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Preface

There are significant differences between human muscles and artificial muscles, such
as force rise time, contraction velocity, accelerations, moments that determine some
variations in design, components, architectures, kinetics, and dynamics control.
Artificial muscle plays an important role in exoskeleton robots, artificial upper

and lower limbs, and remote control. A challenge to the research and engineering
community is how to develop artificial muscles that mimic the performance of real
human muscles.

The success of artificial muscles depends on both the inherent properties of ionic
motion and the electrical voltage in concordance with the physical parameters. Future
studies will need to address the feasibility of a prototype artificial muscle device in
humans. Potential uses of artificial muscles in humans include breathing with an
artificial diaphragm, movement of fingers, hands, feet, and facial resuscitation.

With respect to artificial muscle, the four basic prosthetic functions are elbow flexion,
elbow extension, hand open, and hand close. The desirability of additional wrist and
hand control is offered by the conductivity of ions during electro activation. Successful
artificial muscles depend both on the inherent properties of ionic movement and
voltage based on the physical parameters. Future studies will need to address the
feasibility of a prototype artificial muscle device in humans. Potential uses for artificial
muscles in humans include the establishment of breathing with an artificial diaphragm,
movement of fingers and hands, and facial reanimation. Daily activities are a source of
fatigue and stress for people with lower extremity spasticity. Thus, possible aids must
be introduced while maintaining priority control by the patient. This work aims to
develop such an application in the context of walking with an exoskeleton developed

at the Systems Engineering Laboratory of Versailles (LISV). The application results

are based on data recorded at the END-ICAP laboratory with gait sensors for healthy
subjects, people with cerebral palsy CPs, and people who had a stroke. Our contribution
is the proposal of a new method of neuromotor control for a rehabilitative exoskeleton.
It consists in determining and assisting the motor instructions for the movements of a
patient while retaining their expertise; the assistance as needed and the detection of its
intention based on a fusion of information. The results show that the proposed index
characterizes the relationship of the angle difference with a reference movement for
each joint. It dynamically compensates for movements efficiently and safely. This index
is applicable for gait pathology studies and robotic gait assistance. Other contributions
present advances in the use of flexible Shape Memory Alloy (SMA)-based actuators

for the development of upper limb rehabilitation exoskeletons that have been carried
out by our research group. The actuator developed by our research group maintains

the SMA wire characteristics (low weight, low cost, noiseless operation, compactness,
and simplicity) and additionally presents flexibility and an increase in work frequency.
These characteristics make its integration in rehabilitation exoskeletons provide the
user with more comfort, ease of use, and freedom of movement. The chapter describes
some different rigid and soft rehabilitation exoskeletons for different joints such as the



elbow, wrist, and hand, in which this type of actuator has been successfully integrated.
This gives the possibility to expand the research line with the actuated soft exosuits
systems, in a future development perspective. Cervical laminoplasty is a posterior
decompression surgery that was developed as an alternative to unsatisfactory results
after laminectomy or corpectomy with multilevel fusion. Its usual indication is in
cervical spondylotic myelopathy of more than three levels, associated with ossification
of the anterior longitudinal ligament and multiple levels of spondylotic radiculopathy.
Its contraindications are significant cervicalgia, kyphotic alignment, and segmental
instability. Its advantages are that it maintains a high degree of mobility and avoids
complications related to fusion. There are several techniques, the most important

of which are Hirabayashi open-door laminoplasty and the Kurokawa double-door
spinous process splitting laminoplasty. Complications after laminoplasty include the
development of instability, gradual kyphotic deformity, restenosis, decreased range

of motion, cervicalgia, and C5 root paresis, which is why the proper patient selection
is imperative. Clinical results show that it is a safe and effective technique; there is no
superiority of one procedure over another. The McKibben Pneumatic Artificial Muscles
(PAMs) demonstrated in the book, which possess some compelling properties, are
expected to play an important role in the advanced robots for endowing them with the
ability of co-existing and cooperating with humans. However, the application of PAMs
is still severely hindered by some critical issues. Focused on these issues, this chapter
firstly presents a bionic design of a 7-DOF human arm-like manipulator in detail. This
design takes the antagonized PAMs and Bowden cables to mimic the muscle-tendon-
ligament structure of the human body, elaborately configures the DOFs of the arm,
and flexibly deploys the routing of Bowden cables. As a result, the DOFs of the analog
shoulder, elbow, and wrist of the robotic arm intersect at a point respectively and the
motion of these DOFs are independent of each other for convenience of motion control
and human-like dexterous manipulation. Another chapter presents a fSMC-ESO
approach for human-like motion control of the PAM system. This approach views the
model imprecision caused by the strong nonlinearity of the PAMs as a kind of internal
disturbance and combines ESO with fSMC to observe and compensate for these
disturbances. It is validated via experiments that this approach can realize human-like
motion with expected robustness and tracking accuracy. The strong nonlinearity and
the model imprecision problems are universally acknowledged as the main drawbacks
of PAMs, and this approach is a feasible solution to it. Finally, some variants of PAMs
that are aiming to amend or remedy the drawbacks of the PAM systems are discussed.
Especially, a new approach that targets the dilemma of the output torque and the
motion range of a PAM-actuated joint is proposed. Regarding the innovation of
biomimetic cell culture scaffold, namely a 3D printed vibratory scaffold (3DPVS), has
been proposed as a present-to-future novel product that is currently in the conceptual
development stage. Design studies on concept generation of 3DPVS show high value,
and one essential part inside this could dwell on establishing design methodological
knowledge that has innovation merits. With its tools, TRIZ has proven value in creation
and design innovativeness but has not yet been utilized for scaffold design at a mature
level. In this chapter, we attempt to study and explore the design aspects of TRIZ and
its most relevant tools in the context of 3DPVS, as well as preliminarily indicating a
TRIZ-based methodology that could tailor the design aspects of 3DPVS. It also, to
some extent, fills a gap in scaffold engineering and TRIZ literature and provides a
comprehensive overview of a timely topic. In the past few years, vacuum-powered soft
actuators have shown strong potential due to their promising mechanical performance.
Indeed, they have been widely exploited in soft robots, grippers and manipulators,
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wearable devices, and locomotion robots. In contrast to inflatable fluidic actuators,

the properties of the materials with which they are built have a stronger influence

on the kinematic trajectory. For this reason, understanding both the geometry and
morphology of the core structure, as well as the material characteristics, is crucial to
achieving the desired kinetics and kinematics. In this work, an overview of vacuum-
powered soft fluidic actuators is provided, classifying them according to morphological
design, origami architecture, and structural instability. A variety of constitutive
materials and design principles are described and discussed. Strategies for designing
vacuum-powered actuators are outlined from a mechanical perspective. Then, the main
materials and fabrication processes are described, and the most promising approaches
are highlighted. Finally, the book discusses open challenges in enabling highly
deformable and strong soft vacuum-powered actuation.

Prof.univ.Ph.D.Eng. Adrian Olaru
Department Robotics and Production Systems,
University Politehnica of Bucharest,
Bucharest, Romania
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Chapter1

Introductory Chapter: Introduction
to Rehabilitation

Adprian Olaru

1. Introduction

Rehabilitation robotics is part of an approximately new and constantly growing field,
especially in the clinical environment. Pioneering technologies have been discovered
since the late 1980s and early 1990s, with the recovery induced by sensory-motor
function training applied to animals with central nervous system (CNS) damage [1].

The use of machines in rehabilitation, however, comes much earlier, through a pat-
ent proposed in 1910 by Theodor Biidingen, which develops an electrically operated
machine in order to guide and support walking movements for patients with heart
problems.

In 1930, Richard Scherb developed the first man-operated, cable-operated
mechanotherapy machine to mobilize joints, followed by the development of the first
robotic rehabilitation system based on continuous passive movement, which was
dependent on the patient’s contribution due to its rigid connection system.

The applicability of robots in the therapeutic field has been introduced since the
1970s with the advent of the first monitored exoskeletons and equipped with pneu-
matic, hydraulic, or electromagnetic batteries for position control. These included
advanced features such as ankle flexion/extension, adduction/abduction of the hip
required for increased stability, and exoskeleton movement that could be carefully
controlled by the therapist through the movement of one’s own body (similarly con-
nected exoskeleton) [2]. Thus, the first system invented for robot-assisted therapy for
post-stroke patients was based on a rigid industrial maneuver, which did not allow
interaction with patients, but only moved a tampon in different areas for patients who
had to touch it.

In 1989, with the advent of MIT-'MANUS equipment, first tested in 1994, a new
era of neurorehabilitation robotics took place. This plantar manipulator had a low
impedance (resistance detected during movement between the human-user interface
and the robotic system) so that it provided increased stability of the upper limb by
unloading it against the weight, being excellent for the severity of deficits [3, 4].

After a few years, the new generation of force-controlled devices used in bimanual
gripping and lifting movement is also introduced, which led to the initiation of a more
advanced control interaction, for the passive movements of patients with severe dis-
abilities and for the assisted active movements of patients with moderate disabilities.

At the same time, mirror image motion enabler (MIME) appears on the market,
which is equipped with a rigid industrial robot and offers support in performing para-
lyzed limb movements, but through the movement diffuser, it controls the healthy
limb (mirror image therapy) [5].
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For the extremity of the lower limb, rehabilitation robots have been developed
since 1994, when the Locomat neurological recovery equipment was launched, which
supported the body weight with the help of a robotic walking orthosis, simultane-
ously with its training on the treadmill, as well as the appearance of the GIT Trainer
equipment with a similar concept, but with a final effect design [6].

Lokomat is an exoskeleton-type system, essential in the process of relearning
independent walking, which involves activating the balance by lateral movements and
rotation of the pelvis, with the help of a support platform of the center of gravity.

During therapy, attractive exercises are performed, which stimulate the patient’s
effort and motivation by including competitive elements and a data storage system.
All aspects of gait recovery are monitored, such as the path of the foot during the gait
cycle (initial contact and detachment) and the length of the step, so that the option to
increase the level of movement is beneficial in the relearning process [7 8].

The following years after these discoveries, a wide range of rehabilitation robots
for the lower and upper limbs were brought, being classified globally according to
their complexity as follows: stationary exoskeletons, on the ground; effector skeletons
with remote operation through a device called Gripper; portable exoskeletons.

The first two categories of exoskeletons are well defined, compared with the
portable exoskeletons that are currently undergoing clinical testing.

Therefore, rehabilitation robots must allow a physiological stimulation of the
limbs in performing training with the functional movements of the affected seg-
ments, but also on the stimulation of peripheral receptors for functional training in
performing the step.

With this historical and clinical background of real importance in the field of
rehabilitation robotics, the neurophysiological basis is underlined in the design of
recovery equipment that will follow in the future developments [9, 10].

Currently, there is interesting equipment on the market in the field of rehabilita-
tion robotics, ranging from hard, fixed structures to light structures that are cus-
tomized and directly operated. The combination of robotics with non-invasive and
invasive brain-machine interfaces or neuro-prostheses in order to determine indepen-
dence in everyday life is also at an early stage [11, 12].

Bionic technologies make possible the human connection with the interface of
computer systems. They are called brain-computer interfaces (ICCs) also known
as BCIs. These interfaces are either input, when they generate signals related to the
nervous system or output, when the signal triggered by the wearer’s nervous system
was recorded and processed by the ICC, in order to control a computer or a robotic
system.

The development of the first exit ICCs is aimed at recovering motor and com-
munication skills in patients with spinal tract disorders and muscular dystrophies
with disabilities, but also having amyotrophic lateral sclerosis. The interfaces connect
to robotic manipulators and robotic wheelchairs, and also to programs that allow the
recording of clamping actions and movement all based on the analysis of thinking
activities.

Fundamental in the design of the output ICC, the first systems used the type of
nerve signal based mainly on electrical signal. The electrodes used to detect electrical
signals can be placed on the scalp in the case of Electro Encephalo Graphy—EEG,
on the area of the cerebral cortex or deep in the brain tissue. In this way, the concept
of an ICC is the basis for detecting electrical peaks in the brain, digitizing them and
translating those actions that the brain does, thus providing control over the devices
around us, with just one thought [13-15].
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The three main categories of ICC are invasive—those implanted in the brain and
provide a good reception in the ability to gather essential information about neurons
and their activity; partially invasive (Neuralink)—placed in the skull, but not directly
on the brain, which are safer, more effective, and less intense surgically; non-inva-
sive—in the form of rubber hats and helmets with electrodes. They are easy to use,
but because they are located away from the brain, electrical signals are not as accurate
as brain implants.

Since 1969, scientists have successfully completed the project in which monkeys
moved a needle on the dial of a computer, using only brain signals. In 2008, the brain
was used to control the arms of a food-producing robot. The monkeys move the
robot’s arms after receiving feedback to the area responsible for controlling the arms,
like a real arm.

In 2006, a study was conducted that allowed a robotic limb to be manipulated
using the brain computer interface (BCI) with electrodes inserted into the user’s motor
cortex, a program that tracked human interaction with household appliances [16].

Following the fact that in 2014 people successfully used brain signals to control
robotic arms and legs, the proof is shown by Juliano Pinto, the paraplegic who used a
mind-controlled exoskeleton at the World Cup in Brazil.

Neuralink is part of a partially invasive ICC project and uses robotic tools to
implant tiny wires into the brain. At present, it is still necessary to make small holes in
the scalp, but in the future, they will be made with a laser.

The wires implanted in the form of chips are connected to an external device,
called the link, which translates the signals provided by the brain and sends them to
other devices. Currently, studies are being done on animals and will be performed on
people, especially those with medical needs, but also for the use of other devices such
as smartphones.

Cyberkinetics developed in 2004, the first modern BCI, a brain implant called
Brain Gate, through which carriers were able to connect their brains to the computer,
and in 2012, the company demonstrated the effectiveness of the device by controlling
arobot arm by the brain. People with spinal nerve injuries enjoy limb control by using
these brain signals [17].

Thus, the development of non-invasive ICC applications on EEG targets a wide
range of potential users. The current projects of companies interested in the study
of BCI technologies are limited to non-invasive devices, such as: emotional electro-
encephalograph headphones that take the signals from the brain, analyze them, and
provide the consumer with information about how to use the devices; Neurable—a
non-invasive BCI, hands-free, voiceless headset with VR technology to train the mind
in virtual limb adaptation.

In the area of prostheses and neuro-prostheses, the research was performed on
invasive solutions of brain computer interfaces, thus aiming to intercept muscle activ-
ity by means of electrodes placed on the user’ skin (electromyography).

Such prosthesis is represented by the robotic hand Michelangelo, produced
by the German company Otto Bock HealthCare, through which the subjects con-
trolled the movements of the robot limb with the help of the activity of their own
muscles. This is the first electronically operated device that mimics the natural
movements of the human hand and is used for a variety of everyday tasks (cook-
ing, ironing, brushing, driving). The material of the prosthesis is anthropomorphic
elastic adaptable for each user, and the built-in electrodes detect the movements
of the healthy muscles of the wearer, which are interpreted at the software level by
electromyography.
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Since 2008, Advanced Arm Dynamics has used prostheses on both civilians and
military amputators in the United States and the United Kingdom, and will be deeply
involved in their development and testing in the coming years [18]. This research is
still in full swing, and technology is evolving from functional recovery devices to care
devices, assisting to make up for existing sensory-motor impairment.

Subsequent advanced approaches for actuation, detection, and control make
simple devices robust with clinical and home applicability.

In the future, wearable devices require the ability to adapt, but also to reduce the
support of recovery plates, thus compensating for chronic deficiencies.

Developed robotic control technologies to assist people with disabilities have
provided additional support by manipulating objects with the help of robotic arms,
installed on desks or benches for the purpose of handing over objects.

