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ABSTRACT

This research thesis introduces the development of body weight support gait
training system known as the AIRGAIT exoskeleton and delves into the design and
evaluation of its leg orthosis control paradigm. The implementation of the
antagonistic mono- and bi-articular actuators using pneumatic muscle actuator
(PMA) as the actuation system were initiated to generate more power and precisely
control the leg orthosis. This research proposes a simple paradigm for controlling the
antagonistic mono- and bi-articular actuators movements co-contractively by
introducing a co-contraction model. Three tests were performed. The first test
involved control of the orthosis with mono-articular actuators alone without a subject
(WO/S); the second involved control of the orthosis with mono- and bi-articular
actuators tested WO/S; and the third test involved control of the orthosis with mono-
and bi-articular actuators tested with a subject (W/S). It comprises of five
comparisons for evaluating the performance of the design controller scheme. The
first assessment involved comparison between simulated co-contraction model
control scheme, and derived co-contraction model control scheme test WO/S; the
second assessment involved comparison between the mono-articular actuators acting
on their own (i.e., hip and knee joints), and with the addition of bi-articular actuators;
the third assessment involved comparison between the position (P) controller based
on co-contraction model control scheme, and the position-pressure (PP) controllers
based on co-contraction model control scheme; the fourth assessment involved
comparison between the control of the leg orthosis WO/S and control of the leg
orthosis W/S; and the fifth assessment involved comparison between the
conventional PID based control schemes, and co-contraction model based control
schemes tested WO/S. Full body weight support (BWS) was implemented in this
study during the test W/S as the load supported by the orthosis was at its maximum

capacity. This assessment will optimize the control system strategy so that the system



xvi|Page

operates to its full capacity. The evaluation was based on the gait cycle (GC),
trajectory of the hip and knee joints, maximum angle extension of the joints, foot
trajectory, effective work, inertia, gravitational effect, and time shift. The results
revealed that the proposed co-contraction model control scheme and strategy were
able to co-contractively actuate the mono- and bi-articular actuators simultaneously

as well as increase stiffness and stability at both hip and knee joints.

Keywords: AIRGAIT exoskeleton, antagonistic mono- and bi-articular actuators,

pneumatic muscle actuator (PMA), and co-contraction model.



Page | xvii

ACKNOWLEDGMENTS

In preparation of this thesis, various parties have contributed directly or indirectly in
many ways during the execution of the project. First and foremost, I wish to express
my sincere appreciation to my doctoral project supervisor, Prof. Shin-Ichiroh
Yamamoto for his continuous guidance, encouragement and advice. Without his
constant support and assistance, this project would not have been the same as
presented here. The sharing of his invaluable knowledge and constructive ideas was

the key way to success in this project.

Special thanks to my wife for her untiring efforts and practical suggestions
which had been contributed significantly toward the success of this project were

greatly appreciated.

Last but not least, I would also like to extend my gratefulness to my fellow
course mates, friends and seniors for their help and assistance on various matters.

Their support was indeed very valuable for me. Thank you.

This work was supported by the Brain Science and Life Technology Research
Center and KAKENHI: Grant-in-Aid for Scientific Research (B) 21300202.



Page |1

CHAPTER 1

INTRODUCTION

Early work of this research thesis presents a survey on existing lower-limb leg
orthosis for rehabilitation which implemented pneumatic muscle types of actuators
such as McKibben artificial muscle, rubbertuators, air muscle, pneumatic artificial
muscle (PAM) or pneumatic muscle actuator (PMA). It is a general assumption that
pneumatic muscle types of actuators will play an important role in development of
assistive rehabilitation robotics system. In the last decade, the development of
pneumatic muscle actuated lower-limb leg orthosis was rather slow compared to the
other types of actuated leg orthosis using ac-motor, dc-motor, pneumatic cylinder,
linear actuator, series elastic actuator (SEA), and brushless servomotor. However, in
recent years, the interest in this field has grown exponentially mainly due to the
demand on much compliant and interactive human-robotics system. The
exponentially growth of these systems might also be due to the advantageous
attributes of the pneumatic muscle actuator as well as its nonlinear dynamics
behaviours. However, according to its evaluations, it could be understood that the
suitable control schemes and strategies have yet to be found. Albeit that, this only
suggested the space available for the device orthosis improvement and enhancement
in either mechanical design or control scheme and strategy are still boundless. This
opportunity will attracts the researcher’s interest in coming up with different ideas
and strategies to rectify previous methods or to discover a new methods for the
control system. Even though lots of different robotic system types for lower-limb
rehabilitation orthosis had been developed, most of the prototypes were only

implemented the use of mono-articular muscles alone either for hip, knee, or ankle
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joints (i.e., flexion, extension, abduction, adduction, dorsiflexion, plantar-flexion,
inversion, eversion, etc). However, the implementation of bi-articular muscle
actuators either to compensate the lack of force/torque at the joints or to improve the
control scheme and strategy of the lower-limb rehabilitation orthosis have yet to be
extensively investigated and made commercially available.

For understanding the coordination of muscles in complex movements, it is
of particular interest to know the potential actions of all types of muscles involved.
At the present the action of muscles that pass over more than one joint is mainly
described with respect to movements in the joints that are crossed. However, Elfman
et al., in 1939-1940 hypothesized that bi-articular muscles might play a role in saving
energy expenditure. Bi-articular muscles is the muscles that cross two joints rather
than just one joint such as 'hamstring' and 'rectus femoris' which cross both hip and
knee joint. The function of these muscles is complex and often depends upon their
anatomy and the activity of their other muscles at the joints. Bi-articular muscles can
play a unique role in the transformation of rotation in the knee joint into the
translation of the body centre of gravity in such a way that this centre of gravity is
continuously accelerate during push-off, thus these results made it a likely
assumption for understanding the co-ordination of muscles in complex movements.
The literature of this thesis will reviews all the current lower-limb rehabilitation
orthosis systems then make a comparison in terms of its evaluation, design, as well
as its control scheme and strategy, with the aim to clarify the current and ongoing

research in this lower-limb robotic rehabilitation field.

1.1 Problem Statements

This research thesis introduces the development of body weight support gait training
system also known as an AIRGAIT system for lower limb disability patients such as
stroke and spinal cord injury (SCI) patients. Based on the assessments and its
evaluations, it is suggested that the implementation of antagonistic bi-articular
actuators with the presence of mono-articular actuators was a key to achieve high
muscle moment (flexion and extension) at hip joint and a wider range of motion
(flexion) at knee joint. To the authors’ best knowledge, assistive leg orthosis that

emphasizes on the control of antagonistic bi-articular actuators using PMA in the gait
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rehabilitation field is yet to be extensively investigated and made commercially
available. This then provides the motivation and purpose to investigate a noble
control for the antagonistic bi-articular actuators using a suitable model paradigm. In
addition, even though lots of researches had been investigated regarding the co-
contraction movements of human antagonistic muscles. However, their model
implementation in controlling the antagonistic muscle actuators of lower-limb
orthosis is not extensively discovered. This research thesis focuses on the
implementation of the antagonistic mono- and bi-articular actuators using pneumatic
muscles to drive the lower-limb orthosis. Thus, simply actuating the actuators might
not give a good result on the joint’s stiffness and stability of the lower-limb leg
orthosis and its position trajectory. Therefore, the simultaneous co-contraction
movements between the agonist and antagonist muscle actuators should also be

considered during the control system scheme and strategy.

1.2 Objectives

This research thesis embarks on the following objectives:

1.  To optimize the body weight support gait training system (AIRGAIT) by
implementing antagonistic mono- and bi-articular actuators using pneumatic
artificial muscles.

ii.  To derive and design a model control scheme and strategy for the AIRGAIT
exoskeleton's leg orthosis system.

iii.  To develop and evaluate the controllers for the AIRGAIT exoskeleton’s leg

orthosis using real time control system.

1.3 New Findings/Knowledge

This research will result in new potential towards application of lower-limb
pneumatic muscles actuated rehabilitation orthosis system. Some of the concepts and
novel knowledge acquired from this research will lead to a new exploration as
follows:

i.  Exploration of the lower-limb orthosis which implements antagonistic mono-
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and bi-articular actuators using pneumatic muscles similar to human
musculoskeletal system as an alternative for human compliance rehabilitation
robotics system.

ii.  Derivation of the model paradigm for estimating the co-contraction patterns
of the antagonistic mono-and bi-articular actuators based on angular
positional data.

iii.  Derivation of the control strategy that able to reduce the nonlinearity effects
of the pneumatic muscles using simple approach.

iv.  The therapists’ perception in using the body weight support gait training
system of AIRGAIT exoskeleton as alternative for clinical rehabilitation

training can be evaluated.

1.4 Significance of Research

People suffering from walking deficiencies have better recovery expectancies if they
undergo intensive rehabilitation programs. However, standard rehabilitation
programs necessitate intensive efforts of one, two, or even three physiotherapists to
move the patient, this being potentially painful for the therapists as well.
Rehabilitation robotics is a promising research avenue to take over some of this time-
and energy-consuming workload. There is argument that robots should be developed
to assist with therapeutic activities that are difficult or impossible for the therapist to
administer alone. For instance, attempting overground gait and balance training in a
patient with both heavy weight and low function is difficult and unsafe for the
average therapist. Therefore, the goal is not to replace the physiotherapist, but to
relieve him of the most painful aspects of his task, eventually leading to longer
and/or more frequent training sessions. The goals of such devices are to assist the
therapist so that they may safely train patients in standing, walking, and performing
balance activities early after injuries. These tasks are difficult for therapists;
however, with robotic technologies, they are possible.

Lately, the rehabilitation robotics has been used in training medicine, surgery,
remote surgery and other things, but there have been too many complaints about the
robot not being controlled by a remote. Many people would think that using an

industrial robot as a rehabilitation robot would be the same thing, but this is not true.
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Rehabilitation robots need to be adjustable and programmable, because the robot can
be used for multi reasons. Meanwhile, an industrial robot is always the same; there is
no need to change the robot unless the product it is working with is bigger or smaller.
This development is capable of solving the problem of the lack of the doctors,
enhances the efficacy of clinician's therapies; and increasing the ease of activities in
the daily lives of patients. The operations can be conducted remotely, creating
medical teamwork while in different places and relieve the psychological stress of
doctors. For the developing country or places that not have enough medical structure,
remote-control system giving hope for them to have better medication treatment. In
addition, this could also be served as a reinforcement of emergency medical care.

In parallel, developing autonomous rehabilitation robots might also be useful
to extend the therapy at home. If patients could begin therapy sessions quickly, this
would translate into more time for repetitions and activities and thus, greater
functional outcomes. Unfortunately, easy-to-use does not necessarily translate into
low cost. In fact, sometimes being able to deliver an easy-to-use and highly flexible
systems were results in substantial costs. In the end, for devices to gain widespread
acceptance in small rehabilitation clinics, the costs for providing and using these
systems must first come down.

This research will result in a highly compliance body weight support gait
training system for lower-limb disability of stroke and SCI patients. The AIRGAIT
system allows the gait motion training with different body weight support (BWS) on
a treadmill. Furthermore, it also allows patients to train their disabled legs for a
repetitive gait motion training at different gait cycle (GC) speed. The measurement
system which identifies the subject’s center of mass (CoM) and center of pressure
(CoP) was also developed together with the AIRGAIT system. This allows the
therapists to analyze the condition of the subject and identify the level of training to
be practice. Finally, it is also expect that some design methodologies developed for

rehabilitation robotics might also be adapted to active prosthesis design.

1.5  State of Art

The goal of the research was to describe past and current developments and, on the

basis of this, formulate future challenges for the field. This research reviews the
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state-of-the-art of lower-limb exoskeleton robots that are applied in the areas of
rehabilitation and assistive robotics. In general, the development of rehabilitation
robotics application is motivated by the promise that people with severe impairments
will benefit from these developments. Although, over the decades, there has been
continuous progress in technological developments, only few systems have become
commercially available, and even fewer were accepted for provision. Based on the
literature review, the lower-limb rehabilitation orthosis which implemented
antagonistic mono- and bi-articular actuators using pneumatic muscle has yet to be
extensively investigated and commercially available. However, the development of
this technology itself is obviously an essential element of progress in the domain of
rehabilitation robotics. In addition, the main requirements of the lower-limb
exoskeleton robot are identified and the mechanical designs of existing lower-limb
exoskeleton robot are classified. The design difficulties of a lower-limb exoskeleton

robot are discussed.

1.6 Scopes and Limitations

1. The model derivation is based on the antagonistic mono-articular (i.e., hip
and knee joints) and bi-articular actuators of the AIRGAIT exoskeleton's leg
orthosis system.

ii.  All the measurements, control system, experimental tests, and design will be
based on the developed body weight support gait training system of
AIRGAIT exoskeleton.

iii.  The simulation program and control paradigm are coded in MATLAB
language, while the control system will be modelled using SIMULINK and
xPC Target toolbox.

1.7 Outline of the Thesis

The research title is "Design and Evaluation of the AIRGAIT Exoskeleton's Leg

Orthosis: Development of a Control Scheme and Strategy for a Noble Control of

Antagonistic Mono and Bi-Articular Actuators". This section briefly describes the
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content of the research thesis which consists of seven different chapters including
introduction, literature review, design system, methodology, control system, results

and discussion, and conclusions.

Chapter 1: The first chapter provides a general introduction and background of
the whole research including the problem of statement, specific objectives, scopes

and limitation, and outline of the thesis.

Chapter 2: The second is the literature review section which provides detailed
descriptions on a few topics related to this project. At the beginning of this chapter,
an introduction on human motion research is included. General knowledge on stroke,
including rehabilitation therapy, mechanical system and laws of robotic, is also
discussed with greater detail in this chapter. Finally, some of the existing assistive

robotic leg orthosis researches including their descriptions are included.

Chapter 3: The third chapter is the design system and evaluation section for the
AIRGAIT exoskeleton's leg orthosis. All of the mechanical structure of leg orthosis,
antagonistic mono-articular (i.e., hip and knee joints) and bi-articular actuators,
AIRGAIT's prototype, mechanical system, and safety features were described

thoroughly in this section.

Chapter 4: The fourth chapter describes about the materials and methods used in
the execution of this project. MATLAB, Simulink, and xPC Target toolbox which
were used extensively in this project, is briefly discussed as an introduction to this
chapter. Subsequently, the procedures and experimental tests for the controller

schemes evaluation were discussed in details.

Chapter 5: The fifth chapter describes about the control system development for
the antagonistic mono- and bi-articular actuators of the AIRGAIT exoskeleton's leg
orthosis. In this section, co-contraction model control scheme and strategy were
introduced. All the kinematics analysis and the mathematical derivation of the co-
contraction model that generates the input patterns for the antagonistic actuators were
described in details. Furthermore, the control system strategy on how the controller

scheme works was also included.
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Chapter 6: The sixth chapter consists of the results and discussion of this research
project which delves into several sub-topics based on the assessments evaluation,
control tests, and analysis. This section describes the evaluation on the antagonistic
actuators’ settings, limitation and performance of the antagonistic mono- and bi-
articular actuators in manipulating the leg orthosis when tested without a subject
(WO/S) and with a subject (W/S). Full BWS was implemented during the test W/S
where the load supported by the leg orthosis was at its maximum capacity. This
assessment will optimize the control scheme and strategy so that it will operate at its
maximum capability. The options for the subject were not really critical as the focus
of the research is on the design controller. As such, the subject chosen was young,

healthy, and not bearing any neurological disorder.

Chapter 7: The last chapter includes the conclusion of the whole research's
assessments and recommendations for upcoming project improvements in design,
control system, control scheme and strategy, methods, and analysis were also stated

here for obtaining a better result.
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CHAPTER 2

LITERATURE REVIEW

The outcomes of rehabilitation therapy, which implemented body weight support
treadmill training for incomplete spinal cord injuries (SCI) and stroke patients, were
reported in several previous studies since the 1990s. SCI involves damage to any
component of nerves or spinal cords located at the end of the spinal canal, which is
either complete or incomplete. However, it often causes permanent changes in
strength, sensation and other body functions below the side of the injury. The
symptoms vary widely, beginning with pain to paralysis and then to incontinence.
The paralysis could be identified as a weakness which might occur with abnormal
tone (e.g., spasticity or rigidity). During the stance phase, leg instability (i.e.,
hyperextension or knee buckling) may result in unsafe walking, pain and inefficient
energy. Moreover, inadequate limb clearance, impaired balance, sensory deficits and
pain during the swing phase may contribute to falls, loss of balance and increased
nervousness associated with walking. Furthermore, a loss of motor control prevents a
patient from performing a precise movement in coordination with timing and
intensity of muscle action.

Previously, a patient’s paralyzed legs were physically operated by two
therapists in manual training. In accordance with the treadmill training therapy, based
on rules of spinal locomotion, research carried out by Wernig et al., for incomplete
paralysation of paraplegic and tetraplegic patients, confirmed that the training was
able to improve most of the patient’s walking capability [1-2]. The patients involved
in this training were provided with a motor driven treadmill training therapy, along

with a body weight support (BWS) and assisted limb movements by therapists, for a
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daily upright walking training. Based on the rehabilitation sessions, nearly 80% of
patients with incomplete spinal cord injuries (a total of 33 individuals) were capable
of walking independently after the treadmill training, with partial body weight
support. In addition, the clinical evaluation on complete paraplegic and tetraplegic
patients was carried out by Dietz et al., to differentiate the effects of BWS and joint
movements on the leg muscle activity pattern during assisted locomotion in SCI
patients [3 — 4]. However, this training procedure was physically difficult for
therapists to execute for long durations of time. Recently, robot-assisted therapy
devices became increasingly used in SCI rehabilitation therapy. This assistive robot
either compensates the functionalities that a patient does not have, or tries to recover
the impaired functionalities. Even though it may not be able to fully compensate
impairments, or even provide a cure, it should be able to enhance or extend certain
impaired functions; sequentially, raising the quality of life, encouraging independent
living, as well as, supporting the need for social interactions and communications.
Depending on the degree and location of the injury, the actual rehabilitation or
treatment can vary widely. In many cases, substantial rehabilitation and physical
therapy are required for spinal cord injuries, particularly if the patient’s injuries
interfere with daily life activities.

Since SCI patients frequently have difficulties with daily functional
movements and activities, it is possible to decrease their loss of function through
rehabilitation therapy during the critical stage. This rehabilitation therapy engages
carefully designed repetitive exercises, which are either passive or active. In a
passive exercise, the therapist or a robot will actively assist the patient to move the
affected lower-limb repetitively as prescribed. In an active exercise, the patients
themselves will put effort to move their legs, with no physical assistance. With the
contribution of therapists, assistive robotic technology had a significant ability to
provide novel means for motivating, monitoring and coaching. In addition, many
lower-limb leg orthoses for rehabilitation have been developed to assist in human
locomotion training; they can be used for a long time, for varying degrees of
spasticity or paresis [9 - 21]. According to Dietz et al., who performed the lower-
limb assisted gait training using a developed orthosis system with BWS and treadmill
training on patients with incomplete SCI, advocated that the afferent participation
from the lower limbs and hip joints” movements are essential for the activation of the

central pattern generator for locomotion rehabilitation training in SCI patients [3 - 4].
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In addition, the clinical study on the developed robotic gait training such as
LOKOMAT, LokoHelp, ReoAmbulator, and Alex had been evaluated [9, 12, 13, 17,
and 18]. The tests were performed on patients suffered with incomplete or/and
complete SCI. The results proved that robotic assisted gait training not only able to
improve the gait ability of the patients. However, the requirement for therapeutic
assistance was also reduced. Additionally, the burden of the physiotherapist in
managing time-consuming rehabilitation training also could be solved.

Consequently, the interest in this field has grown exponentially in recent
years, mainly due to the demand for a much more compliant and interactive human-
robotics system. Therefore, this work will appraise all the current existing lower-limb
rehabilitation orthoses, based on compliant actuator systems, in terms of evaluation,
design, control scheme and strategy. They will then be compared between one
another, with the intent of clarifying current and on-going research in the lower-limb

robotic rehabilitation field.

2.1 Existed Lower Limb Gait Rehabilitation Orthosis and Evaluations.

Numerous assistive orthosis systems for gait rehabilitation have been developed,
delving into several types of lower-limb rehabilitations, such as: treadmill gait
trainers, over-ground gait trainers, stationary gait and ankle trainers, foot-plate-based
gait trainers and active foot orthoses for the neurologically impaired (including
stroke and Spinal Cord Injury (SCI) patients) [5 - 8]. These systems implemented
very unique mechanical structures, designs, actuators, methods, control schemes and
rehabilitation strategies; as well as, various procedures to ensure the reliability and
robustness of the systems when compared to others. The rapid development of
rehabilitation robotics over the last decade is to fully restore or improve the mobility

of affected limb functions, and to help patients achieve a better life.

2.2 Motorized Lower-Limb Rehabilitation Orthosis System.

The Driven Gait Orthosis (DGO), also known as LOKOMAT (Hocoma AG,

Volketswill Switzerland), is currently available in the market and is extensively
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researched in many rehabilitation centres as one of the best examples for gait orthosis
that can be used for lower-limb disabilities [9 - 11]. This orthosis system is shown in
Figure 1(a). It consists of three main parts: body weight support, treadmill and
powered leg orthosis. The Direct Current (DC) motor, with helical gears, was used
for the actuation power of the system to precisely control the trajectory of the hip and
knee joints. Considerable control algorithms have been implemented into this system
to improve its performance, such as position, adaptability, impedance controllers, etc.
To stimulate the locomotor function of the spinal cord and activate leg muscles that
have lost the capacity to actuate voluntary movement, it is important to provide
adequate afferent input to the affected lower-limb. It could be anticipated that the
afferent input produced using the automatically based training, is at least as efficient
as that generated using the manual training.

Figure 1(b) shows the treadmill gait trainer system which incorporated the
electromechanical gait device with the treadmill/gait training, known as the
LokoHelp (LokoHelp Group, Germany). The LokoHelp used a different mechanical
system compared to the LOKOMAT, which implemented the powered leg orthosis.
The foot powered orthosis, known as "Pedago", used an electromechanical gait
device that was designed to provide a gait motion during training session [12]. The
control device helps to move the patients' foot trajectory with a fixed step length of
400mm, in which the gait cycle (GC) speed can be varied from 0 up to 5 km/h. Based
on the research findings, it was proven that walking ability could be improved by
incorporating the task oriented gait training with mechanical gait training devices or
with treadmill training.

The ReoAmbulator robotic system (Motorika Ltd, USA), which is also
known as "AutoAmbulator", is another example of existing treadmill gait trainers for
lower-limb rehabilitation therapy, as shown in Figure 1(c). This system has been
used in research centres and medical hospitals for rehabilitation therapies and
educational research studies [13 - 14]. This system also implemented powered leg
orthosis, "robotic arms", which enables patients to contribute during the gait motion
but also provide remaining force necessary for walking. The robotic arms are
attached to the thigh and ankle of the patient's leg before a stepping pattern is
performed using the implemented control scheme and strategy. In previous research

on this system, it was concluded that robot assisted gait training was able to provide
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the improvements in balance and gait, which is comparable to conventional/manual

physical rehabilitation therapies.

e et |

(c)
Figure 1 (a) LOKOMAT; (b) LokoHelp; and (c) ReoAmbulator

Apart from the available commercialized rehabilitation orthosis systems, the
growth of the ReoAmbulator system is rather immense with the development of
different prototypes. The development of LOPES increased researchers’ interest in
developing a humanlike musculoskeletal assistive orthosis system. This gait
rehabilitation orthosis employs the Bowden-cable driven series of elastic actuators
(SEA), with the servomotors as the actuation system, to implement low weight (pure)
force sources at both posterior and anterior sides of the leg orthosis, as illustrated in
Figure 2(a) [15 - 16]. It implemented impedance control (opposed to admittance
control), which is based on a combination of position sensing with force actuation to
operate the lower-limb leg orthosis. The training effect of this orthosis was enhanced
by emphasizing the implementation of an Assist as Needed (AAN) control algorithm.

This enabled an increment of the active voluntary participation of the patients.
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Moreover, it is also possible to imply unhindered walking practice in the orthosis
device where the required forces/torques for imposing a gait pattern are determine

based on the system's evaluation.

(b) B

Figure 2 (a) LOPES; (b) ALEX; and (c) NEUROBike

In the following years, the developed robot assisted gait training (RAGT)
with an active leg exoskeleton (ALEX) also integrated the AAN rehabilitation
strategy into the orthosis system. Compared to other existing robotic training
methods, this strategy allows the patient to actively contribute during the retraining
process of the gait locomotion. This gait rehabilitation device is shown in Figure
2(b). It implemented the use of linear actuators to actuate the hip joint thigh device
and knee joint shank device of the leg orthosis [17 - 18]. It has been proven that an
intensive gait retraining process has great potential to significantly provide benefits
for the patients, including chronic stroke survivors. This can be achieved by

effectively applying enough forces on the ankle of the subject through actuators
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placed at the hip and knee joints of the exoskeleton's leg orthosis, by means of a
force-field controller.

Later, a stationary gait and ankle trainers system was developed to provide
neural-rehabilitative treatments aimed at recovering walking abilities in post-stroke
patients. This orthosis system employed the use of brushless servomotors and pulleys
to actively control the angular excursions of the gait orthosis, known as the neural-
rehabilitative platform for bedridden post-stroke patients (NEUROBike) [19]. The
prototype of this system is shown in Figure 2(c). The passive and active exercises
were emphasized in this system by implementing the kinematic models of leg-joint
angular excursions during both ‘sit-to-stand” and ‘walking’ into the control
algorithms. To summarize, providing a number of exercises at an early phase based
on the intensity and the severity of the pathology is required by the programmed
therapy. In addition, customized treatment adapted by this system may facilitate
patients to increase flexibility in lower limb control, which leads to significant
improvements in motor control performance during locomotion.

In addition, the Robotic Gait Rehabilitation (RGR) trainer's prototype was
also invented within the same year as the NEUROBike system, to assist treadmill
gait retraining for patients with unusual gait patterns that were associated with
exaggerated pelvis obliquity, illustrated in Figure 3(a). This orthosis is composed of
three subsystems: stationary frame, Human-Robot Interface (HRI) and treadmill
training. Servo-tube linear electromagnetic actuators were used to generate the power
source for the exoskeleton [20]. Based on a hypothesis, the correction of a stift-
legged gait pattern entails addressing both the primary and secondary gait deviations
to restore a physiological gait pattern. Therefore, an expanded impedance control
strategy was used to generate the corrective moments, only when the leg is in swing
motion, by switching the force field that affects the obliquity of the pelvis. It has
been demonstrated that this system can be effective in guiding the pelvis to frontal
plane via force fields used for altering pelvic obliquity.

Recently, a new gait training robotic device, (LOKOIRAN), was suitably
designed for patients with various diagnoses such as SCI, stroke, multiple sclerosis
(MS), sport injury cases, aging and people with balance and locomotion disorders.
Figure 3(b) illustrates the system's prototype. This gait training device delved into
several subsystems, consisting of: body weight support, leg exoskeleton, driving

system and transmission system. It employed alternating current (AC) motors
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connected to a slide-crank mechanism via belts and pulleys to provide the energy for
the system [21]. The implemented control system enables flexibility in motion and
permits subjects to change the speed of the foot plates by engaging the speed control

mode and the admittance control mode.

Figure 3 (a) robotic gait rehabilitation (RGR) trainer; and (b) LOKOIRAN

The evaluated motorized lower-limb gait rehabilitation orthosis systems
mentioned above are only represented a fraction of the currently existing
rehabilitation orthoses. However, it could be summarized from these examples that
its development has reached an advanced level; whereby, many of the lower-limb
gait rehabilitation orthoses, based on electrical motors, have already been
commercialized. With its growth speed in the mechanical design, as well as, the
implementation of advanced control schemes and strategies, the space available for

enhancements might closely reach its peak.

2.3 Pneumatic Muscle Actuators Attributes.

The implementation of pneumatic muscle enabled pneumatic power to be transferred
into mechanical power. This actuator will be shortened in the longitudinal direction
and enlarged in the radial direction during the contraction stage when it is being
inflated; when being deflated, it will turn back to its original form. The pneumatic
muscle is able to employ a tensile force to an attached load during contraction stage.
This force is unidirectional, whereby, the original length of a certain designed

diameter and the internal pressure will determine its value. Moreover, this actuator
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also inhibits nonlinear behaviours such as hysteresis, compressibility and time
variance. However, in exchange, this pneumatic muscle also has an inherently
compliant attribute which is suitable for a human-robotics system. This type of
actuator is similar to the human muscle principle; shorter muscle length produces
smaller contracting force and vice versa. Furthermore, it is comparable to electric
actuators due to the direct coupling to the load and structural optimization. In
addition it also has a high power to weight ratio.

In addition to the abovementioned attributes, there exist two main weaknesses
that limit the application of pneumatic muscle. The first weakness is the nonlinear
behaviour of pressure build-up, and the second weakness is the hysteresis effect due
to its geometric structure. These drawbacks cause complexity when scheming high-
performance control systems. Therefore, this research is dedicated to solve these
problems, using a simple paradigm and control strategy for handling the sudden
increase in pressure and hysteresis behaviour of the PMA. Based on the proposed
empirical-based static force mathematical model, which consist of a correction factor
caused by the effect of the end caps, it showed an inconsistency of high contracting
ratios derived by the famous researcher Tondu et al., [22]. The extreme difficulty in
constructing an accurate mathematical model was established by the fact that nearly
all of the present models proposed were approximations. This model was later
modified through various methods, used by other researches, to further improve the

mathematical model [23 - 30].

2.4 Pneumatic Muscle Actuated Lower-Limb Rehabilitation Orthosis System.

Compared to the motorized lower-limb rehabilitation orthosis systems (i.e., DC-
motors, AC-motors, linear actuators, SEA, servomotors, brushless motors, and
pneumatic cylinders), the growth of the pneumatic muscle actuated rehabilitation
orthosis system was rather poor. This was also the description based on the
development of the control system for the pneumatic muscle. However, numerous
research studies in the last 10 years have tried to introduce these types of actuation
systems into the lower-limb rehabilitation robotics field. This may indicate a
significant shift of researchers’ interests towards the implementation of the

pneumatic muscle actuated lower-limb rehabilitation orthosis.
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The development of the hip orthosis exoskeleton powered by pneumatic
artificial muscle (PAM) was invented by Vimieiro et al., at Bioengineering
Laboratory in 2004, as shown in Figure 4(a) [31 - 32]. This exoskeleton system was
designed and modelled for patients with a motor deficit, a resultant of Poliomyelitis.
It consisted of two main parts: the first is polyethylene pelvic brace to provide the
stability for the orthosis system, and the second is polyethylene support for the thigh.
This orthosis system implemented the position control using the potentiometers for
activating the control valves, either to pressurize the PAM or to return it to neutral
status. Based on clinical tests, it was proven that the rehabilitation engineering was
able to provide equipment and devices for aiding patients to recover their movements
or improve their quality of life. A better gait pattern and an improvement of the left
step transposition in the toe-off phase were reported by patients.

Later came the Robotic Gait Trainer (RGT) for stroke rehabilitation, which is
an ankle rehabilitation device powered by lightweight Springs Over Muscle (SOM),
proposed by Kartik et al. It was developed in 2006, as shown in Figure 4(b) [33]. The
design was structurally based on a tripod mechanism with one fixed link. This
orthosis device was able to provide the dorsiflexion and plantar-flexion, as well as,
the inversion and eversion when moving the foot about the ankle joint. It
implemented an angular position for the control system and used two types of
sensors (i.e., potentiometer and pressure sensor). In this study, Kartik et al. suggested
that the range and position of motion (ROM) are necessary for safe
dorsiflexion/plantar-flexion and inversion/eversion movements. This was proven by
the results from their analysis which demonstrated that the tripod structure was able
to generate a ROM that matches the safe anatomical range of the ankle joint during
the gait cycle training.

In contrast, the prototype of an Ankle-Foot Orthosis (AFO) powered by
artificial pneumatic muscle was also introduced by Ferris et al. in 2006. The
prototype was of the human lower-limb that could comfortably provide dorsiflexion
and plantar flexion torque during walking motion training, as illustrated in Figure
4(c) [34 - 36]. This orthosis is composed of a hinge joint, carbon fibre shell and two
pneumatic artificial muscles. The proportional myoelectric control, using a PC-based
controller (real time control), had been implemented into the control system. The
performance of the novel controller enables the naive wearers to promptly become

accustomed to the orthosis, without the pneumatic muscle co-contraction. It is
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believed that this orthosis design will be useful in learning human walking
biomechanics and providing assistance in the neurological injuries of patients during

the rehabilitation training.

©

Figure 4 (a) hip orthosis; (b) robotic gait trainer (RGT); and (c) ankle-foot orthosis
(AFO)

Conversely, by focusing on the development of “human friendly”
exoskeleton orthosis systems, Costa et al. in 2006, proposed a powered lower-limb
orthosis which can produce powerful, yet naturally safe, operations for paraplegic
patients; as illustrated in Figure 5(a) [37]. This was realized by combining a highly
compliant actuator (PMA) with an embedded intelligent control system (a three level
PID joint torque control scheme) to manipulate the antagonistic actuators of the
exoskeleton. It is difficult to provide a system with dependability and inherent safety
while utilizing a highly compliant actuator, using conventional designs alone.

However, the design philosophy of this system may provide a significant insight into
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the development of rehabilitation orthosis systems and improve the rehabilitative

procedures for paraplegic patients.
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Figure 5 (a) powered lower-limb orthosis; (b) RGTW; and (c) powered ankle-foot

exoskeleton

Contrastingly, Figure 5(b) shows the Robotic Gait Trainer in Water (RGTW).
This system was designed for a development of an underwater gait training orthosis
by Miyoshi et al. in 2008 [38]. The RGTW is a hip-knee-ankle-foot orthosis with
pneumatic McKibben actuators as the actuation system. The basis of the angular
motion for the control system was determined by a healthy subject walking under
water. The aim for this study was to achieve repetitive physiological gait patterns to
improve movement dysfunctions. By implementing this orthosis system device, it is
not only the effect of hydrotherapy that should be expected; standard treadmill
training is also included. This could also be sufficiently effective for patients

undergoing hip-joint movement dysfunction treatments.
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In 2009, Malcom et al., developed the powered ankle-foot exoskeleton, which
investigated the role of the tibialis anterior (TA) in the walk-to-run condition (WRT),
as shown in Figure 5(c) [39 - 42]. The pneumatic muscles were used to provide the
dorsiflexion and plantar-flexion torques through the assisting orthosis for incomplete
SCI patients during assist and resist conditions. This orthosis device implemented an
electromyography (EMG) control with a feed-forward algorithm; whereby a set of
rotary encoders and load cells were used to measure the treadmill belt speed, ankle
angle, dorsiflexion and plantar-flexion torques. Through the hypothesis from gait
transitions and research evaluations, it was demonstrated that the powered
exoskeleton had great potential in fundamental gait studies.

After the introduction of AFO by Ferris et al., the development of this system
was later continued by Sawicki et al., a few years later. In 2009, the pneumatically
powered Knee-Ankle-Foot Orthosis (KAFO) was proposed through the study of
human motor adaptation, gait rehabilitation and locomotion energetics; as shown in
Figure 6(a) [43]. Compared to the AFO control system, this system implemented a
physiological-inspired controller that utilised the patient's muscle information; which
is determined using electromyography to measure the timing and amount of the
artificial muscle forces. Based on several research findings, it is believed that
powered knee-ankle-foot orthoses are promising for basic science and clinical
applications; since they had successfully assisted individuals with incomplete SCI
during locomotor training, metabolic energy consumption and neural adaptation for
neurologically intact human walkers.

New high performance devices are required for applying continuous passive
rehabilitation training for post-traumatic disabilities regarding the bearing joints of
the inferior limbs; therefore, the introduction of a stationary gait and ankle trainers,
known as Continuous Passive Motion (CPM), were based on the rehabilitation
system illustrated in Figure 6(b) [44]. This system was invented by Tudor et al. in
2009, using the pneumatic muscles as the actuation system for providing a low cost
rehabilitation system. With the lower limb being immobilized during the
rehabilitation (patient lying on a bed), it allows for the hip and knee joints to perform
recovery exercises. When compared to the -electro-mechanically actuated
rehabilitation system that causes discomfort to the users due to the introduction of
shocks upon the reversion of sense of motion, this system utilises a source of energy,

namely air, which enables the occurring shocks to be completely absorbed.
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Figure 6(c) shows a power-assist lower-limb orthosis, proposed by Yeh et al.,
in 2010, for assisting the elderly and individuals suffering from sport injuries such as
inability to walk or climb stairs using McKibben pneumatic muscles as the actuation
system [45]. For achieving a better tracking performance, an inverse control for the
feed-forward compensation was constructed using the hysteresis model, which was
then combined with the Loop Transfer Recovery (LTR) feedback control. In
addition, to ensure smooth switching between different phases during operation,
bump-less switching compensators were implemented into the combine control
system. Based on the research findings, it was demonstrated that the orthosis was
able to effectively accomplish the assistive function of human locomotion during

walking and climbing stairs.

(b)

Electronically-controllér pressure valve

(c)
Figure 6 (a) KAFO; CPM; and power-assist lower-limb orthosis

Moreover, a two degree of freedom Active Ankle-Foot Orthosis (AAFO) was
designed and manufactured in 2011 by Carberry et al. for post stroke rehabilitation,
exemplified in Figure 7(a) [46]. By implementing a novel actuator linkage using air
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muscle, a lightweight and discrete orthosis system was achieved. This design enabled
the entire actuation system to be placed behind the leg of the orthosis. A feedback
control that utilised a fuzzy logic gait phase detection system was implemented with
the use of two types of sensory devices: the first is Force Sensitive Resistors (FSRs),
located under the insole of the shoe; the second is the rotary encoder for measuring
the angular displacement of the ankle joint. However, it is unlikely that suitable
methods of supplying air pressure to the device can be found, even though this
system exhibits many desirable features. This system may well be beneficial to after-
stroke patients, as it allows a more complete rehabilitation of the ankle joint.

In 2011, bio-inspired active soft orthotic device for ankle foot pathology was
developed by Park et al. for treating gait pathologies associated with neuromuscular
disorders, as shown in Figure 7(b) [47]. By utilizing the advantages of the pneumatic
artificial muscle actuators, an inspired biological musculoskeletal system with
muscle-tendon-ligament structure had been introduced as the design of the orthosis
system. Three types of sensors were used for the control system: the first is strain
sensor for measuring ankle joint angle changes; the second is internal measurement
unit (IMU) to measure the orientations of the lower leg and the foot; and the third is
pressure sensor to identify the foot ground contacts and gait cycle events. The
implemented feed-forward and feedback controllers were able to demonstrate a good
repeatability of the ankle joint angle control, respectively. Based on the outcomes of
the result, this research is believed to be capable of providing rich spaces for the
rehabilitation techniques for ankle pathologies in the near future.

Furthermore, in 2012, Park et al. had also developed another lower-limb
rehabilitation orthosis known as the active modular elastomer sleeve for soft
wearable assistance robots; to support and monitor human joint motions, as
illustrated in Figure 7(c) [48]. With a different system design proposal, this orthosis
device implemented a series of miniaturized pneumatically-powered McKibben-type
of actuators. These actuators were wrapped in between monolithic elastomer sheets
so as to exert tension. Through shape and rigidity control, the simultaneous motion
sensing and active force response were allowed by wrapping the material around the
joint. The muscle contractions for the actuators are measured by placing the hyper-
elastic strain sensor perpendicularly to the axial direction of each corresponding
actuators. This strain sensor will detect the radial expansion of each actuator, which

is then transformed to the contraction length of the muscle actuator. Based on the



24| Page

preliminary study of this device system, few improvements should still be made

within the design structure and control system.

N
()
Figure 7 (a) AAFO; (b) bio-inspired active soft orthotic for ankle-foot pathologies;

and (c) active modular elastomer for soft wearable assistance robots

Figure 8(a) presents a developed inexpensive pneumatically powered assisted
knee-ankle-foot orthosis (KAFO), using McKibben actuators, for providing
assistance during gait training; proposed by Teng et al., in 2012 [49]. To determine
the relationship between the inclination angles of each joint with pneumatic muscle
displacement, the equation was expressed by using a trigonometry method; employed
into the control system algorithm and strategy. However, this lower-limb orthosis
system is still in the early development stage of design improvement, therefore,
further evaluation on system performance has yet to be concluded.

In 2013, Kawamura et al. initiated the development of an orthosis for walking
assistance. It was designed using straight fibre pneumatic artificial muscles in

assisting the forward swing of the leg and increasing the step length to further
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recuperate patients’ walking abilities, as illustrated in Figure 8(b) [50]. The pressure
control unit was implemented using the developed Dual Pneumatic Control System
(DPCS) by manipulating the Pulse-Width Modulation (PWM) signal to control the
valve. This orthosis system has yet to reach its completion and require further
improvements in its control scheme and strategy when handling the nonlinearity
behaviour of the actuator. The assistant force generated by the orthosis system is not

adequate enough for driving the intended task.

Figure 8 (a) inexpensive KAFO; (b) orthosis for walking assistant; and (¢) 6 DOF

robotic orthosis for rehabilitation

Recently, in 2013, Hussain et al., invented a six degree of freedom robotic
orthosis for gait rehabilitation to encourage patient voluntary contribution in the
robotic gait training process, as shown in Figure 8(c) [51-52]. It implemented four
pneumatic muscle actuators which were arranged as two pairs of antagonistic mono-
articular muscles at hip and knee joint angles. This system integrated the AAN gait

training algorithm based on the adaptive impedance control, employing a Boundary-
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layer-Augmented Sliding Mode Control (BASMC)-based position controller, to
afford an interactive robotic gait training system. It was proven that the
implementation of the adaptive impedance control scheme was able to provide the
gait motion training, which is comparable to the one provided by physical therapists.
Additionally, the result findings demonstrated that an increase/decrease in a human’s
voluntary participation during the gait training will result in a decrease/increase of
robotic assistance.

Table 1 shows the comparison of existing pneumatic muscle actuated lower-
limb rehabilitation orthosis systems. Based on the evaluations of these systems for
the past 10 years, it can be concluded that researchers’ interests shifted to the
implementation of the natural compliant type of actuators (i.e., McKibben muscle,
rubbertuators, air muscle, PAM, PMA, etc.). This was proven by the development of
different types of assistive gait rehabilitation orthoses system prototypes, including
foot orthoses, hip orthoses, knee-foot orthoses, stationary gait and ankle trainers,
over-ground gait trainers with orthoses, mobile over-ground gait trainers and
treadmill gait trainers [31-52]. In addition, the improvement of the control system
implementation, since the year 2004 up until 2013, showed that researchers were
gradually trying to improve the control of pneumatic muscle actuated lower-limb
orthoses, as illustrated in Table 1. In the beginning, only a simple angular position
control was proposed to activate the control valves. Later, it was shifted to the
implementation of proportional myoelectric control, intelligent embedded control,
inverse control, feedback control (which utilised a fuzzy logic), rigidity control, and
subsequently, the adaptive impedance control.

The exponential growth of these systems might also be due to the
advantageous attributes of the pneumatic muscle actuator, as well as its nonlinear
dynamic behaviour. However, according to the evaluations of currently existing
systems, it could be understood that suitable control schemes and strategies have yet
to be found. Regardless, this only suggests that the space available for orthoses
device improvements and enhancements, in either mechanical design or control
scheme and strategy, are still boundless. This opportunity will attract researchers’
interest in devising distinctive ideas and strategies to rectify previous methods, or to
discover new methods for the control system. Even though many different robotic
system types for lower-limb rehabilitation orthoses have been developed, each

prototype only implemented the use of mono-articular muscles alone, either for hip,
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knee or ankle joints (i.e., flexion, extension, abduction, adduction, plantar-flexion,
dorsiflexion, inversion, eversion, etc.). However, no attempt was made to introduce
the implementation of bi-articular muscles, either to compensate the lack of
force/torque at the joints, or to improve the performance of the implemented control

scheme and strategy.
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Table 1 Comparison of existing pneumatic muscle actuated lower-limb rehabilitation orthosis systems

Comparison for existed pneumatic muscle actuated lower-limb rehabilitation orthosis systems

. Ti Roboti -
Orthosis system e Robotie Actuators Antagonistic actuators Control system References
scale system types
Hip orthosis 2004 Hip orthoses McKibben Mono-articular for hip Position control using [31-32]
exoskeleton pneumatic muscle  joint (flexion) the potentiometers for
activating the control
valves
Robotic gait trainer 2006 Foot orthoses Lightweight spring  Mono-articular for ankle Angular position control ~ [33]
(RGT) over muscle (SOM) joint (dorsiflexion) system
Ankle-foot orthosis 2006 Foot orthoses McKibben Mono-articular for ankle Proportional myoelectric  [34 - 36]
(AFO) pneumatic muscle  joint (dorsiflexion and control using a PC-based
plantar-flexion) controller
Powered lower- 2006 Treadmill Pneumatic muscle =~ Mono-articular for hip Intelligent embedded [37]
limb orthosis gait trainers  actuators (PMA) joint (flexion, extension, control mechanism (a
abduction, and three level PID joint

adduction), knee joint
(flexion and extension),
and ankle joint
(dorsiflexion and
plantar-flexion)

torque control scheme)



Robotic gait trainer
in water (RGTW)

Powered ankle-foot
exoskeleton

Powered knee-
ankle-foot orthosis
(KAFO)

Continuous passive
motion (CPM)

Power-assist lower-
limb orthosis

Active ankle-foot
orthosis (AAFO)

2008

2009

2009

2009

2010

2011

Over-ground
gait trainers
with orthosis

Foot orthoses

Knee and
foot orthoses

Stationary
gait and
ankle trainers

Over-ground
gait trainers
(mobile)

Foot orthoses

McKibben
pneumatic muscle

Pneumatic artificial
muscle (PAM)

McKibben
pneumatic muscle

Pneumatic artificial
muscle (PAM)

McKibben
pneumatic muscle

McKibben
pneumatic muscle

Mono-articular for hip

joint (flexion and
extension), and knee
joint (flexion and
extension)

Mono-articular for ankle
joint (dorsiflexion and

plantar-flexion)

Mono-articular for knee

joint (flexion and

extension), and ankle
joint (dorsiflexion and

plantar-flexion)

Mono-articular for knee

joint (extension)

Mono-articular for ankle
joint (plantar-flexion)

Position control system

Electromyography
(EMG) control with
feed-forward algorithm

Physiological-inspired
controller using
electromyography

Inverse control and loop
transfer recovery (LTR)
feedback control

Feedback control which
utilized a fuzzy logic gait
phase detection system
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[38]

[39 - 42]

[43]

[44]

[45]

[46]



30| Page

Bio-inspired active
soft orthotic device

Active modular

elastomer sleeve
for soft wearable
assistance robots

Knee-ankle-foot
orthosis (KAFO)

Orthosis for
walking assistant

Six degree of
freedom robotic
orthosis for gait
rehabilitation

2011

2012

2012

2013

2013

Foot orthoses

Knee
orthoses

Knee and

foot orthoses

Hip orthoses

Treadmill
gait trainers

Pneumatic artificial
muscle (PAM)

Miniaturized
McKibben
pneumatic muscle

Pneumatic artificial
muscle (PAM)

Straight fiber
pneumatic artificial
muscle (PMA)

McKibben
pneumatic muscle

Mono-articular for ankle

joint (dorsiflexion,

inversion, and eversion)

Mono-articular for knee

joint (flexion and
extension)

Mono-articular for hip
joint (flexion and
extension), and knee
joint (flexion and
extension)

Mono-articular for hip
joint (flexion)

Mono-articular for hip
joint (flexion and
extension), and knee
joint (flexion and
extension)

Feed-forward and
feedback controllers

Through shape and
rigidity control

Dual pneumatic control
system (DPCS) with
pulse-width modulation
(PWM) signal

Adaptive impedance

control using boundary-
layer-augmented sliding
mode control (BASMC)

[47]

[48]

[49]

[50]

[51 - 52]
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2.5  Control Scheme and Strategy

The need for improved control strategies in handling the antagonistic actuator of
pneumatic muscles will determine the progression of growth in lower-limb
rehabilitation orthosis systems. Based on previous research, it is possible to utilize a
standard PID controller in a feedback loop to control the joint’s angle of the assistive
robotic towards desired values. Nevertheless, without additional model paradigms or
integrated controllers, it may not be able to accurately control the compliant robotic
system due to the complex and highly nonlinear dynamics of the pneumatic muscle.
Thus, the resulting position control would be rather poor. For that reason, the
implementation of conventional PID controllers should come with additional control
strategies, such as: additional model paradigm, auto-tuning, nonlinear system,
adaptive control, intelligent control (i.e., neural network, fuzzy logic, genetic
algorithm, etc.), robust control and stochastic control. An existing control scheme
and strategy which enables a much simpler approach for the control system
implementation on the orthotics’ rehabilitation robotics is strongly desired.
Therefore, in this review article, the implementation of co-contraction controls in
manipulating the antagonistic actuators and its advantages will be discussed and

elaborated thoroughly.

