum) is very small (bottom).

In these figures the Spectrogram was also included for comparison with the HS.
From their analysis it is possible to conclude that the Spectrogram allows for a
global description of the energy of the signal, whereas the HS provides information
about local changes of energy over time.

2.4.2.6 Analysis of the Power Based on the MHS

The integration of the HS over the time results in the MHS. The MHS describes how
the signal energy varies as function of the frequency. Figure 2.10 shows the MHS
for a patient with essential tremor performing the task of touching the nose. Note
that the distribution provided by the MHS is bimodal and that its first peak is related
to the voluntary movement, whereas the second is the energy of tremor activity.

2.4.2.7 Discussion

In this section, an analysis of the results of the above proposed methodology is re-
ported. We mainly focus on the application of Empirical Mode Decomposition as a
new tool for the study of tremor time series. EMD has been identified as a very useful
tool for an automatic decomposition of the signal into tremor and voluntary signal.
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Fig. 2.8 Hilbert Spectrum and Spectrogram of an Essential tremor patient performing the
task of keeping the arms outstretched. Note that the energy of the involuntary movement is
clearly separated from the energy of the voluntary movement on the HS. This separation is
not so evident on the Spectrogram. The high levels of energy activity on the HS could be
perceived when the patient is performing the task.

The results presented showed that the first IMF could accurately estimate the tremor.
This was observed in the whole data set, which had more than 2000 samples of sig-
nals with tremor activity, collected from 31 patients performing 6 different tasks.

Currently, there is no available technique that can accurately model the tremor,
[108, 129]. Most of methodologies are based on the assumption that the tremor is
stationary or is similar to sine wave. The fact that the tremor time series could be
described by an intrinsic mode function states that the tremor signal, for all patients
considered in this study, satisfies two conditions, [61]: 1) in the whole data set, the
number of extrema and the number of zero crossings must be either equal or differ
at most by one; 2) At any point, the mean value of the envelope defined by the local
maxima and the envelope defined by the local minima is zero. These observations
suggest that any investigation concerning the modelling of tremor should take into
account those properties.

The major discrepancies between the signal estimated by EMD (IMF1) and the
tremor manually decomposed (Tre f ) were found in the patients with no diagnosed
tremor. This may be explained by the fact that in those patients the movement profile
was also corrupted by other involuntary movements besides tremor, such as spasms.
Spasms are a non-tremorous type of involuntary movement aperiodic, erratic, un-
predictable at our current state of understanding, and can overlap in frequency with
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Fig. 2.9 Hilbert Spectrum and Spectrogram of a Parkinson tremor patient performing the task
of reaching for an object. The Spectrogram could not show local variation of energy. Note
that different from the HS presented in Figure 2.8 the energy of the tremor is concentrated
when the limbs are at rest, or within the first 10 s. This is a characteristic of Parkinsonian
patients.

voluntary motion. These movements can occur at higher frequencies overlapping
the tremor frequency. In addition, these involuntary movements present an unstable
and non-stationary behavior. This highlights the fact that in practice, any manual or
arbitrary decomposition based on pre-fixed band-pass filters, might result in a inac-
curate estimate of the tremor movement or any other relevant physiological event
(e.g. spasms), see Figure 2.5.

A more detailed analysis of the IMF components indicates that the second IMF
could estimate non-tremorous type of involuntary movements, such as spasms or
pathological myoclonus [108], see Figure 2.5 where the spasm movement present
at time t = 15 s is highlighted in the IMF2. The automatic identification of these
movements is very important in order to help their understanding, as to date there
is no technique able to identify these movements. Further investigation correlating
the signal provided by EMD estimation of spasmodic movements and EMG signals
from the muscles that execute these movements will be carried out in order to vali-
date this supposition.

Having obtained the intrinsic mode function components, the Hilbert transform
can be applied to each component and the instantaneous frequency can be computed,
according to equations (1), (2) and (3). The Hilbert Spectrum enables the representa-
tion of the amplitude and the instantaneous frequency of the input signal as function
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Fig. 2.10 Marginal Hilbert Spectrum estimated from the signal shown in Figure 2.8. This
energy is bimodal indicating the clear separation between voluntary and tremor in frequency
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Marginal Hilbert Spectrum (MHS), estimated from the signal in Figure 2.8 detected from an
Essential tremor patient performing the task of keeping the arms outstretched.
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of time in which the amplitude could be contoured on the time-frequency plane.
Since the tremorous movements is well described by the first IMF, this method is a
very useful tool for visualization of energy activity of tremor.

The description of the energy of the tremor on the HS is important because it
allows for a good visualization of how the frequency and energy of the tremor vary
over time. With this tool it is possible to clearly identify the onset and offset of
tremor activity, as well as its frequency and amplitude changes over the time, see
Figures 2.8 and 2.9. These techniques could be very useful to perform objective
measurements of any kind of tremor and can therefore be used to perform tremor
functional assessment.

Due to its oscillatory characteristic, tremor is well suited to spectral analysis such
as the Fourier Transform, which is the most popular method of tremor quantification,
[37, 108]. FFT-based spectral methods model the input signal as stationary periodic
signal. Yet tremor amplitude and frequency are time-varying, [33, 34, 107, 108],
and therefore it is desirable to develop quantitative methods which do not assume
stationarity. The Marginal Hilbert Spectrum offers a measure of the total amplitude
(or energy) contribution from each frequency value over the entire data span being
able to precisely detect the energy activities of tremor and voluntary movements.
In the Fourier representation, the existence of energy at a frequency, ω , means a
component of a sine or a cosine wave persisted through the time span of the data.
Here, the existence of energy at a frequency, ω , means only that, in the whole time
span of data, there is a greater likelihood for such wave to have appeared locally.
Figure 2.11 shows a comparison between the Fourier Spectrum and the marginal
Hilbert Spectrum. It is clear that the MHS give us a more precise spectrum, i.e.
without energy spreading.

2.4.3 Tremor Study Based on Empirical Mode Decomposition

Based on this technique, a study of the tremorous movement at different joints of the
upper limb was developed. The study was performed with the data collect from the
experiments introduced in the previous section and aim at understanding tremorous
behaviour. The main conclusions of this study are the following:

1. The amplitude of the tremorous movement is larger in distal joints than in proxi-
mal joints. For instance, tremor at elbow joints are smaller than at wrist joints.

2. The frequency of tremorous movements is comprised in the bandwidth between
3 and 8 Hz.

3. Tremor frequency at different joints of the upper limb has very similar values.
4. Tremor frequency is not related to the task performed by the patient.
5. The frequency of tremorous movement is constant during the execution of a task,

nevertheless it could change during repetitions of the same task.
6. Tremor activity is not always present during the experiments. Patients showed

tremor activity just during 40% of the time measured. This highlight the impor-
tance of detecting tremor onset for its suppression.

7. Sex and age does not influence tremor behaviour.
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The results of this analysis generate some very useful information about tremorous
movement. The main novelty of this study is that it is centered in tremor at joint
level while the majority of the studies presented in the literature are centered in the
study of tremor at finger tip. Furthermore, the technique introduced allows a clear
visualization of tremor activity along the time. The main drawback of this technique
is the impossibility to implement it in real-time. In order to address this issue, next
chapter describes the development of an algorithm able to distinguish in real-time
tremorous movement from voluntary movement.

2.4.4 Study of Tremor Characteristics Based on a Biomechanical
Model of the Upper Limb

This section introduces an estimation of tremor kinematic parameters, reproduc-
ing upper limb kinematics based on a biomechanical model. The method used for
analysis of tremorous movements is based on a combination of solid modelling
techniques with anthropometric models of the upper limb, from which a kinematic
and dynamic upper limb model can be developed. This model of upper limb mus-
culoskeletal systems can be used to estimate the force contribution of each mus-
cle component during motion, to experiment with modifications of musculoskeletal
topology and to devise complex motion coordination strategies. The input to the
model is the angular position, velocity and acceleration of each joint, measured by
gyroscopes placed on the upper limbs of patients suffering from tremor.

The input of this model was the data obtained from the patients introduced in
section 2.4.1.

2.4.4.1 Biomechanical Model of the Upper-Arm

A biomechanical model of the upper arm was built taking into account the Leva and
Zatsiorsky and Seluyanov tables, [75], in order to describe its kinematics and dynam-
ics. These tables are one of the most widely accepted means of performing dynamic
analysis in the field of biomechanics, in particular in sports and medical biomechan-
ics. Leva adjustments were made in order to accurately define the anthropometric
measurements required to obtain inertial parameters from Zatsiorsky tables.

A solid rigid model of the forearm was built with the information from the above
mentioned tables and parameterized following the Denavit-Hartenberg approach.
In addition, a library was created to permit dynamic analysis of the system. This
analysis was performed using the recursive algorithm, [42], so that the libraries
could be built on a modular basis.

2.4.4.2 Denavit–Hartenberg Parametrization

The model proposed considers the upper limb as a chain composed of three rigid
bodies – the arm, the forearm and the hand – articulated on the rigid base formed
by the trunk and linked by ideal rotational joints, [88]. This representation relies on
three assumptions: 1) the mechanical behaviour of the upper limb with respect to



2.4 Tremor Characterization at Joint Level 47

the trunk is independent of the rest of the human body; 2) each segment, including
bones and soft tissues, has similar rigid body motions; and 3) the deformation of the
soft tissues does not significantly affect the mechanical properties of a segment as a
whole.

The hand was considered as a rigid extension of the forearm on the assumption
that hand motion has a negligible effect on the broad motion dynamics of the up-
per limb. This made it necessary to determine a rigid body equivalent to the hand
and forearm assembly to be substituted in the rigid body dynamic analysis. As a re-
sult, four rigid segments were defined in order to be able to analyse all the recorded
degrees of freedom. Each segment is responsible for a degree of freedom: 1) el-
bow flexion-extension; 2) pronation-supination; 3) wrist flexion-extension; 4) wrist
deviation.

Two of these segments are virtual (no mass and no length). Each segment has
its own reference system (plus a coordinate frame for the all of them) attached.
Figure 2.12 shows the coordinate frames defined and the degree of freedom repre-
sented for each system.

Fig. 2.12 Solid model representation of the forearm.

The Denavit-Hartenberg parameters can be seen in table 2.3. For rotary elements,
the parameter θ determines the position of the joint. The table then indicates the
relationship between the parameter and the physiological measured angle repre-
sented by βi for each segment i. FL means forearm length and HL means hand length.

Table 2.3 DH parameters.

Segment d a θ α
1 - Elbow F/E 0 0 β1 +π/2 π/2
2 - Pronation FL 0 β2 π/2
3 - Wrist F/E 0 0 β3 +π/2 π/2
4 - Elbow Dev. 0 HL β4 π/2
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2.4.4.3 Biomechanical Parameters per Segment

Biomechanical parameters per segment were obtained from [75]. Segment 1 and
Segment 3 are virtual; they are only defined to cope with the degrees of freedom
of elbow flexion-extension and wrist flexion-extension respectively. However, when
these segments are moved, the masses of the “real” segments are moved. All the
inertial and mass parameters of a segment are defined below, using the following
symbols: BM, body mass, FL, forearm length, FM, forearm mass, HL, hand length,
HM , hand mass, CoGM , centre of gravity of each segment (obtained from Leva
tables), and MI inertia matrix.

M1 = 0

CoG1 = [0,0,0]

MI1 =

⎡
⎢⎢⎣

0 0 0

0 0 0

0 0 0

⎤
⎥⎥⎦

M2 = FM = 1.6 · BM

100

CoG2 = [0,FL(0.457 − 1),0]

MI2 =

⎡
⎢⎢⎣

0.08 0 0

0 0.09 0

0 0 0.15

⎤
⎥⎥⎦ ·FM ·F2

L (2.8)

M3 = 0

CoG3 = [0,0,0]

MI3 =

⎡
⎢⎢⎣

0 0 0

0 0 0

0 0 0

⎤
⎥⎥⎦

M4 = = MM = 0.6 · BM

100

CoG4 = [0,HL(0.79 − 1),0]

MI4 =

⎡
⎢⎢⎣

0.55 0 0

0 0.42 0

0 0 0.66

⎤
⎥⎥⎦ ·HM ·H2

L (2.9)
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The computational algorithm used is based on the Newton-Euler equations of
motion described in [42]. Thanks to their recursive implementation, these equa-
tions of motion are the most efficient set of computational equations for running on
a uniprocessor computer, so that implementation in real-time is possible.

2.4.4.4 Results

This analysis is intended to estimate the torque and power of the tremorous move-
ment in each joint of the upper limb based on the information provided by the gyro-
scopes.

Active orthoses are intended to counteract tremor by applying controlled forces.
Torque is an essential parameter in the choice of the actuator technology that will be
used by powered orthoses. Special care should be taken with this parameter since it
presents a dynamic behaviour. As can be seen in Figure 2.13, this parameter presents
a dynamic behavior. The actuator technology that will drive the orthosis must be able
to apply the same torque characteristics. Table 2.4 summarizes the mean value of
torque estimated in each joint of the upper limb for the tasks of stretching out the
arm and putting finger to nose. These tasks are shown because they are the ones in
which maximum values of tremor activity were registered.

The other important parameter is the power that the device can absorb. The
amount of power consumed in relation to tremor is one of the key parameters that
need to be taken into account in the design of these devices. The power at the joint
plus the performance of the devices will also determine the battery capacity. Tremor
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Fig. 2.13 Arm outstretched torques.
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Table 2.4 Mean values of the torque estimated in finger to nose and outstretched arm tasks.

Movement Finger to nose Outstretched Arm
Elbow Flexo-extension 1.9 N.m 1.2 N.m

Forearm Prono-supination 3.7 N.m 1.9 N.m
Wrist Flexo-extension 0.4 N.m 0.2 N.m

Wrist Deviation 1.1 N.m 0.5 N.m

is assumed to be a stationary movement and, leaving aside the viscous coefficient
of joint braking, there is no effective work done on the joint. That is why the RMS
value of the power estimated for the tremorous movement during the putting finger
to nose and stretching out arm tasks are presented in Table 2.5.

Table 2.5 RMS values of the power estimated in each joint during execution of finger to nose
and outstretched arm tasks.

Movement Finger to nose Outstretched arm
Elbow Flexo-extension 0.2W 0.01W

Forearm Prono-supination 1.8W 0.2W
Wrist Flexo-extension 0.08W 0.03W

Wrist Deviation 0.4W 0.04W

The results of this study show the basis of the dynamics of tremorous movement
in each joint of the upper limb, information that is required for the design of portable
active upper limb exoskeletons.

2.5 Conclusions

This chapter introduced a detailed review of tremor thorough literature review in
the topic of technological management of pathologic tremor, specifically focused on
upper extremity tremor. Tremor is still an unknown issue. Physiological tremor has
been studied in detail, and is quite well described in the literature, but there are still
some mismatches between different authors about its origins. The pathological kinds
of tremor are less known than physiological tremor. Some kinds of pathological
tremors are better described (i.e. Parkinson tremor), but again aetiology is unknown
in most cases.

There is no consensus in the optimal way to objectively measure tremor in the
upper limb. In this chapter the authors proposed a new approach for tremor assess-
ment based on gyroscopes. Morevoer, a novel tool for the analysis of tremor time
series is introduced. The main advantage of this technique it that it allows an auto-
matic estimate of the tremorous movement in the different pathologies considered
in this study. Additional investigation should be pursued in order to validate the per-
formance of this technique in the estimation of tremorous movements from others
pathologies.
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The technique presented is a high-resolution method that overcomes some of the
limitations of Fourier based analysis, which is the standard technique to the study of
tremor time series. However, a detailed comparative study considering the HS and
other joint time-frequency distributions (e.g. Spectrogram, Scalogram, Autoregres-
sive models, Wigner-Ville distribution) should be performed, in the study of tremor,
to better understand the advantages and disadvantages of these techniques. Indepen-
dent of such a study this research has shown that the HS has a promising application
in the analysis of tremor.

The application of this technique introduces new attributes to the tremorous sig-
nal such as instantaneous amplitude, instantaneous phase and instantaneous fre-
quency. This attributes opens the research field in the tremor field. Future work will
be focused on the use of these parameters as parameters for the diagnosis of tremor
pathologies.

Based on this new methodology, a study of tremor behaviour at joint level was
performed and is presented in this chapter. This study brings new knowledge to the
tremor field and pave the way for the development of upper limb exoskeletons for
tremor suppression.





Chapter 3
Upper Limb Exoskeleton for Tremor
Suppression: Cognitive HR Interaction

This book describes a new method for tremor suppression by means of a wearable
exoskeleton that estimates in realtime the amount of biomechanical load to be ap-
plied. Therefore, it is in this field of rehabilitation robotics for tremor suppression
that estimation of instantaneous tremor amplitude and frequency becomes manda-
tory, as it is necessary to obtain reliable tremor models that generate effective sup-
pression commands. In addition to being important to distinguish between desired
and undesired motion, the analysis of the tremor signal, both in terms of frequency
and amplitude, is relevant to assess the stationary characteristics of tremor, i.e. fre-
quency drift and amplitude variation.

To achieve satisfactory tremor suppression, the wearable robot must leave con-
comitant voluntary movement unmodified, compensating for tremor. The capacity
of the control strategies of the exoskeleton to apply biomechanical loading on tremor
while allowing the user to perform his/her voluntary movements is the core of the
cognitive interaction between the exoskeleton and the human.

Regarding its aetiology, tremors are caused by the different combinations of four
different mechanisms: (1) mechanically induced oscillations, (2) oscillations due to
reflexes, (3) oscillations due to central neuronal circuits, and (4) oscillations because
of disturbed feedback or feedforward loops, [108]. However, understanding of the
origins of tremors is far from complete. Estimation of tremor parameters is funda-
mental for the development of more objective diagnostic tools and clinical scales,
as it will enhance the objectivity, reliability, comparability and standardization of
the existing ones. In fact, tremor frequency is, together with how tremor is activated
and medical and family history, one of the key features for clinical classification of
tremors, as agreed by the Movement Disorder Society, [29].

This chapter will introduce a new approach to estimate instantaneous tremor fre-
quency and amplitude based on Inertial Measurement Unit (IMU) information. It
consists in a two-stage algorithm that separates tremorous and voluntary motion
based on their different frequency content. The two-stage algorithm consists of
a voluntary motion estimation and a tremor modelling algorithm that extracts its
characteristics. For both of them, different candidate algorithms are evaluated and
selected according to adequate figures of merit.

E. Rocon and J.L. Pons: Exoskeletons in Rehabilitation Robotics, STAR 69, pp. 53–65.
springerlink.com c© Springer-Verlag Berlin Heidelberg 2011
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3.1 Tremor Isolation

Neurological investigations demonstrate that people with tremor undergo a change
in the way they perform their volitional tasks. From a signal processing point of
view, tremor may be isolated from voluntary motion based solely on frequency in-
formation, assuming that it affects volitional motion in an additive manner, [105].
Previous works report that most of the activities of daily living are carried out in
a lower frequency band than tremor. For example, a large study with young and
elderly healthy people and patients suffering from tremor, demonstrated that both
groups were able to perform tracking tasks with a frequency up to 2 Hz, the band-
width decreasing with age, [106]. Also, in [80] it is shown that most of the activities
of daily living involve a frequency range between 0 and 1 Hz. Voluntary motion and
tremor frequency bands are clearly distinguished: Voluntary movement corresponds
to the frequency band below 2 Hz (most of the energy between 0 and 1 Hz) whereas
tremor is centered around 5.5 Hz. It is thus possible to utilize zero phase recursive
filtering techniques to isolate tremorous and voluntary motion from the recorded
signal, as the EMD technique introduced in the previous chapter of this book. These
techniques, however, are not real-time implementable.

