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Chapter 1 Introduction

Gait disorders caused by stroke are both common and severe. It urges researchers, clinicians or
engineers to develop new rehabilitation methodologies that are effective and more accessible
to the patients. The effectiveness of conventional gait rehabilitation trainings is largely depend-
ent on the therapists' experience. Conducting such trainings is also physically intensive for the
therapists. As a result, robotic technologies were introduced to the field, which have opened up

new developmental possibilities.

Effectiveness is a main driving factor for the gait rehabilitation robot development. Rehabili-
tation training needs to be compliant with motor learning theories in order to produce effective
outcome. In terms of robotic rehabilitation, control strategies are what reflect such theories. As
a result, the robotic design needs to accommodate the needs of control strategies development.
The ultimate goal of the research is development of a robotic exoskeleton system to facilitate
repetitive, task-specific and assist-as-needed gait rehabilitation training. Such goal needs to be
tackled systematically. Hence, the main objectives of the thesis are determined in order to pro-

pel the developmental process



1.1 Background and motivation

1.1.1 Gait Disorder and Rehabilitation

Stroke is sudden blockage of blood vessels in the brain, which can result in damage to the brain
tissues and in severe cases even death. About 8800 New Zealanders suffer new stroke annually
[1]. This figure in the United States is about 610,000 [2]. With a survival rate at approximately
80%, it is estimated that there are 60,000 stroke survivors in New Zealand and the number in
the United State is about 7,000,000. This makes stroke the leading cause of disability in both
countries [1-3]. According to World Health Organisation, 15 million people suffer stroke every
year globally, among whom about one third die and another one third are left permanently
disabled [4].

Majority of the stroke survivors suffer the gait disorder and almost a half of these people cannot
walk independently without assistance. Therefore, walking ability recovery or gait rehabilita-
tion has been a popular research field. Bonita and Beaglehole [5], who investigated the motor
recovery of the stroke population in Auckland New Zealand, reported that at 6 month post-
stroke 62% survivors still suffered motor deficits. Duncan [3] reported that inability to walk is
one of the most common problems in the population who suffered acute stroke. Kelly-Hayes

et al. also stated that 30% stroke survivors are unable to walk without any assistance [6].

Being both common and severe means there are needs to develop rehabilitation strategies that
specifically address the gait disorders. Neural plasticity provides the theoretical foundation that
rehabilitation training can lead to the motor function recovery after cortical lesions [7]. Motor
learning is thought to be a prerequisite factor in the development of representational plasticity
in the central nervous system [8]. Hence, the development of effective gait rehabilitation needs
to be compliant with the motor learning principles. In terms of conventional rehabilitation, the
task-specific repetitive approach, which is more compliant with modern motor learning princi-
ples, has been proven to be superiorly effective in terms of motor function recovery. The most
commonly used task specific repetitive approach in gait rehabilitation is body weight support
treadmill training (BWSTT). Despite its effectiveness, such training requires two to three ther-
apists and relatively high physical output from the therapists. As a result, the lengths of training
sessions are usually short. Furthermore, assistance provided by therapist is experience based,
which means consistent optimal gait movement cannot always be achieved. Thus, it is a logical

step forward to automate gait rehabilitation with robaotic technologies.



Gait rehabilitation robotics has been a popular research topic for the past twenty years. In the
early stage of the development, gait rehabilitations robots were designed to automate the con-
ventional BWSTT. There were mainly two types of gait training robots, one is exoskeleton
type of robots represented by the Lokomat; the other is end-effector type of robots represented
by Gait Trainer (Figure 1-1). Both types of robots were aimed to guide the patients reproduce
desired gait patterns like what therapists do during manual BWSTT. Geared electrical motors
were typically used to actuate these robots. In terms of control strategies, only trajectory track-
ing control has been developed in the early stage. The exoskeleton type of robots has controlled
trajectories of the actuated joints to reproduce the desired gait pattern. The end-effector robots
control position and orientation of the foot plates in the sagittal plane to simulate over ground
walking for the training subject. Trunk manipulating and body weight support mechanisms are

also adopted in both types of robots to maintain trunk posture of the patient and prevent falling

during the rehabilitation training.

Figure 1-1 Left: Lokomat, a treadmill based exoskeleton type of gait rehabilitation robot.
(Reproduced from [9] © 2011 IEEE). Right: Gait Trainer, an end-effector gait rehabili-
tation robot. (Reproduced from [10] Copyright © 2007 SAGE Publications)

The desires for safer and more effective gait rehabilitation have been driving researchers, cli-
nicians and engineers to improve the robotic gait training technology. Such improvements
mainly focus on the robotic design and control aspects.



In terms of robotic design, robots with more actuated degrees of freedom have developed to
make the rehabilitation training more task specific. Ambulatory training has also been made
possible by mobile robotic gait rehabilitation system. Such development has the potential to
integrate gait training into daily life activities. Technologies like bio-signal sensing and virtual
realities have been brought into robotic gait rehabilitation systems to achieve better training

outcomes.

Various control strategies have been developed in order to provide more effective robotic gait
rehabilitation. Research indicates that subject's voluntary participation can lead to more effec-
tive rehabilitation training [11-13]. However, the conventional trajectory tracking control only
guides the patients to reproduce desired gait pattern regardless their voluntary effort. To en-
courage more active participation and effort by a patient, control strategies have been devel-
oped to provide just enough support that the patient needs to sustain periodical gait. Thus, such
control strategies are regarded as assist-as-needed (AAN) strategies.

Rehabilitation training needs to be compliant with neurological theories in order to produce
effective outcome. In terms of robotic rehabilitation, control strategies are what reflect such
theories. Hence, in addition to the basic requirements of automating BWSTT, the robot design
should be oriented to the needs of control development. Based on this viewpoint, the develop-
ment of gait rehabilitation robot should be conducted systematically. The requirements of train-
ing strategies are used to shape up the robotic design specifications, so that the robotic platform

and control system can work seamlessly together for more effective gait rehabilitation.

Impedance or admittance related controllers enable gait rehabilitation robots to provide needs
specific trainings to tailor the patient’s individual extent of gait disorders Such controllers can
also change the degree of assistance provided by the robot for the implementation of AAN
training strategies [14]. Compliant and back-drivable actuators for robotic gait rehabilitation
have been widely researched, not only because of safety and comfort considerations, but also
the capability of facilitating impedance/admittance controller development. Compliant actua-
tion can be achieved by adding elastic components in series with conventional stiff actuators
[15] or employing intrinsically compliant actuators such as pneumatic actuators [16].

Pneumatic muscle (PM) actuators are one example of the compliance actuators. PMs have high
power/force to weight ratio. Their compliance could be adjusted through changing the inflation
pressures. As a result, PM actuators have been utilized in various applications of robot-human
interaction [17-20], especially rehabilitation robots, due to their intrinsic compliance and high
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force/power to weight ratio. The author’s research group has been investigating the use of

pneumatic muscle actuated lower limb exoskeleton in gait rehabilitation.
1.1.2 Previous work in the author’s research group

1.1.2.1 The Intrinsically Compliant Robotic Orthosis for Gait Rehabilitation

The robotic gait rehabilitation orthosis prototype was developed by Hussain as a part of his
PhD study. The orthosis was a unilateral device with the hip and knee joints of the exoskeleton
actuated by PM actuators. Because of the unidirectional actuation of a single PM, each of the

exoskeleton’s actuated joints had an antagonistic pair of PMs.

Several control strategies were implemented to control the robotic gait rehabilitation orthosis.
Both the boundary layer augmented sliding mode controller and chattering free robust variable
structure (CVCS) controller were proposed for trajectory and joint compliance control [21, 22].
Based on the CVCS algorithm, control strategies to implement AAN training were also devel-
oped [23], [24].

There is still room for further development in terms of robotic design, control system and ex-
perimental validation. Firstly, to the aspect of design, the maximum achievable torque was
claimed to be 50 Nm for both PM actuated joints of the robot. It was well-known that, under
constant pressure, the force generated by a PM decreases as its contraction increases. Hence
only stating the maximum capability was not sufficient to satisfy the torque requirement of the
robotic gait rehabilitation. Moreover, only straps rather than rigid braces were used to secure
patient’s leg to the exoskeleton. Unpredictable relative movement would cause misalignment
between the exoskeleton joints and subject’s anatomical joints, and affect the force transmis-

sion from the exoskeleton to the lower limb.

Secondly, to the aspect of modelling and control, the pressure dynamics of the PMs was ne-
glected in the research. The pressure dynamics of PMs and pneumatic flow dynamics of the
valves are major sections of the pneumatic actuation system and also subject to nonlinearity.
Hence, it is important to take them into account when doing system modelling or controller
development. Two attempted joint trajectory controllers by Hussain et al. [21, 22] both had PM
pressures as inputs to the controlled plant. However, the on/off solenoid valves used to regulate
the pneumatic flow into and out of the PMs only took digital input signals. The process of
regulating PM pressure was not reported. Similar problems also applied to the AAN controllers

reported in [23] and [24]. These two high level control systems both had robust position sub-



controllers. However, the position controllers’ outputs were joint actuating torques. Again, it
was not clear how the system converted the digital signals to the valves into such actuating
torques.

Thirdly, to the aspect of experimental validation, there was a lack of experimental varieties.
Despite that various controllers were proposed, the experimental results of the controllers were
mostly presented in the same format, in which the trajectories of a number of healthy subjects
over a number of gait cycles (GCs) were averaged into a single trajectory over one or two GCs.
The inter/intra-subject variability was rarely presented or discussed. With such data presenta-
tion, there were no significant differences between experiments with multiple subjects over a
number of GCs and experiments with a single subject over a few GCs. A larger variety of
experiments with more detailed results would improve the significance of Hussain’s research

and help other to reproduce the experimental results as benchmarks to further research.

1.1.2.2 The Human-inspired Robotic Exoskeleton

Kora conducted his master research on the development of Human-inspired Robotic Exoskel-
eton (HUREX) [25]. It was aimed to develop a more robust lower limb exoskeleton that could
advance the design by Hussain. HUREX had a single degree of freedom (DoF) design. Its knee
joint was actuated by a pair of antagonistic PMs with 300 mm in length and 40 mm in diameter.
Each of the PMs (FESTO DMSP-40-300N-RM-AM) is capable to generate up to 6000N force.
With the designed torque lever of 20mm, the actuation system could provide sufficient torque
to support and guide the knee joint during walking. Due to the physical dimension of the PMs,
they could not be attached to the exoskeleton directly. Bowden cable was utilized to transmit
the power from remotely mounted PMs to the actuated knee joint. In terms of physical lower
limb interaction, 3D printed parts with glass fibre reinforcement make sure comfortable and
strong support from the exoskeleton to leg segments, as well rigid connection between them.
An experiment based force-contraction-pressure model was developed as well as a flow dy-
namics model for the high-speed solenoid valves that regulate the pneumatic flow of the PMs.
Based on these models, position and impedance controllers were developed to track the refer-

ence trajectories in the joint space.

Although HUREX is more robust than its predecessor, there were still issues to solve before it
could be tested in clinical settings, mainly because the actuation system is still not optimized.
Although, the PMs were able to provide sufficient torque, their large volumes required higher

pneumatic flow rate. Due to the limitation of the pneumatic supply system, HUREx was not



able to track knee joint gait trajectories in the bandwidth required for task specific gait rehabil-
itation. One of the main motivations of using PMs in lower limb exoskeleton is light weight.
The PMs were detached from HUREX and Bowden cables were adopted for power transmission.
PM’s advantage of being light weight was not reflected in such design. Furthermore, the stretch
and friction of the Bowden cables would add more nonlinearity and uncertainty to actuation

system.

1.2 Research objectives

The ultimate goal of this thesis is to develop a new PM driven robotic exoskeleton system to
facilitate repetitive, task-specific and assist-as-needed gait rehabilitation training. To achieve
the ultimate goal, both robust exoskeleton hardware and intelligent control system software
need to be developed, followed by extensive experimental validations. The goal was then split
into several major research objectives or milestones. The major research objectives are elabo-

rated in the following paragraphs.

The first objective is hardware development of the new GAit Rehabilitation EXoskeleton
(GAREX). Although, two previous lower limb robotic exoskeletons for gait rehabilitation had
been developed in the author’s research group, each of them had its own drawbacks that prevent
them to be further developed for clinical applications. The design of GAREX needs to fulfil
the requirements of clinical applications, in terms of actuation torque, bandwidth, safety and
anthropometric adaptability. Moreover, the robotic design should also provide versatilities for

the development of intelligent control strategy.

The second objective is to develop and experimentally validate lower trajectory tracking and
compliance control strategies on GAREX. Nonlinearity of the PM and disturbances from the
human robot interaction mean that robust trajectory controller is needed to provide safe and
comfortable gait rehabilitation. The intrinsic compliance is the main motivation of adopting
PMs to drive GAREX. Hence, meanwhile tracking the desired gait trajectories, the control
system is also supposed to have the capability of adjusting the joint space compliance, in order

vary the assistance level provided by the exoskeleton.

The third objective is to implement an assist-as-needed control algorithm on GAREX and con-

duct pilot experiments with healthy subjects to investigate the feasibility of bring the AAN



controlled system into the stage of clinical trials. This control algorithm is to reflect the intel-
ligence of the GAREX system, which needs to be able to assess a patient’s capability or level
of participation. Ideally, the assessment could be performed online during the gait training.