2.6 Pneumatic Muscle Actuators Control System.

Even though numerous control systems have been established for the pneumatic
actuators, especially pneumatic cylinders, only a fraction were for the artificial
pneumatic muscles. From 1993-1995, some examples of well-known controllers that
could be implemented, adopted by Caldwell et al., were tested on a feed forward PID
regulator to develop an adaptive controller for the pneumatic artificial muscle (PAM)
manipulator [53 - 55]. Likewise, in 1995, Gustavo et al. developed an adaptive
position control for antagonistic pneumatic muscle actuators via adaptive pole-
placement [56]. Also in 1995, Hamerlain et al. introduced a variable structure control
that included a high robust performance, with respect to model errors, parameter
variations and quick responses [57]. Within the same year, Iskarous et al. proposed

intelligent control using the neuro-fuzzy network to control the complex dynamic
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properties of muscle actuators [58]. In 1996, P. van der Smagt et al., introduced a
neural network based controller to a pneumatic robot arm; with complex, highly
nonlinear, dynamics that change in time due to internal influences [59]. Additionally,
in 1996, Cai and Yamaura presented a robust tracking control approach by
implementing a sliding mode controller [60]. Within the same year, Colin et al.
proposed the position and PID controllers for force manipulation using adaptive
pole-placement techniques [61].

Afterwards, in 1999, Repperger et al. handled the nonlinear factor with a
nonlinear feedback controller, using a gain scheduling method [62]. Tondu and
Lopez also employed a sliding-mode control approach in the year 2000 [22].
Contrarily, Carbonell et al. introduced the nonlinear control of a pneumatic muscle
actuator by using adaptive back-stepping and sliding-mode tracking controllers in
2001 [63 - 64]. In 2003, Folgheraiter et al. developed an adaptive controller based on
the neural network for the artificial hand [65]. In the same year, Balasubramanian
and Rattan proposed the feed forward control of a nonlinear pneumatic muscle
system using fuzzy logic [66]. From 2004 to 2006, Ahn and Tu proposed an
intelligent switching control scheme by utilizing a learning vector quantization
neural network and a nonlinear PID control to improve the control performance of
PAM manipulator using Neural Network (NN) [67-68]. In 2008, Harald et al.,
developed the cascade sliding mode (SM) control scheme for a high speed linear axis
pneumatic muscle [69]. Moreover, Seung et al. proposed a trajectory tracking control
using a neural network based on PID control in 2009 [70]. In 2010, Xing et al.
introduced the tracking control of pneumatic artificial muscle actuators based on the
sliding-mode and non-linear disturbance observer (SMCBNDO) in order to improve
the robustness and performance of the trajectory tracking control [71].

Unfortunately, applying a complicated control algorithm does not always
indicate the best solution used to control pneumatic muscles. There is an argument in
the field of rehabilitation robotics regarding what is the best control system to the
orthotic problem for rehabilitation. It is preferred that control systems are simplified
as much as possible; multiple sensors and impedances only increase the complexity
of control systems. Rather than using a very complicated algorithm for a system, a

much simpler approach may be proposed.
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2.7 Co-Contraction of Antagonistic Muscle Control.

The early study of the co-contraction of antagonist muscle control was carried out by
Neville Hogan in 1984, which introduced adaptive control of mechanical impedance
by co-activation of antagonist muscles [72]. This research study focused on
biomechanical modelling and analysis of simultaneous co-activation of antagonist
muscles by controlling the mechanical impedance. A dynamic optimization theory
was used to obtain a prediction of antagonist co-activation, thus enabling a criterion
function minimization which represented the task of maintaining upright posture.
Based on the research findings, it concluded that under the normal psychological
conditions, the significant levels of simultaneous activation of antagonist muscles
were observed. In addition, the levels of antagonist muscles co-activation were also
increased with the increment of gravitational torques. The modelled isometric muscle

torque was represented in the following:

Tbiceps = (To - KQSH)ubiceps
Ttriceps =—(T, + KQSQ)utriceps

0< ubiceps <1

u) 1s the neural control {
( ) 0< utriceps <1

Joint stiffness at maximum activation is (O < Kgs < ZTO/ n) where (T,) is

maximum isometric muscle torque.

Subsequently, in 1988, William R. Murray et al. carried on this research by
implementing a simple model demonstrating the quasi-static behaviour of skeletal
muscles, in which the force generated by the muscle was the neural activation of the
muscle and the bilinear function of muscle length [73 - 74]. This muscle activation
could be defined as the synchronized activation of agonist and antagonist muscle
groups, acting in the same plane and crossing at the same joint. It was verified that
the relationship between antagonistic actuators (i.e., agonist and antagonist) could be
linearly related in the occurrence of various fixed levels of co-contractions. In other

words, the plane of agonist and antagonist muscle activity, the ‘equilibrium line’ or
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the locus of all feasible levels of muscular activation, will be a straight line for which
a particular equilibrium position is sustained. In addition, the intercepts and slopes of
these equilibrium lines are such that the expected levels of muscular activation are
counterintuitive. This explained why the anterior muscle activation levels were
higher than posterior activation levels for all, regardless of how low the levels of
muscular activity.

Since then, numerous research studies were implemented on the co-
contraction of antagonistic muscle control, which proved its ability to increase the
stiffness and stability at the joints during volitional movements [75 - 86]. Based on
these research studies, it showed that by utilizing information from the antagonistic
muscle co-contraction, muscular activation levels could be manipulated to control the
movements of the joints. Recently in 2013, Klauer et al. introduced the nonlinear
joint-angle feedback control of electrical stimulated and A-controlled antagonistic
muscle pairs, in order to control the human limb movements in neural-prosthetic
systems [87 - 88]. The desired recruitment levels A of both muscles were estimated
using the electrical stimulation evoked electromyography (EMG) measurements. The
proposed controller enabled the tracking of reference joint torques and predefined
muscular co-contraction using exact linearization methods. Based on the outcomes of
the result, the control system was able to rapidly compensate the muscle fatigue and
then change the muscular thresholds. It could be said that this is a prerequisite of
neural-prosthetic system’s practical application within clinical environments. The

asymptotically stable system for the torques was depicted in the following:

—2(1 - 1—-b;
Ty(k) = ks,i(gmax,i - H(k)) <q1 _(aq—?)) (1 _ b-q‘1> ok

where (4;) is the muscular recruitment levels; (73,) is the desired recruitment levels;

(q™1) is the backward shift operator; (q~2) is the delay of two sampling steps; (k) is

the sampling index;
0 € [emax,lf Hmax,z];
a €[0,1];

bi € [Or 1]
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2.8  Simulation of Co-Contraction Model for Antagonistic Muscles.

In recent years, plenty of research studies were carried out on assistive robotics for
rehabilitation, either using motors or pneumatic muscle actuators for the robotic
system's source of power [5-8]. Consequently, these studies became the basis for
many findings. Famous researchers in this field, such as Daniel Ferris, have
mentioned that powered orthosis could assist the task-specific practice of gait, with a
long-term goal of improving patient’s inherent locomotor capabilities [89].
According to Kalyan K. Mankala and Sunil K. Agrawal et al., passive swing
assistance was able to assist patients, with less than ordinary muscle strength, to
attain better gait trajectories [90]. Furthermore, analyses on the implementation of
the mono- and bi-articular actuators for achieving high muscle moment required at
joints and better gait trajectories, were also taken into consideration in real practices
[91-95]. The study of antagonistic muscle co-contraction had suggested that the
control of orthosis, which implemented these mono- and bi-articular actuators, could
achieve good joint stiffness and stability [75-86]. The design was biologically
inspired (by human muscles), as it employed two compliant elements to manipulate
the joints. Usually, this type of orthosis system, implemented antagonistically,
actuated joints using pneumatic type of muscle actuators. In addition, the co-
contraction activations were also able to reduce a kinematic variability; whereby,
through the increment of co-contraction activations, the kinematic variability could
be reduced with the exception of low co-contraction activation levels [96]. Therefore,
it could be concluded that the modelling of co-contraction models to represent the
movement of antagonistic actuators may be beneficial.

The early study of the co-contraction model was proposed by William K.
Durfee et al. in 1989. They developed task-based methods for evaluating electrically
simulated antagonist muscle controllers in a novel animal model [97]. The stimulus
activation levels of two antagonist muscles, that manipulated an anesthetized cat’s
intact ankle joint, were determined by the controller output. In this study, three types
of controllers were evaluated: the first was open loop reciprocal control, the second
was P-D closed loop reciprocal control and the third was open loop co-contraction
control (Figure 9). Based on the results of the analysis, it showed that in the visual
feedback, the performance of the open loop co-contraction control was comparable

to the performance of P-D closed loop control. This suggested that in some cases of
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clinical neural prostheses implementation, the feedback controller may not be
required for good control system performance. In addition, these results also
suggested the importance of co-contraction for position control tasks in neural
prostheses. However, the disadvantages of this control scheme was that it required
more than one input command for each degree of freedom of motion, which could

cause premature muscle fatigue.

Figure 9 (a) is open loop reciprocal control; (b) is P-D closed loop reciprocal control;

and (c) open loop co-contraction control [97].

The simulation study of the co-contraction model control scheme for
simultaneously manipulating antagonistic actuators was reinitiated by Mohammed et
al. in 2005. It was mentioned in their study of co-contraction muscle control strategy
for paraplegics, that co-contraction of antagonistic muscle functions (basically

quadriceps and hamstrings) are not necessarily restricted to oppose motion, but may
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yield to increasing joint stiffness and stable movements [98]. The magnitude of
antagonistic muscle co-contractions were first determined based on the optimization
of static linear constraints of muscle forces acting on the joint; whereby, the
redundancy of two muscles in co-contraction (i.e., agonist and antagonist) spanning
the joint was resolved using linear minimization of the total stress in antagonistic
muscles. Afterwards, the relationship between the amounts of muscle co-contractions
and maximum force for the antagonistic muscle actuators were computed by
implementing weight factors. However, to ensure the robustness and the safety
movement of the orthosis, due to the nonlinearity and presence of 2™ order system, a
High Order Sliding Mode (HOSM) controller was implemented. In addition,
Mohammed et al. continued their research in 2010 by introducing an inverse model
that considered the muscular dynamic contraction of muscle actuators [99]. This
dynamic contraction consisted of two main components: the first was activation
dynamics, and the second was contraction dynamics (i.e., force-length and force-
velocity relationships). However, the activation dynamics was neglected as its role
was assumed to not be essential during the optimization. The inability of most
optimization models to compute muscle co-contractions may be caused by the
utilization of monotonous increment objective functions that will penalize every
additional increment of muscle force. The amount of co-contraction muscle forces

(i.e., quadriceps and hamstrings) was derived as follows:

M-, Zq(qumax,q)>
2
2q (Tq F max.q)

M — fh Zh(Tthax,h)>
Zh(thmax,h)2

0< Fi < Fmax,i
XiriFi=M

Fq = Equax,q + TqFZmax,q<

Fp = thmax,h + thzmax,h (

The constrains are { (i=gq,h)

where (§4) and (&5,) are the weight factors; (Fpqy) is the maximum isometric muscle

forces; () is the radius;

Subsequently, a simulation research study was instigated by Heitmann et al.

in 2012 on muscle co-contraction of a three-link biomechanical limb that modulates
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the damping and stability of the joints. This study was conducted for replicating the
natural relationship, without the information of anatomical detail, between the
muscle activation and joint dynamics [100]. It was proven that the muscle co-
contraction was able to alter the damping and the stiffness of the limb joint without
altering the net joint torque, and its effect was incorporated into the model by
attaching each manipulator joint with a pair of antagonist muscles. These muscles
could be activated individually with each other using ideal mathematical forms of
muscle co-contraction. This mathematical equation was derived from natural force-
length-velocity relationships of contractile muscle tissue. From the simulation result
and numerical stability analysis, it was proven that the damping in biomechanical
limb had increased consistently with the human motor control observation.
Moreover, it was also revealed that under identical levels of muscle co-contraction,
the bi-stable equilibrium positions could co-exist when the opponent muscles were
configured with asymmetric contractile element force-length properties. There were
two implications of these result findings: the first was practical implications for the
nonlinear bio-mimetic actuator design, and the second was theoretical implications of
biological motor control that presumes antagonist muscle systems are universally
mono-stable.

In 2011, H. Kawai et al. had also instigated a simulation study for
manipulating the antagonistic mono- and bi-articular muscle actuators using a co-
contraction based model [101]. The purpose of this simulation study was to verify
the proposed passivity-based control for two degrees of freedom (2DOF) for human
arm manipulators. The termed bi-articular manipulator dynamics for three muscle
torques (i.e., two pairs of mono-articular and a pair of bi-articular actuators) were
constructed in order to design the control inputs for the system. The important
property of the passivity was used to examine stability analysis of the proposed
control law, even though the bi-articular manipulator dynamics passivity could not
be determined based on antagonistic bi-articular muscles. Afterwards, in 2012, K.
Sano, H. Kawai et al. proposed a simulation study of the same 2DOF manipulator
systems using open loop control [102]. Compared to their previous simulation study,
the Lyapunov method was used to examine the stability analysis of the proposed
control law. However, the anticipated approach did not pact with the bi-articular
manipulator dynamic’s uncertainties. This simulation study was then extended to a

robust control method that enabled semi global asymptotic tracking, using RISE
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control due to uncertain nonlinear model of the lower limb of the human body in
2013 [103]. The results showed that the lower limb was able to position to the
desired trajectories in the presence of un-modelled bounded disturbances. However,
the torque generated at knee joint was less when compared to their previous method
due to the antagonistic bi-articular muscles. The contractile force of the flexor

muscle (uy;) and extensor muscle (u,;) was derived as follows:

Ti = (uei — ufl-)lp — (uei + ufl-)kilpzqi + (ue3 - U.f3)lp
~ (tes + us3)ksly” (g1 + d2)

where (i = 1,2); (I,) and (k;) are the radius of the joints;
(q1) and (q,) are the hip and knee joint angles;
(Ue1) and (ugq) are the antagonistic mono-articular muscle for hip joint;
(uez) and (uy,) are the antagonistic mono-articular muscle for knee joint;

(ue3) and (uy3) are the antagonistic bi-articular muscle;

Within the same year of 2013, H. Kawai et al. also proposed a design of co-
contraction level of antagonistic muscles with muscle contraction dynamics for
tracking the control of human lower limbs [104-105]. The manipulation of
antagonistic muscle’s co-contraction level was dependant on the angular velocity of
human lower limbs. Based on the research findings, it could be verified that the co-
contraction of antagonist muscles were playing an important role for the joint’s
stiffness and stability. In addition, the muscle co-contraction was not only useful for
compensating the joint’s stiffness and stability, it was also able to manoeuvre the

direction of output force.

2.9 Co-Contraction Model for Antagonistic Actuators.

Numerous studies have been investigated regarding the co-contraction movements of

human antagonistic muscles. However, their model implementations in controlling
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the antagonistic muscle actuators of lower-limb orthosis were not completely
discovered. In addition, the research paper that focuses on the implementation of
mono-articular and bi-articular muscle actuators using pneumatic muscles for the
lower-limb rehabilitation orthosis has yet to be extensively investigated; thus, simply
actuating the actuators may not give a good result on the joint’s stiffness and stability
of the lower-limb leg orthosis and its position trajectory. Therefore, based on the
evaluation and suggestion of the related research findings, the simultaneous co-
contraction movements between the agonist and antagonist muscle actuators should
be considered during the control system.

In this review article, the evaluation and comparison of the developed lower-
limb rehabilitation orthosis using pneumatic muscle-type of actuators, including its
control algorithms and strategies intended to provide stiffness and stability during the
control system, were reviewed. Although a considerable amount of work is now
complete, the field is still rapidly evolving. The issue of which is the most effective
control algorithm is still widely open. However, the randomized controlled trials are
necessary for identifying suitable control algorithms, even though it is expensive and
time-consuming. In conclusion, a few remarks to be suggested for future research of
pneumatic muscle actuated gait trainers system are: firstly, the pneumatic muscle
actuators’ arrangement of the lower-limb orthosis should be antagonistic; secondly,
the co-contractive movement of the antagonistic pneumatic muscles should provide a
good stiffness and stability for the leg orthosis system; thirdly, a model paradigm is
essential to generate adequate co-contractive input data for manipulating the
antagonistic muscle actuators; and finally, the developed model should be managed
by controllers to deal with the presence of dynamic properties and nonlinearity

behaviour of the system.
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CHAPTER 3

SYSTEM DESIGN

Figure 10(a) shows the schematic diagram for the AIRGAIT exoskeleton. The design
of this system and the mechanical structures involved were thoroughly evaluated in
previously published papers [106 - 107]. Currently the AIRGAIT exoskeleton
employs the PC-based control which utilizes the xPC-Target toolbox and
MATLAB/Simulink software as the operating system. The input data is generated
within the host-PC and then transferred to the target-PC using the D/A converter to
operate the electro-pneumatic regulators. To realize the co-contraction movements
between the antagonistic mono- and bi-articular actuators, one regulator for each
actuator was used. Then, measurements by the system (i.e. joints’ angle and PMAs’
pressure) provide feedback to the host-PC through the A/D converter. The rotary
potentiometer (contactless Hall-IC angle sensor CP-20H series, MIDORI
PRECISIONS) was used to determine the trajectory of the hip and knee joints, and
then manage the PMAs’ contraction parameters using a position controller. The
compact pressure sensor for pneumatic actuators (PSE540-R06, SMC) was used to
read the pressure level in each PMA and the input patterns of the PMAs were
managed with the utilisation of a pressure controller. This system will change to the

Lab-View system for the implementation of real-time control of gait rehabilitation.
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FIGURE 10 Schematic diagrams for body weight support gait training system (AIRGAIT).
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3.1  Mechanical Structure of the Leg Orthosis

The structure of the leg orthosis covers the thigh at the lower end of hip joint, and
shank at the lower end of the knee joint. The ankle joint orthosis was not included as
the foot clearance during swing can be realized by implementing elastic straps, a
passive foot lifter, or passive orthosis [9, 10, 11, and 15]. However, for the
implementation of the passive orthosis, the research on the ankle orthosis of the
AIRGAIT exoskeleton was conducted separately. This leg orthosis was fixed in a
sagittal plane at the pelvis rotation to facilitate gait motion training for the hip and
knee joints [9, 15, 17, 21 and 51]. The sagittal plane is a vertical plane which passes
from ventral (front) to dorsal (rear) which dividing the body into the right and left
halves as shown in Figure 10(b). Weight compensation for leg orthosis is provided
for by the parallel linkage and gas spring mechanisms. This limits vertical motion
during the training session [9, 15, 17, 21 and 51]. The upper and lower parts of the
leg orthosis (i.e., thigh and shank) can be adjusted to agree with the height of the
subject. Parallel bars were used to attach the end connectors of the mono- and bi-
articular actuators (PMAs) at the anterior and posterior sides of the leg orthosis. By
using the slider, these parallel bars can be adjusted accordingly to maximise the

outcome of the joints angle trajectory.

3.2 Mono- and Bi-Articular Muscle Actuators

In this research study, the implementation of antagonistic mono-articular and bi-
articular actuators to actuate the AIRGAIT exoskeleton’s leg orthosis are based on
the McKibben muscle actuator. These actuators were fabricated within our laboratory
using special clamping tools which were designed to assemble the parts of the
actuator (i.e., rubber tube, braided fabric, copper ring, end connector, and input
connector). The implementation of these mono- and bi-articular actuators is based on
the various human muscles (i.e., Gluteus Maximus, Gluteus Minimus, Gluteus
Medius, Vastii Lateralis, Gastrocnemius, Rectus Femoris, and Hamstring) and
antagonistically (i.e. anterior and posterior) attached to the leg orthosis. Compared to

mono-articular actuators, bi-articular actuators require accurate input patterns to



44 | Page

simultaneously actuate the antagonistic actuators which control two of the leg
orthosis joint angles [106 — 107].

Even though the bi-articular actuators may be considered as a redundancy in
the actuation system, the strong force they generate will improve the maximum angle
extension, provide precise movements, and ensure balance between antagonistic
actuators and stiffness at the joints [91 — 95]. The position setting of the antagonistic
actuators is illustrated in the Figure 11, where the position of the antagonistic mono-
articular actuators both for the hip and knee joints is placed in between the
antagonistic bi-articular actuators. This then provides the antagonistic bi-articular
actuators with an extra length which helps in achieving much wider movement at the
joints. The detail on the best setting position of the antagonistic actuators was

recorded earlier and can be referred to in [109].

Mono-articular actuators Bi-articular actuators

Anterior Posterior Anterior Posterior
|_- & Hip joint ——— ¢
PMAL PMA2

PMAS PMAG6
PMA3 PMA4
[. k—Knee joint ————— %@ f——

A P

(a) (b)
FIGURE 11 PMA positions for leg orthosis; (a) antagonistic mono-articular actuators

for hip and knee joints; and (b) bi-articular actuators.

3.3 PMA Settings

The required software and hardware for this gait training system experiment is
showed in the previous section (see Figure 10). There are two tests for this
experiment which is with the antagonistic mono-articular PAMs alone, and with the
addition of antagonistic bi-articular PAMs. Each test is performed with gait cycles of

3, 4, and 5 seconds for five cycles of the human walking motion. The hip and knee
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joint angles data of the leg orthosis are collected for the performance analysis. There
are two PAM position settings which are considered for the test as can be seen in
Figure 12, and the best position setting is determined based on the gait cycle
performance. The tests was performed using four different settings; first, mono-
articular setting (PAM setting 1); second, mono-articular setting (PAM setting 2);
third, mono- and bi-articular setting (PAM setting 1); and fourth, mono- and bi-
articular setting (PAM setting 2). The setting that produces the most accurate joints’
angle trajectory will be used as the PMAs setting for the AIRGAIT exoskeleton leg

orthosis system.

350
350

o = el it ©w
PMA A/P = PMA AP
H 105/105 75/75
K 75/75 K 45/45
H BI 45/45 : BI 105/105
PMA setting 1 PMA setting 2
g . Unit [mm]
(a) (b)
FIGURE 12 PMA settings for the leg orthosis system; (a) PMA setting 1; and (b)
PMA setting 2.

3.4  PMA Measurement Setup

The pneumatic muscle actuator (McKibben) with diameter of 1.0 inch is used as the
sample to evaluate the PMA’s contraction percentage with the input pressure as the
variable. This actuator was also known as air muscle. It is manufactured by Kanda

Tsushin Kogyo Co. The core is made from a rubber tube and then it is wrapped in a
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tough plastic weave. It have several advantages, but most of all it is their power-
weight ratio and usage in rough environments. The implementation of this air muscle
could avoided the odds of accidents happened because of short circuit due to its
working uniqueness. There is also no oil leakage trouble for using pneumatic drive,

thus air pressure is considered safer than hydraulic pressure.

FIGURE 13 Experiment setup for measuring the characteristic of pneumatic muscle

actuator.

Similar to a human muscle, the air muscle contracts when activated with
maximum contraction over the nominal length is 30%. The air muscle is expanded
1.0 inch across it is pressurized, and maximum force of approximately 800 N at 0.5
MPa can be generated from this muscle actuator without load condition. The
problems with the time variance, compliance, nonlinear behavior and large hysteresis
made it difficult to realize precise position control with high speed. The behavior of
PMA with regards to its shape, contraction and tensile force when inflated depends
on the geometry of the inner elastic part and the braid at rest and on the materials
used [22]. Figure 13 shows the experimental setup used for the measurements. Three
samples of the PMAs with different initial lengths, L of 300, 450, and 600 [mm] are

used for the measurements. These PMAs’ actuator are evaluated at different pressure
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inputs of 0.1, 0.2, 0.3, 0.4, and 0.5MPa for the unloading condition to determine its’
contraction characteristics. Further measurement is also conducted for a pressure

under 0.1MPa.

3.5  AIRGAIT’s Prototype

The prototype of the AIRGAIT exoskeleton was developed in 2010 and extensively
researched for improvement. However, it is yet to be commercialized. The research
on gait training is progressing rapidly towards enhancement in design structures and
control algorithms. A lone operator is sufficient for the running of this system. The
process involves providing the subject with information on the training procedures
and experiment protocols, putting on of the body harness, attaching the assisted leg
orthosis to the lower limb of the subject, and finally, proceeding with the gait
training or experiment. Figure 14 shows the prototype of the AIRGAIT exoskeleton.

i — AlnEAlT

FIGURE 14 Body weight support gait training system (AIRGAIT) prototype.

3.6  Mechanical System

The mechanical structure of the AIRGAIT exoskeleton is made up of three main

parts which are (a) the BWS system which consists of the body harness and counter



48 | Page

weight, (b) the treadmill training which involves the treadmill and hand support, and
(c) the assistive gait training which comprises the lower limb powered orthosis,
spring, and parallel linkage (parallelogram). The spring and parallel linkage were
fixed in a sagittal plane so that the gait motion training at hip and knee joints can be
realized. The sagittal plane also compensates for the vertical weight load from the
system [11, 15, 21 and 51]. The subject is provided with the BWS so that he/she will
be able to maintain his/her balance during the gait training or experimental tests [20,
113 and 115]. A variable speed treadmill is also provided for the assisted leg orthosis
gait training and the body weight support gait training [114 - 115].

3.7 Safety Features

To ensure the safety of the subject during the assisted gait rehabilitation and
experimental tests, several safety features were included in the AIRGAIT
exoskeleton design. The implementation of the PMA as the actuation system is in
itself a safety feature due to its naturally compliant mechanism [22]. Also, the
exclusion of the possibility of short-circuits in the actuation system during operation
makes it suitable for the human-robot interaction. Moreover, as the system involves
compressed air and the expansion and contraction of the braided rubber tube, it is
possible to perform the orthosis in an underwater rehabilitation training scenario. Our
earlier laboratory study of the robotic gait trainer (RGTW) indicated that that
hydrotherapy may be particularly effective in the treatment of individuals with hip
joint movement dysfunction [38]. Since the PMA characteristics are based on its
model parameters such as dimension (i.e. length and contraction) and pressure, the
maximum contraction of PMA will prevent the exoskeleton of the AIRGAIT leg
orthosis from exceeding the limitation of the joints [112]. However, as a further
precaution, a stopper was positioned at the hip and knee joints of the leg orthosis to
avoid the unexpected and provide another safety feature. Additionally, the
implementation of the BWS system ensures that the subject is able to maintain his/

her balance and not fall over while on the treadmill [113 - 115].
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CHAPTER 4

METHODOLOGY

For the experimental test setup; a Simulink block and xPC target toolbox of the
MATLAB software are used for the real time control system development of the
AIRGAIT exoskeleton's leg orthosis. The pneumatic muscles used for this gait
training system is a McKibben type muscle actuator with initial diameter of 25mm
and initial length of 300mm, 450mm and 600mm. These actuators were first
analyzed using the measurement setup for determining its characteristic and form an
nth order polynomial equation. Six electro-pneumatic regulators are used to regulate
the pressure input of the antagonistic mono- and bi-articular actuators for each side
of the leg orthosis. The pressure is regulated from OMPa to 0.5MPa. Before the
implementation of the real time control, preliminary studies were first carried out to
achieve the best outcome of the research studies. These include the antagonistic
actuators position settings, kinematics analysis, dynamics analysis, model derivation,

and model simulation.

4.1 Control Model

The implementation of pneumatic muscle enabled pneumatic power to be transferred
into mechanical power. This actuator will be shortened in the longitudinal direction
and enlarged in the radial direction during the contraction stage when it is being
inflated; when being deflated, it will turn back to its original form. The pneumatic

muscle is able to employ a tensile force to an attached load during contraction stage.
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This force is unidirectional, whereby, the original length of a certain designed
diameter and the internal pressure will determine its value. Moreover, this actuator
also inhibits nonlinear behaviours such as hysteresis, compressibility and time
variance. However, in exchange, this pneumatic muscle also has an inherently
compliant attribute which is suitable for a human-robotics system. This type of
actuator is similar to the human muscle principle; shorter muscle length produces
smaller contracting force and vice versa. Furthermore, it is comparable to electric
actuators due to the direct coupling to the load, structural optimization and
power/weight ratio. In addition to the abovementioned attributes, there exist two
main weaknesses that limit the application of pneumatic muscle. The first weakness
is the nonlinear behaviour of pressure build-up, and the second weakness is the
hysteresis effect due to its geometric structure. These drawbacks cause complexity
when scheming high-performance control systems. Therefore, this research is
dedicated to solve these problems, using a simple paradigm and control strategy for
handling the sudden increase in pressure and hysteresis behaviour of the PMA. Based
on the proposed empirical-based static force mathematical model, which consist of a
correction factor caused by the effect of the end caps, it showed an inconsistency of
high contracting ratios derived by the famous researcher Tondu et al., [25]. The
extreme difficulty in constructing an accurate mathematical model was established
by the fact that nearly all of the present models proposed were approximations. This
model was later modified through various methods, used by other researches, to

further improve the mathematical model [35 - 42].
F(P,&) = (mry®)P(a(1 —ke)? —b) ...(D)

_ 3 _ 1
= tan? (ag)’ ~ sin2(ayp)

There are in literature a lot of control models, they can be divided into two
main groups; position and couple controls. The last one requires a completely
description of the system and, if it has a high number of degree of freedom (DOF),
the formulation of the couple joints expression become difficult. For this reason,
many of the controllers used in industry are based on empirical approach as the fuzzy
or the PID controls. It could be concluded that there are three main parameters that

affect the pneumatic muscle dynamics and nonlinearity such as force (F), contraction
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(¢), and pressure (P). The main idea of the proposed model is based on the control of
the position of the joints by controlling the contraction and the pressure of the
antagonistic pneumatic muscles. The stiffness of the system is determined based on
magnitude of the muscle activation levels of the antagonistic actuators. The model is
composed of a part that describes the geometric configuration between the pneumatic
muscles and the joints known as the co-contraction model. This co-contraction model
represents or generates contraction patterns for the antagonistic actuators.
Furthermore, muscle activation levels are introduced into the derived co-contraction
model to increase the stiffness and stability of the system. In addition, it also
transformed the derived model into dynamic model. The second part is to develop a
control strategy to represent or handle the pressure build up and hysteresis due to the

dynamic behavior. Thus, the PMA model control strategy is introduced.

4.2 Muscle Activation Levels (i.e., a and p)

In order to implement the proposed controller scheme, the co-contraction model was
developed. The anterior and posterior muscle activation levels (i.e., a and P) are
introduced to manipulate the gain of the antagonistic mono- and bi-articular actuator
contractions, where the muscle activation level is ranged from (0 < a < o and 0 <3
< PBmax)- By introducing these muscle activation levels, the contraction of the
pneumatic muscle was set as a control variable. Thus, enable the static model of the
pneumatic muscle was able to be transformed into dynamic model. This is because;
all three variables (i.e., pressure, force and contraction) were been taking into
consideration during the control system. Where, the pressure is the desired variable,
contraction is the control variable, and the change in force (i.e., inertia, hysteresis,
etc) will cause the sudden change in pressure and provide the deviation of hip and
knee joints. These deviations will then be used to manipulate the control variable
gains (i.e., a and ). Table 2 shows the trajectory data of the co-contraction model.
Based on these data, saturation value of the muscle activation levels of the
antagonistic mono- and bi-articular actuators were determined as shown using the
equations (2) - (7). These saturation values will be used as a limitation on the muscle
activation levels to prevent a failure during the control of the leg orthosis. The

controlled values of the muscle activation levels were shown in Figure 38.
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TABLE 2 Trajectory data of the co-contraction model.
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4.3 PID Gains

The control strategy was to execute the co-contraction model which implemented
position-pressure controller scheme. The PID based-position controller was used to
tune the co-contraction model parameters (activation levels) while the PID based-
pressure controller was used to control the input patterns of the antagonistic mono-
and bi-articular actuators. The derived co-contraction model provides the input
patterns for the mono- and bi-articular actuators and simultaneously actuates the
antagonistic actuators co-contractively, while the PMA model was determined in
order to consider the characteristics of the PMA that were to be introduced into the
controller design. This dynamic model was evaluated in an experimental study and
represented in an equation. The proposed controller scheme was specifically
designed for simplifying the control of antagonistic bi-articular actuators so as to
enhance the stiffness at both hip and knee joints. It is an arduous task to construct the
plant model of leg orthosis (with antagonistic mono- and bi-articular PMAs) for the
implementation of the Stochastic Optimization method to determine the control
parameters of the design controller. As such, the heuristic method was first
implemented to determine the PID gains of the control system. Table 3 shows the
PID parameters and muscle activation levels of the previous system (MATLAB
Simulink and xPC target). Table 4 shows the PID parameters and muscle activation

levels of the new system (Lab-View).

4.4 Procedures

The exoskeleton of the AIRGAIT leg orthosis is first adjusted to correspond with the
position of the hip and knee joints of the subject to obtain precise data during the
experimental tests. Then, the controller parameters for the antagonistic mono-
articular actuators (i.e., hip and knee joints) are tuned until good joint trajectory is
attained. This is followed by the tuning of antagonistic bi-articular actuator controller
parameters. The controls for the leg orthosis WO/S is then set for different Gait
Cycle (GC) speeds and data for the trajectory of the hip and knee joints are gathered.
The steps taken for testing W/S are (a) the subject is provided with sufficient

information regarding the tests and procedures, (b) the subject is fitted with a body
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harness and a passive foot lifter was secured at the ankle joint before the leg orthosis
was attached to the subject, and (c) the subject is provided with the full BWS before
the controls of leg orthosis were performed for different GC speeds including that of
an average human. Table 6 shows the comparison of existed lower limb gait
rehabilitation orthosis system such as LOKOMAT, LOPES, ALEX, Robotic Orthosis
for Gait Rehabilitation, and our research AIRGAIT in terms of; (1) type of actuator
uses as the actuation system; (2) number of joint manipulators; (3) plane of actuated

DOFs; and (4) GC operating speed.

TABLE 3 PID parameters and muscle activation levels of the previous system using

Heuristic method.

TABLE 4 PID parameters and muscle activation levels of the new system using

Heuristic method.
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TABLE 5 PID parameters and muscle activation levels of the new system using

Ziegler-Nichols method (P and PI controllers).

(a)

(b)

(©)
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TABLE 6 Existed lower limb gait rehabilitation orthosis system comparison.
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4.5  Experimental Tests

Three tests were conducted for the experimental study. These tests were performed
on one side of the exoskeleton of the AIRGAIT leg orthosis. The first test was
conducted using two sets of antagonistic mono-articular actuators (i.e., hip and knee
joints) tested WO/S; the second with the addition of one set of antagonistic bi-
articular actuators tested WO/S; and the third with the addition of one set of
antagonistic bi-articular actuators tested W/S. Full BWS was implemented in this
study during the test W/S as the load supported by the orthosis was at its maximum
capacity. This assessment will optimize the control system strategy so that it operates
at its maximum capability.

The options for the subject were not really critical as the focus of the research
is on the design controller. As such, the subject chosen was young, healthy, and not
bearing any neurological disorder. With this, we were able to instruct the subject to
be passive during the experimental tests. To achieve the natural posture of human
walking gait motion during training, the passive foot lifter was used to ensure enough
foot clearance was achieved during the swing phase [1, 4]. The controls of the leg
orthosis WO/S and W/S are displayed in Figures 15 and 16. For the first and second
tests (WO/S), GC speeds of 4 seconds, 3 seconds, 2 seconds, and 1 second were
evaluated for the design controller scheme. Four GC speeds were also evaluated for
the third test (W/S). Five trials were performed for each GC speed, and each trial
consisted of five cycles including the initial cycle position. The total GCs performed
for each GC speed was around 25 cycles. The average GC was then calculated and
represented in a graph.

Based on these data, five comparative evaluations were analysed to determine
the design controller scheme and strategy performance. These were (a) between the
simulated co-contraction model control scheme, and derived co-contraction model
control scheme test WO/S, (b) between the mono-articular actuators alone (i.e., hip
and knee joints), and with bi-articular actuators, (c) between the position (P)
controller based on co-contraction model control scheme, and the position-pressure
(PP) controllers based on co-contraction model control scheme tested WO/S, (d)
between the P controller based on co-contraction model control scheme, and the PP
controllers based on co-contraction model control scheme tested W/S, (e) between

the conventional PID based control schemes, and co-contraction model based control
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schemes tested WO/S. The design controller scheme and strategy performance were
evaluated based on the GC, movement of hip and knee joint trajectory, maximum

joint angle extension, inertia, gravitational effect, and time shift.

(2) (h)
FIGURE 15 Control of leg orthosis without a subject (WO/S).
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(2) (h)
FIGURE 16 Control of leg orthosis with a subject (W/S).
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4.6 Flow of the Research

In this section, the methodology is divided into several parts based on the
assessments tests. Part (1) is to derive a contraction model to determine the
contraction patterns of antagonistic mono- and bi-articular actuators from positional
data. Then, the model is implemented into the control system using the mathematical
formulation. Part (2) is carried out to determine the reliability of the derived control
scheme and strategy using the simulation analysis. The plant model for the AIRGAIT
exoskeleton's leg orthosis was derived using the pendulum model of the two link leg
manipulators model. The particle swarm optimization (PSO) method was used to
determine the functionality of control parameters (i.e., a, and J muscle activation
levels) for each antagonistic actuator which was coded using MATLAB language and
Simulink block.

Part (3) is performed to determine the best arrangement PMAs settings for the
AIRGAIT exoskeleton's leg orthosis. Two tests were performed in this experiment;
first, with the antagonistic mono-articular PAMs alone; and second, is with the
addition of antagonistic bi-articular PAMs. These tests are evaluated at different gait
cycles of 5, 4, and 3 seconds for five cycles of the human's natural gait trajectory.
Moreover, two position settings of the PAMs are performed for both tests as can be
seen in Figure 12. In total, we performed four tests for the control system; first,
mono-articular setting (PAM setting 1); second, mono-articular setting (PAM setting
2); third, mono- and bi-articular setting (PAM setting 1); and fourth, mono- and bi-
articular setting (PAM setting 2). The control system is evaluated using the
percentage [%] of gait cycle, joint excursions, and time shift.

Part (4) is carried out to put into practice the proposed co-contraction model
control scheme and controls the AIRGAIT exoskeleton's leg orthosis system. Two
models will be tested; the first is using the simulated co-contraction model; and the
second is using the derived co-contraction model. Both co-contraction model control
schemes are tested at different gait cycle speed of 5, 4, and 3 seconds for five cycles
including the initial position cycle. The joint excursions of the leg orthosis is
collected for a control system tested WO/S using both antagonistic mono- and bi-
articular actuators. Results are evaluated based on the maximum muscle moment
(flexion and extension), output pattern, time shift, gait cycle, coefficient of

determination (%), inertia, and effective work.
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Part (5) is to determine the limitation of the leg orthosis controls when
implementing antagonistic mono-articular actuators (i.e., hip and knee joints) alone,
and when implementing both mono- and bi-articular actuators. The tests are
performed W/S to increase inertia effect during the control system and evaluated at
different GC speed of 5, 4, 3, 2, and 1 seconds. The performance of both tests is
compared based on maximum operating GC speed the antagonistic mono-articular
actuators alone and with addition of bi-articular actuators are able to withstand. The
evaluation also includes the accuracy of the leg orthosis joint excursions in terms of
angle deviation and time shift.

Part (6) is performed to implement the contraction model control scheme and
strategy when tested WO/S. There are two tests for the control system using
antagonistic mono-articular actuators alone and with the addition of antagonistic bi-
articular actuators. The controller is tested for different gait cycle times of 5, 4, 3, 2,
and 1 second for five cycles including the initial position cycle. The contraction
model control scheme was performed on the AIRGAIT exoskeleton’s leg orthosis
and from that the performance is obtained. The results are evaluated based on
maximum flexion/extension of joints (i.e., hip and knee), output pattern, gait cycle,
time shift, inertia, effective work, and the coefficient of determination (r*).

Part (7) is conducted to execute the contraction model control scheme and
strategy with the full body weight tests W/S. There are two tests for the control
system using antagonistic mono-articular actuators alone and with the addition of
antagonistic bi-articular actuators. The controller is tested for different gait cycle
times of 5, 4, 3, 2, and 1 second for five cycles including the initial position cycle.
The contraction model control scheme was performed on a healthy subject with full
body weight support (BWS) during robot assisted walk and from that the
performance is obtained. The results are evaluated based on maximum
flexion/extension of joints (i.e., hip and knee), output pattern, gait cycle, time shift,
inertia, effective work, and the coefficient of determination (rz).

Part (8) is carried out to improve the previous system of the AITGAIT
exoskeleton’s leg orthosis by replacing the MATLAB Simulink and xPC-Target
system into the Lab-View system with Rio module. In the previous system, we were
only able to read and manipulate a discrete data which limiting the choice of the
control system that can be used. However, by introducing this new system, much

advanced control system that read continuous data could be implemented. In
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addition, the design improvement of the leg orthosis was also been instigated to
increase the accuracy of the joints of the orthosis. Furthermore, the implementation
of couple control model using computed torque method was proposed to improve the
control system of the AIRGAIT exoskeleton’s leg orthosis. Two tests were
performed; the first is without a subject (WO/S), and the second is with a subject
(W/S). The tests were evaluated at different frequencies of 0.05 Hz, 0.1 Hz, 0.5 Hz,
and 1 Hz. We can say that at the frequency of 1 Hz corresponds a walking speed of
1.40 m/s that is the speed of a healthy person [133]. Instead for a person that needs of
rehabilitation we can consider a speed less or equal to 0.7 m/s at which corresponds a
frequency of 0.5 Hz.

Part (9) is performed to determine the comparison of the proposed co-
contraction model control scheme with the actual human muscles contraction
patterns at the leg joints. This is because, it is important to accurately activate human
antagonistic muscles (i.e., agonist and antagonist) during the rehabilitation training
with the assisted leg orthosis. One of the purposes of this study was to develop a leg
orthosis system which is similar to the human muscles. Therefore, we proposed to
use both antagonistic mono- and bi-articular actuators to drive the leg orthosis. Three
tests were conducted to determine the EMG signals of the muscles (i.e., RF, BF,
MGAS, SOL, and TA); the first is normal walking on the treadmill without orthosis,
the second is normal walking on the treadmill with attached orthosis, and the third is
normal walking on the treadmill with assisted orthosis. The results are evaluated
based on the co-contraction activation of the EMG signals of the human muscles.

Part (10) is conducted to improve the control system of the AIRGAIT
exoskeleton's leg orthosis by introducing the couple control model using computed
torque method. In the previous control system, it is realized that the inertia of the
assisted leg orthosis was also affecting the performance of the control system
especially when tested with a subject. Therefore, in this section we are trying to
implement the couple control model into the system. At first, only the couple control
model was tested to determine it reliability in handling the inertia of the leg orthosis.
Then in the future research, we are going to introduce a combination of the co-
contraction model control scheme and couple control model to control the leg
orthosis. The test without a subject was performed at different frequencies of 0.05
Hz, 0.1 Hz, 0.5 Hz and 1 Hz. However, the test with a subject was performed at high
frequencies of 0.5 Hz and 1 Hz.
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CHAPTER 5

CONTROL SYSTEM

This section shows how xPC Target facilitates embedded control system design by
turning general-purpose personal computer (PC) hardware into a rapid prototyping
platform. The PC-based platform used is the Math-Works xPC TargetBox. xPC
Target is integrated in Simulink, enabling the use of Simulink as a graphical front-
end with Math-Works tools for parameter estimation, response optimization, and
linearization throughout the design cycle. A control system is an implemented
strategy used to cause a physical system, or plant, to behave in a desired manner.
There are two types of control strategies; the first is closed-loop control uses
feedback measurements to correct error between the plant output and a reference
input, 1.e., the desired behavior; and the second is reactive control is event driven and
interacts with the plant via state transition behavior. As the feedback control strategy
increases in complexity, it becomes more difficult to apply analog components for its
implementation. Dynamics in an analog feedback control loop always interact,
making it more difficult to match desired controller characteristics. For example, an
analog system always has a limited filter quality factor, Q, due to parasitic
impedances and other limitations. Conversely, it is easy to create an extremely sharp
digital filter with very large Q.

Another complication is that analog integrators are always limited by
capacitor leakage, yet digital integrators can be nearly perfect. A processor-based
approach usually works best for reactive control as well. In modern control systems,
the control strategy is thus typically implemented in software. A microprocessor

determines the input to manipulate the plant and this requires facilities to apply this
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input to the physical world. In addition, the control strategy typically relies on
measured values of the plant behavior that have to be made available to the
computing resources. The immersion of computing power into the physical world is
one characteristic of an embedded control system. The other characteristic is that the
software that implements the control strategy is stored in read-only memory. Thus,
unlike a general-purpose computer, an embedded control system is not independently
programmable. In other words, an embedded control system is expected to function
without user intervention, although it may require user interaction.

The general configuration of an embedded control system is shown in Figure
17. Because the controller operates in the low-power electronics domain and the
plant operates in high-power hydraulics, mechanics, thermal, and other physical
domains, transducers are needed to convert between controller and plant. These
transducers are used either by actuators, to drive the plant with controller-computed
values, or by sensors, to provide measurements to the low-power electronics domain.
In embedded systems, the low-power computational electronics of the controller has

to interact with high-power physical domains of many types.

5.1 Drivers

A key step in transforming software into a real-time system is the requirement to
have device drivers that communicate between the I/O devices on the target PC and
the application code running on this target. These drivers thus enable interaction
between the real-time application and the real physical system. The device driver
contains the code that runs on the target hardware for interfacing to I/O devices such

as (A/D) converters, encoders, digital signals, and communication ports.

FIGURE 17 Embedded control systems
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5.2  xPC Target

A rapid prototyping platform needs to be more powerful and flexible than the
eventual target processor. For example, if the software has not yet been optimized, it
will not run as efficiently. To achieve real-time behavior, a more powerful
microprocessor is necessary. Furthermore, additional measurements may need to be
made to obtain insight in the functioning of the controller. The necessary flexibility,
computing power, and memory capacity may make rapid prototyping platforms
much more expensive than the hardware that is ultimately used in production.
Because of the fabrication cost, rapid prototyping platforms are often used for more
than one project. It is an approach that is supported by the inherent flexible nature of
such platforms.

This xPC Target provides the means to turn general-purpose PC hardware
into a prototyping environment that can be used for signal acquisition, rapid
prototyping, and hardware-in-the-loop simulation. The xPC Target kernel provides a
real-time operating system that supports both interrupt handling and polling and is
tuned to provide maximum performance with minimal overhead. High-performance
hardware allows sample rates that approach 100 kHz. xPC Target also supports the
modification of parameters in the Simulink blocks while the application is running.
The parameter changes are immediately reflected in the real-time application. The
tight integration between MATLAB, Simulink, Real-Time Workshop, and xPC
Target makes it possible to write a script that incrementally changes a parameter and
monitors a signal output. The script can then be run on the host PC to optimize the

value of the parameter.

5.3 xPC Target Configuration

The xPC Target host-target arrangement is shown schematically in Figure 18. On the
host PC (which runs MATLAB, Simulink, Real-Time Workshop, and xPC Target),
xPC Target works with the code generated from the Simulink application and a C
compiler to build the real-time target application. The target application can run in
real time on a target PC once it is downloaded to the target PC from the host PC. The

target hardware is booted from a real-time kernel in xPC Target. However, the xPC
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Target kernel needs the PC basic input/output system (BIOS) because when the
target PC boots and the BIOS is loaded, the BIOS prepares the target PC

environment for running the kernel and then starts the kernel.

Ethernet Target PC
< . Pressure
Host PC A/D board : sensor
(Simulink) — : |
| D/A board i Hip joint Knee joint
' ' Potentiometer Potentiometer
L. xPCTarget - T [t el
A 4
—’I Electro-Pneumatic Regulator |-> d C
| AEE!
Electro-Pneumatic Regulator ol
1 Blectro Pre golator > LT_H_
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Air suppl — D\ (4
PPy air tank v G'/ \'D
—>| Electro-Pneumatic Regulator I
—>| Electro-Pneumatic Regulator |-> (
A 4

—>| Electro-Pneumatic Regulator |-> H MeKibben EIT
srorone leg

FIGURE 18 xPC Target systems for the AIRGAIT exoskeleton.

The kernel initiates the host-target communication, activates the application
loader, and waits for the target application to be downloaded from the host PC. The
host-target communication can occur through either serial or TCP/IP communication
protocols. Once the target application has been downloaded to the target PC, it can
be controlled and modified from the host PC. It is frequently necessary to interact
with the real-time application to either observe signals or change parameters of the

control system.

5.4 Simulink Simulation

A typical Simulink block consists of inputs, states, and outputs, where the outputs are
a function of the sample time, the inputs, and the block states. During simulation, the
model execution follows a series of steps. The first step is the initialization of the
model, where Simulink incorporates library blocks into the model; propagates signal
widths, data types, and sample times; evaluates block parameters; determines block

execution order; and allocates memory. Simulink then enters a simulation loop. Each
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pass through the loop is referred to as a simulation step. During each simulation step,
Simulink executes each of the model blocks in the order determined during
initialization. For each block, Simulink invokes functions that compute the values of
the block states, the derivatives, and the outputs for the current sample time. The
simulation is then incremented to the next step. This process continues until the
simulation is stopped.

Using Simulink as a graphical front end to the embedded software combined
with automatic code generation technology makes it easy to modify the controller. It
is easier to change the model than to change the code (code changes have a higher
probability of introducing new defects). The controller can be analyzed in terms of
the Simulink model, which is more intuitive than the embedded software code, and
sophisticated data analysis tools are immediately available to study and tune the

controller performance.