A number of estimation algorithms have been developed for tremor suppression.
The most used are robust algorithms based on IEEE-STD-1057, which is a stan-
dard for fitting sine waves to noisy discrete-time observations. In particular, the
weighted-frequency Fourier linear combiner (WFLC) developed by Riviere, [107],
in the context of actively counteracting physiological tremor in microsurgery was
implemented. The WFLC is an adaptive algorithm that estimates tremor using a si-
nusoidal model, estimating its time-varying frequency, amplitude, and phase. The
WFLC can be described by equation 3.1. It assumes that the tremor can be mathe-
matically modelled as a pure sinusoidal signal of frequency ω0 plus M harmonics
and computes the error, εk, between the motion, sk, and its harmonic model.

εk = sk −
M

∑
r=1

[wrk sin(rω0k k)+ wr+Mk cos(rω0k k)] (3.1)

In its recursive implementation, see equations 3.2 and 3.3, the WFLC can be used
online to obtain estimations of both tremor frequency and amplitude, [107].

w0k+1 = w0k + 2μ0εk

M

∑
r=1

r
(
wrk xM+rk − wM+rk xrk

)
(3.2)

where,

xrk =

⎧⎨
⎩

sin(rω0k), 1 ≤ r ≤ M

cos((r − M)ω0k), M + 1 ≤ r ≤ 2M
(3.3)

Figure 3.1 illustrates the architecture of the WFLC algorithm.
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Fig. 3.1 Weighted Fourier Linear Combiner (WFLC) algorithm. The system performs a re-
cursive estimation of the input signal frequency, ω0. The valued of the harmonics in sines and
cosines (xk vector) are calculated. These values are multiplied by the Foutir coefficients (wk)
and summed in order to obtain the amplitude of the input signal, sk.

The WFLC algorithm was evaluated with the signals measured in the experi-
ments decribed in previous chapter. In the completed trials, the algorithm was able
to estimate the tremor movement of all the patients with accuracy always lower than
2 degrees, see figure 3.2. The main disadvantage of the WFLC is the need for a
preliminary filtering stage to eliminate the voluntary component of the movement,
[107]. This filtering stage introduces an undesired time lag for our system when
estimating tremor movement, this time lag introduces a time delay that could con-
siderably affect the implementation of the control strategies for tremor suppression.

The performance of the algorithm in tracking the tremor frequency in real-time
was also evaluated. Figure 3.3 illustrates the behavior of the WFLC for the real-
time estimation of tremor frequency for different values of initial frequency, ω0.
Notice that the convergence time to the estimation of the frequency is small for
the different initial parameters, figures 3.3c), d), and e). Figure 3.3a) illustrates the
patient movement and the WFLC estimation of tremor amplitude, Tre f .

3.2 Estimation of Voluntary Movement

As described in the introduction of this chapter, the tremor literature indicates that
voluntary movements and tremor movements are considerably different, [33, 80,
107, 108]. Voluntary movements are slower while tremor movements are brusquer.
This indicates that adaptive algorithms to estimate and track movement would be
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that patient presents a postural tremor at 5,6 Hz. The initial frequency of the WFLC, ω0, is
different in each trial : c) 8 Hz d) 5 Hz y e) 2 Hz.
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useful when separating the two movements with an appropriate design. The under-
lying idea is to design the filters so that they only estimate the less dynamic compo-
nent of the input signal, which in our case we consider to be voluntary movement,
thereby filtering out the tremor movement.

A set of algorithms was considered for the estimation of the voluntary motion:
two point-extrapolator, critically damped g-h estimator, Benedict-Bordner g-h esti-
mator, and Kalman filter. These algorithms implement both estimation and filtering
equations. The combination of these actions allows the algorithm to filter out the
tremorous movement from the overall motion at the same time it reduces the phase
lag introduced, [10]. The equation parameters were adjusted to track the movements
with lower dynamics (voluntary movement) since tremors present a behaviour char-
acterised by quick movements.

The algorithms evaluated were two degrees of freedom estimators i.e., they
assume a constant velocity movement model. This assumption is reasonable since
the sample period is very small compared to the movement velocities, [19], i.e., the
sample period adopted was 1 ms and the voluntary movement estimated occurs in
a bandwidth lower than 2 Hz. The performance of these algorithms were compared
based on their accuracy when estimating voluntary movements of tremor time series
from patients.

3.2.1 Two Points Extrapolator

It is the simplest tracking algorithm. This algorithm uses the current position mea-
sured, yn, and the past measured position, yn−1, to estimate the velocity, ẋ∗

n, and the
future position x∗

n+1.

ẋ∗
n =

yn −Yn−1

T
, (3.4)

x∗
n+1 = yn + T ∗ ẋ∗

n, (3.5)

where T is the sample time and “∗” denotes an estimated value.

3.2.2 g-h Filters

gh filters are simple recursive filters that estimate the future position and velocity
of a variable based on constant velocity dynamic model. Measurements are used
to correct these predictions, minimizing the estimation error. gh trackers have been
traditionally employed in radar tracking and aeronautics, [19].

Despite of assuming zero acceleration, they provide good performance when this
assumption is not fully satisfied. If a Taylor expansion of the state variable x is
considered, it is proven that the influence of acceleration ẍ can be neglected if either
the sampling period Ts or the acceleration ẍ itself are small. In our case, the sampling
period, Ts is 1 ms, which can be considered small, [19]. Also the second derivative of
the state variable x, which represents the angular velocity of the voluntary motion,
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has a maximum 4 orders of magnitude smaller than the average angular velocity.
Thus, both assumptions for considering a constant velocity model hold.

The equations of the general gh tracker are:

xk,k = xk,k−1 + gk(yk − xk,k−1) (3.6)

ẋk,k = ẋk,k−1 +
hk

Ts
(yk − xk,k−1) (3.7)

xk+1,k = xk,k + Tsẋk,k (3.8)

ẋk+1,k = ẋk,k (3.9)

Equations 3.6 and 3.7 are known as update, tracking or filtering equations. They
estimate the current position and velocity of a variable, xk,k, ẋk,k, based on previous
predicted position and velocity, xk,k?1, ẋk,k?1, having current measurement yk into
account. Confidence on the measures is weighted by the gains gk and hk. Equations
3.8 and 3.9 are called prediction equations because they provide a prediction of
future position and velocity, xk+1,k, ẋk+1,k,based on the first order dynamic model of
the variable.

gh filters are affected by two error sources, [19]. The lag, dynamic, bias or
systematic error, which is related to the constant velocity assumption, and the mea-
surement error, which is inherent to the sensor and measurement process. Both error
sources can be put down into gk and hk functions form. Typically the smaller gk and
hk are, the larger is the dynamic error and the smaller are the measurement errors.
Therefore, in designing a gh tracking filter there is a degree of freedom in choice
of the magnitude of the measurement error relative to the dynamic error. To sim-
plify the selection of gains two filters that are optimal in some sense are considered.
These filters are described next.

3.2.2.1 Critically Damped g-h Estimator

The Critical Dampened Filter is an optimal gh tracker based on finding the least-
squares fitting line of the previous measurements, [19]. This estimation algorithm
does not rely on a traditional least-squares fitting because this would cause old data
to be considered as important as latest data. To eliminate this problem, old data is
given lesser significance when formulating the total error by weighting them by a
factor θ less than one, when forming the total sum:

e =
N

∑
k=0

θ k(x∗
k − yk)2 (3.10)
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This estimation algorithm is a g-h filter composed by g-h track update equations and
by g-h prediction equations:

update

⎧⎪⎪⎨
⎪⎪⎩

ẋ∗
k,k = ẋ∗

k,k−1 + hk

(
yk−x∗

k,k−1
T

)

x∗
k,k = x∗

k,k−1 + gk

(
yk − x∗

k,k−1

) (3.11)

predict

⎧⎨
⎩

ẋ∗
k+1,k = ẋ∗

k,k

x∗
k+1,k = x∗

k,k + T ẋ∗
k+1,k

(3.12)

The track update equations or estimation equations, 3.11, provide us the velocity and
position of tremor at time kT after the measurement of the angular position of the
joint, yk. The estimated position is based on the use of the actual measurement as well
as the past prediction. The estimated state contains all the information we need about
the past. As a consequence of filtering, the measured noise is reduced. The predicted
position is an estimate of xn+1 based on past states and prediction (equation 3.12),
and take into account the current measurement by means of updated states.

In order to avoid the need of storing all the past values to find the current error,
the optimum discounted least-squares tracking filter can be expressed as a constant
gh filter where the parameters are related by, [19]:

g = 1 − θ 2

h = (1 − θ )2
(3.13)

The selection of the g-h parameters depends of the dynamics of the target to be
tracked and the accuracy desired, [19]. Figures 3.4 and 3.5 illustrate the performance
of the Critically damped filter when estimating the voluntary movement (VMcd) of
a patient with Essential and Parkinsonian tremor, respectively, when performing the
draw a spiral task.

3.2.2.2 Benedict-Bordner g-h Estimator

This estimation algorithm have the same equations that the Critically Damped
g-h estimator but with different values in the parameters g-h, [19]. The Benedict-
Bordner estimator is designed to minimize the transient error. defined as the
weighted sum of the total transient error and the variance of the prediction error due
to measurement noise errors, [14]. As a result, it responds faster to changes in target
velocity and it’s slightly under-damped. Unexpectedly, the filter from this wide class
minimizing the total transient error is the constant gh filter that satisfies:

h =
g2

2 − g
(3.14)
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Fig. 3.4 Example of elbow voluntary movement estimation (V Mcd) of a patient with Essen-
tial tremor while performing the task of draw a spiral (x). The algorithm for estimation was
the Critically damped filter. Notice that the delay introduced in the estimation is minimum.
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Fig. 3.5 Example of elbow voluntary movement estimation (V Mcd) of a patient with Parkin-
sonian tremor while performing the task of draw a spiral (x). The algorithm for estimation was
the Critically damped filter. Notice that the delay introduced in the estimation is minimum.

Therefore, as 3.14 relates g and h, the Benedict-Bordnermfilter has only one degree
of freedom to be chosen. As in gh filters increasing the value of g(h) diminishes
the transient error, the larger g(h) is, the higher frequencies this algorithm tracks,
because it decreases monotonically the dynamic error. Thus, the adequate value
of g should track frequencies below 2 Hz still providing good transient response.
Figures 3.6 illustrates the performance of the Benedict-bordner filter when estimat-
ing the voluntary movement (VMbb) of a patient with Essential tremor when per-
forming the draw a spiral task.
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Fig. 3.6 Example of elbow voluntary movement estimation (MVbb) of a patient with Essential
tremor while performing the task of draw a spiral (x). The algorithm for estimation was the
Benedict-Bordner filter. Notice that the delay introduced in the estimation is minimum.

3.2.3 The Kalman Filter

The Kalman Filter is the most extended estimation algorithm in engineering. It is
a recursive linear estimator that successively calculates an estimate for a state that
evolves over time, on the basis of periodic observations of this state. It is a g-h
filter where the weights g and h are a function of n and are updated recursively.
This filter has the advantage of allowing the optimum use of the information if it is
available. In addition, permits the use of the target dynamics information to optimize
the filter parameters. More complete information about Kalman filter can be found
in [10, 18, 19, 66].

In our case, the KF will be used for the same purpose than gh tracking filters, i.e.
to estimate voluntary motion ignoring faster tremorous movement. In this context,
prediction equation becomes (9). The state vector x(t) is composed by the variable to
be estimated, i.e. velocity of the voluntary component of motion, and its derivative.
Acceleration (second derivative of x(t)) is not considered because its effects can be
neglected.

x̂k,k−1 =
[

1 T
0 1

]
x̂k−1,k−1 (3.15)

On the other hand, in order to obtain prediction equations, the following equation
was defined:

H(k) = [1 0] (3.16)

The only matrices left to be defined are covariance matrices Q(k) and R(k). As we
aim at tracking voluntary motion, it is assumed that tremor is just sensor noise,
thus the variance of the tremorous motion can be used to tune the measurement
noise covariance R(k). It is also hypothesized that process noise is related to volun-
tary motion velocity changes due to tremor. A piecewise constant white acceleration
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Fig. 3.7 Example of elbow voluntary movement estimation (MVkalman) of a patient with
Essential tremor while performing the task of draw a spiral (x). The algorithm for estima-
tion was the Kalman filter.

model is considered, [10]. This model assumes that voluntary motion undergoes
constant and uncorrelated acceleration changes between samples, equation 3.17. σ2

v
is the variance of the random velocity component.

R = σ2
ω (3.17)

Qk = σ2
v

[
T 4

4
T 3

2
T 3

2 T 2

]
(3.18)

In order to select the values for the parameters σ2
v and σ2

ω that characterize the
covariance matrices, i.e. measurement and process noise, the recorded data is ex-
amined. Measurement Noise, σ2

ω , is modelled as the average covariance of the iso-

lated tremor, σ2
ω= 0.0643 rad2

s−2 . The value of σ2
v that defines process noise is sought

within the 0.5maxẍ ≤ |σv| ≤ maxẍ interval as recommended in [10]. Calculating the
second derivative of the recorded motion, the maximum of the acceleration is
obtained, maxẍ = 0.1042 rad

s−3 .
Figures 3.7 and 3.8 illustrate the performance of the Kalman filter when estimat-

ing the voluntary movement (VMkalman) of a patient with Essential and Parkinsonian
tremor, respectively, when performing the draw a spiral task. Kalman filter, as ex-
pected, provides almost the same absolute estimation error for different covariance
matrices (if they are chosen in the adequate interval) because it continuously adapts
its gain to minimize the a posteriori estimation error. Thus, small deviations in the
parameters are compensated by the filter itself. The only noticeable difference is the
settling time at the beginning of the estimation. The KF provides the lowest abso-
lute error among the candidate algorithms because it is capable of adapting its gain
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Fig. 3.8 Example of elbow voluntary movement estimation (MVkalman) of a patient with
Parkinsonian tremor while performing the task of draw a spiral (x). The algorithm for
estimation was the Kalman filter.

to abrupt transients, something that constant gain filters like gh filters can not do.
In fact, gh filters are regarded as a steady state filters, because their performance
degrades during transient periods, [10].

3.2.4 Figure of Merit

In order to quantitative compare the estimators proposed a metric, Cinematic Esti-
mation Error (CEE), was proposed. The equation that define this metrics is:

CEE =
√

ϕ2
|b∗| + σ2

x∗ , (3.19)

where ϕ2
|b∗| is the mean square of errors of the estimators: |b∗| = |xk − x∗

k,k−1|, and

σ2
x∗ variance of the estimation.

CEE quantifies the transient response through ϕ2
|b∗| and, at the same time, the

averaging or filtering capabilities of the filter through the term σ2
x∗ . The accuracy

and transient response of the estimation algorithms are important. Another impor-
tant parameter taken into account in our analysis was the execution time of each
algorithm in view of the fact that the system was designed to work in real time.

Comparing the performance of the candidate filters for the above selected param-
eter, it was observed that Benedict-Bordner filter presents the best results with the
lowest computational cost. The metrics indicated that Kalman filter has a perfor-
mance slight better than Benedict-Bordner filter but its computational cost is higher.
As realtime estimation and computational burden are a major consideration in this
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Fig. 3.9 Two-stage tremor modelling: first, the low frequency content voluntary motion is
estimated, secondly, the voluntary motion estimation is subtracted from the original motion,
eventually, tremor frequency and amplitude are determined.

work, Benedict-Bordner filter was selected as the best voluntary motion estimation
algorithm.

3.3 Real-Time Estimation of Voluntary and Tremorous
Movement

The solution adopted was the development of an algorithm capable of estimating
voluntary and tremorous motion with a small phase lag based on a two-stage algo-
rithm, see figure 3.9.

In the first stage, the Benedict-Bordner filter estimates the voluntary component
of the movements. In the second stage, the estimated voluntary motion is removed
from the overall motion and it is assumed that the remaining movement is tremor.
After this, the WFLC was used in order to estimate tremor parameters. In this stage,
the algorithm estimates both the amplitude and the time-varying frequency of the
tremorous movement.

The algorithm proposed was evaluated with data obtained from the patients mea-
sured during the experiments presented in the previous chapter. The estimation error
of the first stage was 1.4 ± 1.3 degrees. The second stage algorithm has a conver-
gence time always smaller than 2 s for all signals evaluated and the Mean Square
Error (MSE) between the estimated tremor and the real tremor (obtained off-line by
means of manual decomposition based on classical filter techniques), after the con-
vergence, is smaller than 1 degree. The combination of both techniques resulted in
a very efficient algorithm with small processing cost for estimating in real time the
voluntary and the tremorous components of the overall motion, [113]. Figure 3.10
illustrates the performance of the algorithm when splitting voluntary and tremorous
movements of a patient of essential tremor.
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Fig. 3.10 Performance of the two-stage algorithm proposed in order to distinguish in real-
time voluntary movement from tremor. The movement (x) corresponds to the elbow joint of
a patient with Essential tremor while performing the task draw a spiral. Notice that the algo-
rithm is composed by two stages, the first estimates the voluntary movement by means of a
Benedict-Bordner filter (VMbb), the second stage is responsible for estimating the tremorous
movement (Twflc) by using the WFLC algorithm.

3.4 Conclusions

In this chapter a two-stage algorithm for realtime estimation of tremor amplitude
and frequency based on IMU information is presented and validated. Quantifica-
tion of instantaneous tremor parameters plays an important role in three domains of
application. First, clinical scales and diagnostic criteria rely on tremor frequency as
the only objectively measurable feature. Second, neuroscientists measure and model
upper limb oscillations to employ them as a window to investigate central and pe-
ripheral mechanisms that underly motor control and tremor pathogenesis. Finally,
and most important in the context of this book, robotics based tremor management
techniques require adequate tremor models in order to efficiently exploit the possi-
bilities of biomechanical loading.

The algorithm developed presents the following advantages for its application in
ambulatory devices for tremor suppression: a) Estimate the voluntary movement, b)
Estimate the tremorous movement, c) The delay introduced for the estimation is 1ms
and the convergence time is always smaller than 2 s, d) Estimate both the amplitude
and the frequency of the tremorous movement, e) Presents a low computation cost.





Chapter 4
Upper Limb Exoskeleton for Tremor
Suppression: Physical HR Interaction

The scientific and medical community is becoming more and more interested in the
so-called Rehabilitation Robotics. Rehabilitation Robotics has been envisioned as
technology for the restoration and functional compensation of people suffering from
physical disability or disorders, either for the rehabilitation therapy or assistance of
people.