1.3 Thesis outline and contributions

This thesis covers the entire development process of GAREX for robotic gait rehabilitation.
The contributions of the thesis are around making utilizing benefits brought by the PM actua-
tors to advance the state of art of robotic gait rehabilitation. The upcoming chapters are organ-

ised in the following order.

Chapter 2 presents a thorough literature review focusing on the field of robotic gait rehabilita-
tion. It is hoped, through the literature review, the gaps of the current research can be identified.

Therefore, potential contributions and further objectives of this research can be clearly outlined.

The robotic system design of GAREX is presented in Chapter 3. There have not been any
clinical studies on PM driven gait rehabilitation robots. Hence, the design of GAREX is ori-
ented to provide task specific gait rehabilitation to stroke patients. Patients’ safety is the para-
mount in design considerations. The torque, range of motion and actuation bandwidth require-

ments are also satisfied in order to make the training task-specific.

It is highly beneficial to model the complete PM actuation system of GAREX in order to un-
derstand their behaviours and facilitate control system development. The task specific gait
training requires dynamic operations of the PMs, but there was no dynamic model could be
directly applied to the PMs used in GAREX. Chapter 4 thus presents a new experiment based

modelling approach for the PM actuators.

Due to the nonlinear and hysteresis nature of the PM actuators, sliding mode controllers, which
are robust to nonlinearity and modelling uncertainties, were considered to be suitable for
GAREX. Chapter 5 presents the developmental process of a multi-input-multi-output (MIMO)
sliding mode (SM) controller which can simultaneously control the joint space trajectory and
compliance of the exoskeleton. The experimental validation of the controller on a single actu-

ated joint is also covered in this chapter.

Chapter 6 presents the implementation of the MIMO SM controller to both the actuated joints
of GAREX. Extensive experiments reveal that the control system is able to deliver task specific



treadmill based gait rehabilitation training and regulate the amount of assistance provided to

the training subject simultaneously.

With the MIMO SM controller developed and validated, the author then investigates how to
utilize it to implement the assist-as-need training concept. Hence, Chapter 7 is about the devel-
opment and pilot studies of the fuzzy logic compliance adaptation control system. The system
can adjust the joint space compliance based on the subject’s voluntary participation assessment

during gait rehabilitation.

Chapter 8 concludes this thesis by highlighting the scientific contributions of the PhD research.
Limitations of this research and a discussion on possible future work are also included in this
chapter.



Chapter 2 Literature review

This chapter primarily focuses on three major aspects of robotic gait rehabilitation, which are
robot design, control strategy and effectiveness study. Before the robotic gait rehabilitation is
reviewed, the recovery mechanism behind rehabilitation training and conventional approaches

are also reviewed.

In this literature review, the gait rehabilitation robots are categorized into treadmill based, end-
effector and ambulatory robots. The focus of this review in on the treadmill based robots since
they provide good platforms for investigating new actuation systems and conducting control
strategy research. Through the review, it is realized that pneumatic muscle (PM) actuators,
which are intrinsically compliant and lightweight, could potentially be ideal actuators for gait

rehabilitation exoskeleton.

In the early stage of robotic gait rehabilitation development, control strategies applied to reha-
bilitation robots were adapted from those applied to traditional industrial robots. However,
these strategies were not optimized for the effectiveness of gait rehabilitation. As a result, re-
searchers have been investigating control strategies tailored for the needs of rehabilitation.
Among these control strategies, assist-as-needed (AAN) control is one of the most popular
research topics in this field. Effectiveness AAN training strategies have gained supports from
both motor learning principles and clinical studies. Hence, detailed analysis on AAN control
strategies of gait rehabilitation robots is conducted in this chapter,

Clinical studies reviewed are focused on the effectiveness of control algorithms. Through the
review, it is noticed that only a few of clinical studies were conducted to compare the effec-
tiveness between different control strategies. It cannot be concluded that any control strategy

IS superior in terms of effectiveness.

There have not been any clinical studies on PM driven gait rehabilitation robots, mainly due to
the robustness of the robotic designs. For the research of more effective robotic gait rehabilita-
tion, the newly developed robotic platform and control strategies need to work seamlessly as a
system. Such system also needs extensive experimental validations to achieve the potential for

clinical trials or application.



2.1 Conventional gait rehabilitation approaches

Ultimately, development of new rehabilitation techniques should rely on a thorough under-
standing of underlying recovery mechanism [26]. Gait rehabilitation training or locomotor re-
covery is a process of neurological rehabilitation. Neural plasticity, which is defined by Sharma
et al. [7] as the ability of the central nervous system (CNS) to adapt in response to changes in
the environment or lesions. It is also believed to be the basis underlying motor function recov-

ery after cortical lesions, such as stroke and cerebral palsy [7].

‘Rehabilitation, for patients, is foundationally a process of relearning how to move to carry out
their needs successfully’ [27]. Motor learning is thought to be a prerequisite factor in the de-
velopment of representational plasticity in the CNS [8]. General motor learning principles are
hypothesized to be still valid for motor recovery [28]. One fundamental principle is that the
degrees of performance improvement are dependent on the amount of practice [29]. However,
large amount of practice or repetition alone is not enough to induce ideal motor learning out-
come [30, 31]. Animal experiment conducted by Plautz et al. [8] indicated that practice needs
to be task-related to produce representational plasticity in motor cortex. Introducing training
variability in the skill acquisition session improves the overall session performance compared
to single task repetition in one session [32]. Motor learning theories have driven the develop-

ment of both conventional and robotic rehabilitation strategies.

Conventional rehabilitation strategies can be categorised into three groups, which are compen-
satory approaches, neurofacilitatory approaches and task-specific repetitive approaches. Some
neurological lesions, such as stroke, result hemiplegia and hemiparesis. Hemiplegia and hem-
iparesis only affect limbs on a single side of human body. Compensatory approach involves
training patients to utilise their unaffected end effectors (e.g. unaffected hand) or body seg-
ments (e.g. unaffected muscles in the hemiplegic side) to achieve the same functional abilities
before the injury [33, 34]. For gait rehabilitation, therapists concern less on reproducing a more
normal gait pattern after injuries, but more onto teaching patients more stable and functional
gait pattern which allows them to walk safely to achieve a certain level of physical independ-
ency [35]. Compensatory approach is effective in functional recovery, but it may be associated
with reduced joint range and pain in long term [35]. Moreover, patients may tend to rely on
compensations for certain tasks instead of using affected effectors. This thus causes a pattern
of learned non-use [36, 37], which subsequently limits the gain of motor function of the im-
paired limb.
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Unlike compensation, neurofacilitatory approach focuses on the rejuvenation of lost motor
abilities. Bobath therapy, also known as neurodevelopmental therapy (NDT), is one representa-
tive concept of the neurofacilitatory approach. Bobath therapy involves tone-inhibiting ma-
noeuvres and gait-preparatory tasks in sitting and standing postures to control spasticity and
facilitate normal movement pattern of hemiplegic limbs. The therapy was first developed in
1950s and is still a widely adopted post-stroke physiotherapy approach in Europe [38-40]. Very
limited articles have been published to standardise the rehabilitation therapies based on the
Bobath concept, with the last publication of Bobath on adult hemiplegia in 1990 [41]. To a

great extent, training and applications of the therapy are experience based [40].

Compared to the Bobath approach, the task-specific repetitive approach is more compliant with
the modern motor learning concepts described previously. Neuroscientists have proven that
repetition plays a major role in inducing and maintaining brain changes [42]. Bayona et al. [31]
reviewed the related experiments and concluded that tasks meaningful to animal rather than
repetitions alone are more likely to generate functional reorganization. For human, daily prac-
tice of task-specific motor activities can also lead to reorganization of the adult primary motor
cortex [43, 44]. Randomized controlled trials (RCT) conducted by Langhammer and
Stranghelle both concluded that for acute patients task-specific training programme was more

effective than Bobath programme [45, 46].

Body weight support treadmill training (BWSTT), which was first developed by Finch and
Barbeau in 1986 [47], is a well-researched task-specific repetitive gait rehabilitation approach.
Compared to neurofacilitatory approaches, BWSTT enables patients practice complex gait pat-
tern repetitively. Usually during BWSTT, a patient walks on the treadmill with a body weight
support (BWS) system attached via harness. Therapists guide patient’s legs to follow desired
trajectories, as well as promote correct pelvis and trunk movements during gait [39]. Hesse et
al. compared BWSTT to conventional physiotherapy according to the Bobath concept on
chronic stroke patients. It was concluded that BWSTT is superior with regard to restoration of
gait and improvement of over ground walking speed. In terms of intensity, similar investiga-
tions also indicated that more gait cycles were achieved by the BWSTT, for the sessions with
the same duration [48, 49].

During the BWSTT, patients are trained to produce rhythmic gait cycles. The repetitive move-
ments make the automation of this training process possible. It is a heavy task for therapists,

since they have to manually movethe paticnts’ pareti¢ legs continuously. Hence, the sustaining
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time of each training session is usually short. Due to physical limits of therapists, for patients
with excessive spasticity, manual training is nearly impossible [50]. Furthermore, therapists
are expected to provide optimal and identical leg swing in every gait cycle, which is largely
dependent on therapists’ experience. Inter/intra- therapist variances cannot be eliminated in
BWSTT. Hence optimal consistency in gait movements cannot always be achieved. Robotic
training has provided a solution to these problems. In addition, a variety of technologies can be
integrated into robotic training process to make the rehabilitation process more effective and
appealing to both the therapist and patients. Such technologies including but not limited to
dynamic feedback [51], biological feedback[52], and virtual reality [53].

2.2 Gait rehabilitation robots

2.2.1 Previous designs of gait rehabilitation robots

From the viewpoint of mechanism, gait rehabilitation robots can be allocated to three categories:
treadmill training robots, end-effector robots and ambulatory robots. Robots designed for re-
habilitating a single lower limb joint not during walking are not included in this section, since

repetitive gait pattern is not adopted.

Treadmill training robots automate the process of manual BWSTT training. They are designed
to replace therapists for guiding leg movement and patient support. As a result, such robots
usually consist of two major mechanisms, the gait driving mechanism and the trunk/pelvis ma-
nipulating mechanism. A summary of reviewed treadmill training robots can be retrieved in
Table 2-1. More thorough analysis is presented for the gait driving mechanisms, since they

have stronger influence on the implementation of control strategies.

End-effector robots are also known as footplate robots. This kind of robots has two separate
footplates to support patients who stand on them and move their feet according to certain rules.
Gait Trainer [54] was designed to simulate conventional BWSTT by moving patient’s feet in
fixed trajectories. The footplates were driven by linkage systems and each footplate only had
one degree of freedom (DoF). During training, the back and forward footplate movements were
to simulate the stance and swing phase of gait cycles, respectively. The ratio was set to 60%
stance phase and 40% swing phase per gait cycle. The orientation of the footplates also changed
as the progression of the gait cycle to simulate the movement of the actual floor walking.
HapticTrainer is an extended version of GaitTrainer by adding the concept of programmable

plates. This device follows a modular design with 3 DoFs of each footplate in sagittal plane
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and the potential to extend to 6 DoFs, which enable it to simulate feet movements in various
walking scenarios [55, 56]. G-EO system is an updated version of HapticTrainer. It also con-
tains two programmable footplates but more compact, which means it is more suitable for clin-
ical usage [57]. Yoon and Ryu [58] developed a footplate robot which could simulate walking
on different terrains and also turning movements. Each robotic footplate had 6 DoFs. This de-
sign was then further simplified for rehabilitation purposes. Each footplate of this robot was
actuated in the sagittal plane with 3 DoFs. This robot also had an upper limb guiding mecha-
nism. The arm swing during gait was simplified into a single-link pendular motion, which is

synchronous to the lower limb movements [59, 60].

Ambulatory trainers are a popular type of designs in the scope of robotic gait rehabilitation.
Some ambulatory trainers [61, 62] have no leg orthoses. They simply provide a mobile base
for BWS, balance training or the ease of access by therapists. KineASSIST is one representa-
tive of this kind of robots. It could move in response of the patient’s locomotion. Its trunk and
pelvic mechanisms permitted the patient’s trunk to shift and rotate in any direction. It could
also slow and stop patient falling without causing pain. This design benefits confidence build-
ing during balance training [61]. Walktrainer [63] and NaTUre-Gaits [64, 65] were also ambu-
latory robotic gait trainers, which had bilateral exoskeletons to guide leg movements. Similar
to KineASSIST, these two trainers each had a mobile base for BWS, trunk/pelvis support and
exoskeleton mounting. The exoskeletons constrained the training subject’s leg movements in
the parasagittal planes. The hip, knee and ankle joints of both trainers were actuated by DC
motors. For Walktrainer, the powered pelvic orthosis actuated the patient’s pelvis in all 6 DoFs
with DC motors and linear gearboxes. For NaTUre-Gaits, only vertical and lateral translations

of the pelvis were actuated.
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Table 2-1 Overview of mechanical design of treadmill based gait rehabilitation robots.