5.5  Feedback Control Model (Co-Contraction Control Scheme)

5.5.1 Controller Algorithm

At first, the antagonistic mono- and bi-articular actuators' contraction of the lower
limb orthosis is determined using MATLAB simulation of the coordinates system.
The control system which estimates the antagonistic PMA length (contraction) from
the hip and knee joints’ angle is constructed. Based on the antagonistic actuators'
contraction formulation, the pressure input pattern for each actuator was determined.
In order to reduce the moment of inertia, the orthosis was set symmetrically in the
longitudinal direction. The PMA’s location in the coordinate system is obtained from
the model simulation which was programmed using the MATLAB. This model is
actuated based on the reference input angle of hip and knee joints. The changes in
length of the PMAs from the simulation provided the co-contraction data for the
mono- and bi-articular actuators. These data is obtained using the coordinate’s
equation as can be seen in Figure 22 (d). By using this equation, the PMAs’
contraction data were converted into input pressures for each of antagonistic mono-
and bi-articular actuators. Based on this method, the inputs for manipulating the

lower extremity orthosis were determined. In addition, PID feedback controller is
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used for correcting the required input pressure for each actuator as can be seen in

schematic diagram in Figure 19.
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FIGURE 19 Schematic diagram of the exoskeleton of the AIRGAIT leg orthosis controller schemes using MATLAB simulation of co-contraction
model based P controller. Where (C1 — C6) are the contraction input patterns, (P1 — P6) are the pressure input patterns, (Pnl — Pn6) are the

corrected pressure input patterns.
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FIGURE 20 Schematic diagram of the exoskeleton of the AIRGAIT leg orthosis controller scheme; co-contraction model based P controller.
Where (C1 — C6) are the contraction input patterns, (Cnl — Cn6) are the corrected contraction input patterns, and (P/ — P6) are the pressure input

patterns.
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FIGURE 21 Schematic diagram of the exoskeleton of the AIRGAIT leg orthosis controller scheme; co-contraction model based PP controller.
Where (C1 — C6) are the contraction input patterns, (Cnl — Cn6) are the corrected contraction input patterns, (P/ — P6) are the pressure input

patterns, and (Pn/ — Pn6) are the corrected pressure input patterns.
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In the latter half of the research, a contraction model which determines the
contraction patterns of antagonistic mono- and bi-articular actuators from positional
data is derived and implemented into the control system. Figure 20 and 21 show the
schematic diagram of the exoskeleton of the AIRGAIT leg orthosis controller
schemes. Figure 20 shows the co-contraction model based P controller, and Figure
21 shows the co-contraction model based PP controller. Unlike other control
algorithms for PMA, the designed controller scheme does not predict or measure the
required torque at the joints [22, 57, 116 and 117]. Rather, it correlates the angle
information of the joints with the dynamic characteristics of the PMA (i.e.,
contraction and pressure) and then realizes the position and pressure controls.

In order to implement this controller scheme, the co-contraction model was
developed. The control strategy was to execute the co-contraction model which
implemented position-pressure controller scheme. The PID based-position controller
was used to tune the co-contraction model parameters (activation levels) while the
PID based-pressure controller was used to control the input patterns of the
antagonistic mono- and bi-articular actuators. The derived co-contraction model
provides the input patterns for the mono- and bi-articular actuators and
simultaneously actuates the antagonistic actuators co-contractively, while the PMA
model was determined in order to consider the characteristics of the PMA that were
to be introduced into the controller design. This dynamic model was evaluated in an
experimental study and represented in an equation. The proposed controller scheme
was specifically designed for simplifying the control of antagonistic bi-articular
actuators so as to enhance the stiffness at both hip and knee joints. It is an arduous
task to construct the plant model of leg orthosis (with antagonistic mono- and bi-
articular PMAs) for the implementation of the Stochastic Optimization method to
determine the control parameters of the design controller. As such, the heuristic

method was implemented.

5.5.2 Kinematic Analysis (Simulated Co-Contraction Model)

Sample data of ideal hip and knee angles were used as an input data for the

kinematics simulation of the leg orthosis. The purpose of this simulation was to

generate the contraction input patterns for the antagonistic mono- and bi-articular
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actuators. Sampling time (frequency) uses for this analysis is 0.001seconds for
approximately 5.0 seconds to complete one cycle of human walking motion. The
kinematic analyses of the antagonistic mono- and bi-articular actuator models were
performed by formulating the actuator’s length as a function of hip and knee joint
angles. In other words, by plotting the coordinates of antagonistic actuators’ end
point, the actuators length and contraction for one complete cycle of walking motion
can be determined. The obtained contraction data were then used to determine the
required input pressures for the antagonistic mono- and bi- articular actuators. Figure
22, 23, 24 and 25 show the co-contraction model using MATLAB simulation for
manipulating the antagonistic mono- and bi-articular actuators.

Based on this data, a static data of antagonistic mono-and bi-articular
actuators could be determined. These data include the co-contraction patterns and
cycles of the antagonistic actuators. However, a static co-contraction data could not
efficiently control the leg orthosis by manipulating the antagonistic actuators due to
the presence of nonlinear behaviour of the pneumatic muscle and orthosis system.
Therefore, this data need to be tuned using the implementation of feedback control
system to manipulate the gain of the co-contraction patterns. In addition, the
antagonistic actuators muscle activation levels (a and f) also have been introduced
into the derived co-contraction model to increase the adaptability of the control
scheme to the presence of nonlinearity behaviours. This model was first verified by
using the Least Squares (LS) and Recursive Least Squares (RLS) prediction methods
between the inputs patterns and the joint angles as can be seen in Table 7. The coding
was programmed in MATLAB language. Based on the predetermine Transfer
Function (TF), the contraction of antagonistic mono-articular actuators can be
differentiated as proportional and inversely proportional (1% order system) to the
angle of the joint. However, the model for the antagonistic bi-articular actuators
cannot be verified by using the LS and RLS prediction methods, as it requires much
higher order and complex system. This could be verified by using Nonlinear ARX
model or Genetic Algorithm (GA).
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(b)

FIGURE 23  Co-contraction
model using MATLAB
simulations for antagonistic

mono-articular actuators at

knee joint
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(b)

FIGURE 24  Co-contraction
model using MATLAB
simulations for antagonistic bi-

articular actuators based on hip

joint.

(© (d)
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(b)

FIGURE 25  Co-contraction
model using MATLAB
simulations for antagonistic bi-

articular actuators based on

(c) (d) knee joint.
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5.5.3 Derived Co-Contraction Model

The co-contraction model generates the input patterns for the antagonistic mono- and
bi-articular actuators (i.e., anterior and posterior) in order to realize the method for
implementing the position-pressure controller scheme. This model correlates
information on the joints with the dynamic characteristics of the PMA (i.e.,
contraction and pressure). Based on the derived mathematical model, the contraction
of antagonistic mono-articular actuators can be characterized as proportional and
inversely proportional (1% order system) to the angle of the joint. As for the bi-
articular actuators, a much higher order system is required to enable these actuators
to manage two joints simultaneously. To control these joints effectively, the input
patterns for the antagonistic bi-articular actuators should be sufficiently accurate as
this will ensure the efficient performance of the antagonistic mono-articular actuators
and facilitate co-contractive movements between the antagonistic actuators.
Determination of the co-contractive input for the bi-articular actuators is insufficient
to achieve complete gait motion of the leg orthosis without the inclusion of mono-
articular actuators. Thus, the role played by the controls of the mono-articular
actuators is crucial in the successful implementation of the bi-articular actuators.

Figure 26 shows the model for leg orthosis system which consists of
antagonistic mono-articular PMA model for hip joint, antagonistic mono-articular
PMA model for knee joint and antagonistic bi-articular PMA model. According to S.
Balasubramanian et al., it is defined that PMAs are based on its model parameters
such as relative muscle contraction and rise natural frequency which are affected
more by PMA dimensions [112]. In this study, we focus on the mathematical design
for contraction model (change in length) of the PMA that is to be implemented into
the control system. The general idea for this mathematical model was formed based
on the information gained from the reference input data analysis. From the positional
input data of hip and knee angles, the locations of minimum (g,;,) and maximum
(&max) value for the PMA contractions were determined.

For example, point (A) in Figures 27 (a) and 28 (a) show minimum value for
posterior muscle contraction (PMA), but maximum value for anterior muscle
contraction (PMA). On the contrary, point (B) shows minimum value for anterior
muscle contraction (PMA), but maximum value for posterior muscle contraction

(PMA). For a better representation of maximum and minimum antagonistic PMA
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contractions, these data were illustrated as positive values to represent the muscle
contraction patterns as can be seen in Figure 27(b), 27(c), 28(b) and 28(c). These
figures show PMA contraction patterns of antagonistic mono-articular actuators for
hip and knee joints. In this mathematical model, a condition for maximum muscle

contraction was set, Where; &,max) = €amar) < 0.3.

I{J_knee

FIGURE 26 AIRGAIT Exoskeleton leg orthosis design kinematics for the antagonistic

mono- and bi-articular actuators.

By referring to Figure 26, the change in arc length (4S) at the hip and knee
joints are defined based on the change in the length (4/) of PMA to correlate the
PMA’s contraction with the positional data. Based on this positional data
information, the contraction patterns (i.e., C/ — C6) of the mono- and bi-articular
actuators were then determined using the mathematical derivation as follow.

Antagonistic mono-articular actuator contractions (C/ and C2) for hip joint are:
Al=AS =6.r ..(8)

Alh_p = ghp' r
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Equation (9) and (10) can be defined as a time function as follows:

T
C1 = epy(t) = (z_) B Orp(®) 0.3 .. (11)

o

ghp(max) - ( )Bh(max) |6hp( )l 0.3

max

Ly
ﬁ = 0.3 “1a Il
h(max) r. |6hp (t) |max

r
C2 = e, (t) = (—).ah.eha(t) <03 ..(12)

Lo

r
€ha(max) = (l_) On(max)- 10hq () |lmax = 0.3
o

0.3 [—]
Fh(max) = r Ieha (t) Imax

These equations are similar to the antagonistic mono-articular actuators contraction

(C3 and C4) for the knee joint:

T
€3 = £, (1) = (l—>.,8k.9kp(t) <03 ..(13)

(o]

ekp(max) - ( )ﬁk(max) |9kp( )l =03

max
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L
ﬁ = 0.3 o Il
k(max) T. |9kp () |max

Ch = e, (b) = (11) g B (£) < 03 ... (14)

T
Eka(max) = (l_) Ak (max)- 10ka (Ol max = 0.3
o

Lo
Ape(max) = 0.3 [m]

For the mathematical design's implementation into the system, another
condition was set; when the anterior side is in a contraction mode, both the anterior
mono- and bi-articular actuators will be in a contraction mode. On the contrary, when
the posterior side is in an expansion mode, both the posterior mono- and bi-articular
actuators will be in an expansion mode, and, vise versa. Noted that 6, (hip posterior)
and 6, (hip anterior) have the same magnitude but different signs between muscle
contraction (+) or expansion (-). These variables were determined as pattern
(positional based data) with a positive value to measure the contraction of the
antagonistic mono- and bi-articular actuators, which is also applied for the &, (knee
posterior) and 6, (knee anterior). Where; /, is the initial length for PMA, r is the
distance from the PMA endpoint to the attached joint, ¢, is the posterior muscle
contraction of mono-articular PMA for hip joint, &, is the anterior muscle
contraction of mono-articular PMA for hip joint, £ is the activation level of posterior
muscle contraction for hip joint, and o, is the activation level of anterior muscle
contraction for hip joint. Maximum contraction for the posterior and anterior PMAs
are &pmax) = €amax) < 0.3. The posterior and anterior muscle activation levels (4 and «)
are introduced to manipulate the gain of the antagonistic mono- and bi-articular
actuator contractions, where the muscle activation level is ranged from (0 < f < fax
and 0 < a < oygy). These parameters are similar for the antagonistic mono-articular
actuators for knee joint and bi-articular actuators.

The interesting part that found in this study was on the bi-articular actuator
contraction patterns. It can be defined that, the muscle contraction pattern for the

antagonistic bi-articular actuators can be represent as a pattern of the total hip and
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knee joint angles. Figure 29(a) shows the positional based data for bi-articular
actuators which is defined as a pattern of the total hip and knee angles (6, + 6),
while Figures 29 (b) and 29 (c¢) show the muscle contraction patterns of the
antagonistic bi-articular actuators. The activation levels for bi-articular actuator
muscle contractions are defined as (f5; and a;;). Antagonistic bi-articular actuator

muscle contractions (C5 and C6) are:

Albi_p = (Alh + Alk)p =T. (Qh + ek)p

Alb' Tr. (Hh + Hk)

g, = —= = i [ ———=2] ..(15)
Ly Ly

Albia = (Alh + Alk)a =T. (Hh + gk)a

_ Albi_a _
= I = p;-
o

€a

Equation (15) and (16) can be defined as a time function as follows:

€5 = &,(t) = (%) Boi- (Bn () + 6, (), < 03 ...(17)

max

r
foman) = () - Boicmany [0n() + 0Oy, = 03

Lo
7| (6n(t) + 61 (1)) ]

.Bbi(max) =0.3 [

max

r
Ea(max) = (l_) - Api(max)- |(Br(t) + Ok () almax = 0.3
o

=03 [ " ]
Api(max) = Y- 7. 1(0,() + 0, (1)) almax
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FIGURE 27 Antagonistic mono-articular actuator contraction patterns for the hip joint;
(a) reference hip joint angle; (b) anterior contraction pattern; and (c) posterior

contraction pattern.
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FIGURE 28 Antagonistic mono-articular actuator contraction patterns for the knee
joint: (a) reference hip joint angle; (b) anterior contraction pattern; and (c) posterior

contraction pattern.
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FIGURE 29 Antagonistic bi-articular actuator contraction patterns (positional based
data): (a) reference joint angle; (b) anterior contraction pattern; and (c) posterior

contraction pattern.
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TABLE 7 Models verification using the LS and RLS prediction methods.

TABLE 8 Particle swarm optimization (PSO) control parameters.
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5.5.4 Rotational Dynamics

mag

FIGURE 30 Two link leg manipulators model.

The mass of the leg orthosis (m; and m>) as well as the frictions (7;; and Ty)
occurs during the gait motion were considered within the rotational dynamics
analysis by implementing the equation of motion or Newton's second law of rotation.
The torque (r; and 7;) is calculated by using the equations below. Where the
rotational dynamics for the leg orthosis was evaluated based on the simple double
pendulum model of two links leg manipulators as can be seen in Figure 30. In this
section, a design methodology is proposed to achieve a simple two link leg
manipulators model for the simulation analysis. It is well known that the equations of

motion for an n degree of freedom can be written as:
D(©)6+¢C(0,6)0 +G(O) =7 ..(19)

where D(6) is the (n X n) inertia matrix, C (9, 9) is the (n X n) matrix with
centripetal and coriolis terms, G(8) is the (n X 1) gravity torque vector, and 7 is the

(n X 1) external actuator inputs;
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The inertia matrix D (8) is a function of the configuration of the system and elements

of C (9, 9) are partial derivatives of the elements of the inertia matrix given by:
n

1(0dy; ddy 0dy)
C’”"ZE(aei + 35 350)¢ 20

=1

where ¢y ; represents the kj elements of the matrix € (9, 9), and d;;(0) represents the

elements of matrix D (0);

If the inertia matrix D(6) is a constant, i.e., kinetic energy of the system is
invariant with configuration of the system, then the matrix C (9, 9) with
nonlinearities becomes a null matrix, since the elements of C (0, 9) are differentials

of elements of D (@) matrix. Then, the new system equations can be represented as:

DO +G(O) =1 ..(21)

This also could be solved by implementing the Newton's second law of rotation

which can be described as:
1, =1, ..(22)

The mass of inertia (I,) for the slender rod is assumed to be constant, thus neglecting

the Coriolis terms. It can be defined using the following equation:

1
Ip=zml* ..(23)

The torques generated at the joints is:

l ..
T, = m,gsinb, (72) + Tpp + 1,0, ... (24)

l ..
Ty — ngSinez (?2) - sz = 1292

(nglz
TZ -

2 )Siﬂ@z _sz =_m21225292

3

z
[rz - (ng 2) sinf, — sz] — 6, ..(25)

2 m,l,%s2

2l2
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L

2) +mygsindy (1) + Tpy + 72 + 116, ... (26)

T4 = mygsinb; (
. Ly . »
T, — My gsiné; (E) —mygsind;(l,) — Try — 1, = 116,
. L . _1 2.2
T, — mygsiné, 7))~ mygsindi (L) — Ty — 1, = §mlll s°0,

3
—22 = 91 (27)

l
Tl - mlgSinQ:l (_1) - ngSinQI (ll) - Tfl - T2
2 myl,“s

5.5.5 Simulation for Co-Contraction Model Control Scheme

To evaluate the controllability of the derived co-contraction model control scheme, a
simulation study was carried out. The particle swarm optimization (PSO)
optimization method was used to evaluate the developed control paradigm and
strategy, and to determine the reliability of control parameters (i.e., o, and p muscle
activation levels). The simulation was performed to determine the functionality and
reliability of the designed controller scheme, where the simultaneous and co-
contractively movements of the antagonistic actuators to be achieved. Furthermore,
the implementation of the position control using PID controller was to manipulate
the muscle activation levels of antagonistic actuators. The manipulation of these
muscle activation levels will enable the control system to adapt to the presence of the
disturbances such as inertia and nonlinearity behaviours of pneumatic muscle. The
design co-contractively like movement of the antagonistic actuators should be able to
support each other during the control of the leg orthosis and tackling the nonlinearity
behaviour of the pneumatic muscle actuators. The control parameters for the PSO are
shown in Table 8. Figure 31 shows the schematic diagram of the simulation control
model for the leg orthosis system. The derivation of the co-contraction model was
recorded earlier and can be referred to in [108]. In addition, a simplified model for
the leg orthosis was implemented by using the pendulum model of two-link leg

manipulators. This model was the modelled using the Simulink blocks.
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FIGURE 31 Control paradigm's schematic diagram for the system using PSO optimization method. Where (&) are the contraction input patterns, (¢)

are the corrected contraction input patterns, and (z; and 7,) are the input torque for the hip and knee joints of the two link leg manipulators.
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FIGURE 32 Control system simulation outputs; (a) hip joint excursion; and (b) knee

joint excursion.

Figure 32(a) shows the control system simulation for the hip joint excursions
at different GC speed of 5, 4, 3, and 2 seconds; and Figure 32 (b) shows the control
system simulation for the knee joint excursions at different GC speed of 5, 4, 3, and 2
seconds. The results showed that, the proposed co-contraction model control scheme

was able to sufficiently adapt with the introduced disturbances (i.e., inertia and
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nonlinearity behaviour of pneumatic muscle) and performed a good controls of hip
and knee joint excursions at different GC speed of 5, 4, 3, and 2 seconds. However,
the pneumatic muscle’s dynamic behaviour due to the time variance was not

introduced during the simulation model analysis of the control system.

5.5.6  Hpysteresis Characteristic of Pneumatic McKibben Actuator

The characteristic evaluation of pneumatic muscle is conducted to determine the
hysteresis at different pressure and load. The experimental setup for this hysteresis
characterization is shown in Figure 13. There are two tests performed; the first test is
to evaluate the hysteresis model at a zero load condition; and the second test is to
evaluate the hysteresis model when test with different load of 100N, 200N and 300N.
Both tests are evaluated at different input pressures of 0.1, 0.2, 0.3, 0.4, and 0.5MPa
to analyse the behaviours during the contraction and expansion of the pneumatic
muscle. The time cycle used to complete one cycle of the contraction and expansion
of the pneumatic muscle are 5 seconds, 10 seconds, and 20 seconds.

Figure 33, 34, and 35 show the hysteresis model at different time cycles of 5
seconds, 10 seconds, and 20 seconds for the tests without a load. The results showed
that, hysteresis effect were materialized during the contraction and expansion phases
when provided with a same input pressure at all evaluated time cycles. This could be
explained because of the compressibility of the pneumatic muscle. Due to the
compressibility, the contraction of the pneumatic muscle required less input pressure
to achieve maximum contraction and to sustain its form compared to the expansion
of the pneumatic muscle. Moreover, the shape of the hysteresis was found out to be
bigger at a much faster time cycles when compared to the slower time cycle.
However, the maximum contraction achieved at all evaluated time cycles was
unchanged. In addition, an ability of the pneumatic muscle to accurately return to its
initial position was much better at the lower speed of time cycle. Figure 36 shows the
hysteresis model at different loads of ON, 100N, 200N, and 300N evaluated at a time
cycle of 20 seconds. The result showed that, the hysteresis model of the pneumatic
muscle was different at all evaluated weight loads. Where, the maximum contraction
of the pneumatic muscle able to be achieved was decreased with an increase of
weight load. In addition, the input pressure required to raise the contraction of

pneumatic muscle was also increased.
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FIGURE 34 Hysteresis model for time cycle of 10 seconds tested without a load.
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FIGURE 35 Hysteresis model for time cycle of 20 seconds tested without a load.
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Form the evaluation, it could be concluded that the presence of shape of the
hysteresis model was different at different time cycle. Moreover, the hysteresis
model was also different with an increase in the weight load. Due to this inherent
hysteresis of pneumatic muscle, it is almost impossible to derive a precise model to
represent this kind dynamic behaviour. For that reason, the control of the
antagonistic mono- and bi-articular actuators will be difficult without a suitable
control strategy to sufficiently reduce the effect of this nonlinearity. In addition, it
could be expensive and time consuming to introduce a complicated model and
strategy in precisely control the pneumatic muscle. Therefore, to reduce the
hysteresis effect of the pneumatic muscle when manipulating the leg orthosis, an
antagonistically arrangement (i.e., anterior and posterior) of the pneumatic muscles
on the leg orthosis was introduced. In addition, the co-contractively like movements
control of these antagonistic actuators was proposed. It is also believed that the co-
contraction of antagonistic actuators was able to increase the stiffness and stability of
the leg orthosis. Furthermore, the PMA model was introduce to improve the

adaptability of the system with the presence of the nonlinearity behaviours.

5.5.7 PMA Model

The development of the PMA model is for the purpose of increasing the
effectiveness of the co-contraction model. While the co-contraction model provides
the antagonistic actuators with the contractive data, this model translated that data
into pressure patterns [in Volts] for activating the electro-pneumatic regulators. The
dynamic characteristics of the PMA such as dimension (i.e., length and muscle
contraction), pressure, and force data were determined in an experimental study. A
model equation was then formulated to represent the PMA characteristics data with
the high accuracy of 6™ order polynomial. This will be used as the reference model
for the control strategy as can be seen in Figure 37. The co-contraction model control
scheme considers the nonlinearity behaviour of the PMA by controlling the muscle
activation level of the PMA. The PMA static model at zero load condition was
defined as the minimum boundary to determine the nonlinearity area of the PMA. As
the critical muscle activity with regard to the PMA is during its contraction, only the

contraction mode was considered to realize the co-contraction movements between
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the antagonistic mono- and bi-articular actuators. The evaluation and derivation of
this PMA model has been recorded earlier and can be observed in [109]. Figure 38

shows the controlled value of the muscle activation levels during a control system.
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FIGURE 37 Co-contraction model control scheme's strategy; where (1) PMA static
model of Pressure vs. Contraction at zero load condition; (2) PMA hysteresis model
at zero load (fp) condition; (3) PMA hysteresis model at load (fj, f2, f3,...) condition;
(4) PMA model using 6™ order polynomial equation (5) Contraction input pattern for
the antagonistic mono- and bi-articular actuators (6) Controlled contraction input
patterns after the controls of the muscle activation level (). AP is the sudden
increase in pressure due to the PMA nonlinearity. AP is the increase in muscle

activation level.
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5.6 Couple Control Model (Computed Torque Method)

5.6.1 Introduction

Pneumatic artificial muscles (PMAs) are often used for the actuation of rehabilitation
devices or, more generally, in most application where there is the interaction between
machines and humans [119 - 121]. In these devices, when the motion is not managed
by the human, a control model is needed. In literature there are a lot of models for
this purpose and applied to PMAs based actuations. The different approaches can be
divided into two main groups: feedback linearization and computed-torque method
[122]. In the first class can be group all the control models that work on the feedback
of the measured control variable such as fuzzy [121], PID, Neural Network [123] or
other models [124, 125]. Many of these control models were tested on 1 degree of
freedom systems [124, 126] but in the last years many authors are working on more
complex systems that can simulate well the human morphology of the arms or of the

legs, then with 2 degrees of freedom, see [123, 125, 127].

The computed-torque method, instead, requires a completely description of
the system and, if it has a high number of degrees of freedom, the formulation of the
couple joint expression can become very difficult. On the contrary, if the analytical
description of the system is well-made, it will be very faster on follow the inputs
with respect to the other main control model class. In this paper we propose and use a
model control based on the computed-torque method for the managing of our
AIRGAIT orthosis for the rehabilitation of the lower limb [110, 111, and 128]. The
paper is organized as follow. In section 2 we give an overview on the AIRGAIT
system. In section 3 we show the main characterization of our self-made PMAs. The
control model with all its parts is described in section 4. Section 5 contains all the
validation tests made on the system in order to verify the goodness of the control

model. At last, in section 6 we give some concluding remarks.

5.6.2  Overview of the AITGAIT Exoskeleton's Leg Orthosis New System

Figure 39 shows the AIRGAIT exoskeletons leg orthosis of the developed body

weight support gait training system used for this research. The leg orthosis system
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implemented six PMA which antagonistically arranged based on the human
musculoskeletal system (i.e., mono- and bi-articular muscles). The PMA used in this
research is a self fabricated McKibben artificial muscle actuator. The input pressure
of the PMA is regulated by electro-pneumatic regulator separately for each actuator.
The special characteristic of PMA will cause it to contract when the air pressure is
supplied, and expand when the air pressure is removed. In other words, the PMA is
able to emulate the force and muscle contraction of humans muscle. In addition, it is
also might be able to perform similar contractions and expansions, where their
movement is almost similar to the movements of the humans muscles. The
measurement of the joint excursions (i.e., hip and knee) is made using potentiometer.
This system uses the Lab-View software and RIO module to provide the input

signals and to read the output data of the leg orthosis.

FIGURE 39 AIRGAIT exoskeleton's leg orthosis antagonistic actuators.

5.6.3 Pneumatic Muscle Characterization

The McKibben PMA used for this study is built in our laboratory using commercial
parts. For this reason we have to characterize them in order to understand and fix
their properties and behaviours. We conducted two main kinds of characterizations,
one static and another dynamic. With the data collected by the first one we are able
to model the non-linearity of the PMA by fitting the data with a polynomial function.

With the dynamic characterization instead, we can estimate a priori the error in
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position due to the hysteresis. The static characterization is conducted by setting the
ends of the PMA at given positions in order to have a variation from 0 to the 30% of

the contraction.
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FIGURE 40 Static characterization of pneumatic muscle.

This parameter is determined as the difference between the length of the muscle and

the given position, divided by the length of the muscle, then:

m

k =

L (28)
Once the distance between the ends is fixed, we vary the supply pressure inside the
PMA from 0 to 0.5 MPa and we record, through a load cell, the reaction force. The
results of the described experiment are show in Figure 40. It is possible to note in this
figure that the main static properties of the PMA are very similar to those of the
commercial PMA. The dynamic characterization was enabled us to check the ability
of the artificial muscle to follow dynamic signals. We conducted two dynamic
experiments one without and one with loads. To conduct these experiments we fix
the PMA only on one side, maintaining the other free or putting on a weight. We
supply the muscle with a pressure signal going from zero to a set value and once

again to zero. The set value is varied to be 0.1, 0.2, 0.3, 0.4 and 0.5 MPa. The results
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of the experiment without loads are presented in Figure 33, 34 and 35. It shows the
hysteresis behaviours with a time cycle of 5 seconds, 10 seconds, and 20 seconds. As
it is possible to note, for high values of the pressure 5 and 10 seconds are not enough
to complete the loading-unloading cycle. Instead, there are the hysteresis trends for a
time cycle of 20 seconds. In this case, with all the values of the pressure the cycle is
completed. Fixing the time cycle to 20 seconds, we conducted the same hysteresis
characterization, then loading and unloading cycle, with different maximum
pressures, but including a load on the muscle. We test it with 10 kg, 20 kg, and 30
kg, which can be considered very high in comparison with the real loads that the
system could be stressed. Figure 36 shows the hysteresis behaviour with a different
load of 10, 20, and 30 kg. The main interesting consideration can be made by
comparing the results of Figure 33, 34, and 35 with those of Figure 36 in terms of
distance between the loading and unloading curves. Also with the presence of great
load this distance remains almost constant which conforming the goodness of this

kind of actuation.

5.6.4 Control Model and Application to the Orthosis

The control model, proposed in this paper, is based on the analytical description of
the system and on the use of the so called computed-torque method. In this section
we will show all the main components of the entire control model and the main idea

at its basis.

5.6.4.1 Fitting Model of the Non-Linear Behaviour PMA

One of the most difficult problems to solve when we work with PAMs is the non-
linear behaviour of the PMAs. The main task is to find, as made by [129], the force
that the PMA can apply as a function of the supply pressure and of its contraction.
The data collected into the static characterization (see Figure 40) will be here fit with
a surface. We choose to fit the surface with a two variables polynomial function. We
need to express the supply pressure as a function of the force and the contraction. To
do this, the fitting equation must be solvable in the term of the pressure, and then the

term of the pressure must have a degree equal or less to two (different approach used
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in [129] in which the equation is fifth degree in both variables, then needs to solve
numerically with long time of computing). We then conduct a sensibility analysis on
the degree of the fitting equation. Particularly we compute the Root Mean Square
Error (RMSE) between the experimental point of Figure 40 and the fitting surface
and we express the results as a function of the of the degrees of the two variables x
and y (pressure and contraction). The results are summarized in the Table 9. As it is
possible to note we have a great reduction of the RMSE from first to second degree
in X and, at the same time, we choose to have third degree in y. This choice is due to
the fact that we do not have a great reduction of the RMSE between third and fourth
degree in y and then we decide to reduce the number of the parameters to increase

the computational speed. The resulting fitting equation is the follow:
f(x,y) = a; + ayx + azy + a,x? + asxy + agy? + a;x%y
+agxy? + agy® ...(29)

Where, as mentioned before, x represents the supply pressure, y is the
contraction and f(x; y) is the force. The numeric values of the parameters of this
equation are shown in the Table 10. At last, we show in Figure 41 the equivalent
polynomial surface with the experimental points coming from the characterization.

As it is possible to note from this figure, the equation fit well the real data.

1500

Contraction [%)] 00 Pressure [MPa]

FIGURE 41 Graphical visualization of the fitting polynomial equation (blue dot are

the experimental points).
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TABLE 9 Sensibility analysis of the fitting curve of the experimental data as a

function of the degrees of the polynomial surface.

Degree of =

Degree of y

RMSE

1

88.2

36.7

23.2

11.6

74

24.3

18.4

el L R Sl S

17.2

TABLE 10 Numeric values of the parameters of the fitting polynomial equation.

Parameter | Value
a7 -7
a9 2384
a3 -1135
ay -467
as -12480
ag 8682
ay 4160
as 13290
(g -15960

5.6.4.2 Newton Euler's Equation Model

The crucial part of the proposed model is based on the computation of the couples for

every angles assumed by the two joints. Here we follow the Newton-Euler approach

in order to obtain an analytical formulation of the two couples. Just to remind and

using a simplified formulation, we can model the dynamics of a robot with

revolution joints by the follow equation:

M(@)g+C(q.q) +9(q@ =1

..(30)

where §, g and g are respectively the vectors of the joint positions, velocities and

acceleration, M(q) is the articulated robot inertia matrix, C(q, q) is the vector of

centripetal and Coriolis force, g(g) is the vector of gravitational forces and 7 is the

vector of joint torque [122];
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In Figure 41 we give a schematic representation of the orthosis. In this figure dr and
d> denote the distances between the joints and the centers of mass of the two links
instead; di2 and dr2 are the lengths of the two links. Referring to Figure 42, we can

solve the equation 24, in order to find the couples of the two joints:
Cl = Illél + IZZél + Izzéz + éld%ml + éld%mz + ézd%mz + éldglmz
+d,gm,cos(0; + 6,) + dygmycos(6,) + dyygm,cos(6,)

—02d,d,,m,sin(6,) + 207d,d,;mycos(8,) + 02d,d, m,cos(6,)
—20,60,d,d,;m,sin(8,) ...(31)

dy,sin(6,) 07 \
+gcos£91 +“t92) | 32)
+d,(6,+6,) | 7
+6,d,,c0s(6,)

CZ = 122(51 + 62) + dzmz |

where [ is the inertia, m is the mass and g is the gravity acceleration;

The equations of the two couples are obtained by a symbolic generation of
large multi-body system dynamic equations proposed in [122] and in [123]. In the

Table 11 are summarized the numerical data of the orthosis geometry.

FIGURE 42 Schematic representations of the AIRGAIT exoskeleton’s leg orthosis

two-link model.
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TABLE 11 Numerical data of the orthosis geometry.

Parameter Value
14 0.052 kgm?
Iy 0.032 kgm?
my 1.34 kg
iy 0.97 kg
dy 0.2 m
ds 0.15m
do1 0.4 m
dro 0.37 m

5.6.4.3 Geometric Description Model

Figure 43 and 44 show the mono- and bi-articular actuators model’s contraction.
Based on the information gained from the AIRGAIT exoskeleton’s leg orthosis, the
contraction of the antagonistic mono- and bi-articular actuators are derived using the
trigonometric function. The antagonistic mono-articular actuator’s contraction for the

hip joint (0,) is:

AB = \/RZ + BC% — 2AC.BCcos(a) ...(33)

0y = a|61=0

Antagonist: a = 60; — 0, = a(6,)

Agonist: a =6, + 6, = a(6,)

l B
k(8,) = kgt = 9 = I —

b

..(34)
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D A

FIGURE 43 Schematic representations of the mono-articular actuators.

FIGURE 44 Schematic representations of the bi-articular actuators.
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The implementation is also similar for the antagonistic mono-articular
actuators for the knee joint (6,). However, the axis for the knee joint motion is based
on the line formed between the hip and knee joints. The antagonistic bi-articular

actuator’s contraction is derived as follows:

AC = \/EZ + CD? — 2AD.CDcos(a;) ...(35)

a2=180—)/—92

AB = \/RZ + CB% — 2AC.CBcos(a3) ...(36)

as =a; — p, a1(6;) = 0y — 64

CD? + AC? — DA?
B = acos — ..(37)
2.CD.AC
l,, —AB
k(6y,0,) = ———— ...(38)
lm

5.6.4.4 Control model

There are in literature a lot of control model, they can be divided into two main
groups: position and couple control. The last one requires a completely description of
the system and, if it has a high number of degree of freedom, the formulation of the
couple joint expression become difficult. For this reason many of the controllers used
in industry are based on empirical approach as the fuzzy or the PID controls. The
main idea of the proposed model is based on the control of the position by
controlling the couples of the joints and varying the stiffness of the system as a
function of the degree of precision required and of moving masses. The model is
composed of a part that describe the geometric configuration between the pneumatic
muscles and the joints, another part for the computing of the joints couple based on
the Newton-Euler equations and the last part that able us to compute the needed
supply pressure knowing the equivalent forces and the contractions. First of all, we
can define the stiffness of a system as the measure of the resistance to the
deformations. For our system this concept of stiffness translates itself into the level

of the force of the antagonist muscle that we can call the “base force” (following a



108 | Page

similar nomenclature proposed by [120]). In order to describe the control model we
can set and define, for the moment, as R = cost the stiffness of the system that
represent the force of the antagonist pneumatic muscle. From the geometrical model
we can find the percentage contraction of the two muscles as a function of the angle

0, then:
k9 = £(0y) and ki = £(6,) ..(39)
k% = £(8,) and k§™ = £(6,) ...(40)
k39 = £(6,,0,) and k§™ = f(04,0,) ...(41)

where k;* represents the contraction of the agonist muscle of the joint 1, instead k"""

is the contraction of the antagonist muscle of the joint 2;

From the NE equations we can compute the couples C/ and C2 as follow:
(i = f(mp My, I11, 132,601,602, 91' 92' ép 92) . (42)
Cy = f(my, I35, 04,04,04,60,,0,,0,) ..(43)
But geometrically the couples C/ and C2 can be also computed as:
¢, =(EY —Ff").ly,  C= (K9 —FM™).l, ..(44)

Being F;*", and F,™", equal to R, from the last equations we can compute the forces
F;*, and F,"*:
C;

F'% =—+R, EY= T +R ..(45)

Now we have to find the pressures that correspond to the forces F;* and F,*. To do
this it is necessary to invert the equation of the fit of the pneumatic muscle
characterization. The equation showed in the previous section is of the second degree

in x and then we can solve it easily:

A=ay+ayy ..(46)
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B =a, + asy + agy? ...(47)
C=a,+ay+agy?+asy®—f(x,y) ..(48)

—-B + VB? — 4AC

T4 T 24

.. (49)

Then considering the physical meaning of x, y and f{x; y), the equation can be
summarize as P = f(F,;K). Then, known the force and the percentage contraction of
the muscle we can compute the pressure. In the Figure 45 we give the schematic idea

of the proposed control model.
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CHAPTER 6

RESULTS AND DISCUSSION

In this section, findings for the designed controller scheme tests and strategy were
evaluated and discussed. The modus operandi from the early stage until the final
stage was appropriately modelled to optimize the flow of this research. The
discussion and evaluation of the findings were divided into several parts to explain
each stage of the study. It comprises of several assessments for evaluating the
performance of the design control scheme and strategy. These assessments are
including the evaluation of pressure and position-pressure controls using
conventional PID and the proposed co-contraction model control scheme. Then, the
comparison were made between (a) mono-articular actuators acting on their own
(i.e., hip and knee joints), and with the addition of bi-articular actuators; (b) co-
contraction model based position (P) controller, and the co-contraction model based
position-pressure (PP) controller; and (c) comparison between the control of the leg
orthosis WO/S and control of the leg orthosis W/S. The evaluation was based on the
GC, movement of the trajectory of the hip and knee joints, maximum angle extension

of the joints, inertia, gravitational effect, and time shift.

6.1 Control of the Leg Orthosis WO/S and W/S: Pressure and Position-Pressure

Control based on Conventional PID Controller

The focus in this assessment is on the control of leg orthosis using conventional PID

controller. The tests were performed with mono-articular actuators alone, and with
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addition of bi-articular actuators. The bi-articular actuators only provided with a
constant input pressure of 0.25MPa to investigate the contribution of this actuators
during leg orthosis controls. Two control schemes (i.e., pressure and position-
pressure controls) based on conventional PID controller were evaluated during the
control system. Both tests were conducted without a subject and with a subject at a
GC speed of 5 seconds. Figure 46 shows the schematic diagram for the pressure and

position-pressure controls using conventional PID.

(b)
Figure 46 (a) Pressure control using conventional PID controller; and (b) position-

pressure control using conventional PID controller.

Figure 47 shows the result of joint excursions for the pressure and position-
pressure control using conventional PID tested WO/S. Both control schemes were
only implemented mono-articular actuators to manipulate the leg orthosis. The result
showed that, the leg orthosis was able to perform human walking gait motion by
implementing the pressure control alone. However, the resultant hip and knee joint
trajectories when tested without a subject were rather poor. Moreover, large angle
deviation and time shift were also occurred during the control system. This might be

due to the nonlinearity behavior of the pneumatic muscles which include of
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hysteresis effects and time variances. In addition, the implementation of both
position-pressure controls was also unable to improve the joint excursions of the leg

orthosis due to the similar nonlinearity problems.

(b)
FIGURE 47 Joint excursions for; (a) pressure control; and (b) position-pressure

control using conventional PID controller tested WO/S.
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FIGURE 48 Hip and knee joint excursions for pressure control using conventional PID

controller tested W/S.

Figure 48 shows the result of hip and knee joint excursions for pressure
control using conventional PID controller tested W/S. There were two tests
performed; the first is with mono-articular actuators; and the second is with an
additional of bi-articular actuators. When the leg orthosis with a subject was driven
by using the mono-articular actuators alone, the range of motion at the hip joint was
decreased as compared to that of the human natural gait angle pattern. This indicated
that the flexion and extension forces of the hip joint were not achieved. However,
when implementing both the mono- and bi-articular actuators, the result was not as

decreased compared to the mono-articular actuators alone. It seemed that addition of
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the bi-articular actuators increased the range of motion by the high muscle moment,
especially the hip joint moment. In this study, we tried to increase the stiffness of
both the hip and knee joints by the co-contraction of agonistic and antagonistic
mono-articular muscle models and to compensate for the lack of muscle moment by
applying an agonistic and antagonistic bi-articular muscle model. At this point, the
results of the preliminary experiment almost achieved the aim of the study. However,
the timing of the angle changes for both the hip and knee angles were delayed when
compared to the input data of the natural gait angle pattern. It seemed that this delay
was caused by the mechanical property of the pneumatic actuator. Therefore, it is
necessary to improve the control system and/or to reform the structure of the
pneumatic McKibben actuator.
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(a) (b)
FIGURE 49 Hip and knee joint excursions for position-pressure control using

conventional PID controller tested WO/S and W/S.

Figure 49 (a) shows the hip and knee joint excursions data for position-
pressure control using conventional PID tests without a subject. In this test, both
mono- and bi-articular actuators were implemented. The result showed a pretty good
gait motion was achieved when compared to the human natural gait. However, when

the orthosis was driven with a subject, range of motion was decreased as illustrated
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in Figure 49 (b). It seemed that flexion force of hip joint and extension force of knee
joints were not satisfied. It is necessary to change McKibben actuator to larger size
than the current one or tune a gain of proportional directional control valve. In this
study, we have tried to increase stiffness of both hip and knee joints by co-
contraction of antagonistic bi-articular muscle model. It results high stability of
walking of the powered orthosis. However, the bi-articular muscles are muscles that
work on two joints such as the rectus femoris and the hamstring. These bi-articular
muscles drive both knee and hip joints by single command. If the bi-articular
actuator is to be controlled properly, the range of motion of the orthosis might be
increased when test with a subject.

Therefore, it could be concluded that by using the conventional PID based
control schemes, the nonlinearity behaviors of the pneumatic muscles could not be
solved. This will be required for the implementation of a suitable control system to
deal with the dynamic characteristics of the pneumatic muscle. In addition, a better
control strategy will also be needed in controlling the antagonistic actuators (i.e.,
anterior and posterior) precisely and simultaneously. In this system, the
implementation of electro-pneumatic servo valve was being used to control the input
pressure into the antagonistic actuators. However, due to the mechanical properties
of the valve, the input pressure was controlled alternately between the anterior and
posterior actuators. Thus unable to simultaneously manipulated the antagonistic

actuators which leads to a poor control system performance.

6.2  Control of the Leg Orthosis WO/S: Evaluation on Mono- and Bi-Articular

Actuators Position Settings using Simulated Co-Contraction Model Control Scheme

The focus of this second assessment is on the PMA settings evaluation as to
determine the suitable arrangement for the antagonistic mono-and bi-articular
actuators. Two tests were performed; first, with the antagonistic mono-articular
actuators alone; and second, with the addition of antagonistic bi-articular actuators.
The tests were evaluated at three GC speeds of 5 seconds, 4 seconds, and 3 seconds
of the human walking motion. Two PMAs arrangements were considered, where the
tests were performed using four different settings as can be seen in Figure 12; first,

mono-articular setting (PMA setting 1); second, mono-articular setting (PMA setting
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2); third, mono- and bi-articular setting (PMA setting 1); and fourth, mono- and bi-
articular setting (PMA setting 2). A total of eight PMAs GCs were performed for the
tests and data related to the trajectory of the joints were then gathered. The average
GC for each GC speed was measured and represented in a graph.

Figure 50 shows the hip angle control for the tests with mono-articular
actuators alone, and with the addition of bi-articular actuators, both for PAM settings
1 and 2. In addition, Figure 51 shows the knee angle control with the same PAM
settings. For the hip angle control performance (Figure 50), the result shows that, we
are not able to achieve the maximum muscle moment (flexion) by using the mono-
articular PMA actuators alone. However, when we tested the control system with the
addition of bi-articular PMA actuators, there is an improvement in hip angle control
for both of the tests with PMA settings 1 and 2. Moreover, the performance for the
knee angle control also shows an improvement as can be seen in Figure 51. The
result shows that we are not able to achieve the maximum muscle moment (flexion)
and unable to get smooth heel contact movement at knee joint by using the mono-
articular PMA actuators alone. However, when we implement the gait training
system with the addition of bi-articular PMA actuators, we were able to achieve the
maximum knee angle extension as well as smoother movement during the heel
contact position for both PMA settings.

The evaluation of range of motion of the joint angles between the
antagonistic mono- and bi-articular actuators showed that, bi-articular pneumatic
muscle has a wider range of motion and are able to generate a greater force. As a
result, this enables the orthosis system to achieve the high muscle moment which
cannot be obtained by using mono-articular actuators alone. The addition of bi-
articular actuators works as a muscle support system that provides the orthosis
system with greater actuation power and smoother movement at the joints including
the heel contact position. When we consider the result of the hip and knee angles
(with addition of bi-articular PMA s), its range of motion is sufficient to simulate the
human’s walking motion with little time delay. In the single support phase of the gait
cycle 10-30 [%], sufficient bending at the knee joint was achieved during the heel
contact movement which is difficult to obtain using mono-articular PMA actuators
alone for both PMA settings. However, if we try to shorten the gait cycle and time
delay, the inertia effect becomes evident. In addition, if we compared the results of

the leg orthosis controls based on simulated co-contraction model, it could be said
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that its performance was far exceeded than the performance of the leg orthosis

controls using conventional PID. This could be concluded that, the co-contraction

control strategy was effective in handling the nonlinearity of the system.
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6.3 Control of the Leg Orthosis WO/S: Evaluation between the Simulated and

Derived Co-Contraction Model Control Scheme

The focus of this third assessment is on the evaluation of co-contraction model using
the MATLAB simulation and the derived mathematical formulation to control the
mono- and bi-articular actuators of the leg orthosis. It was conducted to determine
the performances of the derived mathematical model when compared to the
simulated model. Two tests were conducted, and both tests were using all six
antagonistic actuators. The first was the controls of leg orthosis using simulated co-
contraction model tested WO/S; and the second was the controls of leg orthosis using
derived co-contraction model WO/S. These tests were evaluated at three GC speeds
of 5 seconds, 4 seconds, and 3 second. Data related to the joints’ trajectory of the leg
orthosis were then gathered. The average GC for each GC speed was measured and
represented in a graph.

Figures 52 (a) and 52 (b) show the hip and knee joint’s trajectory for the
controls of AIRGAIT exoskeleton’s leg orthosis using simulated co-contraction
model and derived co-contraction model control schemes. The results showed that
both simulated and derived mathematical models were able to generate sufficient co-
contraction and pressure patterns to manipulate the antagonistic mono- and bi-
articular actuators at all evaluated GC speed of 5 seconds, 4 seconds, and 3 seconds.
Based on the hip and joint excursions performance evaluation, it showed that the
derived co-contraction model was proved to be much better in tackling the
nonlinearity behaviour of the pneumatic muscle compared to the simulated co-
contraction model. This could be explained because; the simulated co-contraction
model control scheme was directly controlling the antagonistic actuators’ input
pressure of the leg orthosis. However, in the derived co-contraction model control
scheme, the feedback control was purposely design to control the muscle activation
level parameters (B and o) which manipulate the contraction patterns of the
antagonistic actuators before the pressure patterns were determined. This shows that,
the manipulation of the co-contraction model plays a significant role in the control
strategy implementation for the controller scheme. Therefore, it can be concluded
that, the co-contraction control strategy was able to adapt and reduce the nonlinearity
effect of the pneumatic muscle such as hysteresis and time variance. In addition, the

stiffness and the stability of the leg orthosis was also improved.
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6.4  Control of the Leg Orthosis WO/S: Evaluation on Antagonistic Mono- and

Bi-Articular Actuators using Co-Contraction Model Control Scheme

The focus of this fourth assessment is on the implementation of co-contraction input
patterns to control the mono- and bi-articular actuators of the exoskeleton of the
AIRGAIT leg orthosis. It was conducted to determine the limitations when using
mono-articular actuators alone and the advantages to be gained with the inclusion of
bi-articular actuators. Two tests were conducted. The first using the mono-articular
actuators only (i.e., hip and knee joints) tested WO/S; and the second with the
addition of bi-articular actuators tested WO/S. These tests were evaluated at four GC
speeds of 4 seconds, 3 seconds, 2 seconds, and 1 second so as to raise the stakes of
the design controller and the appraisal of the strategy by increasing the GC speed. A
total of 25 GCs were performed for each GC speed including the initial position
cycle and data related to the trajectory of the joints were then gathered. The average
GC for each GC speed was measured and represented in a graph.

Figure 53 and 54 show the trajectories evaluation of the joints of the leg
orthosis controls between two settings (i.e. mono-articular actuators only, and with
the inclusion of bi-articular actuators) tested WO/S using a co-contraction model
control scheme. Based on the four GC speeds evaluation, it is evident that the leg
orthosis was able to perform the gait motion smoothly up to a GC speed of 2
seconds. For the GC speeds of 4 seconds, 3 seconds, and 2 seconds, the orthosis
displayed the complete gait motion (i.e., heel strike, foot flat, middle swing, and wide
swing) by implementing the designed controller scheme. With the increments in GC
speed, the time allocated for completing one GC will be reduced as the graph shifted
forward. However, even with the forward shifting of the graph, the time delay in the
system was only approximately 0.2 seconds for each GC speed.