In robotic field, exoskeletons are mechatronic devices of which segments and
joints correspond to some extend to these of the human body and the system is
externally coupled to the person (wearable robot). The primary applications of ex-
oskeletons were teleoperation and power amplification. Later, exoskeletons have
been considered as devices for rehabilitation and assistance of disabled or elderly
people by means of upper and/or lower limb orthosis. Lastly, taking into account
that robotic exoskeletons are able to apply independent dynamic forces on human
joints and segments, these devices permits to realize experiments and studies on
motor control, adaptation and neuro-motor research.

One important and specific aspect in Rehabilitation Robotics is the intrinsic in-
teraction between human and robot. This interaction is twofold. First, cognitive, be-
cause the human controls the robot while it provides feedback to the human; second,
a biomechanical interaction leading to the application of controlled forces between
both actors. There is a physical interface between person and device to provide the
mechanical power. Concerns of this physical interface are safety, robustness and
reliability of the robotic mechanism taking into account the characteristics of the
human neuromuscular-skeletal system.

This chapter is focused on describing in detail the development of the upper limb
exoskeleton WOTAS (Wearable Orthosis for Tremor Assessment and Suppression).
In the framework of the DRIFTS (Dynamically Responsive Intervention For Tremor
Suppression) project, [81], the WOTAS exoskeleton was presented with two main
objectives: monitoring and diagnosis, and validation of non-grounded tremor reduc-
tion strategies, [115].

Moreover, two novel nongrounded control strategies for suppression of tremor
by means of an orthotic (wearable) exoskeleton are presented. Both are based on
biomechanical loading, but one is active while the other is passive. 1) Tremor

E. Rocon and J.L. Pons: Exoskeletons in Rehabilitation Robotics, STAR 69, pp. 67–98.
springerlink.com c© Springer-Verlag Berlin Heidelberg 2011



68 4 Upper Limb Exoskeleton for Tremor Suppression: Physical HR Interaction

reduction through impedance control. This strategy modifies the stiffness, damp-
ing and mass properties of the upper limb in order to suppress tremor. 2) Notch
filtering at tremor frequency. This strategy implements an active noise filter at the
tremor frequency taking advantage of the repetitive characteristics of tremor.

4.1 Biomechanics of the Upper Limb

Cancelling tremor by mechanical loading the upper limb by robotic exoskeletons
implies an inherent physical interaction between user and robot. There are two main
concerns regarding the biomechanics of this interaction:

1. The user’s tolerance to pressure
2. Mechanical characterization of the soft tissues of the upper-limb

4.1.1 Tolerance to Pressure

The Pressure distribution is one of the main concerns related to the orthotics field.
The most important function of any orthotic device is related to load transmission to
the body bony structures through the soft tissues. Therefore, there are several factors
in relation with pressure that have to be taken into account, namely, safety, pain and
comfort.

There are two basic strategies to manage an external load: concentrate loads over
a small region with high tolerance to pressures or distribute the load over an area
as big as possible to reduce the pressure. The last approach matches the strategy for
preventing pain or injuries, so it is commonly adopted as the right one, but com-
fort can differ substantially from this approach. For instance, Krooskop et al., [73],
have shown that mattresses with uniform pressure distribution can cause restless.
Goonetilleke shows in its work that there should be a threshold in which it is better
to concentrate than to distribute forces, [45]. The reason for that should be the Spa-
tial Summation Theory that claims that as the area of contact increases the number
of excited skin receptors also increases and subsequently the comfort perception is
worst. Two main aspects have been analyzed:

1. User perception of pressure
2. pressure threshold for discomfort

A study based on the methodology proposed by Gonzalez et al., [47], was carried
out in order to find-out the Pressure Discomfort Threshold (PDT). In the afore men-
tioned study, the methodology was applied to foot pressure distribution. Neverthe-
less, results from this study suggested that the methodology could be appropriate to
analyze the ability to support pressure in the upper limb.

Pressure discomfort threshold has been studied in nine subjects, all of them
affected by tremor at the upper limb. The mean age was 53.67 years old (std. dev.
21.01). Measurement points have been located taking into account the common
placement of load transmission elements of upper-limb tremor suppression orthoses.
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These points were chosen on the dorsal and palmar side, over muscles and over bony
areas in order to have a good representation of the different areas of the forearm. We
used a dynamometer for measurements. The indentor was an aluminum cylindrical
cap with a contact flat surface of 1.3 cm2 adapted to the dynamometer. Pressure was
applied five times on each point. The sequence of pressure application was random-
ized previously in order to avoid the learning effect of the patient in each point.

In this study, no significant differences have been found in pressure discomfort
threshold between the points analyzed, and therefore no significant differences were
found in the pressure sensitivities. Subsequently, there are no preferred locations to
fix the orthosis force interface to the upper limb. Whatever point in the forearm can
manage the same pressure in relation with comfort. Pressure thresholds pattern are
shown in Figure 4.1.

Fig. 4.1 Pressure tolerance threshold pattern.

The maximum pressure for discomfort found in the forearm was 230 KPa. In
order to ensure comfort, maximum values should have to be at least one order of
magnitude under this figure.

4.1.2 Mechanical Characterization of Soft Tissues at the
Upper-Limb

Stiffness between the orthotic device and the body is a key factor to take into
account in order to control a dynamic process such as tremor. The exoskeleton must
transmit the loads to the bones for tremor suppression. This transmission is medi-
ated by the soft tissues between the supports and the actuator. Usually, the effect
of load transmission is negligible in common orthotics. However, tremor has a pure
dynamic component. Therefore the characteristics of the transmissions through the
soft tissues will play an important role in the efficiency of tremor suppression. The
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soft tissues involved in the transmission are basically skin, fat and tendons for the
hand and skin, fat and muscles for the forearm.

The mechanical characteristics of soft tissues is highly non-linear, [88], and can
vary deeply from one user to other (for instance with the presence of oedema) or can
change dynamically (i.e. the stiffness of muscles varies deeply as the muscles are
contracting). The equivalent stiffness of the tissue increases as the stress increases.
A strain-stress curve for soft tissues is represented in Figure 4.2. As it can be seen,
the curve is characterized by an hysteresis. In our first approach, since the orthotic
devices are attached once and then they have slow movements from this position,
just the rising part of the stress curve was considered.

Fig. 4.2 Strain stress curve for the forearm.

A study to characterize the soft tissues at different points of the upper limb
has been performed. Measurement points have been located taking into account
the common placement of load transmission elements of upper-limb orthoses. Ac-
cording to our study, no major differences related to gender could be found. It was
also concluded that the soft tissues of the forearm could be modeled by a third de-
gree polynomial that describes the deformation of the tissue according to the force
applied.

Other factors were studied, such as the effects of age in in the stress-strain charac-
teristics. Nevertheless, it was concluded that the differences on the skin mechanical
behavior could be ignored since its effects are much lower than others factors, for
instance the obesity, [5].
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4.2 Wearable Orthosis for Tremor Assessment and
Suppression, WOTAS

An orthosis is defined as a medical device that acts in parallel to a segment of the
body in order to compensate some dysfunction. The upper limb main function is to
guarantee that the hand realizes its functions and can reach any point in the space,
specially any point in human surface, in such a way, that the person can manipulate,
draw on, and move objects, from or to the body. Therefore, the kinematic chain
formed by the shoulder, elbow, forearm, wrist, and hand, has a high mobility degree,
and a high prehension capacity with an infinite number of positions and functions.
The upper limb is one of the most anatomic and physiologically complex part of the
body.

The upper limb is very important because it is able to execute cognitive-driven,
expression-driven, and manipulation activities. Furthermore, it intervenes in the ex-
ploration of the environment and in all reflex motor acts. Then, any alteration or
pathology that affects the upper limb motion range, muscle power, sensibility, skin
integrity, will alter its operation. The concept of WOTAS is to develop an active
upper limb exoskeleton based on robotics technologies capable of applying forces
to cancel tremor and retrieving kinematic information from the upper limb.

4.2.1 Mechanical Design

The WOTAS concept will provide a means of testing non-grounded tremor reduc-
tion strategies. WOTAS follows the kinematic structure of the human upper limb
and spans the elbow an wrist joints, see figure 4.8. It exhibits three degrees of
freedom corresponding to elbow flexion-extension, forearm pronation-supination
and wrist flexion extension.In the final design, WOTAS restricts the movement of
wrist adduction-abduction, nevertheless this movement is the less functional move-
ment in the upper limb, [6]. Furthermore, as in WOTAS fingers remain free and
wrist abduction-adduction is dependent to the finger movements, [67], the functional
reduction is even lesser.

The mechanical design of the joints for elbow flexion-extension, and wrist flexion-
extension are similar to other orthotic solutions and are based in the behavior of
those physiological joints as hinges. For orthotic purposes, flexion-extension move-
ment is considered as a pure rotational movement. Therefore, this axis of rotation
should be used for the rotational actuator. The axis of rotation for the elbow joint
is placed in the line between the two epicondyles. The axis of rotation for the wrist
joint is located in the line between the capital and lunate bones of the carpus.

The mechanical design for the control of the pronation supination movement is
more complex and it is explained below.

4.2.1.1 Pronation-Supination Control

The pronation-supination movement of the forearm is a rotational movement of the
forearm on its longitudinal axis which engages two joints that are mechanically



72 4 Upper Limb Exoskeleton for Tremor Suppression: Physical HR Interaction

connected: the upper radioulnar joint (which belongs to the elbow) and the lower
radioulnar joint (which belongs to the wrist), [67]. There are two bones in the fore-
arm that make this movement possible:

• The ulna is the bone that remains fixed during the pronation-supination move-
ment. It constitutes the main part of the elbow, in particular the olecranon.

• The radius is the moving bone in the pronation and supination. It rotates in prox-
imal part (close to the elbow) and moves distally along the axis formed by the
ulna bone (see figure 4.3).

Both bones have a shape approximately pyramidal and they are placed in such a
way that the base of the radius is in the tip of the ulna and vice-versa.

Fig. 4.3 Scheme of the pronation-supination control.

The WOTAS platform controls the pronation-supination movement with the
rotation control of a bar parallel to the forearm. This bar is fixed very close to the
olecranon (point B, figure 4.3). Thus the bar is fixed to the ulnar position at elbow
level. The distal fixation of the bar is made at the head of the radius, although the
bar is maintained in the ulnar side in order to minimize the excursion of the system.
This fixation is explained later in the support design section.

4.2.1.2 Design of the Support System

There are no static orthoses that achieve tremor suppression due to the intrinsically
dynamics characteristics of tremor. In these cases, the tremor suppression mecha-
nism tends to lose their alignment instead of suppressing tremor.
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To determine the points of the upper limb where the dynamic forces would be
applied, i.e, the points where the arm supports would be placed for the interface
between the actuators and the arm, a number of biomechanical and physiological
considerations of the upper limb have to be observed, such as [95]: 1) the forces on
the arm tissues must stay in acceptable limits 2) the application of forces on the arm
that have minimal interference of elbow and wrist movement 3) the interaction of
the robotic device with the arm, i.e., where the forces will be applied on the upper
limb and how the load will be transmitted to the person for optimum comfort. Joint
movements areas, bony prominences, surface tendons and surface nerves or vessels
should be avoided.

To respond to these issues a biomechanical study was done of the upper limb,
[95]. The aim of this study was to determine the limits of comfort regarding pres-
sure, so that there is an upper limit to the total force that can be applied safely to
the upper limb, see figure 4.4. This study analysed two key aspects: the person’s
perception of the pressure and the maximum pressure tolerance thresholds. The first
aspect is important to select the appropriate strategy to apply to the load on the body.

Fig. 4.4 Areas of sensitivity to pressure in the hand and forearm: (1) Low-tolerance area
(average ca. 450 kPa), (2) Middle-tolerance are and (3) High-tolerance area (average ca. 950
kPa).

For the development of the mechanical structure, different types of materials for
the securing or support elements between the orthotic device and the arm were con-
sidered. The mechanical conditions of these elements are critical because they must
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ergonomically couple the upper limb, and also the rigidity of the material must be
greater than the rigidity of the underlying tissues. To securely fix the structure it
was decided to use supports made from thermoplastic. With this type of material,
supports are obtained that adapt to the morphology of each user’s arm, figure 4.5.
Each support has at least three contact points per segment and thus misalignments
are avoided between the orthosis and limb. Velcro straps were fixed to the fabric in
order to tighten the support to the arm. The fixation to the wrist is mainly placed
over the radial side for the reason that the wrist follows the movement of the head of
the radius. Both the distal tip of the pronation-supination control and the proximal
tip of the wrist control are fixed to the ulnar side of the wrist. The fixation to the
hand is very similar to that of the wrist. In addition, a textile substrate was used to
compress the soft tissues and enhance performance of the fixation supports.

Fig. 4.5 Structure of WOTAS support.

4.2.2 Sensors

The system aims to allow both monitoring of tremor data and implementation of
tremor suppression strategies. Therefore, it is equipped with kinematic (angular
velocity) and kinetic (interaction force between limb and orthosis) sensors.

Tremor force, position, velocity and acceleration are the required information to
implement the two control strategies. The types of sensors were restricted to the
following sensors: goniometry, gyroscopes and accelerometers. MEMS gyroscopes
were selected as a promising technology. The main advantages of using gyroscopes
were described in section 2.4.1.1.

4.2.2.1 Force Sensors

Since no backdrivable actuators were chosen for the application (see next section),
it was also decided to use force sensors as a means of implementing impedance
feedback control strategies. Strain gauges in a full Wheatstone bridge have been
selected as force sensors. The gauges measure the torque applied by the motors on
the WOTAS structure, therefore, they are mounted on the structure so that they only
measure the force perpendicular to the motor axis (Fm), thus their measurement is
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not affected by forces caused in undesired directions, figure 4.6. The extensiometric
gauges are connected to a Wheatstone Bridge circuit in a combination of four active
gauges (full bridge).

The strain gauge system was characterized and the sensitivities of the system
were derived in the three planes. The tests performed showed that the system has
a very low sensitivity to orthogonal forces. The system presented a thermal drift,
however, after a few minutes the output voltage becomes stable and suitable for
operation.

Fig. 4.6 Full Wheatstone bridge and gauges (R1, R2, R3, R4) mounted on WOTAS structure.

4.2.3 Actuators

Before the selection of specific actuators to suppress tremor, an estimation of the
required torque and power was performed. This was achieved through an analysis
of kinematic tremor data presented in section 2.4.4 . From this torque estimation
of effort that the exoskeleton structure must support, duralumin was selected as the
material to construct the exoskeleton structure. This material was selected in order
to build a lightweight structure with sufficient rigidity to support the efforts.

Based on this study, a number of candidate actuators were evaluated, [115]. The
analysis was restricted to the following actuators: Electro Active Polymers (EAPs),
Electro and Magneto Rheological fluids (ERF-MRF), DC motors, Shape Memory
Actuators (SMAs), Pneumatic muscles and Ultrasonic Motors.

The actuator technology should have a high power density allowing the imple-
mentation of a compact and light solution suitable for wearable devices. Based on
this criteria both DC motors and Ultrasonic motors can be regarded as best al-
ternatives for exerting tremor suppression forces. The former are well-known off
the-shelf technologies of easy integration in advanced control schemes but bulky.
The latter are less flexible but offer very compact solutions due to their dynamic
range (low velocity high torque motors). Both alternatives were evaluated in proto-
types and DC motor was the technology selected for the final version of WOTAS.
The main problem with the ultrasonic motors was their poor response at low speed,
therefore leading to problems to track user’s slow voluntary motion, [109].

Owing to the problems encountered with ultrasonic motors, a new WOTAS
device was constructed using DC motors as an actuation element. The DC motor
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Fig. 4.7 Harmonic Drive HDF-014-100-2A.

Lateral view Front view

Fig. 4.8 Final version of WOTAS for the control of three human upper-limb movements:
flexion-extension of the elbow, flexion-extension of the wrist and pronation-supination of the
forearm.

selected to activate WOTAS articulations was a Maxon DC flat brushless motor
EC45. In order to match the speed and torque of the DC motor to the application re-
quirements, a harmonic transmission drive was used. In particular, the drive selected
for our application was the HDF-014-100-2A, figure 4.7. This configuration, based
on flat DC motors and pancake transmissions, is able to provide a maximum torque
of 8 N.m, nevertheless the maximum torque was electronically limited to 3 N.m in
order to guarantee the safety of the user. Figure 4.8 illustrates the final configuration
of WOTAS system activated by DC motors.

The total weight of the final system is roughly 850 g. A protocol for testing the
system was performed to evaluate the usability and the range of workspace allowed
to a normal user. The system was used in the laboratory to perform a wide variety of
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manoeuvres in free mode. These preliminary tests successfully showed the correct
operation of the system and the capability of the system to access the workspace,
without affecting the normal range of motion of the user, [115].

4.3 Control Architecture

The WOTAS control architecture basically consists of 3 components: 1) the
exoskeleton, with its structure, sensors and actuators 2) a control unit, responsible
for executing the algorithms in real time to suppress the tremor and the acquisition
card for the interface between the sensors, actuators and the controller 3) a remote
computer, which in our case executes an application developed for the interface be-
tween the system and the doctor who is using it. This control strategy is illustrated
in figure 4.9.

This control architecture interfaces the control algorithms with the orthosis. The
WOTAS circuitry and sensors serve two functions: 1) To obtain the position, angular

Fig. 4.9 WOTAS control architecture.
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velocity and acceleration signals needed for control, data collection and evaluation.
2) To generate the power signal to activate the actuator.

The control of the entire active orthosis was implemented in the MatLab RT
environment. This environment provides mathematically complex control strategies
in real time. The interface between the MatLab environment and the active orthosis
is based on a standard data acquisition board.

In order to provide an interface to all the control strategies a software application
was developed in C language. It communicates with the low level controller (either
by TPC/IP, wired serial link or BlueTooth) using Dynamic Link Libraries (DLLs)
developed by the authors, [115]. This interface monitors signals and tune controller
parameters in real time during the control strategy execution. It has five main ob-
jectives: 1) Monitoring and validation of algorithms for tremor suppression, 2) Data
analysis (statistics, algorithms performance, etc.), 3) Storage of user information
such as clinical and anthropometrics data, 4) Comparison between different control
strategies., 5) Extraction of user parameters: joint position, velocity and acceler-
ation; tremor frequency (algorithm implemented in the Target PC); tremor torque
and power (based on an upper limb biomechanical model).

It was also possible to save all the information retrieved by the sensors for future
off-line analysis.

4.4 Control Strategies for Tremor Suppression

Evidence in the literature indicates that applying biomechanical loads on tremor
movement reduces its amplitude, [1, 28, 71, 116]. The approach to suppress the
pathological tremor within this study is to assist the limb with compensatory tech-
nology in order to decrease the amplitude of tremor. The concept of absorbing
tremor movement is based on an external device that acts parallel to the upper limb,
actively or passively, by applying a load between the limb and a reference point,
thereby dissipating the energy of the tremor. The application of inertia, viscosity
and friction reduced the tremor in clinical trials, [1, 28, 116]. As was seen in the
first chapter of this book, several devices have been developed under this concept,
[71, 89, 92, 116]. One of the main drawbacks of the systems described in litera-
ture is that the dissipative force is also loading the patient’s voluntary motion. As a
consequence, the user feels a mechanical resistance to the motion. Even though in
adaptive systems this could be avoided, filtering out the voluntary motion we can
eliminate the resistance to the voluntary motion.