Gait driving mechanism

Trunk/pelvic

Name DoFs  Actuation system mechanism Other features and comments
Motors and gear reduction
LokoMat [50] 135 units for linear actuation DoF: A, B Crane like BWS. Active control of the amount of BWS was also implemented [66]
with levers for active DoFs
. . Developed as a research gait rehabilitation robots for AAN training. Its design was
| hi for DoF: ACD ) . . -
ALEX [67,68] 1235 near _motor with fevers for - Do ¢ adapted from a passive leg orthosis GBO, which can be gravitational load of leg
all active DoF E . . . . .
invariant to its configuration[69].
Series (_e astic  actuation Elastic elements make the actuation system more compliant. Adoption of SEA re-
(SEA) with Bowden cable . . . . .
LOPES[70, . ) duced weight of moving parts without reducing power, thus the force bandwidth
1235 transmission detached mo- DoF:ABC . . . . .
71] . increased. These would benefit the implementation of the proposed zero imped-
tors and gear units from the
o ance control.
gait driven exoskeleton
Two moving coil forcers . .
driven b Iin?aar motors can As a research tool, ARTHUR does not have proper leg orthosis. The actuation
ARTHUR[72, y . . mechanism can drive the foot to reach any point in the sagittal plane by moving
135 move along a horizontal rail N.A. . . . -
73] . . the forcers along their rail. The actuation is also backdrivable[74]. A similar system
to drive a two-bar linkage
. to ARTHuR was developed by Wu et al. [75]
attached to patient’s ankle
All actuated DoFs of this . . . .
PAM & POGO 1235  system ! are  actuated bl DOF: A B C Names of the system are short for Pelvis Assistive Manipulator and Pneumatically
[16, 76] y . . y DEF Operated Gait Orthosis, which explain the function of two mechanisms.
pneumatic cylinders
. The actuation system is inspired by the human musculoskeletal system. For a spe-
UoA PMbot A pair of PM e . . . . . - .
1234 .p ! L DOF: AC cific joint, one PM is for flexion and the other is for extension. PM is light and with
[19] s is used for one active joint.

controllable compliance.
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For clarity, Arabic numbers are used to represent degree of freedoms (DoF) of the gait driving mechanism, and alphabetic characters are used for

DoFs of the trunk/pelvic mechanism. The matches are as follow:

1- Hip flexion/extension, 2- Hip ad-/abduction, 3- Knee flexion/extension, 4- Ankle Dorsi-/plantar-flexion, 5- ankle joint is left free to move in all
DoF. A- vertical transition; B- forward/backward transition; C- lateral transition; D- rotation about the vertical axis; E- Rotation about the axis
perpendicular to the sagittal plane; F- Rotation about the axis perpendicular to the frontal plane. A number or characters in normal font means the

specific DoF is actively actuated; in bond font means the DoF is left free to move.
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2.2.2 Analysis of reviewed designs

The foot plates of the end-effector robots need to at least partially bear the weight the training
patients. Therefore, there were high torque/force requirements for the actuators of such robots.
The review end-effector robots were all driven by geared electrical motors which are stiff and
non-back-drivable. The foot plates are the only interacting media between the robots and the
lower limbs of the patients. Compared to exoskeleton type of robots, patients training on the
end-effort robots are less constrained and only the trajectory of the foot are controlled to pro-
duce gait like movements. As a result, in the initial phase of the training, one therapist was still

needed to assist the knee joint movement [10].

The gait driving mechanism of the treadmill based gait rehabilitation robots are usually in the
form of exoskeletons. The reviewed treadmill based (summarized in Table 2-1) robots have
exoskeletons that are at least designed with the sagittal plane rotations of the hip and knee joint
actuated, so as to guide the patient to reproduce desired gait patterns. In terms of joint actuation,
the first two robots listed in Table 2-1 were driven by electrical motors that exert linear actua-
tion with moment arms to the joints. Some gait rehabilitation exoskeletons adopted geared
electric motors to directly actuated joint rotations, such as the NaTUre-Gaits by Wang et al.
[65] and the three-DoF lower limb exoskeleton by Wu et al. [77].

To meet the torque requirements of gait rehabilitation, the motor units used in these robots
were of high inertia and end point impedance (stiffness). Stiff actuation is good for increasing
trajectory tracking precision, but it could cause discomfort or injury to patients with spasticity
during rehabilitation training [78]. The impedance controller implementations could make such
robots to provide compliance patient interaction. However, the implementation added extra
layer of development complexity to the robots [78]. Nonetheless, due to the high inertia of the
exoskeleton and limited sampling rate of the controllers, only a limited range of impedance
could be achieved and the systems was thus prone to stability issues [9, 14].

To make the actuation more compliance and reduce the inertia of the gait driven exoskeleton,
the lower extremity powered exoskeleton (LOPES) was developed [70], with serial elastic ac-
tuators and Bowden cable power transmission. However, spring stiffness of the SEA system
was constant; thus, the extent of high impedance that could be reached was restricted. Friction
and extension of Bowden cables during operation was difficult to model. As a result, it could

also affect the control precision and bandwidth, reduce power transfer efficiency [19, 79].
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Intrinsically compliant pneumatic actuators provide another approach to bring compliance into
rehabilitation robotic designs. Pneumatic cylinders were utilized to actuate the hip and knee
joints’ flexion/extension of the Pneumatically Operated Gait Orthosis (POGO) [80]. To meet

the torque requirement of gait rehabilitation, bulky and heavy cylinders may need to be used.

Pneumatic muscle (PM) actuators are intrinsically compliant, lightweight and with high
force/power to weight ratio. PMs have been regarded as promising candidates for actuating
rehabilitation robots. Hussain et al. [19] developed a treadmill based robotic gait rehabilitation
exoskeleton actuated by PMs in the University of Auckland; hence the device is named as
‘UoA PMbot’ in Table 2-1.

There have not been detailed actuation system analysis reported on this robot in order to satisfy
the joint torque and range of motion requirements for task specific gait training [19]. Safety,
adaptability to anthropometrics of various patients, and the design of the pneumatic system are
all necessary to consider, in order to develop a robust robotic PM driven exoskeleton for clin-
ical application. However, these factors were just superficially mentioned in [19, 81]. Therefore,
a new PM driven gait exoskeleton has been developed and the developmental process is elab-

orated in Chapter 3.

2.3 Control strategies of robotic gait rehabilitation

The reviewed control strategies can generally be divided into three categories: trajectories
tracking, bio-cooperative and assist-as-needed (AAN). Trajectory tracking is also known as
position control, so robots guide the lower limbs to move along certain reference paths, similar

to the way therapists move patient’s legs during manual BWSTT.

2.3.1 Trajectory tracking control

The implementations of trajectory tracking control strategies are dependent on the mechanical
design. End-effector robots usually guide the patients’ feet along the reference trajectories in
the parasagittal planes. Open loop control with pre-defined trajectory was implemented on
GaitTrainer due to its one DoF linkage driving footplates. The foot trajectory was defined by
its hardware design with 60% stance phase and 40% swing phase in every gait cycle. The ori-
entation of the footplates also changed as the progression of the gait cycle to simulate the
movement of level treadmill walking [54]. As an extended version of GaitTrainer, both
HapticTrainer [55, 56] and G-EO [57] both had two programmable footplates. Each of them
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was actuated in all 3 DoFs in the saggital plane; so they coud be programmed to simulate

walking on various terrains or even add perturbations to the training process.

Treadmill based or ambulatory robots usually guide the flexion/extension of the hip, knee (and
possibly ankle) joints along their individual angular reference trajectories [21, 50, 65]. These
reference trajectories are usually adopted from literature [16, 50]. Customization has also been
made in order to have more suitable reference trajectories for individual patients. “Teach and
reply” is another way to obtain the reference trajectory, which was firstly proposed on research
robot ARTHUR [72]. Due to the back-drivability of this robot, patients can walk on treadmill
with the robot attached. In this case, the robot was in sensing and recording mode. The recorded
movements would be used as reference in the actuation mode. The logic was then achieved on
robotic gait rehabilitation system PAM and POGO [82]. Walking with leg orthoses attached
for sensing and evaluation has also been reported on a non-backdrivable robot with the actua-
tors removed [83]. Moreover, the desired reference trajectory can also be generated online ac-
cording to the movement trajectory of the unimpaired limb of hemiparetic patients. This was
first implemented on a upper limb robotic device [84]. An algorithm called Complementary
Limb Motion Estimation (CLME) was developed for gait rehabilitation. In CLME, the trajec-
tory of the disabled leg is generated online based on the sound leg autonomously. CLME was
implemented on LOPES gait rehabilitation robot and evaluation studies were also conducted,
which indicated that (1) CLME was able to produce stable gait for the impaired leg; (2) patients
can walk more naturally with CLME than with a fixed reference trajectory [85, 86].

Trajectory tracking control strategies were also implemented to PM driven lower limb rehabil-
itation robots. Due to the nonlinear and hysteresis behaviours of the PM actuators, sliding mode
controllers were often adopted to control joint space positions in order to guide the subjects to

walk in desired training trajectories [20, 21].

2.3.2 Bio-cooperative control

Although customization has been made in reference trajectory generation, trajectory tracking
control still has some limitations. Literature has suggested that physically guiding may decrease
motor learning [70, 87]. The reason is that guidance changes the dynamics of the task, such as
walking task. Thus, the trained task is not exactly the target task. This does not fully obey the
motor learn rationale that training needs to be task specific. Furthermore, guidance reduces the
burdens on the participant’s motor system to discover [70] the principles needed to perform the

task successfully. Patient’s physical effort is also reduced by pure trajectory tracking training.
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Marchel-Crespo and Reinkensmeyer [88] summarized this phenomenon as “Slacking Hypoth-
esis”, which means that a rehabilitation robot could possibly decrease recovery as a decrease

in the subject’s motor output, effort, energy consumption and/or attention.

Bio-cooperative control strategies were introduced to control and encourage patient’s partici-
pation both physiologically and psychologically. Active and high intensity physical participa-
tion of the patient can facilitate the motor learning process during rehabilitation training [13].
Koenig and his colleagues [52] have reported closed loop control of patient’s physical partici-
pation using heart rate or weight sum of interaction torque [51] between a patient and the robot
as feedback. The algorithm development and related experiments were based on the Lokomat.
The controller’s output was either on the virtual environment or treadmill speed. For less im-
paired and cognitively capable patients, a screen showing virtual environment was used on
indicated the desired level of participation. These patients were asked to actively conduct train-
ing to match the desired level of participation. For more impaired patients or patients who
cannot understand the virtual environment display, treadmill speed was controlled to match the
feedback heart rate to the desired value. Higher treadmill speed means more physical effort and

thus higher heart rate, vice versa [52].

Virtual reality, as another bio-cooperative control technique, has been proved useful in terms
of motivating and challenge patients for longer training duration and cadence [53], modifying
patients’ participating level [89, 90], updating subjects with their training performance [91]
and generalising training result to real life scenario [89]. Real-time estimation of cognitive load
during Lokomat robot training was developed, as well as a virtual task with varying cognitive
difficulty levels. The cognitive load has three difficulty levels: under-challenged, challenged
and over-challenged. In this virtual task, a question is displayed for the subject. The subject
needs to accelerate to answer the question with “yes”, before an object representing the ques-
tion disappears in the display. Otherwise, the subject decelerates to answer “no”. The closed
loop control was achieved by modifying the task according the estimation to keep the subject

reasonably challenged. [92, 93].

2.3.3 AAN control algorithms

As the name suggested, in AAN training strategies, the robotic devices only supply as much
effort as a patient needs to accomplish training tasks by assessing his/her performance in real-

time. In this way, the voluntary participation of the patient is encouraged; whereas, in conven-
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tional robotic trajectory tracking gait training, the patients’ active participation is not consid-
ered. Studies have been conducted on both animals and human to compare active (voluntary)
to passive trainings [11-13]. Results of these studies indicated that a subject’s voluntary partic-
ipation leads to more effective training. However, in terms of implementation, the name “assist-
as-needed” only suggests a vague concept, since different kinds of assistance could be applied
according to specific applications. This thus implies that a review of various implementations
of AAN concept in the field of robotic gait rehabilitation could help the researcher to have a
better understand the state of arts and benefit its further development. In this section, each
reviewed application will be analyzed from two aspects: (1) what is assessed to quantify the

need of assistance; (2) how the assistance is provided by a robot.

Mechanical impedance can be treated as the relationship between the force exerted by the ac-
tuators and the kinematics. The concept of impedance control was firstly proposed by Hogan
[94]. In this case, the mechanical impedance is viscoelastic, so the restoring force was related
to the deviation of reference trajectory and the robot’s velocity. The impedance controller im-
plemented on Lokomat followed the same idea [9]. However, a dead band was introduced to
allow the normal variation of human gait pattern. The robot would only intervene if a set level
of trajectory deviation was exceeded. The value of impedance was chosen by the therapists
based on their experience and patients’ disability level. The challenge of impedance controller
implementation was to have the intrinsically stiff actuation system of Lokomat behave compli-
ant. The way to achieve this was to compensate the natural impedance of Lokomat and subject,
as well as effects of gravity and friction, using an inverse dynamics model of subject leg and

the exoskeleton and a friction model.