For the control of leg orthosis using mono-articular actuators alone, it was
expected that the trajectory of the joints will be slightly coarse due to the nonlinearity
behaviour (i.e. compressible and hysteresis) of the PMA. Although this result may
suggest that mono-articular actuators alone are able to support the orthosis, it must be
noted that this evaluation was conducted WO/S. The situation changes during
implementation W/S as the weight attributed to the actuators is increased. When the
inertia and gravitational effect are included in the equation, the limitations of mono-

articular actuators acting alone become evident as each actuator is only capable of
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sustaining a pressure level of 5 [bars]. Moreover, due to the position of the
antagonistic actuators, the length of mono-articular actuators is much shorter than
those of bi-articular actuators. This reduces the maximum angle extension the joints
can achieve especially at the knee where a much wider movement (63 degree) is
required compared to the hip. This maximum angle extension is the maximum value
of reference angle of the hip and knee joints, both the anterior and posterior sides.
This value can be referred from David A. Winter, “Biomechanics and motor control
of human movement”, fourth edition, John Wiley & Sons, Inc., 2009 [118].
However, with the introduction of the bi-articular actuators, the coarse movement
was reduced and the stiffness at the joints was improved due to the significant force
exerted by these actuators. Manipulators that equipped with bi-articular actuators
have been proved to have numerous advantages such as (1) dramatically increase in
range of end effectors, (2) improvement of balance control, (3) efficiency increase of
output force production, and (4) an arm that equipped with bi-articular actuators have
the ability to produce a maximum output force at the end effectors in a more
homogenously distributed way [93 - 95].

Even though the sources of the actuation system were different, the
fundamental function of these bi-articular actuators (PMA) should be similar. With a
stable force been assisting the movement of the leg orthosis, it reduces the coarse
movement and improved the joints when compared to the leg orthosis actuated by the
mono-articular actuators alone. The movement of the antagonistic bi-articular
actuators was able to balance the coarse movement of the antagonistic mono-articular
actuators at the joints thus reducing the effect of the hysteresis which was significant
when implementing the mono-articular actuators alone WO/S. This is also due to the
fact that the contraction of the PMA is in accordance with the hysteresis model.
However, as the expansion of the PMA did not follow that of the hysteresis model,
the co-contractive movements between the antagonistic mono- and bi-articular
actuators were realized. At the GC speed of 1 second, the orthosis was not able to
perform the gait motion completely with the heel strike stance. However, it was still
able to demonstrate the ‘foot flat up to swing stance’ which provides the feel of a gait
motion. By implementing the derived co-contraction model, all the six antagonistic
mono- and bi-articular actuators were able to operate simultaneously and co-
contractively. In overall, the derivation of co-contraction model was not only able to

be effectively manipulated the antagonistic mono-articular actuators (i.e., hip and
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knee joints). However, it is also could be implemented to generate sufficient input
data of contraction and pressure patterns for manipulating the antagonistic bi-

articular actuators.
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TABLE 12 Pearson coefficient of determination (r*) for mono-articular actuators alone and with addition of bi-articular actuators.
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Table 12 shows the Pearson coefficient of determination (r*) for the first
assessment where the control tests with mono-articular actuators (hip and knee
joints) alone and with addition of bi-articular actuators WO/S were evaluated. This r°
value indicates how well the data fits the reference joints’ trajectory. The result
shows that the addition of the bi-articular actuators produce much higher r*

coefficient values at most GC speeds as compared to mono-articular actuators alone.

6.5  Control of the Leg Orthosis W/S: Attributes in Implementing Antagonistic

Mono-Articular with an Addition of Bi-Articular Actuators

In the previous study of AIRGAIT exoskeleton, the proportional directional control
valve was used to actuate the antagonistic mono-articular actuators and applied a
constant pressure to the bi-articular actuators. The operating condition for the valve
will regulate the air pressure between its two ports. Due to the limitation of this
mechanical system, they did not able to actuate the antagonistic mono and bi-
articular actuators in a co-contraction movement, but simply alternating it between
anterior and posterior actuators. The resulting performance was rather poor.
However, in this research, one regulator for each actuator is used to replace the
previous control system, which makes it possible to control the antagonistic muscle
actuators in a co-contraction movement. When implementing the formed equations,
it shows that the position of PMAs to the joints () and initial length (/,) does not
affect the muscle contraction pattern of the antagonistic mono- and bi-articular
actuators. The study shows that the muscle contraction pattern of posterior and
anterior PMAs follows the pattern of the positional data itself but only differs in gain
value based on the posterior and anterior muscle activation levels (f and a).

The focus of this fifth assessment is to evaluate the actuators' limitation when
operating the leg orthosis W/S using the mono-articular actuators alone, and with
addition of bi-articular actuators. It was conducted to determine the maximum GC
speed the leg orthosis will be able to operate when using mono-articular actuators
alone and the advantages to be gained with the inclusion of bi-articular actuators.
Two tests were conducted; the first using the mono-articular actuators only (i.e., hip
and knee joints) tested W/S; and the second with the addition of bi-articular actuators

tested W/S. These tests were evaluated at five GC speeds of 5 seconds, 4 seconds, 3
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seconds, 2 seconds, and 1 second in increasing GC speed order as to consistently

raise the stakes of the evaluation.
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tests with W/S using mono-articular alone and with addition of bi-articular actuators.

Figure 55 and 56 show the results for the hip and knee joint angles control on
different gait cycles for the tests using mono-articular actuators alone, and with the
addition of bi-articular actuators. For the gait cycle time of 5 seconds, 4 seconds, and
3 seconds, both control tests are conducted on a healthy test subject, (W/S). The gait
training system was able to perform good motion without much time delay and was
able to follow the hip and knee angle patterns by using the developed contraction
model. However, by implementing the mono-articular actuators alone, the system
was not able to perform a smooth motion at the hip joint and heel contact positions
(knee joint) due to lack of actuation power and inertia. To resolve the lack of
actuation power from the mono-articular actuators, greater force from a PMA can be
obtained by increasing its diameter size. However, this will affects its compressibility

which is reduced with the increment of the PMA diameter size due to the McKibben
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muscle actuator’s limitation. On the contrary, with the addition of bi-articular
actuators to the system, we were able to get a smooth motion at the hip joint and heel
contact positions as well as achieving maximum muscle moment (flexion and
extension) at hip and knee joints. By implementing these bi-articular actuators into
the system, we managed to improve the lack of actuation power at the hip joint, and
solving the problems caused by inertia. This result shows that the introduction of bi-
articular PMA into a mono-articular PMA model was able to give good control
performance and smooth motion at the hip and knee joints respectively. The
contraction model which enables the antagonistic mono-articular and bi-articular
actuators to move in a co-contraction movement in the control system also plays a
major role in ensuring the precise motion at the hip and knee joints.

Based on the result, it shows that the lapse at the hip joint for the test using
mono-articular actuators is around +5°. This requires a bigger diameter antagonistic
mono-articular PMA at the hip joint for better results. However, by implementing bi-
articular actuators into the mono-articular actuators model, maximum muscle flexion
and extension required at the hip joint were achieved with a lapse of +1° up to 3s gait
cycle. Furthermore, when the controller is tested for faster gait cycle of 2s and 1s, the
mono-articular actuators alone were not able to withstand the external force
generated from the AIRGAIT’s inertia, and caused the PMA to break loose from the
clamp before the 3 second mark. With the addition of bi-articular actuators, the
system was able to distribute the external force generated from the inertia effect
equally to the mono- and bi-articular actuators which enables the system to operate at
a much faster gait cycle up to 1 second. However, it is at the cost of little time delay

and extended movement of the hip and knee joints’ excursion due to inertia.

6.6  Control of the Leg Orthosis WO/S: Evaluation on Designed Controllers using

Derived Co-Contraction Model Control Scheme

The focus in this sixth assessment is on the evaluation of the designed controllers
using derived co-contraction model control scheme. It was conducted to determine
the limitations of the position (P) based control when acting on its own, and the
superiority of the combined position-pressure (PP) based controls. Two experiments

were conducted. In the first, the co-contraction model based P controller scheme was
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tested WO/S, and in the second, the co-contraction model based PP controller
scheme was tested WO/S. Both tests were performed with the presence of mono- and
bi-articular actuators and evaluated at different GC speeds of 4 seconds, 3 seconds, 2
seconds, and 1 second. Five trials were performed for each GC speed, and each trial
consisted of five cycles including the initial cycle position. Thus, a total of 25 GCs
were obtained for each GC speed. The average GC for each GC speed was then
determined and illustrated in a graph.

Figure 57 shows the trajectory evaluation of the joints of the leg orthosis
controls between two designed control schemes (i.e. P control based co-contraction
model and PP controls based co-contraction model) tested WO/S. From the results, it
is evident that both designed controller schemes were able to wholly achieve the gait
motion smoothly up to a GC speed of 2 seconds. However, failure to perform a
complete gait motion was experienced at a higher GC speed of 1 second. These
results reveal that PMA muscle activities (i.e., contraction, expansion, and response
time) were curtailed at a GC speed above 2 seconds as the time allocated for
completing the GC was drastically reduced. However, the results illustrate that the
time response of the PMA muscle activity was much better with the implementation
of the PP controller scheme compared to only the P controller scheme. Furthermore,
the PP controller scheme was able to maintain the maximum angle extension
achieved at the posterior side of the hip joint trajectory for all GC speeds compared
to the P controller scheme (reduced with increase in GC speed) as can be seen in
Figure 57 (a) of hip joint trajectories. PMA controls were insufficient with the P
controller scheme alone as the dynamic characteristics of PMA include pressure
activity. Table 13 shows the Pearson coefficient of determination (rz) for the second
assessment where the control tests for P and PP controllers of leg orthosis with
mono- and bi-articular actuators WO/S were evaluated. The result shows that the
addition of the pressure controller (PP) produces much higher 1* coefficient values at
all GC speeds as compared to position controller alone (P).

Through the introduction of a co-contraction model based PP controller
scheme with modified design architecture, the maximum angle extension and time
response of the system were improved at most GC speeds. This indicates that the
addition of the pressure controller was able to improve the response time of the
system as the pressure increased exponentially with the contraction of PMA

consequently increasing the speed of PMA muscle activity during contraction mode.
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Based on the results, the trajectory of the joints was slightly coarse at slower GC
speeds (i.e. 4 seconds, and 3 seconds) as unlike the extension of the joint, the leg
orthosis goes against the gravitational effect during the flexion of the hip joint.
However, this effect was reduced with an increase in GC speed at the cost of
insignificant angle extension. Conversely, only slight effects were detected in the
knee trajectory for both controller schemes as the high muscle moment was larger at
the hip joint compared to the knee joint.

When implementing the PP controller scheme, the maximum angle extension
at the posterior side of the knee joint trajectory was slightly reduced with the
improvement in PMA muscle activity response time. This is due to the maximum
contraction achievable by each PMA (30% of its original length) which results in a
limitation of orthosis movements. The speed of PMA muscle activity will reduce
considerably with the approach of its maximum contraction. This affects the
trajectory performance of the joints especially at the posterior side of the knee joint

which requires a larger angle extension (63 degree).
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TABLE 13 Pearson coefficient of determination (r*) for co-contraction model based P and PP controllers.
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6.7  Control of the leg Orthosis W/S: Evaluation on Designed Controllers using
Derived Co-Contraction Model Control Scheme

The focus in this seventh assessment is on the evaluation of the co-contraction model
based P and PP controller schemes at the end point (EP) of the leg orthosis. It was
conducted to determine the reliability of the designed controller schemes when
implemented on leg orthosis and tested both WO/S and W/S. Two tests were
conducted. The first involved leg orthosis controls WO/S and the second, leg orthosis
W/S. Both tests were performed with the presence of mono- and bi-articular
actuators. Similar to previous assessments, the design controller scheme was
evaluated at four GC speeds of 4 seconds, 3 seconds, 2 seconds, and 1 second. The
normal GC speed of 1.25 seconds was not as necessary in the early stages of the gait
rehabilitation therapy as it might not be able to furnish adequate afferent input to
stimulate locomotor centres. However, during the later stages of rehabilitation
therapy, gait training at the normal GC speed might be required. From the viewpoint
of control architects, it is important to determine the system’s maximum operating
GC speed for the performance evaluation. Where, the limitation of the proposed
control system could be analysed. A total of 25 GCs for each GC speed was
collected, and the average GC was represented in a graph.

Figure 58 and 63 display the EP trajectories evaluation of the leg orthosis
controls. This evaluation was carried out using the co-contraction model based P and
PP controller scheme for tests WO/S and W/S. Figure 59 - 62 shows the gait
velocities of each GC speeds for test WO/S. The results revealed that both designed
controller schemes were able achieve a good EP trajectory for all GC speeds of 4
seconds, 3 seconds, 2 seconds, and 1 second. Although the performance level dipped
at a slower GC speed due to the inertia, good gait motion was displayed especially
during the stance phase of GC for both tests up to GC speed of 1 second. The coarse
movement during the swing phase might be due to the increased load supported by
the mono- and bi-articular actuators which forced the actuators into contraction mode
to sustain the load much longer at a slower GC speed. This created an unbalanced
state which disturbed the pressure activity of the antagonistic muscle actuators. Since
the time allocated for completing one cycle was reduced with increases in GC speed,
the posterior mono- and bi-articular actuators that contracted were unable to receive

the control information fast enough to initiate the swing phase at the knee joint. This
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reduced the response time at the mid-swing phase (60 ~ 80% GC) due to the slowing

down of PMA muscle activity as it approached maximum contraction.
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model based P and PP controllers.



(2)

(c)

Page | 137

(b)

(d)
Figure 59 Gait velocity of the hip joint for the Position (P) control tests WOS at different GC speeds of 4, 3, 2, and 1 second.
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(2) (b)

(©) (d)
Figure 60 Gait velocity of the knee joint for the Position (P) control tests WOS at different GC speeds of 4, 3, 2, and 1 second.
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(2) (b)

(©) (d)
Figure 61 Gait velocity of the hip joint for the Position-Pressure (PP) control tests WOS at different GC speeds of 4, 3, 2, and 1 second.



140 |Page

(2) (b)

(©) (d)
Figure 62 Gait velocity of the knee joint for the Position-Pressure (PP) control tests WOS at different GC speeds of 4, 3, 2, and 1 second.
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In addition, to increase the response time of the design controller scheme at
faster GC speeds, especially during the maximum angle extension of the knee joint,
the constraints related to the actuator need to be reduced. These constraints include
the inability of the system’s operating pressure to withstand more than 5 [bars] of
maximum load. The gravitational effect also affected the gait motion performance at
the hip joint during the muscle flexion (0 ~ 50% GC) as the anterior mono-articular
actuators and anterior bi-articular actuators were working against gravity during the
leg expansion. This “leg expansion” is the gait motion from the heel strike stance up
to toe off stance. It is an observed fact that the performance of the PMA controls
faltered in the face of the gravitational effect. Therefore, it might be practical to
lower the muscle activation level of the actuators in expansion mode so as to reduce
the gravitational effect on the orthosis. Additionally, the effect can also be reduced
by increasing the PMA muscle activity and the GC speed.

To determine the performance of the design controller schemes for both
WO/S and W/S tests, the evaluation will be based on the effective work and the
inertia produced by the EP trajectory of the leg orthosis controls. Figure 64 shows the
effective work and inertia for the control of leg orthosis for both WO/S and W/S tests
using co-contraction model based P and PP controllers. It is illustrated using mean
value and standard deviation. Based on the researches carried out by Sai K. Banala et
al., to quantitatively determine the amount of adaptation, they implement a measure
called “footpath deviation area”. This area is the geometric area included between the
swing phases of given foot trajectory and prescribed trajectory. The amount of area is
the deviation of given trajectory from prescribed trajectory in the template [17 - 18].
By using the same principle, the effective work is defined as the area covered by the
EP trajectory within the reference trajectory (inside area), while inertia is defined as
the area covered by the EP trajectory outside the reference trajectory (outside area).
These data (i.e. effective work and inertia) was measured as ratio of the covered area
with the total reference trajectory area. It is inevitable that the inertia will eventually
occurs as we tried to increase the GC speed from 4s GC (0.35m/s) up to 1s GC
(1.40m/s), in which similar patterns can also be observed in [17]. Therefore, the over
60% of effective work performance was then considered as the minimum
requirement to determine whether the leg orthosis was able or not to follow the
reference foot trajectory. However, the total work done by the orthosis is defined as

the sum of the effective work and inertia.
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For the tests WO/S, both controller schemes produced nearly comparable
effective work at the evaluated GC speeds of 4 seconds, 3 seconds, 2 seconds, and 1
second with 60% up to 89% of the ideal value. This effective work was reduced with
the increases in the GC speed as the maximum knee angle extension achieved was
reduced. However, with over 60% effective work achieved at all GC speeds; both
designed controller schemes can be presumed to work properly. On the other hand,
the inertia was also occurred as the EP trajectory deviated outward from the
reference trajectory. This inertia will always present at every GC speeds due to the
deviation. However, this inertia magnitude will varies with the increase of GC speed.
Based on Figure 64 (a), it can be seen that the co-contraction model based P
controller was generating much higher inertia during the controls of leg orthosis with
-13% up to -54% inertia as compared to -11% up to -43% inertia using co-
contraction model based PP controller at all GC speeds. With these data, the leg
orthosis was then tested W/S to determine the reliability of the designed P and PP
controllers using co-contraction model control scheme.

For the tests W/S, both controller schemes also produced nearly comparable
effective work at the evaluated GC speeds of 4 seconds, 3 seconds, 2 seconds, and 1
second with 63% up to 85% of the ideal value as can be seen in Figure 64 (b).
Moreover, this effective work was maintained with over 60% effective work
achieved at all GC speed when compared to the test WO/S. On the other hand, based
on the generated inertia evaluation; the inertia produced when using the co-
contraction model based P controller was increasing with the increase of the GC
speed, especially at the faster GC speeds of 2 seconds and 1 second. This indicates
that the P controller alone was not enough to control the EP trajectory of the leg
orthosis in the presence of inertia effect. However, when using the co-contraction
model based PP controller, it was able to maintain the inertia produced at all
evaluated GC speeds when tested both WO/S and W/S as illustrated in Figure 64 (a)
and 64 (b). The generated inertia was around -13% up to -45% inertia (almost similar
to the test WO/S with -11% up to -43% inertia) as compared to -15% up to -79%
inertia when using P based controller scheme. This concludes that the PP controller
scheme was able to correspond to the inertia effect, and thus give a more stable EP
trajectory of the leg orthosis at the evaluated GC speeds. In addition, the
implementation of the co-contraction model also improved the balance control of the

leg orthosis between the antagonistic mono- and bi-articular actuators.
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FIGURE 64 Effective works and inertia for the control of leg orthosis for both WO/S

and W/S tests using co-contraction model based P and PP controllers.
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6.8  Control of the Leg Orthosis WO/S: Evaluation on Antagonistic Bi-Articular
Actuators Reliability Without the Presence of Knee Joint’s Antagonistic Mono-

Articular Actuators

The focus in this eighth assessment is on the evaluation of the improved AIRGAIT
exoskeleton’s leg orthosis using the L-shaped bar to replace the parallel bar at the
knee joint. The test control system used was the design PP controller scheme based
con-contraction model. It was conducted to determine the reliability of co-
contraction model control scheme to manipulate the leg orthosis by using the bi-
articular actuators without the presence of the knee joint’s antagonistic mono-
articular actuators to manipulate the leg orthosis and tested WO/S. This test was also
performed to reduce the numbers of operating actuators. Only four actuators will be
used in this experiment; where the antagonistic mono-articular actuators for knee
joint were emitted from the leg orthosis to increase the evaluation on the bi-articular
actuators. The new design orthosis was purposely designed as to increase the
accuracy of the leg orthosis movements at the knee joint without the presence of the
mono articular actuators as shown in Figure 65. The leg orthosis was evaluated at
four GC speeds of 0.28m/s, 0.35m/s, 0.47m/s, and 0.70m/s. A total of 25 GCs for
each GC speed was collected. Then, an average GC was measured and compared
with the previous design leg orthosis controls at different GC speeds.

Figure 66 shows the hip and knee joint trajectories for the leg orthosis
controls tested WO/S using developed PP controller scheme based co-contraction
model. The results explained that during the test WO/S, the controls of antagonistic
mono-articular actuators for hip joint and bi-articular actuators were able to
demonstrate a good gait motion at all evaluated GC speeds at both hip and knee
joints even when the mono-articular actuators for knee joint was emitted. This
proved that, the co-contractively control of the antagonistic actuators using the
designed controller scheme, was a noble ways of controlling the antagonistic bi-
articular actuators. Moreover, the knee joint angle extension was also improved when
compared to the previous design leg orthosis which unable to reach the maximum
excursion of 63° during the middle swing motion. Figure 67 shows the end point foot
trajectory for the previous and improved design leg orthosis WO/S using co-
contraction model based PP controller. Based on this result, it shows that the

introduction of the improved design leg orthosis which implemented only mono-
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articular actuators for hip joint and bi-articular actuators was able to improve the
footpath area covered during the stance and swing phases of the gait motion at all
evaluated GC speeds. The effective work done by the leg orthosis was improved with
over 80% of the ideal values as compared to over 60% of effective work from the
previous orthosis system. However, there is still an amount of inertia that occurred
due to the increases in operating GC speed. This could be improved with the
improvement in the designed controller scheme either by introducing inertia model
or moment model into the control system.

Table 14 shows the Pearson coefficient of determination (r*) evaluation
between the hip and knee joint trajectories for the leg orthosis controls at different
GC speeds. The results showed that the 1* coefficient values at most of the GC
speeds were above 89% for both hip and knee joints angle. This is could be
explained because of the smooth motion produced at the knee joint reduces the
unnecessary movements generated by the antagonistic bi-articular actuators. The
design improvement also increased the accuracy of the antagonistic bi-articular
actuators’ movement, and then enabled the knee joint's trajectory to be managed by
antagonistic bi-articular actuators alone. This result might indicated that the
redundancy of the actuation system could also be resolved if the controls of the
AIRGAIT exoskeleton’s leg orthosis can be managed using only by these four
antagonistic actuators. The key to realize this would be the accurate control strategy

of the antagonistic bi-articular actuators.

Figure 65 Leg orthosis with L-shaped bar at knee joint
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TABLE 14 Pearson coefficient of determination (1) values for the improved leg orthosis at hip and knee joints.
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6.9  Control of the Leg Orthosis WO/S: Evaluation on the Internal Pressure and

Resultant Torque Generated from the Antagonistic Actuators

The focus in this assessment is on the evaluation of the internal pressure and
resultant torque generated from the antagonistic mono-articular actuators for hip joint
and bi-articular actuators. It was conducted to determine the functionality and
reliability of the designed co-contraction model controller scheme’s strategy in
realizing the simultaneous movement of the antagonistic actuators in co-contractively
movements. The antagonistic mono- and bi-articular actuators should be able to
support each other during the control of the leg orthosis. The tests were evaluated at
four different GC speeds of 0.28m/s, 0.35m/s, 0.47m/s, and 0.70m/s.

Figure 68 and 69 show the distributed internal pressures from the antagonistic
mono- and bi-actuators at different GC speeds for tests WO/S. Figure 68 (a) and 68
(b) illustrate the internal pressure of the mono-articular actuators (i.e., anterior and
posterior) for the hip joint. Figure 69 (a) and 69 (b) illustrate the internal pressure of
the bi-articular actuators (i.e., anterior and posterior). Based on the results, it showed
that the internal pressure of the antagonistic actuators were consistent at the slower
GC speed of 0.28m/s and 0.35m/s. This shows that the antagonistic mono- and bi-
articular actuators were operating at a normal situation where there is no sign of
antagonistic actuators’ irregular movements occurred during the gait motion.
However, at the faster GC speed of 0.47m/s and 0.70m/s, it seems that the
antagonistic bi-articular actuators were unable to achieve maximum operating
pressure due to its slower contraction as it reaching maximum which can be see
Figures 69 (a) and 69 (b). These antagonistic bi-articular actuators were then
supported by the mono-articular actuators; where the sudden increased in its internal
pressure can be observed in Figures 68 (a) and 68 (b).

Figure 70 shows the resultant torque generated from the antagonistic mono-
and bi-articular actuators at different GC speeds for tests WO/S. Based on the result,
it showed that the antagonistic bi-articular actuators were able to generate a strong
moment arm at the joint when compared to those generated from the antagonistic
mono-articular actuators. Therefore, it is important to introduce the antagonistic bi-
articular actuators as its play a major role in achieving sufficient moment arm at the

hip and knee joints. In addition, it also can be concluded that the antagonistic mono-
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and bi-articular actuators were able to support each other when implementing the

designed co-contraction model control scheme and strategy.

(a)

(b)
Figure 68 Internal pressures for antagonistic mono-articular actuators (hip joint) at

different GC speeds
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(a)

(b)
Figure 69 Internal pressures for the antagonistic mono-articular actuators (hip joint)

at different GC speeds
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6.10  Control of the Leg Orthosis WO/S: Evaluation between the Conventional PID

and Co-Contraction Model Control Scheme’s Controllers

The focus in this tenth assessment is on the evaluation of the proposed co-contraction
controls with the conventional PID controls. Two tests were carried out; the first test
is with mono-articular actuators, and the second test is with addition of bi-articular
actuators. The actuators were arranged antagonistically (i.e., anterior and posterior)
and simultaneously drive the leg orthosis. Six different control schemes based on
conventional PID and co-contraction controls were tested at gait cycle (GC) speed of
0.28m/s for five cycles including the initial position cycle. The ideal joint trajectories
(i.e., hip and knee angles) used for the leg orthosis control were obtained from
Winter (2009) and verified throughout experimental setup. The result is then
evaluated based on mean value of the Pearson coefficient of determination (r*) for
the hip and knee joint excursions.

The control system for this research delves into two parts; the first part
employs the use of proportional directional control valve to enable the
implementation of conventional PID controls of the antagonistic actuators; and, the
second part employ the use of one regulator for each actuator to enable the
implementation of co-contraction controls of the antagonistic actuators using derived
mathematical model. Derivation of the co-contraction model has been recorded
earlier and can be referred to [108]. The PID parameters were tuned using heuristic
method. Real time control system was realized by using the MATLAB Simulink and
xPC Target toolbox. The rotary potentiometer and compact pressure sensor were
used to measure the required joint trajectories from the AIRGAIT exoskeleton’s leg
orthosis for the execution of closed loop control system. Figure 71 shows a simple
schematic diagram for the control schemes.

Based on the review suggestions, control system evaluation is performed on
the leg orthosis of the developed body weight support gait training system known as
AIRGAIT. The design and evaluation of the AIRGAIT orthosis system have been
recorded earlier and can be referred to [110]. Both control systems were first
performed with only mono-articular actuators driven the leg orthosis. However, only
the co-contraction controls were further tested with both mono- and bi-articular
actuators. This is because the control of bi-articular actuators requires an additional

model for generating its input patterns. Figure 72 and 73 show the hip and knee joint
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excursions of the leg orthosis control for all evaluated control schemes. The result
shows that by implementing conventional PID alone, it was not enough to achieve
good joint trajectories either with pressure control or both pressure-position controls.
The outcome was rather poor due to the insufficient joint stiffness and stability.
However, it could be seen that with the implementation of additional model (co-
contraction model) which enable the antagonistic actuators to be controlled co-
contractively resulted in a much better gait trajectories. This could be explained due
to the outcome of the co-contraction controls, with both anterior and posterior
pneumatic muscles co-contractively contract and expands, it will resulted to an
increase in the joint’s stiffness and stability of the leg orthosis. In addition, by
introducing this control scheme and strategy, the gravitational and hysteresis effects

could also be reduced.

(2)

(b)
Figure 71 Simple schematic diagrams for pressure and position-pressure controls

using conventional PID and co-contraction model
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TABLE 15 Correlation coefficient (CC) and Pearson coefficient of determination (r*) values for all evaluated control schemes.
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The performance evaluation of the tested control schemes based on
conventional PID and co-contraction controls were properly evaluated using the
Pearson coefficient of determination as can be seen in Table 15. The table shows that
mean 1° value for pressure and pressure-position controls based on conventional PID
were less than 0.5 (50%) which is rather low compared to the pressure control based
on co-contraction model control scheme with mean r* value of 0.84 (84%). This
shows that the co-contraction controls was able to precisely maneuver the joints
orthosis according to the desired trajectories. Then, the gait motion was improved
with the addition of bi-articular actuators, where the mean > value indicated a
measure of 0.859 (85.9%). This is because the bi-articular actuators were able to
improvise the balance control of the leg orthosis and ability to produce maximum
output force in a much more homogenously distributed ways. Subsequently, the joint
excursions were much better using the position and pressure-position based on co-
contraction controls with high mean 1 values of 0.974 (97.4%) and 0.986 (98.6%)
compared to the pressure control. This is because the designed pressure control only
manages the pressure data based on the input patterns generated by co-contraction
model. However, the addition of position control was controlling the muscle
activation levels of the co-contraction model itself, which enables much precise co-
contraction data to be generated. It is realized that the controls of the pressure and
position based co-contraction controls was able to produce much better joint’s

stiftness and stability of the AIRGAIT exoskeleton’s leg orthosis.

6.11  Human Muscle Activation Based on Electromyography (EMG) Signals

In this section the results of the EMG signal of the human muscle (i.e., rectus femoris
(RF), bicep femoris (BF), soleus (SOL), medial gastrocnemius (MGAS), and tibialis
anterior (TA)) were shown to analyze the contraction pattern of the human
antagonistic muscles. It is strongly believed that the human antagonistic muscles
activate simultaneously, when one muscle (i.e., anterior or posterior) is in contraction
the other muscle (i.e., posterior or anterior) will be in expansion and vise versa. We
define this as muscle co-contraction or muscle synergy. Muscle co-contraction refers
to when any movement occurs which involved two sets of muscles working around

joint. Normally, the muscles on one side of the joint must relax so that the muscles
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on the other side can contract. However, in co-contraction is defined as both sets of
muscles contract. Additionally, we also defined the co-contraction as both muscles
were simultaneously contract. When the muscles on one side of the joint are in
contraction, the opposite muscles will not be in completely relaxed. However, they
are still in contraction but less than the opposite muscles. The muscle synergy refers
to the interaction of two or more sets of muscles to produce a combined effect greater
than the sum of their separate effects.

Three tests were conducted; the first is normal walking on the treadmill, the
second is normal walking on the treadmill with attached orthosis, and the third is
normal walking on the treadmill with assisted orthosis. Figure 74 and 75 shows the
results of the EMG signals of the normal walking on the treadmill without orthosis
and with attached orthosis. The EMG signal activities were much higher when we
applied some load to the subject (with attached orthosis). With this, the patterns of
the human muscle activities could be explained better. Based on the EMG signals of
the without and with attached orthosis, it could be seen that the human antagonistic
muscles were in co-contractively like movements. When the muscles on one side of
the joint were active, the other side of muscle is not completely inactive. However, it
could be seen that there is still some activity involved by the other muscles. This
indicates the co-contraction movements applied by the human muscles to manipulate
the joints. Figure 76 shows the EMG signals of the normal waking on the treadmill
with an assistance of the orthosis using the co-contraction model control scheme. The
result shows that, we were able to apply the antagonistic mono-and bi-articular
actuators a co-contractively movements and drive the leg orthosis. Then, activate the

human antagonistic muscles accordingly.
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Figure 74 EMG signals of the normal walking on the treadmill.
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Figure 75 EMG signals of the normal walking on the treadmill with attached orthosis.
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6.12  Couple control model: Sine Signal and Real Trajectory Tests

In this final assessment, the validations test results of the orthosis controlled by the
proposed model were shown. We give, as first test, a sinusoidal trajectory to both
angles and varying its frequency. For the hip joint, the sine trajectory has a mean
value and amplitude respectively equal to 1.57 and 0.4 rad. Instead, the sine wave,
sent to the knee joint, has amplitude and a mean value both equal to 0.4 rad. In
Figure 77 and 78 are shown the four cases that can be distinguish by the different
frequencies of the sine wave that vary from 0.05 to 1 Hz. Particularly here we show
the cases of 0.05, 0.1, 0.5 and 1 Hz that corresponds to periods of 20, 10, 2 and 1
second. It is also noticed that, in the worst case of a frequency of 1 Hz the system
presents a delay but continues to follow almost well the sine wave, with respect to
the minimum and maximum values. Moreover, the frequency of 1 Hz corresponds a
walking speed of 1.40 m/s that is the speed of a healthy person [133]. Instead, for a
person that needs of rehabilitation we can consider a speed less or equal to 0.7 m/s at
which corresponds a frequency of 0.5 Hz.

Figure 79 (a) and 79 (b) show the control tests with a subject at frequencies of
0.5 Hz and 1 Hz to determine the reliability of the designed control system. The
results show no significant differences for the tests without and with a subject.
However, the maximum angle extension achieved at the hip joint was reduced. This
suggested for the implementation of closed loop control system. Another important
test is made by sending squared signals to both joints. The parameters of the squared
trajectories, in terms of mean value and amplitude, are the same of those sinusoidal.
Here we just show the case of 0.5 Hz. The main scope of stressing the system with a
squared wave is to see the response speed. We show this test in Figure 80, and it can
be noticed that the system is very quick to follow the squared trajectory. Particularly
the mean time, considering both the loading and unloading parts, to reach the
references is equal to 0.1 second. The last validation test is conducted by recording
the hip and knee angles for a random walk and uses them as input for the system. By
varying the time between the samples we can set easily the cycle speed. Here we
show the worst case with a time period of 2 seconds. We can see, from Figure 81 that
the input signals were well followed according to the previous validation tests. The
angles showed in Figure 81 are used in Figure 82 in order to verify if the system is

able to follow a specific path with the end effectors, in our case the ankle. We find
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the position of the ankle just using the equations of the double pendulum, giving the
angles of the random walk. We can see in the Figure 82 that the ankle position path is
well followed compared to the reference trajectory.

2~

s
18]
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Joint Angles [rad]

(b)

FIGURE 77 Sine trajectories test without a subject (WO/S) for different frequencies

(a) 0.05 Hz, and (b) 0.1 Hz. The red dashed line is the input signal and the blue

continuous line is the measured angles assumed by the orthosis.
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FIGURE 78 Sine trajectories test without a subject (WO/S) for different frequencies
(a) 0.5 Hz, and (b) 1.0 Hz. The red dashed line is the input signal and the blue

continuous line is the measured angles assumed by the orthosis.
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FIGURE 79 Sine trajectories test with a subject (W/S) for different frequencies (a) 0.5
Hz, and (b) 1.0 Hz. The red dashed line is the input signal and the blue continuous

line is the measured angles assumed by the orthosis.
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FIGURE 80 Squared trajectory tests with a frequency of 0.5 Hz. The red dashed line is

the input signal and the blue continuous line is the measured angles assumed by the

orthosis.
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FIGURE 81 Real trajectories for the hip and knee angles for a random walk. The red

dashed line is the input signal and the blue continuous line is the measured angles

assumed by the orthosis.
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FIGURE 82 Ankle position paths for a random walk. The red dashed line is the input

signal and the blue continuous line is the real position assumed by the orthosis.

In this research we continue the improvement of the control system for our
AIRGAIT exoskeleton's leg orthosis. We introduce, with respect to the previous
works, the effect of the dynamic components of the system by computing the couples
of the joints with the use of the Newton-Euler equations. Moreover, we conducted
different validation tests using sine, squared and true random walk trajectories. We
show that for the specific purposes for what the orthosis is designed, the PMAs and
the proposed control model catch the aim of our work. To the best of our knowledge
we are the first on applying the computed-torque method on the control of a two
degree of freedom orthosis actuated by PMAs. We show also that, even there is no
managing on the feedback; the proposed model has the advantage to able the system

to follow a given trajectory in a quick and best way.
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CHAPTER 7

CONCLUSIONS AND RECOMMENDATIONS

Throughout the literature reviews (i.e., journals and conference papers) on existing
research studies of the rehabilitation orthosis systems, the evaluation and comparison
of the developed lower-limb rehabilitation orthosis using pneumatic muscle type of
actuators including its control algorithms and strategies intended to provide stiffness
and stability during the control system were thoroughly reviewed. Even though a
considerable amount of work has now been employed, it could be said that the field
is still rapidly evolving. Based on the review findings, it is understood that the issues
of which are the most effective control algorithms is still wide open. However, the
randomized controlled trials are still necessary for identifying the suitable control
algorithms even though it is expensive and time-consuming. In conclusion, a few
remarks were suggested for the future research of pneumatic muscle actuated gait
trainers system; the first is, the pneumatic muscles arrangement for actuating the
lower-limb orthosis should be antagonistically (i.e., agonist and antagonist); the
second is, the co-contractive movement of the antagonistic pneumatic muscles can
provide a good stiffness and stability for the leg orthosis system; the third is, a model
paradigm is essential to generate adequate co-contractive input data for manipulating
the antagonistic muscle actuators; and finally, the develop model should be manage
by controllers to deal with the presence of dynamic properties and nonlinearity
behavior of the system.

This research introduces the designed controller scheme and strategy to
optimize the control of bi-articular actuators in co-contractive movements with the

presence of mono-articular actuators. The approach strategy for this designed
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controller scheme is the derivation of a co-contraction model which facilitates the
implementation of position and pressure based controllers. The proposed co-
contraction model based P and PP controller scheme correlates information on the
joints with the dynamic characteristics (i.e., contraction and pressure) of the PMA.
Input patterns are then generated for the antagonistic mono- and bi-articular actuators
compared to the other control algorithms for PMA that predict or measure the
required torque for the joints.

Generally, three tests were performed on the AIRGAIT exoskeleton’s leg
orthosis with the first using antagonistic mono-articular actuators alone tested WO/S;
the second with the addition of antagonistic bi-articular actuators tested WO/S; and
the third with the addition of antagonistic bi-articular actuators tested W/S. Total of
tenth assessments were evaluated to determine the performance of the proposed co-
contraction model control scheme.

The first assessment concluded that by implementing the conventional PID
based control scheme, the control of the leg orthosis due to the nonlinearity
behaviors of the antagonistic mono- and bi-articular actuators using pneumatic
muscle could not be solved. This will be required for the implementation of a
suitable control system to deal with the dynamic characteristics of the pneumatic
muscle. In addition, a better control strategy will also be needed in controlling the
antagonistic actuators (i.e., anterior and posterior) precisely and simultaneously.
Therefore the co-contraction model control scheme was proposed.

In the second assessment, the implementation of the simulated co-contraction
model control scheme was evaluated. The results showed the performance of leg
orthosis controls based on simulated co-contraction model was far exceeded the
performance of leg orthosis controls using conventional PID. This could be
concluded that, the execution of co-contraction control scheme and strategy was
effective in handling the nonlinearity of the system.

The third assessment concluded that by introducing the muscle activation
level parameters (B and o) into the designed co-contraction model control scheme, a
much precise control system could be achieved. This muscle activation levels were
able to manipulate the contraction patterns of the antagonistic actuators before the
pressure patterns were determined. This shows that, the manipulation of the co-
contraction model plays a significant role in the control strategy implementation for

the designed controller schemes.
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The fourth assessment summarized that the addition of bi-articular actuators
improved the joint stiffness of both the hip and knee. In addition, the bi-articular
actuators also stabilized the coarse movements created by the mono-articular
actuators during flexion of the joints and improved the maximum angle extension
achieved at the knee joint.

The limitation of implementing antagonistic mono-articular actuators alone to
control the leg orthosis was evaluated in the fifth assessment. The result showed that,
it was able to withstand up until GC speed of 3 seconds when tested W/S. However,
when the controller is tested at a much faster gait cycle of 2s and 1s, the mono-
articular actuators alone were not able to withstand the external force generated from
the AIRGAIT’s inertia, and caused the pneumatic muscle to break loose from the
clamp. With the addition of bi-articular actuators, the system was able to distribute
the external force generated from the inertia effect equally to the mono- and bi-
articular actuators which enables the system to operate at a much faster GC speed up
to 1 second. This result concluded the importance and essence of the antagonistic bi-
articular actuators implementation.

The sixth assessment concluded that compared to using the position based
controller alone, the inclusion of the pressure based controller improved the response
time of PMA muscle activities due to the effects of contraction and expansion. The
designed controller scheme was able to achieve complete gait motion of leg orthosis
(i.e., hip and knee joints) until a GC speed of 2 seconds with a slight time shift of
approximately only 0.2 seconds.

The seventh assessment concluded that the co-contraction model based PP
controller schemes was able to achieve a good EP trajectory of the leg orthosis up
until GC speed of 1 second. The effective work achieved was over 60% of ideal
value at all GC speeds of 4 seconds, 3 seconds, 2 seconds, and 1 second. Moreover,
the generated inertia was also maintained at all GC speed. This concludes that the PP
controller scheme was able to correspond to the inertia effect and then optimize the
controls of leg orthosis. The modified control scheme will be introduced in the next
assessment to consider the gravitational effect on the antagonistic actuators as to
improve controls of the EP trajectory of the leg orthosis.

The eighth assessment concluded that by using the co-contraction model
control scheme, the leg orthosis could be manipulated precisely even without the

knee joint’s antagonistic mono-articular actuators. It emphasized on the control of
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antagonistic bi-articular actuators to efficiently maneuvers the hip and knee joint
excursions. This concluded the reliability of the design co-contraction model control
scheme and its strategy in handling both antagonistic mono- and bi-articular
actuators simultaneously and co-contractively.

The ninth assessment concluded that the antagonistic bi-articular actuators
were able to generate a strong moment arm at the joint when compared to those
generated from the antagonistic mono-articular actuators. It is important to introduce
the antagonistic bi-articular actuators as its play a major role in achieving sufficient
moment arm at the hip and knee joints. In addition, it also can be concluded that the
antagonistic mono- and bi-articular actuators were able to support each other when
implementing the designed co-contraction model control scheme and strategy.

The tenth assessment concluded that the pressure and position based co-
contraction model control scheme was able to produce much better joint’s stiffness
and stability of the AIRGAIT exoskeleton’s leg orthosis when compared to other
control schemes. The designed pressure control only able to manipulate the pressure
data based on the input patterns generated by co-contraction model. However, an
addition of position control enables the manipulation of the introduced muscle
activation levels. Thus, an adaptable co-contraction input data and control scheme
could be performed. This lead to a much precise leg orthosis controls.

The eleventh assessment concluded that human antagonistic muscles (i.e.,
agonist and antagonist muscles) exhibited muscle co-contraction movements in order
to move the joints. This was one of the main factors that which why decided to
propose the co-contraction model control scheme to control the antagonistic mono-
and bi-articular actuators of the AIRGAIT exoskeleton's leg orthosis. The result
shows that, we were able to apply the antagonistic mono-and bi-articular actuators
with a co-contractively movements and drive the leg orthosis. Then, activate the
human antagonistic muscles accordingly.

The last assessment concluded on the implementation of the couple control
model to drive the leg orthosis. The result shows that, the system is very quick to
follow the squared trajectory. Particularly the mean time, considering both the
loading and unloading parts, to reach the references is equal to 0.1 second. In
addition, the result also showed that it was able to operate up until frequency of 1 Hz
(1.40m/s) of the human normal walking speed. However, we choose to operate at

frequency of 0.5 Hz (0.70m/s), which is suitable for the rehabilitation training.
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Abstract: It is a general assumption that pneumatic muscle-type actuators will play an
important role in the development of an assistive rehabilitation robotics system. In the last
decade, the development of a pneumatic muscle actuated lower-limb leg orthosis has been
rather slow compared to other types of actuated leg orthoses that use AC motors, DC
motors, pneumatic cylinders, linear actuators, series elastic actuators (SEA) and brushless
servomotors. However, recent years have shown that the interest in this field has grown
exponentially, mainly due to the demand for a more compliant and interactive
human-robotics system. This paper presents a survey of existing lower-limb leg orthoses
for rehabilitation, which implement pneumatic muscle-type actuators, such as McKibben
artificial muscles, rubbertuators, air muscles, pneumatic artificial muscles (PAM) or
pneumatic muscle actuators (PMA). It reviews all the currently existing lower-limb
rehabilitation orthosis systems in terms of comparison and evaluation of the design, as well
as the control scheme and strategy, with the aim of clarifying the current and on-going
research in the lower-limb robotic rehabilitation field.

Keywords: pneumatic muscle-type actuators; co-contraction strategy of antagonistic actuators
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1. Introduction

The outcomes of rehabilitation therapy that implements body weight support treadmill training for
incomplete spinal cord injuries (SCIs) and stroke patients have been reported in several previous
studies since the 1990s. SCI involves damage to any component of the nerves or spinal cord located at
the end of the spinal canal, which is either complete or incomplete. However, it often causes
permanent changes in strength, sensation and other body functions below the site of the injury.
The symptoms vary widely, beginning with pain to paralysis and, then, to incontinence. The paralysis
may be identified as a weakness, which might occur with abnormal tone (e.g., spasticity or rigidity).
During the stance phase, leg instability (i.e., hyperextension or knee buckling) may result in unsafe
walking, pain and inefficient energy. Moreover, inadequate limb clearance, impaired balance, sensory
deficits and pain during the swing phase may contribute to falls, loss of balance and increased
nervousness associated with walking. Furthermore, the loss of motor control prevents a patient from
performing a precise movement in coordination with the timing and intensity of the muscle action.

Previously, a patient’s paralyzed legs were physically operated by two therapists in manual training.
In accordance with treadmill training therapy, based on the rules of spinal locomotion, research carried
out by Wernig et al. for the incomplete paralysation of paraplegic and tetraplegic patients confirmed
that the training was able to improve most of the patients’ walking capability [1,2]. The patients
involved in this training were provided with motor-driven treadmill training therapy, along with a body
weight support (BWS) and assisted limb movements by therapists, for daily upright walking training.
Based on the rehabilitation sessions, nearly 80% of patients with incomplete spinal cord injuries
(a total of 33 individuals) were capable of walking independently after the treadmill training, with
partial body weight support. However, this training procedure was physically difficult for therapists to
execute for long durations of time. Recently, robot-assisted therapy devices have become increasingly
used in SCI rehabilitation therapy. This assistive robot either compensates for the functionalities that a
patient does not have or tries to recover the impaired functionalities. Even though it may not be able to
fully compensate for impairments, or even provide a cure, it should be able to enhance or extend
certain impaired functions, consequentially increasing the quality of life, encouraging independent
living, as well as supporting the need for social interactions and communication. Depending on the
degree and location of the injury, the actual rehabilitation or treatment can vary widely. In many cases,
substantial rehabilitation and physical therapy are required for spinal cord injuries, particularly if the
patient’s injuries interfere with the activities of daily life.

Since SCI patients frequently have difficulties with daily functional movements and activities,
it is possible to decrease their loss of function through rehabilitation therapy during the critical stage.
This rehabilitation therapy engages carefully designed repetitive exercises, which are either passive or
active. In a passive exercise, the therapist or a robot will actively assist the patient with moving the
affected lower-limb repetitively, as prescribed. In an active exercise, the patients themselves will put
effort into moving their legs, with no physical assistance. With the contribution of therapists, assistive
robotic technology has had a significant ability to provide novel means for motivating, monitoring and
coaching. In addition, many lower-limb leg orthoses for rehabilitation have been developed to assist in
human locomotion training; they can be used for a long time and for varying degrees of spasticity or
paresis [1-14]. According to Dietz et al., who performed lower-limb-assisted gait training using a
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developed orthosis system with BWS and treadmill training on patients with incomplete SCI,
advocated that the afferent participation from the lower limb and hip joint movements are essential for
the activation of the central pattern generator for locomotion rehabilitation training in
SCI patients [3,4].

Consequently, the interest in this field has grown exponentially in recent years, mainly due to the
demand for a much more compliant and interactive human-robotics system. Therefore, this work will
appraise all of the current existing lower-limb rehabilitation orthoses, based on compliant actuator
systems, in terms of their evaluation, design, control scheme and strategy. They will then be compared
to each another, with the intent of clarifying current and on-going research in the lower-limb robotics
rehabilitation field.

2. Existing Lower-Limb Orthoses for Gait Rehabilitations and Evaluations

Numerous assistive orthosis systems for gait rehabilitation have been developed that delve into
several types of lower-limb rehabilitation, such as treadmill gait trainers, over-ground gait trainers,
stationary gait and ankle trainers, foot-plate-based gait trainers and active foot orthoses for the
neurologically impaired (including stroke and spinal cord injury (SCI) patients) [5-8]. These systems
implement very unique mechanical structures, designs, actuators, methods, control schemes and
rehabilitation strategies, as well as various procedures to ensure the reliability and robustness of the
systems when compared to others. The rapid development of rehabilitation robotics over the last
decade is working toward fully restoring or improving the mobility of affected limb functions and
helping patients achieve a better quality of life.