Applying a biomechanical load to reduce tremor can be done with both portable
devices (robotic exoskeletons) and fixed devices (devices mounted on platforms, for
example, wheelchairs), [108]. The first approach is characterised by applying in-
ternal forces on specific joints of the human body, whereas the second approach is
based on applying external forces globally to reduce tremor. Both ambulatory and
non-ambulatory concepts for tremor suppression can be found in the literature. As
was mentioned in the bibliographical review in chapter 1, there are few ambula-
tory solutions to reduce tremor. Kotovsky in his studies, [71], established general
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guidelines for the design of appliances for suppressing tremor which affect the fol-
lowing control strategies:

• Selective reduction of the tremor: robotic exoskeletons must apply a biomechan-
ical load on the upper limb to reduce the tremor without affecting the voluntary
movement of the joint.

• The elastic rigidity of the exoskeleton must be minimal so that users do not feel
any discomfort in non-neutral positions.

• Safety: so it does not cause any injury to the user while it is being worn.

The general objective to develop control strategies for suppressing tremor with
robotic exoskeletons was defined from these design guidelines. Shortly, the control
system should work as follows:

1. The exoskeleton sensors measure the tremor movement and interaction force be-
tween the exoskeleton and limb in each of the exoskeleton joints. This signal is
electronically conditioned for its integration into the control architecture of the
exoskeleton.

2. An algorithm (described in previous chapter) discriminates between tremor move-
ment and voluntary movement in real time. Thus biomechanical loads can be
selectively applied just on the upper limb to cancel tremor movement. The ef-
fect of the tremor cancelling forces on the voluntary movement of the patient is
therefore reduced.

3. The information on tremor movement is the input to the controller that will com-
mand the actuator responsible for applying forces to cancel the tremor.

This control strategy can be implemented both actively and passively. Passively, a
mechanical damper is used, [71], which generates a dissipation force on the tremor
movement. It is based on increasing the damping of the biomechanical oscillation
system where the tremor is generated. In active systems, [116], actuators generate a
movement of equal amplitude but in counter phase from the real-time estimate of the
tremor component of movement. Thus the system actively cancels and effectively
subtracts the tremor from the total movement of the exoskeleton user. Unlike the
passive approach, in which the energy of the tremor movement is dissipated, active
systems transfer energy (in counter phase to the tremor movement) to the system.

In accordance with the bibliographical review in this book, the active approach
for suppressing tremor has never been implemented in any system for this purpose.

In this chapter control strategies for exoskeletons designed to suppress tremor
in the upper-limb joints will be developed. One of the key points in developing
exoskeleton control strategies is the intrinsic interaction between the human body
and robot. This biomechanical interaction is related to applying controlled dynamic
forces between the human and robot. The algorithm controlling the forces applied
by the exoskeleton on the limb is responsible for this biomechanical interaction,
[51, 54].

The force control of robots that interact with the environment is a field of intense
research. PhD theses and articles are regularly published on this issue in magazines
and at conferences. This is primarily because of bibliographical contributions in the
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field of haptic simulation in virtual environments and in that of manipulator robot
control. A usual classification in the bibliography, [117], establishes two major ap-
proaches for force control: force-position hybrid control ([87, 101]) and impedance
control, [54]. In hybrid control, the force in some directions of the robot end and the
position of the complementary directions are controlled. Impedance control is based
on actively adjusting the mechanical impedance of the system, i.e. the relationship
between force, position and its derivatives. It is a generalisation of damping control
presented by Whitney, [139], and rigidity control formulated by Salisbury, [119].
As their names indicate, in the first method a relationship is established between the
force and velocity magnitudes, whereas in the second the relationship is between the
force and position magnitudes. A recent, exhaustive review on the different force-
control methods is found in the book by Surdilovic and Vukobratovic, [127].

In rehabilitation robotics, the most commonly used approach to control patient-
robot interaction is impedance control, [50, 53]. The basic principles and main con-
siderations on impedance control were established in the excellent work by Hogan,
[54, 55, 56]. In his articles, Hogan studies causality conditions in dynamic interac-
tion between a manipulator and the environment. Moreover, Hogan uses the concept
of mechanical impedance to model the mechanics of the musculoskeletal system.
This study also implements the same approach for robot control. Finally, impedance
is selected for a specific application. Hogan thus sets the bases for developing con-
trol strategies to control biomechanical interaction between a robotic device and
human being.

After an exhaustive bibliographical review of tremor characteristics and control
strategies for applying forces on the human body, two control strategies were defined
for suppressing tremor with biomechanical loads,[108, 110]:

1. Tremor reduction through impedance control: a strategy is defined for controlling
impedance of the upper-limb-exoskeleton set. In this instance the rigidity, damp-
ing and inertia parameters of the upper limb are altered to study their effects on
tremor in the joints of this limb.

2. Implementation of a notch filter focusing on the frequency of tremor movement.
The use of noise reduction techniques is considered as an alternative to actively
suppressing the pathological tremor.

4.4.1 Tremor Reduction through Impedance Control

The impedance of a system can be defined as a relationship between the reaction
force of the system to an imposed external motion and the motion itself. In general,
impedance comprises three components, i.e. stiffness, damping and inertia. There is
evidence, [1], that all three components modify the biomechanical characteristics of
tremor at the upper limb.

The approach in this work models the musculoskeletal system (each joint of
the upper limb which contributes to the tremor) as a second-order biomechanical
system, [1, 92]. It is known that the frequency response of a second-order system
behaves like a low-pass filter. The cut-off frequency of this filter is directly related to
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the biomechanical parameters of the second-order system. The proposed approach
consists of selecting the appropriate inertia and damping parameters, so that the
cut-off frequency, fc, of the musculoskeletal system is immediately above the maxi-
mum frequency of voluntary movement, cancelling the tremor component of overall
movement (see figure 4.10). Unlike other approaches in the literature, the control
scheme is conceived so that the effect of the suppression load on voluntary motion
is minimized. ). In our application the angular position (rigidity control) is not fed
back to the system because the position feedback (closed loop) introduces an un-
desired attenuation in the low-frequency movements, [92]. This attenuation would
affect the voluntary movements of the patient and this is an undesired characteristic
for our system.

The control architecture proposed in this work is conceived in such a way that
the effect on voluntary movement is minimal. One of the major challenges of this
approach is separating tremor movement from voluntary movement before apply-
ing the correcting action. This requires estimating both movements in real time,
as described in chapter 3. The control algorithm depicted in figure 4.11 is the one
proposed for altering the biomechanical parameters of the upper limb. As can be
observed in the figure, the force control applied by the exoskeleton on the arm is
based on admittance control. Thus, the force control applied by the exoskeleton on
the arm is implemented with external control loops of the force around an internal
velocity loop, as will be explained in section 4.4.1.1.

For each joint, a specific controller used in WOTAS performs an internal control
loop of the motor velocity. Two external loops close around this internal loop: one
for feedback and controlling the interaction force between the exoskeleton and limb
(lower loop); the other loop is responsible for applying forces to alter the upper-limb
biomechanical parameters for suppressing the tremor (upper loop). The force value,
τdd, which is introduced into the internal force loop, is calculated by adding the
actions of the two external loops:

τd = fdt − fmt + fdv − τ = fdt − kiqt − kvq̇t + fdv − τ (4.1)

The upper part of the proposed control loop is responsible for altering the apparent
impedance of the upper limb. It uses the information from the gyroscopes on the
Data treatment block to distinguish between voluntary and tremor motion from the
overall movement (as explained in the previous section). The angular velocity infor-
mation from the estimated tremorous component is subsequently multiplied by the
coefficients Ki and Kv, which define the apparent inertia and damping characteris-
tics of each upper-limb joint. This process defines the actual impedance force of the
system which is set to reduce the tremor. From these coefficients and the informa-
tion filtered from each upper-limb joint movement (so that only information on the
tremor is fed back) the force ( fmt ) applied on the arm is calculated. This force tends
to disappear as the tremor is suppressed. Thus, the difference between the calculated
force, fmt , and the desired force, fdt , will tend to zero because in our application the
fdt value is selected as zero.
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Fig. 4.10 The musculoskeletal system is modelled as a second-order biomechanical systems.
The robotic exoskeleton is used to modify the apparent biomechanical characteristics of the
upper limb so that the cutoff frequency, fc, lies between the frequency ranges and tremor
motion.
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Fig. 4.11 Control strategy for altering upper-limb biomechanical parameters implemented in
each WOTAS exoskeleton joint.

The lower loop of Figure 4.11 serves the goal of minimizing the effect of the
exoskeleton on the voluntary motion. In this case, force sensors collect the interac-
tion force between exoskeleton and the upper limb (τ). Under ideal circumstances,
a user free of pathologic tremor should feel no force from the orthosis, i.e. no load-
ing should be a consequence of voluntary motion. In order to achieve this, the
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interaction force, f , is filtered so that just force opposing voluntary motion is fed
back in the lower branch of the control loop.

4.4.1.1 Force Control

In order to implement the control strategy for suppressing the tremor through
impedance control a force controller was used in each of the WOTAS exoskele-
ton joints, i.e. each joint has a controller that is independent of the other upper-limb
joints. We can thus consider our control system as a system in the joint space be-
cause the input reference values for each controller are in the joint and not the Carte-
sian space. This means that the control system proposed in this work differs from
the majority of force control algorithms described in the literature. This is perhaps
because nearly all the literature has been generated in the field of industrial manip-
ulator robots and teleoperation, fields where robot tasks are defined in the Cartesian
space.

One of the few works in which a force controller is studied in joint space dates
back to the 1980s, [84], and it concludes that force controllers in the Cartesian
space are preferable, because real-world tasks require divergent accommodations
in the different Cartesian directions. Recently, [40], an impedance controller de-
signed in the joint space has been presented. Another example of force control in
the joint space is the one implemented in the exoskeleton developed by Culmer
for the rehabilitation of patients with motor problems, [25]. The force measured by
the sensors on the exoskeleton (task space) are converted into variables in the joint
space for controlling each joint. Save these exceptions, nearly all authors place the
force controller in the task space (Cartesian), specifying different control parameters
for the different directions defined by the task. They thereby aim to obtain specific
impedance in each direction of the task space. This is appropriate for many cases,
but it must not be assumed that it is the best approach for all cases. In particular,
joint control was chosen for the WOTAS exoskeleton, as will be explained below.

The joint control instead of Cartesian control approach is justified because it is a
simpler approach and because individual control loops can be implemented in each
joint with a high dynamic range, [132]. Moreover, the fact that each exoskeleton
joint attempts to suppress the tremor generated at its level is interesting since it re-
duces the tremor in each joint. Thus, the problem of coupling the tremor between the
different upper-limb joints is tackled. In chapter 2 of this book it was shown that in
a large number of patients tremor movement displaces along the kinematic chain of
the arm when its effects are reduced (by applying biomechanical loads) on one of the
arm joints. However, the study of tremor behaviour when its effects are cancelled in
different arm joints has still not been properly studied, [108]. Therefore, the factors
affecting the functioning and stability of the force controller vary more from joint
to joint than from Cartesian direction to Cartesian direction. This aspect led to de-
vising active and independent control strategies in each joint. Thus, if cancelling the
tremor in one of the joints increases the tremor in the other joint, the algorithm re-
sponsible for controlling the adjacent joint will identify the increased tremor (using
the algorithms given in chapter 3) and will attempt to reduce the tremor generated
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by coupling the upper-limb joints. The aim then is that the active behaviour for re-
ducing the tremor in each joint reaches equilibrium, thereby decreasing the coupling
effects of the upper-limb joints.

Another important point in implementing the force controller of the WOTAS
exoskeleton is the fact that the force sensor may be considered as a collocated sen-
sor. A force sensor is said to be collocated when there is no distribution of masses
and flexibilities between the actuator and sensor. In particular, when the only mass
separating the actuator from the sensor is the rotor inertia, then the force sensor is
collocated, [38]. This work considers that the WOTAS force sensors are directly
collocated after joint elasticity, without any intermediary masses. In fact, joint elas-
ticity is indistinguishable from environment elasticity, both are seen in a continuum,
because as highlighted, virtually no mass of the links is seen from the actuator side.
The force sensor is thus a collocated sensor that directly measures the elastic defor-
mation produced by the actuator on joint transmission and the environment.

The fact that the force sensor is a collocated sensor has a number of advantages
such as decreasing the negative effects of static friction and sensor noise on force
control stability. Townsend and Salisbury, [131], determined that, in a force control
loop, static friction and Coulombs friction may cause the exerted force to enter into
a limit cycle. Another important issue is the effect of angular elasticity on force
control. Pratt, [93], determines that elasticity partly transforms the force control
problem into an actuator position/velocity control problem, as will be described in
the following section of this chapter.

Admittance Control

The main objective of each joint controller is to control the interaction force between
the exoskeleton and human body at each moment, thereby controlling the force ap-
plied by the actuators on the human body. The force and impedance controllers can
be designed according to how the measured signals and control variables are used,
i.e. the position, velocity and force magnitudes, and according to their relationship
in the control diagram. This, in turn, depends on the application demands, the me-
chanical properties of the system and the electronic components used. The most
common designs can be found in [117].

q̇ = f (Fmeasured − Fdesired) (4.2)

The WOTAS exoskeleton actuation system is implemented with flat brushless DC
motors coupled to a harmonic drive as actuator elements. The controller executes an
internal control loop to regulate the motor velocity from the information provided by
the Hall effect sensors located in the motor structure. The velocity reference value,
the control sign, is established via an external voltage, and from this reference value
and the Hall sensor information, the controller generates a number of PWM pulses to
control the motor velocity. Thus, in order to control the force applied by the actuator
on the environment, an admittance control will adopt a controller from the group of
force or impedance controllers using the position/velocity control, which indicates
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that the desired behaviour is implemented with external loops to control the force
around an internal position or velocity loop. The force loop proposed in this work is
therefore called admittance controller, [139], because from the force measurements,
a velocity is set for the actuator, equation 4.2, [25]. The admittance controller was
also used by Whitney, [139], for controlling damping, De Schutter and Van Brus-
sel, [123], for pure force control (without any parallel position inputs), Klein et al.
(1983) for an axis, or Gorinevsky and Schneider (1990) for force-impedance control
on three axes. Although in the strict sense, the words admittance and impedance are
antonyms, in a broad sense impedance control is everything that establishes a rela-
tionship between force, position and its derivatives. In this work the force applied
by the exoskeleton on the upper limb is controlled via the motor velocity control,
so that the impedance control of the limb-exoskeleton set is implemented using an
admittance control strategy, [127].

One of the advantages of admittance controllers is that, unlike impedance con-
trollers or controllers using torque control, they do not require a model of the sys-
tem dynamics to be controlled. The main advantage of force control using torque
control applied by the actuator is the speed in tracking the reference signal, [137].
However, these controllers are highly sensitive to friction and other uncertainties,
[117]. Furthermore, admittance controllers enable the actuators to be used as veloc-
ity generators. Of course, this is only possible if the system conditions allow: high
reductions and elasticities, [118].

In several earlier works, [84, 118], it has been shown that if the bandwidth of
the internal velocity loop is much greater than the bandwidth of the external loop,
the velocity/position-based schemes are more robust and less sensitive to distur-
bances than control methods using torque control. Moreover, if the position sensor
is placed, as is usually done, next to the actuator output, thereby leaving all the
structural flexibilities outside the control loop closed by the sensor, this internal
loop admits very high control gains, [84]. Thus, this internal rigid position/velocity
loop may reject non-modelled dynamic effects and disturbances of any other origin
to a large extent, [123], including gravitational and friction effects, without explic-
itly compensating them. Therefore, the internal control loop provides the external
control loop impedance with a system that has been filtered or cleaned and which is
easy to control.

Most of the force control systems using position/velocity control proposed in the
literature are designed to guarantee precision when a static force is applied by the
system on the environment, [118]. In our case, the controller must be able to track
dynamic force reference values because of the dynamic nature of the algorithms
given in the previous section. Accordingly, the force control system proposed by
Roy, [117], was adopted, which guarantees stable tracking of a dynamic force ref-
erence value, as long as the internal velocity controller is stable and able to track
the velocity reference values generated within a bandwidth. In this work three dis-
tinct controllers are proposed and their tracking of dynamic force reference values
is evaluated. Finally, the stability of each of the proposed controllers is analysed
and evaluated. As a result, Roy defends that the best controller is the feedforward
admittance controller from the force profile of the controller input.
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Another aspect to be considered is the effects of the oscillations and characteris-
tics of the control system on force controller response when the robot is in contact
with the environment. It is known that when a robot comes into contact with the
environment, the interaction forces not only depend on the velocity of the impact,
but also on the impedance (rigidity and inertia) of the impact, [54, 90]. Therefore,
the greater the impedance of the mechanism, the greater the interaction forces will
be for small disturbances. In our system, the exoskeleton is always in contact with
the environment (human upper limb), i.e. there is always a contact force, f , between
the exoskeleton and limb. Moreover, the contact environment (human upper arm)
has an elasticity (soft human tissues) that reduces the negative effects of the force
controllers, [79]. Furthermore, this contact elasticity reduces the bandwidth of the
controlled system, [55, 120]. When the exoskeleton is in contact with the environ-
ment the following hypotheses can be formulated, [57]:

1. The effect of the contact force on the internal velocity control loop is negligi-
ble due to the fact that the reducer used is not backdrivable. Thus, the velocity
tracking error converges asymptotically to zero.

2. The environment is sufficiently elastic (soft tissues) so that the contact force acts
as a disturbance limited to the system. This leads to a velocity tracking error of
limited range.

Thus, the task is to design an external force control loop that generates velocity ref-
erence values, within a bandwidth, for the internal velocity control loop. Therefore,
the system will be able to track dynamic force reference values asymptotically and
exactly, [68]. The control algorithm developed for WOTAS is the one depicted in
figure 4.12.
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Fig. 4.12 Admittance controller implemented in the WOTAS exoskeleton
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In accordance with this algorithm, the velocity reference value velocity, qc, which
is introduced into the internal velocity control loop is calculated using the following
control law, [118]:

q̇c = kd τ̇d − k f Δτ = kd τ̇d − k f (τd − τ) (4.3)

In this equation, Δτ is the interaction force error in each joint. τd is the dynamic
torque reference value, i.e. the torque value that is to be applied on the arm. τ is the
torque value applied by the exoskeleton on the arm. This value is obtained by mul-
tiplying the value measured by the force sensor, f , which measures the interaction
force between the exoskeleton and the upper limb, by a factor kt that transforms the
value measured in volts into a physical value in N.m. Both τ and τd are expressed in
joint values. k f is the proportional gain of the force controller and kd the force con-
trol feedforward loop gain. The internal velocity control loop uses the information
from the Hall sensors coupled to the motor axis, q̇h.