Force-field is the type of impedance controller implemented in Active Leg Exoskeleton
(ALEX). In this controller, a “virtual wall” was created along the reference trajectory of the
patient’s foot in the sagittal plane. ALEX generated a field force that drove the subject’s foot
to move along the reference trajectory. The field force was consisted of tangential, normal and
damping components. The magnitude to the force depended on the perpendicular distance of
the foot from the desired trajectory. The closer was the foot to the desired trajectory, the larger
the tangent force would be. If the foot was within the tunnel confined by the “virtual walls”, it
would experience no normal force. Once it is out of the tunnel, the normal force would increase
exponentially to force the foot back to the desired trajectory [67, 95]. A similar control strategy
was implemented on Lokomat [96]. “Virtual walls” were built along the reference trajectory in

the joint spaces of knee and hip flexion/extension.
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Robot-in-charge, patient-in-charge and therapist-in-charge modes were implemented on
LOPES gait training robot [15]. For robot-in-charge mode, the mechanical impedance of the
robots is set to high. It guided the legs to move in pre-defined trajectories, which was similar
to the trajectory tracking control. For patient-in-charge mode, low impedance value is used, so
the robot thus behaved to be fully compliant and exerted virtually zero interaction torque to the
subject. In therapist-in-charge mode, the impedance level was adjusted manually to vary the
extent of guidance according to the patient’s capabilities or training progress [15]. Compared
to the actuators of Lokomat, the serial elastic actuation system of LOPES is more compliant,
so reference actuating force can be derived directly from the kinematic errors without inverse-

dynamics modeling.

For rehabilitation robots driven by PMs, a controller was developed to change the joint space
compliance while tracking the reference trajectory [21]. The behaviour of this control system
is similar to the impedance control system on the motor driven gait rehabilitation robots. When
the compliance is low, the patient will be confined to move along the desired trajectory and it
is similar to have high impedance level. On the other side, when the compliance is high, the
patient will have more freedom to move around the desired trajectory and it is similar to control

the impedance to a low magnitude.

Another form of AAN rehabilitation encourages self-initiated movement by patients [12].
These approaches allow the patient to start moving voluntarily. If the patient is not able to
achieve a threshold, the assistance from the robot will be triggered. This strategy has been
widely used in upper limb rehabilitation robots. It was also implemented to the robotic gait
training system of PAM and POGO [16], in which step time data obtained from foot switch
was used as threshold to trigger robotic intervention. Initially, a reference trajectory with nor-
malized timing was pre-defined for the subject using “teach and replay” method. The reference
trajectory was to provide force patterns during a gait cycle rather than pursue precise position
control. If the recorded timing was out of the range of allowable threshold, the replaying speed
of the reference trajectory would change accordingly to synchronize with the subject’s stepping
timing. The changes happened discretely every gait cycle with a constant decrement or incre-
ment in timing each time. A more advanced synchronization algorithm was also reported in the
literature. It utilized kinematics of all actuated DoFs of PAM and POGO to estimate subjects’
gait timing continuously, so the robot system can synchronize its gait time of the subjects’ in

the meantime with customized legic expressions {16}
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AAN controls have also been developed for footplate type of gait rehabilitation robot. As re-
viewed previously, Gait Trainer only had one DoF, so the variations of controller implementa-
tion would probably be very limited. Two adaptive control algorithms have been presented in
literature [97]. The first one featured a one-dimensional window along the footplate trajectory,
within which the patient was only slightly guided. Outside the window, a force field is then
applied to reduce the trajectory error. The second algorithm improved the first algorithm by
having adaptive window size based on a patient’s training progress [97]. Yoon and colleagues
[59] developed footplate robot with upper limb mechanism. The interacting torque between the
subject’s upper limbs was used to detect the subject’s intention on changing walking velocity.
The walking velocity was updated based on an algorithm, which calculated difference between
the accumulated time periods when interacting torque was above the upper threshold and when
the interacting torque was below the lower threshold. If the time difference is positive, the
walking velocity for the next gait cycle would be increased by the amount proportional to the
time period difference, and vice versa. This algorithm enabled the gradual change in walking
velocity. This adaption algorithm could also be fitted to various walking terrains which were

simulated by the end-effector robot.

The AAN controlled strategies reviewed up to this point only utilized gait kinematics or more
specifically derivation to the reference trajectory to determine if assistance is needed. The abil-
ity, training progress and/or impairment of individual patients have not been considered. Such
gaps could potentially be filled by patient-cooperative training, which have advantages of mod-
ify training parameters based on individual needs [88] or disability levels [23]. It also encour-
ages the active movements and muscle contractions and induces more physiological and vari-
able sensory input to the CNS [98].

Jezernik et al. [98] developed algorithms to adapt the reference trajectories of lower limb joints
according to results from various assessments. For the adaption, a mathematical expression
was firstly constructed with adaptable parameters to describe the desired trajectories of the hip
and knee joints. Adaption could be achieved by optimizing relevant parameters in the expres-
sions. For assessments, each leg with orthosis was modelled as a double-link pendulum. Force
sensors were used to measure actuator forces and leg-exoskeleton interaction forces. With the
interaction force measurements, the interaction torques of hip and knee joints were able to be
estimated by inverse-dynamics for the swing phase of every gait cycle [99]. A total of three

adaption approaches were reported. The first approach was the inverse-dynamics-based joint-
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angle adaptation algorithm. The hypothesis of this approach was that minimal interaction ap-
pears when the leg and the exoskeleton were completed synchronized. Variations in the inter-
active torque could be estimated using the deviation from the desired gait pattern which related
to the trajectory parameters. Online optimisation of gait pattern parameters could thus be per-
formed to achieve minimum overall interaction torque. The accuracy of this approach heavily
relied on the accuracy of mathematical model of leg-exoskeleton combination. In the second
approach, the interactions torques in the joint angle spaces were used to estimate the changes
of trajectory accelerations desired by the patient, so adaption to the desired trajectory could be
performed to achieve the expected acceleration [99]. This approach was claimed to reduce the
dependency on the leg orthosis model. The third approach is based on impedance control. Im-
pedance controller plays a role to link the allowable trajectory deviation and the interaction
torque. Active joint torques from the subject would result additional human-exoskeleton inter-
action torque, which could be estimated by force measurements. Based on the impedance rela-
tion, the additional torque reveals how much the patient would like to change the reference
trajectories [98]. Therefore, adaption to the desired trajectories could be performed.

Apart from gait pattern adaptions, impedance magnitude adaption was also implemented to the
Lokomat robotic gait trainer. The impedance adaption also relied on estimation of the interac-
tion torque between the patient and the orthosis. This interaction torque was treated as an indi-
cation of patient’s effort. If little effort detected, the controlled impedance would be set to high,
which meant the leg movement was be forced to follow the reference trajectory. Conversely,
if an increase effort was detected, the impedance would be controlled to a lower value. Hence,
a greater deviation would be permitted and the patient would have more freedom too. In this

impedance adaptive controller, the reference trajectory was fixed [9].

Adaptive impedance control was also implemented on the gait rehabilitation robot developed
by a PM driven rehabilitation robot [23]. The logic of the control algorithm was similar to the
one reviewed in the last paragraph. The way they used to determine the level of participation
was adopted from [100], in which the authors conducted experiments to identify the average
interaction torque of the totally active and passive stages. These two extremes were used as

reference for the scaling of patients’ participation.

Trajectory tracking control systems are the foundation for gait rehabilitation robotics. This
control strategy is more suitable for patients with severe gait disorder or at the initial stage of

gait rehabilitation. However, such control strategy may not be optimal for providing effective
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gait rehabilitation since it could decrease the subject’s motor output, effort, energy consump-

tion and/or attention [88].

To solve such problem and improve the effectiveness of robotic rehabilitation, researchers have
been attempting different approaches. Among these approaches, impedance related controllers
have been implemented in different platforms. For robots with stiff actuators, extra force sen-
sors and modelling work were needed to give the robots compliance behaviours. For the robots
driven by SEA, the back-drivable actuators eased the implementation of impedance control,
especially the low/zero impedance control mode. However, during impedance control, the ac-
tuators act as force/torque source. Stability may become an issue, if the controller cannot react

fast and accurate enough to adjust the force/torque based on the robot kinematics.

The robust trajectory tracking controller ensures the stability of the control system of PM
driven robotic. The intrinsic compliance of the PM actuators can be utilized to vary the extent
of guidance provided the exoskeleton. The challenge is how to control both joint space position
and compliance simultaneously. The controllers presented in [21] only had closed-loop control
of the position and the compliance was calculated through an open-loop model based on the
PMs.

Moreover, the adaptive impedance controller developed to the PM driven robot [23] was sim-
ilar to the algorithm implemented to the motor driven system [9]. However, due to the process
of in-/deflation and nonlinearity, the pneumatic muscles may not be high-precision force source
for impedance control. Hence, the bandwidth of such PM based adaptive impedance control
system could be very limited. It would be of the researcher’s interest to develop adaptive com-
pliance control system based on the variable stiffness property of PM in order to achieve AAN

gait rehabilitation.

2.4 Clinical effectiveness of robotic gait rehabilitation training

Effectiveness of gait rehabilitation robots can be studied through computer simulations and
trials on either patients or healthy subjects. Among the large variety of studies, those studies
with patients are providing stronger evidences from the clinical perspective; thus, only studies
with patients are included in this section. To investigate the effects of control strategies on
training effectiveness, reviewed studies are categorised according to control algorithms as de-

scribed in their training protocols. Most of the searched studies are with the trajectory tracking
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control algorithm, since devices with trajectory tracking control have been well-researched and

even commercially available. All the reviewed studies are summarised in Table 2-2.

26



Table 2-2 Summary of the effectiveness studies reviewed in this section.

. . trol N f i
1st Author Device Control Strategy Patient Type Contro “”.“’.er © Primary outcome measures
group participants
Schwartz [101]  Lokomat TT Sub-acute stroke CT 67 FAC
Hidler[102] Lokomat ~ T.T Sub-acute stroke CT+TS 63 SM-TWS, 6m-TWD
EMS, BBS, FAC,
Ng[103] Lokomat T.T Sub-acute stroke CT 54 5m-TWS, Barthel Index
8m-TWS, 3m-TWD,
Fisher [104] Auto-ambu- T.T Less than 12 months from onset of CT 20 Tinetti Balance assessment
lator stroke
[105]
Gait- i 10m-TWS
Peurala [106] Trainer T.T Chronic stroke TS 45 6m-TWD
Gait- 1. CT
Peurala [107] Trainer T.T Acute stroke 9 TS 56 FAC
Husemann [108] Lokomat T.T Acute Stroke CT 30 FAC, 10MWT
iopul fi -
Chang [109] Lokomat T.T Sub-acute stroke CT 37 Cardiopulmonary - fitness - as
sessments
Pohl [10] $f;ltner TT Sub-acute stroke CT+TS 144 FAC, Barthel Index
Hornby [110] Lokomat T.T Ambulatory chronic stroke TS 48 SSV, FV
Westlake [111]  Lokomat T.T Ambulatory chronic stroke TS 16 SSV, paretic step ratio
. 7 measures covering gait func-
Mayr[112] Lokomat Impedance control i;rsc:el:e with less than 8 months from CT 16 tion and speed, muscle strength
and tone
Traiectory adaption Adaption of parameters de-
Jezernik [113] Lokomat J y acap Incomplete SCI N.A. 6 scribing gait trajectory; pa-

control algorithms
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. . ntrol Number of .
1st Author Device Control Strategy Patient Type Contro y . b_e © Primary outcome measures
group participants

Duschau- Impedance control Kinematic variability, interac-

Wicke[114] Lokomat and PCPC Incomplete SCI TT 11 t|or.1 Forque, heart rate, muscle
activity

.. . . Stroke: 2;
Schixk [115] Lokomat PCPC Chronic stroke and chronic SCI N.A. SCl- 2 10m-TWS
it ki . linical as-

Fleerkotte [116] LOPES Impedance control  Incomplete SCI N.A. 10 Gait kinematics and clinical as
sessments

Srivastava [117] ALEX AAN force field Stroke with 3 to 140 months from NA 9 SSV; 6m-TWD; DGI; TUG

control

onset

and gait kinematics

The numbers in the ‘Number of participants’ column do not count participants who dropped out during a study. In the ‘Control group’ column,

‘XX+XX’ means two types of training applied to the same group; one study by Peurala et al. [107] has two control groups. Abbreviations used

in this table are explained as follow: FAC: Functional Ambulation Classification, for the severity of gait impairment in terms of gait func-

tion[118]; T.T: trajectory-tracking control or position control; PCPC: patient-cooperative path control [96] CT: conventional therapy; TS: man-

ual task-specific gait training; 5 or 10m-TWS: 5 or 10 meters timed walking speed, fastest comfortable speed a patient can achieve; 6m-TWD: 6

minutes timed walking distances for endurance; DGI: Dynamic gait index [119] SSV and FV: self-selected velocity and fast velocity, both are
measures of gait speed; EMS: Elder Mobility Scale[120]; BBS: Berg Balance Scale[121]; TUG: timed up and go test [122]; N.A.: not apply.
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2.4.1 Trials with trajectory tracking controlled robots

From Table 2-2, it can be seen that the trials on trajectory tracking control are of great similarity.
Effectiveness of robotic gait rehabilitation was compared against either conventional therapy
or task specific gait training (manual BWSTT or over-ground walking). Hence, these trials can

be analysed as a group.