2.1. Motorized Lower-Limb Orthosis Systems for Rehabilitation

The driven gait orthosis (DGO), also known as LOKOMAT (Hocoma AG, Volketswill
Switzerland), is currently available on the market and has been extensively researched in many
rehabilitation centers as one of the best examples for a gait orthosis that can be used for lower-limb
disabilities [9-11]. This orthosis system is shown in Figure la. It consists of three main parts: body
weight support, treadmill and powered leg orthosis. A direct current (DC) motor, with helical gears,
was used for the actuation power of the system to precisely control the trajectory of the hip and knee
joints. Considerable control algorithms have been implemented in this system to improve its
performance, such as position, adaptability, impedance controllers, etc. To stimulate the locomotor
function of the spinal cord and to activate leg muscles that have lost the capacity to actuate voluntary
movement, it is important to provide adequate afferent input to the affected lower limb. It could be
anticipated that the afferent input produced using automatic-based training is at least as efficient as that
generated using manual training.

Figure 1b shows the treadmill gait trainer system, which incorporated an electromechanical gait
device with the treadmill/gait training, known as the LokoHelp (LokoHelp Group, Germany). The
LokoHelp used a different mechanical system compared to the LOKOMAT, which implemented a
powered leg orthosis. The foot-powered orthosis, known as “Pedago”, uses an electromechanical gait
device that was designed to provide a gait motion during the training session [12]. The control device
helps to move the patients’ foot trajectory with a fixed step length of 400 mm, in which the gait cycle
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(GC) speed can be varied from zero up to 5 km/h. Based on the research findings, it was proven that
walking ability could be improved by incorporating task-oriented gait training with mechanical gait
training devices or with treadmill training.

Figure 1. (a) LOKOMAT [10]; (b) LokoHelp (picture courtesy of LokoHelp group); and
(c) ReoAmbulator (picture courtesy of Motorika Ltd.).

() (b) (©

The ReoAmbulator robotic system (Motorika Ltd., Mount Laurel, NJ, USA), which is also known
as “AutoAmbulator”, is another example of existing treadmill gait trainers for lower-limb
rehabilitation therapy, as shown in Figure 1c. This system has been used in research centers and
medical hospitals for rehabilitation therapies and educational research studies [13,14]. This system also
implements a powered leg orthosis, “robotic arms”, which enables patients to contribute during the gait
motion, but also provides the remaining force necessary for walking. The robotic arms are attached to the
thigh and ankle of the patient’s leg before a stepping pattern is performed using the implemented control
scheme and strategy. In previous research on this system, it was concluded that robot-assisted gait
training was able to provide improvements in balance and gait that are comparable to conventional/
manual physical rehabilitation therapies.

Apart from the available commercialized rehabilitation orthosis systems, the growth of the
ReoAmbulator system has been rather immense with the development of different prototypes.
The development of LOPES increased researchers’ interest in developing a humanlike musculoskeletal
assistive orthosis system. This gait rehabilitation orthosis employs the Bowden-cable driven series of
elastic actuators (SEA), with the servomotors as the actuation system, to implement low weight (pure)
force sources at both the posterior and anterior sides of the leg orthosis, as illustrated in
Figure 2a [15,16]. It implemented impedance control (as opposed to admittance control), which is
based on a combination of position sensing with force actuation to operate the lower-limb leg orthosis.
The training effect of this orthosis was enhanced by emphasizing the implementation of an assist as
needed (AAN) control algorithm. This enabled an increment of the active voluntary participation of the
patients. Moreover, it is also possible to imply unhindered walking practice in the orthosis device,
where the required forces/torques for imposing a gait pattern are determine based on the
system’s evaluation.
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Figure 2. (a) LOPES [15]; (b) active leg exoskeleton (ALEX) [17]; and (c) NEUROBIke [20].

() (b)

In the following years, a robot-assisted gait training (RAGT) was developed with an active leg
exoskeleton (ALEX), also integrating the AAN rehabilitation strategy into the orthosis system.
Compared to other existing robotic training methods, this strategy allows the patient to actively
contribute during the retraining process of gait locomotion. This gait rehabilitation device is shown in
Figure 2b. It implemented the use of linear actuators to actuate the hip joint thigh device and knee joint
shank device of the leg orthosis [17,18]. It has been proven that an intensive gait retraining process has
great potential to significantly provide benefits for the patients, including chronic stroke survivors.
This can be achieved by effectively applying enough forces on the ankle of the subject through
actuators placed at the hip and knee joints of the exoskeleton’s leg orthosis, by means of a
force-field controller.

Later, a stationary gait and ankle trainer system was developed to provide neural-rehabilitative
treatments aimed at recovering walking abilities in post-stroke patients. This orthosis system employed
the use of brushless servomotors and pulleys to actively control the angular excursions of the gait
orthosis, known as the neural-rehabilitative platform for bedridden post-stroke patients (NEUROBIke) [19].
The prototype of this system is shown in Figure 2c. The passive and active exercises were emphasized
in this system by implementing the kinematic models of leg-joint angular excursions during both
“sit-to-stand” and “walking” in the control algorithms. To summarize, providing a number of exercises
at an early phase based on the intensity and the severity of the pathology is required by the
programmed therapy. In addition, customized treatment adapted by this system may facilitate patients
by increasing their flexibility in lower-limb control, which leads to significant improvements in motor
control performance during locomotion.

In addition, a robotic gait rehabilitation (RGR) trainer prototype was also invented within the same
year as the NEUROBIike system, to assist treadmill gait retraining for patients with unusual gait
patterns that were associated with exaggerated pelvis obliquity, illustrated in Figure 3a. This orthosis is
composed of three subsystems: stationary frame, human-robot interface (HRI) and treadmill training.
Servo-tube linear electromagnetic actuators were used to generate the power source for the
exoskeleton [20]. Based on a hypothesis, the correction of a stiff-legged gait pattern entails addressing
both the primary and secondary gait deviations to restore a physiological gait pattern. Therefore,
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an expanded impedance control strategy was used to generate the corrective moments, only when the
leg was in swing motion, by switching the force field that affects the obliquity of the pelvis. It has been
demonstrated that this system can be effective in guiding the pelvis to the frontal plane via force fields
used for altering pelvic obliquity.

Figure 3. (a) Robotic gait rehabilitation (RGR) trainer [20]; and (b) LOKOIRAN [21].

(b)

Recently, a new gait training robotic device (LOKOIRAN) was designed to be suitable for patients
with various diagnoses, such as SCI, stroke, multiple sclerosis (MS) and sport injury cases, aging and
people with balance and locomotion disorders. Figure 3b illustrates the system’s prototype. This gait
training device delves into several subsystems, consisting of body weight support, a leg exoskeleton, a
driving system and a transmission system. It employs alternating current (AC) motors connected to a
slide-crank mechanism via belts and pulleys to provide the energy for the system [21]. The implemented
control system enables flexibility in motion and permits subjects to change the speed of the foot plates
by engaging the speed control mode and the admittance control mode.

The evaluated motorized lower-limb gait rehabilitation orthosis systems mentioned are only a
fraction of the currently existing rehabilitation orthoses. However, it could be summarized from these
examples that their development has reached an advanced level; whereby, many of the lower-limb gait
rehabilitation orthoses, based on electrical motors, have already been commercialized. With the speed
of growth in their mechanical design, as well as, the implementation of advanced control schemes and
strategies, the space available for enhancements might soon reach its peak.

2.2. Attributes of Pneumatic Muscle Actuators (PMA)

The implementation of pneumatic muscles enables pneumatic power to be transferred into
mechanical power. This actuator will be shortened in the longitudinal direction and enlarged in the
radial direction during the contraction stage, when it is being inflated; when being deflated, it will turn
back to its original form. The pneumatic muscle is able to employ a tensile force to an attached load
during the contraction stage. This force is unidirectional, whereby the original length of a certain
designed diameter and the internal pressure will determine its value. Moreover, this actuator also
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inhibits nonlinear behaviors, such as hysteresis, compressibility and time variance. However,
in exchange, this pneumatic muscle also has an inherently compliant attribute, which is suitable for a
human-robotics system. This type of actuator is similar to the human muscle principle; a shorter
muscle length produces a smaller contracting force and vice versa. Furthermore, it is comparable to
electric actuators, due to the direct coupling to the load, the structural optimization and the
power/weight ratio.

In addition to the abovementioned attributes, there exist two main weaknesses that limit the
application of pneumatic muscles. The first weakness is the nonlinear behavior of pressure build-up,
and the second weakness is the hysteresis effect, due to its geometric structure. These drawbacks cause
complexity when scheming high-performance control systems. Therefore, this research is dedicated to
solving these problems, using a simple paradigm and control strategy for handling the sudden increase
in pressure and the hysteresis behavior of the PMA. Based on the proposed empirical-based static force
mathematical model, which consist of a correction factor caused by the effect of the end caps,
it showed an inconsistency of the high contracting ratios derived by the famous researcher,
Tondu et al., [22]. The extreme difficulty in constructing an accurate mathematical model was
established by the fact that nearly all of the present models proposed were approximations. This model
was later modified through various methods, used by other researches, to further improve the
mathematical model [23-30].

2.3. Pneumatic Muscle Actuated Lower-Limb Rehabilitation Orthosis System

Compared to the motorized lower-limb rehabilitation orthosis systems (i.e., DC motors, AC motors,
linear actuators, SEA, servomotors, brushless motors and pneumatic cylinders), the growth of
pneumatic muscle-actuated rehabilitation orthosis systems has been rather poor. This is also the
description of the development of the control system for pneumatic muscles. However, numerous
research studies in the last 10 years have tried to introduce these types of actuation systems into the
lower-limb rehabilitation robotics field. This may indicate a significant shift of researchers’ interests
towards the implementation of a pneumatic muscle-actuated lower-limb rehabilitation orthosis.

A hip orthosis exoskeleton powered by pneumatic artificial muscle (PAM) was invented by
Vimieiro et al., at the Bioengineering Laboratory in 2004, as shown in Figure 4a [31,32]. This
exoskeleton system was designed and modeled for patients with a motor deficit, a result of
poliomyelitis. It consists of two main parts: the first is a polyethylene pelvic brace to provide the
stability for the orthosis system, and the second is a polyethylene support for the thigh. This orthosis
system implements position control using potentiometers for activating the control valves, either to
pressurize the PAM or to return it to neutral status. Based on clinical tests, it was proven that this
rehabilitation engineering was able to provide equipment and devices for aiding patients in recovering
their movements or to improve their quality of life. A better gait pattern and an improvement of the left
step transposition in the toe-off phase were reported by patients.

Later came the robotic gait trainer (RGT) for stroke rehabilitation, which is an ankle rehabilitation
device powered by lightweight springs over muscle (SOM), proposed by Kartik et al.
It was developed in 2006, as shown in Figure 4b [33]. The design is structurally based on a tripod
mechanism with one fixed link. This orthosis device is able to provide the dorsiflexion and
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plantar-flexion, as well as the inversion and eversion when moving the foot about the ankle joint.
It implements an angular position for the control system and uses two types of sensors
(i.e., potentiometer and pressure sensor). In this study, Kartik et al. suggested that the range and
position of motion (ROM) is necessary for safe dorsiflexion/plantar-flexion and inversion/eversion
movements. This was proven by the results from their analysis, which demonstrated that the tripod
structure was able to generate a ROM that matches the safe anatomical range of the ankle joint during
the gait cycle.

Figure 4. (a) Hip orthosis [32]; (b) robotic gait trainer (RGT) [33]; and (c) ankle-foot
orthosis (AFO). SOM, springs over muscle [36].
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In contrast, the prototype of an ankle-foot orthosis (AFO) powered by artificial pneumatic
muscle was also introduced by Ferris et al. in 2006. The prototype was of the human lower-limb
that could comfortably provide dorsiflexion and plantar flexion torque during walking motion training,
as illustrated in Figure 4 [34-36]. This orthosis is composed of a hinge joint, a carbon fiber shell and
two pneumatic artificial muscles. The proportional myoelectric control, using a PC-based controller
(real-time control), had been implemented in the control system. The performance of the novel
controller enables naive wearers to promptly become accustomed to the orthosis, without the
pneumatic muscle co-contraction. It is believed that this orthosis design will be useful in learning
human walking biomechanics and in providing assistance of patients with neurological injuries during
rehabilitation training.

Conversely, by focusing on the development of “human friendly” exoskeleton orthosis systems,
Costa et al. in 2006 proposed a powered lower-limb orthosis, which can produce powerful,
yet naturally safe, operations for paraplegic patients, as illustrated in Figure 5a [37]. This was realized
by combining a highly compliant actuator (PMA) with an embedded intelligent control system (a three
level PID joint torque control scheme) to manipulate the antagonistic actuators of the exoskeleton. It is
difficult to provide a system with dependability and inherent safety, while utilizing a highly compliant
actuator, using conventional designs alone. However, the design philosophy of this system may
provide a significant insight into the development of rehabilitation orthosis systems and improve
rehabilitative procedures for paraplegic patients.
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Figure 5. (a) Powered lower-limb orthosis [37]; (b) Robotic Gait Trainer in Water
(RGTW) [38]; and (c) powered ankle-foot exoskeleton [39].
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Contrastingly, Figure 5b shows the Robotic Gait Trainer in Water (RGTW). This system was
designed for the development of an underwater gait training orthosis by Miyoshi et al. in 2008 [38].
The RGTW is a hip-knee-ankle-foot orthosis with pneumatic McKibben actuators as the actuation
system. The basis of the angular motion for the control system was determined by a healthy subject
walking under water. The aim for this study was to achieve repetitive physiological gait patterns to
improve movement dysfunctions. By implementing this orthosis system device, not only the effect of
hydrotherapy should be expected, but standard treadmill training is also included. This could also be
sufficiently effective for patients undergoing hip-joint movement dysfunction treatments.

In 2009, Malcom et al. developed a powered ankle-foot exoskeleton, which investigated the role of
the tibialis anterior (TA) in the walk-to-run condition, as shown in Figure 5¢ [39-42]. The pneumatic
muscles are used to provide the dorsiflexion and plantar-flexion torques through the assisting orthosis
for incomplete SCI patients during assist and resist conditions. This orthosis device implements an
electromyography (EMG) control with a feed-forward algorithm; whereby, a set of rotary encoders and
load cells are used to measure the treadmill belt speed, ankle angle and the dorsiflexion and
plantar-flexion torques. Through a hypothesis developed from gait transitions and research evaluations,
it was demonstrated that the powered exoskeleton had great potential in fundamental gait studies.

After the introduction of AFO by Ferris et al., the development of this system was later continued
by Sawicki et al., a few years later. In 2009, the pneumatically powered knee-ankle-foot orthosis
(KAFO) was proposed through the study of human motor adaptation, gait rehabilitation and
locomotion energetics; as shown in Figure 6a [43]. Compared to the AFO control system, this system
implements a physiologically-inspired controller that utilized the patient’s muscle information, which
is determined using electromyography to measure the timing and amount of the artificial muscle forces.
Based on several research findings, it is believed that powered knee-ankle-foot orthoses are promising
for basic science and clinical applications, since they have successfully assisted individuals with
incomplete SCI during locomotor training, metabolic energy consumption and neural adaptation for
neurologically intact human walkers.
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Figure 6. (a) Knee-ankle-foot orthosis (KAFO) [43]; (b) continuous passive motion
(CPM) [44]; and (c) power-assist lower-limb orthosis [45].
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New high performance devices are required for applying continuous passive rehabilitation training
for post-traumatic disabilities regarding the bearing joints of the inferior limbs; therefore, the
introduction of a stationary gait and ankle trainer, known as continuous passive motion (CPM), was
based on the rehabilitation system illustrated in Figure 6b [44]. This system was invented by Tudor et al.
in 2009, using pneumatic muscles as the actuation system for providing a low-cost rehabilitation
system. With the lower limb being immobilized during the rehabilitation (patient lying on a bed),
it allows for the hip and knee joints to perform recovery exercises. When compared to the
electro-mechanically-actuated rehabilitation system, which causes discomfort for the users, due to the
introduction of shocks upon the reversion of the sensing of motion, this system utilizes a source of
energy, namely air, which enables the shocks that occur to be completely absorbed.

Figure 6¢ shows a power-assist lower-limb orthosis, proposed by Yeh et al. in 2010, for assisting
the elderly and individuals suffering from sport injuries with walking or climbing stairs using
McKibben pneumatic muscles as the actuation system [45]. For achieving better tracking performance,
an inverse control for the feed-forward compensation is constructed using the hysteresis model, which
is then combined with loop transfer recovery (LTR) feedback control. In addition to ensuring smooth
switching between different phases during operation, bump-less switching compensators are
implemented in the combined control system. Based on the research findings, it was demonstrated that
the orthosis was able to effectively accomplish the assistive function of human locomotion during
walking and climbing stairs.

Moreover, the two-degrees of freedom active ankle-foot orthosis (AAFO) was designed and
manufactured in 2011 by Carberry et al. for post stroke rehabilitation, exemplified in Figure 7a [46].
By implementing a novel actuator linkage using air muscles, a lightweight and discrete orthosis system
was achieved. This design enables the entire actuation system to be placed behind the leg of the
orthosis. A feedback control that utilizes a fuzzy logic gait phase detection system is implemented with
the use of two types of sensory devices: the first is force sensitive resistors (FSRs), located under the
insole of the shoe; the second is the rotary encoder for measuring the angular displacement of the ankle
joint. However, it is unlikely that suitable methods of supplying air pressure to the device can be found,
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even though this system exhibits many desirable features. This system may well be beneficial to
after-stroke patients, as it allows a more complete rehabilitation of the ankle joint.

Figure 7. (a) Active ankle-foot orthosis (AAFO) [46]; (b) bio-inspired active soft orthotic
for ankle-foot pathologies [47]; and (c) active modular elastomer for soft wearable assistance
robots [48].

In 2011, a bio-inspired active soft orthotic device for ankle foot pathology was developed by
Park et al. for treating gait pathologies associated with neuromuscular disorders, as shown in
Figure 7b [47]. By utilizing the advantages of the pneumatic artificial muscle actuators, an inspired
biological musculoskeletal system with a muscle-tendon-ligament structure was introduced as the
design of this orthosis system. Three types of sensors are used for the control system: the first is a
strain sensor for measuring ankle joint angle changes; the second is an internal measurement unit (IMU)
to measure the orientations of the lower leg and the foot; and the third is a pressure sensor to identify
the foot ground contacts and gait cycle events. The implemented feed-forward and feedback
controllers were able to demonstrate a good repeatability of the ankle joint angle control. Based on the
outcomes of the result, this research is believed to be capable of providing rich spaces for growth for
rehabilitation techniques for ankle pathologies in the near future.

Furthermore, in 2012, Park et al. also developed another lower-limb rehabilitation orthosis, known
as the active modular elastomer sleeve for soft wearable assistance robots, to support and monitor
human joint motions, as illustrated in Figure 7c [48]. With a different system design proposal, this
orthosis device implements a series of miniaturized pneumatically-powered McKibben-type actuators.
These actuators are wrapped in between monolithic elastomer sheets, so as to exert tension. Through
shape and rigidity control, simultaneous motion sensing and active force response are allowed by
wrapping the material around the joint. The muscle contractions for the actuators are measured by
placing the hyper-elastic strain sensor perpendicularly to the axial direction of each corresponding
actuator. This strain sensor will detect the radial expansion of each actuator, which is then transformed
to the contraction length of the muscle actuator. Based on the preliminary study of this device system, a
few improvements should still be made within the design structure and control system.
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Figure 8a presents a developed, inexpensive, pneumatically-powered assisted knee-ankle-foot
orthosis (KAFO), using McKibben actuators, for providing assistance during gait training; proposed by
Teng et al. in 2012 [49]. To determine the relationship between the inclination angles of each joint
with pneumatic muscle displacement, the equation is expressed by using a trigonometry method;
employed in the control system algorithm and strategy. However, this lower-limb orthosis system is
still in the early development stage of design improvement; therefore, further evaluation on system
performance has yet to be concluded.

Figure 8. (a) Inexpensive KAFO [49]; (b) orthosis for walking assistant [50]; and (c) a six
degrees of freedom (DOF) robotic orthosis for rehabilitation [52].

In 2013, Kawamura et al. initiated the development of an orthosis for walking assistance. It is
designed using straight fiber pneumatic artificial muscles in assisting the forward swing of the leg and
increasing the step length to further recuperate patients’ walking abilities, as illustrated in Figure 8b [50].
The pressure control unit is implemented using the developed dual pneumatic control system (DPCS)
by manipulating the pulse-width modulation (PWM) signal to control the valve. This orthosis system
has yet to reach its completion and requires further improvements in its control scheme and strategy
when handling the nonlinearity behavior of the actuator. The assistant force generated by the orthosis
system is not adequate enough for driving the intended task.

Recently, in 2013, Hussain et al., invented a six degree of freedom robotic orthosis for gait rehabilitation
to encourage patients’ voluntary contribution in the robotic gait training process, as shown in
Figure 8c [51,52]. It implements four pneumatic muscle actuators, which are arranged as two pairs of
antagonistic mono-articular muscles at the hip and knee joint angles. This system integrates the AAN
gait training algorithm based on the adaptive impedance control, employing a boundary-layer-augmented
sliding mode control (BASMC)-based position controller, to afford an interactive robotic gait training
system. It was proven that the implementation of the adaptive impedance control scheme is able to
provide gait motion training that is comparable to the one provided by physical therapists.
Additionally, the result findings demonstrated that an increase/decrease in the human’s voluntary
participation during gait training will result in a decrease/increase of robotic assistance.
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Table 1. Comparison of existing pneumatic muscle-actuated lower-limb rehabilitation orthosis systems.
Comparison of Existing Pneumatic Muscle Actuated Lower-Limb Rehabilitation Orthosis Systems
. Time Robotic L
Orthosis System Actuators Antagonistic Actuators Control System References
Scale System Types
. L Position control using the
. . . . . Mono-articular for hip joint . L
Hip orthosis exoskeleton 2004 Hip orthoses McKibben pneumatic muscle (flexion) potentiometers for activating the [31,32]
control valves
. Lightweight spring over muscle Mono-articular for ankle joint .
Robotic gait trainer (RGT) 2006 Foot orthoses . Angular position control system [33]
(SOM) (dorsiflexion)
. i . Mono-articular for ankle joint Proportional myoelectric control
Ankle-foot orthosis (AFO) 2006 Foot orthoses McKibben pneumatic muscle L . . [34-36]
(dorsiflexion and plantar-flexion) using a PC-based controller
Mono-articular for hip joint
. . ) . (flexion, extension, abduction and Intelligent embedded control
Powered lower-limb Treadmill gait Pneumatic muscle actuators . L . .
. 2006 ) adduction), knee joint (flexion mechanism (a three-level PID [37]
orthosis trainers (PMA) . L L
and extension) and ankle joint joint torque control scheme)
(dorsiflexion and plantar-flexion)
e . Mono-articular for hip joint
Robotic gait trainer in water Over-ground gait . . . . .
2008 . . i McKibben pneumatic muscle (flexion and extension) and knee Position control system [38]
(RGTW) trainers with orthosis . . .
joint (flexion and extension)
Powered ankle-foot Pneumatic artificial muscle Mono-articular for ankle joint Electromyography (EMG) control
2009 Foot orthoses e . ) . [39-42]
exoskeleton (PAM) (dorsiflexion and plantar-flexion) with feed-forward algorithm
Mono-articular for knee joint
Powered knee-ankle-foot Knee and foot . . (flexion and extension) and ankle  Physiological-inspired controller
) 2009 McKibben pneumatic muscle L L . [43]
orthosis (KAFO) orthoses joint (dorsiflexion and using electromyography
plantar-flexion)
Continuous passive motion Stationary gait and Pneumatic artificial muscle
2009 _ _ [44]

(CPM)

ankle trainers

(PAM)
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Comparison of Existing Pneumatic Muscle Actuated Lower-Limb Rehabilitation Orthosis Systems

Orthosis system

Time
Scale

Robotic
System Types

Actuators

Antagonistic Actuators

Control System

References

Power-assist lower-limb
orthosis

2010

Over-ground gait
trainers (mobile)

McKibben pneumatic muscle

Mono-articular for knee
joint (extension)

Inverse control and loop transfer
recovery (LTR) feedback control

[45]

Active ankle-foot orthosis
(AAFO)

2011

Foot orthoses

McKibben pneumatic muscle

Mono-articular for ankle joint
(plantar-flexion)

Feedback control that utilizes a
fuzzy logic gait phase
detection system

[46]

Bio-inspired active soft
orthotic device

2011

Foot orthoses

Pneumatic artificial muscle
(PAM)

Mono-articular for ankle joint
(dorsiflexion, inversion
and eversion)

Feed-forward and feedback
controllers

[47]

Active modular elastomer
sleeve for soft wearable
assistance robots

2012

Knee orthoses

Miniaturized McKibben
pneumatic muscle

Mono-articular for knee joint
(flexion and extension)

Through shape and
rigidity control

[48]

Knee-ankle-foot orthosis
(KAFO)

2012

Knee and foot
orthoses

Pneumatic artificial muscle
(PAM)

Mono-articular for hip joint
(flexion and extension) and knee
joint (flexion and extension)

[49]

Orthosis for walking
assistant

2013

Hip orthoses

Straight fiber pneumatic
artificial muscle (PMA)

Mono-articular for hip joint
(flexion)

Dual pneumatic control system
(DPCS) with a pulse-width
modulation (PWM) signal

[50]

Six degree of freedom
robotic orthosis for gait
rehabilitation

2013

Treadmill gait
trainers

McKibben pneumatic muscle

Mono-articular for hip joint
(flexion and extension) and knee
joint (flexion and extension)

Adaptive impedance control
using boundary-layer-augmented
sliding mode control (BASMC)

[51,52]
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Table 1 shows the comparison of existing pneumatic muscle actuated lower-limb rehabilitation
orthosis systems. Based on the evaluations of these systems for the past 10 years, it can be concluded
that researchers’ interests shifted to the implementation of the natural compliant-type actuators
(i.e., McKibben muscle, rubbertuators, air muscle, PAM, PMA, etc.). This was proven by the
development of different types of assistive gait rehabilitation orthosis system prototypes, including
foot orthoses, hip orthoses, knee-foot orthoses, stationary gait and ankle trainers, over-ground gait
trainers with orthoses, mobile over-ground gait trainers and treadmill gait trainers [31-52]. In addition,
the improvement of the control system implementation, since the year 2004 up until 2013, showed that
researchers were gradually trying to improve the control of pneumatic muscle-actuated lower-limb
orthoses, as illustrated in Table 1. In the beginning, only a simple angular position control was
proposed to activate the control valves. Later, it was shifted to the implementation of proportional
myoelectric control, intelligent embedded control, inverse control, feedback control (which utilized a
fuzzy logic), rigidity control and, subsequently, adaptive impedance control. The exponential growth
of these systems might also be due to the advantageous attributes of the pneumatic muscle actuator, as
well as its nonlinear dynamic behavior. However, according to the evaluations of currently existing
systems, it could be understood that suitable control schemes and strategies have yet to be found.
Regardless, this only suggests that the space available for orthosis device improvements and
enhancements, in either mechanical design or control scheme and strategy, is still boundless. This
opportunity will attract researchers’ interest in devising distinctive ideas and strategies to rectify
previous methods or to discover new methods for the control system. Even though many different
robotic system types for lower-limb rehabilitation orthoses have been developed, each prototype only
implements the use of mono-articular muscles alone, either for hip, knee or ankle joints (i.e., flexion,
extension, abduction, adduction, plantar-flexion, dorsiflexion, inversion, eversion, etc.). However, no
attempt has been made to introduce the implementation of bi-articular muscles, either to compensate
for the lack of force/torque at the joints or to improve the control scheme and strategy performance.

3. Control Scheme and Strategy

The need for improved control strategies in handling the antagonistic actuator of pneumatic muscles
will determine the progression of growth in lower-limb rehabilitation orthosis systems. Based on
previous research, it is possible to utilize a standard PID controller in a feedback loop to control the
joint angle of the assistive robotics within desired values. Nevertheless, without additional model
paradigms or integrated controllers, it may not be able to accurately control a compliant robotic system,
due to the complex and highly nonlinear dynamics of the pneumatic muscle. Thus, the resulting
position control would be rather poor. For that reason, the implementation of conventional PID
controllers should come with additional control strategies, such as additional model paradigms,
auto-tuning, a nonlinear system, adaptive control, intelligent control (i.e., neural network, fuzzy logic,
genetic algorithm, etc.), robust control and stochastic control. A control scheme and strategy that
enables a much simpler approach for the control system implementation in orthotic rehabilitation
robotics is strongly desired. Therefore, in this review article, the implementation of co-contraction
controls in manipulating the antagonistic actuators and the advantages will be discussed and
elaborated thoroughly.
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3.1. Pneumatic Muscle Actuators’ Control System

Even though numerous control systems have been established for pneumatic actuators, especially
pneumatic cylinders, only a fraction have been for artificial pneumatic muscles. From 1993 to 1995,
some examples of well-known controllers that could be implemented, adopted by Caldwell et al., were
tested on a feed-forward PID regulator to develop an adaptive controller for a pneumatic artificial
muscle (PAM) manipulator [53-55]. Likewise, in 1995, Gustavo et al. developed an adaptive position
control for antagonistic pneumatic muscle actuators via adaptive pole-placement [56]. Furthermore,
in 1995, Hamerlain et al. introduced a variable structure control that included a high robust
performance, with respect to model errors, parameter variations and quick responses [57]. Within the
same year, Iskarous et al. proposed intelligent control using a neuro-fuzzy network to control the
complex dynamic properties of muscle actuators [58]. In 1996, van der Smagt et al., introduced a
neural network-based controller to a pneumatic robot arm; with complex, highly nonlinear dynamics
that change over time, due to internal influences [59]. Additionally, in 1996, Cai and Yamaura
presented a robust tracking control approach by implementing a sliding mode controller [60]. Within
the same year, Colin et al. proposed position and PID controllers for force manipulation using adaptive
pole-placement techniques [61].

Afterwards, in 1999, Repperger et al. handled the nonlinear factor with a nonlinear feedback
controller, using a gain scheduling method [62]. Tondu and Lopez also employed a sliding-mode
control approach in the year 2000 [22]. Contrarily, Carbonell et al. introduced nonlinear control of a
pneumatic muscle actuator by using adaptive back-stepping and sliding-mode tracking controllers in
2001 [63,64]. In 2003, Folgheraiter et al. developed an adaptive controller based on a neural network
for an artificial hand [65]. In the same year, Balasubramanian and Rattan proposed the feed-forward
control of a nonlinear pneumatic muscle system using fuzzy logic [66]. From 2004 to 2006, Ahn and
Tu proposed an intelligent switching control scheme by utilizing a learning vector quantization neural
network and a nonlinear PID control to improve the control performance of a PAM manipulator using
a neural network (NN) [67,68]. In 2008, Harald et al., developed the cascade sliding mode (SM)
control scheme for a high-speed linear axis pneumatic muscle [69]. Moreover, Seung et al. proposed
a trajectory tracking control using a neural network based on PID control in 2009 [70]. In 2010,
Xing et al. introduced the tracking control of pneumatic artificial muscle actuators based on a
sliding-mode and non-linear disturbance observer (SMCBNDO) in order to improve the robustness
and performance of the trajectory tracking control [71].

Unfortunately, applying a complicated control algorithm does not always indicate the best solution
used to control pneumatic muscles. There is an argument in the field of rehabilitation robotics
regarding what is the best control system of the orthotic problem for rehabilitation. It is preferred that
control systems be simplified as much as possible; multiple sensors and impedances only increase the
complexity of control systems. Rather than using a very complicated algorithm for a system, a much
simpler approach may be proposed.
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3.2. Co-Contraction of Antagonistic Muscle Control

An early study of the co-contraction of antagonist muscle control was carried out by Neville Hogan
in 1984, which introduced the adaptive control of mechanical impedance by co-activation of antagonist
muscles [72]. This research study focused on biomechanical modeling and the analysis of
simultaneous co-activation of antagonist muscles by controlling the mechanical impedance. A dynamic
optimization theory was used to obtain a prediction of antagonist co-activation, thus enabling a
criterion function minimization, which represented the task of maintaining an upright posture. Based
on the research findings, it was concluded that under normal psychological conditions, significant
levels of the simultaneous activation of antagonist muscles were observed. In addition, the levels of
antagonist muscles co-activation were also increased with the increment of gravitational torques.
The modeled isometric muscle torque is represented in the following:

Tbiceps = (To - KQSH)ubiceps (1)
Tiriceps = —(T, + KQSH)utriceps 2
0< ubiceps <1

u) is the neural control{
( ) 0 < utriceps < 1 (3)

Joint stiffness at maximum activation is:
2T
(0 < Kgs < °/n) (@)

where (T,) is the maximum isometric muscle torque.

Subsequently, in 1988, William R. Murray et al. carried on this research by implementing a simple
model demonstrating the quasi-static behavior of skeletal muscles, in which the force generated by the
muscle was the neural activation of the muscle and the bilinear function of the muscle length [73,74].
This muscle activation could be defined as the synchronized activation of agonist and antagonist
muscle groups, acting in the same plane and crossing at the same joint. It was verified that the
relationship between antagonistic actuators (i.e., agonist and antagonist) could be linearly related in the
occurrence of various fixed levels of co-contractions. In other words, the plane of agonist and
antagonist muscle activity, the “equilibrium line” or the locus of all feasible levels of muscular
activation, will be a straight line for which a particular equilibrium position is sustained. In addition,
the intercepts and slopes of these equilibrium lines are such that the expected levels of muscular
activation are counterintuitive. This explained why the anterior activation levels were higher than the
posterior activation levels for all, regardless of how low the levels of muscular activity were.

Since then, numerous research studies have been implemented on the co-contraction of antagonistic
muscle control, which have proven its ability to increase the stiffness and stability at the joints during
volitional movements [75-86]. Based on these research studies, it was shown that by utilizing
information from the antagonistic muscle co-contraction, muscular activation levels could be
manipulated to control the movements of the joints. Recently, in 2013, Klauer et al. introduced the
nonlinear joint-angle feedback control of electrical stimulated and A-controlled antagonistic muscle
pairs, in order to control the human limb movements in neural-prosthetic systems [87,88]. The desired
recruitment levels, A, of both muscles were estimated using the electrical stimulation-evoked
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electromyography (EMG) measurements. The proposed controller enabled the tracking of reference
joint torques and predefined muscular co-contraction using exact linearization methods. Based on the
outcomes of the result, the control system was able to rapidly compensate for muscle fatigue and then
change the muscular thresholds. It could be said that this is a prerequisite for a neural-prosthetic
system’s practical application within clinical environments. The asymptotically stable system for the
torques is depicted in the following:

“2(1 - 1—b;
Ti(k) = ks,i(emax,i - H(k)) <q1 _(aq_cll)> (1 _ b-q_l) rAi (5)

where (4;) is the muscular recruitment level, (r3,) is the desired recruitment level, (g71) is the
backward shift operator, (g~2) is the delay of two sampling steps and (k) is the sampling index.

0 € [Hmax,lf Hmax,z] (6)
a € [0,1] (7)
b; € [0,1] (8)

3.3. Simulation of the Co-Contraction Model for Antagonistic Muscles

In recent years, plenty of research studies have been carried out on assistive robotics for
rehabilitation, either using motors or pneumatic muscle actuators for the robotic system’s source of
power [5-8]. Consequently, these studies have become the basis for many findings. Famous
researchers in this field, such as Daniel Ferris, have mentioned that powered orthoses could assist the
task-specific practicing of the gait, with the long-term goal of improving patient’s inherent locomotor
capabilities [89]. According to Kalyan K. Mankala and Sunil K. Agrawal et al., passive swing assistance
was able to assist patients, with less than ordinary muscle strength, to attain better gait trajectories [90].
Furthermore, analyses on the implementation of mono- and bi-articular actuators for achieving the
high muscle moment required at the joints and better gait trajectories were also taken into consideration
in real practice [91-95]. The study of antagonistic muscle co-contraction suggested that the control of
the orthosis, which implements these mono- and bi-articular actuators, could achieve good joint
stiffness and stability [75-86]. The design was biologically inspired (by human muscles), as it
employed two compliant elements to manipulate the joints. Usually, this type of orthosis system,
implemented antagonistically, actuated joints using the pneumatic-type muscle actuators. In addition,
the co-contraction activations were also able to reduce the kinematic variability; whereby, through the
increment of co-contraction activations, the kinematic variability could be reduced with the exception
of the low co-contraction activation levels [96]. Therefore, it could be concluded that the modeling of
co-contraction to represent the movement of antagonistic actuators may be beneficial.

An early study of the co-contraction model was proposed by William K. Durfee et al. in 1989. They
developed task-based methods for evaluating electrically-simulated antagonist muscle controllers in a
novel animal model [97]. The stimulus activation levels of two antagonist muscles, which manipulated
an anesthetized cat’s intact ankle joint, were determined by the controller output. In this study, three
types of controllers were evaluated: the first was open loop reciprocal control; the second was P-D
closed loop reciprocal control; and the third was open loop co-contraction control (Figure 9). Based on
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the results of the analysis, it was shown that in the visual feedback, the performance of the open loop
co-contraction control was comparable to the performance of the P-D closed loop control. This
suggested that, in some cases of clinical neural prosthesis implementation, the feedback controller may
not be required for good control system performance. In addition, these results also suggested the
importance of co-contraction for position control tasks in neural prostheses. However, the disadvantage
of this control scheme was that it required more than one input command for each degree of freedom
of motion, which could cause premature muscle fatigue.

Figure 9. (a) Open loop reciprocal control; (b) P-D closed loop reciprocal control; and
(c) open loop co-contraction control [97].

A simulation study of the co-contraction model control scheme for simultaneously manipulating
antagonistic actuators was reinitiated by Mohammed et al. in 2005. It was mentioned in their study of a
co-contraction muscle control strategy for paraplegics that the co-contraction of antagonistic muscle
functions (basically, quadriceps and hamstrings) is not necessarily restricted to opposing motion,
but may yield to increasing joint stiffness and stable movements [98]. The magnitude of antagonistic
muscle co-contractions was first determined based on the optimization of the static linear constraints of
muscle forces acting on the joint; whereby, the redundancy of two muscles in co-contraction (i.e.,
agonist and antagonist) spanning the joint was resolved using the linear minimization of the total stress
in the antagonistic muscles. Afterwards, the relationship between the amounts of muscle
co-contractions and the maximum force for the antagonistic muscle actuators was computed by
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implementing weight factors. However, to ensure the robustness and the safe movement of the orthosis,
due to the nonlinearity and the presence of a second order system, a high order sliding mode (HOSM)
controller was implemented. In addition, Mohammed et al. continued their research in 2010 by
introducing an inverse model that considered the muscular dynamic contraction of muscle
actuators [99]. This dynamic contraction consisted of two main components: the first was activation
dynamics, and the second was contraction dynamics (i.e., force-length and force-velocity relationships).
However, the activation dynamics was neglected, as its role was assumed to not be essential during the
optimization. The inability of most optimization models to compute muscle co-contractions may be
caused by the utilization of monotonous increment objective functions that penalize every additional
increment of muscle force. The amount of co-contraction muscle forces (i.e., quadriceps and
hamstrings) was derived as follows:

M—=&,3,(1eFnaxq)
Fq — {_’quax,q + quZmax’q ( q q\'q-max,q

2q (rq F mcwaq)2 ©)
Fh = thmax,h + thzmax,h <M — fh Zh(thmazx,h)> (10)
Zh(Tthax,h)
The constraints are:
0 < F; < Frax,
{ > nFi =M =ah (10)
i

(&q) and (&) are the weight factors;
(Fnax) 1s the maximum isometric muscle force;
(r) is the radius.

Subsequently, a simulation research study was instigated by Heitmann et al. in 2012 on the muscle
co-contraction of a three-link biomechanical limb that modulates the damping and stability of the
joints. This study was conducted to replicate the natural relationship, without information on
anatomical detail, between the muscle activation and joint dynamics [100]. It was proven that the
muscle co-contraction was able to alter the damping and the stiffness of the limb joint without altering
the net joint torque, and its effect was incorporated into the model by attaching each manipulator joint
with a pair of antagonist muscles. These muscles could be activated individually with each other using
ideal mathematical forms of muscle co-contraction. This mathematical equation was derived from
natural force-length-velocity relationships of contractile muscle tissue. From the simulation result and
numerical stability analysis, it was proven that the damping in the biomechanical limb had increased
consistently with the human motor control observation. Moreover, it was also revealed that under
identical levels of muscle co-contraction, the bi-stable equilibrium positions could co-exist when the
opponent muscles were configured with asymmetric contractile element force-length properties. There
were two implications of these findings: the first was the practical implication for the nonlinear
bio-mimetic actuator design; and the second was the theoretical implication of the biological motor
control, which presumes that antagonist muscle systems are universally mono-stable.
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In 2011, Kawai et al. had also instigated a simulation study for manipulating antagonistic
mono- and bi-articular muscle actuators using a co-contraction-based model [101]. The purpose of this
simulation study was to verify the proposed passivity-based control for two degrees of freedom
(2 DOF) for human arm manipulators. The bi-articular manipulator dynamics for three muscle torques
(i.e., two pairs of mono-articular and a pair of bi-articular actuators) was constructed in order to design
the control inputs for the system. The important property of passivity was used to examine the stability
analysis of the proposed control law, even though the bi-articular manipulator dynamics passivity
could not be determined based on the antagonistic bi-articular muscles. Afterwards, in 2012,
Sano, K.; Kawai, H. et al. proposed a simulation study of the same 2 DOF manipulator systems using
open loop control [102]. Compared to their previous simulation study, the Lyapunov method was used
to examine the stability analysis of the proposed control law. However, the anticipated approach did
not coincide with the bi-articular manipulator dynamic’s uncertainties. This simulation study was then
extended to a robust control method that enabled semi-global asymptotic tracking, using RISE control,
due to an uncertain nonlinear model of the lower limb of the human body, in 2013 [103]. The results
showed that the lower limb was able to be positioned in the desired trajectories in the presence of
un-modeled bounded disturbances. However, the torque generated at the knee joint was less when

compared to their previous method, due to the antagonistic bi-articular muscles. The contractile force
of the flexor muscle (u;) and extensor muscle (u,;) was derived as follows:

T; = (uei — upi)lp — (Ui + upi)kily @i + (tes — upz)ly — (Ues + upz)ksly? (a1 + q2) (1)
where (i = 1,2), (,) and (k;) are the radius of the joints;

(q1) and (q,) are the hip and knee joint angles;
(ue1) and (uy,) are the antagonistic mono-articular muscles for the hip joint;

(ue2) and (uy,) are the antagonistic mono-articular muscles for the knee joint;
(ue3) and (uy3) are the antagonistic bi-articular muscles.

Within the same year (2013), Kawai et al. also proposed a design of the co-contraction level
of antagonistic muscles with muscle contraction dynamics for tracking the control of human lower
limbs [104,105]. The manipulation of the antagonistic muscle co-contraction level was dependent on
the angular velocity of human lower limbs. Based on the research findings, it could be verified that the
co-contraction of antagonist muscles played an important role in the joint’s stiffness and stability. In
addition, the muscle co-contraction was not only useful for compensating for the joint’s stiffness and
stability, it was also able to maneuver the direction of the output force.

3.4. Co-Contraction Model for Antagonistic Actuators

Numerous studies have been investigated regarding the co-contraction movements of human
antagonistic muscles. However, their model implementations in controlling the antagonistic muscle
actuators of lower-limb orthoses have not been completely discovered. In addition, any research paper
that focuses on the implementation of mono-articular and bi-articular muscle actuators using
pneumatic muscles for the lower-limb rehabilitation orthosis has yet to be extensively investigated,;
thus, simply actuating the actuators may not give a good result for the joint’s stiffness and the stability of
the lower-limb leg orthosis and its position trajectory. Therefore, based on the evaluation and
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suggestion of the related research findings, the simultaneous co-contraction movements between the
agonist and antagonist muscle actuators should be considered with respect to the control system.

4. Conclusions

In this review article, the evaluation and comparison of the developed lower-limb rehabilitation
orthoses using the pneumatic muscle-type actuators, including the control algorithms and strategies
intended to provide stiffness and stability with respect to the control system, were reviewed. Although
a considerable amount of work is now complete, the field is still rapidly evolving. The issue of which
is the most effective control algorithm is still widely open. However, randomized controlled trials are
necessary for identifying suitable control algorithms, even though this is expensive and time
consuming. In conclusion, a few remarks about suggestions for future research of pneumatic
muscle-actuated gait trainer system are as follows: firstly, the pneumatic muscle actuators’
arrangement in the lower-limb orthosis should be antagonistic; secondly, the co-contractive movement
of the antagonistic pneumatic muscles should provide good stiffness and stability for the leg orthosis
system; thirdly, a model paradigm is essential for generating adequate co-contractive input data for
manipulating the antagonistic muscle actuators; and finally, the developed model should be managed
by controllers to deal with the presence of dynamic properties and the nonlinearity behavior of
the system.
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This paper introduces the body weight support gait training system known as the AIRGAIT exoskeleton and delves into the design
and evaluation of its leg orthosis control algorithm. The implementation of the mono- and biarticular pneumatic muscle actuators
(PMAs) as the actuation system was initiated to generate more power and precisely control the leg orthosis. This research proposes
a simple paradigm for controlling the mono- and bi-articular actuator movements cocontractively by introducing a cocontraction
model. Three tests were performed. The first test involved control of the orthosis with monoarticular actuators alone without a
subject (WO/S); the second involved control of the orthosis with mono- and bi-articular actuators tested WO/S; and the third
test involved control of the orthosis with mono- and bi-articular actuators tested with a subject (W/S). Full body weight support
(BWS) was implemented in this study during the test W/S as the load supported by the orthosis was at its maximum capacity. This
assessment will optimize the control system strategy so that the system operates to its full capacity. The results revealed that the
proposed control strategy was able to co-contractively actuate the mono- and bi-articular actuators simultaneously and increase

stiffness at both hip and knee joints.

1. Introduction

Considerable assistive gait rehabilitation training methods
for the neurologically impaired (including stroke and spinal
cord injury (SCI) patients) have been developed using a
variety of actuation systems to generate the necessary force to
operate the leg orthosis. One of the best examples of gait
rehabilitation orthosis is the LOKOMAT (Hocoma AG,
Volketswill, Switzerland) or driven gait orthosis (DGO)
which is commercially available and extensively researched in
many rehabilitation centres [1-3]. This orthosis uses a DC
motor for the actuation power to control trajectory at the hip
and knee joints. Initially, this DGO implemented the position
controller for the control system. However, with further
research, this method was improved with the addition of the
adaptive and impedance controllers. Emphasis is placed on
providing adequate afferent input to stimulate the locomotor
function of the spinal cord and activate leg muscles that have

lost the capacity to actuate voluntary movement. On the other
hand, The Lower Extremity Powered Exoskeleton (LOPES)
is a gait rehabilitation orthosis that employs the Bowden-
cable driven series elastic actuator (SEA) with the servo-
motors as the actuation system to implement low-weight
(pure) force sources [4, 5]. This orthosis uses impedance
control as opposed to admittance control and is based on
position sensing combined with force actuation to operate
the lower limb extremity orthosis. This orthosis emphasises
on incorporating the Assist as Needed (AAN) algorithm into
the system to enhance the training effect by increasing the
active participation of patients.

Conversely, robot-assisted gait training (RAGT) with an
active leg exoskeleton (ALEX) implemented linear actuators
to manipulate the thigh device (hip joint) and shank device
(knee joint) [6, 7]. This exoskeleton uses a force-field con-
troller by effectively applying forces on the ankle of the subject
through actuators located at the hip and knee joints. They



also incorporate the AAN paradigm for rehabilitation into the
system which allows patients to participate more actively in
the retraining process compared to other currently available
robotic training methods. There is also a neurorehabilitative
platform for bedridden poststroke patients (NEUROBike)
that employs the use of brushless servomotors and pulleys
to actively control the angular excursions of the gait orthosis
[8]. This system implements the kinematic models of leg-joint
angular excursions during both walking and “sit-to-stand”
into the control algorithms to carry out passive and active
exercises. The aim of this system is to provide several exercises
at an early stage according to the severity of the pathology and
the intensity required by the programmed therapy.

The pneumatically operated gait orthosis (POGO) which
utilizes pneumatic cylinders as an actuation system is another
development [9]. This system incorporated the force and
position controller to conform to the pelvis and legs of the
subject to desired patterns. Due to the importance of gener-
ating normal sensory input during gait training, the POGO
developed a device that can accommodate and control the
naturalistic motion of the pelvis. In contrast, the robotic
gait rehabilitation (RGR) trainer uses servotube linear elec-
tromagnetic actuators to generate the power source for the
exoskeleton [10]. This system uses an expanded impedance
control strategy by switching the force field that affects the
obliquity of the pelvis to generate the corrective moments
only when the leg is in swing motion. This system was based
on the hypothesis that correction of a stiff-legged gait pattern
requires addressing both the primary and secondary gait
deviations to restore a physiological gait pattern. A newly
developed gait training robotic device is LOKOIRAN which
employs AC motors connected to a slide-crank mechanism
via belts and pulleys to provide the energy for the system
[11]. This system engages the speed control mode and the
admittance control mode to manage trajectory of the joints in
the robotic device. The objective of this system is to develop a
passive orthosis to fully support the patient and provide joint
angle data during training.