Physical interaction systems with other devices, such as PAM-Aid (Personal
Adaptive Mobility) and NavChair (developed by the University of Michigan), have
also been developed since 2001.

NavChair has a wheelchair, equipped with a mechanism to control movement,
and avoids obstacles, determined by the activity of detection and control of position
sensors. Such a support can be provided while driving and robots such as PAM-Aid,
which have the ability to avoid obstacles, but also to brake independently in the event
of unforeseen obstacles.

Therefore, future approaches offer a number of challenges for both therapy and
robotic care, many requiring a deep understanding of the neurophysiological systems
underlying sensorimotor functions, as well as collaboration with industry and non-
governmental organizations.

Also, in the future, the design of exoskeletons will involve much more work, with bet-
ter materials and with easy design and control, and with the improvement of nanotech-
nology, we will move toward an era in which cyborgs will become a necessary reality [2].

Thus, the study and future research are related to the biomechanics of the spine,
the morphology of the locomotor system, gait; however, neuronal control remains
extremely important.

2. Anatomy of the spine and nervous system, diseases, and methods of
recovery

The study of human anatomy has had a long history, dating back to antiquity,
through the embalming of corpses, which led to the first descriptions of the brain and
its membranes and later in the Renaissance, known as the period of anatomy today.

During the two great periods, the study of the human skeleton led to the discovery
of the 200-220 bones, of which it is composed of the following main structures: spine
constructed of 33-34 vertebrae (7 cervical, 12 thoracic, 5 lumbar, 5 sacral, 4 coc-
cygeal); chest with 12 pairs of ribs; skull (29 bones); upper limb bones (64 bones);
bones of the lower limbs (62 bones).

These structures that make up the human skeleton are directed, from a func-
tional point of view, through a complex system of the organism called the nervous
system, which offers the possibility for the whole organism to communicate with the
environment.

In turn, any damage to the existing structures of the human skeleton causes the
development of diseases of the spine with the need to apply locomotor or neuromotor
rehabilitation treatments.
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In developing countries, spinal cord injuries are one of the leading causes of death
in the first 40 years of life and are also responsible for increasing the number of
disabilities due to associated trauma (pelvic fractures 18%, long bone fractures 14%,
craniocerebral fractures, thoraco-abdominal injuries) [18].

The main cause of acquired disability worldwide remains the field of neurological
disorders (strokes, craniocerebral trauma, and neurodegenerative diseases), which
requires methods and techniques of recovery in the field of neurorehabilitation.

Following the synthesis provided by Reinberg, the spine is an extremely important
segment from a functional point of view, consisting of 33-34 bones, 344 joint sur-
faces, 24 intervertebral discs, 365 ligaments, and 730 dotted areas of insertions and
origins of muscle bundles. The spine is divided into four regions consisting of a fixed
number of vertebrae: the cervical region (neck) consisting of seven cervical vertebrae
with a role in ensuring the mobility of the head. This function is provided by the
morphological peculiarity of the cervical vertebrae with a larger transverse diameter
of the vertebral bodies. The thoracic region (thorax) consists of 12 thoracic vertebrae.
The position and oscillation of the center of gravity is represented by the particularity
of the vertebrae in this area, through which diameter is larger in the anterior-posterior
area. The lumbar region, with five vertebrae and large diameter in the transverse area
of the vertebral bodies, offers increased mobility. The sacral region (pelvis) with five
sacrococcygeal vertebrae and welded is called false vertebrae. The coccygeal region is
represented by an axillary-like triangle, with the tip down and formed by the union of
4-5 vertebrae.

The vertebral column shows the articulation in the upper floor of the cervical
vertebrae with the skull, and in the lower floor, it articulates through the sacrum with
the coxal bones [19].

The spine occupies an important place in human physiology, being the central axis
of the human body that fulfills the mechanical aspects: rigidity and elasticity.

Overall, it consists of three normal curves presented as follows: cervical curvature
with anterior convexity; dorsal curvature with posterior convexity; lumbar curvature
with anterior convexity; sacral curvature with posterior convexity.

The presence of these physiological curves gives the spine an increased resistance
of up to 10 times higher for heavy loads.

The movements of the spine are varied and complex as a result of the cumulative
movement of all the connecting elements: intervertebral diarthrosis, intervertebral
discs, intervertebral symphysis, including the movements of the intervertebral joints
(flexion, extension, lateral tilt rotation).

From the point of view of the articulation of the vertebrae, this is done through a
symphysis with the interposition of the fibrocartilaginous disc, called the interver-
tebral disc, which in turn consists of a nucleus pulposus with a content of 90% water
and fibrous ring.

In the back area, the upper and lower vertebrae articulate with each other through
simple arthrodesis thus making the sliding motion possible.

The main joints that make possible the varied movement of the spine are as follows: (i)
The costovertebral joints with an important role in respiratory biomechanics ensure the
union between the vertebral extremities of the ribs with the spine; (ii) the joints of the
rib head are flat diarthrosis that connect the joint face of the rib head and the body of two
adjacent vertebrae; (iii) the costotransversal joints are diarthrosis that connect the articular
face of the costal tubercles for the first 10 ribs and the costal face on the transverse apophy-
ses of the first 10 thoracic vertebrae; (iv) the sternocostal joints formed at the union of the
cartilages of the 2-7 ribs with the costal incisions of the sternum.
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The stability of the spine is provided by the presence of the posterior longitudinal
ligament placed posteriorly by the vertebral bodies, the anterior longitudinal ligament
placed anteriorly by the vertebral bodies, as well as the presence of the spinal muscles,
located in two superficial and deep layers. The most protected area from a muscular
point of view is the portion of the lumbar area.

Due to these multisegmental structures, the spine performs a complexity of static
and dynamic functions, such as: (i) static function—resistance in the application of
the force of gravity and in the support of the head in position; (ii) dynamic func-
tion—complexity in performing active and passive movements; (iii) neuroprotective
function—overlapping vertebrae and forming the spinal canal in which the spinal
cord is located.

From the point of view of the function performed, the nervous system is present,
as one of the most complex functional systems of the human body, without which it is
not allowed to communicate with the external environment.

The anatomical division of the nervous system involves its division into several
aspects: (i) the central nervous system consisting of the spinal cord located in the
spinal canal and in the brain in the cranial box. The encephalus consists of the brain-
stem (bulb, bridge, midbrain) cerebellum, diencephalon (thalamus, metatalamus,
epitalamus, hypothalamus, and subthalamus) and telencephalon, and (ii) peripheral
nervous system represented by spinal nerves and cranial nerves.

From a functional point of view, the nervous system is divided as follows: (i) somatic
nervous system, with direct communication with the external environment; and (ii)
vegetative nervous system, with direct communication with the internal environment
and in turn divided into central nervous system and peripheral nervous system [20].

From a structural point of view, the nervous system is structured from (a) gray
matter that in turn consists of the bodies and dendrites of neurons, placed like a
nucleus; (b) white substance consisting of myelinated axons arranged in cords, tracts,
and bundles; (c) reticular formation and ependyma.

The nervous system consists of neurons and neuroglia with the function of sup-
porting neurons.

The spinal cord is located in the neural canal of the spine and is an elongated por-
tion of the central nervous system, occupying 2/3 of the upper portion of the spinal
canal. Its length is 42-45 cm and extends from the upper edge of the atlas to the level of
the vertebrae L1-L2, having in the upper part the spinal bulb and the lower medullary
cone. The spinal cord is covered by the spinal dura mater, the spinal arachnoid, and the
spinal pia mater and separated by the subdural and subarachnoid space, respectively.

Depending on the exit points of the spinal nerves, the spinal cord is divided into
several parts as follows: cervical portion with cervical areas 1-8; thoracic portion with
thoracic segments 1-12; lumbar portion with lumbar segments 1-5; sacral portion
with sacral segments 1-5; coccygeal potion with coccygeal segments 1-3.

The spinal nerves originating in the spinal cord represent the communication of
nerve flow from the external environment to the spinal cord. These pathways are
formed by joining the nerve fibers of the nerve roots in the anterior and posterior area
after passing through the three sheaths of the spinal cord [10].

The spinal nerves are mixed, made up of sensory, motor, and associative fibers.

The presence of the 31 pairs of symmetrical and meta-symmetrical distributed
spinal nerves is as follows: 8 pairs per cervical area; 12 pairs on the thoracic area;

5 on the lumbar area; 1 on the coccygeal area.
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Anastomosis of the branches of the spinal nerves causes the formation of distrib-
uted nerve plexuses and these depend on the irritated area: (a) The cervical plexus
formed by welding the anterior branches of the first four cervical spinal nerves; (b)
gill plexus formed by welding the anterior branches of the last four pairs of cervi-
cal spinal nerves (C5-8); (c) the intercostal nerves with 12 thoracic nerves, which
form muscle and skin branches; (d) lumbar plexus formed by welding the anterior
branches of the T12 and the first four lumbar nerves. It innervates the area of the
abdominal wall, obturator muscles, thigh, genitals, leg, and leg; (e) duplex plexus
formed by joining the anterior branches of the fourth sacral nerve and innervates the
pelvic muscular and visceral area; (f) the coccygeal plexus formed by the union of the
anterior branches of the fifth sacral nerve and the coccygeal nerve with the innerva-
tion of the ischia coccygeal area.

3. Displacement and range of motion achieved in the spine and
musculoskeletal system (biomechanics)

The movement and range of motion achieved in the spine include all the move-
ments of the kinematic elements of the human body through a reference system.

This reference system is the fixed or mobile benchmark against which all the
positions of a system under evaluation are measured. Thus, a motion reported and
compared with a fixed reference system is called an absolute motion, while the
measured motion at a mobile reference system is called a relative motion.

The human body can perform simple transitional movements and rotational
movements, all due to the complex and simple joints of the spine, but also of the
musculoskeletal system. The rest of the body movements, the pivoting movements
and the roto translational movement are achieved by completing the simple move-
ments both in space and in plan.

In the biomechanics of the spine, the origin of the reference system is usually in
the center of gravity of the human body, which moves with the human body and is
called the relative or cardinal reference system.

The biomechanics of the spine have certain degrees of freedom offered by differ-
ent segments: vertebrae: C3-C4-C5-C6-C7 perform the flexion movements—exten-
sion of the front, back and side of the upper limbs, being the most flexible vertebrae;
the T1-T10 vertebrae are the most fixed by their articulation with the ribs and later
they articulate with the sternum; the T11-T'12 vertebrae are mobile because they have
a joint with false, mobile ribs; the L1-15 vertebrae are also mobile. They allow flexion
extension of the lumbar area.

The sacral and coccygeal vertebrae are fixed, immobile, and welded.

In the case of spinal injuries, the emphasis is on their physiological and anatomical
features, as follows: (i) The cervical vertebrae are smaller and thinner than the lumbar
ones, these being the most affected in vertebral traumas; (ii) the transitional position
between the mobile and the immobile area is extremely important, because the cervi-
cal vertebrae are at a point that has a kinematic energy applied in the collision as the
highest; (iii) injury of the spinal cord in the cervical area will cause tetraplegia, and
injury in the lumbar area paraplegia.

The movement of the joints of the locomotor system involves knowledge of the
anatomical systems about his components and how human locomotion is performed.
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The locomotor system has a set of anatomical systems, including the osteo-articular
system, the nervous system, and the muscular system.

4. Diseases and recovery of the spine

The most common spinal disorders are as follows: (i) Herniated disc is an effect
of a neurological nature characterized by the sliding of the nucleus pulposus of the
intervertebral disc along the spinal cord with compression of the spinal nerves and
the determination of painful radiculopathy. It can be as the result of a spinal cord
injury, common in the lumbar and cervical region; (ii) discopathy is a condition of
the intervertebral disc with aging and deterioration of the disc with reduced flex-
ibility and mobility; (iii) lumbosciatica is a condition manifested by pain, tingling,
numbness caused by irritation of the sciatic nerve as a result of narrowing of the
spinal canal (spinal stenosis), osteophytes, and arthritis of the vertebral joints; (iv)
Lumbago is a contracture of the paravertebral and lumbar muscles as a consequence
of irritation of the lumbar nerve by displacement of the disc nucleus. It is installed
suddenly and painfully; (v) spinal stenosis occurs as a result of degenerative diseases
that cause changes in the joint areas, which decreases the space of the spinal canal.
The damage occurs at both the cervical and the lumbar levels.

The recovery of these diseases of the spine is done through recovery therapies
such as massage, ultrasound therapy, electrotherapy, laser, teak therapy, shockwave,
cryotherapy. For the use of these therapies, medical recovery equipment is used to
reduce the inflammation, pain, and edema present in the joints, muscles, and liga-
ments of the spine.

Over time, it has been found that the main diseases of the spine that cause long-
term physical disabilities in adults are stroke and spinal cord injury.

Regarding the survival rate, approximately 10 million people survive trauma after
stroke and over 250.000 survive after spinal cord injuries.

This is due to post-stroke activation deficiencies, which limit their self-reliance.
Also, as a result of injuries to the central nervous system, there are side effects such as
spastic muscle tone.

Compensating for sensorimotor deficiencies is spasticity, an aid in restoring lost
function. Thus, spasticity has been clinically proven by studies that can be used to
partially reduce the loss of limb activation in mobile patients, and spastic legs may
act as a support for the body while walking or in maintaining a stick-like position [7].
These statements are valid only for moderately affected patients, while for those with
severe disabilities, spasticity and muscle cramps require pharmaceutical interventions
due to their exaggerated intensity.

Statistically, at European level, there have been 200 cases of stroke in 100,000
people reported. Of these records, 10% integrate into society, 40% remain with
moderate sequelae, 40% have severe sequelae, and 10% are unrecoverable.

Recovery from conditions such as stroke and multiple sclerosis and last but not the
least spinal cord injuries have a difficult goal to define, because conventional thera-
pies hardly separate the spontaneous recovery of function that occurs with rehabilita-
tion treatment. In post-stroke recovery, the motor recovery process takes place mostly
in the first 3 months and at 6 months with little measurable progress.

Depending on the time of the stroke and the time of recovery, several phases can
be defined: (a) initial phase (acute); (b) medium phase; (c) advanced phase.
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In the acute post-stroke phase, functional improvements dependent on the
stabilization of the brain injury, such as the reduction of edema, can be determined.
Subsequently, neurological recovery occurs through a process of structural and
functional reorganization of the central nervous system called neuroplasticity.

After stroke, multiple functional deficiencies are installed, and among these we
present the following:

Motor impairments associated with lack of strength, balance, and coordination
(paresis, paralysis); affections of superficial sensitivity (tactile and thermal with dif-
ferent degrees of hypoesthesia) with deep and mixed sensitivity; sensory, perceptual,
and cognitive impairments and deficits; painful disorders from peripheral neuro-
logical disorders (neuralgia, neuritis) and central neurological disorders (thalamic
pain); vegetative disorders; impaired osteotendinous reflexes in central motor neuron
syndrome; dysarthia, dysphagia, aphagia.

Neuroscience studies have made clear progress, showing that the human brain is
capable of plastic rehabilitation after injury [8].

The purpose of neurorehabilitation is to use the maximum capacity the qual-
ity of neuroplasticity, which is limited, but most people recovered reach a plateau
of 70-80% of the initial post-stroke damage. Thus, as an uncomfortable recovery,
compensatory movement strategies are applied, which help to alleviate motor defi-
ciencies, for example, the use of a wheelchair [21].

The entire recovery of the motor function of a person with central nervous
system injuries becomes a re-learning process, which uses the preserved sensorimo-
tor circuits. The severity of lesions of the central nervous system and the individual
neural capacity of the patient are the important aspects for re-learning and training
of neural circuits in order to restore normal movement patterns.