The controller proposed in 4.3 guarantees stable tracking asymptotically of a
dynamic force reference value as long as the internal velocity control loop is stable
and able to track the velocity reference values generated by the external force con-
trol loop, [117, 118]. This condition is satisfied by the velocity controller used in
WOTAS.

The controller proposed has a feedforward control loop to control the force
applied by the robotic device on the limb. The function of this loop is to minimise the
tracking errors of a dynamic force reference value when feedforwarding the internal
velocity control loop with an estimate of the desired velocity, [118]. The advan-
tages of the feedforward control loop will be explained in the next section during
the evaluation and selection of the parameters of the proposed control algorithm.
The action of the feedforward controller loop is combined with the advantages of
the feedback control loop, responsible for correcting the error measured between
the applied and measured force, 4.2. Thus it can be said that the force control algo-
rithm of the WOTAS robot is a controller with two degrees of freedom, [68]. The
parameters of the proposed control system were experimentally adjusted with very
good results as shown in the next section.

4.4.1.2 Experimental Results

This section describes three experiments that illustrate the behaviour and selection
of the parameters of the admittance controller proposed in the previous section.
The results presented in this section were obtained during the adjustment tests of
the actuator controller responsible for activating the WOTAS exoskeleton elbow
joint. The architecture for programming the control strategies, sensors and actuators
are those given in section 4.3. The WOTAS elbow joint was adjusted to a user to
evaluate the proposed controller, figure 4.8.

The functioning of the controller-actuator system can be evaluated using dif-
ferent functioning metrics, e.g. maximum force, force resolution, position resolu-
tion, actuator inertia, force precision (controllable force), force bandwidth, position
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bandwidth and force distortion, [90]. It is important to choose the appropriate met-
rics for each application, i.e. those that evaluate the relevant aspects of the task to be
done by the operator. In the case of the WOTAS exoskeleton for cancelling tremor,
it is interesting to quantify the range of controllable forces and system response in
tracking reference values.

In order to evaluate the functioning of the proposed system, itwo experiments
have been defined in which the aforementioned characteristics are evaluated. The
experiments, results and conclusions of the evaluation of the controlled system
metrics will be described in the following sections.

Evaluation of Tracking Dynamic Force Reference Values

To evaluate the system behaviour in tracking force profiles, different dynamic force
reference values were programmed in the WOTAS admittance controller which obey
the following equation:

τd = Asin(2π f t) (4.4)

In an earlier study by the author in tremor patients it was shown that the torque of
tremor movements in each joint usually occurs in a frequency range of up to 8 Hz,
[112]. Accordingly, different algorithms were programmed for tracking reference
values at different frequencies. In this same study the mean torque values for tremor
movement in each joint were evaluated. It was thus defined that the force reference
value to be followed had an amplitude, A, of 1 N.m.

In this section the action of the feedforward control loop will be evaluated. For
this, the results of the two controllers will be compared, one without the feedforward
control loop (CP) and another with the feedforward control loop (CPF). The results
are shown in figure 4.13. In this figure each controller response and reference value
can be seen. Moreover, the tracking error of each controller force profile is shown.
It can also be observed how algorithm response considerably differs, primarily as
the frequency of the reference signal increases. For force profiles of up to 1 Hz it
can be seen in the figure that both controllers have an excellent response with an
almost negligible phase error, about 2 degrees and an amplitude error always lower
then 1,5%. For force profiles of up to 3 Hz the force tracking error is not so large for
the two controllers evaluated, although it can be observed that the controller with
anticipative action has a better response. In the case of the CP controller, the error
was approximately ±10%, whereas for the CPF controller, the error was not greater
than ±2.5%.

However, on increasing the reference signal frequency to 6 Hz (figure 4.13c) both
controllers perform worse, especially the controller CP. At this frequency, the CP
controller amplitude error is ±20% and the CPF, ±5%. For force reference values
with 9 Hz frequency the error increases further, reaching ±55% for the CP controller
and ±20% for the CPF controller.

These results show that the admittance controller feedforward loop functions con-
siderably better, enabling dynamic force reference values of up to 6-8 Hz with a rel-
atively low error to be applied. It is known that the majority of tremor movements
usually occur in a range of 3-8 Hz, [108]. Accordingly, the controller designed and
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Fig. 4.13 Response of the two force controllers evaluated, CF (blue) and CPF (red), and
dynamic force profiles at different frequencies. Left: force reference values and controller
response; Right: force profile tracking errors

presented in this section has the right speed response and precision to be used in a
robotic exoskeleton for suppressing tremor.

Evaluation of the Tracking of Human Voluntary Arm Joint Movements

The functioning of the robot force controller in tracking voluntary movements of
the upper-limb joints has also been evaluated in this work. For this, WOTAS was
adapted to different users and the parameters fdt and fdv (figure 4.11) were adjusted
to zero, so that the controllers prevented the exoskeleton from applying forces on
the upper limb at any moment. Thus, the force measured by the sensors must be as
close to zero as possible.

As a protocol for evaluating the experiments a number of tasks were defined for
the user, and the interaction force between the exoskeleton and limb at each instant
was measured. The tasks selected were: with the arm at rest, touching the end of the
nose with the index finger, touching objects and drawing a spiral. Thus algorithm
response for different tasks at different execution frequencies was tested. Figure 4.14
depicts the system response. In this figure it can be observed that the torque that the
exoskeleton applies on the arm is never greater than 80 mN.m. This is an acceptable
result because this value is barely noticeable for human touch. Moreover, as will see
in the next chapter, the subjective rating of the different WOTAS users indicates that
reaction forces were not felt from the exoskeleton on their natural movement.
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Fig. 4.14 Algorithm response in free functioning mode.

Furthermore, the system was also evaluated in a user doing daily office tasks. This
user used the exoskeleton, also with the parameters fdt and fdv adjusted to zero, for
several minutes doing daily tasks in the usual way. After this period, the user said
that he did not notice the application of forces on his voluntary movements. A part
of this period of time is depicted in figure 4.15. As can be observed in the figure,
at no moment was the torque applied by the exoskeleton on the arm greater than
70 mN.m.

4.4.2 Exploitation of the Repetitive Characteristics of Tremor
Movement

Tremor is usually described in the bibliography as a rhythmical and involuntary con-
traction characterised by oscillations at a central frequency, [7]. Tremor frequency
varies according to the particular neurological disorder being considered. In partic-
ular, while essential tremor takes place in the frequency range between 5 and 8 Hz,
rest tremor is usually found at a slightly lower frequency range, 3 to 6 Hz.

Moreover, for a given type of tremor, its main frequency varies from patient to
patient, but tends to be quite stable for a particular subject. This property should
be exploited when designing a control strategy to counteract tremor. In particular,
repetitive control (RC) can handle periodic (repetitive) signals and disturbances,
[8]. Repetitive control can be regarded as a subset of learning control since the
control action is determined using the stored error values from preceding periods.
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Fig. 4.15 Algorithm interaction torque response in free functioning mode with the patient
moving at random.

Even though repetitive approaches can handle periodic signals (tremor), it is not
free from some common problems: tight stability conditions, poor response to non-
periodic and non-harmonic signals and poor noise characteristics. As reported by
Inoue, [63], a stabilizing compensation and smoothing of the control signal over
periods can be used to overcome the above mentioned problems.

In this kind of control systems a function approximator ” is used whereby input
and output correspondence is adapted during control, so that a desired behaviour
of the system is obtained, [136]. In the case of repetitive control, the function ap-
proximator consists of a memory loop that learns the signal behaviour whenever it
is periodical. In order to further understand the behaviour of the system, figure 4.16
shows the Bode diagram of the typical repetitive controller. As can be observed in
the figure, repetitive control implements a notch filter (infinite attenuation) on the
input signal at frequency ω0. This, of course, is the behaviour to be achieved, i.e. to
have a maximum attenuation at the disturbance frequency. However, this is obtained
at the expense of a poor attenuation (even gain) at intermediate frequencies. Another
consequence of the sharp attenuation peaks is the susceptibility of the system to
stability problems, [63].

The idea behind this approach is that the control strategy manage the exoskele-
ton to generate a motion equal but opposite to the tremor, based on the real time
estimation of the involuntary component of motion described in chapter 3, actively
compensating and effectively subtracting the tremor for the overall motion.
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Fig. 4.16 An active notch lter is implemented by means of the active orthosis. In this scheme
the notch lter frequency, ω , lies exactly at the tremor frequency.

4.4.2.1 Implementation of a Notch Filter at Tremor Movement Frequency

In order to implement the active controller from the repetitive control for suppress-
ing the tremor an approximation of joint control is also used, i.e. each joint is
controlled independently to minimise the coupling problems of the tremor in the
different upper-limb joints. The control strategy designed and proposed in this book
for active control of the pathological tremor is depicted in figure 4.17. In the control
strategy proposed the velocity of each human upper-limb joint is controlled, [140].
The velocity reference value velocity, qc, which is introduced into the velocity con-
trol loop, is calculated using the following control law:

q̇c = q̇ f + q̇tr = k f ( fdv − f )+ (q̇dt + z−Mk · q̇t) (4.5)

As in the passive approach, this strategy also consists of a dual control loop. The
upper loop is responsible for actively suppressing the tremor, whereas the lower loop
is responsible for reducing the effects of biomechanical load on natural movement,
[113].

In the upper loop, the algorithm given in chapter 3 estimates the velocity of the
tremor movement, q̇t . The amplitude of the velocity of the tremor movement has
a delay of M seconds. M is defined by equation 4.6, where ωs is the sample fre-
quency of the control strategy and ωt is the estimated tremor frequency. Thus, the
amplitude of the tremor movement, added to a velocity reference value, q̇dt , is fed
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Fig. 4.17 Active tremor suppression control strategy: Velocity repetitive control strategy im-
plemented in the WOTAS exoskeleton.

back to the WOTAS exoskeleton internal velocity controller. The WOTAS actuators
will therefore describe a velocity profile of equal amplitude but in counter phase to
the estimated tremor movement, actively cancelling and effectively subtracting the
tremor from the total movement of the user. For this, in our system, the velocity
reference value, ˙qdt , is adjusted to zero. The value of the constant ka defines the
amplitude of the movement that will be fed back to the velocity controller.

M = ωs/ωt (4.6)

The lower loop is in charge of reducing the application of loads on voluntary move-
ment. For this, an admittance control is implemented, i.e. the sensors measure the
interaction force between the exoskeleton and upper limb, f , which multiplied by
the force control loop gain, k f , defines the velocity reference value q̇ f that is fed
back to the WOTAS internal motor velocity controller. As already mentioned, in
ideal conditions, a patient without tremors must not note any resistance to natural
arm movement from the robotic device. For this, as in the case of passive control
proposed in the previous section, the reference value that defines the force applied
on the voluntary movement of the user, fdv, is adjusted to zero. As in the previous
control approach, the quality of the tremor suppression control approach is strongly
dependent on accurate estimation and tracking of tremor frequency. In [113] it is
shown that the system is stable when the algorithm for tremor estimation is stable.

As explained in the previous paragraph, unlike the passive approach, in which
the energy of the tremor movement is dissipated, in the active approach energy
is transferred (in counter phase to the tremor movement) to the system. In accor-
dance with the bibliographical review in this book, [108], the active approach of
suppressing tremor has never been implemented in any system for this purpose. The
system proposed is new and its effectiveness in suppressing the pathological tremor
and its effects on users will be evaluated in this book in trials with patients. The
system has an adaptive behaviour so that constantly (in real time) it updates both
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the estimate of the tremor amplitude and its frequency. The system is thus capable
of responding to changes produced by the control strategy on the tremor. Moreover,
as it controls each joint independently, it manages to uncouple the tremor from the
different upper-limb joints.

4.4.2.2 Experimental Results

This section describes the experiments that illustrate the behaviour and selection
of the parameters of the controller proposed in the previous section. The results
presented in this section were obtained during the adjustment tests of the actuator
controller responsible for activating the WOTAS exoskeleton elbow joint. The ar-
chitecture for programming the control strategies, sensors and actuators are those
given in section 4.3.

As seen in section 4.2.3, the maximum torque value applied by the DC-reducer
motor set was adjusted to 3 N.m (the estimated torque value associated with tremor
movement, [112]). The system is thus prevented from applying more force than
is necessary for suppressing the tremor, thereby guaranteeing the safety of the ex-
oskeleton user. However, for the tests proposed in this section, the maximum value
of the torque applied on the upper limb was altered. This is because, during the
tests, the actuator system will have to move the entire arm at very high frequencies.
It is known that the musculoskeletal system of the human upper limb functions as a
low-pass filter, [59, 92]. In order to overcome the effect of this filter and make the
arm move at higher frequencies the torque value applied by the actuator system was
adjusted to its maximum value of 8 N.m. Likewise, for the tests the user was asked
to have his arm has free as possible, i.e. not applying any voluntary forces counter
to the movement imposed by the exoskeleton.

The metrics used for evaluating the functioning of the controller proposed in
this section was that with the system the elbow joint achieved velocity reference
values at frequencies within the range of the tremor frequencies. In our application
it is interesting to quantify the range of controllable velocities and system velocity
response to tracking reference values. The experiments and results of the evaluation
of the controlled system metrics will be described in the following section.

Evaluation of the System Tracking of Dynamic Velocity Reference Values

In order to suppress the tremor with a notch filter the system actuators must move in
counter phase to the tremor movement estimated in each joint. In earlier studies the
author detected that tremor movements occur in a frequency range between 3-8 Hz
at a maximum angular velocity of roughly 2.5 rad/s, [112]. Therefore, to evaluate
system behaviour in velocity profile tracking, different dynamic velocity reference
values were programmed in the WOTAS velocity controller with the following form:

τd = Asin(2π f t) (4.7)

The experimentation conditions are the same as those above. Thus algorithm track-
ing of the velocity profiles at different frequencies was evaluated. The results ob-
tained are shown in figure 4.18.
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Fig. 4.18 Velocity control response implemented in the WOTAS exoskeleton with a dynamic
velocity reference value at different frequencies: a) 1 Hz b) 3 Hz c) 6 Hz d) 9 Hz. Left:
velocity reference signals (black) and system response (blue). Right: velocity profile tracking
errors.

In figure 4.18 it can be observed that the system is able to track dynamic velocity
reference values up to movements of 6 Hz. In other words, the system is capable
of inducing movements of up to 6 Hz on each active joint of the exoskeleton. For
the frequency of 6 Hz, error between the movement induced on the arm and the
reference is 15 %. This value is acceptable given how complicated it is to apply
dynamic forces on soft body tissues, [85]. However, on increasing the frequency of
the reference value to 9 Hz, figure 4.18d, the error between the arm movement and
the velocity reference value increases, reaching ±30%. This high value is due to the
filter of high frequency movements in the human musculoskeletal system, [92].

The torque mean values for generating movement to cancel the tremor in each
joint were evaluated in this same study. The torque value in each joint, τ , is defined
as, [71]:

τ = J ·α (4.8)

where J is the moment of inertia of the arm segment connected to the joint and α is
the value of angular acceleration of the joint movement. Thus, the required torque
value for generating movements in human joints increases in proportion to the
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Fig. 4.19 Torque values applied by the WOTAS exoskeleton to generate movements on the
elbow joint of a patient. The increased torque value required to track the reference values at
high frequencies is considerable.

increase in frequency. This behaviour is depicted in figure 4.19 where the increased
torque value required by the actuator system to generate movements at greater
frequencies can be observed. These values vary from patient to patient since they
are related to the moment of inertia of the arm segment, J, and this value is defined
by the anthropometrical characteristics of each individual, [112].

In figure 4.19 it can also be observed that the system presents a maximum value
of movement transmission the arm joint. The torque values required for tracking
reference values at frequencies of 6 Hz and 9 Hz are very similar. This is because
the soft tissues, for these high frequencies, filter nearly all movement produced by
the exoskeleton, i.e. although the exoskeleton is generating high-frequency move-
ments (9 Hz), not all this movement is transmitted to the human skeleton, as the
movements generated by the robotic exoskeleton are absorbed by the skin surface
movements, [12].

The behaviour of the lower loop for tracking the voluntary movements of the
patient was evaluated in the section above, where it was shown that the exoskeleton
is able to work in free mode without affecting the natural movements of the user, by
applying a barely noticeable resistance of 80 N.m.
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4.5 Conclusions

This chapter presented a robotic exoskeleton able to monitor, diagnose and control
tremor in subjects. This robotic exoskeleton is equipped with kinematic and kinetic
sensors for the measurement and calculation of joint angular displacement, velocity
and acceleration, as well as interaction forces between the limb and orthosis. In
addition, it could also apply dynamic force to the articulations of the upper limb
by means of a set of flat dc motors in combination with pancake gears. The big
innovations of the WOTAS exoskeleton are its portability, its non invasiveness, and
that it provides direct information from each joint of the upper limb.

In order to achieve the objectives defined for this chapter, two control strategies
were designed and implemented for suppressing tremor movements with robotic
exoskeletons. A passive control strategy has been presented, which absorbs tremor
movement energy by altering the impedance of the musculoskeletal system and ap-
plying dissipating forces to the tremor. The other control strategy proposed is based
on a new approach for suppressing tremor: adding energy to the system in counter
phase to the tremor. The second approach has never been used for cancelling tremor
and its efficiency in real patients will be presented in the next chapter. The control-
lability range of both control strategies proposed was evaluated in this chapter and
they have shown to be able to generate the forces required for suppressing tremor.

In summary, the operation of WOTAS system for tremor suppression is based
on the identification of tremorous motion out of the kinematics and kinetics sensor
reading. Adaptive algorithms help identify and distinguish tremorous motion from
the voluntary one. This information is then used to establish a proper physical in-
teraction (modification of the combined human-exoskeleton articular impedance or
applying forces opposite to tremor) that should result in tremor reduction.

The main contribution of the chapter has been the design of new control strate-
gies. These differ from the control strategies found in the literature where the can-
celling action of the tremor does not affect the voluntary movements of the
exoskeleton user. Moreover, the adaptive behaviour of the control strategies pro-
posed mean that the tremor is suppressed at the same level where it is evident: in
joints. This means that there exist no coordination between control loops at differ-
ent joints. As a result of this, tremor migration is immediately detected and tracked
at any of the proximal joints. The consequence of this detection and tracking of
tremor is the corresponding counteraction. The mutual adaptation process was used
to decouple the influence of tremor at adjacent joints, which results in an overall
reduction of proximally migrated tremor, [113]. In addition, the range of movement
of each articulation of the exoskeleton is limited by the control strategies in such a
way that they never exceeds the natural range of motion of the user. This was im-
plemented in order to guarantee user safety. Moreover, the strategies proposed were
designed for ambulatory devices, so they do not require any external reference point
for suppressing the tremor.

In the next chapter the WOTAS exoskeleton and the control strategies presented
in this chapter will be evaluated with patients suffering from tremor. The system
proposed and the control strategies will help understand the mechanisms of tremor.
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The capacity of applying internal dynamic forces to the upper limb opens widely
the application field of WOTAS exoskeleton. It could be applied in different areas
of the rehabilitation robotic field, for instance, it could provide restoration or main-
tenance of motor function to different joints of the upper limb. Most of the powered
orthoses designed to date are nonambulatory devices, [65, 95]. There is a need in the
rehabilitation area of ambulatory devices able to apply dynamic forces to the upper
limb.