Recently, a robotic orthosis for gait rehabilitation utilising
PMAs was developed [12, 13]. This system incorporated the
AAN gait training algorithm based on the adaptive
impedance control which uses a boundary-layer-augmented
sliding mode control- (BASMC-) based position controller
to provide interactive robotic gait training. However, it only
implemented the use of monoarticular actuators at the hip
and knee joints to actuate the leg orthosis without considering
the implementation and control of bi-articular actuators.
Previous research on the AIRGAIT exoskeleton suggests that
the cocontraction of pneumatic McKibben actuators which
set up an antagonistic arrangement of bi-articular muscles is
able to increase stiffness of both hip and knee joints of the
orthosis [14, 15]. However, these antagonistic bi-articular
actuators only exerted a constant input pressure of 2.5
(bars) alternately at both sides. In view of this, this
research introduces the designed controller scheme and
strategy to optimize the control of bi-articular actuators
and actuate them in co-contractive-like movements. The
approach strategy for this designed controller scheme is the
derivation of a cocontraction model which facilitates the
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implementation of position and pressure-based controllers
which manage the antagonistic mono- and bi-articular
actuators simultaneously. To the authors’ best knowledge,
assistive leg orthosis that emphasizes on the control of
antagonistic bi-articular actuators using the PMA in the
gait rehabilitation field is yet to be extensively investigated
and made commercially available. This then provides the
motivation and purpose for this research.

2. Design System of AIRGAIT Exoskeleton

Figure 1 shows the schematic diagram for the AIRGAIT
exoskeleton. The design of this system and the mechanical
structures involved were thoroughly evaluated in previously
published papers [14, 15]. Currently, the AIRGAIT exoskele-
ton employs the PC-based control which utilizes the xPC-
Target toolbox and MATLAB/Simulink software as the oper-
ating system. The input data is generated within the host-PC
and then transferred to the target-PC using the D/A converter
to operate the electropneumatic regulators. To realize the
cocontraction movements between the antagonistic mono-
and bi-articular actuators, one regulator for each actuator
was used. Then, measurements by the system (i.e., joints’
angle and PMASs’ pressure) provide feedback to the host-
PC through the A/D converter. The rotary potentiometer
(contactless Hall-IC angle sensor CP-20H series, MIDORI
PRECISIONS) was used to determine the trajectory of the
hip and knee joints and then manage the PMAS’ contraction
parameters using a position controller. The compact pressure
sensor for pneumatic actuators (PSE540-R06, SMC) was used
to read the pressure level in each PMA, and the input patterns
of the PMAs were managed with the utilisation of a pressure
controller. This system will be converted to the Lab-View
system for the implementation of real-time control of gait
rehabilitation.

2.1. Mechanical Structure of the Leg Orthosis. The structure
of the leg orthosis covers the thigh at the lower end of hip
joint and shank at the lower end of the knee joint. The
ankle joint orthosis was not included as the foot clearance
during swing can be realized by implementing elastic straps, a
passive foot lifter, or passive orthosis [1, 4]. However, for the
implementation of the passive orthosis, the research on the
ankle orthosis of the AIRGAIT exoskeleton was conducted
separately. This leg orthosis was fixed in a sagittal plane at the
pelvis rotation to facilitate gait motion training for the hip and
knee joints [1, 4, 6,10, 12]. The sagittal plane is a vertical plane
which passes from ventral (front) to dorsal (rear) dividing the
body into the right and left halves as shown in Figure 1(b).
Weight compensation for leg orthosis is provided for by
the parallel linkage and gas spring mechanisms. This limits
vertical motion during the training session [1, 4, 6, 10, 12].
The upper and lower parts of the leg orthosis (i.e., thigh and
shank) can be adjusted to agree with the height of the subject.
Parallel bars were used to attach the end connectors of the
mono- and bi-articular actuators (PMAs) at the anterior and
posterior sides of the leg orthosis. By using the slider, these
parallel bars can be adjusted accordingly to maximise the
outcome of the joints angle trajectory.
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2.2. Mono- and Biarticular Muscle Actuators. The implemen-
tation of mono- and bi-articular actuators to actuate the
AIRGAIT exoskeleton leg orthosis is based on the McKibben
muscle actuator. These actuators were fabricated within
our laboratory using special tools which were designed to
assemble the parts of the actuator (i.e., rubber tube, braided
fabric, copper ring, end connector, and input connector). The
implementation of these mono- and bi-articular actuators is
based on the various human muscles (i.e., gluteus maximus,
gluteus minimus, gluteus medius, vastus lateralis, gastroc-
nemius, rectus femoris, and hamstring) and antagonistically
(i.e., anterior and posterior) attached to the leg orthosis.
Compared to monoarticular actuators, bi-articular actuators
require accurate input patterns to simultaneously actuate the
antagonistic actuators which control two joint angles [14,
15]. Although the bi-articular actuators may be considered
redundant in the actuation system, the strong force they
generate will improve the maximum angle extension, provide

precise movements, and ensure balance between antagonistic
actuators and stiffness at the joints [16-20].

The position setting of the antagonistic actuators is illus-
trated in the Figure 2, where the position of the antagonistic
mono-articular actuators both for the hip and knee joints is
placed in between the antagonistic bi-articular actuators. This
then provides the antagonistic bi-articular actuators with an
extra length which helps in achieving much wider movement
at the joints. The details on the best setup determination of
the antagonistic actuators were recorded earlier and can be
referred to in [21].

2.3. AIRGAIT Prototype. The prototype of the AIRGAIT
exoskeleton was developed in 2010 and extensively researched
for improvement. However, it is yet to be commercialized.
The research on gait training is progressing rapidly towards
enhancement in design structures and control algorithms. A
lone operator is sufficient for the running of this system. The
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FIGURE 3: Body weight support gait training system (AIRGAIT) prototype.

process involves providing the subject with information on
the training procedures and experiment protocols, putting on
of the body harness, attaching the assisted leg orthosis to the
lower limb of the subject, and finally, proceeding with the gait
training or experiment. Figure 3 shows the prototype of the
AIRGAIT exoskeleton.

2.4. Mechanical System. The mechanical structure of the
AIRGAIT exoskeleton is made up of three main parts which
are (a) the BWS system which consists of the body harness
and counter weight, (b) the treadmill training which involves
the treadmill and hand support, and (c) the assistive gait
training which comprises the lower limb powered orthosis,
spring, and parallel linkage (parallelogram). The spring and
parallel linkage were fixed in a sagittal plane so that the gait
motion training at hip and knee joints can be realized. The
sagittal plane also compensates for the vertical weight load
from the system [1, 4, 10, 12]. The subject is provided with the
BWS so that he/she will be able to maintain his/her balance
during the gait training or experimental tests [11, 22, 23].
A variable speed treadmill is also provided for the assisted
leg orthosis gait training and the body weight support gait
training [23, 24].

2.5. Safety Features. To ensure the safety of the subject during
the assisted gait rehabilitation and experimental tests, several
safety features were included in the AIRGAIT exoskeleton
design. The implementation of the PMA as the actuation
system is in itself a safety feature due to its naturally compliant
mechanism [25]. Also, the exclusion of the possibility of
short circuits in the actuation system during operation makes
it suitable for the human-robot interaction. Moreover, as
the system involves compressed air and the expansion and
contraction of the braided rubber tube, it is possible to
perform the orthosis in an underwater rehabilitation training
scenario. Our earlier laboratory study of the robotic gait
trainer (RGTW) indicated that hydrotherapy may be partic-
ularly effective in the treatment of individuals with hip joint
movement dysfunction [26]. Since the PMA characteristics
are based on its model parameters such as dimension (i.e.,

length and contraction) and pressure, the maximum contrac-
tion of PMA will prevent the exoskeleton of the AIRGAIT
leg orthosis from exceeding the limitation of the joints [27].
However, as a further precaution, a stopper was positioned
at the hip and knee joints of the leg orthosis to avoid the
unexpected and provide another safety feature. Additionally,
the implementation of the BWS system ensures that the
subject is able to maintain his/her balance and not fall over
while on the treadmill [22, 23].

3. Materials and Methods

3.1 Procedures. The exoskeleton of the AIRGAIT leg orthosis
is first adjusted to correspond with the position of the hip
and knee joints of the subject to obtain precise data during
the experimental tests. Then, the controller parameters for
the antagonistic mono-articular actuators (i.e., hip and knee
joints) are tuned until good joint trajectory is attained. This
is followed by the tuning of antagonistic bi-articular actuator
controller parameters. The control for the leg orthosis WO/S
is then set for different gait cycle (GC) speeds, and data for
the trajectory of the hip and knee joints are gathered. The
steps taken for testing W/S are (a) the subject is provided with
sufficient information regarding the tests and procedures, (b)
the subject is fitted with a body harness and a passive foot
lifter was secured at the ankle joint before the leg orthosis was
attached to the subject, and (c) the subject is provided with
the full BWS before the control of leg orthosis was performed
at different GC speeds including that of an average human.
Table 1 below shows the existing lower limb gait rehabilitation
orthosis systems such as LOKOMAT, LOPES, ALEX, Robotic
Orthosis for Gait Rehabilitation, and our research AIRGAIT
in terms of (1) type of actuator used as the actuation system;
(2) number of joint manipulators; (3) plane of actuated DOFs;
and (4) GC operating speed.

3.2. Experimental Tests. Three tests were conducted for the
experimental study. These tests were performed on one side
of the exoskeleton of the AIRGAIT leg orthosis. The first test
was conducted using two sets of antagonistic mono-articular
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TABLE 1: Existing lower limb gait rehabilitation orthosis systems comparison.

Comparison between existing lower limb gait rehabilitation orthosis systems

Orthosis system Type of actuator Number of joints Agg‘gsd Operating speed References
Hip and knee joints,

LOKOMAT DC motors passive foot lifter was Sagittal plane 0.56m/s [1-3]
applied at ankle Joint

Lower Extremity Bowden cable series Hip and knee joints,

Powered Exoskeleton elastic actuators (SEA) elastic straps was applied ~ Sagittal plane 0.75m/s (4, 5]

(LOPES) and servomotors at ankle joint

Active Leg Exoskeleton . Hip, knee, and ankle .

(ALEX) Linear actuators joints Sagittal plane  0.40 m/s up to 0.85m/s [6,7]

. . Pneumatic muscle Hip and knee joints, foot
gzzoéfh(:];tﬁ;iirflor actuators (monoarticular lifter was used at ankle Sagittal plane 0.60m/s [12,13]
actuators) joint

Body Weight Support ~ Pneumatic muscle Hip and knee joints, foot gig Eﬁz (éz 28’

Gait Training System actuators (mono- and lifter was used at ankle Sagittal plane . ’

(AIRGAIT) biarticular actuators) joint 0.70m/s (2s GC), and

1.40 m/s (1s GC)

actuators (i.e., hip and knee joints) tested WO/S; the second
with the addition of one set of antagonistic bi-articular
actuators tested WO/S; and the third with the addition of one
set of antagonistic bi-articular actuators tested W/S. Full BWS
was implemented in this study during the test W/S as the
load supported by the orthosis was at its maximum capacity.
This assessment will optimize the control system strategy so
that it operates at its maximum capability. The options for the
subject were not really critical as the focus of the research
is on the design controller. As such, the subject chosen was
young, healthy, and not bearing any neurological disorder.
With this, we were able to instruct the subject to be passive
during the experimental tests. To achieve the natural posture
of gait motion during training, the passive foot lifter was used
to ensure enough foot clearance during the swing phase [1, 4].
The control of the leg orthosis WO/S and W/S is displayed
in Figures 4 and 5. For the first and second tests (WO/S), GC
speeds of 4 seconds, 3 seconds, 2 seconds, and 1 second were
evaluated for the design controller scheme. Four GC speeds
were also evaluated for the third test (W/S). Five trials were
performed for each GC speed, and each trial consisted of five
cycles including the initial cycle position. The total GCs
performed for each GC speed was around 25 cycles. The
average GC was then calculated and represented in a graph.
Based on these data, three comparative evaluations were
analysed to determine the design controller scheme and
strategy performance. These were (a) between the mono-
articular actuators alone (i.e., hip and knee joints) and with
bi-articular actuators, (b) between the cocontraction model
based position (P) controller scheme and the cocontraction
model based position-pressure (PP) controller scheme tested
WO/S, and (c) between the cocontraction model based P
controller scheme and the cocontraction model based PP
controller scheme tested W/S. The design controller scheme
and strategy performance were evaluated based on the GC,
movement of hip and knee joints trajectory, maximum joint
angle extension, inertia, gravitational effect, and time shift.

4. Control System

4.1. Controller Algorithm. Figure 6 shows the schematic dia-
gram of the exoskeleton of the AIRGAIT leg orthosis con-
troller schemes. Figure 6(a) shows the cocontraction model
based P controller, and Figure 6(b) shows the cocontraction
model based PP controller. Unlike other control algorithms
for PMA, the designed controller scheme does not predict
or measure the required torque at the joints [25, 28-30].
Rather, it correlates the angle information of the joints with
the dynamic characteristics of the PMA (ie., contraction
and pressure) and then realizes the position and pressure
controls. In order to implement this controller scheme, the
cocontraction model was developed. The control strategy was
to execute the cocontraction model based position-pressure
controller scheme. The position controller was used to tune
the cocontraction model parameters (activation levels) while
the pressure controller was used to control the input patterns
of the antagonistic mono- and bi-articular actuators. The
derived cocontraction model provides the input patterns for
the mono- and bi-articular actuators and simultaneously
actuates the antagonistic actuators cocontractively, while
the PMA model was determined in order to consider the
characteristics of the PMA that were to be introduced into the
controller design. This dynamic model was evaluated in an
experimental study and represented in an equation. The
proposed controller scheme was specifically designed for
simplifying the control of antagonistic bi-articular actuators
so as to enhance the stiffness at both hip and knee joints. It
is an arduous task to construct the plant model of leg orthosis
(with antagonistic mono- and bi-articular PMAs) for the
implementation of the Stochastic Optimization method to
determine the control parameters of the design controller. As
such, the heuristic method was implemented.

4.2. Cocontraction Model. The cocontraction model gen-
erates the input patterns for the antagonistic mono- and
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FI1GURE 4: Control of the leg orthosis without a subject (WO/S).

bi-articular actuators (i.e., anterior and posterior) in order
to realize the method for implementing the position-pressure
controller scheme. This model correlates information on the
joints with the dynamic characteristics of the PMA (i.e.,
contraction and pressure). Based on the derived mathemat-
ical model, the contraction of antagonistic mono-articular
actuators can be characterized as proportional and inversely
proportional (Ist-order system) to the angle of the joint. As
for the bi-articular actuators, a much higher-order system
is required to enable these actuators to manage two joints
simultaneously. To control these joints effectively, the input
patterns for the antagonistic bi-articular actuators should
be sufficiently accurate as this will ensure the efficient per-
formance of the antagonistic mono-articular actuators and
facilitate co-contractive movements between the antagonistic
actuators. Determination of the co-contractive input for the
bi-articular actuators is insufficient to achieve complete gait

motion of the leg orthosis without the inclusion of mono-
articular actuators. Thus, the role played by the control
of the mono-articular actuators is crucial in the successful
implementation of the bi-articular actuators.

Figure 7 shows the process of measuring the reference
signal (input patterns) for the antagonistic mono- and bi-
articular actuators. Figure 7(a) shows the reference angle of
hip and knee joints. Point (A) shows the maximum contrac-
tion input pattern for the anterior actuators and minimum
contraction input pattern for the posterior actuators as
shown in Figure 7(b). Point (B) shows the maximum contrac-
tion input pattern for the posterior actuators and minimum
contraction input pattern for the anterior actuators as shown
in Figure 7(c). Based on this positional data information,
the contraction patterns (i.e., C1-C6) of the mono- and bi-
articular actuators were then determined using the mathe-
matical derivation as follows.
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FIGURE 5: Control of the leg orthosis with a subject (W/S).

Mono-articular actuators for the hip joint:

Cl = Shu (t) = (lrh > . (xh . Gha (t) < 03,

Ohip

C2= g, (1) = <lr—h) By By (1) < 0.3,

Ohip

Mono-articular actuators for the knee joint:

C3=¢,(t) = (lr" )-(xk -0, (t) <03,

Oknee

Ci=g, (1) = (lr—k> Bi By (1) < 03,

Oknee

)

2)

Bi-articular actuators for hip and knee joints:

C5 = Sbu (t) = (%) . abi . (Qh (t) + ek (t))a < 03,

3)
C6 = &, (1) = ({i) B (8, (1) + 6, (1)), < 03,

Obi

where ¢ is the contraction patterns; r is the PMAs distance
from the joints; I, is the PMA initial length; o and f are the
anterior and posterior muscle activation levels; and 0.3 value
is the PMAS maximum contraction. The derivation of this
cocontraction model for the mono- and bi-articular actuators
was recorded earlier and can be referred to in [31].

This model was first verified by using the least squares
(LS) and recursive least squares (RLS) prediction methods
between the inputs patterns and the joint angles as can be
seen in Table 2. The coding was programmed in MATLAB
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TABLE 2: Input patterns model verification using LS and RLS prediction methods.

LS and RLS prediction between the input patterns and the joint angles

PMA actuators LS method RLS method
1st order nth order 1st order nth order

Monoarticular (hip)-Anterior PMA Yes (proportional) — Yes (proportional) —
Monoarticular (hip)-Posterior PMA Yes (inversely proportional) — Yes (inversely proportional) —
Monoarticular (knee)-Anterior PMA Yes (proportional) — Yes (proportional) —
Monoarticular (knee)-Posterior PMA  Yes (inversely proportional) — Yes (inversely proportional) —
Biarticular (hip)-Anterior PMA No No No No
Biarticular (hip)-Posterior PMA No No No No

language. Based on the predetermine Transfer Function (TF),
the contraction of antagonistic mono-articular actuators can
be differentiated as proportional and inversely proportional
(Ist-order system) to the angle of the joint. However, the
model for the antagonistic bi-articular actuators cannot be
verified by using the LS and RLS prediction methods, as it
requires much higher-order and complex system. This could
be verified by using nonlinear ARX model or genetic algo-
rithm (GA).

4.3. PMA Model. The development of the PMA model is
for the purpose of increasing the effectiveness of the cocon-
traction model. While the cocontraction model provides the
antagonistic actuators with the contractive data, this model
translated that data into pressure patterns [in Volts] for
activating the electropneumatic regulators. The dynamic
characteristics of the PMA such as dimension (i.e., length and
muscle contraction), pressure, and force data were deter-
mined in an experimental study. A model equation was
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FIGURE 8: Cocontraction model control scheme’s strategy, where
(1) PMA static model of pressure versus contraction at zero load
condition; (2) PMA hysteresis model at zero load (f,) condition;
(3) PMA hysteresis model atload (f;, f,, f3,...) condition; (4) PMA
model using 6th-order polynomial equation; (5) contraction input
pattern for the antagonistic mono- and bi-articular actuators; (6)
controlled contraction input patterns after the controls of the muscle
activation level (f3); AP is the sudden increase in pressure due to the
PMA nonlinearity; and Af3 is the increase in muscle activation level.

design controller scheme. These assessments are (a) com-
parison between the mono-articular actuators acting on
their own (i.e,, hip and knee joints) and with the addition
of bi-articular actuators, (b) comparison between the cocon-
traction model based position (P) controller and the cocon-
traction model based position-pressure (PP) controller, and
(c) comparison between the control of the leg orthosis WO/S
and control of the leg orthosis W/S. The evaluation was
based on the GC, movement of the trajectory of the hip and
knee joints, maximum angle extension of the joints, inertia,
gravitational effect, and time shift.

5.1. Control of the Leg Orthosis WO/S: Evaluation on Antag-
onistic Actuators. The focus of this assessment is on the
implementation of cocontraction input patterns to control
the mono- and bi-articular actuators of the exoskeleton of

Journal of Robotics

the AIRGAIT leg orthosis. It was conducted to determine
the limitations when using mono-articular actuators alone
and the advantages to be gained with the inclusion of bi-
articular actuators. Two tests were conducted. The first using
the mono-articular actuators only (i.e., hip and knee joints)
tested WO/S and the second with the addition of bi-articular
actuators tested WO/S. These tests were evaluated at four GC
speeds of 4 seconds, 3 seconds, 2 seconds, and 1 second so as
to raise the stakes of the design controller and the appraisal
of the strategy by increasing the GC speed. A total of 25
GCs were performed for each GC speed including the initial
position cycle, and data related to the trajectory of the joints
were then gathered. The average GC for each GC speed was
measured and represented in a graph.

Figures 9 and 10 show the trajectory evaluation of the
joints of the leg orthosis controls between two settings (i.e.,
mono-articular actuators only and with the inclusion of bi-
articular actuators) tested WO/S using a cocontraction model
based PP controller. Based on the four GC speeds evaluation,
it is evident that the leg orthosis was able to perform the
gait motion smoothly up to a GC speed of 2 seconds. For
the GC speeds of 4 seconds, 3 seconds, and 2 seconds, the
orthosis displayed the complete gait motion (i.e., heel strike,
foot flat, middle swing, and wide swing) by implementing
the designed controller scheme. With the increments in GC
speed, the time allocated for completing one GC will be
reduced as the graph shifted forward. However, even with the
forward shifting of the graph, the time delay in the system was
only approximately 0.2 seconds for each GC speed. For the
control of leg orthosis using mono-articular actuators alone,
it was expected that the trajectory of the joints will be slightly
coarse due to the nonlinearity behaviour (i.e., compressible
and hysteresis) of the PMA. Although this result may suggest
that mono-articular actuators alone are able to support the
orthosis, it must be noted that this evaluation was conducted
WO/S. The situation changes during implementation W/S as
the weight attributed to the actuators is increased. When the
inertia and gravitational effect are included in the equation,
the limitations of mono-articular actuators acting alone
become evident as each actuator is only capable of sustaining
a pressure level of 5 (bars). Moreover, due to the position
of the antagonistic actuators, the length of mono-articular
actuators is much shorter than those of bi-articular actuators.
This reduces the maximum angle extension the joints can
achieve especially at the knee where a much wider movement
(63 degrees) is required compared to the hip. This maximum
angle extension is the maximum value of reference angle of
the hip and knee joints, both the anterior and posterior sides.
This value can be inferred from Winter [32].

However, with the introduction of the bi-articular actu-
ators, the coarse movement was reduced and the stiffness
at the joints was improved due to the significant force
exerted by these actuators. Manipulators that, equipped with
bi-articular actuators have been proved to have numerous
advantages such as (1) dramatically increase in range of end
effectors, (2) improvement of balance control, (3) efficiency
increase of output force production, and (4) an arm that
is equipped with bi-articular actuators having the ability
to produce a maximum output force at the end effectors
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FIGURE 9: Hip joint trajectory for the control of the leg orthosis WO/S using a cocontraction model based PP controller.

in a more homogenously distributed way [18-20]. Even
though the sources of the actuation system were different, the
fundamental functions of these bi-articular actuators (PMA)
should be similar. With a stable force assisting the movement
of the leg orthosis, it reduces the coarse movement and

improves the joints when compared to the leg orthosis actu-
ated by the mono-articular actuators alone. The movement
of the antagonistic bi-articular actuators was able to balance
the coarse movement of the antagonistic mono-articular
actuators at the joints, thus reducing the effect of the
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FIGURE 10: Knee joint trajectory for the control of the leg orthosis WO/S using a cocontraction model based PP controller.

hysteresis which was significant when implementing the
mono-articular actuators alone WO/S. This is also due to the
fact that the contraction of the PMA is in accordance
with the hysteresis model. However, as the expansion of
the PMA did not follow that of the hysteresis model, the

co-contractive movements between the antagonistic mono-
and bi-articular actuators were realized. At the GC speed
of 1 second, the orthosis was not able to perform the gait
motion completely with the heel strike stance. However, it
was still able to demonstrate the “foot flat up to swing stance”
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TaBLE 3: Pearson coeflicient of determination (+*) for mono-articular (alone) and with addition of bi-articular actuators.
Pearson coefficient of determination (+?) for monoarticular and Biarticular actuators
Joint actuators Hip angle CC value Knee angle CC value
4sGC 3sGC 25 GC 1s GC 4sGC 3sGC 25 GC 1s GC
Monoarticular actuators 0.8834 0.7921 0.3969 0.25 0.7569 0.4761 0.1764 0.0225
Mono- and Biarticular actuators 0.9025 0.8281 0.7744 0.0576 0.7569 0.49 0.1444 0.1296
TABLE 4: Pearson coefficient of determination (%) for co-contraction model based P and PP controllers.
Pearson coefficient of determination (+?) for P and PP Controllers
Cocontraction model based Hip angle CC value Knee angle CC value
4sGC 3sGC 25 GC 1s GC 4sGC 3sGC 25 GC 1s GC
P controller 0.9139 0.7921 0.4761 0.0196 0.6241 0.4356 0.09 0.1444
PP controller 0.9274 0.8649 0.7744 0.0625 0.7744 0.5184 0.16 0.1681

which provides the feel of a gait motion. By implementing the
derived cocontraction model, all the six antagonistic mono-
and bi-articular actuators were able to operate simultaneously
and co-contractively. Table 3 shows the Pearson coefficient
of determination (r°) for the first assessment where the
control tests with mono-articular actuators (hip and knee
joints) alone and with addition of bi-articular actuators WO/S
were evaluated. This r* value indicates how well the data
fits the reference joints’ trajectory. The result shows that the
addition of the bi-articular actuators produce much higher
coeflicient values at most GC speeds as compared to mono-
articular actuators alone.

5.2. Control of the Leg Orthosis WO/S: Evaluation of Designed
Controller Schemes. The focus in this second assessment
is on the evaluation of the designed controller schemes
and strategy. It was conducted to determine the limitations
of the position-based controller when acting on its own,
and the superiority of the combined position-pressure-based
controller. Two experiments were conducted. In the first, the
cocontraction model based P controller scheme was tested
WO/S, and in the second, the cocontraction model based
PP controller scheme was tested WO/S. Both tests were per-
formed with the presence of mono- and bi-articular actuators
and evaluated at different GC speeds of 4 seconds, 3 seconds,
2 seconds, and 1 second. Five trials were performed for
each GC speed, and each trial consisted of five cycles
including the initial cycle position. Thus, a total of 25 GCs
were obtained for each GC speed. The average GC for each
GC speed was then determined and illustrated in a graph.
Table 4 shows the Pearson coefficient of determination (r?)
for the second assessment where the control tests for P and
PP controllers of leg orthosis with mono- and bi-articular
actuators WO/S were evaluated. The result shows that the
addition of the pressure controller (PP) produces much
higher r* coefficient values at all GC speeds as compared to
position controller alone (P).

Figure 11 shows the trajectory evaluation of the joints of
the leg orthosis controls between two designed controller
schemes (i.e., cocontraction model based P controller and
cocontraction model based PP controller) tested WO/S. From
the results, it is evident that both designed controller schemes

were able to wholly achieve the gait motion smoothly up
to a GC speed of 2 seconds. However, failure to perform
a complete gait motion was experienced at a higher GC
speed of 1 second. These results reveal that PMA muscle
activities (i.e., contraction, expansion, and response time)
were curtailed at a GC speed above 2 seconds as the time
allocated for completing the GC was drastically reduced.
However, the results illustrate that the time response of the
PMA muscle activity was much better with the implemen-
tation of the PP controller scheme compared to only the P
controller scheme. Furthermore, the PP controller scheme
was able to maintain the maximum angle extension achieved
at the posterior side of the hip joint trajectory for all GC
speeds compared to the P controller scheme (reduced with
increase in GC speed) as can be seen in Figures 11(a) and 11(b)
of hip joint trajectories. PMA control was insufficient with
the P controller scheme alone as the dynamic characteristics
of PMA include pressure activity. Through the introduction
of a cocontraction model based PP controller scheme with
modified design architecture, the maximum angle extension
and time response of the system were improved at most
GC speeds. This indicates that the addition of the pressure
controller was able to improve the response time of the system
as the pressure increased exponentially with the contraction
of PMA, consequently increasing the speed of PMA muscle
activity during contraction mode.

Based on the results, the trajectory of the joints was
slightly coarse at slower GC speeds (i.e., 4 seconds and 3
seconds), as unlike the extension of the joint, the leg orthosis
goes against the gravitational effect during the flexion of the
hip joint. However, this effect was reduced with an increase
in GC speed at the cost of insignificant angle extension.
Conversely, only slight effects were detected in the knee
trajectory for both controller schemes as the high muscle
moment was larger at the hip joint compared to the knee joint.
When implementing the PP controller scheme, the maximum
angle extension at the posterior side of the knee joint trajec-
tory was slightly reduced with the improvement in PMA mus-
cle activity response time. This is due to the maximum con-
traction achievable by each PMA (30% of its original length)
which results in a limitation of orthosis movements. The
speed of PMA muscle activity will reduce considerably with
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previous assessments, the design controller scheme was eval-
uated at four GC speeds of 4 seconds, 3 seconds, 2 seconds,
and 1 second. The normal GC speed of 1.25 seconds was not as
necessary in the early stages of the gait rehabilitation therapy
as it might not be able to furnish adequate afferent input to
stimulate locomotor centres. However, during the later stages
of rehabilitation therapy, gait training at the normal GC speed
might be required. From the viewpoint of control architects,
itis important to determine the system’s maximum operating
GC speed for the performance evaluation. A total of 25 GCs
for each GC speed were collected, and the average GC was
represented in a graph.

Figures 12 and 13 display the EP trajectory evaluation
of the leg orthosis controls. This evaluation was carried out
using the cocontraction model based P and PP controller
scheme for tests WO/S and W/S. The results revealed that
both designed controller schemes were able to achieve a good
EP trajectory for all GC speeds of 4 seconds, 3 seconds,
2 seconds, and 1 second. Although the performance level
dipped at a slower GC speed due to the inertia, good gait
motion was displayed especially during the stance phase of
GC both WO/S and W/S tests up to GC speed of 1 second.
The coarse movement during the swing phase might be due
to the increased load supported by the mono- and bi-articular
actuators which forced the actuators into contraction mode
to sustain the load much longer at a slower GC speed. This
created an unbalanced state which disturbed the pressure
activity of the antagonistic muscle actuators. Since the time
allocated for completing one cycle was reduced with increases
in GC speed, the posterior mono- and bi-articular actuators
that contracted were unable to receive the control informa-
tion fast enough to initiate the swing phase at the knee joint.
This reduced the response time at the mid-swing phase (60~
80% GC) due to the slowing down of PMA muscle activity as
it approached maximum contraction.

To increase the response time of the design controller
scheme at faster GC speeds, especially during the maximum
angle extension of the knee joint, the constraints related to
the actuator need to be reduced. These constraints include
the inability of the system’s operating pressure to withstand
more than 5 (bars) of maximum load. The gravitational effect
also affected the gait motion performance at the hip joint
during the muscle flexion (0~50% GC) as the anterior mono-
articular actuators and anterior bi-articular actuators were
working against gravity during the leg expansion. This “leg
expansion” is the gait motion from the heel strike stance up
to toe off stance. It is an observed fact that the performance
of the PMA controls faltered in the face of the gravitational
effect. Therefore, it might be practical to lower the muscle
activation level of the actuators in expansion mode so as to
reduce the gravitational effect on the orthosis. Additionally,
the effect can also be reduced by increasing the PMA muscle
activity and the GC speed.

To determine the performance of the design controller
schemes for both WO/S and W/S tests, the evaluation will be
based on the effective work and the inertia produced by the
EP trajectory of the leg orthosis controls. Figure 14 shows the
effective work and inertia for the control of leg orthosis for
both WO/S and W/S tests using cocontraction model based P

15

and PP controllers. It is illustrated using mean value and stan-
dard deviation. Based on the researches carried out by Banala
et al., to quantitatively determine the amount of adaptation,
they implement a measure called “footpath deviation area””
This area is the geometric area included between the swing
phases of given foot trajectory and prescribed trajectory. The
amount of area is the deviation of given trajectory from
prescribed trajectory in the template [6, 7]. By using the same
principle, the effective work is defined as the area covered
by the EP trajectory within the reference trajectory (inside
area), while inertia is defined as the area covered by the
EP trajectory outside the reference trajectory (outside area).
These data (i.e., effective work and inertia) were measured
as ratio of the covered area to the total reference trajectory
area. It is inevitable that the inertia will eventually occur as
we tried to increase the GC speed from 4 s GC (0.35 m/s) up
to 1s GC (1.40 m/s), in which similar patterns can also be
observed in [6]. Therefore, over 60% of effective work was
judged as the minimum requirement to determine whether
the leg orthosis was able or not to follow the reference foot
trajectory. However, the total work done by the orthosis is
defined as the sum of the effective work and inertia.

For the tests WO/S, both controller schemes produced
nearly comparable effective work at the evaluated GC speeds
of 4 seconds, 3 seconds, 2 seconds, and 1 second with 60%
up to 89% of the ideal value. This effective work was reduced
with the increases in the GC speed as the maximum knee
angle extension achieved was reduced. However, with over
60% effective work achieved at all GC speeds; both designed
controller schemes can be presumed to work properly. On
the other hand, the inertia also occurred as the EP trajectory
deviated outward from the reference trajectory. This inertia
will always present at every GC speed due to the deviation.
However, this inertia magnitude will vary with the increase
of GC speed. Based on Figure 14(a), it can be seen that the
cocontraction model based P controller was generating much
higher inertia during the controls of leg orthosis with —13% up
to —54% inertia as compared to —11% up to —43% inertia using
cocontraction model based PP controller at all GC speeds.
With these data, the leg orthosis was then tested W/S to
determine the reliability of the designed controller schemes.

For the tests W/S, both controller schemes also produced
nearly comparable effective work at the evaluated GC speeds
of 4 seconds, 3 seconds, 2 seconds, and 1 second with 63% up
to 85% of the ideal value. This effective work was maintained
with over 60% effective work achieved at all GC speeds when
compared to the test WO/S. On the other hand, based on the
generated inertia evaluation, the inertia produced when using
the cocontraction model based P controller was increasing
with the increase of the GC speed, especially at the faster
GC speeds of 2 seconds and 1 second. This indicates that
the P controller alone was not enough to control the EP
trajectory of the leg orthosis in the presence of inertia effect.
However, when using the cocontraction model based PP
controller, it was able to maintain the inertia produced at all
evaluated GC speeds when tested both WO/S and W/S as
illustrated in Figures 14(a) and 14(b). The generated inertia
was around —13% up to —45% inertia (almost similar to the
test WO/S with —11% up to —43% inertia) as compared to
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controllers.

-15% up to —79% inertia when using P based controller
scheme. This concludes that the PP controller scheme was
able to correspond to the inertia effect and thus gave a more
stable EP trajectory of the leg orthosis at the evaluated GC
speeds.

6. Conclusions

This research introduces the designed controller scheme and
strategy to optimize the control of bi-articular actuators in co-
contractive movements with the presence of mono-articular
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actuators. The approach strategy for this designed controller
scheme is the derivation of a cocontraction model which
facilitates the implementation of position and pressure-based
controllers. The proposed cocontraction model based PP
controller scheme correlates information on the joints with
the dynamic characteristics (i.e., contraction and pressure)
of the PMA. Input patterns are then generated for the
antagonistic mono- and bi-articular actuators compared to
the other control algorithms for PMA that predict or measure
the required torque for the joints.

Three tests were performed on the leg orthosis with
the first using mono-articular actuators alone tested WO/S;
the second with the addition of bi-articular actuators tested
WO/S; and the third with the addition of bi-articular actua-
tors tested W/S. Three assessments were evaluated to deter-
mine the performance of the designed controller scheme.
The first assessment summarized that the addition of bi-
articular actuators improved the joint stiffness of both the
hip and knee. The bi-articular actuators also stabilized the
coarse movements created by the mono-articular actuators
during flexion of the joints and improved the maximum
angle extension achieved at the knee joint. The second
assessment concluded that compared to using the position
based controller alone, the inclusion of the pressure-based
controller improved the response time of PMA muscle
activities due to the effects of contraction and expansion. The
designed controller scheme was able to achieve complete gait
motion of leg orthosis (i.e., hip and knee joints) until a GC
speed of 2 seconds with a slight time shift of approximately
only 0.2 seconds. The third assessment concluded that the
cocontraction model based PP controller scheme was able
to achieve a good EP trajectory of the leg orthosis up to GC
speed of 1 second. The effective work achieved was over 60%
of ideal value at all GC speeds of 4 seconds, 3 seconds, 2
seconds, and 1 second. Moreover, the generated inertia was
also maintained at all GC speeds. This concludes that the PP
controller scheme was able to correspond to the inertia effect
and then optimize the controls of leg orthosis. The modified
control scheme will be introduced in the next assessment to
consider the gravitational effect on the antagonistic actuators
as to improve control of the EP trajectory of the leg orthosis.
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Abstract. The use of Pneumatic Muscle Actuator (PMA) in medical robots for rehabilitation has
changed due to the requirements for a compliant, light weight and user-friendly robotic system. In
this paper, a control system for controlling the bi-articular actuators (PMA) is proposed. Based on
the information obtained from the positional input data (hip and knee joint angles), a contraction
model is derived using mathematical equations to determine the contraction patterns of antagonistic
mono- and bi-articular actuators, and then implemented it into the control system. Anterior and
posterior muscle activation levels are introduced into the model to manipulate its magnitude. There
are two tests for the control system; first is with antagonistic mono-articular actuators alone; second
is along with antagonistic bi-articular actuators. The contraction model control scheme was tested
on a healthy subject in a robot assisted walk test, and satisfactory performance was obtained. The
result showed that, the cycle time of the gait training system is improved up to 3 seconds gait cycle
compared to 5 seconds gait cycle used in previous research. However, a little time shift and inertia
occurred when the controller is tested at faster gait cycle time of 2 seconds and 1 second. Thus, the
potential field and iterative learning control are suggested to improve the gait cycle of the system.

Introduction

In neuro-rehabilitation robotic view, the robot should be compliant to movement of impaired
subjects often seen in neurologically impaired patients, such as spinal cord injury (SCI) and stroke
patients [1, 2, 3]. Recent trends in rehabilitation robotics try to implement the use of natural
compliant actuator (PMA) which has many advantages such as high power to weight ratio, inherent
safety, easy maintenance, low cost, cheap power source and readily available.

This introduces the Body Weight Support Gait Training System (AIRGAIT) for lower extremity
orthotic patients [4]. In their previous study, they were not able to achieve high stiffness on the hip
and knee joints by using only mono-articular actuators. However, they were able to improve the
system by implementing antagonistic bi-articular actuators with constant pressure input of
0.025[MPa] which resolves the problem that occurred during the use of mono-articular actuators
alone. This shows that the implementation of antagonistic bi-articular actuators with addition of
mono-articular actuators was a key to achieve high muscle moment (flexion and extension) at hip
joint and wider range of motion (flexion) at knee joint. In this research, we try to improved the gait
cycle up to normal gait cycle of human motion (T =~ 1.25s/cycle) compared to 5 seconds gait cycle
used in the previous research [4] and control the bi-articular actuators in a co-contraction movement.

Based on previous researches, its show that the performances of two-joint link mechanism such
as differences in characteristics of the output force, stiffness at endpoint of the leg and humanlike
control properties at the endpoint depend on the presence or absence of bi-articular actuators when
its present along with mono-articular actuators. According to V. Salvucci et al., the performance of
bi-articular actuator can be seen when it works in the presence of mono-articular actuator [5]. While,
M. Kumamoto et al. stated that when a two-joint link mechanism was installed with an antagonistic
pair of bi-articular actuators in addition to antagonistic pairs of mono-articular actuators, the two-

All rights reserved. No part of contents of this paper may be reproduced or transmitted in any form or by any means without the written permission of TTP,
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joint link mechanism could demonstrates humanlike control properties at the endpoint [6]. In
addition to this, S. Shimizu et al. also stated that the differences in characteristics of the output force
and the stiffness at endpoint of the leg depend on the presence or absence of bi-articular muscles [7].
Most of the previous researches on the bi-articular actuators were focused on the DC motor
compared to the PMA. However, in this study, a control system for controlling the bi-articular
actuators (PMA) is proposed to obtain a greater force and precise movement from the system.

The main goal in doing this research is to derive a concrete model equation for controlling the bi-
articular actuators which involve both hip and knee joints with co-contraction movement. The
known fact is that it is difficult to control the bi-articular actuators using both hip and knee angle
controls without complex algorithm and equations. Albeit that, if there is a model which correlates
the PMA properties with the positional data, we might be able to control the orthosis mechanism
precisely with co-contraction movement as well as simplifying the control algorithm and equations.

PMA Model. A PMA model for contraction vs. input 5,
pressure is determined using the average value of the 0% ¢ ave —Poly. (ave) ¢
data and then converted into an equation. The PMA - ,/0/“'"
used in this study is McKibben type of actuator. The _—
data for changes in length, pressure and force of the s
McKibben actuators were collected in an experiment. °°
Load cell and linear motion potentiometer were used to 1004,
measure the increment value of the contraction and %
force of the PMA. This experiment uses 3 samples of 9
McKibben actuators with different initial length (lo),
300mm, 450mm, and 600mm. A regulator is used to N Pressure [MPa]

control the input pressure into the PMA. The pressure Fig. 1: PMA contraction model

is regulated from 0.0[MPa] to 0.5[MPa]. Figure 1 shows the model for the PMA’s contraction under
pressure influence for different initial lengths of PMA. From the data obtained, it can be concluded
that the values of maximum contraction (emax) Of the PMAs are similar with 0.3[30%] contraction.

Contraction

y=-281.9x% + 611.22x5 - 533.98x* + 240.85x3 -
59.832x? + 8.1483x -0.2448

0 0.1 0.2 0.3 0.4 0.5

Body Weight Support Gait Training System. The ) 7

experimental test, mathematical model, and control

system measurements for this research were based on Pulley

the AIRGAIT system. Figure 2 illustrates the schematic

diagram of an AIRGAIT orthosis system hardware and

software. This model consists of a pair of anterior and Body qu
\

posterior bi-articular actuators and two pairs of anterior S
and posterior mono-articular actuators which move ina  Hand
co-contraction movement. The PMA operates similarly ~ Sueport A\
as a human muscle which is able to expand and contract L -H-
by regulating air pressure from 0.0[MPa] to 0.5[MPa] (L)fmg;imb Ti |
using a mechanical regulator. The potentiometer is used

for the feedback control system. A control program is Py
applied to the AIRGAIT system with the aid of the xPC
target toolbox and Simulink. Host PC and target PC are : ]
used to transfer the data to the AIRGAIT system. Fig. 2: AIRGAIT orthosis system.

Counter
Weight

Treadmill System Host PC

Methods

A contraction model to determine the contraction patterns of antagonistic mono- and bi-articular
actuators from positional data is derived and implemented into the control system. Reference input
data (hip and knee angles) for the control system was obtained from [8]. Two tests for the control
system using antagonistic mono-articular actuators alone and with the addition of antagonistic bi-
articular actuators were conducted. The controller is tested for different gait cycle times (T = 5s, 4s,
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3s, 2s and 1s) for five cycles including the initial position cycle. The contraction model control
scheme was performed on a healthy subject with full body weight support (BWS) during robot
assisted walk and from that the performance is obtained. The result is evaluated based on maximum
flexion and extension of hip and knee joints, output pattern, time shift, and inertia.

Mathematical Design for Contraction Model. Figure 3 shows the model for leg orthosis system
which consists of antagonistic mono-articular PMA model for hip joint (h_p and h_a), antagonistic
mono-articular PMA model for knee joint (k_p and k_a) and antagonistic bi-articular PMA model
(bi_p and bi_a). According to S. Balasubramanian et al., it is defined that PMAs are based on its
model parameters such as relative muscle contraction and rise natural frequency which are affected
more by PMA dimensions [9]. In this study, we focus on the mathematical design for contraction
model (change in length) of the PMA that is to be implemented into the control system. The general
idea for this mathematical model was formed based on the information gained from the reference
input data analysis. From the positional input data of hip and knee angles, the locations of minimum
(emin) @and maximum (emax) Value for the PMA contractions were determined. For example, point (a)
in Figure 4 shows minimum value for posterior muscle contraction (PMA), but maximum value for
anterior muscle contraction (PMA). On the contrary, point (b) shows minimum value for anterior
muscle contraction (PMA), but maximum value for posterior muscle contraction (PMA).

For a better representation of maximum and minimum antagonistic PMA contractions, these data
were illustrated as positive values to represent the muscle contraction patterns as can be seen in
Figure 4(b), 4(c), 5(b) and 5(c). These figures show PMA contraction patterns of antagonistic
mono-articular actuators for hip and knee joints. In this mathematical model, a condition for
maximum muscle contraction was set, Where; eymax) = gagmax) < 0.3.

By referring to Figure 3, the change in arc length (4S) at the hip and knee joints are defined
based on the change in the length (4/) of PMA to correlate the PMA’s contraction with the
positional data. Antagonistic mono-articular actuator contractions for hip joint are:

1) :
Posterior
Posterior: (45)2
) |
0_bi
. Ly
Anterior: i
0_hip
®3)
Equation (2) and (3) can be defined as a time function as liciiisa

follows:

Posterior: 4)

Anterior: (5)

Fig. 3: Powefed orthosis design.

These equations are similar to the antagonistic mono-articular actuators for the knee joint:

(6)
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For the mathematical design’s implementation into the system, another condition was set; when
the anterior side is in a contraction mode, both the anterior mono- and bi-articular actuators will be
in a contraction mode. On the contrary, when the posterior side is in an expansion mode, both the
posterior mono- and bi-articular actuators will be in an expansion mode, and, vise versa.

Noted that &, (hip posterior) and 6ha (hip anterior) have the same magnitude but different signs
between muscle contraction (+) or expansion (-). These variables were determined as pattern
(positional based data) with a positive value to measure the contraction of the antagonistic mono-
and bi-articular actuators, which is also applied for the 6y, (knee posterior) and 6. (knee anterior).
Where; |, is the initial length for PMA, r is the distance from the PMA endpoint to the attached joint,
enp 1S the posterior muscle contraction of mono-articular PMA for hip joint, ena is the anterior
muscle contraction of mono-articular PMA for hip joint, g, is the activation level of posterior
muscle contraction for hip joint, and a, is the activation level of anterior muscle contraction for hip
joint. Maximum contraction for the posterior and anterior PMAS are epmax) = amax) < 0.3.

The posterior and anterior muscle activation levels (8 and «) are introduced to manipulate the
gain of the antagonistic mono- and bi-articular actuator contractions, where the muscle activation
level is ranged from (0 < f < fmax and 0 < a < amax). These parameters are similar for the
antagonistic mono-articular actuators for knee joint and bi-articular actuators.
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The interesting part that found in this study was on the bi-articular actuator contraction patterns. It
can be defined that, the muscle contraction pattern for the antagonistic bi-articular actuators can be
represent as a pattern of the total hip and knee joint angles. Figure 6(a) shows the positional based
data for bi-articular actuators which is defined as a pattern of the total hip and knee angles (6+ 6).
The activation levels for bi-articular actuator muscle contractions are defined as (fyi and a;).
Antagonistic bi-articular actuator muscle contractions (g, and e, are:
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Fig. 6: Antagonistic bi-articular actuator contraction patterns (positional based data).

Control System. Figure 7 explains the
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bi-articular actuators. Then, the orthosis I
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system is tested using a proposed control § T
system. The Proportional + Integral (PI)
controller is implemented to control the gain ) s
value of the input patterns. The PI controller Figure 7: Schematic diagram.
is applied because of its robustness and easy implementation into the control system. Heuristic
method is used to tune the PI gain parameters. Where 4 is hip and knee angles as well as total of hip

and knee angles (6n+ 6k), 0, is output data, v; is pressure input, ev; is correction for gain value, and
Vp IS input pressure after the correction due to the PMA nonlinearity.
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Results and Discussions

In the previous study of AIRGAIT [4], they used proportional directional control valve to actuate
the antagonistic mono-articular actuators and applied a constant pressure to the bi-articular actuators.
The operating condition for the valve will regulate the air pressure between its two ports. Due to the
limitation of this mechanical system, they did not able to actuate the antagonistic mono and bi-
articular actuators in a co-contraction movement, but simply alternating it between anterior and
posterior actuators. The resulting performance was rather poor. However, in this research, one
regulator for each actuator is used to replace the previous control system, which makes it possible to
control the antagonistic muscle actuators in a co-contraction movement.

When implementing the formed equations, it shows that the position of PMAs to the joints (r)
and initial length (l,) does not affect the muscle contraction pattern of the antagonistic mono- and
bi-articular actuators. The study shows that the muscle contraction pattern of posterior and anterior
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PMAs follows the pattern of the positional data itself but only differs in gain value based on the
posterior and anterior muscle activation levels (5 and a).

Figure 8 shows the result for the hip and knee joint angles control on different gait cycles for the
tests using mono-articular actuators alone, and with the addition of bi-articular actuators. For the
gait cycle time of 5 seconds, 4 seconds, and 3 seconds, both control tests are conducted on a healthy
test subject, (W/S). The gait training system was able to perform good motion without much time
delay and was able to follow the hip and knee angle patterns by using the developed contraction
model. However, by implementing the mono-articular actuators alone, the system was not able to
perform a smooth motion at the hip joint and heel contact positions (knee joint) due to lack of
actuation power and inertia. To resolve the lack of actuation power from the mono-articular
actuators, greater force from a PMA can be obtained by increasing its diameter size. However, this
will affects its compressibility which is reduced with the increment of the PMA diameter size due to
the McKibben muscle actuator’s limitation. On the contrary, with the addition of bi-articular
actuators to the system, we were able to get a smooth motion at the hip joint and heel contact
positions as well as achieving maximum muscle moment (flexion and extension) at hip and knee
joints. By implementing these bi-articular actuators into the system, we managed to improve the
lack of actuation power at the hip joint, and solving the problems caused by inertia. This result
shows that the introduction of bi-articular PMA into a mono-articular PMA model was able to give
good control performance and smooth motion at the hip and knee joints respectively. The
contraction model which enables the antagonistic mono-articular and bi-articular actuators to move
in a co-contraction movement in the control system also plays a major role in ensuring the precise
motion at the hip and knee joints.