5. Spinal cord injuries

Spinal injuries often cause serious injuries, due to their complexity, but also due to
the neurological complications associated with them.

Thus, we mention that 40% of the injured people have cervical fractures, 15-20%
have lumbar thoracic fractures, and in most cases, there are neurological lesions.

Statistically, trauma is caused by the following: 45% of road traffic accidents (car,
motorcycle); accidents that occurred during work (falls from a height) in proportion of
20%; accidents in performance sports in the proportion of 16%; direct injuries caused
by a firearm in the proportion of 15%; other types of trauma in the proportion of 4%.

In the case of people after the age of 75, about 60% of spinal fractures are due to
falls from the same level below the evolution of osteoporosis.

Therefore, spinal cord injuries (SCIs) have an increased incidence, which lead
to increased disability and lethality with difficulties in diagnosis and treatment by
complex surgical procedures.

The percentage of vertebra-spinal cord injuries is, according to statistics, between
0.5 and 20% in the structure of the skeletal system and 10.5% in the structure of the
nervous system.

The main location of spinal cord injuries is the thoraco-lumbar junction as shown
by the following data: 12.3 of the injuries are located in the cervical area; 39.2% of
injuries are located in the dorsal region; 48.5% of injuries are in the lumbar area; 25%
T12 vertebrae for the dorsal region; 30% of the L1 vertebra in the lumbar region.
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From a lethal point of view, the percentage reaches 34.4% for myeloma traumas,
8.3% for the dorsal region, 6% for lumbar traumas, most of which are with neuronal
damage, with a disability of 95-98% of cases [19].

The mechanisms of trauma are generally by indirect mechanisms (95%), by the
combined action of several forces, of different sizes, as follows: (1) Hyperflexion is the
movement of excessive inclination in the anterior part of the transverse axis of the spine
through the segment of movement. This movement performs a flexion, compression of
the intervertebral bodies, and discs causing fractures by compression with the previous
deformation of the vertebral body. The frequency of this type of trauma due to hyper-
flexion occurs in traffic accidents with frontal collision or by falls from a height; (2)
hyperextension is the exaggerated tilt movement of the transverse axis of the segment
in the back, common in the cervical vertebrae. Mechanism is caused by sudden rear-end
traffic accidents and frontal collision accidents. Thus, this movement performed sud-
denly requires extension of the vertebral arches and produces compression, in unilateral
or bilateral fractures of the bone elements; (3) pure compression is common in head-on
sports accidents, head-on falls, or catapults in the cockpit. This axial compression of the
anterior elements of the spine causes fractures of the vertebral body with centrifugal
displacement of the fragments, especially when the spine is straight; (4) lateral hyper-
flexion puts pressure on the anteroposterior axis segment by making a forced frontal tilt
either to the right or to the left. This movement is perfectly combined with rotation, in
this case causing compression bone fractures (compression fractures) ligament injuries
by traction; (5) shearing is obtained by the translational movement of parallel dis-
placements of one vertebra over another, causing the destruction of the segment. The
occurrence of this type of mechanism is especially in accidents involving the application
of a ortho force on the spine (serial tamponade); (6) torsion is the twisting movement
by rotating the motor segment, which causes dislocations of the intervertebral joints,
but also severe sprains with spinal cord and joint complications.

Spinal cord injuries can cause a variety of pathologies, depending on the impact
of the injury. Thus, the basis of these traumas is medullary or radicular neurological
changes caused by symptoms, which overlap with the spinal shock (reversible loss of
all spinal cord functions).

Injuries are classified as closed or open, with or without bleeding, with or without
fractures, and stable or unstable.

The unstable injuries are dislocations between the spinous processes, dislocations
of the vertebral arch, articular apophyses, vertebral blades, vertebral pedicles [22].

The effects of trauma and subsequent illness are as follows: Peripheral nerve palsy
is a condition that can be acquired through a spinal cord injury or other causes such
as diabetes, lead poisoning, alcohol. The symptoms are presented by muscle deformi-
ties, loss of muscle tone, lack of normal coordination of movements; paraparesis is an
incomplete paralysis of the limbs due to spinal cord injury. It can be flaccid or spastic:
vertebral fractures of vertebral bodies and arches. Stable fractures are those of the
spinous, transverse processes, and vertebral body fractures, at which the settlement is

below one third of the height of the vertebral body.

6. Methods and techniques of spine recovery

The methods and techniques of spine recovery are performed in specialized
centers that offer sports and medical recovery programs for prophylactic, curative
purposes, through physical, dynamic, and static exercises. The condition that the
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patient suffers from post-trauma, as well as its severity, orients the recovery plan
toward muscle stimulation, improvement of muscular endurance, rehabilitation of
diminished functions (balance, coordination, control, mobility).

From the point of view of post-trauma investigations, X-ray of the spine segment
is performed to detect fractures, electrocardiogram for routine, tomography as an
additional investigation, computed tomography for the skull, but also ultrasounds
and Doppler for people with costal contusions.

The operative indication comes against the background of unstable fractures and
medical urgency with the interest of the spinal cord.

From an orthopedic point of view, the treatment of thoracic spine injuries involves
immobilization in the corset-lombostat and the small or large Minerva for cervical
spine injuries. If the patient cannot be lifted and placed in the corset, a plaster bed
mobilization is performed.

The initial goal in neuromotor recovery treatment is as follows: respiratory system;
syndrome of vertebral insufficiency with painful symptoms, treated by physical
therapy, massage, electrotherapy, and heliomarine cure; reduced urinary disorders
by bladder re-education and acupuncture; motor deficits (paraparesis/folds, tetrapa-
resis) with a re-education through physiotherapy and robotic equipment (Lokomat)
with a variable duration of 3-5 years.

To ensure a complete recovery, treatment is essential in ensuring the natural
healing processes. Thus, therapeutic methods include special techniques for soft and
joint tissues, therapy with physiotherapy equipment, and pre- and post-treatment
evaluation.

Immediate treatment of acute trauma involves reducing the inflammatory reaction
by protection (immobilization in orthoses or plaster cast), rest, ice, compression, and
lifting the limb above the horizontal plane.

The methods and techniques used to recover the spine are as follows: (a) Joint
mobilization techniques are performed passively by the therapist or equipment, with
the aim of restoring total mobility, and may be successfully combined with other soft
tissue therapy and joint stabilization techniques; (b) essential muscle training tech-
niques in the stagnation of muscle atrophy installed quickly post-trauma are applied
depending on the type of trauma. Thus, the effort and the possibilities of loading are
performed by increasing the speed of movement, endurance, the number of repeti-
tions, or by changing the shape of the exercise. They can be performed simply under
the guidance of a therapist or by using robotic infectious equipment or grounded plat-
forms (Lokomat, Mit Manus); (c) strength training techniques; isometric, isotonic,
isokinetic, with resistive band, with different resistances. Isometric training involves
performing 5-10 maximum contractions per day, in order to protect the joints from
stress and reduce inflammation. Isotonic training allows you to perform stretching
exercises to prevent compressive forces on the affected joints. Training with bands of
different resistance applied in multiple movement plans have an effect on stimulat-
ing the functions and actions specific to the area worked; (d) the manual techniques
used in recovery are intended to relieve symptoms and improve the functioning of
the spine. We can talk about the use of manual therapy techniques, massage, acu-
puncture, or presupposition, all of which treat the problems of the spine. Massage
techniques are performed between the proximal to distal segments, with the aim of
improving blood circulation, reducing inflammation and edema, but also to maintain
the muscle tone of the surrounding areas. The application of manual therapy with
addressability for the joint, muscular, and nervous areas is carried out with the aim
of identifying the areas with joint pain or limitation and reducing them through
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manipulation, mobilization, or traction techniques. Acupuncture consists of applying
a force of tension with the help of the fingers (thumb) on selected muscle areas for
the purpose of stimulating muscle receptors, relieving symptomatic trigger points,
and activating muscle tone by releasing substances necessary to reduce pain. Dry
needling or acupuncture is the method of inactivating trigger points in chronic mus-
culoskeletal syndromes. The method is performed by inserting needles perpendicular
to the skin, which results in a muscular reflex response and increased post-treatment
mobility; (e) proprioception and coordination re-education techniques represent the
final phase of spine recovery, with the training of movements essential for the basic
activity of the injured patient.

The benefits of using physical therapy in spinal recovery are as follows: Reduction
of pain, stiffness of joints, and muscles; improving posture, balance, and coordina-
tion of the entire muscle and joint chain; recovery of acquired physical deficiencies
after trauma (stroke, CVD); reintegration of patients into pre-trauma activities.

From the point of view of the technologies involved in the recovery of the spine
and the neuromotor recovery of the spine, we mention the following: (i) training
with treadmills with partial support and with the help of robots (Locomat, Armeos,
Mit Manus); (ii) stimulating neuroplasticity using vibrating devices for the whole
body (Galileo, Zeptor) and stimulating the healthy limb through Wii consoles; (iii)
transcranial magnetic stimulation or direct currents with the neural helmet for the
treatment of aphasia after stroke; (iv) electrotherapy with shock in reducing symp-
toms shows the use of ultrasound therapies, interference currents, shockwave, laser
therapy, iontophoresis, as well as the combined technique.
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Characterization and Integration of
Muscle Signals for the Control of an
Exoskeleton of the Lower Limbs
during Locomotor Activities

Jinan Charafeddine, Samer Alfayad, Adrian Olaru
and Eric Dychus

Abstract

Daily activities are a source of fatigue and stress for people with lower extremity
spasticity. The possible aids must be introduced while maintaining priority control by
the patient. This work aims to develop such an application in the context of walking
on the exoskeleton developed at the Systems Engineering Laboratory of Versailles
(LISV). The application results are based on data recorded at the END-ICAP labora-
tory with gait sensors for healthy subjects, people with CPs, and people who had a
stroke. Our contribution is the proposal of a new method of neuromotor control for a
rehabilitative exoskeleton. It consists in determining and assisting the motor instruc-
tions for the movements of a patient while retaining his expertise; the assistance as
needed and the detection of its intention based on a fusion of information. The results
show that the proposed index characterizes the relationship of the angle difference
with a reference movement for each joint. It dynamically compensates for movements
efficiently and safely. This index is applicable for gait pathology studies and robotic
gait assistance.

Keywords: gait pathology, muscle co-contraction, rehabilitation exoskeleton,
neuro-motor control, patient expertise

1. Introduction

Our body movements are the result of a complex interaction between the central
nervous system (CNS), nerves and muscles. Damage to any of these components can
lead to movement disorders [1]. In the world, these lesions represent the leading cause
of disability. A first example is that of cerebrovascular accident (stroke) (CVA). There
are more than 700,000 new cases of stroke each year - one every four minutes. Stroke is
the leading cause of acquired physical disability in adults, in cases where the patient
survives. It can occur at any age, 25% of patients are under 65 and 10% under 45.
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The number of cases in young people has increased significantly. A second example is
cerebral palsy CP which affects a newborn every 6 hours or one in 800 children. What
was previously called cerebral palsy is the leading cause of motor disability in children.
These neurological conditions produce disorders that lead to slowed or absent voluntary
movement caused by muscle spasticity. They affect the speed, quality, and ease of day-
to-day activities of the human body [2], spasticity being an increase in muscle contrac-
tions that causes stiffness or contraction of muscles which impedes movement. It causes
difficulty in walking, locomotion, or maintaining normal posture and balance [3].

As part of this work, we were interested in the design of rehabilitation systems for
stroke and CP patients. The system considered is that of the rehabilitation exoskele-
ton, as it exists in clinics. The exoskeleton is a mechatronic device, worn by the
patient, designed to increase physical performance, which is adapted to the shape of
the human body and the function targeted for rehabilitation. This orthosis is used to
provide high-intensity training to human limbs, tailored for each user, to promote
recovery from a disease or neurological disorder [4]. The exoskeleton works mechan-
ically in parallel with the human body [5] and can be controlled in a way passive or
active. As a general rule, an exoskeleton considered as a whole is a system that has
means of perception to acquire physiological signals of interest, of means of calcula-
tion to apply a treatment to extract the relevant parameters, and of means of action to
give control instructions to mechanical effectors. In the case of walking disorders, the
autonomic exoskeletons are frequently used for rehabilitation. This type of exoskele-
ton represents great challenges in terms of control: each patient has their own motor
skills which make generic control of an exoskeleton difficult [6]. It is, therefore,
necessary to find solutions that allow better control of the functions of these exo-
skeletons which place the patient in an expert position in his movement. This
approach helps to promote rehabilitation to compensate for difficulties until almost
normal movement is achieved. The patient retains the possibility of direct control by
an interactive control method, between the exoskeleton and the patient, which takes
into account the components of normal walking to establish a diagnosis and perform
the analyzes necessary to understand walking pathological. The use of biomechanical
parameters makes it possible to meet the medical needs concerning the gait of the
patients to be treated [7]. First, the temporal-space parameters characterize walking
overall, by integrating notions such as cadence, speed, or the number of steps [8].
Second, the kinematic parameters of gait are obtained by analyzing joint angles during
a cycle by direct visual observation or by 3D video analysis for greater precision [9].
Finally, electromyographic (EMG) signals vary with time and can be characterized by
their amplitude, frequency and phase [10].

The main challenge facing interactive exoskeletons is the direct relationship
between biomechanical signals and the desired behavior of the exoskeleton. One of
the most difficult cases addressed by robotics research is walking rehabilitation with
an autonomous exoskeleton. The best-known autonomous systems are HAL [11],
Wandercraft [12] or Ekso GT [13]. There are two known control strategies for these
devices: (i) impedance or admittance control, generally predetermined and not taking
into account the user’s physical condition [14, 15], (ii) a control using electromyogra-
phy by the detection of muscle activation, but this type of control is not satisfactory
because the EMG signals recorded on patients with muscle disorders lead to incorrect
operation [14-16]. Thus, these two strategies can only be used with a predefined
behavior that the patient should follow. They are not suitable for patients with CP or
after a stroke. Thus, these two target populations of our study require a new approach,
based on continuous measurements of biomechanical signals.
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The signals acquired must be analyzed, interpreted, and used to drive the trajec-
tory of an online exoskeleton. Off-line approaches limit the patient’s movement and
do not take into account the variability of gait [9]. These cause fatigue and pain in the
patient during a rehabilitation session with the exoskeleton [17]. Moreover, it does not
allow to distinguish the deviations from the compensations due to the influence of the
walking speed [9].

The approach we had followed is based on recording EMG signals from muscles
involved in the knee and hip movements [18].

Like o novelty from the other research, we introduced a new muscle co-
contraction index for a control strategy capable of assessing a compensatory joint
angle suitable for CP or stroke patients. EMG signals contain information about the
patient’s intention [19] and can be used to assess muscle co-activation around the
joint [20]. It has been suggested that muscle co-activation indicates the achievement
of motor skills [21, 22] and it is also linked to joint stability [22]. Co-activation is
considered to be an important factor contributing to the ineffectiveness of patho-
logical movements [23]. Most researchers and clinicians rely on EMG measurements
to express it as a comparison between the EMG measured for the muscles involved
and the reference values. These values are also often examined using the co-
contraction index [24] for a given joint. Although, the assessment of co-activation is
suitable for off-line analysis and diagnosis, it does not meet the constraints of a
control strategy because it is calculated at each phase of the walk cycle and in a
specific way.