A number of studies examined the effectiveness of robotic training versus conventional therapy
of the same length [101-104, 107]. Alternatively, some studies had the experimental groups to
receive robotic training and conventional therapy and the control group to receive only con-
ventional therapy. The total session lengths of the control group and experimental group were
equal for all the experiments [10, 108, 109]. Most of the clinical trials indicated that robotic
gait training alone or the combination of robotic gait training and conventional therapy is su-
perior to conventional therapy alone in terms of gait function recovery [10, 101, 103, 107, 109].
Trials also reported improvement but no difference in gait function recovery, which was the
primary assessing scale of those trials, between experimental and controlled groups [104, 108].
Another trial however reported that conventional therapy was superior to robotic gait rehabili-

tation in terms of gait speed and endurance [102].

For trials that compared position controlled robotic gait training with task specific gait training
by therapists, the experimental and controlled groups received robotic and therapist-based gait
training respectively, with same amount of sessions of same lengths [106, 107, 110, 111]. Ma-
jority of these trials [106, 107, 111] reported that there was no significant difference between
experimental and controlled groups in primary outcomes, which indicates that functional gain
in gait ability. One trial [110] with ambulatory stroke patients reported that BWSTT with ther-

apists is more effective than gait training with Lokomat in position control mode.

From RCTs of position controlled robotic gait rehabilitation on patients with gait disorders, the
following findings are extracted. Firstly, the robotic gait training based on this sort of control
algorithm has been proved to be effective, since majority of the trials indicate that robotic gait
trainings are at least as effective as trainings based on conventional therapies alone. Secondly,
despite emancipating therapists from intensive work, there is no evidence for that robotic gait
training is superior to manually task specific gait training. Thirdly, the training protocols of
studies [102, 110], in which traditional rehabilitation approaches were reported to be more

effective than the robotic approaches, were investigated. In [102], the conventional therapy was
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customized for individual patient involving the hybrid of interventions based on Bobath con-
cept and task specific gait training. Therapists determined the type and dose of interventions
based on their understanding of the patient’s training progress. In [110], therapists only pro-
vided as much as the patient’s paretic limb needed to ensure continuous walking rather than
guiding the limb to achieve normal walking trajectory. By contrast, in the experimental group,
Lokomat guided the patient’s limb to reciprocate in the pre-defined trajectories, even though
patients were requested to maximise their participation during training. An additional reviewed
study conducted by Israel et al. [123] specifically compared the metabolic cost and EMG of
leg muscles between position controlled gait training and manual BWSTT. They concluded
that subjects with incomplete SCI had reduced muscular activity when doing robotic gait reha-
bilitation. According to these evidences, it can be interpreted that customization rehabilitation
based on patients’ ability and assisting only as needed could potentially lead to more effective

gait rehabilitation.

2.4.2 Trials on AAN controlled robots

Compared to trajectory tracking control, much fewer clinical studies on robotic gait rehabilita-
tion with AAN control strategies were encountered during the review. Hence, all the trials with
patients were considered during the review and they were not limited to RCTs. Since AAN
control approaches are still a relatively new research topic, most of the reviewed studies were
designed to investigate certain aspects of effectiveness rather than improvement in gait function
in general. This is reflected by the assessments used to measure results as shown in Table 2-2.
The number of participating patients was also smaller than those of studies with trajectory
tracking control. Due to such variety, studies about AAN control are analysed individually with
more details than studies based on trajectory controlled robots.

One study investigated the gait function improvement between Lokomat and conventional gait
training [112]. Sixteen strokes patients mostly sub-acute were involved and randomly assigned
to two groups who conducted ABA or BAB training (A: Lokomat for 3 weeks and B: conven-
tional therapy for 3 weeks). Impedance control strategy was adopted in Lokomat training with
therapists reducing the level of assistance as the progress of the training. For conventional
training, mostly Bobath concept based exercises were used with ground walking focused less
on the guantity, but more on the gait itself. Assessments took place after 3, 6 and 9 weeks to
measure the result of each phase. The results indicated that more significant improvement was
found in Lokomat training phase in most of the assessments.
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Jezernik et al. [113] conducted a clinical study with six SCI subjects to test the performance of
trajectory adaption algorithms reported in [99]. In this study, six subjects were trained with two
trajectory adaption algorithms, one based on variation in acceleration and the other based on
impedance control. Each subject randomly received a total of six trials with both algorithms in
three different conditions. The adaptation performance was measured via calculated gait pa-
rameters and questionnaire presented to subject after finishing all the trials. Conclusion of the
study indicated that (1) adaption took place successfully, but no significant differences in per-
formance were observed between the two adaption algorithms; (2) subjects all prefer the tested
gait-pattern algorithm to the position control algorithm and they are motivated and active in

training according to the questionnaire.

Duschau-Wicke et al. [114] conducted experiments to compare the extents of patient partici-
pation between AAN strategies and position-control strategy. Eleven incomplete spinal cord
injury (SCI) patients were involved in the experiments. They were all trained in position mode
[50], impedance control mode [9] and patient-cooperative path control mode [96]. For result
measurement, higher spatial and temporal kinematic variability, increased heart rate, less hu-
man-robot interaction torque and higher muscle activity (detected by EMG) all indicated higher
level of participation, vice versa. The result of this study revealed that significant higher par-
ticipation in patient-cooperative path-control mode than in position control mode in all the
measurements; impedance control mode resulted higher spatial variety and less interaction
torque but not significant difference in other measurement when compared to position control

mode.

Schixk et al. [115] conducted a study on the feasibility of patient-cooperative control of Loko-
mat. Two chronic SCI and two chronic stroke patients took apart in the study. Assessments
were performed before and after the four-week training period for comparison purposes. The
training strategy was adopted from Duschau-Wicke et al. [96]. As the training progressed, the
allowable trajectory variance and walking speed increased; the percentage of BWS was de-
creased by controller and mechanism, as presented in [66]. The results indicated that more
muscle activities observed in patient-cooperative training compared to position controlled gait
training. No significant improvement could be concluded from the before-after training assess-

ments.

Fleerkotte et al. [116] investigated the effectiveness of an AAN control strategy based on

LOPES robotic gait trainer. Ten incomplete SCI patients were involved in the study. Therapist-
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in-charge control mode was applied so impedance value could be adapted to the patient’s ca-
pabilities. During the period of study, all participants received eight weeks training with three
sessions per week and a maximum 45 minutes per session. Effectiveness was examined by the
comparison of pre- and post- study measurements of gait kinematics, walking ability and lower
limb strength. Significant improvements were observed in both clinical walking ability param-
eters and gait kinematics. The research concluded that the improvements are at least partly
resulted from the training strategies of LOPES.

Srivastava et al. [117] conducted trials with 9 post-stroke subjects with the ALEX gait rehabil-
itation robot with the AAN force field controller [68]. Each subject received 15 training ses-
sions, five daily sessions per week and every other week for three weeks. Each session had a
40 minutes training time with ALEX. Before, immediately after and 6-month post training
performance assessments were conducted to investigate the effectiveness of the training. The
experimental results indicated that the improvement in over-ground walking pattern and some
clinical gait ability measurements after the trials. However, compared to results reported in
Hornby [110], the improvement was not superior to trajectory tracking controlled robotic gait

rehabilitation training or conventional BWSTT.

2.5 Approaches to assess gait ability

One important factor for AAN strategy is to understand and quantify the patient’s ability, im-
pairment or progress in training. As stated previously in this chapter, the implementation of
AAN control algorithm ought to address what is assessed to quantify the need of assistance.
Most of the reviewed approaches used kinematic parameters, such as the deviation from the
reference trajectory to determine if assistance is necessary, and if so, what the appropriate
amount is. For algorithms to measure gait kinematics, the review paper by Rueterbories et al.
[124] covered methods to sense and analyse gait kinematics in terms of different sorts of sen-
sors. Force sensors were included in the review, but their functions were limited to threshold
detection for identifying gait events, such as heel strike or toe off. Only a few researches [9,
23] have used dynamic parameters like interaction torque for assessment. Due to the im-
portance of assessments and the limited number of available approaches, possible gait assess-
ments are reviewed and discussed in this section to investigate whether they can further im-

prove AAN robotic gait training.

A variety of gait assessment methods have been adopted in clinical studies of gait rehabilitation

approaches. Among those assessments, functional ambulatory capacity scale.is the most widely
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used one, which assesses a subject’s walking ability [125]. Similar assessments include 10
meter timed walking for gait speed [126], 6 minute timed walking for gait endurance, River-
mead Motor Assessment [127], Barthel Index [128] for patient’s mobility in general. These
assessments are dedicated to quantify or qualify in terms of gait functions. There are also as-
sessments focusing on the level of impairment such as Fugl-Meyer Assessment [129] and as-
sessing motor power such as Motricity Index [130]. These assessment methods take place sep-
arately from the actual training session and are often conducted once after a few sessions. How-
ever, for implementation of AAN strategies, assessments are required to be integrated into the

training sessions in order to monitor the patient’s ability and training progress.

One way to quantify patient’s weakness was to use force sensing to identify patient’s weakness
and gait ability. Through force sensing and inverse-dynamics, the patient’s active torque of
lower limb joints can be revealed. Literature has reported methods to use such active joint
torque as the scale to quantify patient’s weakness [131, 132]. From joint torque and kinematic
measurement, mechanical power of joints can also be computed as an indication of gait ability
[133]. Neckel et al. [115] developed an algorithm to quantify chronic stroke patients’ functional
weakness of lower limb using an off-shelf 6-axis load cell. In the experiment, the foot of the
affect lower limb bound in a foot retainer. The foot retainer was supported by rigid connection
to the load cell. The load cell is the only interaction between the affected leg and the global
frame. The torso was also constrained to an upright position. Hence, the affected leg of a patient
was placed to a fixed configuration, so only static forces and joint torques would be measured
and calculated respectively. The algorithm to calculate joint torques from load cell measure-

ments was adopted from [134]. The generic equation used is shown as follow:

I:i+1 iJrilR 03><3 I:i
= i+1 i+1 i+1 (2-1)
T Px"R "RJT

where i=0,1,2,3 represents the frame of load cell, ankle joint, knee joint and hip joint respec-
tively."*1R is a 3 x 3 rotational matrix from i to i+1 and **P; x “*1R is a 3 x 3 skew matrix

fromito i+1. Fiand Tiare 3 X 3 matrices representing force and torque in a specific frame.

Compared to the static joint torque which is targeted by the previous approach, the dynamic
joint torque during walking is more meaningful for the development of AAN control strategies.
One approach to estimate patient’s active hip and knee joint torque has been developed to help

the implementation of impedance control to Lokomat [9]. In this approach, inertial, coriolis
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and gravitational moments of the human leg and exoskeleton, as well as the moments caused
by human-robot force interaction were all accounted to calculate the torque of knee and hip
joints. After the calculation, the passive torque was eliminated from the total joint torque for
the active joint torque. This approach was limited to calculating torque during the swing phase
of gait, since the ground reaction force was not measured in stance phase. As a result, the

estimated torque can only be used as a rough approximation of patient’s participating level.

Neckel et al. [132] also reported an approach to calculate dynamic joint torque patterns during
trajectory controlled Lokomat training. Compared to the approach in [9], three axial ground
reaction forces were measured using a special split belt treadmill with force plates integrated
underneath its conveyor belts [135]. This setup, together with load cells to measure leg-exo-
skeleton interaction forces and the force generated by the passive foot lifter, can measure the
lower limb joint torques throughout the gait cycle with detailed computing algorithm described
in [136].

Apart from using traditional load cell and force plate, researchers have also integrated force
sensing function into the exoskeleton design. del-Ama et al. [137] have designed a lower limb
exoskeleton in a way that interaction force between the shank and exoskeleton can be calcu-
lated according to the measurement of deformation of the exoskeleton structure. One section
of the thigh segment of the exoskeleton was designed to significantly deform in the response
to forces in the sagittal plane. Meanwhile the section was stiff to transverse forces. As a result,

only interaction torque in the sagittal plane can be sensed.

Ground reaction force (GRF) sensing during human gait has been well researched in the field
of biomechanics. It is recognised that it would also benefit the development of gait rehabilita-
tion. The previously described applications either limited the measurement to static forces or
using force plate embedded in a treadmill. These were not the solution for future gait rehabili-
tation training, which could involve assist-as-needed over-ground walking and ambulatory
training in other conditions. Force sensing resistors can be integrated into the insole of shoes
to measure GRF. These sensors act live on/off switches to measure gait events. This configu-
ration has been used to evaluate hemiplegic gait [138] and assess gait rehabilitation outcome
for SCI patients [139]. One kind of wearable GRF sensing was achieved through pressure sens-
ing. such as in [140]. Pressure sensors on the insoles could be placed in shoes of both feet to

measure pressure. However, this setup can only measure distributed vertical components of
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GRF for level ground walking. Such technology has been adopted in an assistive walking ex-
oskeleton to sense the shift of the centre of pressure; hence the moving intention of the subject
can be detected [141]. However, such pressure sensing is not sufficient for computing patient’s
joint torque during stance phase, since friction forces also generate moments around lower limb
joints. Another approach was to mount two 6-axis load cells underneath the shoes, so GRF and
centre of pressure can be measured and calculated [142]. Further evaluation [143] also indi-
cated that the instrumented shoes developed in this research had little effect on gait pattern in
terms of both GRF measurement and gait kinematics. Liu et al. [144] developed a similar wear-
able system, which contains a thin and light sole that can be mounted underneath a pair of shoes.
Each sole has five small tri-axial force sensors. Forces measured in local coordinate system of
individual sensors were then transformed and summed to the global system of each foot for its

GRF and centre of pressure.