Chapter 5
Upper Limb Exoskeleton for Tremor
Suppression: Validation

This chapter introduces the protocol for the validatation of the exoskeleton and con-
trol strategies introduced in previous chapters. This protocol is a set of tasks defined
according the clinical criterias. In order to evaluate the performance of the device
developed to suppress tremor we conducted an experimental phase involving 10 pa-
tients suffering from different tremor diseases. The clinical effectiveness and the
user’s acceptance was the criterias selected for the elaboration of the evaluation
protocol.

5.1 Experimental Protocol

In order to evaluate the performance of the device developed to suppress tremor
we conducted an experimental phase involving 10 patients suffering from different
tremor diseases. The objectives of these experiments were to:

• Evaluate WOTAS exoskeleton
• Validate the developed tremor suppression control strategies
• Compare active and passive control strategies
• Determine the better combination of parameters for each joint

These experiments were conducted in Hôpital Erasme, in Belgium, and Hospital
General Universitário de Valencia, in Spain, and were led by a neurologist. The
protocol, the results and the analysis of the results are presented in the following
sections.

5.1.1 Users

Ten users participated in these experiments (3 women, mean age 52,3 years). Users
presented different pathologies but the majority was affected by Essential Tremor
(ET). ET was moderate in users 1, 3, 4 and 7 and severe in users 2, 5, and 6. User
8 suffer from multiple sclerosis, user 9 from post-traumatic tremor and user 10 is

E. Rocon and J.L. Pons: Exoskeletons in Rehabilitation Robotics, STAR 69, pp. 99–111.
springerlink.com c© Springer-Verlag Berlin Heidelberg 2011
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affected by a mixed tremor. All users provided their informed consent. The investi-
gation was approved by the ethical committee of both hospitals. All the experiments
were recorded.

The users still exhibited tremor despite a regular intake of the drugs convention-
ally administered for tremor, even at high doses for some of the users.

5.1.2 Materials and Methods

Three different people were present during the measurements, see figure 5.1:

Fig. 5.1 Illustration of the process of placing WOTAS over the arm of a patient during
experiments.

• A computer operator: In charge of setting the parameters of the systems and
recording the signals.

• A medical doctor: In charge of supervision of the condition of the trials and the
state of the user.

• An experimenter: In charge of fitting and removing the orthosis and interacting
with the user to perform the trials.

The exoskeleton was evaluated in several sessions and it was adapted to the partic-
ularities of each user, as illustrated in figure 5.2.

During the experiments neither the user, nor the experimenter or the medical
doctor knew when the systems were applying a suppressing strategy or when it
was operating in monitoring mode. Just the computer operator knew when the sys-
tems were applying the suppression strategy. For formal purposes, we consider this
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Fig. 5.2 Wotas placed over the arm of a patient.

arrangement equivalent to a double-blind trial in order to reduce the placebo effects
in the experimentation phase, [13].

All the experiments were recorded for future analysis.

5.1.3 Tasks

Three different tasks were selected to be performed by the users: Keep the arm
outstretched, point the nose with a finger, and keep the arm in a rest position. These
tasks have been previously used to characterise tremor movement, [13].

During the experiments, WOTAS operated basically in its three different control
modes as follows:

1. Monitoring mode. WOTAS operate in free mode (no force is applied on the upper
limb) and monitor tremor parameters of the users.

2. Passive Control mode. WOTAS is able to change biomechanical characteristics
of upper limb, such as viscosity or inertia, in order to suppress tremor (section
4.4.1).

3. Active Control mode. WOTAS is able to apply opposite forces to the tremorous
movement based on a real time estimation of the involuntary component of
motion (section 4.4.2).

The order in which the modes have been applied has been alternated, as well as
the order in which the users have executed the tasks. In each experimental session,
3 repetitions of each task were realized. This approach was adopted in order to
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avoid interactions in the analysis, as well as learning effects, [13]. The number of
repetitions has been chosen in order to have an experimental session not longer than
1 hour.

5.1.4 Data Analysis

The data analyzed were the output voltage coming from the gyroscopes placed on
the active orthosis. This output voltage was sampled at a 2000 Hz rate. The data
has been filtered using a Kernel Smoothing algorithm and a gaussian window 51
points width. The figure of merit adopted to quantify the reduction achieved by the
exoskeleton is the ratio between the signal analyzed in monitoring mode (Pmm), and
the signal analyzed in suppression mode (Psm), both in passive or active modes,
equation 5.1. Therefore, the reduction of tremor was measured with the users under
the same conditions: with the orthosis placed on the upper limb. As a result, the es-
timated reduction was the remaining tremor in suppression mode referred to tremor
at monitoring mode.

R =
Psm

Pmm
·100 (5.1)

The parameter selected to compare the tremor level is the Power contained in the
frequency band from 2 Hz to 8 Hz, [108]. It can be defined as follows:

Φ( f ) =
FFT (x)FFT (x)∗

N
(5.2)

P =
f2

∑
i= f1

Φ(i)
T

=
1

Nts

f2

∑
i= f1

Φ(i) (5.3)

where x is the signal in the time domain, N is the length of the signal, ts is the
sampling period and, f1 and f2 are the lower and upper limits of the range of interest.

5.2 Results and Discussion

The effects of adding effective viscosity were investigated for the upper limb during
the execution of the different tasks. During the trials, some users were able to iden-
tify when the system was operating in suppression mode, relating to the clinician
either ’now the system is suppressing my tremor’ or ’now it is not’.

Figure 5.3 illustrates the performance of WOTAS when operating in suppression
mode for all subjects in this experiment. Notice that the efficiency of the exoskele-
ton improves with tremor power increase. An statistical analysis has been made to
characterized the tremor suppression. The statistical analysis has been made using
R, [99]. A second order polynomial fit has been made with the natural logarithms of
power spectra in free and suppression mode, see red line on figure 5.4. As showed
in table 5.1, the adjusted R2 of the fitting is 0.44 and all the coefficients of the fitting
are statistically significant at 0.05.
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Table 5.1 users information

Estimate Std.
Error

t value Pr(>| t |)

Intercept -1.40 0.36 -3.87 0.0003

X 0.45 0.11 4.21 0.00012

X2 0.09 0.04 2.34 0.024

From this fitting it is possible to estimate where the orthosis suppress tremor
efficiently, based on finding the points where the fitting crosses the line y=x (green
line on figure 5.4). This method allows us to identify a lower limit for efficient
tremor suppression, this limit is roughly 0.15 rad2

s3 . In Figure 5.3 we can check that
the robotic exoskeleton has a minimum tremor suppression limit, i.e., if the spectral
density of tremor movement is below the lower limit identified, around 0.15 rad2

s3 ,
WOTAS exoskeleton is ineffective in suppressing the tremor.

In order to verify the hypothesis that over the lower limit (0.15 rad2

s3 ) WOTAS
is efficient in tremor suppression, an univariate ANOVA analysis was performed.
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Fig. 5.4 Polynomial fitting to the data

This analysis was made for all movements which tremor in free mode was above
the threshold obtained by the regression curve. The hypothesis is that the orthoses
is efficient for severe cases of tremor, when tremor is small (under the threshold of
0.15 rad2

s3 ) the system has a negligible contribution. Five from the six users had
movements in which the PSD of tremor was above the threshold and these are
the measurements included in the analysis. The analysis was based on two fac-
tors: system in monitoring mode and system in suppression mode. Users were in-
cluded to the model and the dependent variable was the Neperian Logarithm of the
Power Spectral Density - Ln(PSD. The results of this ANOVA analysis are shown in
table 5.2. According to the table, the effects due to the mode (active vs monitoring)
as well as due to the user are statistically significant. Moreover, as we can see in
figure 5.5, the active mode reduces the mean value of the Ln(PSD).

The user also have a significant effect on the Ln(PSD) but not on the interaction
mode-user as showed in table 5.2. However, WOTAS demonstrated its effect in
reducing the tremor component in all users with tremor superior to the threshold
(figure 5.6)
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Table 5.2 Results of the ANOVA analysis

Source Type
III
Sum of
squares

df Mean
Square

F Sig.

Intercept Hypothesis 11.42 1.00 11.42 0.42 0.56

Error 111.03 4.03 27.56

Mode Hypothesis 21.10 1.00 21.10 68.46 0.0

Error 2.54 8.24 0.31

User Hypothesis 126.25 4.00 31.56 130.05 0.0

Error 0.97 4.00 0.24

Mode * Hypothesis 0.97 4.00 0.24 0.32 0.86

User Error 19.50 26.00 0.75

Fig. 5.5 Mode effect on the Ln(PSD)

The results also indicated that the range of reduction in tremor energy for signals
above this orthosis operational limit ranges from 3.4 % (percentile 5) to 95.2 %
(percentile 95) in relation to energy in monitoring mode.

These reductions can be appreciated in figure 5.7 and figure 5.8. These fig-
ures illustrate the effects of WOTAS on tremorous movement using both strategies.
Figure 5.7 illustrates the time series corresponding to the tremorous movement of
the elbow joint of user 2 while the arm is outstretched. The top part of the figure
shows the time signal with WOTAS in the monitoring mode. Notice that for both
passive and active modes the amplitude of tremor is clearly smaller than in the mon-
itoring mode.
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Fig. 5.6 Effect of the user in the reduction of tremor with WOTAS.
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Fig. 5.7 This figure illustrates the oscillations of the elbow of tremor with WOTAS in a
monitoring mode and suppressing modes in user 2. Note the strong reduction in amplitude of
tremor when suppressing actions are applied. Oscillations are expressed in rad/sec.



5.2 Results and Discussion 107

Figure 5.8 illustrates the same reduction in the frequency domain. The Power
Spectrum Density (PSD) have been obtained from the part of the signal with tremor.
The top part of the figure illustrates the PSD of the tremorous movement with
WOTAS operating in monitoring mode. It is possible to see a clear peak of tremor
activity close to 4 Hz. In the middle, figure shows the PSD while WOTAS was op-
erating in active mode. Notice that the energy associated to tremor activity has been
substantially reduced. In the low part of the figure the peak of energy corresponding
to the tremorous activity when WOTAS is in passive mode also presents a clear re-
duction. These results indicate that WOTAS is able to suppress tremor in addition to
validate both control strategies proposed, active and passive, for control of orthotic
suppression of tremor. Notice that the frequency of tremor does not change when
the exoskeleton is working in suppression modes.

0

100

200

300

400

WOTAS: monitoring mode

T
re

m
or

 p
ow

er
 (

ra
d2 /s

3 )

0

100

200

300

400

WOTAS: active mode

T
re

m
or

 p
ow

er
 (

ra
d2 /s

3 )

0 2 4 6 8 10 12 14 16 18 20
0

100

200

300

400

WOTAS: passive mode

Frequency (Hz)

T
re

m
or

 p
ow

er
 (

ra
d2 /s

3 )

Fig. 5.8 This figure illustrates the associated power spectral density (PSD) of tremor WOTAS
in a monitoring mode (upper part) and suppressing modes in user 2. Notice the strong reduc-
tion in the PSD of tremor when suppressing actions are applied. PSD is expressed in rad2

s3 .

A detailed analysis of the data showed that the active suppression strategy (81.2
% mean power reduction) presents higher levels of tremor suppression compared
to passive suppression strategy (70 % mean power reduction), see figure 5.9 . This
suggests a better performance of the active mode in tremor suppression.
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Fig. 5.9 Comparison of the tremor suppression results obtained with both control strategies.
Left: active control strategy and Right: passive control strategy.

Nevertheless, we consider that this difference is not statistics meaningful. We
believe that experiments with more patients should be performed in order to clearly
evaluate the performance of both strategies. This is due to the fact that during these
experiments the viscosity added to the different joint movements (elbow and wirst
flexion-extension and forearm pronation-supination) was the same. Further experi-
ments should be performed with customized biomechanical parameters according
to the particular biomechanical properties of each user, [92]. This solution was
considered during the validation phase; nevertheless it could not be implemented
in order to maintain the experimental duration smaller than 1 hour, [13].

As to the subjective evaluation, patients reported that they prefer the passive strat-
egy instead of the active one. We believe that this is because when operating in the
active mode, the exoskeleton is constantly moving out-of-phase to tremor, which
could be more unpleasant to the user. Moreover, this generates more acoustic noise,
which could be more disagreeable to the user.

5.3 Discussion

The previous section presents results of the clinical trials related to the evaluation
of the exoskeleton for tremor suppression presented in the paper. The exoskeleton
performance was assessed in 10 users suffering from different kinds of tremors at the
upper-limb. Two strategies for tremor reduction have been tested: viscous friction
and notch filtering.
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The analysis of the videos from the experiments demonstrated that in the majority
of users there was no tremor displacement to proximal joints of the upper limb. Nev-
ertheless, one user in ten presented an increment in tremor activity at shoulder level.
The authors believe that future work should be performed in order to investigate and
define the profile of the users affected by this phenomenon.

The results of the experiments indicated that the device could achieve a consis-
tent 40% of tremor power reduction for all users, being able to attain a reduction
ratio in the order of 80% tremor power in specific joints of users with severe tremor.
In addition, the users reported that the exoskeleton did not affect their voluntary
motion. These results indicate the feasibility of tremor suppression through biome-
chanical loading. Nevertheless, the users reported that the exoskeleton could not
be considered as a solution to their problem since it is bulky and heavy. The users
considered that the use of such device should cause social exclusion. This was ex-
pected since the exoskeleton was developed as a platform to evaluate the concept of
mechanical tremor suppression and not as a final orthotic solution. The main wish
expressed by the potential users was the possibility of hiding the exoskeleton under
clothing, [114].

The results also indicated a superior performance of active tremor suppression
over passive tremor suppression. However, the authors believe that this could be
due to the fact that the value of viscosity added to the movement was the same for
all users. The customization of viscosity or inertia added to the upper limb according
to the biomechanical characteristics of each user should improve the efficiency of
passive tremor suppression strategy, [92, 114].

It was noticed that the degree of tremor reduction was dependent upon the power
associated with tremor. There are lower limits for robotic tremor suppression that
should be determined for the mechanical impedance of the contact exoskeleton-skin,
and the particular morphology of tremor.

Another important aspect of this validation is that the physical interaction affects
the cognitive interaction between the robot and the human. In general, physical HR
interaction will trigger cognitive processes on either side of the HR interface. These
cognitive processes will in turn affect motor control both in the human and in the
robot, all in a context of mutual adaptation during interaction. This adaptation mech-
anism has not been clearly formalized in the literature, most probably due to the
complexity of the CNS and related motor control mechanisms, [95].

During the trials two users spontaneously reported that they felt a decrease in the
amplitude of their tremorous movement and consequently they felt more confident
about the execution of the task. This indicates that the visual feedback of a smooth
movement has a positive impact in the user. This fact is very important and future
research will be performed in order to evaluate this phenomenon with more users of
different pathologies.

When tremor is counteracted by the interaction between human and robot, the
following phenomena are observed:

1. The visual feedback of a limb with a reduced tremor amplitude has a positive
impact on the human control system. The human motor control is reinforced (a
sort of positive gain feedback), and residual tremor is further reduced as a result.
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2. The reduction of tremor in one joint following interaction with the robot results
in perturbed human motor control, possibly leading to increased tremor intensity
at the adjacent proximal joints. This phenomenon is called Distal to Proximal
Tremor Shift (DPTS).

Two adaptive control strategies, impedance control (see section 4.4.1) and model-
based repetitive control (see section 4.4.2), were proposed. As described in chapter
4, the following approach was adopted to manage both of the physically triggered
human motor control phenomena.

1. The control strategies exhibit an adaptive behaviour. In the case of impedance
control, the combined impedance of each articulation of the HR system is calcu-
lated on the basis of a real-time estimation of the tremor amplitude. In the case of
repetitive control, the amplitude of the force applied to counteract tremor is also
based on the continuous estimation and tracking of tremor frequency and ampli-
tude. Thus the system can respond to the changes that take place in the human
motor system. The outcome of the adaptive approach to both control strategies is
mutual adaptation, both physical and cognitive.

2. The implementation of the control strategies is based on individual independent
control loops in each joint of the exoskeleton. This minimizes the DPTS problem:
if cancellation of the tremor in one joint increases the tremor in the other joint,
the algorithm responsible for controlling the adjacent joint will automatically
identify the increased tremor and try to reduce the tremor migration. The aim is
to achieve equilibrium between the active behaviour of tremor reduction in either
joint, thereby reducing the coupling effects of the upper-limb joints.

Based on the result, authors could claim that their approach in the development of
the control strategies was succesful.

5.4 Conclusions

This chapter presented the validation of a robotic exoskeleton able to monitor,
diagnose and control tremor in subjects. The exoskeleton was evaluated with 10
users and validated the concept of tremor suppression through wearable robotics.
Both proposed strategies for tremor suppression (viscous friction and notch-filtering)
have produced significant reduction of tremor amplitude. The results indicated that
notch-filtering of tremor is more efficient than viscous friction, however further
research should be performed in order to validate this statement.

Some aspects of mechanical tremor suppression were not evaluated in this study,
further trials with a larger number of users should be held in order to evaluate other
different aspects of WOTAS operation. The exoskeleton will help to analyze the
effect of biomechanical loading on the upper limb motion and quantify its effects
on fatigue. In addition, the carryover of attenuation effects after the impedance is
removed must be subject to study. This is in line with the study of the effects of long
term strengthening of muscles when subject to the training effect the exoskeleton is
imposing to the user.
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Another very important issue is the interface of the exoskeleton with the upper
limb. It was detected that there are lower limits for robotic tremor suppression deter-
mined by the mechanical impedance of the contact exoskeleton-upper limb. These
limitations make the device useless for users with moderate to low tremor. There
are several biomechanical aspects regarding the transmission of forces from the ac-
tuators to the limb that should be solved in order to improve the exoskeleton perfor-
mance. Another aspect that requires further research is the effect of visual feedback
on the capacity of the user to perform a task.

In this work, the use of biomechanical loading (by means of orthotic exoskele-
tons), both technically and clinically, as a new method for tremor suppression with
successful results. The device was clinically validated with tremor patients (from
different pathologies: essential tremor, Parkinson, Multiple sclerosis, Post-traumatic
tremor and mixed tremor) with successful results: it was able to achieve a consistent
40 % of tremor power reduction for all patients, and to attain a reduction ratio in
the order of 80 % tremor power in specific joints of patients with severe tremor.
Moreover, patients related that the exoskeleton did not affect their concomitant vol-
untary motion, which is a common drawback of tremor and very important for users
acceptance.

Results indicated that the approach to mechanical suppression of tremor by means
of orthotic devices presents limitations mainly due to the physical interaction be-
tween the exoskeleton and the human limb:

• The transmission of forces through soft tissues plays an important role in the
efficiency of tremor suppression. There is a physical limitation for tremor sup-
pression through wearable devices due to force generation (size and power con-
sumption of the actuators) and transmission through soft tissues.