2. Theoretical framework

Locomotion is the ability to move. More specifically, this term refers to the way we
travel from one place to another. Running, swimming, jumping, or flying are examples
of types of locomotion. Human locomotion begins with signals from the central ner-
vous system (CNS), which are transmitted to muscles to move joints. The CNS is made
up of many nerve cells that are interconnected. Voluntary movement results from
sending a nerve impulse from the brain that travels through the spinal cord and then
the motor nerves. The brain plays a major role in the balance and coordination that are
essential for our locomotion. The limbs are the main elements that drive movement in
humans. The structures used during locomotion include the bones that support the
body and help maintain the shape of the body and provide a surface for muscle
attachment. Then there are the joints which are the points of contact between the
bones and which allow the bones to move against each other without friction. Tendons
connect muscle to bone and transfer the force generated by muscle contraction into the
movement of the skeleton. Finally, the muscles that work in agonist/antagonist pairs
move the bones of a joint by varying the angles of the joint. Locomotion is a behavior
capable of providing information on motor control strategies [25-27]. Locomotor
activity is described using specific anatomical terms that are used to determine the
processes of movement. The terminology used describes this movement as a function
of its direction with respect to the anatomical position of the joints as shown in
Figure 1a. In general, the movement is named according to the anatomical plane in
which it occurs (Figure 1b), where two axes of a joint are near or far from each other
(Figure 1c). Anatomists use a unified set of terms to describe most movements,
although other more specialized terms are needed to describe the uniqueness of move-
ments such as those of the hands or feet [28].
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Figure 1.
Anatomical characterization of a movement: a) anatomical position; b) anatomical axes; c) anatomical planes.

A subject is considered to be in the anatomical position, shown in Figure 1a. When
standing in an upright posture, face straight in front of him, feet close together and
parallel, and palms of hands facing [29].

This is a standard position for which planes and axes are defined. To perform a
practical analysis of human movement, anatomical movements can be defined as the
act of moving body structures or changing the position of one or more joints of the
body. Joint actions are described to the anatomical position which is the universal
starting position for describing movement [30].

The movement of the limbs is depicted with the aid of reference planes,
which can be seen in Figure 1c. From the reference anatomical position, three
imaginary section planes are defined, crossing a subject’s center of gravity and
perpendicular to each other. These three planes are the sagittal plane, the frontal
(or coronal) plane, and the transverse plane. The sagittal plane is a vertical plane
perpendicular to the ground, which passes through the middle of the body and
divides it into two symmetrical parts, lateral and medial or right and left. The frontal
(or coronal) plane is a vertical plane perpendicular to the ground and to the sagittal
plane, which separates the two anterior (front or ventral) and posterior (rear or
dorsal) parts. The transverse plane, also called horizontal, axial, or median, is a
horizontal plane parallel to the ground, separating the upper and lower parts of the
body [31].

At the intersection of two planes constituting an axis, three anatomical axes are
defined: the sagittal axis (anteroposterior), the transverse axis, and the vertical axis
(longitudinal). The vertical axis is a longitudinal axis perpendicular to the ground
when the subject is standing, the axis transverse is perpendicular to the vertical axis
and the sagittal axis is an axis crossing the body from front to back and perpendicular
to the previous two [31].

This work is particularly interested in pathological gait, and for this, it is necessary
to understand normal gait and the terminology used to describe it. It is the benchmark
against which a patient’s gait can be compared. Even if the patient’s gait differs from
normal in one way or another, this does not necessarily imply a clinical or social need
to transform it into a “normal” gait. Many abnormalities or walking disorders are
compensation for certain problems encountered by the patient. Therefore, although
abnormal they are useful.
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A definition of walking is proposed by Smidt [32] as “The way of moving the body
from one place to another by alternately and repetitively changing the position of the
feet”. In more detalil, it is a translational progression of the body produced by coordi-
nated rotational movements of the body segments. This essential activity, cyclical in
nature, results from a series of rhythmic movements. It is characterized by alternating
propulsive and restraining movements of the lower limbs which cause the center of
gravity and the body to move forward by putting one foot in front of the other in a
repetitive manner [33, 34]. Walking allows you to move around autonomously and
independently. However, it is a complex activity, learned after a long process of trial
and error before it matures. Once acquired, walking becomes an “automatic” activity
that no longer requires special attention and is broken down into a series of move-
ments that are repeated according to a specific cycle. The principles of gait are
described in the literature of different disciplines: for example, from a medical point
of view where the study of gait is carried out for surgery and prostheses [35] or else
from the point of view of robotics, which aims at the design of artificial systems that
move while walking [36].

Walking is accomplished using a complex, coordinated set of nerve signals, sent to
muscles, to move joints, limbs, and the rest of the body. The central nervous system
that produces these nerve impulse patterns is made up of neurons located in various
parts of the brain and spinal cord.

Human locomotion relies on a rhythm-generating system located in the spinal cord
and controlled by cortical neurons. This system reacts according to the information
transmitted by the sensors of the muscles, joints, and skin of the legs [37]. At the
cortical level, walking involves many structures such as the visual, cerebellar, vestib-
ular, and proprioceptive cortices. In addition, the locomotor areas, trunk, and gray
nuclei play a major role in controlling the activity of the gait spinal generator, which in
turn controls muscle activity. The basal ganglia participate in the initiation of walking
and its proper progress. The cortex plans the action and the choice of a motor
program when the cerebellum is dedicated to controlling gait and balance, as shown in
Figure 1 [38].

The arthrology of walking is linked to the lower limbs, it is dependent on three
main joints: hip, knee, and ankle. These joints are mainly stressed in one or two of the
three planes defined in Figure 1. The directions of these movements for the hip, knee,
and ankle are shown in Figure 2.

The possible movements of these joints, which take place in the sagittal plane, are
flexion and extension, these same movements are also called dorsiflexion and
plantarflexion for the ankle. Abduction and adduction movements take place in the
frontal plane and are visible in Figure 2. Internal and external rotations (medial and
lateral) take place in the transverse plane [31]. The muscles ensure the movement of
the limbs by limiting the articular angles by their co-contraction. From a biomechan-
ical point of view, muscles are distinguished by their role in mono or biarticulate
movement, that is, by dividing the movements into anatomical units according to
each joint. This distribution takes into account, due to the complexity of the muscu-
loskeletal system, the fact that muscular action is not limited to a single degree of
freedom mobilized voluntarily. According to Rasch et Burke [39] we distinguish:
agonist muscles which are muscles whose contraction tends to cause the desired
movement and antagonist muscles which are muscles whose contraction serves to
produce an exactly opposite joint action. To fully understand normal walking, it is
necessary to know which muscles are active as agonists and antagonists during
different parts of the gait cycle to achieve the desired joint angles [13].
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The muscles: (a) gluteus medius, (b) hamstrings, (c) quadriceps, (d) tibialis anterior and (e) triceps sural.

For example, the action of the gluteus mediums, illustrated in Figure 3a, depends
on a fixed point. If the fixed point is on the pelvis, the gluteus mediums abduct the
thigh, with maximum effectiveness when the angle between the pelvis and the thigh is
between 30° and 35°. The anterior fibers are brought into play as he rotates the thigh
medially on the pelvis while the contractions of the posterior fibers cause the thigh to
rotate sideways on the pelvis.

If the fixed point is on the femur, the gluteus medius muscle acts as a stabilizer of
the pelvis. In addition, the gluteus medius performs a homolateral tilt of the pelvis.
The hamstrings, visible in Figure 3b, are divided into semi-tendinous, semi-
membranous, and biceps femoris. It causes knee flexion, thigh extension, pelvic
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retroversion. It participates in the stabilization of the knee and the pelvic girdle. In
addition, they participate in the adduction of the thigh to the pelvis. During knee
flexion, the biceps femoris rotates the knee sideways while the semi-tendon muscle
rotates medially.

The quadriceps, visible in Figure 3c, is divided into 4 heads: the rectus femoris, the
vastus medial, lateral, intermediate. Stabilization of the knee is affected by the vastus
lateralis and medialis. The rectus femoris and vastus intermedius play a dynamic role,
the rectus femoris muscle being a biarticular muscle, flexes the thigh on the pelvis. The
tibialis anterior muscle is a flexor muscle where it exerts dorsiflexion of the ankle, this
muscle is shown in Figure 3d. In addition, it causes an inversion of the ankle. Along
with the contraction of other muscles, the tibialis anterior participates in triple flexion.

The sural triceps is divided into gastrocnemius medial, lateral gastrocnemius, and
soleus Figure 3e. He exerts plantar flexion of the ankle which allows him to lift the
whole weight of the body on the tip of the foot, as can be seen in Figure 2. There is
little stress on the gastrocnemius during open chain knee flexion. The triceps sural
participates with other muscles in knee flexion, but to a limited extent [Lacéte et al.,
2014], its action is essential during the support phase for dorsiflexion control.

The role of muscles has been studied through electromyography (EMG), first by
Scherb in 1940 who began his experiments by touching the muscles when walking a
subject on a treadmill and then using the EMG. In 1981, the reference base for the
study of muscle activity was made available by the group of “Verne Inman” at the
University of California at San Francisco and at Berkeley. This group has contributed
to significant advances in the understanding of muscle activity and many aspects of
normal walking [40]. The use of surface EMG in gait analysis has since received much
attention. We will detail two muscle groups that are particularly important for this
work because they involve in the movements of the hip and the knee, which are the
joints studied in this work. These are the quadriceps and the hamstrings. These two
groups of muscles are biarticular and act on both the knee and the hip. At the front of
the thigh, the quadriceps serves to straighten the leg and flex the thigh over the pelvis.
At the rear, the hamstrings provide flexion and rotation of the knee as well as the
extension of the thigh over the pelvis. The work is mainly carried out in the sagittal
plane.

To take on the role of these muscle groups, it is important to study their action
after neuromuscular activation. The kinematics is characterized in this plane by flex-
ion of the hip and the knee. It is associated with median and posterior neuromuscular
activations of the hamstring during the initial contact phase of the leg with the
ground. The kinematics, in this plane, are also associated with an increased lateral
neuromuscular activation of the quadriceps, during the maximum load phase of the
movement [41]. We can thus see that:

* the rectus femoris (rectus femorus), which is part of the quadriceps, flexes the
hip and allows the knee to extend;

* the biceps femoris, which is part of the hamstring, plays an opposite role to that
of the rectus femoris and flexes the knee to allow hip extension;

* semimembranous and semitendinous, extend the hip and flex the knee.

The roles of these muscle groups are detailed in Table 1 for each type of movement
and each joint.
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Movement Agonist Antagonist
Knee Flexion Quadriceps Hamstring

Extension Hamstring Quadriceps
Hip Flexion Hamstring Quadriceps

Extension Quadriceps Hamstring

Table 1.
Agonist and antagonist bi-avticular muscles, during hip and knee flexion and extension movements.

3. Biomechanics of walking

Biomechanics is a discipline that proposes to consider biological systems as objects
of applied mechanics. His research methods are a combination of mechanics, anat-
omy, and physiology. It is a science of movement through the study and reproduction
of the mechanisms which result in a definite movement of the body. Joint mechanics
focus in particular on the joints, which provide both movements of a limb segment
and its stability.

From the point of view of biomechanics, walking speed is decisive in evaluating
the contribution of each segment of the body [42]. Walking speed primarily affects
the stability and balance of the lower limbs. Joints can produce greater ranges of
motion through greater muscle responses. In the bipedal system, the three main joints
in the lower body and pelvis work in sync as muscles and impulses move the body
forward. The degree to which the body’s center of gravity shifts during translation
defines the efficiency of the movement. The body’s center of mass shifts sideways and
up and down while walking. Walking is a repeating pattern comprising steps, with a
stride denoting a complete cycle of walking. The characteristic frequency is defined
by the split time, which measures the time elapsed between the heel touch of one leg
and the heel touchdown of the contralateral leg. The width of a step can be described
as the mediolateral space between the two feet [43].

Analysis of the gait cycle is important in examining biomechanical mobility to gain
insight into lower limb dysfunction during dynamic movements [44]. By gait cycle
analysis, it is best to examine each joint separately [42]. Both objective and subjective
methods can be used [45, 46]. The cyclical nature of walking gives it a certain
uniformity, but sometimes acyclic elements result from accidental causes such as
tripping and other more natural causes such as spinning are severe. Since walking
allows movement from one point to another but requires maintaining balance,
dynamics play an important role Figure 4.

The automation of this activity facilitated its study, mainly by allowing biome-
chanical standards to be measured and established. The establishment of standards is
essential for the study of pathological movement because they allow understanding by
comparison. Walking is described in the state of the art as a cyclic function. A cycle is
determined by all the events occurring between two successive identical events. The
gait cycle is the time interval between two successive occurrences of one of the
repetitive locomotion events [48]. The onset of the gait cycle is most often
represented by the initial contact of a foot with the gait surface [13, 32, 47, 49, 50].
This cycle includes the support and oscillation phases. The oscillation phase refers to
the moment when the foot is in the air for the progression of the limb. The support
phase is the period when the foot is in contact with the ground as shown in Figure 4.
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Decomposition of the walking cycle.

Walking can also be defined as including initial double support, single-limb support,
double end support, and a swing. The support phase represents 60% of the walk cycle,
where each interval of double support is 10% and single limb support is 40% [50]. The
oscillation phase designates the remaining 40%. Support from one limb is equivalent
to tilting the other because they occur at the same time [47].

According to Perry and Davids [47], the walking cycle can be divided into eight
phases, which correspond to three basic tasks as shown in Figure 5. (i) the first phase,
from 0 to 2% of the cycle, begins with the initial contact or with the contact of the
contralateral foot with the ground; (ii) the second phase, from 2 to 10% of the cycle, is
the initial double push phase; (iii) the third phase, from 10 to 30% of the cycle,
consists for the first half of the phase of simple support going from the detachment of
the contralateral foot until the passing of the center of mass of the vertical; (iv) the
fourth phase, from 30 to 50%, is the second half of the single support phase ending
when the contralateral foot touches the ground; (v) the fifth phase, 50-60%, is the
final double-support phase in which the weight is transferred from one limb to the
other. The support phase ends with the toes peeling off; (vi) the sixth phase, from 60
to 73%, is the start of the oscillating phase and begins when the foot leaves the ground
and ends when the foot is aligned with the contralateral foot; (vii) the seventh phase,
73-87%, is the mid oscillating phase, this phase ends when the oscillating member is
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forward; (viii) the eighth phase extends from 87 to 100% of the walk cycle, this is the
end of the oscillating phase. This phase ends when the foot comes into contact with
the ground. Advancement of the limb is complete when the leg segment is located in
front of the thigh segment, all the steps are illustrated in Figure 5.

During walking, significant movements occur in the three sagittal, frontal and
transverse planes. However, the study of gait movement for exoskeletal rehabilitation
focuses on the sagittal plane. The kinematics of gait shows the quantification of joint
angles in flexion and extension, Figure 6. The hip flexes and stretches once during the
cycle. The flexion limit is reached around the middle of the first phase, then the hip is
kept flexed until the first contact. Maximum extension is reached before the end of the
support phase, and then the hip begins to flex again. The knee has two flexion peaks and
two extensions during each walk cycle. It is nearly extended before initial contact,
followed by flexion, narrowing towards extension during the downforce phase, before
resuming flexing to peak in the swing phase. Finally, it stretches out again to prepare for
the initial contact of the next step. The ankle is usually a few degrees from the neutral
position on initial contact. After the initial contact, the plantarflexion control of the
ankle brings the forefoot back to the ground. Halfway through, resumes dorsiflexion.
Before the initial opposite contact, the angle of the ankle changes again, major
plantarflexion occurs just after the toes have lifted off. During the swing phase, the
ankle returns to dorsiflexion until the forefoot has cleared the ground, then the ankle
returns to a neutral position which is maintained until initial contact, of the next step.