Apart from the physical interaction between human and robot, subject’s level of participation
can also be detected via cognitive human robot interaction, which allows bidirectional flow of
information between human and robot. Some types of such information are widely investigated
such as bioelectricity of brain and muscle activities [145]. EMG is the technique to record and
evaluate the electric activity of skeleton muscle. It has been commonly used in evaluating ac-
tivity of leg muscles during gait training. EMG can also be modelled to control exoskeleton.
This was achieved on HAL 5 for identifying moving intention and controlling exoskeleton by
healthy subjects only [146]. For stroke patients, EMG by itself is not a reliable method for
controlling rehabilitation robotic, because muscle spasms induce strong EMG signals which
cannot be distinguished from the signals from voluntary muscle contractions by the system
[147]. Furthermore, modelling is also necessary to quantitative connect EMG signal level with
patient’s moving intention. The modelling accuracy is influenced by inter-/intra-subject differ-
ence and fatigue. Therefore, calibrations also need to be conducted for every subject and every

training session [88], which also makes EMG not widely adopted in the current stage.

2.6 Discussion

The development of gait rehabilitation robotic devices and control strategies facilitate each
other. Initially, with the aim of automating traditional manual rehabilitation training, robotic
trainers were developed. Meanwhile, these robots also provided platforms for implementation

and testing novel control strategies, for example AAN algorithms. With ongoing research based
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theoretical and supportive evidences, AAN strategies have become widely accepted with the-
ory and evidence based supports. Hence, researchers began to attempt various options of AAN
implementations in order to seek more effective ones. The trend urges the upgrade of existing
trainers and design of new robots for lighter moving parts, more compliant and powerful actu-

ations.

From the viewpoint of robotic design, most of the AAN algorithms reviewed in Section 2.3
have been implemented on treadmill training based exoskeleton robots with only limited num-
ber of cases applied to end-effector robotics and ambulatory robots. Compared to exoskeleton
robotics, the only interaction between an end-effector robot and a training patient is through
the feet. This limits the potential of integrating sensors and thus the implementing sophisticated
AAN strategies. As a result, only simple adaptive control algorithm was implemented to Gait
Trainer [97]. Due to the lack of sensor feedback from the low limb, information sensed from
other body parts rather than lower limbs was used to achieve patient cooperative gait training
[59]. Ambulatory robots are more towards integrating rehabilitation into daily life rather than
a tool for control strategy research. It is anticipated that control strategies developed on tread-
mill based a gait rehabilitation exoskeleton can be easily migrated to an ambulatory robot with

similar design.

Trajectory tracking control algorithm is the one used in almost all commercially available ro-
botic gait trainers. This control algorithm has been proved to be effective in gait rehabilitation
for stroke and SCI patients. However, apart from relieving therapists from physically intensive
work of guiding low limb movements and stabling the torso, no significant improvement in
effectiveness has been observed in clinical studies against manual BWSTT. Moreover, highly
repetitive leg movement also reduces the subject’s active participation and motivation. Bio-
feedback and virtual reality were adopted in robotic gait training to observe subjects’ partici-
pation level and motivate them. AAN control algorithms have provided options to unravel the
limitations of trajectory tracking control and lead to more effective gait training. The reviewed
studies achieved AAN control via impedance adaptation based on patients’ abilities or the ref-
erence trajectory adaptation based on voluntary leg motion. In majority of these cases, trajec-
tory deviation was used as the performance assessment. To have better assessment of the pa-
tient’s voluntary effort, bio-feedback and human-robot interaction force/torque were also con-

sidered.
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Gait ability assessments have been reviewed in this section to investigate their feasibility to be
integrated into AAN gait training. Among the reviewed approaches, assessments based on hu-
man-exoskeleton interaction force and ground reaction force for active joint torque calculation
seem to be more applicable in the current stage. This is due to the ease of integration with
robotic gait trainers and less dependence on modelling accuracy. New gait ability assessing
approaches however, leads to another question ‘how do we design the controller based on new
assessment?’ The adaption to trajectory or impedance is still an option here. Additionally, if
active joint torque is used as a representation of the gait ability, assistance by robots can be

figured out in new approaches.

Clinical studies on robotic gait rehabilitation have been analysed in this chapter from the view-
point of control algorithm. The primary goal for majority of clinical studies was to validate the
robotic training in general, rather than focusing on the underlying control strategies. Most of
the reviewed studies were RCTs with gait rehabilitation robots used only trajectory tracking
control strategies, with only a limited number used AAN control strategies. On top of the lim-
ited research, the participant sizes were also significant lower in AAN studies than in trajectory
tracking studies. Some of the AAN studies had no control group, so only pre-/post-experiment
measurements could be compared. These studies also had narrower focuses on one or a few
impact factors to clinical effectiveness, rather than the clinical effectiveness as a whole. As a
result, the experimental and clinical significance provided by studies in AAN strategies were
much less stronger than those on trajectory tracking control [148]. This agrees with the fact
that AAN control strategies are cutting edge and still under intensive study, whereas commer-
cialization of trajectory controlled robotic gait trainer has been successful. With the current
evidence, it is still too early to draw a conclusion that any AAN strategy is superior to other
AAN strategies or the conventional position control strategies. In the future, trials with larger
patient groups will be needed to perform controlled clinical studies on the effectiveness related
aspects of AAN control strategies. The control groups should not only be limited to manual or

position controlled robot gait training, but also other implementations of AAN concept.

Based on this literature review, there have not been any clinical studies conducted on PM driven
gait rehabilitation robots, regardless the control strategies implemented. The robotic design
could be the main barrier for conducting clinical studies, for its capability to meet the torque
and bandwidth requirements of task-specific gait rehabilitation. The PM driven gait rehabilita-

tion robot developed by Hussain et al. [19] was primarily used as a research tool for developing
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control strategies. The requirements of task specific robotic gait training, such as torque, safety

and adaptability, were only briefly discussed.

2.7 Conclusions

In this chapter, the literature review critically analysed current research in the area of gait re-
habilitation robots, with the main focus on discussing the robotic design, control strategies and
clinical studies on their effectiveness. The literature review helped the author identify further

directions of this PhD research.

With respect to the robotic design, a treadmill based robotic exoskeleton is preferred, since it
provides more possibilities in control strategy development than end-effector robots and am-
bulatory robots. The review on robotic design also indicate that compliant actuation systems
with low inertia not only improve the safety and comfort of robotic gait rehabilitation, but also
simplified the development of mechanical impedance related controller. In this case, the light
and intrinsically compliant PM actuators are regarded to be ideal for the gait rehabilitation
robot. One major challenge in design, when working with PM actuators, is to have the exoskel-
eton ready for clinical studies. Comprehensive design needs to be carried out to meet require-
ments of safety, adaptability, joint torque, range of motion and bandwidth, in order to provide
task specific gait training in clinical settings. The detailed robotic design of the gait rehabilita-

tion exoskeleton will be presented in Chapter 3 of this thesis.

In order to extract the robot’s full potential, control strategies need to be individually tailored
to work seamlessly with a robot’s specific mechanical design. The use of PM actuators enables
the control of the joint space compliance of the exoskeleton, without an extra layer of com-
plexity on exoskeleton and biomechanics modelling, as in non-drivable exoskeletons. In the
case, that a training strategy required varying the mechanical impedance of a PM driven mech-
anism, Hussain et al. [23] utilized the PM actuators as torque/force sources the same way as
electric motors. The extra layer of complexity was not avoided. Moreover, motor torque can
be changed instantaneously by changing the current. However, for PM, the force change is a
relatively slow process through inflation or deflation. PM’s nonlinearity also affects the preci-
sion of it force output. Hence, PM is not an actuator for impedance control [14]. In the same
scenario, it would be of the author’s interest to utilize the PMs’ controllable intrinsic compli-

ance to facilitate the development of AAN training strategies.
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Chapter 3 Development of a Compliant

Gait Rehabilitation Exoskeleton

Pneumatic muscle actuated rehabilitation robotic devices have been widely researched, be-
cause of its intrinsic compliance and high power to weight ratio[19, 78, 149]. Task specific gait
rehabilitation training imposes strict torque, range of motion and bandwidth requirements to
the robotic exoskeleton design. However, the PM’s nonlinear and hysteresis behavior, slow
pressure dynamics and negative correlation between its force output and contracting length
make the development even more challenging. To address such challenges, a new robotic GAit
Rehabilitation EXoskeleton (GAREX) has been developed in order to facilitate task specific

gait rehabilitation with controlled intrinsic compliance.

GAREX is developed with the potential clinical experiments in mind. Detailed actuation sys-
tem design analysis is carried out to meet the requirements of task specific robotic gait training.
Implementations on mechanical, electronic and software aspects ensure the safety of the train-
ing subject, which is of paramount importance. GAREX also has a modular construction to

accommodate anthropometrics of most of the population.



3.1 Introduction

An exoskeleton type robot with low inertial moving parts, powerful and compliance actuators
would provide a good robotic platform for AAN gait training. Exoskeleton type of gait reha-
bilitation robots like LokoMat [50] and Active Leg Exoskeleton (ALEX) [68] have geared
electric motors or linear motors to provide linear actuation. The linear actuations together with
levers produce driving torques to the actuated joints. To some exoskeletons, DC electric motor
and gear units are directly mounted to the actuated joints to provide required rotational move-
ments [65, 77]. To meet the torque requirement of gait rehabilitation training, the adopted mo-
tor and gear reduction units are usually heavy in weight. Thus, the inertia of the lower limb
exoskeleton is significantly increased. As a result, some control strategies such as impedance
control may not be easy to implement [15]. Being heavily geared also means high endpoint
impedance, high stiffness and non-backdrivable [75]. However, stiff actuators could generate
large force in response the patient’s undesirable movements or impacts and further lead to dis-

comfort or even safety problems [19].

One approach to reduce the inertia is to detach the motor units from the moving segment of the
exoskeleton. Cable systems are often utilized as media between the distally located actuators
and the actuated joints [150]. Series elastic actuators [70] provide a solution to the high end-
point impedance meanwhile adding compliance and back-drivability to the actuated exoskele-
ton joints. LOPES [15] was developed at the University of Twente with both Series elastic

actuation (SEA) and Bowden cable power transmission.

Taking the advantages of the combination, both high and low impedance control strategies
have been implemented to achieve robot guidance or near transparent patient in charge walking.
However, spring stiffness of the SEA system is limited; thus, the extent of high impedance that
can be reached is restricted by the mechanical design. Moreover, the utilization of Bowden
cable could also affect the control precision and bandwidth, reduce power transfer efficiency,

and be prone to wearing [19, 79].

Pneumatic muscle (PM) actuators provides a good option to reduce exoskeleton inertia as well
as achieve variable actuation stiffness, due to the actuators’ high power to weight ratio[151]
and intrinsic compliance [152]. With such properties, PMs have been employed in various re-
habilitation robotic applications [19, 78, 153].
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To achieve effective robotic gait rehabilitation, the training is required to be as task specific as
possible [154]. Hence, the robots need to assist or guide the subjects to walk in or similar to
normal gait speed and pattern. Transferring this to the robot development, the following spec-
ifications are to be satisfied: (1) multiple actuated DoFs to reproduce gait pattern; (2) sufficient
range of motion for the powered joints; (3) sufficient joint actuation torque to guide severely
impaired subjects during training; (4) adequate controlled bandwidth to facilitate the training.
Moreover, the intrinsic compliance property is one of the main motivations of adapting PMs in
rehabilitation robotics. It is equally important to design the actuation system that opens the

possibilities for the researcher to control the compliance of the exoskeleton during gait training.

In the past, gait rehabilitation exoskeletons actuated by PMs have been developed. Beyl et al.
[153, 155] developed a lower limb exoskeleton actuated by pleated pneumatic artificial muscle.
Both torque and trajectory control approaches were investigated. However, with the only actu-

ated DoF at the knee joint, the device’s potential use in clinical trials is limited.

Hussain et al. [19] developed a treadmill based robotic gait rehabilitation exoskeleton with two
both the hip and knee joints actuated in the sagittal plane. Only the maximum joint torques of
the exoskeleton were mentioned instead of detailed torque analysis which may not be sufficient
to justify the torque requirement of task specific gait rehabilitation had been met. Moreover,
safety and anthropometric adaptability factors about the exoskeleton design were not reported
in details too. There are needs to develop a new PM actuated gait rehabilitation robotic exo-
skeleton with the requirements of task specific training in mind. All the above factors deter-
mining the feasibility of applying the gait rehabilitation robots in clinical setting should be

thoroughly investigated.