• Emerging actuators technologies, i.e. Magneto-Rheological Fluid actuators
(MRFs), Electro-Active Polymer actuators (EAP) and Ultrasonic motors, were
evaluated for an orthotic implementation [14]. It was concluded that, despite the
success of the approach, there is no suitable actuator technology in terms of cos-
metic and aesthetic (low weight, compact to be worn beneath the clothes) as well
as functional requirements (torque, bandwidth), [94].

• Patients related that these bulky exoskeletons could not be considered as a
solution to their problem since it is considered that the use of such device should
cause social exclusion.

In summary, robotics based solutions have shown clinical evidence of the approach
based on human limb impedance control. However it results in bulky and non cos-
metic solutions for which patients are especially reluctant.





Chapter 6
Summary, Conclusions and Upcoming Research

6.1 Summary

This book started with an introduction to Rehabilitation Robotics and, in particu-
lar, of Rehabilitation Wearable Robots of which Exoskeletons are very interesting
examples. A historical note that dated back to the late 1960’s the first work on Re-
habilitation Robotics was given in Chapter 1. Even though this represents already
more than 40 years of work in the area, when looking to publications and scientific
contributions in the field, one might say that it is still in its infancy.

The first chapter highlighted the salient aspects of Exoskeletons and Rehabil-
itation Robotics. These devices can only be fully understood when considered
biomechatronic devices. This is mainly due to the close interaction of these de-
vices with the human user and to the use of nature and human biology as a source
of inspiration when designing Exoskeletons.

The close human–robot interaction was split in chapter 1 into cognitive and phys-
ical interaction. Both are equally important in exoskeletons but the physical inter-
action leads to strict demands on safety and dependability. On the other hand, as
physical interaction is in most instances triggered by a cognitive interaction, also
strict demands on reliability, accuracy and robustness are derived to the cognitive
interface.

This book addressed the design and evaluation of a wearable exoskeleton to sup-
press pathological tremor. Tremor is a rhythmic involuntary movement of human
limbs that can lead to disability. Being tremor the focus of this book, chapter 2 was
devoted to thoroughly studying how tremor affect limbs at joint level. This has been
considered crucial as the approach adopted in the framework of this research was to
use an exoskeleton working on the internal force concept. This implies that forces
are applied to the human skeletal structure through soft tissues between members in
a limb, e.g. between forearm and arm to suppress tremor in the elbow.

By adopting the internal force concept, tremors appearing in joints not spanned
by the exoskeleton cannot be suppressed. This might be considered a drawback
but has the advantage of allowing lighter and more compact robotic exoskeletal
structures, and therefore wearability can be a realistic target. Having tis in mind,

E. Rocon and J.L. Pons: Exoskeletons in Rehabilitation Robotics, STAR 69, pp. 113–130.
springerlink.com c© Springer-Verlag Berlin Heidelberg 2011
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chapter 2 analyzed tremor characteristics in the most relevant tremor groups, i.e.
rest tremors (Parkinson’s disease), postural tremors (essential tremor) and intention
tremor. These characteristics included tremor patterns, tremor torque and power for
the most relevant joints contributing to disabling hand tremors. It was concluded that
elbow flexion–extension, forearm abduction–adduction and wrist flexion–extension
need to be considered for an efficient tremor suppression exoskeletal approach.

Tremor characterization at joint level was the starting point for the design and
selection of technologies. Tremor characterization was based on a biomechanical
model of the human upper limb and on especially designed signal processing tools
for an efficient capture of the non-stationary characteristics of tremor. Kinematic
and dynamic analysis tools as typically used in the context of studying artificial
kinematic chains, e.g. robotic manipulators, were used to model upper limb kine-
matics and dynamics. Empirical mode decomposition (EMD) and the Hilbert spec-
trum were adopted and adapted to analyze tremor.

Once tremor is understood and the effects of tremor on joints and limbs quanti-
fied, the rest of the book adopted a structure in which the importance of both the
cognitive HR interaction (cHRI) and the physical HR interaction (pHRI) was high-
lighted. Chapter 3 was devoted to explain the approach to develop the cognitive
interaction between the robotic exoskeletal structure and the human.

Typically, a cognitive human–robot interface has the goal of decoding and trans-
mitting volitional commands from the user to the robot and grasping relevant pa-
rameters of the robot-environment interaction to be fed back to the user. In our case,
the cognitive human robot interaction scheme is rather unusual. The main goal of
the cognitive interface is not deciphering volitional command but identifying tremor
onset and tremor characteristics over time as it is only when tremor is present when
the robotics exoskeletal structure has to apply tremor suppression mechanisms. In
this context, the goal is detecting whether the user is trembling or not and, in case
its is being affected by tremor, to track tremor characteristics, e.g. joints affected,
tremor amplitude, tremor frequency.

Once the cognitive HRI was introduced and discussed in chapter 3, the exoskele-
tal WOTAS system together with the tremor suppression control strategies were
introduced in Chapter 4. As already above mentioned, dependability and safety in
exskeletons depends to a great extent on the quality of the physical HRI. In this
chapter all aspects in relation to this physical interaction were addressed. We started
by biomechanically modelling the upper limb as a previous step to ensure safe ap-
plication of load through soft tissues. Since we adopted the internal force concept
in the design of WOTAS, carefull consideration of force transmission through soft
tissues is a must. This modelling approach was also complemented by an in-depth
analysis of user’s tolerance to pressure. In this regard, maps showing users’ toler-
ance to pressure and shear forces were derived and then used to design supports.

All mechatronics foundations for the design of WOTAS were also addressed in
chapter 4. In particular, a full section was devoted to introduce the mechacical de-
sign of the system, the selection of sensing technologies and, more importantly,
the choice of actuator technologies. The analysis of the mechanical design of
WOTAS highlighted the need of developing full kinematic compatibility between
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the exoskeletal structure and the anatomical joints being spanned by the robot. This
was easily achievable in the case of both elbow and wrist flexion-extension DoFs,
but it was much more complex in the case of forearm pronation and supination. In
this particular case, a redundant kinematic chain comprising revolute, universal and
linear joints was used to ensure kinematic compatibility.

Actuators (and the accompanying power technologies) have always been a bottle-
neck when fully wearable robotics technologies have been considered. In this book
different novel alternatives have been addressed but it was already in 1982, in the
framework of a workshop held at MIT, [58], where it was pointed out the current
actuator technologies are the most serious, long term impediment to the develop-
ment of artificial hands. Artificial hands are only an example application of wear-
able robots, therefore the same limitations apply to other robots and, in particular,
to WOTAS.

During these two decades Shape Memory Alloys have been studied as a possi-
ble actuator technology, but efficiency, reliability and response time are claimed as
the most limiting factors. On the other hand, high torque ultrasonic motors were
also proposed as alternative technologies. Again, efficiency and high voltages re-
quired for operation are the main drawbacks even when the choice is more balanced
as compared to traditional EM motors, [94]. Here, both Ultrasonic motors and tra-
ditional DC EM motors have been considered. Last generation Ultrasonic motors
looked promising but control problems, especially when being driven at low ve-
locities, favoured the selection of traditional, reliable EM motors. This of course
resulted in bulky solutions but gave us the flexibility to implement several control
strategies to suppress tremor and eventually, allowed the validation of the concept.

Two tremor suppression control strategies were introduced in Chapter 4. Both
tremor suppression strategies are based on the peculiar rhythmic characteristics of
tremor and on the mechanical behaviour of human limbs and joints. The first tremor
suppression control approach, the so-called active strategy, is a repetitive, model
based control approach. It is imported from noise cancellation applications where
out-of-phase noise is additively applied so that overall noise is cancelled. In our
case, tremor is detected and identified at each joint level and then the limb is driven
with an out-of-phase tremor at the same frequency and amplitude that pathologi-
cal tremor. It was estimated that a small phase lag, i.e. around 20-30 ms, would
result in uncomfortable sensations and even amplified tremor. As a consequence,
strict requirements in terms of real time implementation of the cognitive interface
algorithms (to detect and track tremor characteristics) and control strategies were
derived.

The second tremor suppression strategy is based on the second order characteris-
tics of the human upper limb joints. It was shown that human limbs can be modelled
as second order linear systems. Mechanically, human joints behave as low pass fil-
ters. Here we identified that most volitional movements occur below 2 Hz while
for most tremors, typical frequencies are in the order of 3–12 Hz. Therefore, if the
stiffness, damping and inertia of a human limb’ s joint are tuned so that the cut-
off frequency of the equivalent mechanical system lay below the tremor frequency
and above the volitional movement range, the human limb should naturally filter
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out tremor while preserving voluntary movements. This is exactly the approach we
implemented as our second tremor suppression strategy.

Finally, Chapter 5 was devoted to the validation and proof of concept of the
hypothesis: tremor can be effectively managed by means of exoskeletal loading
the upper limb. In this regard, this chapter introduced the experimental protocol
specifically designed to this end. In short, a double-blind protocol was designed
with provisions to consider possible placebo effect when using the tremor suppres-
sion exoskeleton. Potential users representing all main tremor groups were included
in the pre-clinical trials but, in the sample, patients exhibiting postural tremor were
over represented. This was expressely done in view of the fact that this tremor group
is the one that will most benefit of a mechanical tremor suppression management.

6.2 Conclusions

A detailed presentation of results and the subsequent discussion was already given
in chapter 5, only a few considerations will be given here. It is worth stressing that,
upon application of tremor reduction strategies by means of WOTAS, the best results
were observed in patients exhibiting severe tremors whilst those being affected by
mild or light tremors only underwent slight tremor reductions or, in the worst cases,
even tremor amplification. This was explained in terms of bad transmission of (low)
cancelling forces through forearm and arm soft tissues.

It is also important to note that the cognitive HRI interaction in this particular ap-
plication is only based on the analysis of limb movement. This has implications that
need to be clarified. On the one hand, this means that tremor can only be detected
and tracked when upper limbs are already trembling. Therefore, tremor cancella-
tion strategies can only act after allowing a first period of tremor which, in some
instances, is undesirable. On the other hand, other sources of information on tremor
are not considered. Limb movement in humans is a mechanism that involve cen-
tral and peripheral structures. Voluntary movement is planned at brain level, this
motor planning is then coordinated by means of brain, spinal and peripheral mech-
anisms. All this process results in electrical activity (EMG) stimulating muscles.
When tremor is present, this is a result of involuntary oscillators at brain level which
lead to undesired rhythmic EMG activity. If all these steps in motor planning and
execution are considered in a cognitive HRI a priori (before it actually happens)
knowledge of trembling movement can be derived. This leads to the need of propos-
ing multimodal cognitive HRI schemes where all stages in motor mechanisms are
considered.

WOTAS has been subjectively evaluated by all patients participating in pre-
clinical trials. The overall degree of satisfaction with tremor reduction results was
high. However all patients reported issues related to the usability of a solution like
WOTAS. Functionally the system is very well perceived but it is bulky, noisy and
energy consumption is a concern for a truly wearable solution. Therefore, from a
usability standpoint, we are still far from an ideal solution.
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6.3 Upcoming Research

Tremor cancellation, as proposed in this book, can only be understood in the general
context of restoring human motor function in the widest scope. Restoring human
motor functions has been a fascinating yet frustrating research area during the last
century. The possibility of interfacing the human nervous system with mechatronic
devices, and then employ these devices to restore neurological function, has long
fascinated scientists, [23]. The paradigmatic scenario for technological restoration
of sensory and motor function is Spinal Cord Injury (SCI), where flow of sensory
and motor neural information is interrupted following a partial or total medullar le-
sion. However, other frequent neural disorders, e.g. tremor as in this book or Cere-
brovascular Accidents (CVA) and Cerebral Palsy (CP), would benefit from these
rehabilitation or functional compensation systems.

First instances of Rehabilitation Robots (RRs) were industrial robots adapted
and brought to the rehabilitation environment, [26]-[22]. The adoption of industrial
robots in rehabilitation settings immediately led to issues in terms of acceptability,
usability, safety and dependability. In this context, the concept of Wearable Robots
(WRs) was proposed by Pons, [95]. Wearable robots are person-oriented robots and
therefore more adapted to the interaction with users. They are worn by human op-
erators to supplement the function of a limb, e.g. exoskeletons. WRs exhibit a close
interaction with the human user but structurally are similar to robots, i.e. rigid links,
actuators, sensors and control electronics.

The next step in robot-assisted rehabilitation leads to the concept of Soft Robots
(SRs). They are also wearable, but SRs use functional human structures instead of
artificial counterparts, e.g. artificial actuators are substituted by Functional Electrical
Stimulation (FES) of human muscles. The borderline between human and robot
becomes fuzzy and this immediately leads to hybrid Human-Robot systems.

It is in this context that Neurorobots (NRs) and Motor Neuroprostheses (MNPs)
emerge. Both seek to obtain motor command signals from motor control regions of
the nervous system via Brain-Machine interfaces (BMIs).

MNPs constitute an approach to restoring function by means of artificially con-
trolling human muscles or muscle nerves with Functional Electrical Stimulation
(FES). MNPs are shown in figure 6.1 as a bypass of damaged sensory-motor sys-
tems: users volitionally (via a BMI) trigger delivery of electrical stimulation by
using the functional part of the body (above lesion); Electrical pulses stimulate mo-
tor and/or sensory nerves, thereby generating movement by activating paralyzed
muscles.

Pioneering work in multichannel FES with surface electrodes was done by a
research group from Ljubljana, Slovenia, [134]. They developed a three-channel
system for assisting the swing phase in individuals with hemiplegia. Vienna FES
system, [16], Compex Motion, [97], and UNA FET, [98], are examples of state-of-
the-art multichannel transcutaneous systems that can be used for gait restoration in
individuals with hemiplegia or paraplegia.

In order to overcome deficiencies of the surface systems (e.g., donning and
doffing, proper electrode placement, poor stimulation selectivity), a number of
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Fig. 6.1 Scheme of a MNPs.

percutaneous and implanted systems were suggested. However, implantable FES
systems suffer from adverse reactions of the human immune system that prevent
long term and permanent solutions, energy supply to implanted systems is not prop-
erly solved (even though wireless inductive systems seem promising), difficult heat
dissipation and wiring issues.

Human body is a highly complex musculoskeletal system. However, FES control
patterns to drive, for instance, human lower limbs during MNP walking, are very
simple and use control signals that are rather coarse. Therefore, it is not surprising
that gait patterns generated by using contemporary MNPs are still far from the per-
formances typical for normal gait of able-bodied individuals. The movements are
rather jerky. Walking is frequently accompanied with significant energy expendi-
ture and high heart rates and, in addition, FES typically results in pain and muscle
fatigue.

NRs use volitional commands for controlling a (mechatronic) WR (typically an
exoskeleton, as in the case of WOTAS in this book) which, in turn, applies con-
trolled forces to drive paralyzed limbs. This approach is schematically depicted in
figure 6.2. Wearable Neurorobotics is more versatile as to the implementation of
motor actions: (1) precise kinematics and impedance control is readily available,
(2) biomimetic control architectures, e.g. Central Pattern Generators (CPGs), inter-
nal models (model-based feed-forward control) and reflexes, can be readily applied,
and (3) built-in artificial proprioception (limb awareness) and vestibular sensors can
be used to drive non-volitional motor actions, e.g. control of balance. As a serious
drawback, the transmission of motor actions (forces) to the human musculoskeletal
system takes place through soft tissues.

In NRs, the interaction is to be carefully thought in terms of compatible kinemat-
ics and application of controlled forces. Moreover, current limitations in efficient
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Fig. 6.2 Scheme of NRs: functional compensation is attained by application of restoring
forces by an exoskeleton.

and compact artificial actuator technologies, as pointed out by Pons, [94], suggest
NP alternatives, e.g. FES.

The common component in MNPs and NRs is a BMI to decipher volitional com-
mands from the user as input for the MNP and NR controllers. As to BMIs, current
trends lead to integrating brain activity (electroencephalography, EEG and other
invasive and non-invasive sources), neural activity (ENG), neuromuscular activity
(EMG) and limb motion for robusts interfaces [95]. It is accepted that, for Real-
Time (RT) control of NRs or MNPs, current non-invasive brain-machine interface
(BMI) technology is a limiting factor. However, as in implantable FES electrodes,
invasive and implantable cortical or peripheral electrodes elicit glial reactions, thus
become non-functional in the medium to long term.

It is accepted that, if invasive techniques are set aside, control of NPs and NRs
requires mimicking human neuromotor system in which decentralised mechanisms
(CPGs, reflexes, control of balance) are implemented to alleviate RT control require-
ments on the non-invasive BMI. As an example, a model for gait should contain the
mechanisms located in the spinal cord: (1) the reflexes mediated by the muscle spin-
dles, the Golgi Tendon Organs and the skin receptors, and (2) the CPGs modelled
by means of half-centre non-linear oscillators. All of these circuits act as decen-
tralised mechanisms but have inhibiting or facilitating inputs from higher centres. If
a model of how these and other mechanisms are orchestrated by the human neuro-
motor system is obtained, it would be possible to: (1) integrate them in the control
architecture of a MNP or NR system thus alleviating the requirements on volitional
control; and (2) analyse the sensitivity of the movement patterns fed to the muscu-
loskeletal system to each one of these control mechanisms and derive clinical value
of these models.
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In a recent 3-day scientific meeting on advances in neural rehabilitation engi-
neering1 (in which the authors of this book actively participated) the international
context in the research field of neural rehabilitation was thoroughly analysed. The
consensus indicated that the above stated limitations and shortcomings of MNPs
and NRs for neural rehabilitation are still actual.

Motor Neuroprosthetics and Neurorobotics is a very active scientific area in-
volving numerous disciplines. The field is actively supported by US, Japan and
EU administrations. Just to mention our closest research environment, MNP and
NR are supported by EU FP7 in a number of programmes, e.g. the Virtual Physi-
ological Human programme of eHealth, ICT (Cognitive Systems and Robotics as
well as eInclusion), and FET Proactive (Brain-Inspired ICT and Human-Computer
Confluence):

• The European Future and Emerging Technologies (FET) research scheme
launched the first European research projects on information systems inspired
by biology and neuroscience. Expected impacts of MNP-NR research, extend-
ing well beyond ICT, include novel technology based on non-invasive BMIs that
empower/assist handicapped persons2 .

• Coordinated research on MNP-NR restoration of human motor function will aim
at building up critical mass and integrating (until now) fragmented research ef-
forts. The recently launched Virtual Physiological Human (VPH) project and the
Blue Brain project3 illustrate the relevance of such endeavours, at international
level4.

• In the framework of restoring human function by means of MNPs and NRs,
research on novel ideas that overcome current limitations in neural rehabilitation
will show up. In order to do this, the understanding of information processing in
biological systems leading to artificial systems that can be naturally combined
with biological systems (such as bidirectional brain/machine interfacing), in ac-
cordance to the European ICT research agenda, e.g. Bio-ICT convergence5, need
to be addressed.

1 Symposium on Advances in Neural Rehabilitation Engineering, August 23-25, 2010. Cen-
ter for Sensory-Motor Interaction (SMI), Aalborg University.

2 FET is characterized by high-risk builds on synergies and cross-fertilisation between dif-
ferent disciplines such as biology, nano-, neuro- and cognitive science, ethology or social
science or economics.