Muscle co-contraction (CCM) has a functional role in ensuring the stiffening of the
joint to limit imbalance during limb advancement [51]. This role is particularly visible
in children, in whom the establishment of this mechanism during the first steps has
been well described [52, 53]. Gait patterns in people with a neurologic impairment are
characterized by abnormal total voluntary contraction (TVC). This is reflected in
particular by problems in postural stability [54], since it is important for providing
joint stability [54-58], adequate movement precision and energy efficiency [59], as
well as to adapt to environmental requirements [60]. From a neurological point of
view, CCM is particularly important for rehabilitation, in robotics approaches to
rehabilitation, it is even considered as a distinct element of motor control in many
theoretical models of motor control [61-65].

TVC is a contraction of the antagonist’s muscle, triggered by the command on the
agonist, which creates an opposing or even reversing torque of the desired movement
[66]. It characterizes the simultaneous activation of agonist and antagonist muscles
within the same joint, and which act on the same plane [67].

TVC can be characterized physiologically and biomechanically. In this work, we
will focus more particularly on bio-mechanical aspects. In the case of normal move-
ment, the presence and degree of muscular co-contraction (CCM) are still subject to
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Figure 6.
Hllustrations in the sagittal plane of the articular angles of the hip, knee and ankle, during a gait cycle performed by
healthy adults at the spontaneous speed [adapted from (Lacote et al., 2014)].
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debate [68, 69]. The level of CCM depends on several parameters: it is proportional to
the speed [70, 71], it is variable for the degree of inertia [72], to the muscle group
under consideration [73] and maybe partially dependent on sex and age [74-76].
Other factors can also be taken into account to explain these variations [25, 53, 77-79]
in the literature, but it is always calculated as a ratio between agonist and antagonist
muscles and as a function of the walking sequence (double support, unipodal phase,
etc.). From a scientific point of view, TVC has been defined in different ways to
facilitate its interpretation. For walking, several components are thus put forward,
such as magnitude, time or the temporal evolution of the amplitude. From these
definitions, different formulas or computational approaches have been used to quan-
tify the TVC [80]. All of these methods limit the comparison of data between studies
and the understanding of TVC mechanisms.

The CCM assessment uses indices that have been created to contribute to a
better understanding of the underlying mechanisms. These clues shed light on the
role of TVC in walking in people with stroke or CP. During walking, TVC is presented
as the time and magnitude of simultaneous contraction between opposing muscles
[80]. The studies on the evaluation of TVC are purely descriptive, they do not
involve any intervention or program of work with the patients. Only two
experimental studies used control groups and assessed walking before and after an
intervention [81-83].

TVC of agonist and antagonist muscles causing flexion/extension movement of a
joint can be assessed in several ways using surface electromyography (EMG): (i) the
first method is the visual estimate of the EMG amplitude or the percentage of overlap
of the considered muscles; (ii) the second method aims to determine the relationship
between the activity of the agonist and that of the antagonist; (iii) the third method
quantifies the antagonistic moment by a mathematical model; (iv) the last method
determines the ratio of the antagonist EMG to the EMG of the same muscle during its
maximum agonist contraction. However, external factors can interfere with the mea-
surements. For the first method, a standardization to allow comparison between sub-
jects is not all time possible. For the second method, a decrease in agonist recruitment
may introduce a bias to consider high co-contraction indices when they are only high
by the decrease in agonist activity. This situation is all the more common as the
quantitative values of these two EMGs are recorded under different conditions [66].
The hypothesis at the heart of the third method postulates a linear relationship
between the EMG and the moment, the EMG is used as a surrogate for the force
produced with all the inaccuracies that this can cause. The latter method has an
advantage, which is that the antagonist is also measured in its role as an agonist.
However, this method does not take into account the resulting joint moment, although
it can be assessed separately.

The EMG thus plays a role in detecting the patient’s intention [84], an intention
that is considered to be a necessary parameter for the control mechanism of a reha-
bilitation exoskeleton. The objective of the work is to find a relationship between
muscle co-contraction and joint angle to control a gait exoskeleton. This objective led
us to use the last method, this choice is justified by a study of the indices of the
proposed CCMs. Among the different methods of calculating the CCM index, three
are more robust and more precise. In addition, these methods are evaluated in cases of
neurological diseases, such as those studied in this work. These CCM indices are
shown below:

(i) the first modified method that was introduced by Unnithan et al. [77] and by

Frost et al., [53]:

29



Rehabilitation of the Human Bone-Muscle System

surface commune
ICCM; () = —;7; face torale 100 1)

where the common area is the integral of the sum of the antagonistic and agonis-
tic EMG amplitudes and the total area is the total number of data points;
(ii) the second method has been proposed by [81]:
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where the EMG surface is the integral of the normalized muscle EMG values.
(iii) the third method is the one defined by Falconer and Winter [85]:

2 % HEMG(t)

anmgo

ICCM; (1) x 100 3)

- HEMG(t)

+ HEMG(t)

antago ago
Note that these CCM indices are estimated in the state of the art as values like
values discrete for each sub-phase of a walking cycle.

4. Experimental research

The experimental research has the goal to define one new form of the CCM
indicators (4, 5, 6) and neuro motor indices (INM). The precise determination
of neurological impairment in terms of CCM during gait requires robust
measurement techniques that take into account the environmental conditions
under which gait is assessed [86]. For example, walking on a floor surface rather than
on a treadmill, walking at different speeds and for longer distances or times increase
TVC recruitment and variability between subjects [87, 88]. TVC during walking has
been studied in patients with stroke [54, 81, 89-93], and in the case of CP patients
[77, 81, 94-99].

Bio kinematic analysis relies on two-measure detection: (i) first, the angles of the
knee and hip in the sagittal plane when flexing and extending these joints when
walking. From these angles, a percentage interpolation is estimated over a full gait
cycle; (ii) next, EMGs, designed to assess TVC during functional movement. Their
study requires an analysis of the relative variations in contraction over time between
the agonist and the antagonist [100].

There are standards that have been developed for the different stages of
processing of these signals, such as SENIAM for analog and digital acquisition and
analysis [101], their implementation however remains variable. Concerning the most
appropriate techniques for analyzing EMG signals, differences remain as for the
choice of the normalization technique, which leads to important differences between
the studies [102].

I have set up the following chain to process the EMG data. EMG measurements are
filtered with a 4th order bandpass (10-400 Hz) Butterworth filter, centered to elimi-
nate their average, then rectified by calculating their absolute value, then filtered by a
low-pass filter with a frequency f, between 4 and 6 Hz, the value of which depends on
the cadence of the subject [103].
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The first processing step is to interpolate the joint angles, taking care to generate
the same number of points as those of the EMG matrices. This makes it easier to align
treatments later. It is then important to estimate the mean and the variance over
several walking cycles to obtain an average curve that takes into account the variation
margins for hip and knee angels, Figure 7.

The second step is to extract the TVC indices, to obtain continuous values. The goal
is to have the data necessary to establish a relationship between joint angles and TVC
indices during the gait cycle. It is thus possible to use a correlation method between each
TVC index and the angular variation curve for each joint. This analysis is done for each
part of the walking cycle in healthy subjects Figure 8.

The femoral quadriceps is the largest muscle group in the human body. It is he who
mainly supports the weight of the body and allows movement. It performs a role of
knee extensor and hip flexor via two muscles included in our study: the rectus femoris
(RF) and the vastus lateralis (VL), described below. The hamstring is a muscle group
that allows hip extension and knee flexion by two muscles, the biceps femoris (BF)
and the semi membranous (SM). From the perspective of a system using the mini-
mum number of electrodes, we chose to measure the LF and RF. This is because the
BF is a very large muscle, which extends from the lower pelvis above the knee. It is
particularly involved in the flexion of the leg at the knee and in the extension of the
thigh at the hip, playing a regulating role in the flexion of the knee during walking.
The DF is also very extensive and also plays a role in stabilizing the knee during
walking, as shown in Figure 9. The VL allows the extension of the leg at the knee and
secondarily the external rotation of the leg but does not play a role in the flexion of the
hip. SM is a thigh extensor muscle that flexes the leg on the thigh, but when the knee is
flexed the SM acts as an internal rotator of the leg. The VL and the MS can therefore
be left out for this study.
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Figure 7.
Mean and variance of angular curves of the knee and hip of a healthy subject.
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Example of processing of RF - quadriceps EMG signals and BF- hamstring EMG signals for a healthy subject

during spontaneous walking at normal speed.

The CCM indices estimated in this work follow the methods described in the state
of the art. In the reference articles, they are assessed in a discretized fashion for each
part of the walking cycle. This type of approach does not allow continuous estimation,
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Figure 9.
Biceps Femoris (BF) and rectus Femoris (RF).

which is necessary to complete this work. We proposed a reformulation of Egs. 1-3
which allows these TVC indices to be determined continuously, using a sliding win-
dow with overlap. The proposed reformulation of the TVC indices is shown below and
is used for the estimates shown in Figure 10.

The method of Unnithan [76] and of Frost et al [53] (1) is thus rewritten:

1)
J ENVETE(r) 0 ENVERS (t)dt)
t1

ICCM, (t) = ( x 100 (4)

1)
J ENVE™S (1) U ENVE"S (1)t
1

ago
t

The method of Hesse et al [81] (2) becomes:

ago
- x 100 (5)
J ENVETS(¢) + ENVSTE(1)de

t1

12
2 (J ENV™8(t) NENVine (t)dt)
ICCMz(t) =
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Continuous assessment of co-contraction indices.

Finally, the method of Falconer and Winter [85] (3) can be reformulated as
follows:

%) 13
z(J ENVemg(t)dt—i-J Eijﬁg(tmt)

ago
51 t

x 100 (6)

ICCM;(¢) = -
J ENVE(¢) + ENV & (t)dt

ago
t1

For the study of the knee, ENV®"8_,, is the envelope of the muscles that train the
slack knee flexion (quadriceps) and ENV*™€,, is the envelope of the muscles that are
train the knee extension movement (hamstrings). For the study of the soft-hip,
ENV®™8, 1. is the envelope of the muscles that causes movement flexion of the hip
(hamstring) and ENV*™8,_, is the envelope of the muscles that evokes the hip
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extension movement (quadriceps). For the ICCM;(t) and ICCM,(t) indices, the
period of t; and ¢, represents a complete cycle of walking while for ICCM;(t), the
period of ¢; to ¢, denotes the period when the agonist EMG is lower than the antagonist
EMG, whereas from ?, to 3, they denote the period when the antagonist EMG is lower
than the agonist EMG.

Compared to Figure 10, ICCMj; shows a discontinuity at the start of each step cycle
sub-phase. The other two indices ICCM; and ICCM,, are continuous variables relative
to the walking cycle. So, in the rest of this work, we will leave ICCMj; aside. We
examined the relation between ICCM selected and joint angles, the result was, no
relation, especially in extension (Figures 11 and 12).
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This research paper was introduced one new movement indicator- Neuro Motor
Indices (NMI). The NMI is by construction defined as an index of continuous muscle
co-contraction and directly dependent on the trajectory of the joint angles. Our pro-
posal is to combine the two chosen CCM indices, ICCM; and ICCM,, to gain the
advantages of each, using a relation that depends on the flexion/extension of each
joint during a movement. This approach is inspired by the flexion/extension of each
joint during the gait cycle. The NMI is thus built as a relation between envelopes of an
agonist/antagonist muscle pair according to this flexion/extension. In practice, the
combination of TVC indices is performed with a nonlinear regression derived from a
polynomic Hermitian. Thus, INM is a non-linear combination of ICCM; and ICCM,.
TVC indices are defined as indices of joint stability and are calculated from EMG
signals that detect the subject’s intention. The INM, therefore, takes advantage of
these properties and defines a new relationship between EMGs and joint angles, which
depends on the capacity of the muscles and therefore on the expertise of the patient.

The formal definition of INM is as follows:

7]
2 (J ENV™8(£) n ENVRE (t)dt)

ago
5]
5]

ENVSZ8(t) + ENV . (£)dt

n )
2 (J ENV®™8(t) N ENVans (t)dt>

Ar) = x 100

ago
B(t) = —2 x 100

7]

ENV™8(£) UENV,, & (¢)dt

ago

INM = %{A(t) +R.()B()}

Rx(t) = m(t)fo + ha(t)po +hs(t)f1 + ha(t)fps,
£(6) = ENVRS(2) nENVERS 1)

for which hy, hy, h;, h4 € P are the roots of a Hermitian polynomial, and po, p; are
the tangents to fy and f;, and (t; - t;) represents a complete operating cycle. To test the
reliability of the INM, canonical correlation analysis is applied in an offline study.
Then, to move on to the control stage, a second correlation analysis is applied in an
online study.

The results obtained from the analyzes of the estimate of error for the 20 subjects
show that the healthy subjects (Example right hip of a healthy subject Table 2), that is
to say, those who have a normal gait cycle, show a small change for all ICCMs with a

Estimation Ds1 SS DS2 SP

€ICCM; = f(bhip(t)) 2.3 6.7 5.3 7.2

€ICCM,; = f(Ohip(2)) 4.4 71 5.1 6.9

€ICCM; = f(Onip(t)) 7.5 8.1 6.1 7.9

eINM = f(Onip(t)) 1 0.9 0.7 0.5
Table 2.

Comparison of the error estimate for the indices studied for the case of the right hip of a healthy subject.
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Estimation DA, SA DA, PO

€ICCM; = f(Bhanche (1)) 31 429 39.5 14.2

€ICCM, = f(Bhanche (£)) 3 54.9 49.8 20

eICCM3 = f(Bhanche(t)) 44.1 28.8 66.9 49.8

€INM = f(Onanche(t)) 2 1.9 1.8 0.9
Table 3.

Ervor estimates for the indices studied in the case of the right hip of a stroke subject.

slight advantage for the IMN. In the case of patients, the IMN provides valuable
information and allows the evaluation of walks that deviate from prototypical cycles,
as is most often the case in stroke or CP patients (Example right hip of a stroke subject
Table 3). Analysis for neurological subjects shows that ICCMs are not appropriate.
This calls into question their reliability in analyzing these cases, even though they are
used in the state of the art. The cycles in stroke or CP subjects are poorly determined
and they show very significant changes compared to normal walking cycles. However,
they make it possible to achieve movement that allows movement and most often
minimizes pain for patients. Thus, ICCMs worked well in subjects with normal walk-
ing, but the main source of error was in subjects with stroke or cerebral paralysis CP.

5. Conclusion

The importance of the use of mechatronic systems, especially exoskeletons, reveals
their role as a solution for the rehabilitation of walking in people with neurological
problems or who are forced to stay in a wheelchair. This work is primarily concerned
with the possibility of implementing effective rehabilitation using these systems. This
requires close human-machine collaboration between the patient and the exoskeleton.
The central place of the patient’s expertise in his movement and his ability to interact
with the machine in the proposed work constitutes our main contribution to this
research work. In this work, we, therefore, integrated the expertise of the patient into
a controller that can be used on a rehabilitation exoskeleton. This model takes into
account the effects of muscle weakness and spasticity. It is possible to use these results
for a simple control strategy that is easy to evolve with the patient’s condition. This
type of strategy adapts to all types of gaits and all speeds of movement. The gait of an
evolving exoskeleton of the lower limbs is treated in a work by the team of Samer
AlFayed [104]. This exoskeleton is designed with two active degrees of freedom on
the hip and knee. We presented a state of the art on biomechanics of gait, the existing
methods for the control of the exoskeletons of the lower limbs used in the world, the
neurological problems causing gait disturbances such as stroke and the CP.

The basic premise of this work is that if a movement involves EMG activity, we can
then estimate the movement from the EMGs to respect the muscle capacity and will of
the patient. The research question addressed here, therefore, is to find a relationship
between bio- signals (EMG) and kinematic parameters (here articular angles) to drive
an assistance exoskeleton.