Based on the result, it shows that the lapse at the hip joint for the test using mono-articular
actuators is around £5°. This requires a bigger diameter antagonistic mono-articular PMA at the hip
joint for better results. However, by implementing bi-articular actuators into the mono-articular
actuators model, maximum muscle flexion and extension required at the hip joint were achieved
with a lapse of +£1° up to 3 seconds gait cycle. Furthermore, when the controller is tested for faster
gait cycle times (T = 2 seconds and 1 second), mono-articular actuators alone were not able to
withstand the external force generated from the AIRGAIT’s inertia, and caused the PMA to break
loose from the clamp before the 3 second mark. With the addition of bi-articular actuators, the
system was able to distribute the external force generated from the inertia effect equally to the
mono- and bi-articular actuators which enables the system to operate at a much faster gait cycle up
to 1 second. However, it is at the cost of little time delay and extended movement of the hip and
knee joints due to inertia.

(T=5s)

—=BHip (Ref) = = W/s mono —— W/Smono and bi

Hipangle {degree)
bR oN N

Kneeangle {degree)
BN oW a2 ow

ime (s)

Fig. 8: Hip and knee joint angles control on different gait cycles.
Conclusion and Future Work

It is important in gait rehabilitation therapy to achieve a gait cycle of the same or similar to the
natural state of human walking motion so that the patient can experience natural sensation and
emotion of walking again. Thus, if the controller is able to simulate the normal walking speed of a
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healthy human being (gait cycle, T = 1.25s/cycle), better results in rehabilitation therapies can be
obtained. It shows that the introduction of bi-articular actuators in the presence of mono-articular
actuators was able to give good control performance and smooth motion at the knee joint. Moreover,
the developed contraction model also enables the anterior and posterior actuators to move in a co-
contraction movement in the control system which plays a major role in ensuring precise movement
at the joints. These factors also apply for the performance at the hip joint, which was able to achieve
maximum muscle moment (flexion and extension) due to lack of actuation power when compared to
mono-articular actuators alone and problems caused due to inertia. For the test with full BWS
subject, we were able to achieve maximum muscle flexion and extension required at the hip joint
with a lapse of +1° for up to 3 seconds gait cycle. The gait cycle time was improved to 3 seconds gait
cycle compared to 5 seconds gait cycle in the previous research. The result was still acceptable for
faster gait cycle of 2 seconds and 1 second. However, the angle extension was increased due to
inertia and a little time shift occurred. Moreover, the PI controller used for tackling the PMA’s
nonlinearity by manipulating the contraction's gain value also might be improved by using the
optimization methods. If an intelligent controller were to be added to the system, such as potential
field and iterative learning control, the gait training’s control system could be improved further.
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Abstract

In this paper we give a new control model based on the so called computed-
torque method for the control of a 2 degrees of freedom orthosis for the re-
habilitation of the lower limb, the AIRGAIT exoskeleton’s leg orthosis. The
actuation of the AIRGAIT is made through self-made pneumatic muscles.
For this reason this work starts with the static and dynamic characterization
of our pneumatic muscles. The followed approach is based on the analyti-
cal description of the system. For this, we describe the pneumatic muscles
behaviour with an easy-invertible polynomial fit function in order to model
its non-linear trend. We give a geometrical model of the mechanical system
to compute the length between the attachments of the pneumatic muscles
to the structure for every angles assumed by the two joints. We evaluate
through Newton-Euler equation the couples at the joints for each values of
the angles. At last we show some validation tests in order to characterize the
functioning of the proposed control model on the actuation of the orthosis.
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1. Introduction

Pneumatic artificial muscles (PAMs) are often used for the actuation of
rehabilitation devices or, more generally, in most application where there is
the interaction between machines and humans [? 7 ? |. In these devices,
when the motion is not managed by a human, a control model is needed. In
literature there are a lot of models for this purpose and applied to PMAs
based actuations. The different approaches can be divided into two main
groups: feedback linearization and computed-torque method [? ]. In the
first class can be group all the control models that work on the feedback of
the measured control variable such as fuzzy [? |, PID, Neural Network [? |
or other models [? ? |. Many of these control models were tested on 1 degree
of freedom systems ([? ? ]) but recently many authors are working on more
complex systems that can simulate well the human morphology of the arms
or of the legs, then with 2 degrees of freedom, see [? 7 7 |.

The computed-torque method, instead, requires a complete description
of the system and, if it has a high number of degrees of freedom, the for-
mulation of the couple joint expression appears to be very difficult to solve.
On the contrary, if the analytical description of the system is well-made, it
will be faster to follow the inputs with respect to the other main control
model class. In this paper we propose and use a model control based on the
computed-torque method for the managing of our AIRGAIT orthosis for the
rehabilitation of the lower limb [? 7 7 |.

The paper is organized as follow. In section 2 we give an overview on
the ATIRGAIT system. In section 3 we show the main characterization of our
self-made PAMs. The control model with all its parts is described in section
4. Section 5 contains all the validation tests made on the system in order to
verify the goodness of the control model. At last, in section 6 we give some
concluding remarks.

2. Overview of AIRGAIT exoskeleton’s leg orthosis

Figure 1 shows the AIRGAIT exoskeletons leg orthosis of the developed
body weight support gait training system used for this research. The leg
orthosis system implemented six PAM which antagonistically arranged based
on the human musculoskeletal system (i.e., mono- and bi-articular muscles).



Figure 1: AIRGAIT exoskeletons leg orthosis

The PAM used in this research is a self fabricated McKibben artificial
muscle actuator. The input pressure of the PAM is regulated by electro-
pneumatic regulator separately for each actuator. The special characteristic
of PAM will cause it to contract when the air pressure is supplied, and
expand when the air pressure is removed. In other words, the PAM is able to
emulate the force and muscle contraction of humans muscle. In addition, it
is also might be able to perform similar contractions and expansions, where
their movement is almost similar to the movements of the humans muscles.
The measurement of the joint excursions (i.e., hip and knee) is made using
potentiometer. This system uses the Lab-View software and RIO module to
provide the input signals and to read the output data of the leg orthosis.

3. Pneumatic muscle characterization

The Mckibben PAM used for this study are built in our laboratory using
commercial parts. For this reason we have to characterize them in order
to understand and fix their properties and behaviours. We conduce two
main kind of characterizations, one static and another dynamic. With the
data collected by the first one we are able to model the non-linearity of the
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Figure 2: Static characterization of the PAM

PAM by fitting the data with a polynomial function. With the dynamic
characterization instead, we can estimate a prior: the error in position due
to the hysteresis. The static characterization is conduced by setting the ends
of the PAM at given positions in order to have a variation from 0 to the
30% of the contraction. This parameter is defined as the difference between
the length of the muscle and the given position, divided by the length of the
muscle, then:

(1)

Once the distance between the ends is fixed, we vary the pressure supply
inside the PAM from 0 to 0.5 M Pa and we record, through a load cell, the
reaction force. The results of the described experiment are show in figure
2. It is possible to note in this figure that the main static properties of the
PAM are very similar to those of the commercial PAM.

The dynamic characterization allow us to check the ability of the artificial
muscle to follow dynamic signals. We conduce two dynamic experiments one
with and one without loads. To conduce these experiments we fix the PAM
only on one side, maintaining the other free or putting on a weight. We
supply the muscle with a pressure signal going from zero to a setted value

4
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Figure 3: Hysteresis characterization with different time cycle: 10 s (panel
a) and 20 s (panel b).

and once again to zero. The setted we use for the experiments are 0.1,
0.2, 0.3, 0.4 and 0.5 M Pa. The results of the experiment without loads is
presented in figure 3. The left panel shows the hysteresis behaviour with a
time cycle of 10 s. As it is possible to notice, for high values of the pressure
10 s are not enough to complete the loading-unloading cycle. On the right
panel, instead, there are the hysteresis trends with a time cycle of 20 s. In
this case, with all the values of the pressure, the cycle is completed.

Fixing the time cycle to 20 s, we conduce the same hysteresis characteri-
zation, then loading and unloading cycle, with different maximum pressures,
but including a load on the muscle. We test it with 10 and 20 kg, that can
be considered very high in comparison with the real loads that the system
could be stressed. In figure 4, panel a there is the hysteresis behaviour with
a load of 10 kg instead, in panel b that with 20 kg. The main interesting
consideration can be made by comparing the results of figure 3 with those
of figure 4 in terms of distance between the loading and unloading curves.
Also with the presence of great load this distance remain almost constant
confirming the goodness of these kind of actuation.

100
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Figure 4: Hysteresis characterization with a time cycle of 20 s and different
loads: 10 kg (panel a) and 20 kg (panel b).

4. Control model and application to the orthosis

The control model, proposed in this paper, is based on the analytical
description of the system and on the use of the so called computed-torque
method. In this section we will show all the main components of the entire
control model and the main idea at its basis.

4.1. Fitting model of the non-linear behaviour of the PAM

One of the most difficult problems to solve when we work with PAMs is
the non-linear behaviour of the PAMs. The main task is to find, as made by
[?7 ], the force that the PAM can apply as a function of the supply pressure
and of its contraction.

The data collected into the static characterization (see figure 2) will be
here fit with a surface. We choose to fit the surface with a two variables
polynomial function. We need to express the supply pressure as a function
of the force and the contraction. To do this, the fitting equation must be
solvable in the term of the pressure, then the term of the pressure must have
a degree equal or less to two (different approach used in [? | in which the
equation is fifth degree in both variables, then needs to solve numerically with
long computing time). We then conduce a sensibility analysis on the degree
of the fitting equation. Particularly we compute the Root Mean Square Error

6
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Degree of = | Degree of y | RMSE [N]

1 1 116

1 53
2 2 31
2 3 21
2 4 19
1 2 43
1 3 32
1 4 29

Table 1: Sensibility analysis of the fitting curve of the experimental data as
a function of the degrees of the polynomial surface

(RMSE) between the experimental point of Figure 2 and the fitting surface
and we express the results as a function of the degrees of the two variables x
and y (pressure and contraction). The results are summarized in the Table 1.
As it is possible to notice we have a great reduction of the RMSE from first
to second degree in x and, at the same time, we choose to have third degree
in y. This choice is due to the fact that we do not have a great reduction
of the RMSE between third and fourth degree in y and then we decide to
reduce the number of the parameters to increase the computational speed.
The resulting fitting equation is the follow:

f(z,y) = a1 + axr + azy + agz® + asTy + CLG?J2 + a7$2?J + agxy2 + a9y3 (2)

where, as mentioned before, x represents the supply pressure, y is the con-
traction and f(z,y) is the force. The numeric values of the parameters of
this equation are shown in the Table 2.

At last, we show in figure 5 the equivalent polynomial surface with the
experimental points coming from the characterization. As it is possible to
notice from this figure, the equation fits well the real data.

4.2. Newton-FEuler equation model

The crucial part of the proposed model is based on the computation of
the couples for every angles assumed by the two joints. Here we follow the
Newton-Euler approach in order to obtain an analytical formulation of the



Parameter | Value
ay -7
Qs 2384
as -1135
ay -467
as -12480
ae 8682
ay 4160
as 13290
ag -15960

Table 2: Numeric values of the parameters of the fitting polynomial equation
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Figure 5: Graphic visualization of the fitting polynomial equation.The blue
dot are the experimental points



Figure 6

two couples. Just to remind and using a simplified formulation, we can model
the dynamics of a robot with revolution joints by the follow equation:

M(q)i+C(q,q) +g(q) =7 (3)

where ¢, ¢ and ¢ are respectively the vectors of joint positions, velocities
and acceleration, M (q) is the articulated robot inertia matrix, C(q, ¢) is the
vector of centripetal and Coriolis force, g(q) is the vector of gravitational
forces and 7 is the vector of joint torque [? |. In figure 6 we give a schematic
representation of the orthosis. In this figure d; and d, denote the distances
between the joints and the centers of mass of the two links instead, di» and
dro are the lengths of the two links. Referring to figure 6, we can solve the
equation 3, in order to find the couples of the two joints:

Cy = Inby + Lol + Ingby + 61d2my + 01d2my + Oyd2my + 01d2,ms +
dy gmacos(6y + 02) + dy gmycos(01) + day g macos(0y) —
922d2d21m23in(92) + 29"1d2d21m2005(92) + Qéd2d21m2003(92) —
29192d2d21m25in(92)

Cg = ]22(91 + (92) + dng(dmsin(QQ)élg + 9603(91 + 92) + dg(@l + 92) +
91d21608(92))



Parameter Value
IH 0.052 k’g’I’I”L2
122 0.032 kgm2
mq 1.34 kg
Mo 0.97 kg
dy 0.2m
ds 0.15m
d21 04 m
dT2 0.37m

Table 3: Numerical data of the orthosis geometry

where [ is the inertia, m is the mass and ¢ is the gravity acceleration. The
equations of the two couples are obtained by a symbolic generation of large
multibody system dynamic equations proposed in [? | and in [? |.

In the table 3 are summarized the numerical data of the orthosis geometry.

4.8. Geometric description model

In this section we give the geometric model of the system. We have to
describe the variation of the lengths between the ends of the PAMs during
the functioning of the orthosis in order to derive the contraction through
equation 1. Then, we have to find a relation between these lengths [;, related
to the muscle 7, and the joints angles. As the system is made, we have to
discern the two cases separately: mono- and bi-articular actuation. These are
schematized in figure 7, mono-articular in panel a and bi-articular in panel b.
Another distinction will be made for the two kind of muscle configurations
(agonist and antagonist), these due just to the angles coordinate system.

For what concerns the mono-articular configuration (figure 7, panel a) we
can describe the variation of the length of the muscle, defined as AB, through
the use of the law of cosine. Here we show the implementation for the mono-
articular hip joint as a function of the angle 6;, but the same formulation
can be derived for the knee joint as a function of the angle 6,.

AB = \/AC'2 +BC” — 240 - BC'cos(a) (4)

where «, as mentioned before, will have different value for the two cases of

10



(a)

Figure 7: Geometric scheme of the actuation. Panel a mono-articular, panel
b bi-articular.

muscle configuration, then:
Agonist:  a =601+ 0y
Antagonist : a =0, — 6,

where
fo = alp,=0
with these positions we can explicit, through the equation 1, the variation of
the contraction as a function of the joint angle:
lm — AB
k(0)) = k" = k" = 0 ———

5
- (5)
where k%9 and k%" are respectively the contraction of the agonist and antag-
onist muscles.

The formulation of the contraction of the muscles in the bi-articular ac-
tuation, instead, will be related to both angles. Referring to figure 7, panel

b, we can explicit

AC = \/AD2 +CD’ - 24D - C'Dcos(am) (6)

11



where
Qg =T — 7 — 92

and 7 is a static angle that can be measure manually on the orthosis. It is
equal to 1.89 rad for the agonist side and 0.68 rad for the antagonist one.

AB = \/AC'2 +CB’ —24C - CBcos(as) (7)
where
az =a; — f3
with
CD’ + AC" - DA
f = acos — (8)
20D - AC

and distinguishing for the two cases of muscle configurations, a4 is equal to
Agonist : ar = 6, + 6

Antagonist : o =60; — 6y

The contraction for the muscles in the bi-articular actuation can be now
evaluated as

ly, —AB

k(01,05) = k%9 = ot = (9)

I

4.4. Control Model

First of all, we can define the stiffness of a system as the measure of
the resistance to the deformations. For our system this concept of stiffness
translates itself into the level of the force of the antagonist muscle that we
can call the ”"base force” (following a similar nomenclature proposed by [? ]).
In order to describe the control model we can set and define, as R = cost, the
stiffness of the system that represents the force of the PAM that is working
against the motion.

From the geometrical model we can find the contraction of the three pairs
of muscles as a function of the angle ¢, and/or 5, then:

kK99 = £(6,) and k™ = f(6;) (10)
k39 = £(6y) and k2™ = £(6,) (11)
k39 = £(601,0,) and kS = f(61,0,) (12)

12



where k79 represents the contraction of the agonist muscle of the joint 1,
instead k5™ is the contraction of the antagonist muscle of the joint 2. From
the NE equations we can compute the couples C and C5 as follow:

Cl :f<m17m27[117[2270176279‘179'276"179”2> (13)
C'2 = f(m2712279170276‘170‘270"179.2> (14)
but geometrically the couples C; and C5 can be also computed as:
Cr= (FY = F{™) i (15)
Co = (Fy! = F3™) -1 (16)

where [; is the distance between the i — th muscle force and the joint.
When the orthosis is working, the couples could be both negative and pos-
itive. The two cases allow us to distinguish when the agonist or antagonist
muscle has to work against the motion and be equal to R. For the negative

couple case, for example, we can compute the two forces from the equations
15 and 16 as follow:

C
FY = 71 +R (17)
Fy9 = % +R (18)

The last step of the model consists into solving the fit function of the PAM
characterization. Then, using the follow positions

A=ay+ary

B = ay + asy + asy®
C = a1 +azy + agy” + agy’ — f(z,y)
we can easily solve the equation 2, as
_ —B++VB*—4AC
2A

and considering the physical meaning of z, y and f(x,y), the equation can
be summarize as P = f(F, K). Then, known the force and the contraction
of the muscle we can compute the required pressure.

In the figure 8 we give the schematic idea of the proposed control model.

T

(19)
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Figure 8: Block diagram of the proposed control model

5. Validation tests

In this section we show the results of the validation tests made on the
orthosis controlled by the proposed model. We give, as first test, a sinusoidal
trajectory to both angles varying its frequency. For the hip joint the sine
trajectory has a mean value and an amplitude respectively equal to 1.57 and
0.4 rad. Instead, the sine wave, sent to the knee joint, has an amplitude and
a mean value both equal to 0.4 rad. In figure 9 are shown the four cases that
can be distinguish by the different frequencies of the sine wave that we vary
from 0.05 to 1 Hz. Particularly here we show the cases of 0.05, 0.1, 0.5 and
1 Hz that corresponds to periods of 20, 10, 2 and 1 s. It can be noticed that
also in the worst case of a frequency of 1 Hz the system presents a delay but
continues to follow almost well the sine wave, with respect to the minimum
and maximum values. Moreover we can say that at the frequency of 1 Hz
corresponds a walking speed of 1.40 m/s that is the speed of a healthy person
[?7 ]. Instead for a person that needs of rehabilitation we can consider a speed
less or equal to 0.7 m/s at which corresponds a frequency of 0.5 Hz.

Another important test is made by sending a squared signals to both
joints. The parameters of the squared trajectories, in terms of mean value
and amplitude, are the same of those sinusoidal. Here we just show the case
of 0.5 Hz. The main scope of stressing the system with a squared wave is
to see the response speed. In figure 10 we show this test and we can noticed
that the system is very quick to follow the squared trajectory. Particularly
the mean time, considering both the loading and unloading parts, to reach
the input signal is equal to 0.1 s.

The last validation test is conduced by recording the hip and knee angles
for a random walk and use them as input for the system. By varying the

14
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Figure 9: Sine trajectories test for different frequencies. Panel a - 0.05 Hz,
panel b- 0.1 Hz, panel ¢- 0.5 Hz, panel d - 1 Hz. The red dashed line is the

input signal and the blue continuous line is the measured angles assumed by
the orthosis.
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Figure 10: Squared trajectory test with a frequency of 0.5 Hz. The red
dashed line is the input signal and the blue continuous line is the measured

angles assumed by the orthosis.
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Figure 11: Real trajectories for the hip and knee angles for a random walk.
The red dashed line is the input signal and the blue continuous line is the
measured angles assumed by the orthosis.

time between the samples we can set easily the cycle speed. Here we show
the worst case with a time period of 2 s. We can see, from figure 11 that the
input signals are followed with a good accuracy, according to the previous
validation tests.

The angles showed in figure 11 are used in figure 12 in order to verify if
the system is able to follow a specific path with the end effector, in our case
the ankle. We find the position of the ankle just using the equations of the
double pendulum, giving the angles of the random walk. We can see in figure
12 that the path is well followed.

6. Discussion and conclusion

In this paper we continue the improvement of the control system for
our AIRGAIT exoskeleton’s leg orthosis. We introduce, with respect to the
previous works, the effect of the dynamic components of the system by com-
puting the couples of the joints with the use of the Newto-Euler equations.
Moreover, we conduce different validation tests using sine, squared and true
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Figure 12: Ankle position path for a random walk. The red dashed line is
the input signal and the blue continuous line is the real position assumed by
the orthosis.

random walk trajectories. We show that for the specific purposes for what
the orthosis is designed, the PAMs and the proposed control model catch the
aim of our work. To the best of our knowledge we are the first on applying
the computed-torque method on the control of a two degree of freedom or-
thosis actuated by PAMs. We show also that, even if there is no managing
on the feedback, the proposed model has the advantage to allow the system
to follow a given trajectory in a very quickly and with a great accuracy.
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Abstract—in recent years, the use of the pneumatic muscle
actuator (PMA) to acquire greater power from the actuation
system especially for the development of medical rehabilitation
robotic for gait training system has increased. Usually, the bi-
articular actuators are treated as a redundancy in actuation since
the number of actuators is greater than the number of joints.
However, these actuators are able to generate a strong force due
to wider range of motion compared to the mono-articular
actuators and it is thought to generate instantaneous force. In the
case of lower orthotic gait training system, the implementation of
antagonistic bi-articular actuators along with mono-articular
actuators plays a major role to achieve the required afferent
input for the lower limb and hip joint as well as smooth and
precise movements at the endpoint. One of the important
characteristics of PMA is based on its muscle contraction. In this
study, we modelled mathematical equations to determine the
muscle contraction pattern for the antagonistic mono- and bi-
articular PMAs as a function of the hip and knee angles in which
its magnitude is influenced by the anterior and posterior muscle
activation levels. From this model, we are able to determine the
input pressure for each of the antagonistic mono- and bi-articular
PMAs and then control the system using a feedback controller.

Keywords—Mono-articular actuator, bi-articular actuator,
pneumatic muscle actuator, contraction model, control system.

1. INTRODUCTION

The effect of body weight support treadmill training for
incomplete spinal cord injured (SCI) patients has been reported
in several previous studies since the 1990s. In those trainings,
however, therapists must manually move both of the patient’s
paralyzed legs. Wernig et al. studied the manual training which
is assisted by two physical therapy instructors to start with the
training operation [1]. From the rehabilitation sessions, around
76% of patients with incomplete spinal cord injuries (total of
33 persons) were able to walk independently after the treadmill
training with partial body weight support. For the therapists,
this training process is physically difficult to be done for long
periods of time. In the field of neuro-rehabilitation robotics, a
driven gait orthosis (DGO) that can be used on patients with
varying degrees of paresis or spasticity for a long time had
been developed [3]. Dietz, et al. (2002) used this DGO on
patients with incomplete SCI and suggested that the afferent

b) Faculty of Mechanical Engineering
Universiti Teknologi Malaysia
Johor, Malaysia
azuwan@fkm.utm.my

input from lower limb and hip joints’ movement are important
for the activation of central pattern generator for locomotion
training in SCI patients [2]. The newly developed Body Weight
Support Gait Training System (AIRGAIT) for lower extremity
orthotic patients which implemented McKibben pneumatic
actuators (PMA) is a complex and non-linear system [7] [8]. In
the previous study of AIRGAIT, it was not able to achieve high
stiffness on the hip and knee joints by using mono-articular
actuators alone. Those results were improved when they
implemented antagonistic bi-articular actuators with constant
pressure input of 0.025MPa. This suggest that the antagonistic
bi-articular actuators plays a major role in achieving high
muscle moment (flexion and extension) at hip joint and wide
range of motion (flexion) at knee joint. V. Salvucci et al.
mentioned that the performance of bi-articular actuators can be
seen when it works in the presence of mono-articular actuators
[11]. While, M. Kumamoto et al. stated that when a two-joint
link mechanism was installed with an antagonistic pair of bi-
articular actuators in addition to antagonistic pairs of mono-
articular actuators, the two-joint link mechanism could
demonstrate humanlike control properties at the endpoint [10].
In addition to this, S. Shimizu et al. also stated that the
differences in characteristics of the output force and the
stiffness at the endpoint of the leg depends on the presence or
absence of bi-articular muscles [13]. The purpose of this study
is to control the bi-articular actuators which involve both hip
and knee joints. It is hard to control the bi-articular actuators
using both hip and knee angles positional data. However, if we
were able to find a concrete model which correlates the
actuators with the positional data, we might be able to
implement the bi-articular actuators with co-contraction
movement into the system and simplify the control algorithm.

II.  SYSTEM DESIGN

All the measurements for this study were based on the
developed AIRGAIT system. Figure 1 shows the design of
AIRGAIT’s powered orthosis for SCI patients’ rehabilitation.
This model is controlled using a pair of anterior and posterior
bi-articular actuators and two pairs of anterior and posterior
mono-articular actuators which move in co-contraction
movement. This muscle actuator works by using compressed
air to expand and contract similar to the human muscle



principle. Air pressure is regulated from OMPa to under
0.5MPa by six mechanical regulators. The pressure sensor and
potentiometer is used for the feedback control system. With the
aid of xPC target toolbox and Simulink, we applied a control
program to the AIRGAIT system. A host PC and target PC is
used to transfer the data to the AIRGAIT system.
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Host PC &"}
| (Simulink)

Pressure sensor
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Figure 1: AIRGAIT system.

III.  METHODS

We developed a contraction model using mathematical
calculations to determine the contraction patterns of
antagonistic mono- and Dbi-articular actuators from the
positional data, then implementing it into the control system.
Subject for the test is a healthy adult of 26 years old, weighs
65kg, and 173cm in height. Input for the control system is the
hip and knee angles for walking motion [6]. The controller is
tested for different gait cycle times (T = 5s, 4s, 3s, 2s, and 1s)
for five cycles including the initial position cycle. The data is
collected for a controller without a subject and with full body
weight support (BWS) subject. Results were evaluated based
on the maximum muscle moment (flexion and extension),
output pattern, inertia, and time delay. For the test setup, an
xPC target system and MATLAB Simulink are used for the
control system software. The PMA used for this gait training
system is a McKibben type muscle actuator with initial
diameter of 25mm and initial length of 300mm, 450mm and
600mm. Six regulators are used to control the input pressure
into the antagonistic mono- and bi-articular actuators, and the
pressure is regulated from OMPa to 0.5MPa.

IV. MATHEMATICAL MODELLING FOR CONTRACTION
PATTERN

Mathematical model for the contraction patterns of
antagonistic mono- and bi-articular actuators was developed
based on the one link and two link leg manipulator models as
can be seen in figure 2. Figure 2(a) shows the antagonistic
mono-articular PMA model for hip joint, and 2(b) shows the
antagonistic mono-articular PMA model for knee joint. One of
the important characteristics of PMA is based on its muscle
contraction (change in length). Based on the characteristics of
muscle contraction for antagonistic mono- and bi-articular
muscle actuators, we were able to determine the required input
pressure for the actuators which enabled the system to move in
a co-contraction movement. For the mathematical model, we
consider the correlation between the change in length of the
antagonistic actuators (Alpg, Alpy, Alyq, Aly,) and the change

in arc length at the joints (ASy;p, ASknee). Then we came up
with one mathematical expression which correlates the
antagonistic actuators contraction with positional data of hip
angle (6;) and knee angle (6,), both for mono- and bi-articular
actuators. Initial length for the actuators is defined as ([,), and
distance from the PMA joint to the joint (hip and knee) is r.
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Figure 2: Antagoflistic mono-articular PMA model for (a) hip joint, and (b)
knee joint.

From the positional input data of hip and knee angles (see
figure 3, 5 and 8), we can determine the locations of zero point
value for anterior PMA muscle contraction at point (a), zero
point value for posterior PMA muscle contraction at point (b)
and zero point value for positional data of hip and knee angle at
point (c). Point (a) shows the maximum muscle contraction for
the anterior PMA and minimum muscle contraction for the
posterior PMA. Point (b) shows the maximum muscle
contraction for the posterior PMA and minimum muscle
contraction for the anterior PMA. The activation levels for the
posterior and anterior PMA (B and o) will determine its
maximum muscle contraction, while the measurement of
muscle contraction is based on its correlation with the
positional input data (hip and knee angles).
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Figure 3: Positional input data of hip angle.

For a better understanding on the muscle contraction of
antagonistic mono-articular PMA, the positional based data for
the posterior and anterior is set to a positive value which can be
seen in figure 4 and figure 6. These figures show the muscle
contraction pattern for the antagonistic mono-articular PMA
(posterior and anterior) with the maximum muscle contraction
is less than 0.3 (g4 = 0.3). From the kinematic analysis, it can
be proved that the muscle contraction pattern for posterior €,(t)
and anterior €,(t) follows the pattern of the positional data itself



but only differs according to the posterior and anterior muscle
activation levels (B and o).
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Figure 4: Muscle contraction pattern for the antagonistic mono-articular PMA
(hip joint).

From the definition of the arc length (AS), the change in
length (Al) for a PMA is:

Al=AS =0.r €))
The muscle contractions of the antagonistic mono-articular
actuators (e, and &p,) for hip joint are defined using (1)

Alhp = th r

AL 0
erp = 72 = B (27) @)
Alha _Algha- 0
a a.r
Ena = z: :ah-( };0 ) 3)

Where 0y, is the posterior PMA positional based data of hip
joint, and Oy, is for the anterior PMA as can be seen in figure
4. The muscle activation levels (B and o) are introduced to
manipulate the gain of muscle actuators’ contractions. We can
determine the value of maximum activation level for actuators
at maximum contraction point (0 < By < Bhmax) and (0 < a, <
Opmax)- The maximum contraction for posterior and anterior
actuators are (&ppmax) < 0.3) and (€namaxy < 0.3). Equation (2)
and (3) can be defined as a time function as follows

Epp(t) = (L)-ﬂhﬂhp(t) <0.3 (4)
€np(max) = ( )ﬁh(max) |6y (O] 0.3

max

[ |9hp(t)|max]
ena(t) = (1) - th- Ora(t) < 0.3 5)
€ha(max) = (Z) Oh(max)- 10ha () |max = 0.3

ﬁh(max) =

=03[—t
Ah(max) = 3 [r.lﬁha(f)|max]

Where: &, is the posterior muscle contraction of mono-articular PMA for
hip joint, &, is the anterior muscle contraction of mono-articular PMA for hip
joint, By is the activation level of posterior muscle contraction &, for hip joint,
oy 1s the activation level of anterior muscle contraction &, for hip joint.
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Figure 5: Positional input data of knee angle.
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Figure 6: Muscle contraction pattern for the antagonistic mono-articular PMA
(knee joint).

The muscle contractions of the antagonistic mono-articular
(posterior and anterior) PMAs for knee joint are

Alkp = gkp
Al 6
Ekp = kp = Br- ( £ ) (6)
Alyg =Algka-r .
a a’
Eka = z: = ak-( l;o ) (7

Where 0y, is the posterior PMA positional based data of knee
joint, and Oy, is for the anterior PMA as can be seen in figure
6. Maximum muscle activation levels for antagonistic mono-
articular actuators of knee joint is ranged from (0 < By <
Brmaxy) and (0 < o < Okmay). While, the maximum
contractions it can achieve are (gipmax) < 0.3) and (Examax) <



0.3). Equation (6) and (7) can be defined as a time function as
follows

£1ep (£) = (r) B Orp(£) < 0.3 (8)

€kp(max) = (i) ﬁk(max)- |0kp(t)|max =0.3

—_ la
£a(t) = (—) QO () < 0.3 9)

lo

r
Eka(max) = (E) Ak (max)- 10ka () |max = 0.3

lo
trtmany = 03 [ ]
k(max) 7.10ka () lmax
Where: € 1s the posterior muscle contraction of mono-articular PMA for
knee joint, &, is the anterior muscle contraction of mono-articular PMA for
knee joint, Py is the activation level of posterior muscle contraction &, for
knee joint, oy is the activation level of anterior muscle contraction &, for knee
joint.

AT
SN
e

e
2

posterior

Figure 7: Antagonistic bi-articular PMA model for two link leg manipulators.

Figure 7 shows the antagonistic bi-articular PMA model for
two-link manipulators. Similar with the mono-articular PMA
models, we can also determine the locations of the zero point
value as well as the maximum and minimum muscle
contraction points for the posterior and anterior bi-articular
PMAs (see figure 8). The positional based data for bi-articular
PMAs are defined as a pattern of total hip and knee angles
(6, + 6). Point (a) shows the maximum muscle contraction
for the anterior PMA and minimum muscle contraction for the
posterior PMA, while point (b) shows the maximum muscle
contraction for the posterior PMA and minimum muscle
contraction for the anterior PMA. The activation levels for the
posterior and anterior PMAs, (By; and ay,;) determines the bi-
articular PMAs’ muscle contractions, while the measurement
of muscle contractions are based on its correlation with the
positional input data (hip and knee angles).
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Figure 8: Positional based data for bi-articular PMA (pattern of total hip and
knee angles).

For a better understanding of the muscle contraction for
antagonistic bi-articular actuators, the positional based data for
the posterior and anterior are set to a positive value as can be
seen in figure 9. This figure shows the muscle contraction
pattern for the antagonistic bi-articular actuators with the
maximum muscle contractions are less than 0.3 (g, = 0.3).
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Figure 9: Muscle contraction pattern for the antagonistic bi-articular PMA.

Relative muscle contractions for the antagonistic bi-articular
(posterior and anterior) PMAs of two link leg manipulators are
Alp = (Alh + Alk)p

Alp = (Gh.T + Bk.r)p

Al (Opr+6.1)
£ = 2 = Bor. [ (10)
Ala = (Alh + Alk)a
Ala = (Qh.r + 9k.T)a
Alg Opr+0k.1)q
€ =" = Upi: [%Okr] (11)

Maximum muscle contraction condition also can be applied
for the antagonistic bi-articular actuators, with maximum



activation levels of (O < Bbi < Bbi(max)) and (0 < Oy < abi(max))'
The maximum contractions they can achieve are (&pumax) < 0.3)
and (&ymax) < 0.3). Equation (10) and (11) can be defined as a
time function as follows

& (D) = (1) - Boi- (Bn(0) + 0c(0)), < 0.3 (12)
tc"p(max) = (i) -ﬁbi(max)- |(9h(t) + Hk(t))p| =03

max

- 2
Bvi(maxy = 0.3 [T-|(9h(f)+9k(f))p|max]
£a(®) = (1) - @i (60(0) + 6(D))q < 0.3 (13)
Ea(max) = (i) - Api(max)- [(0r () + 0, (t)almax = 0.3

- Lo
Tpi(mazx) = 0-3 [r.|(eh(r)+ek(r))a|max]

Where: ¢, is the posterior muscle contraction of bi-articular PMA for knee
joint, €, is the anterior muscle contraction of bi-articular PMA for knee joint,
Bui is the activation level of posterior muscle contraction (g,), oy is the
activation level of anterior muscle contraction (g,).

V. CONTROL SYSTEM

The reference input used for this system is the positional
data of hip and knee angles which is referred from (Winter,
2009) and validated in the test [6]. The output we want to
obtain from the system are the positional output data of hip
and knee angles. However, the input data required for the
antagonistic mono and bi-articular actuators of hip and knee
joints are not the positional data, but it is the pressure input
data which is in a correlation of hip and knee angles. Based on
the control system, an error from the positional data is
different with an error from the posterior and anterior
actuators’ input data (pressure). This positional error
contributes in manipulating the gain of the input pressure due
to the PMA’s nonlinearity, not the correction of the input
pressure pattern. Therefore, we implement the developed
contraction model into the system to measure the required
input pressure based on the estimated contraction pattern. The
value of the muscle activation levels for posterior () and
anterior (o)) is determined using the heuristic method. For this
controller scheme, we are controlling the contraction pattern
of the antagonistic mono- and bi-articular actuators which are
in correlation of hip and knee angles instead of controlling the
hip and knee angles’ values. Then, the PI feedback controller
is used to manipulate the gain of the contraction model due to
the PMA nonlinearity. Figure 10 shows the schematic diagram
for the developed controller based on the contraction model.
An angle of 0 represents the positional input data which is the
hip angle (8},), knee angle (6},), and the total of hip and knee
angles (65, + 0;). The positional output data is defined as (6,,).
The angle O(+) represents the contraction patterns for the
antagonistic mono- and bi-articular PMAs which is defined as
a positive value of the positional data. The equation to change
the positional data into the contraction model with a positive
value is defined as G, and G,. A PI controller is used to
manipulate the correction value for the input pressure (ev;)
using the positional error data. Input pressure is defined as (v;),
while (v,) is the input pressure after the correction due to the
PMA nonlinearity.
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System
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Figure 10: Schematic diagram of controller based on contraction model.

VI.  RESULTS AND DISCUSSIONS

Based on the developed equations, it shows that the
position of actuators to the joints, (r) and initial length, (l,)
does not affect the muscle contraction patterns. The study
shows that the muscle contraction patterns of posterior and
anterior actuators follows the pattern given by the positional
data itself which only differs in gain value based on the
posterior and anterior muscle activation levels (B and o). Figure
11 shows the results for the hip and knee angle controls with
different gait cycle (T = 5s, 4s, 3s, 2s, and 1s) using the
contraction model controller scheme. From the results, it shows
that for gait cycle of 5 and 4 seconds, the gait training system
were able to perform smooth movement without extended
movement and time delay, both with and without full BWS
subject tests. For the knee angle control, the controller was able
to follow the heel contact position accurately and was able to
achieve maximum angle extension of 60° at knee joint.
However, due to an error of -3°, maximum angle for anterior
and posterior of hip angle control was not achieved. For the 3
seconds gait cycle, inertia effect occurred during the test
without subject at the hip joint and heel contact position of the
knee joint. However, the system still was able to follow the
pattern given by the hip and knee angle without time delay. It
managed to perform good control at the knee joint both with
and without full BWS subject, but maintains the -3° error at the
posterior side of hip joint. For the 2 seconds gait cycle, the
system managed to perform hip and knee angle patterns, but
with extended the movement (due to inertia effect) of +3° and
0.15 seconds time delay on the anterior side of the hip joint.
Even with the 0.15 seconds time delay, the system was able to
perform the heel contact position at the knee joint. As for the 1
second gait cycle, the result shows that there is inertia effect
which caused the anterior side of hip joint to extend to +5°, 0.2
seconds time delay, and the system was not able to perform
heel contact movement perfectly due to the time delay.
However, it was able to imitate the walking motion. This result
shows that, the addition of bi-articular PMA in the presence of
mono-articular  PMA was able to give good control
performance and smooth movement at the knee joint. The
contraction model which enables the anterior and posterior
PMAs to move in a co-contraction movement in the control
system also plays a major role in ensuring the precise
movement at the knee joint. These factors also apply for the
performance at the hip joint, which gave good control
performance for the test without subject. However, for the test
with full BWS subject, we are not able to achieve the
maximum angle extension due to the high moment required at
the hip joint with an error of £3°. This requires for a much
bigger PMA for the mono-articular actuators at the hip joint.
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Figure 11: Hip and knee angle controls with different gait cycle.

VII. CONCLUSION

In a rehabilitation exercise, we try to perform the natural
walking speed of a human being which is a gait cycle of (T =
1.25s/cycle) to obtain a better result. This requires a good
control system. By implementing this controller based
contraction model, the gait training system was able to follow
the human walking motion with little inertia effect and time
delay up to 2 seconds gait cycle time. From the results, it shows
that the addition of bi-articular PMAs in the presence of mono-

articular PMAs was able to give good control performance and
smooth movement at the knee joint. The developed contraction
model also enables the anterior and posterior PMAs to move in
a co-contraction movement in the control system which plays a
major role in ensuring the precise movement at the joints.
These factors also apply for the performance at the hip joint,
which gave good control performance for the test without the
subject. However, for the test with full BWS subject, we are
not able to achieve maximum angle extension due to the high
moment required at the hip joint with an error of £3°. For the
improvement of the gait training system, the addition of
intelligent controllers such as adaptive and neural network
controller is needed. This study will contribute to the control
system for the PMA as well as the gait training system for
rehabilitation.
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Abstract— Recently, robot assisted therapy devices are
increasingly used for spinal cord injury (SCI) rehabilitation in
assisting handicapped patients to regain their impaired
movements. Assistive robotic systems may not be able to cure
or fully compensate impairments, but it should be able to assist
certain impaired functions and ease movements. In this study,
the control system of lower extremity orthosis for the body
weight support gait training system which implements
pneumatic artificial muscle (PAM) is proposed. The hip and
knee joint angles of the gait orthosis system are controlled
based on the PAM coordinates information from the
simulation. This information provides the contraction data for
the mono- and bi-articular PAMs that are arranged as
posterior and anterior actuators to simulate the human walking
motion. The proposed control system estimates the actuators’
contraction as a function of hip and knee joint angles. Based on
the contraction model obtained, input pressures for each
actuators are measured. The control system are performed at
different gait cycles and two PMA settings for the mono- and
bi-articular actuators are evaluated in this research. The
results showed that the system was able to achieve the
maximum muscle moment at the joints, and able to perform the
heel contact movement. This explained that the antagonistic
mono- and bi-articular actuators worked effectively.

Keywords—Mono-articular actuators, bi-articular actuators,
pneumatic artificial muscle, and contraction model based
controller.

I. INTRODUCTION

The needs for the medical and rehabilitation technology
were increased with the increase numbers of old people and
decrease numbers of young labors. Furthermore, lack of
people’s welfare places also contribute for the needs of
medical and rehabilitation technology. These facilities are
essential to lessen the burdens for the doctors. Moreover, it’s
also eases the handicap people, old people and helpers
physically and mentally. This research focuses on the control
system for legs orthosis of the developed Body Weight
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Support Gait Training System [1, 2]. This system aims was
the assistive rehabilitation gait training for the spinal cord
injury (SCI) patient that suffer the lower limb disability either
one side or both side of their legs. The developed system was
implemented PAM actuators and has a complex and non-
linear system. However, its control system which
implemented proportional directional control valve was
rather poor.

Based on the previous researches, it is possible to use a
standard PID controller in a feedback loop to control the
joints' angle of the assistive robotic towards their desired
values. Nevertheless, without additional model or integrated
controller, it is not able to control compliant robots accurately
due to the complex and highly nonlinear dynamics of the
PMA, thus the resulting position was rather poor. There are
lots of established controller design which are used to control
this muscle actuator such as; Caldwell (1993~1995), tested a
feed forward PID regulator and developed an adaptive
controller for the pneumatic artificial muscle (PAM)
manipulator; Repperger (1999) handled the nonlinear factor
with a nonlinear feedback controller using a gain scheduling
method; Tondu, and Lopez (2000) employed sliding-mode
control approach; Folgheraiter (2003) developed an adaptive
controller based on the neural network for the artificial hand;
Balasubramanian, and Rattan (2003) proposed feed forward
control of a nonlinear pneumatic muscle system using fuzzy
logic; Ahn, and Tu (2003~2005) proposed an intelligent
switching control scheme using a learning vector
quantization neural network and a nonlinear PID control to
improve the control performance of PAM manipulator using
neural network (NN). However, using a complicated control
algorithm does not always indicates the best solution that can
be used. Rather than using a very complicated algorithm for
the system, a much simpler approach is to be proposed.

II. SYSTEM OVERVIEW FOR THE LOWER LIMB ORTHOSIS

Figure 1 shows the developed Body Weight Support Gait
Training system used for this research. This system used six
PAM actuators which arranged as antagonistic (posterior and
anterior) mono-articular and bi-articular actuators based on
the human musculoskeletal system. The PAM used in this
research is the McKibben artificial muscle actuator, which
was assembled manually in our laboratory. It is constructed
using a rubber tube which is braided with braiding strips. The
input pressures of the PAMs are regulated by electro-
pneumatic regulator. The increase in air pressure will cause
the internal rubber tube to expand, but the outer layer which
is the braiding will suppress the tube elongation. In other
words, the PAM actuators can imitate the force and muscle
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contractions of humans’ muscle. The PAM's movement
principal is almost similar to the human muscles’ principle
and might be able to perform similar contractions and
expansions. The hip and knee joint control angles are
measured using potentiometers. This system uses the xPC-
Target toolbox to exchange the information signals and
output data between the host PC and the target PC. Control

program is coded in the C language using the
MATLAB/Simulink software.
) (
Pulley
Body =5 Parallel Counter
Hardness| / / f Linkage Weight
Hand { - i
Support Iy - - "Gas Spring
T — Winch
Powered| 4= §~
Orthosis
= Miono- :§ o
ax:ncular \\ ol B Ethernet 5
= B —+ \\ e » ; g A—l-} %
articular N F | gElD| @ g
e ®o|° ;
Treadmill System \ B ; i

Figure 1: Overview of control system.
III. METHODS

The antagonistic PAM actuators' contraction of the lower
limb orthosis is determined using the coordinates system.
Then, a control system which estimates the antagonistic PAM
length (contraction) from the hip and knee joints’ angle is
constructed. Based on the PAM's contraction equation, the
pressure input pattern for each actuators are determined. Two
tests are performed in this experiment; first, with the
antagonistic mono-articular PAMs alone; and second, is with
the addition of antagonistic bi-articular PAMs. Each test is
evaluated with different gait cycles of 3, 4, and 5 seconds for
five cycles of the human's natural gait trajectory [11].
Moreover, two position settings of the PAMs are performed
for both tests as can be seen in Figure 8. In total, we
performed four tests for the control system; first, mono-
articular setting (PAM setting 1); second, mono-articular
setting (PAM setting 2); third, mono- and bi-articular setting
(PAM setting 1); and fourth, mono- and bi-articular setting
(PAM setting 2). The control system is evaluated using the
percentage [%] of gait cycle.

IV. PNEUMATIC ARTIFICIAL MUSCLE’S CONTRACTION
MEASUREMENT

e >
I€ >

Initial Length, L.

Figure 2: Pneumatic artificial muscle (PAM) - McKibben.

Figure 2 shows the pneumatic muscle actuator (McKibben)
with diameter of 1.0 [inch] which is used as the sample to

evaluate the PMA’s contraction percentage with the input
pressure as the variable. The behavior of PAM with regards
to its shape, contraction and tensile force when inflated
depends on the geometry of the inner elastic part and the
braid at rest and on the materials used (Tondu 2000).
Maximum force of approximately 800[N] at 0.5[MPa] can
be generated from this muscle actuator without load
condition. Figure 3 shows the experimental setup used for
the measurements. Three samples of the PMAs with
different initial lengths, L of 300, 450, and 600 [mm] are
used for the measurements. These PMAs’ actuator are
evaluated at different pressure inputs of 0.1, 0.2, 0.3, 0.4,
and 0.5[MPa] for the unloading condition to determine its'
contraction characteristics. Further measurement is also
conducted for a pressure under 0.1[MPa].

Pressure Sensor Experimental

—— Setup

Electro-
Pneumatic
Air Tank Regulator

Pneumatic
Muscle Actuator

Potentiometer

Regulator Load Cell
P
€
Compressor Amp
A
I DA | I AD Converter |
Control PC | l Air Flow
MATLAB/ ]
Simulink xPC-Target .
Signal

Figure 3: Experimental Setup.
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Figure 4: Contraction measurements.
Based on the results in Figure 4, it shows that the PAMs’
contraction gives an approximately similar value,

converging at 30% of muscle contraction. The result is
represented using the average value of the PAMs
contractions with 6™ order-polynomial function and high
approximation of (R?=0.9997). This function is introduced
into the control system to determine the input pressure for
each of the mono- and bi-articular actuators.

V. CONTROL SYSTEM FOR THE LOWER LIMB ORTHOSIS

Figure 5 shows the antagonistic mono-articular and bi-
articular PAM actuators maximum and minimum allowable
range for its arrangement. In order to reduce the moment of
inertia, the orthosis was set symmetrically in the longitudinal
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direction. The PAM’s location in the coordinate system is
obtained from the model simulation which was programmed
using the MATLAB/Simulink. This model is actuated based
on the reference input angle of hip and knee joints. The
changes in length of the PAMs from the simulation provide
the co-contraction data for the mono- and bi-articular
actuators. Then, these data is obtained using the coordinate’s
equation as can be seen in Figure 6.
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Figure 5: Range of position configuration for PAMs and orthosis system.
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Figure 6: PAM’s configuration coordinate system.