This chapter will firstly briefly describe the support structure and trunk mechanism of a new
GA.it Rehabilitation Exoskeleton (GAREX). This will be followed by actuation system and
mechanism design of the unilateral lower limb exoskeleton. Pneumatic system and instrumen-
tations will be presented next. Lastly, the safety anthropometric adaptability design of the

GAREX system will be covered.

3.2 Support structure and trunk mechanism

GARES consists of three major mechanical modules: the support structure, the trunk mecha-
nism, and most importantly the unilateral low limb exoskeleton which are illustrated in Figure
3-1.
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The support structure is constructed with MiniTec frames. All the mechanical, pneumatic and
electronic components are mounted to the structure. The structure is usually rigidly connected
to the rehabilitation treadmill for treadmill based gait rehabilitation experiments. It also has
four wheels, so over-ground training with GAREX is also made possible. Due to the modular
mechanical design, the trunk mechanism’s vertical and horizontal position relative to the sup-
port structure can be easily adjusted to suit various patients or switch between treadmill based

and over-ground gait training.

Trunk
Mechanism

Support
Structure

Exoskeleton

Figure 3-1 Left: computer-Aided Design of the GAREX system. The unactuated DoFs of
the trunk mechanism are labelled with the arrows (red: translational DoFs; yellow: rota-
tional DoFs). Right: a health subject walking on the treadmill with the guidance provided
by GAREX.

During gait rehabilitation experiments, subject’s upper body was attached to the trunk mecha-
nism by means of straps. One of the main functions of the trunk mechanism to have three
unactuated or passive degree of freedoms (DoFs), which are vertical and lateral translations as
well as the rotation around the vertical axis. During normal walking, the trunk a healthy subject
usually has range of motion (ROM) of less than 10cm in both translational DoFs and a less
than 20°ROM in the rotational DoF [156]. Hence, the trunk mechanism was designed with 15-
cm ROM s for the two translating DoFs and a 30 °ROM for the rotational DoF.
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Another main function of the trunk mechanism is to suspend the lower limb exoskeleton, so
the training patient does not have to bear any weight of the mechanism during training. The
suspension is achieved by a pair of air springs whose stiffness was adjusted to an appropriate
level via trial and error. The connecting between the trunk mechanism and the lower limb ex-
oskeleton allows two unactuated DoFs of the hip joint which are the abduction and the rotation
in the transverse plane. These two DoFs are loaded torsional springs. When the springs are both
in neutral position the lower limb exoskeleton is aligned with the sagittal plane. Such design
can accommodate the natural movements in these dimensions and meanwhile constraining ex-
cessive or unnecessary ad/abduction of hemiplegic gait [157]. Moreover, all the unactuated
DoFs of the truck and connection mechanisms can be blocked to suit the requirements of dif-
ferent patients or gait rehabilitation tasks.

3.3 Lower Limb Exoskeleton

The main module of the robotic platform is the lower limb exoskeleton (LLE) which has a
unilateral design. In order to help patients to reproduce gait patterns, the sagittal plane rotations
of the LLE’s hip and knee joints are actuated by PMs, taking the advantages offered by such
actuators discussed in the Introduction section of this chapter. The major challenge of LLE

design is also from the PM actuation system.
The main design criteria of the LLE are listed as follow:

1) The capability of providing sufficient assisting torque and ROM to facilitate robotic
gait rehabilitation.

2) Compact and light weight design that fit the anthropometric data of majority of the
population.

3) Robust enough for further experiments with human subjects and potential clinical stud-

ies.

3.3.1 Actuation system of the lower limb exoskeleton

Before getting into the design process, it is worthwhile to briefly mention the operation princi-
ples of the PM actuators. PMs tend to contract and apply uni-directional pulling actuation to
attached objects, when inflated. Hence, it is a common practice to adopt antagonistic configu-
rations of PMs to actuate rotational joints for bi-directional actuation [158-160]. The antago-

nistic PMs of the exoskeleton are comparable to the extensor and flexor muscle groups of the
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human hip and knee joints. Therefore, regarding to the torque requirement of a joint, the ex-
tension and flexion PMs were analysed separately. The force generated by a PM actuator is
positively correlated to its diameter and inflating pressure and negatively correlated to the con-
tracting percentage with respect to its original length. In other word, there is a trade-off between

the ROM and maximum torque at the extreme positions that a certain PM system can provide.

To meet the first design criterion, PMs need to be longer and thicker in order to provide more
torque and greater ROM. However, such design could potentially violate the second criterion,
because the segment of the exoskeleton cannot be too much longer than the corresponding
segment of the human lower limb. Hence, the design problem was simplified into determining
the quantity, type, diameter and length of PM actuators for the actuated joints, as well as the
moment arms of the antagonistic PMs, so first two criteria mentioned previously could both be

satisfied.

The PMs manufactured by FESTO were selected. Compared to in-house manufactured PMs,
commercially available PMs would provide better reliability, reduce the inter-PM variance and
hence reduce the uncertainty in modelling. The FESTO PMs can be made in three diameters
10, 20 and 40 millimetres and their length can be customized, which provides good design
flexibility. In the same situation (pressure, original PM length and contraction percentage), the
40 mm diameter PMs would provide pulling force and hence joint torque. However, due to
their bulkiness, mounting them to the exoskeleton would result much longer and thicker exo-
skeleton segment than actual human lower limb segments. One solution to this problem is to
have Bowden cables as transmission and mount the PMs at a remote location [25]. Bowden
cable power transmission however conflicts with the one of the initial motivations for employ-
ing PMs, which is being light for direct exoskeleton attaching. Nonetheless, the Bowden cable

would add modelling uncertainties and reliability issues.
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Extension of
trunk segment

\

Figure 3-2 Illustrations of the joint actuation systems for the hip (left) and knee (right) joints.

Variable definitions are listed with arrows showing their positive direction.

Commonly used cable and pulley based antagonistic PM designs were utilized to the actuated
joints. The torque levers of the antagonistic systems are the radii of the pulleys. Compared to
the exoskeleton developed by Beyl et al. [20], our design has less moving parts, smaller profiles
of joint mechanisms. It is thus easier to implement, more reliable in testing and also simplifies
further modelling and controller development processes. In the finalized design, the hip and
knee joints of GAREX both have four 20-mm diameter PMs, two for each side of the antagonist,
for sufficient torque output. In order to maximise the joint ROM without resulting over-lengthy
exoskeleton segments, 300 mm (excluding end fittings) PMs (FESTO: DMSP-20-300N-RM-
CM) were selected. The pulley radii or actuating moment arms are 30 mm for both the hip and
knee joints. The designed actuation system of GAREX is illustrated in Figure 3-2. The reason-

ing of choosing such a design will be elaborated in the following paragraphs.
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Table 3-1 Torque and range of motion design parameters of GAREX

Hip Knee
ROM (Orp to Oro) -20° to 40° -3°to 69°
Linear ROM PM in mm 314 37.7
Linear ROM PM in percentage to original length  10.5% 12.6%
Equilibrium position (xz = xr) 10° 33°
Peak torque at the extreme position 47 Nm 40 Nm
Peak torque at equilibrium position 62 Nm 60 Nm

Based on the gait data published by Perry and Burnfield [161], the actuated ROM of both the
hip and knee joints were determined and listed in Table 3-1. Such ROM ensures the exoskele-
ton can help reproduce a large variety of gait patterns as well as limits the maximum PM con-
traction in order to meet the torque requirement. It is designed that the extensor PMs are at their
original length (no contraction or stretch) when the joint reaches maximum flexion, and vice
versa. Hence the contraction of the extension and flexion PM can be expressed as a function of

joint angular position as:

{XFi =16 - ) with (i =h,k) (3-1)

Xg = ri(‘9E0i _‘9.)

where r, is the joint radius; &, is the joint angular position; 6., and &, are the joint angular

positions when the extensor or flexor PMs are at their original length; x_ and x. are the

length of the extensor and flexor PMs. In this manuscript, the subscripts h and k denote attrib-
utes of hip and knee joints respectively. The subscripts E and F denote attributes of extensor

and flexor PMs respectively.

In terms of torque requirement, the exoskeleton is designed to provide enough hip and knee
joint torque to help a training subject walk in desired gait patterns. The problem can hence be
articulated as comparing the torque generation capacity of the actuation system and the maxi-
mum possible required torque for both joints throughout a gait cycle. A healthy subject’s joint
space gait trajectories and joint torques published in [162] is used as reference. It has also been
reported in [161] that the joint torque during walking can be normalised by body weight. With
this normalisation technique, the walking joint torque requirements for healthy subjects of var-

ious body weights can be approximated and plotted in Figure 3-3.
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Figure 3-3 Joint torque versus gait cycle plots for the knee (top) and hip (bottom) joints.
The joint torque requirement data of the 57kg healthy subject during normal walking
are adopted from [162] The data of the 71kg and 100kg are calculated from the 57kg
subject with normalization of body weight. The shaded areas in the plots are indicating
the joint torque output capability of both the extension and flexion PMs throughout the

gait cycle.

The maximum contractile force (Fmax) one PM when inflated to maximum pressure (6 bar) can
be approximated as a function of its contracting percentage to its original length (10=0.3 m),
according to the datasheet of the FESTO PM. Thus, the maximum joint actuation torque (zmax)
can also be calculated:

2

Xi; X;;
=16236|—21—9405|—’+1578 (3-2)
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By combining the joint trajectory data through a gait cycle with Equation (3-1) and (3-2), the
actuators capability of providing extension and flexion torque through the gait cycle can be
calculated in (3-3) and illustrated with the shaded areas in Figure 3-3. It can be viewed from
the figure that the actuation system is able to fully satisfy hip and knee joint torques require-
ment of a 71-kg healthy subject during level walking. For the simulated subject with 100 kg
body weight, the designed actuation system is still capable to provide sufficient torque for most
of the GC except the peak extension torque requirement of the knee joints and the peak flexion
and extension torques of the hip joint. By analyzing the plots in Figure 3-3, it is observed that
the peak torques all occur within the first 60% of the GC which is the stance phase, when

majority of the joint torques are used to support the body weight of the training subject.

Body weight support systems are commonly used in conjunction with robotics exoskeleton and
treadmill to provide gait rehabilitation training. The body weight unloading is up to 60% to 80%
for patients with severe paralysis [66]. This implies that the exoskeleton only need to bear a
fraction of the torque required supporting the body weight. Hence, it can be confidently con-
cluded that the designed actuation system is capable of providing sufficient torque to facilitate
robotic gait training for patients of up to 100 kg body weight.

3.3.2 Mechanical design of the lower limb exoskeleton
After selecting the pneumatic actuators, the following step was to design and construct the LLE

that integrates with the antagonistic PM actuators.

The LLE also has a modular design. The knee and hip modules each contains its corresponding
joint actuation system. The two modules are connected to form the thigh segment of the LLE.
The relative position of the two modules can be adjusted to ensure the hip and knee joints of
the LLE are aligned with the subject’s joints during an experiment. Each of the modules has a

rigid leg brace attached. During training, the subject is strapped to the braces via straps. The
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Figure 3-4 Left: the front view of the lower limb exoskeleton with the thigh and shank
modules outlined in blue and red respectively. The relative position of the two modules
can be adjusted in order to align the rotational axes (marked with dashed lines in the
figure) of the knee and hip with the subject’s ones. Right: Side view of the lower limb

exoskeleton with a healthy subject wearing it.

sizes and positions of the braces are adjustable according to the subject’s anthropometric meas-
urements. The braces were designed to be rigid to prevent any relative movement between the

exoskeleton and the leg attached to it.

The designs by Hussain et al. [19] and Choi et al.[17] has PMs located at both the thigh and
shank segments of the exoskeleton for actuation of the hip and knee joints respectively. On
GAREX, all 8 PM actuators were placed to the thigh segment of LLE. Such design transfers
the actuators’ inertia from the shank to the thigh segment, and thus reduces the torque require-

ments of both the hip and knee joints for producing the same movement.
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In order to accomplish a robust working prototype in a short time frame, most of the parts of
the LLE were made of laser cut aluminum plates. Some key structure parts, such as the shafts
and bearing houses of the actuated joints, were machined steel parts.

3.3.3 Pneumatic system

One key element of the pneumatic system is the valves controlling the air flow to the PM ac-
tuators. Mainly two types of valves have been used on this role. One is pressure controlled
proportional valves, which have embedded software to regulate their output pressures to the
desired levels. The other type is analogue proportional valve, which effectively changes their
orifice areas by changing the spool positions. When used in controlling PM driven mechanism,
the pressure regulator type of valves appears to be black boxes in control loops, which leads to
simpler the system models by ignoring the details of the pressure characteristics of the PM
actuator. However, there could be unpredictable transient behavior of the controlled PM pres-

sure.

To overcome this, four 3/5 analogue valves (FESTO: MPYE-5-1/8-LF-010-B) were adopted
in this research, two for each actuated joint, as shown in Figure 3-5. The pneumatic flow
through a valve can be controlled by changing the valve’s orifice area which depends on the
input voltage. Compared to Shen [163] which used a single 3/5 analogue valve for a mechanism
driven by an antagonistic pair of PMs, the design in this research can be viewed redundant
actuation system if only implementing trajectory control. However, the two-valve design offers
more possibilities for developing sophisticated controllers in order to satisfy the requirements
of various robotic gait rehabilitation modes.