The solution that we have proposed is based on the detection of muscle co-
contraction between agonist/antagonist muscles. Co-contraction plays a crucial role in
detecting patient intentions and in characterizing joint angles when walking. This
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co-contraction as well as the patient’s intention are estimated from EMG measure-
ments. We have defined the muscle function that allows us to estimate muscle co-
contraction. We presented its evaluation in the state of the art from the indices of
muscle co-contractions, and determined these indices in a continuous fashion
between a pair of biarticular agonist/antagonist muscles for the hip and the knee. We
then tested the correlation of these indices with joint angles and showed that the
correlations are weak. This shortcoming is all the more limiting as the same co-
contraction index is used in practice to assess two different joint angles. We, there-
fore, sought to introduce the specificity of each joint to these indices, by proposing to
use a nonlinear regression related to the flexion/extension of each joint. We were thus
able to propose a specific neuromotor index for each joint. We determined the error
estimate for the INM and other state-of-the-art indices in the gait cycle sub-phases for
healthy subjects, stroke, and CP. The INM showed better results than all other indices.
To more fully validate this clue, we used a two-step canonical correlation analysis
throughout the walk cycle. This evaluation showed the advantage of the INM over
state-of-the-art indices. The INM shows a quasi-linear correlation with joint angles
and the internal correlation was validated. In the future work will be comparatively
studied all these indicators in different stages of the patient health and for all joints.
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Chapter 3

Design and Control of the
McKibben Artificial Muscles
Actuated Humanoid Manipulator

Daoxiong Gong and Jianjun Yu

Abstract

The McKibben Pneumatic Artificial Muscles (PAMs) are expected to endow the
advanced robots with the ability of coexisting and cooperating with humans. How-
ever, the application of PAMs is still severely hindered by some critical issues. Focus-
ing on the bionic design issue, this chapter in detail presents the design of a 7-degree-
of-freedom (DOF) human-arm-like manipulator. It takes the antagonized PAMs and
Bowden cables to mimic the muscle-tendon-ligament structure of human arm by
elaborately configuring the DOFs and flexibly deploying the routing of Bowden
cables; as a result, the DOFs of the analog shoulder, elbow, and wrist of the robotic
arm intersect at a point respectively and the motion of these DOFs is independent
from each other for convenience of human-like motion. The model imprecision
caused by the strong nonlinearity is universally acknowledged as a main drawback of
the PAM systems. Focusing on this issue, this chapter views the model imprecision as
an internal disturbance, and presents an approach that observe these disturbances
with extended-state-observer (ESO) and compensate them with full-order-sliding-
mode-controller (fSMC), via experiments validated the human-like motion perfor-
mance with expected robustness and tracking accuracy. Finally, some variants of
PAMs for remedying the drawbacks of the PAM systems are discussed.

Keywords: McKibben artificial muscles, bionic design, anthropomorphic arm,
human-like motion, full-order sliding mode control, extended state observer

1. Introduction

Advanced robots, especially the humanoids, are expected to be employed as coop-
erative robot for coexisting and collaborating with human and interacting with other
robots [1] in the human-centered, complex, unstructured, and dynamic daily-living
environment, using the tools and equipment designed for human to accomplish some
complex tasks or to be adopted as the slave robot to facilitate the tele-manipulation
because its human-like configurations is favorable for simplifying the motion map-
ping as well as improving the efficiency of a homogeneous master-slave system.

Such an ideal humanoid robot must have muscle-like actuators, bionic musculo-
skeletal structure (appearance), and human-like motion patterns (behaviors). This
chapter will focus and highlight some insights on these topics.
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1.1 The McKibben artificial muscles as the bionic actuator

The McKibben Pneumatic Artificial Muscle (PAM) is widely regarded as a prom-
ising actuator for robotics and automation [2], and extensive research studies have
been conducted to improve its applications in humanoid robot systems. A PAM
consists mainly of a rubber bladder with reinforcement knitting nested outside or
embedded in it (Figure 1). When actuated with a supply of compressed air, it extends
in the circumferential direction and contracts in length; as a result, it is able to
generate a tensile force high up to hundreds or even thousands Newton and a con-
traction motion in the longitudinal direction up to 25-37% of its original length. The
PAM generates both powerful tensile force and good responsive movement at the start
of the contraction and then decreases as it contracts, which behavior is similar to those
of a biological muscle.

In a typical situation, a PAM requires a pressure air source and two pneumatic
valves, one of which as the inlet valve for filling the air into the PAM, and the other as
the outlet valve for exhausting the air out. By controlling the opening of both valves, it
is possible to realize the desired contraction/force of the PAM for robot actuation [3].

Because a PAM can only generate a contraction force, people usually adopt a pair
of PAMs to mimic the antagonistic configuration (Figure 2b) of a human muscle pair
actuating a human joint, e.g., the antagonistic muscles pair of the biceps and the
triceps brachii efficiently realize the bidirectional motion of the elbow joint, i.e., the

~.

Figure 1.
Two kinds of the Mckibben artificial muscles (with reinforcement nested outside or embedded in).

IS LSLTLY Y

Figure 2.
The antagonistic muscles-driven strategy. (a) The human joint; (b) the robotic joint acutated by PAMs via steel
wire cables.
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elbow flexes when the biceps contracts and the triceps relax, and the elbow
straightens when the biceps relaxes and the triceps contracts (Figure 2a). By combin-
ing the PAMs and the steel wire rope as an artificial muscle-tendon structure and
attaching the ropes on the pulley circumference of the robotic joint, people can
conveniently keep the direction of contraction/relaxation of the PAMs unchanged,
avoid the misalignment of the PAMs, and keep the linear relationship between the
contraction/relaxation length of PAMs to the rotation angle of the robotic joint:

e=rd (1)

where ¢ is the length of contraction/relaxation of the antagonistic PAM pair, r the
pulley radius and & the rotation angle of the pulley in radian, and it should cover the
rotary scope of the concerned joint.

PAMs possess compelling properties in various aspects [4], including the inherent
compliance, the actuating characteristics similar to those of the human muscle, high
power-to-mass and power-to-volume ratio, flexibility of deployment, low cost, etc.
Therefore, researchers have conducted vast studies in recent years and have gotten a
lot of progress in the robot application study of PAMs.

1.2 The bionic design of humanoid robots actuated by PAMs

PAMs are widely regarded as an ideal actuator for cooperative robots because
its actuating properties are similar to those of the human muscles and its inherent
compliance stems from the mediator of compressible air. Therefore, people are
prone to realize the human-like dexterous and compliant manipulation by mimicking
both the organization and the actuating characteristics of the human muscles with
PAMs.

Researchers studied the structure of human arm/hand and mimicking the config-
uration features in the robot designation to realize the human-like dexterity and have
invented many anthropomorphic musculoskeletal robot systems. The famous FESTO
Airic’s arm [5] and SHADOW Hand [6] are two examples of the bionic musculoskel-
etal robot arm/hand, respectively. The FESTO Airic’s arm imitates the structure of
human arm with highly similarity. It consists of the ulna, the radius, the metacarpal
and phalanges, a shoulder ball joint, and the scapular structure actuated by 30
FESTO Fluidic muscles to imitate the arrangement of the muscles of the human arm

Figure 3.
The bionic musculoskeletal robots of the FESTO Airic’s arm and the SHADOW hand [5, 6].
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(Figure 3 left). The Shadow Hand is designed to replicate the functionality, dimen-
sions, and range of motion of the human hand (Figure 3 right). With 20 DOFs
actuated by PAMs as well as touch sensors mounted on the fingertips, the Hand as a
slave robot end-effector is able to precisely mimic the master operator’s movements to
complete complex teleoperation tasks.

In order to achieve highly human-like dexterity, researchers even try to replicate
the manipulation dexterity of human hand in the robotic system via highly biomi-
metic design. For example, Nanayakkara et al. reviewed the unique musculoskeletal
structure of the human hand for inspiring the design of robotic hand to improve its
dexterous grasping and manipulating capabilities [7]; Xu et al. designed a biomimetic
robotic hand that closely mimics the human hand with artificial joint capsules,
crocheted ligaments and tendons, laser-cut extensor hood, and elastic pulley mecha-
nisms [8]; Faudzi et al. designed an index finger of human-like robotics hand that
closely replicates the human finger in terms of bones, ligaments, thin McKibben
PAMs, extensor mechanism, tendon, and pulley system [9]; Tasi et al. designed an
anatomically correct, biomechatronic hand that emphasizes the anatomical consis-
tency with the human hand and implements every functionally significant bone,
ligament, finger-actuating intrinsic and extrinsic muscles, tendinous network, and
pulley system to realize the same synergistic movements of the human hand [10].
Ikemoto et al. designed a musculoskeletal robot arm driven by PAMs to mimic the
structure of the human shoulder complex and try to assure a wide range of move-
ments and the joint’s stability at the same time [11].

However, a robotic arm with highly similarity in construction to the human arm will
certainly lead to a very complex and elaborated mechanical structure, which may pose a
challenge to both the manufacture and the motion control of the system. Therefore,
people should emphasize more similarity to human arm in functionality than in
construction when they conceive the design scheme of the robotic arm, especially they
should pay attention to the scheme that is able to eliminate the coupling effect among
DOFs to facilitate the human-like motion control of the robotic arm.

Some of the human arm joints can be viewed as a spherical joint. A spherical joint
actuated by muscle groups may lead to strong coupling between the tensile forces of
the muscles, which will make the motion control of the joint difficult. People usually
decompose the motion of a spherical joint into two or three orthogonal rotation axes
with every rotation axis actuated by a pair of antagonistic muscles. However, if the
robotic orthogonal rotation axes of a counterpart of the human joint (e.g., shoulder)
are not intersecting at one point, the motion of different DOFs may become coupling
and lead to unnatural or not human-like movement of the robotic arm [12, 13].

This is a critical issue need to be solved for promoting the PAM application in the
humanoid robotic systems. This chapter will illustrate a solution to this issue via an
example of robotic manipulator system.

1.3 The strong nonlinearity and modeling/control problem of PAMs

It is generally agreed that it is very difficult to model PAM precisely, and the model
imprecision, which caused by both nonlinearities (including hysteresis effects) and
the uncertainty of parameters, will severely impede the control performance of the
PAM system.

Extensive studies have been conducted by researchers to improve the control
performance of PAM systems.
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As a widely regarded powerful robust nonlinear control scheme, the Sliding Mode
Control (SMC) and its many varieties, e.g., the SMC [14], the second-order SMC [15],
the hybrid of SMC and adaptive fuzzy Cerebellar Model Articulation Controller [16],
the Nonsingular Terminal SMC [17], the fuzzy terminal SMC [18], etc., have been
adopted to control the PAM systems and have shown a vast potential for the applica-
tion of SMC in the PAM system. Besides the miscellaneous modeling and control
methods, a lot of intelligent modeling methods and control algorithms, e.g., the
modeling method based on machine learning [19] or artificial neural networks [20], as
well as the control algorithms based on learning vector quantization neural network
[21], fuzzy control [22], and nonparametric control algorithms [23], have been studied.

Though these studies have demonstrated some exciting results, the model inaccu-
racy problem of PAM device and the nonlinearity-caused control difficulty of the
PAM system still need further studies. This chapter will present an effective solution
to this problem via a case study.

1.4 The human-like motion control of the PAM systems

Human-like motions are critical for a robot to coexist and collaborate with human,
as well as interact with other robots [1], in the human-centered, complex, unstruc-
tured, and dynamic daily-living environment. The anthropomorphic features of the
robot and the human trust motion pattern of the robot have been experimentally
validated to be very important for performing human-robot collaboration tasks [24]. A
human cooperator will feel comfortable and friendly if the robot exhibits the human-
like behaviors, which are predictable and understandable for the human partner
involved in the collaboration [25]. Otherwise, an unexpected speed variation of a
robotic arm will increase the “surprise” subjective rate, cause the mental strain of
human cooperators, and reduce the efficiency of human-robot cooperation [26].
Therefore, it is important to make the robot’s motion patterns natural, understandable,
and predictable to the human cooperators for effective human-robot collaboration [27].

Studies in physiology, anatomy, biomechanics, and neuroscience have revealed that
human motion has its own special characteristics [28]. The motion of human arm in the
free space is assured satisfying the minimum jerk model, i.e., the motion of the human
arm conforms to the Logistic Equation and shows a bell-shaped velocity profile [29].

To realize the expected human-like motion on a robotic manipulator actuated by
PAMs is a tracking control problem of the nonlinear robotic system. This chapter will
concern and present a feasible solution to it.

2. Bionic design of humanoid manipulator

As mentioned above, a highly biomimetic design may lead to a very elaborated
mechanical structure and pose a challenge to manufacture and motion control of the
system. Especially, a spherical joint actuated by muscle groups may cause strong
coupling between the tensile forces of the muscles and make the motion control
difficult. To decompose the motion of a spherical joint into two or three orthogonal
rotation axes is an option, but if these robotic orthogonal rotation axes of a spherical
joint cannot intersect at one point, the motion of the robotic arm may become unnat-
ural or not human-like and consequently degrade the robot system.

A design scheme of a human-arm-like manipulator actuated by antagonized
PAM pairs that nicely solved this problem is presented in the following sections.
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The following measures are taken to endow the humanoid robotic manipulator the
ability of reproducing the motion of human arm/hand and easy cooperating with
human:

1.The DOF configurations of the robotic arm are similar to those of human arm;

2.The mechanical structure should be as simple as possible for easy fabrication,
assembling, and maintenance;

3.The motion of every DOF is independent from each other for reducing the effect
of coupling and easy control.

2.1 The 7-DOF human-arm-like manipulator actuated by antagonized PAMs
2.1.1 The kinematic model of the robotic arm

The designed robotic arm possesses a shoulder joint with three DOFs
(flexion/extension, abduction/adduction and internal/external rotation of the upper
arm), and an elbow joint with two DOFs (flexion/extension and pronation/supination
of the forearm) and a wrist joint with two DOFs (flexion/extension, abduction/
adduction of the hand). The same DOF configuration, the same joint motion range
(Table 1), as well as the same proportion of limb length of the Master Motor Map
(MMM) kinematic model [30] are taken in the robot arm’s design scheme [31]. As
shown in Figure 4, 7 joints of the robotic arm are independently actuated by a pair of
antagonistic PAMs (the circles and arrows in different color indicate the joints
actuated by different PAMs as illustrated in Figures 6-8). This DOF configuration of
the robotic arm makes sure that the three joints of its analog shoulder, the two joints of
its analog elbow, as well as the two joints of its analog wrist intersect at a common
point, respectively. These structural features make the robotic arm kinematically
homogeneous to the human arm; as a result, the robot arm is able to reproduce the
motion of human arm with the human-like flexibility, e.g., to recover from errors, to
avoid singularity, and to perform obstacle avoidance. Furthermore, this DOF config-
uration as well as the mechanical structure of the joints of the robotic arm as
descripted below will make the motion of the adjacent joints decoupled and conse-
quently convenient for the motion control of the robotic arm.

2.1.2 The configuration of PAMs and cables in the vobotic arm

Generally, an anthropomorphic robotic arm means that a very complex and elabo-
rated mechanical structure is needed, and the whole system may become very difficult

Joint DOF X-limits Z-limits Y-limits

Shoulder 3 [—120°,90°] [—90°,30°] [—60°,60°]

Elbow 2 [0°,135°] — [—90°,90°]

Wirist 2 [—30°,30°] [—60°,60°] —
Table 1.

The range of motion of each DOF.
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Figure 4.
The DOF configuration and the joint actuating scheme of the humanoid arm.

to control. In order to facilitate the actuation/control of the humanoid arm, Bowden
cables are adopted to decouple the tensile forces of the different antagonistic PAM pairs.