By using the equation obtained in Figure 4, the PAMs’
contraction data are converted into input pressures for each
of antagonistic mono- and bi-articular actuators. Based on
this method, the inputs for actuating the lower extremity
orthosis are determined. PID controller is used for correcting
the required input pressure for each actuator. Output data is
measured using potentiometers. Figure 7 shows the control
system schematic diagram for the gait training system.
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Figure 7: Control system schematic diagram.
VI. EXPERIMENT SETUP

The required software and hardware for this gait training
system experiment is showed in the previous section (see

Figure 1). There are two tests for this experiment which is
with the antagonistic mono-articular PAMs alone, and with
the addition of antagonistic bi-articular PAMs. Each test is
performed with gait cycles of 3, 4, and 5 seconds for five
cycles of the human walking motion. The hip and knee joint
angles data of the leg orthosis are collected for the
performance analysis. There are two PAM position settings
which are considered for the test as can be seen in Figure 8§,
and the best position setting is determined based on the gait
cycle performance. We performed the tests using four
different settings; first, mono-articular setting (PAM setting
1); second, mono-articular setting (PAM setting 2); third,
mono- and bi-articular setting (PAM setting 1); and fourth,
mono- and bi-articular setting (PAM setting 2).
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Figure 8: PAM's position for the orthosis system.
VII. RESULTS AND DISCUSSIONS

In this study, the control system which implements the
PAM’s contraction model and equation (Figure 4) is
proposed to control the input pressure of the antagonistic
mono- and bi-articular actuators. This control system controls
the hip and knee joints’ angle of the leg orthosis in a co-
contraction movement.

Figure 9 shows the hip angle control for the tests with
mono-articular actuators alone, and with the addition of bi-
articular actuators, both for PAM settings 1 and 2. In
addition, Figure 10 shows the knee angle control with the
same PAM settings. For the hip angle control performance
(Figure 9), the result shows that, we are not able to achieve
the maximum muscle moment (flexion) by using the mono-
articular PAM actuators alone. However, when we tested the
control system with the addition of bi-articular PAM
actuators, there is an improvement in hip angle control for
both of the tests with PAM settings 1 and 2. Moreover, the
performance for the knee angle control also shows an
improvement as can be seen in Figure 10. The result shows
that we are not able to achieve the maximum muscle moment
(flexion) and unable to get smooth heel contact movement at
knee joint by using the mono-articular PAM actuators alone.
However, when we implement the gait training system with
the addition of bi-articular PAM actuators, we were able to
achieve the maximum knee angle extension as well as
smoother movement during the heel contact position for both
PAM settings.

The comparison of mono-articular and bi-articular
actuators’ range of motion shows that, bi-articular PAMs has
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wider range of motion and are able to generate a greater
force. As a result, this enables the orthosis system to achieve
the high muscle moment which cannot be obtained by using
mono-articular actuators alone. The addition of bi-articular
actuators works as a muscle support system that provides the
orthosis system with greater actuation power and smoother
movement at the joints including the heel contact position.
When we consider the result of the hip and knee angles (with
addition of bi-articular PAMs), its range of motion is
sufficient to simulate the human’s walking motion with little
time delay. In the single support phase of the gait cycle 10-30
[%], sufficient bending at the knee joint was achieved during
the heel contact movement which is difficult to obtain using
mono-articular PAM actuators alone for both PAM settings.
However, if we try to shorten the gait cycle and time delay,
the inertia effect becomes evident.
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VIII. CONCLUSION

In this paper, we determined the movements of the lower
limb orthosis with the coordinates system and then
constructed a control system which estimates antagonistic
PAMs’ length (contraction) from the hip and knee joint
angles. Furthermore, we performed the controller tests for
different gait cycles and PAM settings to see the
performance of the lower extremity orthosis using the
contraction model based controller. The results show that,
the performance of the leg orthosis was satisfying. The
system was able to achieve the maximum muscle moment at

hip and knee joints, and was also able to perform the heel
contact movement which could not be achieved by the use of
mono-articular PAM actuators alone. This shows that the hip
and knee joints' actuators worked effectively. However, if
there is a load or subject on the orthosis system, the steady
state error might occur within the system due to the
nonlinearity behavior of the PAMs. The relationship
between the contraction of a PAM and its pressure was
measured without load. Thus, it is required to measure the
PAM contraction’s characteristics with load as there will be
different test subjects and walking period (gait cycle). It is
also necessary to consider the inertia effect and include the
joints’ moment measurement into the control system.
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ABSTRACT

A review study was conducted on existing
lower-limb orthosis systems for rehabilitation
which implemented pneumatic muscle type of
actuators with the aim to clarify the current and
ongoing research in this field. It is a general
assumption that pneumatic muscles will play an
important role in the development of assistive
rehabilitation robotics system. In the last
decade, the development of this orthosis
system was relatively slow compared to the
motorized orthosis system. However, in recent
years, the interest in this field had grown
exponentially mainly due to the demand on a
much compliant human-robotics system and
advantageous attributes of the pneumatic
muscles. Based on the review study, it could be
understood that the suitable control schemes
and strategies have yet to be found. In this
research, a co-contraction controls scheme is
proposed. Results were able to demonstrate the
ability of the co-contraction controls to
manoeuvre and improvise the joint’s stiffness
and stability of the leg orthosis.

INTRODUCTION

The existing pneumatic muscle actuated
lower-limb rehabilitation orthosis systems
comparison was shown in Table 1. Based on the
development of different orthosis systems in
last 10 years, it might be concluded that the
researchers’ interest has been shifted to the
implementation of the natural type of compliant
actuators [1 -14]. Although lots of researches
have been investigated regarding the co-
contraction movements of human antagonistic
muscles. However, their model implementation
in controlling the antagonistic muscle actuators
of lower-limb orthosis has not been completely

discovered. In addition, research study which
focuses on the implementation of mono- and
bi-articular actuators using pneumatic muscles
for the lower-limb rehabilitation orthosis has
yet to be extensively investigated; thus, simply
actuating the actuators might not give a good
result on the joint’s stiffness and stability of the
lower-limb leg orthosis and its joint trajectories.
Therefore, based on the related research
findings, the simultaneous co-contractively like
movements between the anterior and posterior
actuators could be considered within the control
system strategy [15 - 17].

Table 1: Existing pneumatic muscle actuated

gait trainer systems

Orthosis system Types Year
Hip orthosis exoskeleton [1] Hip orthoses 2004
Robotic gait trainer (RGT) [2] Foot orthoses 2006
Ankle-foot orthosis (AFO) [3] Foot orthoses 2006
Powered lower-limb orthosis Treadmill gait

. 2006
[4] trainers
Robotic gait trainer in water Over-ground 2008
(RGTW) [5] gait trainers
Powered ankle-foot Foot orthoses 2009
exoskeleton [6]
Powered knee-ankle-foot Knee and foot 2009
orthosis (KAFO) [7] orthoses

. . . Stationary
((ZSSJ;\[E;;S passive motion gait and 2009
ankle trainers

Power-assist lower-limb Over-ground 2010
orthosis [9] gait trainers
Active ankle-foot orthosis
(AAFO) [10] Foot orthoses 2011
Bio-inspired active soft
orthotic device [11] Foot orthoses 2011
Active modular elastomer Knee 2012
sleeve [12] orthoses
Orthosis for walking assistant Hip orthoses 2013
[13]
6 DOF robotic orthosis [14] Treadmill gait ;5

trainers
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Even though a considerable amount of work
has now been done, the field is still rapidly
evolving. The issue of which are the most
effective control algorithms is still wide open.
However, the randomized controlled trials are
still necessary for identifying the suitable
control algorithms even though it is expensive
and time-consuming. A few remarks will be
considered within this research; the first is
antagonistic arrangement of the pneumatic
muscles; the second is co-contractively like
movement between the antagonistic actuators;
the third is an additional model to generate
adequate co-contractive input data; and finally,
the controller scheme that can deal with the
pneumatic muscle nonlinearities.

METHODOLOGY

Two tests were carried out; the first test is
with mono-articular actuators, and the second
test is with an addition of bi-articular actuators.
The actuators were arranged antagonistically
(i.e., anterior and posterior) and simultaneously
drive the leg orthosis. Six different control
schemes based on conventional PID and co-
contraction controls were tested at gait cycle
(GC) speed of 0.28m/s for five cycles including
the initial position cycle. The ideal joint
trajectories (i.e., hip and knee angles) used for
the leg orthosis control were obtained from
Winter (2009) and verified throughout
experimental setup. The result is then
evaluated based on mean value of the Pearson
coefficient of determination (r?) for the hip and
knee joint excursions.

CO-CONTRACTION CONTROLS

Based on the research findings, it could be
verified that the co-contraction of antagonist
muscles were play an important role for the
joints stiffness and stability. Moreover, muscle
co-contraction is not only useful to compensate
the joint’s stiffness and stability. However, it is
also able to manoeuvre the direction of output
forces [15 - 17]. In addition, the co-contraction
activations were able to reduce a kinematic
variability where, through the increment of co-
contraction activations, the kinematic variability
could the reduced, except for the low co-
contraction activation levels [18]. Therefore, it
could be concluded that modelling of the co-

contraction model to represent the movement
of antagonistic actuators could be sufficiently
beneficial. It is believed that, this is one of a
crucial factor that will lead to a good control
system performance.

CONTROL SYSTEM

The control system for this research delves
into two parts; the first part employs the use of
proportional directional control valve to enable
the implementation of conventional PID
controls of the antagonistic actuators; and, the
second part employs the use of one regulator
for each actuator to enable the implementation
of co-contraction controls of the antagonistic
actuators using derived mathematical model.
Derivation of the co-contraction model has
been recorded earlier and can be referred to
[19]. The PID parameters were tuned using
heuristic method. Real time control system was
realized by using the MATLAB Simulink and xPC
Target toolbox. The rotary potentiometer and
compact pressure sensor were used to measure
the required data information from the AIRGAIT
exoskeleton’s leg orthosis for the execution of
closed loop control system. Figure 1 shows the
schematic diagram for the control schemes.

Figure 1: Conventional PID and co-contraction
control scheme for pressure position controls

RESULTS AND DISCUSSION

Based on the review suggestions, control
system evaluation is performed on the leg



orthosis of the developed body weight support
gait training system known as AIRGAIT. The
design and evaluation of the AIRGAIT orthosis
system have been recorded earlier and can be
referred to [19]. Both control systems were
first performed with only mono-articular
actuators driven the leg orthosis. However, only
the co-contraction controls were further tested
with both mono- and bi-articular actuators. This
is because the control of bi-articular actuators
requires an additional model for generating its
input patterns. Figure 2 shows the hip and knee
joint excursions of the leg orthosis control for
all evaluated control schemes. The result
showed that by implementing conventional PID
alone, it was not enough to achieve good joint
trajectories either with pressure control or both
pressure-position controls. The outcome was
rather poor due to the insufficient joint stiffness
and stability. However, it could be seen that
with the implementation of additional model
(co-contraction model) which enable the
antagonistic actuators to be controlled co-
contractively resulted in a much better gait
trajectories. This could be explained due to the
outcome of the co-contraction controls, with
both anterior and posterior pneumatic muscles
co-contractively contract and expands. This
action resulted to an increase in the joint's
stiffness and stability of the leg orthosis. In
addition, by introducing this control scheme
and strategy, the gravitational and hysteresis
effects could also be reduced.

The performance evaluation of the tested
control schemes based on conventional PID and
co-contraction controls were properly evaluated
using the Pearson coefficient of determination
as can be seen in Table 2. The table shows that
mean r? value for pressure and pressure-
position controls based on conventional PID
were less than 0.5 (50%) which is rather low
compared to the pressure control based on co-
contraction model control scheme with mean r?
value of 0.84 (84%). This shows that the co-
contraction controls was able to precisely
maneuver the joints orthosis according to the
desired trajectories. Then, the gait motion was
improved with the addition of bi-articular
actuators, where the mean r? value indicated a
measure of 0.859 (85.9%). This is because the
bi-articular actuators were able to improvise
the balance control of the leg orthosis and

ability to produce maximum output force in a
much more homogenously distributed ways.
Subsequently, the joint excursions were much
better using the position and pressure-position
based on co-contraction controls with high
mean r® values of 0.974 (97.4%) and 0.986
(98.6%) compared to the pressure control. This
is because the designed pressure control only
manages the pressure data based on the input
patterns generated by co-contraction model.
However, the addition of position control was
controlling the muscle activation levels of the
co-contraction model itself, which enables much
precise co-contraction data to be generated. It
is realized that the control of pressure and
position based co-contraction controls produce
much better joint's stiffness and stability.

Joint excursions
40

3Q - A o !

Hip Angle [deg]

Gait Cycle [%]

Knee Angle [deg]

= Gait Cycle [%]
—Ideal- - (1) ---(2) ----(3)
(4 - (5) —(6)

Figure 2: Hip and knee joint excursions
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Table 2: Pearson coefficient of determination

(r®) comparison

r2

Controller scheme Hip Knee Mean r?
angle angle
(1) Conventional PID -
Pressure control 0.741 0.183 0.462
(mono)
(2) Conventional PID -
Position and pressure 0.617 0.329 0.473
control (mono)
(3) Co-contraction
model - Pressure 0.950 0.730 0.840
control (mono)
(4) Co-contraction
model -Pressure 0.913 0.805 0.859
control (mono and bi)
(5) Co-contraction
model - Position 0.996 0.951 0.974
control (mono and bi)
(6) Co-contraction
model - Position and 0.992 0.980 0.986
pressure control
(mono and bi)
CONCLUSION

In conclusion, it is suggested that the

pneumatic muscles arrangement for the leg
orthosis should be antagonistically, and it is
believed the co-contractively like movements of
antagonistic actuators could provide a good
joint's stiffness and stability of the leg orthosis.

Besides,

an additional model is essential to

produce adequate co-contractive input data for
manipulating the bi-articular actuators. Finally,
the intelligent control scheme will be required
to deal with the presence of dynamic properties
and nonlinearity behavior of the system.
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CONTROL OF LOWER LIMB ORTHOSIS: SIMPLE PARADIGM
FOR THE CONTROL OF ANTAGONISTIC ACTUATORS
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ABSTRACT

In this research paper, the evaluation of control paradigm
and strategy of the AIRGAIT exoskeleton's leg orthosis
were analyzed using the simulation model before
implementing the derived mathematical model into real
system. It was conducted to determine the performances
of the derived mathematical model when compared
between the simulation and real system test. The
simulation model was evaluated using the particle swarm
optimization (PSO) method. The development of the
control paradigm and strategy should enable the
antagonistic mono- and Dbi-articular actuators in
supporting each other during the control system.
Furthermore, the assessment on the bi-articular actuators
control was increased by omitting the mono-articular
actuators at the knee joint. During the real system tests,
the leg orthosis was evaluated at four gait cycle (GC)
speeds of 0.28m/s, 0.35m/s, 0.47m/s, and 0.70m/s. A total
of 25 GCs for each GC speed was collected, and the
average GC was measured and compared.

1. INTRODUCTION

In recent years, lots of researches had been carried out
on assistive robotics for rehabilitation, either using
motors or pneumatic muscle actuators (PMA) as the
source of power [1]. Consequently, many findings had
been based on these researches. Famous researchers in
this field, such as Daniel Ferris et al., have mentioned that
powered orthosis could assist the task specific practice of
gait, with a long-term goal of improving patient’s
inherent locomotor capabilities [2]. According to Kalyan
K. Mankala, Sunil K. Agrawal et al., passive swing
assistance was able to help patients, with less than normal
muscle strength, to achieve better gait trajectories [3].
Furthermore, research on the implementation of the
mono- and bi-articular actuators for achieving the high
muscle moment required at joints and better gait
trajectories, was also taken into consideration [4 - 5]. A
study on the co-contraction of antagonist muscles was
carried out by William R. Murray et al., in 1988; which
implemented a simple model representing the quasi-static
behaviour of skeletal muscle, in which the force produced
by the muscle was a bilinear function of muscle length
and the neural activation of the muscle [6]. In 2005 and
2010, Samer Mohammed et al., mentioned in their study
of co-contraction muscle control strategy for paraplegics,

that co-contraction of antagonistic muscles (basically
quadriceps and hamstrings) may yield an increasing joint
stiffness and stable movement [7]. Other researches on
co-contraction of antagonist muscle, such as by Cheryl L.
Lynch et al., in 2012, showed that during the maximum
velocity knee extension trial, the importance that the
antagonist knee flexor muscle plays in damping knee
dynamics; thereby preventing the knee from overshooting
and experiencing a long settling time.

This research paper focuses on the implementation of
mono- and bi-articular actuators using PMA; thus, simply
actuating the actuators might not give a good result on the
joint’s stiffness of leg orthosis and its position trajectory.
Therefore, the co-contraction movements between the
anterior and posterior PMA, should be considered.

2. NEW DESIGN OF AIRGAIT EXOSKELETON

Figure 1 AIRGAIT exoskeleton's leg orthosis.

Figure 1 shows the prototype of AIRGAIT
exoskeleton's leg orthosis for gait motion rehabilitation
training. This model consists of a pair of antagonistic
mono-articular actuators at hip joint, and a pair of
bi-articular actuators. The concept used for this leg
exoskeleton's design utilizes L-shaped bar at knee joint to
optimize the length and movements of the antagonistic
bi-articular actuators. Thus, unnecessary movements of
antagonistic actuators at the knee joint are minimized
compared to the previous design [8]. Moreover, previous
model does not fully utilize the use of bi-articular muscle
actuators which is the main objective of this study. The
leg orthosis improvement at knee joint using L-shaped
bar was enabled the leg orthosis to be actuated by the
antagonistic mono-articular at hip joint and bi-articular
actuators alone (six actuators used in previous design).



This reduction in the number of actuators at knee joint
was considered as to increase the assessment on the
antagonistic bi-articular actuators, and to reduce the
redundancy in actuation system. All the simulation
analysis and experimental tests are based on this system.

3. METHODS

In this research, the control system paradigm and
strategy were first analysed using simulation model. The
simulation was based on the PSO which were coded
using MATLAB language and Simulink block to evaluate
the reliability of the control system and determine the
range of PID gains. The derivation of the co-contraction
model control scheme and strategy was recorded earlier
and can be referred to in [8]. After that real system
controls of leg orthosis was performed at different GC
speeds of 0.28m/s, 0.35m/s, 0.47m/s, and 0.70m/s to see
the reliability of the control system at speed variability.
The data for the hip and knee joint excursions were then
recorded using the potentiometer. The Pearson coefficient
of determination (1) was utilized to evaluate the
performance of the control system paradigm and strategy.

4. ROTATIONAL DYNAMIC

The mass of the leg orthosis (m; and m;) as well as
the frictions (7 and Tj) occurs during the gait motion
were considered within the dynamics analysis by
implementing equation of motion or Newton's second law
of rotation. The torques (r; and 7,) were calculated using
the equations below. Where the rotational dynamics was
evaluated based on double pendulum model of two links
leg manipulators as can be seen in Figure 2.

mzg

Figure 2 Simple two link leg manipulators model.

Implementing the Newton's second law of rotation:
X1, =l €3]

The mass of inertia (/,) for the slender rod is assumed to
be a constant thus neglecting the Coriolis terms.

1 2
lo =z ml )

o )
Ty — ngSlTLBz (?) - sz = 1292 (3)

m,gl 1
Ty — (%) Sin92 - sz = §m21225292

nglz i 3
[TZ - < 2 )Slngz - sz] m = 92 (4)

l .
T, — My gsinb, (%) —mygsin (L) —Tpy — 1, =616,  (5)
. Ly .
T; — My gsinb, (E) —mygsing, (L) —Tp; — 1

1
= §m1l12$291

3

L
T, — My gsinf (—)—m sin6,(ly) — T, —T]i
[1 19 13 29 1 (L) 1 2 mlllzsz

=0, (6)

5. PSO OPTIMIZATION METHOD

The PSO optimization method was used to evaluate
the developed control paradigm and strategy, and to
verify the range of PID gains. The simulation was
performed to determine the functionality and reliability of
the designed controller scheme, where the simultaneous
and co-contractively movements of the antagonistic
actuators to be achieved. The antagonistic mono- and
bi-articular actuators should be able to support each other
during the control of the leg orthosis and tackling the
nonlinearity behaviour of the muscle actuators. The
control parameters for the PSO are shown in Table 1.

Table 1 PSO control parameters.

Control parameters

Population size NP 25
Cl 2
Acceleration constant
C2 2
Inertia weight w 0.8
R1  Rand()
Random number
R2  Rand()

Figure 3 shows the control paradigm's schematic
diagram for the AIRGAIT exoskeleton's leg orthosis
system. Based on the derived equation (4) and (6) of the
two link leg manipulators rotational dynamics, the plan
model for the AIRGAIT exoskeleton’s leg orthosis was
then modelled using MATLAB language and Simulink
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Figure 3 Control paradigm's schematic diagram for the system using PSO optimization method.

block. The system's nonlinearity was considered by
implementing additional inertia and PMA nonlinearity
disturbances.

6. RESULTS AND DICUSSIONS

The focus in this assessment is on the evaluation of
the new design AIRGAIT exoskeleton's leg orthosis. To
reduce the numbers of operating actuators, only four
actuators will be used in this experiment (i.e.,
antagonistic mono-articular actuators at hip joint and
bi-articular actuators). The antagonistic mono-articular
actuators for knee joint were emitted from the leg orthosis
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Figure 4 Simulation results for the control paradigm using PSO
(a) hip joint excursion and (b) knee joint excursion.

to increase the evaluation on the bi-articular actuators.
The new design orthosis was purposely designed as to
increase the accuracy of the leg orthosis movements at
the knee joint without the presence of the mono articular
actuators. Figure 4 shows the simulation results for the
control paradigm and strategy using PSO at different GC
speeds. The simulation results show that the developed
control system was able to adapt to the system’s
nonlinear behaviour and follows the reference trajectories.
In the real system tests, the leg orthosis was evaluated at
four GC speeds of 0.28m/s, 0.35m/s, 0.47m/s, and
0.70m/s. A total of 25 GCs for each GC speed was
collected, and the average GC was then compared with

Joint excursions
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Figure 5 Experimental test results for control system at different
GC speeds; (a) hip joint excursion and (b) knee joint excursion.



the reference trajectories. Figure 5 shows the hip and
knee joints trajectory for the controls of leg orthosis using
the developed control paradigm and strategy. The results
explained that during the tests, the controls of
antagonistic mono-articular actuators for hip joint and
bi-articular actuators were able to demonstrate a good
gait motion at all evaluated GC speeds for both hip and
knee joints even when the mono-articular actuators for
knee joint was emitted. This proved that, the
co-contractively control of the antagonistic actuators
using the designed controller scheme, was a noble ways
of controlling the antagonistic bi-articular actuators.
Moreover, the knee joint angle extension was also
improved when compared to the previous design leg
orthosis which unable to reach the maximum excursion of
knee excursion (63°) during the middle swing motion.

Table 2 Pearson Coefficient of Determination (r°) for hip and
knee joint excursions.

Pearson coefficient of determination (r%)

GC speeds 0.28m/s 0.35m/s 0.47m/s  0.70m/s

Hip angle 0.9950 0.9757 0.9815 0.9107

Knee angle 0.9485 0.9343 0.8968 0.4541
Table 2 shows the Pearson coefficient of

determination (r*) for hip and knee joint excursions at
different GC speeds of 0.28m/s, 0.35m/s, 0.47m/s, and
0.70m/s. The result shows that the r* coefficient values at
most of the GC speeds were above 89% for both hip and
knee joints angle. This illustrates that the design of the
leg orthosis at the knee joint where L-shaped bar was
introduced improves the antagonistic bi-articular
actuators movements. Thus enables the knee excursion to
be managed by antagonistic bi-articular actuators alone.
However, the mono-articular actuators at hip joint are still
needed to guide the trajectory of the leg orthosis
throughout the process. This result might indicated that
the redundancy of the actuation system could also be
resolved if the controls of the AIRGAIT exoskeleton’s
leg orthosis can be managed using only by these four
antagonistic actuators. The key to realize this would be
the accurate control strategy of the antagonistic
bi-articular actuators. However, it is necessary to evaluate
this new design orthosis with a subject at different GC
speeds before a further conclusion could be made.

CONCLUSION
In conclusion, the developed control system paradigm

and strategy were able to co-contractively control the
antagonistic actuators of the leg orthosis and performed

good hip and knee joint excursions at different GC speeds.

The simulation results show that the designed control
scheme was able to handle the nonlinearity behaviours
which were caused from the disturbances of the inertia
and muscle actuator's nonlinearity. This shows that the

manipulation of the muscle activation levels were able to
cope with the muscle actuator's nonlinearity behaviours
such as hysteresis effect and time variance. Furthermore,
with performance of (r* > 0.89) based on the real system
tests at different GC speeds of 0.28m/s, 0.35m/s, 0.47m/s,
and 0.70m/s, it can be concluded that the control system
was able to adapt with the change in speeds as well. Even
with absence of antagonistic mono-articular actuators at
knee joint, the joint trajectories was able to materialized
by the antagonistic bi-articular actuators with the support
of antagonistic mono-articular actuators at hip joint.
These results explain the reliability and efficiency of the
co-contractively movements control of the antagonistic
actuators using the developed control paradigm and
strategy.
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ANTAGONISTIC MONO- AND BI-ARTICULAR ACTUATORS
CONTRACTION MODEL FOR BODY WEIGHT SUPPORT GAIT
TRAINING SYSTEM

M. A. Mat Dzahir, T. Nobutomo, and S. |. Yamamoto

Department of Bio-Science and Engineering, Shibaura Institute of Technology

ABSTRACT

The challenge in developing a medical robotics for
rehabilitation has significantly changed due to the
requirement for a compliant, less weight and
human-friendly robotics system which lead to the use of
Pneumatic Muscle Actuator (PMA). In this study, we
wrote contraction pattern’s equation for the antagonistic
mono- and bi-articular PMAs by using information from
the positional input data. Then, control the system using
PI controller. This contraction model is influenced by the
anterior and posterior muscle activation levels which
determine its magnitude. We tested the control system for
hip and knee joints’ angle control using antagonistic
mono-articular actuators alone; and with presence of
antagonistic bi-articular actuators. Result shows the
control performance of hip and knee joints’ angle for
body weight support gait training system.

1. INTRODUCTION

From the neuro-rehabilitation robotic view, the robot
should be compliant to spastic reactions which often seen
in the neurologically impaired patients such as spinal
cord injury (SCI) and stroke patients. Due to this issue,
the recent trends in rehabilitation robotics try to
implement the use of the natural compliant actuator
which consist lots of advantages such as its high power to
weight ratio, inherent safety, easy for maintenance, low
cost, cheap power source and readily availability. This
introduces the Body Weight Support Gait Training
System (AIRGAIT) for lower extremity orthotic patient
[2, 3]. In previous study, they were able to improve the
system by implemented antagonistic bi-articular actuators
with constant pressure input of 0.025MPa. However, the
system was unable to achieve high stiffness on the hip
and knee joints by using mono-articular actuators alone.
This shows that, implementation of antagonistic
bi-articular actuators with addition of mono-articular
actuators was a key to achieve high muscle moment
(flexion and extension) at hip joint and wider range of
motion (flexion) at knee joint. From the study carried out
by other researches, it shows that the performance of
two-joint link mechanism such as differences in
characteristics of the output force, stiffness at the
endpoint of the leg and the perfect humanlike control
properties at the endpoint depends on the presence or

absence of bi-articular actuators when it works in the
presence of mono-articular actuators [4, 5, 6]. In this
study, we want to actuate the mono-articular and
bi-articular actuators with co-contraction movement.
Then, getting a smooth and precise movement at the hip
and knee joints. Thus, we wrote mathematical model to
measure the muscle contraction of the antagonistic mono-
and bi-articular actuators using the information from the
positional input data. Using this approach, we were able
to develop a simple control algorithm for the system.

2. BODY WEIGHT SUPPORT GAIT TRAINING
SYSTEM
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Figure 1 AIRGAIT system

Figure 1 shows the schematic diagram for the
AIRGAIT system that is used in this study. This system is
controlled by using a pair of anterior and posterior
bi-articular actuators and two pairs of anterior and
posterior mono-articular actuators which are moving in a
co-contraction movement. MATLAB Simulink and xPC
target tools were used to program the control system. The
PMA used for this system is McKibben muscle type
actuator with initial diameter of 25mm and initial length
of 300mm, 450mm and 600mm. For controlling the input
pressure to the antagonistic mono- and bi-articular PMAs,
six regulators are used for each side, and the pressure is
regulated from OMPa to 0.5MPa.

3. METHODS

In this paper, we wrote mathematical equations using



a simple approach to determine the contraction patterns
of antagonistic mono- and bi-articular actuators from the
positional input data. Then, implemented it into the
control system. There are two tests for the control system;
first is using antagonistic mono-articular actuators alone;
and second is with additional of antagonistic bi-articular
actuators. Inputs for the control system are the hip and
knee joints’ angle for walking motion. The controller was
tested for different gait cycle time (T = 5s, 4s, and 3s) for
five cycles including the initial position cycle. The data
was collected for a control system with a full body weight
support (BWS) subject. Result is determined based on the
maximum flexion and extension (hip and knee joints),
output pattern, time shift, and inertia.

4. CONTRACTION MODEL

Figure 2 Mono-articular (hip), mono-articular (knee), and
bi-articular actuators’ model.
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Figure 3 Hip, knee, and total angle input pattern

Figure 2 shows the mono-articular (hip and knee
joints) and bi-articular actuators model for the powered
orthosis system. Figure 3 shows the hip and knee angle as

well as its’ total angle which are used as an input data for
the powered orthosis system. Where; hip angle (6y) is the
input data for hip joint’s mono-articular actuators; knee
angle (6y) is the input data for knee joint’s mono-articular
actuators; and the total of hip and knee joint’s angle (6p+
0) represents input data for the antagonistic bi-articular
actuators. From these data, we determined the locations
of zero value for the muscle contractions (¢). For example,
point (a) shows minimum value for posterior bi-articular
PMA’s muscle contraction, but maximum value for
anterior PMA. Inversely, point (b) shows minimum value
for anterior bi-articular PMA’s muscle contraction, but
maximum value for posterior PMA. Then, these data
were illustrated as positive value to represent the muscle
contraction patterns as can be seen in figure 4 below.
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Figure 4 Anterior and posterior positional data

From the definition of the arc length (AS), the change in
length (Al) for antagonistic PMASs are;

AS =0.r ~where 0 is in radian

Al=AS=0.r 1)

The muscle contractions of antagonistic mono-articular
PMA s for hip joint are defined using (1)

Alhp = ghp- T

Al Opp.r
Enp = 72~ B (F27) 2)
Alha = Qha.r

Alpg Ona-
€ha = z: ~ ah-( ’; r) ©)

(

Here, we introduces the posterior and anterior muscle
activation levels (B and o) as a constant value for the
actuator’s muscle contraction. Maximum contraction that
can be achieved by posterior and anterior actuators
(McKibben muscle actuator) is (gpmay = €amay = 0.3).



Then, equation (2) and (3) are illustrated as a time
function as follows;

enp() = (1) Br-Onp(®) <03 @)
ghp(max) - ( )Bh(max) |9hp(t)| 0.3

max

~ b
ﬁh(max) ~ 0.3 [r.|6hp(t)| ]

sha(t) - ( )
¢

sha(max) -

gha(t) S 03 (5)
)ah(max) |9ha(t)|max ~ 0.3
@ncnany * 03 [ri—]

The muscle contractions for the knee joint antagonistic
mono-articular PMASs are;

Ekp(max) — (i) ﬁk(max)' |9kp(t)|max ~ 0.3

ﬁk(‘max) ~0.3 [ |9kp(t)| ]

£ () = (l—)ak 0,,() < 0.3 )
ska(max) = (L) ak(max)- |9ka(t)|max ~ 0.3
ak(max) ~ 03 [r |9ka(t)|max]

The muscle contractions for the antagonistic bi-articular
PAMs are;

&(0) = (1) B 00 (0) + 0,(£)), < 03 (8)

Ep(max) = (&) 'ﬁbi(max)' |(9h(t) + Hk(t))plmax ~ 0.3
o

Pigmax) = 0.3 [r.|(6h(r)+6k(r))p|max]

£a(®) = () @i (B0(6) + 1(6))q < 0.3 ©

ga(max) = (Z) 'abi(max)- |(9h(t) + gk(t))almax ~ 0.3

~ lo
Tpi(max) ~ 0-3 [r.|<eh<r)+ak<r))a|max]

Where (0 < B < Bmax) and (0 < o < omay). From the
developed equations, it shows that the position of PMAs
to the joints (r) and initial length (I,) does not affect the
muscle contraction patterns of the antagonistic mono- and
bi-articular actuators. The study shows that the muscle
contraction patterns of posterior and anterior PMAS
follow the pattern given by the positional data itself.
Moreover, these patterns only differ in gain based on the
posterior and anterior muscle activation levels (§ and o).

5. CONTROL SYSTEM

Figure 5 shows the schematic diagram for the
developed controller based on contraction model. The

angle (0) is the positional input data which represent hip
joint angle (6y); knee joint angle (6y); and positional data
of bi-articular actuators (6,+ 6x). The angle (6,) is the
positional output data. While, 6 (+) represents the
contraction patterns of antagonistic mono- and
bi-articular actuators. These patterns are defined as
positive value of the positional data. G; and G, are the
function used to change the positional data into the
positive value contraction patterns. Variable v; is the input
pressure, and v, is the input pressure after the correction
due to the PMA dynamic properties. Then, the controller
(PI) is used to adjust the input pressure to the antagonistic
mono- and bi-articular PMAS due to its nonlinearity.

6. RESULTS AND DICUSSIONS
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Figure 5 Schematic diagram

Powered Orthosis

Figure 6 shows the result for the hip and knee joints’
angle control with different gait cycles. The control
system was performed using mono-articular actuators
alone and with additional of bi-articular actuators. For
gait cycles of 5 seconds, 4seconds, and 3 seconds using
mono- and bi-articular actuators with subject (WI/S)
driven, the gait training system was able to perform a
good movement without much time shift and able to
follow the target hip and knee joints” angle. However, this
cannot be achieved by implementing the mono-articular
actuators alone. The system was not able to get a smooth
motion at the hip joint and heel contact position (knee
joint) due to lack of actuation power and inertia. On the
other hand, with additional of bi-articular actuators to the
system, we are able to get a smooth motion at hip joint
and heel contact position. Moreover, maximum high
muscle moment (flexion and extension) achieved at hip
and knee joints also increased. By implementing the
bi-articular actuators, we managed to improve the lack of
actuation power at the hip joint, and tackling the errors
from the inertia. This result shows that, additional of
bi-articular PMAs with presence of mono-articular PMAs
were able to give a good control performance and smooth
movement at the hip and knee joints. The contraction
model which enables the antagonistic mono-articular and
bi articular actuators to move like a co-contraction during
the control system also plays a major role in ensuring the
precise movement at the hip and knee joints. By using
this contraction model, the lapse at the hip joint for the
test with subject using mono-articular actuators alone is
5% This requires a bigger (diameter) antagonistic
mono-articular PMAs at hip joint for a better result.



However, by implementing bi-articular actuators in
presence of mono-articular actuators, we were able to
achieve the maximum muscle flexion and extension
required at the hip and knee joints with a lapse of +1° for
different gait cycles.
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Figure 6 Hip and knee angle controls.
CONCLUSION

From the result, it shows that additional of bi-articular
actuators with presence of mono-articular actuators were
able to give a good control performance and smooth
movement at the knee joint with a lapse of %1°
Furthermore, we were able to achieve high muscle
moment (flexion and extension) at the hip joint which
cannot be obtained using mono-articular actuators alone.
This is because, the force generated from mono-articular
actuators alone is not enough to actuate the powered
orthosis at hip joint. In addition, we were able to achieve
the maximum muscle flexion and extension required at
the hip joint with a lapse of +£1° for different gait cycles of
5, 4, and 3 seconds. Moreover, the developed contraction
model also enables the anterior and posterior actuators to
contract and expand in a co-contraction movement, thus,
ensuring precise movement at the hip and knee joints. For
the improvements of gait training system, an additional of
intelligent controller such as auto tuning and neural
network controllers will be required.

REFERENCES

A. Wernig, S. Muller, A. Nanassy, and E. Cagol,
“Laufband therapy based on 'rules of spinal locomotion'

is effective in spinal cord injured persons”. Eur J
Neurosci vol. 7, pp823-829, 1995.

Y. Shibata, S. Imai, T. Nobutomo, T. Miyoshi, and S.1
Yamamoto, “Development of body weight support gait
training system using antagonistic bi-articualar muscle
model”. IEEE Int. Conf. EMBS, Buenos Aires, Argentina,
2010.

S.1. Yamamoto, Y. Shibata, S. Imai, T. Nobutomo, and
T. Miyoshi, “Dev. of gait training system powered by
pneumatic actuator like human musculoskeletal system”.
IEEE Int. Conf. on Rehabilitation Robotics, Switzerland,
2011.

M. Kumamoto, T. Oshima, and T. Fujikawa, “Control
properties of two joint link mechanism equipped with
mono and bi-articular actuators”. Robot & Human
Interactive Com., IEEE Proc. pp. 400~404, 2010.

V. Salvucci, Oh Sehoon, Y. Hori, and Y. Kimura,
“Disturbance rejection improvement in non-redundant
robot arms using bi-articular actuators”. Industrial
Electronics (ISIE). IEEE Symp. pp. 2159~2164, 2011.

S. Shimizu, N. Momose, T. Oshima, and K. Koyanagi,
“Dev. of robot leg which provided with the bi-articular
actuator for training techniques of rehabilitation”. Robot
and Human Interactive Communication, IEEE Symp. pp.
921~926, 2009.

M. Kumamoto, T. Oshima, and T. Fujikawa,
“Bi-articular muscle as a principle keyword for
Biomimetric motor link system”. Microtechnologies in
Medicine & Biology 2nd Annual International
IEEE-EMB Special Topic Conference on, pp 346-351,
2002.

V. Salvucci, Oh Sehoon, and Y. Hori, “Infinity norm
approach for precise force control of manipulators driven
by bi-articular actuators”. IECON, IEEE Proc. pp.
1908~1913, 2010.

Mohd Azuwan Mat Dzahir
received M.E. (2011) degrees in
mechanical ~ engineering  from
Universiti  Teknologi  Malaysia
(UTM). He is a PhD student at
Shibaura Institute of Technology,
Saitama, Japan.

Shin-Ichiroh YAMAMOTO
received D.E. (2000) degree in
science from the Department of Life
Science from The University of
Tokyo. He is a professor at Shibaura
Institute of Technology, Saitama,
Japan.

Tatsuya Nobutomo received B.E.
(2010) degrees from Shibaura
Institute of Technology, SIT. He is a
Master student at SIT, Saitama,
Japan.




LIFE2012 20124F11 A2 H—4 H =M (LA HREKY)

Za—AUNEVUTF—=23rORT 4 ADRIKREEE
Trends and Issues in Neuro-Rehabilitation Robotics
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Shin-ichiroh Yamamoto, Mohd Azuwan bin Mat Dzahir, Tatsuya Nobutomo, Shibaura Institute of Technology
Yoshiyuki Shibata, Tokyo Metropolitan College of Industrial Technology

Abstract: The effect of body weight support treadmill training for incomplete spinal cord injured (SCI) patient has been
reported in several previous studies since 1990s. In those training process, however, therapists must manually move both
the patient’s paralyzed legs. For the therapist, this training process is physically hard to continue for a long period.
From the viewpoint of neuro-rehabilitation robotics, Colombo, et al. (2000) developed a driven gait orthosis (DGO) that
can be used on patients with varying degrees of paresis or spasticity for a long time. Dietz, et al. (2002) used this DGO
on patients with incomplete SCI and suggested that the afferent input from lower limb and hip joints movement are

important for the activation of central pattern generator for locomotion training in SCI patients. In recent clinical
assessment, however, there are some papers questioned its effectiveness. On the other hands, there are many papers
suggested the feasibility of robotic rehabilitation for several patients. Thus, | report and introduce the recent trends and
issues in neuro-rehabilitation robotics, especially for gait training.

Key Words: Motor dysfunction, Stroke, Spinal cord injury, Robotic Gait training
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Bi-Articular Muscle Actuators KinematicsAnalysisfor Gait
Training System

M. Azuwan Mat Dzahir, Y. Shibata, M. Azwarie Mat Dzahir, and S. Y amamoto

N their previous study, Shibata et. al. state that when the gait training system (AIRGAIT) for orthosis with subject driven

using a mono-articular muscle model only, the kinematics of powered orthosis result shows that range of motion for the hip
joint greatly decreased when compared to the human natural gait angle pattern [1]. This shows that the generated flexion and
extension forces of the hip joint were not satisfactory. By applying both the mono-articular and bi-articular muscle models, the
result is not as decreased as compared just using the mono articular muscle model. Thisindicatesthat the range of motion by the
high muscle moment especially at hip joint moment can be achieved with addition of the bi-articular muscle model.

|. METHODS

This study investigates two design aspects of the AIRGAIT system, which is the possibility of using bi-articular muscle
actuators instead of or in addition to mono-articular actuators, and the use of L-shape rod at the knee joint. A sample data of
ideal hip and knee angle from (Winter 2009) is used as an input for the analysis. A sampling time (frequency) uses for the
analysis is 0.001seconds for approximately 5.0 seconds to complete one cycle of human walking motion. The bi-articular
muscle actuators model kinematic analysis was done by measuring the muscle actuators length and contraction cycle as a
function of hip and knee angle. In other words, by plotting the distance of muscle actuator end pointsin a graph, the actuators
length and contraction for one complete cycle of walking motion can be measure. The actuators contraction datawill be used as
an input value for the Inverse Dynamics Analysis, to measure the input pressure required for each muscle actuators.

I1.BI-ARTICULAR MUSCLE ACTUATORS KINEMATICS ANALYSIS

From figure (a), the blue circle represents the antagonist actuator's kinematics, and green circle for agonist actuator's
kinematics. These two circles are used to determine the actuators contraction for each muscle actuators. Figure (b) represents 3
parameters, whichis hip angle, knee angle, and length for the muscle actuator. The black lines pattern isthe graph of the muscle
actuatorslength asafunction of knee angle for a set of given hip angles, with an accuracy of 0.1 degree. The blueline showsthe
actuator’ slength for one complete cycle. From this data, maximum muscle actuator's length required for each muscle actuators
were determined. Figure (c) shows an improvement for muscle actuators contraction of a new design with maximum actuator’s
contraction less than 16% of its original length, while the previous design model required less than 20%.
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Abstract

The purpose of this research is to develop body
weight support gait training system for stroke and the
spinal cord injury (SCI) patients. This bodyweight
support gait training system consists of an orthosis
powered by pneumatic McKibben actuators (PMA),
double belt treadmill with force sensor, and
equipment of body weight support. We develop the
program to measure subject condition for new
assistive control system. In this study, we
experimented to evaluate the program. This system
corresponds with the subject condition such as
change in treadmill speed or BWS level. This
program is useful to measure the gait parameters
when treadmill speed is changed. BWS level is low;
it can analyze the gait parameter. However BWS
level is high; It can’t support to analyze the gait
parameter.

1. INTRODUCTION

Based on the information gathered on assistive
rehabilitation robotics, many research suggested
that the body weight support treadmill training is
effective for the patient with SCI. Wernig, et al. (1995)
also mentioned about effectiveness of the gait ability
recovery which operated by physical therapist[1].
However, this manual training is difficult and implies a

burden to the therapists. On the other hand, Colombo et al.

(2000) was developed a driven gait orthosis (DGO) [2].
This system was able to automatically move subject’s
lower limb. In addition to this, Dietz et al. (2002) were
implemented the DGO and reported its efficiency for
the patient with SCI [3].

In our previous study, we developed body
weight support gait training system using PMA
which was arranged antagonistically (.e., two
pairs of mono articular actuators, and a pair of
bi-articular actuators) [4 5]. PMA yield
muscle-like mechanical actuation with high force

to weight ratio, soft and flexible structure [6]. In
recent researches, robotic orthosis which
implemented electric motors are developed [3 7 8].
However, electric motor only drives joint of the
orthosis, not muscle. Therefore, it is impossible to
support only the paralyzed muscle. Our system
aims for the improvement of the muscles which
were paralyzed using PMA like a human
musculoskeletal system. The developed powered
orthosis is controlled by the input data of joint
angles. Then the feedback signals are measured
by the joint angle sensors which are used for the
position control system. Nevertheless, this control
system 1s not suitable for the movement of each
particular subject, because it replays healthy
subject’s gait cycle and it doesn’t refer subject data,
for example height, weight, gait speed and so on.

The last aim of this study is to measure gait
parameters (i.e., cadence, joint angle, step length
and so on.) for each individual subject in real time.
The data is utilized to build an assistive system
for the subject’s gait training and also to use for
the input signal of the control system when
training of locomotion.

2. MECHANICAL SETUP

The system consisted of a three main parts
which is body weight support system (BWS),
powered orthosis, and twin belt treadmill (Bertec
Co.). The electric pneumatic regulators (SMC Co.)
were used to allocate the required input pressure
to the antagonistic actuators. The control/measure
PC was used to perform the Graphical user
interface (GUI) for the measurement and control
system program which was coded in LabVIEW (NI
Co) software.
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2.1 MEASUREMENT SYSTEM

There are three types of measurement sensors
that were used in this system; the first is position
sensor which measures the powered orthosis hip
and knee joint angles; the second i1s pressure
sensor that measures the antagonistic actuators
output pressure; and, the thirds is the ground
reaction force (GRF) sensors which located at the
four corners of the treadmill. The center of
pressure (COP) of the subject can be determined
by implementing equation (1), (2). These
equations determined the right and left COP
positions (i.e., x-axis and y-axis) on the treadmill.

COPx =—My/GRF .. .(1)
COPy = Mx/GRF ...(2)

2.2 CONTROL SYSTEM

Figure 2 shows the measurement and control
system’s signal flow. The information data to be
transferred to the electric pneumatic regulators
are measured by control PC using which was
programmed in MATLAB (MathWorks CO) and
LabVIEW (NI CO) software.
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Fig. 2 measurement & control system
3. MEASUREMENT PROGRAM

It is important to determine heel contact for
analyzing the human’s gait motion and patterns.
In this study, a program to measure the heel
contacts from GRF was developed, in which the
different of heel contacts would be focused on the
COP trajectory. Equation (3) determines the

average COP for the heel contact as well as sides
(i.e., left or right) of the leg on the treadmill, while,
equation (4) determines the timing of the heel
contact. The COPy trajectory shifted to the front
on the treadmill during the heel contact. These
equations are the threshold for measuring the
heel contact.

COPx < average(CO Px)....(3)
COPy" average(COPy") + 2 *stdev(COPY)...(4)

4. EXPERIMENT

Experimental tests were performed to evaluate
the functionality of the developed measurement
system. This system has to correspond with the
subject condition such as change in treadmill
speed or BWS level.

4.1 THE FIRST EXPERIMENT: SPEED CHANGE

This assessment is evaluated at different speed
and it is able to support a change in speed. Six
subjects participate this experiment (age: 22.83*
1.17 [year], height: 174.57 = 4.69 [cml, weight:
64.46+5.87 [kgl). We instructed patients to walk
on the treadmill for one minute. Then the
treadmill speeds of 1.0km/h, 1.5km/h, 2.0km/h
and 2.5km/h were tested. Figure 3 shows the GRF
[kg] and COP trajectory per one gait cycle, while
figure 4 shows the gait parameters.

The results show that 98.6% of the heel
contacts’s position which is measured by program
was matching with the reference heel contacts.
This shows that subject’s cadences between all
treadmill speeds are significant. However, there
was no significant difference on the step lengths
among all treadmill speeds. It proves that, the
subject continues to increase the step length and
raises the cadence when treadmill speed was
increased. The increase in the cadence was the
result of higher GRF. This result suggested that
this program 1is useful to measure the gait
parameters in this experiment protocol.
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Tablel. The program accuracy of heel contact

body weight without orthosis with orthosis

support rate a b C a b C
0% 100% 89% 100% 100% 100% 100%
30% 97% 100% 94% 97% 100% 92%
50% 92% 88% 29% 83% 92% 96%
70% 94% 68% 98% 64% 85% 86%

4.2 THE SECOUND EXPERIMENT: BWS CHANGE

This assessment is evaluated at different body
weight support. Three subjects were participate in
this experiment (age: 22.33 + 0.58 [year], height:
175.30 + 4.68[cm], weight: 65.83+1.78 [kgl). We
instructed subjects to walk on the treadmill at
1km/h. Then, eight different combinations of BWS
(0%, 30%, 50% and 70%) without and with
orthosis were performed. The measurement
parameters are treadmill speeds, strides and
corresponding program at sampling frequency of 1
kHz.

Table 1 illustrated the real heel contact
position which was measured by footswitch and
measurement system in case without and with
orthosis. Figure 5 illustrates the COP trajectory at
8 different conditions. The program accuracy in
the second experiment is lower than the accuracy
of the first experiment (98.6%). The average of
accuracy is over 95% at 0% and 30% of BWS level.
However the program at 50% and 70% BWS levels
did not work. The GRF signals were too weak at
50% and 70% BWS level; the program could not
distinguish the heel contact position. Therefore it
can’t analysis gait parameters because the
program depends on the heel contact
measurements. It is necessary for the program to
distinguish method the heel contact. For the
solution, we consider two methods. The first is
using orthosis knee angle sensor. Which shows the
heel contact of the orthosis when the knee angle
shows 0 degree. We think that we can incorporate
orthosis angle to the program to use second
threshold. Second is to use laser sensors, but this
method would be expensive, so we chose the first
method.
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6 FUTURE STUDIES

In this report, we made the program which
based on assistive control system for the subject’s
gait training. However it is not perfect. If the
developed measurement program is able to
measure the heel contact precisely, the gait
parameters such as step lengths, cadences, GRF,
heel contacts and the COP trajectory could be
determined. The obtained data will be used in the
control program. We try to control the orthosis
using COP data. It is possibility to control, we will
execute assistive control.
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