3 Blue Brain is the first comprehensive attempt to reverse-engineer the mammalian brain, in
order to understand brain function and dysfunction with the aid of detailed simulations.
http://bluebrain.epfl.ch/

4 VPH aims at personalised simulation of the human body, promising unprecedented
progress in disease prevention and healthcare. It combines efforts across the Framework
Programme with global cooperation, in particular with the USA. http://www.vph-noe.eu/

5 FP7 FET Proactive Initiative.
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In this context future research activities will aim at:

1. restoring motor function in patients with neurological conditions (tremor, SCI,
CVA, CP and other) through an integrated application of NRs and MNPs in a
functional compensation approach; and

2. promoting motor control re-learning in patients suffering all these conditions by
means of an integrated use of NRs and MNPs.

A new and unconventional approach is required. Motor control of human limbs dur-
ing manipulation and locomotion will be the result of three systems acting
mechanically in parallel, see figure 6.3:

Fig. 6.3 The latent human capabilities are prioritised, only when weakness in human motor
control is perceived the actions of a MNP and a NR are orchestrated.

1. the biological system through the latent motor capabilities of the patients,
2. the motor control of human limbs by means of the MNP, and
3. the motor control of human limbs by means of a light and wearable NR.

The Assist-as-Needed paradigm is assumed, which accounts for the variability in the
human neuromuscular structures, an intrinsic property of neuromuscular control.
Thus, the parallel actuation (NR-MNP) is not fixed but dynamically adapted and
subject to the changes due to neural organizations and muscular adaptations.

This approach will promote both sensory and motor control re-training and brain
plasticity thus leading to rehabilitation and functional compensation solutions for
Tremor, SCI, CVA and CP patients amongst others.
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In order to meet this ambitious aim, the following partial objectives need to be
addressed:

• To develop: (1) an accurate engineering model of the human musculoskeletal
system (both upper and lower limbs) for a safe and efficient application of FES by
the MNP and (2) an accurate engineering model of human anatomy (joints both
of upper and lower limbs) and soft tissues for a safe and efficient transmission of
forces from the NR to the user.

• To develop engineering models of the human neuromotor mechanisms being
implemented in control of walking, standing, reaching and grasping in healthy
humans.

• To develop a control structure and algorithms mimicking the biological model for
an efficient and safe orchestration of the three actors: (1) human latent character-
istics, (2) MNP and (3) NR. This need to be particularised for each application
scenario.

• To develop actuator, sensor and energy management technologies so that the
NR-MNP can be embodied in a portable, ambulatory, usable and acceptable so-
lution for the patient and the therapist.

• To develop a multimodal Brain and Neural to Machine interface (BNMI) capa-
ble of deciphering volitional commands in a robust manner. This also involves
handling undesired motion, e.g. spasm or tremors, and assessing human latent
capability.

• To elicit patients and therapists requirements for an acceptable solution and to
provide means for patient engagement and validation of the systems.

All these research activities are ongoing at the Bioengineering Group, CSIC. They
are part of a large-scale project called HYPER6 which is funded by CONSOLIDER-
INGENIO programme of the Spanish Ministry of Science and Innovation. The HY-
PER project intends to represent a breakthrough in the research of neurorobotic
(NR) and motor neuroprosthetic (MNP) devices in close cooperation with the hu-
man body, both for rehabilitation and functional compensation of motor disorders
in activities of daily living.

However in the particular scenario of tremor suppression ongoing research activ-
ities are being carried out in the framework of the European project TREMOR7. The
main objective of the project is to validate, technically, functionally and clinically,
the concept of mechanically suppressing tremor through selective Functional Elec-
trical Stimulation (FES) based on a (Brain-to-Computer Interaction) BCI-driven
detection of involuntary (tremor) motor activity:

• The system will detect and monitor involuntary motor activity (tremor) through
a multimodal BCI. The proposed BCI will combine CNS (Electroencephalog-
raphy, EEG) and PNS (Electromyography, EMG) data with biomechanical data

6 Research supported by CONSOLIDER-INGENIO 2010 Programme of the Spanish Min-
istry of Science and Innovation, (grant CSD2009-00067).

7 Research supported by FP7 project TREMOR (ICT2007-224051).
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(Inertial Measurement Units, IMUs) in a sensor fusion approach. It will model
and track tremor and voluntary motion.

• It will also include a multi-channel array FES system for selective stimulation
of muscles for tremor suppression while reducing the influence on voluntary
motion.

• For a satisfactory usability the embodiment must fit potential user expectations
in terms of cosmetics, functionality and aesthetics.

TREMOR proposes a multimodal BCI in which the main goal is identifying, charac-
terizing and tracking involuntary motor bioelectrical activity as a command to trig-
ger a biomechanical suppression of tremor. Therefore it follows the general scheme
of MNP-NR management of motor disorder as set forth in the objectives of HYPER.

The TREMOR robot takes the form of an active garment (sleeve) that incoporates
sewed electrodes on both electrical stimulation and recording, beign a garment-
based embodiment totally wearable and compatible with normal human clothes.
As all wearable robots, the major characteristic of the TREMOR neurorobot is its
strong interaction with the user, [95]. This interaction is both physical and cogni-
tive, and happens in a bidirectional manner. In our case, the cognitive Human–Robot
Interface (cHRI) is built upon a BNCI that assesses the generation, transmission,
and execution of both voluntary and tremorous movements. On the other hand, the
physical Human–Robot Interface (pHRI) comprises a multichannel FES system that
selectively drives the muscles based on the output of the control algorithm. The
TREMOR neurorobot takes the shape of an active garment (a sleeve) that incorpo-
rates arrays of sewn electrodes for both electrical stimulation and recording, aiming
at satisfying users aesthetical’ preferences and usuability requirements. Moreover,
stimulation through electrode matrices allows us to implement techniques to min-
imize fatigue, discomfort and painful sensations, [96], at the same time that we
enhance the selectivity of the simulation.

The BNCI comprises recording of electroencephalographic (EEG) and elec-
tromyographic (EMG) activity, together with motion capture with inertial measure-
ment units (IMUs). Each sensor modality aims at extracting certain information,
following a hierarchical integration scheme, i.e. one modality activates the other,
Figure 6.4. First, a real–time EEG classifier is in charge of detecting user’s intention
to perform a voluntary movement, waking up the system. Next, processing of sEMG
information yields tremor onset and an estimation of its frequency. Finally, IMUs
track instantaneous tremor amplitude and frequency at each joint. FES based tremor
suppression will be driven by instantaneous tremor parameters provided by IMUs.
The use of multiple sensor modalities also permits us implementing fusion and
redundancy techniques to enhance the dependability of the system. One example
of redundancy is the use of EMG activity to detect the occurence of a motor com-
mand, compensating for eventual EEG classification errors. An example of sensor



124 6 Summary, Conclusions and Upcoming Research

fusion is the use of machine learning techniques to adjust the parameters of the EEG
clasisifier after the execution of a movement, as detected with IMUs.

Fig. 6.4 Integration of sensor modalities to drive FES based tremor suppression. First, EEG
monitors if the user intends to perform a voluntary motion. Once this has been detected,
tremor onset is derived from EMG information . Finally, after the system detects tremor will
appear, tremor parameters are tracked based on IMUs.

The physical interface of this soft wearable robot aims at taking advantage of
biomechanical loading as a selective means for compensating for tremor. Hence, the
system will filter out the tremor, leaving concomitant voluntary motion unaltered,
based on the application of FES through an array of textile electrodes. Command
signals to drive the stimulators are provided by a control strategy that relies on the
information of the BNCI described above, and on an inverse dynamic model of the
musculoskeletal system.

The soft wearable robot described above has been implemented as an experi-
mental platform that comprises both the BNCI and the multichannel FES system,
interfacing with the user through the soft robot. A master computer running Neu-
trino RealTime Operating System (QNX Software Systems, Ontario, Canada) is in
charge of synchronizing and integrating the information from the different sensor
modalities, and driving the FES units. This platform has been built and validated
with patients in an iterative fashion, and in its current form comprises the following
systems: 1) a 16 channel EEG amplifier (gUSBamp, Guger Technologies OG), 2)
a 128 channel surface EMG amplifier (EMG-USB, OT Bioelettronica), 3) a motion
capture system based on IMUs (TechMCS, Technaid SL), 4) multichannel, individ-
ually controllable, electrical stimulators (Tremuna, UNA Systems), and 5) an smart
textile (SMARTEX). Figure 6.5 shows a control subject wearing the conceptual
TREMOR robot.
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Fig. 6.5 Control subject wearing the conceptual TREMOR soft robot.

6.3.1 Development of Algorithms to Identify Intention to Move

The algorithm developed for the detection of voluntary motor activity from EEG
signals is based on the real- time detection of the Event Related Desynchroniza-
tion phenomenon, [62]. The algorithm is aimed at single-trial detection of voluntary
movements. It first filters spatially the EEG signal by means of a surface Laplacian
filter. The Laplacian filter is comprises C3, Cz, C4 electrodes and surrounding po-
sitions. The dereferenced data is then bandpass-filtered in two specific frequencies
which are chosen based on the average desynchronization features obtained for each
subject.

The power in these two frequency bands of interest is obtained in intervals of
25 ms in signal windows of 3s length. The estimated power value and the relation
between two consecutive power values are used as input features for two Bayesian
classifiers. The parameters of the probability distributions for the different features
in the two classifiers are defined by the last 30 movements accomplished by the
subject classified. Figure 6.6 illustrates the performance of the classifier in detecting
the voluntary movement with the data from a patient.

6.3.2 Development of Algorithms to Identify Tremor Onset

First, a model of the surface EMG during tremor is developed. This model consti-
tutes an attempt to combine neuromuscular models with biomechanical models and
models of surface EMG generation, and serves as a tool for development of tremor
modelling algorithms based on EMG activity. The complete model comprises two
antagonistic muscles acting on a joint. Based on several types of synaptic input the
motor neuron discharge pattern is estimated. The tremor is imposed by adding band-
passed filtered white noise to the synaptic at any frequency and amplitude, allowing
to vary the tremor. Muscle force and surface EMG are simulated based on this pat-
tern, and the skeletal dynamics are estimated based on the force. The model is able
to track any input angular trajectory for the limb.
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Fig. 6.6 Example of detection of tremor onset based on Event Related Desynchronization.
The vertical lines represents the instants when movements occurred while the blue areas
illustrates the probability of movement estimated by the Bayesian classifier.

According to the literature experimental data obtained during the recording
sessions with patients, and simulated EMG from the above presented model, the
research performed conclude that a feature of tremor EMG is a relatively clear spec-
tral peak at the frequency of oscillation. On this basis, the algorithm to detect the
onset of tremor is based on estimation of the power spectrum of the surface EMG.
As pathological tremor exhibits frequencies in the range of 3-12 Hz, only this part
of the power spectrum is used for the analysis. Once the power spectrum in this
range is estimated, certain characteristics of the spectral peak are calculated; assum-
ing that this would be the tremor frequency in case there is tremor in that particular
muscle. Tremor detection is then based on fitting a Gaussian distribution around the
peak to estimate its width, because tremor EMG typically presents a narrow peak
when compare to no tremor EMG, Figure 6.7. This width is used as the detection
parameter, by comparing it to a threshold value.

Fig. 6.7 The principle of the tremor detection algorithm using simulated surface EMG data.
The width of the spectral peak is narrower in the case of tremor (right) compared to conditions
with no tremor (left). The dotted line indicates the frequency with the highest power, and the
arrow indicates the width of the spectral peak around this frequency.
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This algorithm proves to be efficient, i.e. detect tremor onset without false posi-
tives in its absence, using length of data down to 1 s, at which point the poor resolu-
tion in the samples in the range of interest in each epoch would introduce significant
bias into the detection.

6.3.3 Development of Algorithms for Tracking and Extraction of
Tremor Characteristics

This section presents algorithms aimed at extracting instantaneous tremor amplitude
and frequency from kinematic (IMU) information at joint level. The first step con-
sists in characterizing joint rotations with IMUs. Differential measurement of a sen-
sor placed distally with respect to the joint and another one placed proximally was
implemented. Both sensors have one of their axes aligned with the users joint. The
proposed algorithm for extraction of tremor parameters first separates tremor pat-
terns from raw angular data, and afterwards estimates its instantaneous amplitude
parameters. Real-time separation of voluntary and concomitant tremorous motion
relies on their different frequency contents, whereas tremor modeling is based on an
adaptive LMS algorithm and a Kalman filter, figure 6.8.

1. Estimation of Voluntary Movement: Estimation of voluntary movement is based
on the fact that tremor alters voluntary motion in an additive manner, and that
concomitant volitional movement during the activities of daily living (ADL) oc-
curs in a frequency band lower than tremors. In fact, tremor is generally assumed
to happen in the 3- 12 Hz band whereas ADL are performed at a frequency be-
low 2 Hz. The implemented approach consists in modeling volitional motion
as a first order process which is tracked with a Critically Dampened Filter, an
optimal type of g-h tracker. Based on the additive nature of tremor, removing
the voluntary component from the recorded joint rotation immediately yields the
tremorous component of motion.

2. Estimation of Instantaneous Tremor Parameters: Estimation of instantaneous
tremor parameters is implemented by means of two algorithms. First a Weighted
Frequency Fourier Linear Combiner (WFLC) tracks instantaneous tremor fre-
quency. This algorithm implements an adaptive Fourier model of the signal,
which is adapted to the input signal based on the Least Mean Square (LMS)
recursion, a gradient-like approach. Next a Kalman Filter that incorporates a har-
monic model of tremor, estimates in- stantaneous amplitude taking into account
WFLC frequency. The Kalman filter outperforms existing tremor modeling algo-
rithms based on its intrinsic optimal nature.

Evaluation with data from the experimental session yielded an average tremor am-
plitude estimation error of 0.001±0.002 rad/s (typical amplitude of tremor patients
ranges between 1 and 2 rad/s), with frequency estimation in agreement with spec-
trograms, 6.8, [43].

Validation of tremor suppression strategies is being carried out in an iterative
fashion. First, we have evaluated tolerance of tremor patients to FES in terms of
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Fig. 6.8 Block diagram summarizing the two stage algorithm for estimation of instantaneous
tremor parameters from IMU data. First, the algorithmgenerates an estimation of voluntary
movement (A), that subtracted to the total motion provides an estimation of tremor (B). Next,
tremor frequency is estimated with a Weighted Frequency Fourier Linear Combiner (WFLC),
(D). Finally, a Kalman filter tracks instantaneous tremor amplitude based on the estimated
tremor and the WFLC frequency (C).

discomfort and pain. Afterwards, we have studied the role that muscle FES in-
duced fatigue plays in tremorogenic muscles. Next we have tested the impedance
control strategy in open loop, i.e. with constant stiffness and damping increase.
The impedance modulation strategy relies on modifyng the apparent joint stiffness
and viscodity so that tremor is naturally filtered out, leaving concomitant voluntary
movement unaffected. Considering that a human joint may be simply modelled as
a second order system, [110], increased rigidity or damping decreases the cut off
frequency of the low pass filter response of the joint, hence allowing for tremor at-
tenuation. This is similar to the cocontraction strategiy employed by healthy subjects
to stabilize the upper limb in a variety of situations, [54].

Preliminary results indicate that as expected results vary considerably among
patient groups. Figure 6.9 shows attenuation of wrist tremor in an essential tremor
patient while performing a postural task. Experimental results show migration of
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tremor to proximal joints when tremor is cancelled out through FES, supporting the
need of independent joint controllers.

Fig. 6.9 Compensation of tremor in the case of an essential tremor patient keeping his arms
outstrechted. During FES a considerable attenuation is observed, although tremor reappears
when stimulation ceases.

Preliminary results with patients suffering from different types of tremor, though
the results are yet preliminary, show the ability of the TREMOR neurorobot to
model the generation, transmission, and execution of both volitional and concomi-
tant tremorous movements. Moreover, these tests demonstrate the ability of the sys-
tem to attain considerable attenuation of tremors. TREMOR concept will represent
a step forward in different aspects of tremor suppression by means of FES:

1. It adopts for the first time a multi-joint FES approach (at least, wrist flexion-
extension and adduction-abduction, forearm pronation-supination and elbow
flexion-extension, according to the sensitivity analysis from DRIFTS).

2. The BCI-based detection, identification, characterization and tracking system
is completely novel and will provide information on tremorous and voluntary
motion and will allow us to be selective in the application of FES forces on only
tremorous motion.

3. The combination of two mechanical suppression strategies (out-of-phase stimu-
lation and modification of limb impedance) for a better management of most of
the tremor types (rest, postural and kinetic).

4. For the first time, TREMOR concept aims at designing a garment-based embodi-
ment totally wearable and compatible with normal human clothes. As a wearable
device, it must exhibit a number of aesthetics, cosmetic as well as functional
characteristics. To be accepted by potential users, the embodiment must be easy
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to don and doff, so that the electrode and sensor placement be not an issue for
the user.

5. The concept of TREMOR project will represent a step forward in BCI systems
as it is intended to merge the information retrieved from both BCI-based sensors
and limb motion sensors (IMUs) and in order to: detect the onset of tremor, dis-
tinguish voluntary and tremorous movement, and extract the time-varying char-
acteristics of tremor movements, i.e. amplitude and frequency. The novelty of
our concept is:

• TREMOR will implement a self-training process through correlation of IMU-
EMG, EMG-EEG information to avoid time consuming BCI training pro-
cesses. This will also result in an adaptive system taking account of variability
in EEG.

• TREMOR will increase robustness of classical BCI systems through the
use of redundant information at different stages of the neuromotor process:
EEG-CNS, EMG-PNS and IMU-biomechanics. This will also have a positive
impact on noise and artefact rejection.

• Multimodality allows implementing self-evaluation of tremor management,
not just on movement effects (tremor reduction) but on reorganization of neu-
rophysiologic processes at both PNS and CNS levels.

• Undesired effects on bioelectrical signals (e.g. cross talk of FES interference)
is minimized.

• TREMOR concept reduces computational burden as each modality is prone
to provide different kinds of knowledge in a computationally inexpensive
manner, i.e. EMG for tremor onset, EEG for intentionality of limb motion,
IMUs for tremor amplitude and frequency. A truly Real Time system will be
delivered.

6. TREMOR concept proposes a new methodology for FES, based on arrays of
electrodes which overcome the limitations of actual electrodes for functional
stimulation. In addition it will allow a more selective stimulation of muscles.
The present project is focused in expanding these techniques together with the
utilization of an innovative addressable electrode array system as a new approach
to diminish fatigue. Moreover, these FES arrays improve comfort and reduce pain
due to current distribution, i.e. the overall stimulation electric field will be set up
in a summation process of painless and comfortable localized and distributed
stimulations. In this regard, TREMOR will develop a multi-channel system that
both stimulate and record EMG. This would be an important advance for FES in
general and would go in the direction of minimizing the electrodes to locate on
the subject.

This section presents the upcoming research in the development of a neuro-prosthetic
solution for tremor suppression. These soft robots represents the next generation of
robitcs in the rehabilitation field. In the future, the line separating the human and
the robot will be fuzzier. In order to achieve this goal, robotics needs not only new
technology, but also more science.
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