The Bowden cable consists of an outer sheath and an inner tendon, the inner
tendon (with diameter of 1.5 mm) is used for actuation transmission of every DOF,
and the outer sheath is used for guiding the motion of the inner tendon in a curved
path that gets over the moving adjacent DOF. As a result, the motion of the concerned
DOF will not be disturbed by the motion of the other DOFs. The Bowden cable
scheme has many advantages, e.g., lightweight, space saving, and especially the flex-
ible layout of PAMs on the robot without suffering from misalignments, which make
it a suitable solution for the PAMs actuation transmission of the robotic system.

The designed humanoid robotic arm is composed of a torso, an upper arm (386 mm
in length), a forearm (342 mm in length), and a hand as shown in Figure 5. The
pressure air source is placed under the table, and the valves and air pipelines are placed
on the shelf behind the robot. Both of the upper arm and the forearm have a bar placed
on the center to serve as the skeletons, and four PAMs are installed evenly around the
bar as the muscles. The torso is an aluminum frame used to support the robotic arm,
and six PAMs are installed on the torso as the muscles to actuate the shoulder joint.
Bowden cables are adopted as the tendons to transmit the actuation force to the DOFs of
the joint of the shoulder, the elbow, and the wrist, respectively.

Though the shoulder complex usually is considered as the most complicated part of
the human body as well as with the greatest range of motion than any other joint in
the body, the motion of the three DOFs of the robotic shoulder joint can be decoupled
via the elaborative arrangement of Bowden wires.
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Figure 5.
The structure and the physical device of the 7-DOF humanoid avm actuated by PAMs [31].

Axis of abduction/adduction

Bowden wires
Connectto 4= Axis of llexion

upper arm o s /extepsion

Axis ol internal
fexternal rotation

PAM pair 1
PAM pair 2
PAM pair 3

Figure 6.
The structurve and the physical device of the shoulder joint [31].

As shown in Figure 6, the robotic shoulder consists of three DOFs, the first one for
the flexion/extension of the upper arm (actuated by PAMs in blue), and the second
one for the abduction/adduction of the upper arm (actuated by PAMs in orange), and
the third one for the internal/external rotation of the upper arm (actuated by PAMs in
magenta). One end of these PAMs is fixed on the framework of the torso and another
end is attached to the corresponding axis of DOF via Bowden cables. The outer sheath
in orange bypasses the DOF of flexion/extension and attached on the fixed part of the
DOF of adduction/abduction, while the inner tendon is attached on the rotation part
of the DOF of adduction/abduction. Also, the outer sheath in magenta bypasses the
DOFs of both flexion/extension and adduction/abduction and attached on the fixed
part of the DOF of internal/external rotation, while the inner tendon is attached on the
rotation part of the DOF of internal/external rotation. Consequently, the motions of
the three DOFs of the shoulder joint are independent from each other, and the control
algorithm of these DOFs can be separately designed without needing to consider their
coupling (or interaction) effect.

As shown in Figure 7, the elbow joint consists of two DOFs, one for the flexion/
extension of the forearm (actuated by PAMs in red), and another for the pronation/
supination of the forearm (actuated by PAMs in yellow). One end of these PAMs is
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Figure 7.
The structuve and the physical device of the elbow joint [31].

fixed on the framework of the upper arm and another end is attached to the
corresponding axis of DOF via Bowden cables. The outer sheath in yellow bypasses
the DOF of flexion/extension and attached on the fixed part of the DOF of pronation/
supination, while the inner tendon is attached on the rotation part of the DOF of
pronation/supination. Consequently, the motions of flexion/extension and pronation/
supination of the elbow joint are independent from each other, and the control algo-
rithm for these two DOFs can be separately designed without needing to consider
their coupling (or interaction) effect.

As shown in Figure 8, the wrist joint consists of two DOFs, one for the flexion/
extension of the hand (actuated by PAMs in green) and another for the abduction/
adduction of the hand (actuated by PAMs in blue). One end of these PAMs is fixed on
the framework of the forearm and another end is attached to the corresponding axis of
DOF via Bowden cables. The outer sheath in blue bypasses the DOF of flexion/
extension and attached on the fixed part of the DOF of abduction/adduction, while
the inner tendon is attached on the rotation part of the DOF of abduction/adduction.
Consequently, the motions of flexion/extension and abduction/adduction are inde-
pendent from each other, and the control algorithm for these two DOF's can be
separately designed without needing to consider their coupling (or interaction) effect.

Because the kinematic configuration of the designed robotic arm is the same as that
of the MMM human arm reference model, the robotic arm is able to reproduce the
motion of human arm. Due to the uniqueness of the joint design and Bowden cable
arrangement, each DOF of the designed humanoid robotic arm is independently
actuated by a pair of antagonistic muscles, and the motion of each DOF is decoupled
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Figure 8.
The structure and the physical device of the wrist joint [31].

from each other. As a result, the mechanical structure of the robotic arm is simple,
easy to be assembled, maintained, and controlled.

2.2 The design highlights for the anthropomorphic robotic hand

As shown in Figure 8, a gripper is attached on the robotic wrist. However, in order
to endow the robotic systems the capability of human-like dexterous manipulation
and easily cooperating with human, an anthropomorphic hand that mimics the func-
tions of the human hand is essential, and the following factors should be taken into
consideration in the design scheme of such a robotic hand [32]:

1. The robotic hand should be kinematically similar to the human hand (e.g., the MMM
model) so that it is able to perform the same motions of the human hand. The DOF
configuration of the human hand is very important for its delicate manipulations.
For example, the abduction/adduction motion of the metacarpophalangeal (MCP)
joint of the fingers (especially the thumb) for anthropomorphic grasping and the
transverse metacarpal arch motion of the palms for scooping things. These DOF
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configurations as well as their corresponding motion ranges should be carefully
considered and realized in the robotic hand design.

2.The bionic design should focus on the similarity to human hand in functionality
instead of construction, so that the mechanical structure is simple for easy
fabrication, assembly, and maintenance and control. In order to do this, the
aforementioned design scheme of the robotic arm can be used for reference of
the design of the robotic hand, especially the DOF configurations as well as the
routing of the Bowden cables for decoupling the motions of the orthogonal DOFs
of the MCP joints. PAMs and Bowden cables are taken as analog of muscle-
tendon-ligament structure to actuate each DOF of the robotic hand with a pair of
antagonistic PAMs and Bowden cables for avoiding the motion coupling of
adjacent joints. Though a human hand has both intrinsic and extrinsic muscles,
all the PAMs should be arranged as extrinsic muscles and placed far away from
the hand for not hindering the manipulation of the robotic hand because of the
volume of the PAMs.

3. Air bladders can be attached at the robotic hand palm and finger segments as
analog of the soft muscle pads and skin of human hand for mimicking the haptic
sensing of the skins. Muscles and skin on the human hand bring it the capabilities
of soft touch and tactile feedback, which is very important for dexterous robotic
hand operating an object or interacting with human appropriately via motion/
force control. Pneumatic tactile sensors based on air bladder possess some
noticeable advantages for human-robot interaction application. The air bladder-
based pneumatic tactile sensor is able to sense the lumping force acted on the
chamber by measuring the pneumatic pressure change in the air bladder [33],
and the air bladder itself is flexible for bending, stretching, and adapting to
different mechanical structure on the robot. Regular textures can be designed on
the bladders of the fingertip to mimic the fingerprint for enhancing the
roughness sensing via the vibration signals generated when the fingertip slides
on a rough surface. With the air bladder-based pneumatic tactile sensors as the
pad of the fingers, the robotic hand is able to physically interact with humans
and the environment via the “human-like compliant touch.” Because of the
inherent compliance of the mediator of compressible air in the bladder, the
robotic hand is able to yield to unexpected impact when it collides with obstacles
(environment or human) and then accordingly take measures to guarantee the
safety of the robot system itself, the human, and the environment. With the air
bladder-based pneumatic tactile sensors, the robotic hand may also explore the
environment in a manner of “action for perception” [34] to obtain the
information of the roughness of the object surface, the softness/stiffness of the
object, and the slippage of an object grasped in the hand. Furthermore, the
robotic hand is able to achieve a stable grasp as well as other manipulation tasks
via force control based on the tactile sensing information.

2.3 Summary

Highly biomimetic design that mimics the musculoskeletal structure of human arm
will inevitably lead to high structural complexity and control difficulty of the robotic
system. Especially the spherical joint may lead to the motion of its decomposed
orthogonal DOFs coupling, or lead to the movement of the robotic arm unnatural or
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not human-like because the rotation axes of these DOFs do not intersect at one point.
Via the detailed bionic design of a 7 DOF human-arm-like manipulator, this section
illustrated the DOFs’ elaborate configuration and the Bowden cables’ flexible routing
scheme that successfully make the DOFs of a spherical joint intersected at a point and
the motion of these DOFs independent from each other, so that the motion control
and human-like dexterous manipulation can be conveniently realized on the PAMs
actuated robotic system.

This example also exhibited the advantage of flexible layout of the PAMs in the
actuation of robotic systems. If motors instead of PAMs are taken as the actuators of
the robotic arm, it will be very difficult to make the DOFs of a spherical joint to
intersect at a point, and the robotic arm will be offset and bulky because of the volume
issue of the motors and reduction gears, which must be coaxially mounted on the axis
of the DOF. While the PAMs can be placed far away from its actuated DOF, therefore
the robotic manipulator actuated by PAMs may be small in size and light in weight for
dexterous and convenient manipulations.

3. Human-like motion control for a PAMs-actuated robotic joint

As mentioned above, it is universally acknowledged that the difficulty of control-
ling a PAM system lies in the strong nonlinear characteristics of PAMs, and advanced
control algorithms are urgently needed for making the best use of the advantages and
bypassing the disadvantages of PAMs. In order to solve this problem, an f{SMC-ESO
algorithm [35] that combines the Extended State Observer (ESO) and the full-order
Sliding Mode Controller (fSMC) for a robotic joint actuated by a pair of antagonistic
PAMs is presented in the following sections. In this fSMC-ESO algorithm, the fSMC is
adopted to eliminate the chatter and guaranteeing the finite-time convergence and the
ESO to observe both the total disturbance and the states of the robot system. Experi-
ments validate that the fSMC-ESO algorithm can efficiently inhibit the disturbance
and compensate both the nonlinearity and the modeling inaccuracy to achieve good
control performance of the PAM system.

3.1 The human-like motion pattern

According to the study of Flash et al. [36], assuming the movement to start
and end with zero velocity and acceleration, the free motion trajectory of the
human hand satisfies the minimum jerk model and conforms the Logistic Equation
as follows:

x(£) = x0 + (xo —xf)(—1073 +15¢* — 67°)

2
() =y, + (yo —yf)(—101'3 + 157 — 67°) 2)

where 7 = t/tf is time variable, (xo, yo) s (x 1Y f) are the position of the human

hand at the initial time (z = 0) and the final time (t = ¢¢), and —10, + 15, — 6 are
constant coefficients, respectively.

Consequently, for the motion of a robotic joint’s, the desired value of the joint
angle x4, the angular velocity x,, and the angular acceleration X, will change over time
according to the following human-like motion equations:
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xq = x7(102° — 15¢* + 67°)
X4 = xf(3012 — 607 + 301‘4)/tf (3)
%g = x7(607 — 1807% 4 1207%) [t

where x ¢ is the maximum rotation angle of the joint. The initial value of joint angle,
the initial/final angular velocity, and the initial/final angular acceleration are zero.

3.2 Mathematical model of a robotic joint actuated by antagonistic PAMs

As illustrated in Figures 4-8, every joint of the designed robotic arm is indepen-
dently actuated by a pair of antagonistic PAMs because the motions of adjacent joints
are decoupled by the arrangement of Bowden cables. Therefore, this chapter only
presents the human-like motion control scheme for a single joint system as shown in
Figure 9. This experiment platform is a simplification of the robotic arm system of
Figure 5. With only a single joint actuated by a pair of antagonistic PAMs, it simulates
the weight lifting motion via the upward flexion of the elbow joint or the abduction of
the shoulder with the elbow extended. The following control scheme for single joint
can be easily promoted to the multiple joints of the robotic arm since the motions of its
joints are independent from each other.

For the bionic robotic joint actuated by antagonistic PAMs of Figure 9, its
mathematical model based on Yu’s PAM model [37] is:

F(e,p) = ki(p) — k2(p)e + k3(p) exp (—pe) 4)

Figure 9.
The experimental platform of the bionic robotic joint actuated by antagonistic PAM pair.
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where F is the output force of PAM; ¢ = (Lo — L)/Ly is the contraction rate of
PAM; Ly, L are the original length and the actual length of PAM, respectively; p is the
inner pressure of pneumatic muscles; k;(p) = kap + kiz, (i = 1,2) are pending coeffi-
cients depended on p, k;; and k; are fitting coefficients that are different in the
inflation and the deflation processes; 4 is the nonlinear attenuation coefficient of e.
Yu’s PAM model consists of two parts, i.e., the model of the inflation process and those
of the deflation process, and there is an obvious hysteresis between the inflation and
deflation processes. In this study, only the inflation part of the Yu’s model is adopted
to modeling the robotic joint for convenient of computation, and the compensation of
the model inaccuracy of the robotic joint (including those caused by the incomplete-
ness of the PAM model) relies on the control algorithm.

Rewritten Eq. (4) as:

F(e,p) = (kup + ki) — (kap + kn)e + (kaip + k3) exp (—ue) =g(e)p +h(e)  (5)

where

g(€) = k11 — ka1e + k31 exp (—pue)

(6)
h(&’) = klz — kzz&' + k32 exp (—/AE)
The dynamic equation of the bionic robotic joint is as follows:
JO+ f,0 = (F1 — Fy)r — mglsin (0) +d @)

where | = mpulle),rz /2+ ml? is the equivalent moment of inertia of the bionic
joint, 7,5, is the mass of the pulley; m is the mass of the load; » is the radius of the
pulley; [ is the equivalent length of the connecting rod; 6 is the rotation angle of the
joint; f,0 is the damping term of the joint where the f, is damping coefficient; F; and
F, are the forces exerted by the antagonistic PAMs; d are the (external and internal)
disturbances caused by the system parameter uncertainties.

Substituting the forces (5) of the antagonistic PAMs into (7):

JO+ f40 = (gler)py —glea)p, + h(er) — h(ea))r — mglsin () +d  (8)

The antagonistic forces exerted by each PAM of the antagonistic pair should
remain greater than 0 at all time, i.e., F1(t) > 0, F,(t) > 0, for ¢ > 0. Therefore, the
actual lengths of the PAMs are:

9
Ly = Loiis — v ©)

{L1 = Lijnit — 10
where Lijyit, Loini are the initial lengths of the antagonistic PAMs when the rotation
angle of the joint is 6 = 0.
Select the state variables as x; = 6 and x, = 0, then the state equations of the
studied joint are:

.9-61 = X2
. (h(e) —h(e1))r — mglsin (x1) — fyxa  (gle)p, —glea)py)r 4 (10)
*2= 7 * 7 *7
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Formulating f (x) = [(k(e1) — h(e2))r —mglsin (x1) — fyx2] /], b =r/], dj = d /],
and u = g(e1)p, —g(€2)p, as the control input, then,

*1 =2 (11)
{56’2 :f(X) + bu +d]

This is a second-order nonlinear system with its control inputs # decided by the
inner pressures of the antagonistic pair of PAMs, i.e., p; and p,, which can be
controlled to achieve the expected human-like motion of the studied robotic joint.

3.3 The full-order sliding mode control with extended state observer

The fSMC sliding surface is adopted as follows [38]:

a

s = &+ cosign(e)]e|™ + cisign(e)le|™ (12)
where constants ¢; = 16, ¢, = 6, a; = 5/8, ap = 5/11, and € = x; — %1, € = X5 — X1
are the first and second derivatives of e, ¢ = x; — x is the tracking error of the joint,
%4, %1 are the expected and the actual value of the joint angle, respectively.
The control input « is [38]:

u=—b" (g +u) (13)

where
Ueg = —Xq +f(x) — cosign(é)|e]™ — cysign(e)le|™ (14)
Uy + Tu, = —nsign(s) (15)

The Eq. (15) can serve as a low-pass filter to inhibit the high-frequency disturbance
and to enhance the robustness of the system. Where T = 0.01Hz is the bandwidth of
the low-pass filter, and 5 = 5 is the control gain term.

Based on Eq. (11), an extended state x3 = f(x) + d; is defined as the total distur-
bance (including both the external and the internal disturbances) estimated by the
ESO, and consequently, a new model of the studied robotic joint system can be
described with the new set of state variables:

5C1=.X‘2

6 —x1t b

e (16)
x3 =f(x) +dj

y=x1

Define 21, 2, and 23 as the estimated value of the state variable x1, x, and x3,
respectively, then the model of the tracking control system is:

€1 =21—)
21 =2 — fore1
%) =23 — foer +bu

23 = —fose1

(17)
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Figure 10.
Block diagram of the fSMC-ESO tracking control system.

where

Bo1 Poa ﬂoa]T = [3w 30’ 603]T (18)

are positive constants and w = 150rad/s according to reference [39].

As descripted above, the fSMC-ESO scheme views the model inaccuracy as a kind
of internal disturbances and combines ESO and fSMC for achieving the human-like
motion control of the robotic joint actuated by a pair of antagonistic PAMs.

The block diagram of the studied tracking control system is shown in Figure 10. In
Figure 10, x; and %, are the desired joint angle and the angular acceleration, which are
computed with Eq. (3), of the human-like motion of the concerned robotic joint,
respectively; e and é are the tracking error and its first derivative of the joint as
explained in Eq. (12); the full-order SMC block consists of the Egs. (12)-(15), which is
chattering free and especially suiting for higher-order nonlinear systems with both
uncertainty parameters and external disturbance [38]; the Bionic Joint Model block is
the mathematic model of the concerned robotic joint as described in Eq. (16); and the
ESO block is the extended state observer of the Active Disturbance Rejection Control
[40], which is adopted to observe both the states of the robot system (z; and 2;) and
the total disturbance z3 of the robotic joint system.

Consequently, the fSMC-ESO control system for human-like motion of the joint
can be descripted by Egs. (17) and (18), and it is able to inhibit the disturbance and
compensate the nonlinearity of the PAM system and achieve the expected tracking
control performance with the control input:

u = —b (& + 23 — cosign(é)|e| — casign(e)le|™ + u,) (19)

3.4 Experimental validations

The proposed approach is validated via physical experiments on the platform
of Figure 9. The PAMs are FESTO DMSP-20-200 with pre-tension of 40 N, and
the parameters of the PAM model as well as those of the robotic joint are presented
in Tables 2 and 3, respectively. In the physical experiments, the sampling time is

Parameter k11 k1 kn k2 k3 k3, Lo (m)
Value 2.573 —222.7 6.389 1347.3 0.296 141.5 0.2
Table 2.

Parameters of mathematical model of PAMs.
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Parameter My (kg) r (m) m (kg) 1 (m) f, (N s/m)
Value 0.2 0.016 3 0.2 0.2
Table 3.

Parameters of the robotic joint.

0.01s, xy = 90°, 7 = 25, and the force of the antagonistic muscle is constant

The performance of the fSMC-ESO approach against disturbance is validated
via simulations of no external disturbance (d = 0), constant external disturbance
(d = 2rad), and variable external disturbances (sinusoidal signal, 4 = 2sin (2xt),
and d = 2sin (nt)). The simulation results (both the output of the control system
and the result of state observation) are presented in Figure 11, which validates that
the ESO can accurately observe the state variation (including the external distur-
bances) of the system; as a result, the bionic joint is able to track the desired motion
curve under different disturbances with an acceptable small error amplitudes under
sinusoidal disturbances (0.006 and 0.001 of d = 2sin (2#t) and d = 2 sin (xt),
respectively) .

Then, the robustness of the proposed fSMC-ESO approach to the payload variation
is validated in Figure 12, which illustrates the tension, the pressure, and the length of
the antagonistic PAMs in the course of human-like motion with payload of 1kg, 3 kg,
and 5 kg, respectively. The fSMC-ESO approach can adjust the air pressure of PAMs
according to load variation; as a result, it is robust to the payload variation and at the
same time keeps good performance of human-like motion.

Figure 13 illustrates the physical experiment result of the robotic joint system,
which achieves the expected human-like motion with a small overshoot (less than
1.2%, i.e., 1.1 degrees of angle). An estimated initial value of the total disturbance
(23(0) = 130), which can be approximately determined via simulations and accord-
ingly adjusted in the experiment, is applied to suppress the fluctuations at the initial
period of the rise time so as to improve the performance of the control system. At the
time of 6.5 s, an external disturbance is exerted on the robotic arm, and the control
system is able to suppress the disturbance and drive the platform back to its primary
position within 1 s. The good performances of trajectory tracking and robustness of
the robotic joint system are reasonably attributed to both the state observing ability of
ESO and the nonlinear control ability of fSMC.
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Figure 11.
Simulation of observation vesult and the joint angle response under different disturbances.
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Physical experiment vesult of the angular trajectory of the robotic joint (z5(0) = 130).
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3.5 Summary

It is generally acknowledged that it is very difficult to model PAM precisely, and
the model imprecision, which, caused by both nonlinearities (including hysteresis
effects) and the uncertainty of parameters, will severely impede the control
performance of the PAM system. The fSMC-ESO approach views the model impreci-
sion as a kind of internal disturbance, observes both the external and internal
disturbances via ESO, and compensates them via fSMC to realize the human-like
motion with expected robustness and tracking accuracy. As validated in this
experiment, though the hysteresis effects of the PAM are completely ignored by
taking only one part of Yu’s model (these two parts obviously different from each
other) into consideration, this approach still is able to achieve good control
performance of the robotic joint system. Therefore, the fSMC-ESO approach can be
applied to solve the model imprecision problems of the PAM systems and
consequently improve their control performance.

4. Limitations and relevant promising studies of PAM systems

PAMs do possess some distinct advantages, which are favorable for the actuation
of the cooperative robots; it also has some unfavorable properties except the strong
nonlinearities and the uncertainty of parameters that can be properly handled as
abovementioned. These topics are briefly discussed as follows:

4.1 The pressured air source issue

PAM works with the compressed air as mediator, and via the outlet valve, it vents
the high-throughput compressed air to the atmosphere. Therefore, a PAM system
requires a pressured air source, e.g., an air compressor with high-pressure gas pot,
which undoubtedly will make the PAM system bulky.

A solution of this issue is to make the working medium recyclable. Therefore,
researchers studied the Hydraulic McKibben Artificial Muscles (HAMs), which take
the hydraulic oil or water instead of pressed air as the working fluid.

The most impressive advantage of the HAMs is its supper high energy efficiency,
e.g., a prototype high force HAM, which is 40 mm in diameter and 700 mm in length
and driven by a maximum water hydraulic of pressure of 4 MPa, can achieve a
maximum contracting force of 28 kN [41]. However, HAMs also degrade its inherent
compliance because of the incompressible hydraulic working fluid. Furthermore,
HAMs did not solve the bulky size problem of PAMs, because it also needs a reservoir,
as well as pumps and valves to supply the pressured working fluid.

4.2 The dilemma of the output torque and the motion range of a joint

As illustrated in both the Figure 2 and the Eq. (1), the PAMs’ contraction length ¢
equals the arc length on the pulley circumference corresponding to the rotary scope 9
of the joint. For a given item of PAM, the contraction length is a constant, and the
pulley radius should be limited so as to cover the required joint rotation angle with the
constant contraction length. Consequently, the joint torque T' = F - r is limited, which
will restrict the application of PAMs in robotic systems.
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One can obtain a higher joint torque either via a higher contraction force F or via a
larger pully radius r.

The former method is known as the Variable Recruitment Strategy (VRS), which
parallelly deploys many PAMs as a muscle bundle and recruits different number of
PAMs according to the output torque requirement [42]. VRS recruits 1, 2, or 3 pairs of
PAMs to generated different force for meeting the application requirement, respec-
tively. Consequently, the robotic system is able to realize the expected actuating
performance with the minimal activated number of PAMs for increasing the effi-
ciency of the PAM system.

However, the VRS has some drawbacks that impede its robotic application:

1.The PAMs are parallelly deployed to generate a variable output torque via a
variable number of recruitments, while both the contraction length and the pully
radius of the PAM group configuration are the same as those of a single pair of
PAM configuration, the power efficiency of the joint therefore is not high;

2.In the working process, the PAMs did not be activated (still with an amount of
air in it) will be bended or buckled, which will generate a certain resistance and
degrade the drive performance of the joint. Furthermore, the frequent bending
will seriously shorten the life span of PAMs;

3.The group of PAMs must be exactly parallelly deployed as a muscle bundle to
draw the same steel wire. It consequently will make the system bulky and impede
the deployment and application of the VRS PAMs group in a robotic system.

The latter method sequentially deploys and activates multiple PAMs via a large
pully to generate a high output torque. As illustrated in Figure 14, in order to drive the
joint rotating a certain angle, multiple PAMs are activated one after the other, and the
total arc length of the pulley circumference corresponding to the rotary scope of the
joint is therefore assigned to the total contraction length of these PAMs rather than
those of one PAM. An overrunning clutch is employed to transmit the driving torques
of PAMs to the joint axis. As a result, the PAMs generate a high output torque on a
larger pully radius than those of the VRS approach.

The second approach is expected to solve the aforementioned problems of the VRS
approach and accordingly show the following advantages:

1.Higher power efficiency. Because it generates the driving torque of the joint via a
larger pully radius and less energy consumption;

2.Flexible deployment of the PAMs. PAMs of a joint are no longer need to be
parallelly deployed as a muscle bundle. Therefore, the volume of a joint can be

FAM2

PaM1 a Fami

Figure 14.
The sequential activation approach (PAMs in ved means be activated).
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reduced for convenient of manipulations, and the PAMs will have a longer life
span because they will not be bent anymore.

4.3 The flexibility and shape adaptability for soft wearable robot applications

The PAMs are considered a good actuator for wearable robot systems, i.e., the
exosuit and the exoskeleton robot, because of its compliance characteristics and the
human-muscle-like contraction properties. However, the PAMs commonly used are
large in size (10-40 mm in diameter and 100+ mm in length) and rigid in use
(drastically stiffen when inflated), which make them unsuitable to be applied to
wearable robot applications. The wearable robots require the flexibility and shape
adaptability of PAMs for compliantly deforming along with the human body and
redundant human-muscle-like actuation mechanism.

A promising study for this problem is the thin McKibben muscle (TMM) or
multifilament muscles [43]. When a group of the TMMs with an outer diameter of
1.8 mm are bundled as a robotic actuator, it is flexible (even when pressurized),
compact, and lightweight to be easily attached to the complex or irregularly shaped
parts of the robots for actuation. Especially, TMMs are deformable to follow the
human body shape, as well as taking various shapes to mimic the human muscle
shapes, e.g., the biceps, the triceps, and the flat muscles of the pectoralis major or the
deltoid muscles, for realizing a human-friendly support and power assistance.

Furthermore, the structural feature of multifilament makes TMM a perfect choice
for mimicking both the structure and the recruitment mechanism of the skeletal
muscle. Each skeletal muscle has a finite number of motor units, which is the smallest
subunit of a muscle that can be recruited and consists of a certain number of muscle
fibers 100 pm in diameter. The fiber number of a motor unit varies from 3 (for the
fine control of the eyes) to 2000 (for the vigorous motion of the legs) according to its
location and function [44]. The human central nervous system will excite (recruit)
appropriate number of motor units according the task requirement for the optimiza-
tion of actuation efficiency. The aforementioned VRS of PAMs is exactly an attempt
for this propose, while the multifilament structure of TMM makes it a more suitable
choice for imitating the recruitment mechanism of the human skeletal muscles.

TMMs have the same limitation of PAMs, i.e., they require a pressurized fluid
source supplied by an external pump or compressor, which are generally rigid and
bulky, and consequently preventing untethered and portable operations.

A promising study to this issue is the pumps based on the principle of ElectroHy-
droDynamics. Cacucciolo et al. studied a solid-state pumping mechanism that directly
accelerates the working medium of dielectric liquid by means of an electric field [45].
This pump is silent, fully stretchable, and bendable while operating, which makes it a
very promising solution for the TMMs actuated soft wearable robot.

5. Conclusions

The McKibben PAMs possess some compelling properties, e.g., the inherent com-
pliance, the actuating characteristics similar to those of the human muscle, the flexi-
bility of deployment, etc. These properties make PAM an excellent actuator for the
humanoid robot systems. Focused on the robot application of PAMs, this chapter
concerned the following critical techniques:
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Firstly, this chapter presented a solution for the PAM system design. People have
tried hard to realize the human-like dexterous operational capability via highly bio-
mimetic design that mimics the musculoskeletal structure of human body in the
design of robot system, but inevitably lead to high complexity in structure and diffi-
culty for manufacture and control. In order to solve this problem, this chapter in detail
presented the bionic design of a 7 DOF human-arm-like manipulator. This design
mimics the human arm in functionality rather than in construction. It takes the
antagonized PAMs and Bowden cables that mimic the muscle-tendon-ligament struc-
ture of human body and elaborately configures the DOFs of the arm and flexibly
deploys the routing of Bowden cables. As a result, the joints of the analog shoulder,
elbow, and wrist of the robotic arm intersect at a point respectively though these
DOFs are sequentially arranged, and the motions of these joints are independent from
each other for convenience of motion control and human-like dexterous manipula-
tion. If motors instead of PAMs are taken as the actuators of the robotic arm, it will be
very difficult to make the joints of the analog shoulder, elbow, and wrist intersect at a
point respectively, and the robotic arm will be offset and bulky because of the volume
of the motors and reduction gears.

Secondly, this chapter presented a solution for the tracking motion control of the
PAM system. It is universally acknowledged that the PAM is very difficult for model-
ing and control because of its strong nonlinear characteristics. This chapter proposed a
fSMC-ESO approach to realize the human-like motion control of the robotic joint.
This approach views the model imprecision caused by the strong nonlinearity of the
PAMs as a kind of internal disturbance of the robotic system and combines ESO with
fSMC to observe and compensate the external and internal disturbances. Experiments
validated that the fSMC-ESO approach is able to realize the human-like motion with
expected robustness and tracking accuracy, though the model of PAM is obviously
inaccurate because only one part of the Yu’s model is taken into consideration. There-
fore, it can be concluded that the fSMC-ESO approach has remarkable advantages for
solving the model imprecision problems and achieving good control performance for
the PAM systems.

Thirdly, some variants of PAMs that are aiming to amend or remedy the draw-
backs of the PAM systems are discussed. Especially, a Sequential Activation approach
that targets to the dilemma of the output torque and the motion range of a PAM
actuated joint is proposed. Different from the others, this approach sequentially
deploys and activates multiple PAMs via a large pully and an overrunning clutch to
generate a high output torque at the same time cover the total rotary scope of the joint,
and it may also bring advantages of higher power efficiency and more flexible
deployment of the PAM systems.

As a conclusion, the McKibben PAM actuator is a promising solution for the
advanced robotic systems, and the PAM-based inherent safety and compliant manip-
ulation will certainly play an important role in the cooperative humanoid robots. With
further research, people can optimistically anticipate the wide applications of the
PAM actuated robotic systems in the human living environment.
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