Similar to the analogue valves, pressure sensors were installed, one for each side of the antag-
onistic PMs of an actuated joint. The pressure sensors are used for both feedback control and
status monitoring. It can also be viewed from Figure 3-5 that a main solenoid valve in between
the pneumatic source and the analogue valves for the PMs. The solenoid valve is used to switch
the pneumatic flow to the actuation system based a digital signal sent from the control software.
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actuated joints of the LLE have identical actuation system configurations. The two actu-

ated joints share the same pneumatic source and main solenoid valve.
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3.4 Instrumentation
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Figure 3-6 Hardware configuration block diagram. Major components of the instrumen-
tation hardware system are listed with connectors indicating the types of interfaces and
directions of data flows.

Table 3-2 List of key instrumental components of GAREX

Description Part Details Quantity
PM actuators FESTO: DMSP-20-300N-RM-CM 8
Analogue valves FESTO: MPYE-5-1/8-HF-010-B 4
Main solenoid valve SMC: VF1120 1
Pressure sensor FESTO: SPTE-P10R-S6-V2.5K 4
Single axis load cell FUTEK: LTH350 2
Angular Encoder AMS: AS5048B 2
Controller NI: myRIO-1900 1
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All major components including the pneumatic components described in the previous para-
graphs are included in the block diagram in Figure 3-6. The block diagram is showing the
hardware architecture for the entire GAREX system. MyRIO from National Instrument is used
as the main control platform. Inside the myRIO, there is an FPGA module and a micro-proces-
sor module. The FPGA has been programmed to conduct hardware interfacing and sensor sig-
nal processing at a rate of 1 KHz. The processor could then be utilized to focus on model based
controller processing at a rate of 100 Hz. For physical hardware interface, a custom printed
circuit board (PCB) was designed. The PCB contains connectors for various components which

are illustrated in Figure 3-6, together with amplifying and multiplexing circuit for the sensors

Bicep PMAs

terminals

Figure 3-7 Left: CAD drawing of the knee joint mechanism; right: photo showing details
of the knee mechanism of GAREX.
and valves. The PCB was also designed with circuits to handle the emergency stop situation

which will be discussed later.

For the joint space position feedback, magnetic encoders were mounted to be co-axial with the
two actuated joints. The filtered derivatives of the angular positions are computed through the
FPGA module for the potential use in controller development. The load cells are also mounted
as shown in Figure 3-7 to monitor the pulling forces of the antagonistic PMs at the knee joint
and thus the joint’s actuation torque. A detailed list of the major components adopted in the

hardware configuration is presented in Table 3-2.
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3.5 Safety and adaptability of GAREX

The safety is of paramount importance. A variety of features have been designed and imple-

mented to ensure the safety of the patients if any unexpected incident happens.

Mechanical ROM limiting stops shown Figure 3-7 were designed for both the actuated hip and
knee joints of the exoskeleton to ensure the exoskeleton cannot move beyond the allowed ROM

of corresponding human joints.

Emergency stop buttons are made accessible to both the training patient and the supervising
therapist or engineer. Once any of the stops buttons is pressed, three folds of safety actions will
take place. In hardware level, relay circuits have been implemented to the custom PCB. The
press of a stop button grounds the voltage input to the main solenoid valve, so the pneumatic
flow to the actuation system can be cut off. Meanwhile, the analogue signal input to all the
proportional valves would be suppressed with a OV signal, which essentially deflates all the
PMs at the valves’ full capacity. On the software level, the controller recognises the stop button
press; idles all the control process; and sends signals to the valves to cut down pneumatic follow

and deflate the PMs, as well as display warning message on the graphical user interface.

To ensure GAREX can provide training to a wide population range, the system was designed
to be modular and telescopic. As shown in the left picture of Figure 3-4, the knee and hip
modules’ relative position can be adjusted to accommodate patients with different lower limb
segment lengths. To fit subjects with different builds, the horizontal and vertical position of the
exoskeleton module to the trunk manipulation module is designed to be adjustable, as well as
the vertical position of the trunk manipulation module relative to the supporting frame. The
positions of the leg braces can be adjusted in three directions relative to the thigh or shank
segments, which is indicated with the black arrows in the left picture of Figure 3-4. The widths
of the leg braces are also adjustable. The adaptability of the design, not only makes the subject
more comfortable during the training, but also ensure the subject’s thigh and shank segments
always align with their corresponding exoskeleton segments. Therefore, the hip and knee joint

angles of exoskeleton and attached low limb are regarded to be equal.

3.6 Discussion and conclusions

A new PM driven robotic gait rehabilitation system named GAREX has been designed and
built. As reviewed in the last chapter, there have not been clinical studies conducted on PM

driven gait rehabilitation robotic system. Hence, GAREX was designed with future clinical
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applications in mind. Detailed torque analysis was conducted to verify the system’s capability
to provide task specific gait training. The system is capable to provide sufficient torques and
ROM for the knee and hip joint rotations in the sagittal planes to facilitate gait rehabilitation

for patients weighing up to 100 kg.

Position, pressure and force sensors were installed for both control feedback and system mon-
itoring. Safe training was achieved through the multiple software and hardware implementa-
tions. The safety system has a redundant design, in unexpected situations, such as emergency
stop press or exceeding design ROM, there will be multiple safety actions and any one action
alone would ensure the safety of the training subject. Anthropometric adaptability is also a
main design consideration. The modular construction of GAREX ensures the system a wide

range of adjustments can be made to cater the need of various training subjects.

The requirements of further control strategy development were taken into consideration in the
robotic design process. The intrinsically compliant actuation system can be utilized to create a
wide range of dynamic environments. Four analogue valves are selected to allow detailed
modelling of the entire controlled plant in the following research. Such design also open the
possibilities for the researcher to control the intrinsic compliance of the actuation system in
order to create a wide range of dynamic environments [164]. Hence, GAREX makes a good
platform for develop and validate control strategies.
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Chapter 4 Force Dynamics Model of the

Pneumatic Muscle Actuators

Pneumatic muscle (PM) actuators have been widely used in wearable robots due to its high
power to weight ratio and intrinsic compliance. The task-specific robotic gait rehabilitation
imposes bandwidth requirement to the actuation system. The antagonistic PMs that actuate
GAREX should at least be able to track 1.5 Hz sinusoidal trajectory with a peak-to-peak dis-
placement at 10% of the PM’s original length. Hence a dynamic model is needed to describe
the PM’s operation. The inflating pressure determines the compliance of a PM. In order to have
the exoskeleton to work in a wide range of compliance, the dynamic model needs to cover the
entire operating pressure range of the PM. The dynamic model by Reynolds et al. [165] was
based on the conventional McKibben PM and only valid for pressures above 2 bar. The FESTO
PM adopted in this research is a special type of McKibben PM whose dynamics is not identical
to the conventional PMs. As a result, it is necessary for this research to develop an appropriate
dynamic model for the adopted PM to host further control development of the robotic gait

rehabilitation exoskeleton.

The dynamic model in [165] is used as a benchmark for the model development in this research.
Initially, the researcher attempted to characterize the PM based on the benchmark model
through experiments in order to find the modelling parameters. For this purpose, an experi-
mental rig was designed and built to investigate the dynamic behaviours of a pneumatic muscle.
The rig automates the characterization process by providing motions to the target PM and re-
cording pressure, force, position and velocity data. Experimental results indicated that the
benchmark model could not well represent the behaviour of the PMs used in this research.
Therefore, based on the benchmark model, the researcher attempted a new model format which

is proven to fit better with the experimental data.



4.1 Introduction

The dynamics of the system has to be well understood in order to control the exoskeleton ef-
fectively. Based on the design, the hardware system can be simplified into the block diagram
shown in Figure 4-1. The PM actuation system can be further divided into models of the pres-
sure dynamics and force dynamics. The pressure dynamics models the relation between the
mass flow rate of the analogue valves and the rate of pressure change of the PMs. The force
dynamics models the PM’s contracting force versus PM pressure and kinematics relationship.

This chapter is dedicated to the modelling process of the PM’s force dynamics.

=
"

Figure 4-1 Block diagram of the GAREX system. Three major sub-systems are illus-

trated with blocks with arrows indicating the connection sequence and media.

Pneumatic muscle actuators were firstly invented by Joseph L. McKibben for an orthotic ap-
plication in 1950s [166]. There were not many further applications or development of PMs
until 1980s, when the original PM actuators were redesigned to actuate robotic arms in Japan
[167]. In the past two decades, PMs have widely researched in the field of robotic rehabilitation.
This is mainly due to their advantages of having high small weight, high strength and high
power to weight ratio. PMs are also of controllable compliance, due to the compressibility of
air inside the PMs [168]. These advantages make them widely adopted in robot-human inter-

action applications such as robotic exoskeleton or orthosis [18-20].

Although there are various constructions of PM actuators, the most common one used in re-

search is the McKibben design which consists of a cylindrical flexible airtight tube that fits
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inside a sheath with braided thread. When a PM is inflated, it widens and shortens to generate
a contracting force and displacement [169]. In spite of the advantages of PMs a major challenge
of using PM as actuator is about controlling them precisely. Due to the compliance, elasticity
of the material and friction, the PM operation is highly nonlinear and subjects to hysteresis
behaviours. Hence, appropriate models of the PMs need to be developed to understand their

behaviours and thus control mechanisms driven by them.

A number of researchers have investigated different modelling method of PMs. Chou and Han-
naford [151] developed the simple but widely used geometrical model on McKibben PM.
Tondu and Lopez [170]further improved the model in [151] by compensating the end defor-
mation (PM is not a cylindrical shape when inflated) and attempting to offset the hysteretic
behavior between inflation and deflation of a PM. Another commonly adopted model of PM is
the phenomenological model developed by Reynolds el al. [165], which describes the dynamic
characteristics of McKibben PMs.

FESTO fluidic muscles adopted in this research is a special type of McKibben PM actuators.
FESTO PM’s pressure tight rubber tube and braided sheath are integrated into its contraction.
Due to the special design, PMs manufactured by FESTO have different properties compared
to the conventional McKibben PMs modelled in [151, 165, 170]. At the same pressure, FESTO
PMs tend to generate larger forces than conventional McKibben PMs with same diameter and
contracting percentage. However, modelling of FESTO muscle has not been extensively re-
searched. Models developed for conventional muscles are adapted to model FESTO muscles
with adjusted parameters. Choi et al.[17] adopted the dynamic model to FESTO muscles with
adjusted parameters; meanwhile, sliding mode control was implemented to cope with inaccu-
racy in modelling. Experiment based static models have also been developed to express the
force-pressure-contraction relationship[171, 172]. To make better use of the FESTO PMs in
dynamic applications such as robotic gait rehabilitation, a more specific dynamic model for
FESTO PM still needs to be developed.

This chapter is organised in the following orders. In Section 4.2, a brief review on previous PM
modelling approaches and motivation on the development of a new PM model will be presented.
Section 4.3 will describe the setup of the testing device and the how the experiments are con-
ducted. Section 4.4 will be devoted to experimental result analysis, proposing the improved

dynamic models, as well as model validation.
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4.2 Modelling the dynamic characteristics of the PM

The dynamic PM model developed by Reynolds et al. [165] is in a similar format to the well-
known Hill’s muscle model in biomechanics. It contains parallel force generation, spring and
damping elements as shown in Figure 4-2. The dynamic force behavior is represented by the

following equation:
F(P)+B(P)x+K(P)x=L+mX (4-1)

where: P is the inflating pressure of the PM actuator; F(P), B(P), K(P) are force, damping

and spring elements which are all linearly dependent on pressure (as indicated in (4-2)) and
determined experimentally; m is the mass of the load; x, x and X are the contracting length,

velocity and acceleration of PM respectively; and Lis the force exerted on the load.

F(P)=F,+FP
K(P) =K, +K,P

B(P)=B,,+B,P (Inflation) (4-2)
B(P)=B,,+B,,P (Deflation)

The parameters Fi, Ki, Bii and Bpi (i = 0, 1) in (4-2) can be determined experimentally. The
damping element of the inflation and deflation processes was modelled separately to address

the hysteresis behaviour of the PM.

X
-«

——— AN
Spring Element K (P)

Damping Element B(P)
i m

Force Element F(P)

—®

(S

Figure 4-2 The Hill’s type of dynamic PM model adapted by Reynolds el al. [165].
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The model published in [165] is a good benchmark of the development of a dynamic force
model for the specific type of PMs used in this research. Hence an experimental rig was con-
structed to investigate between the force generated by a PM and its inflating pressure and kin-
ematics. Based on the experimental rig, the research designed an automated experimental pro-
cess to have the tested PM operate in a wide range of dynamic scenarios and record data. In
the data analysis, the research firstly investigated if the model in [165] is able to well present
the gathered experimental data. If the fit was not ideal, the researcher would attempt to look

for a new or improved dynamic model for the PMs actuating GAREX.

4.3 Experimental setup and procedures

PM 2

Load cell

Linear

potentiometer

PM 1

Adjusting bolts

Figure 4-3 Experimental setup to calibrate the dynamic model parameters of a PM ac-

tuator.

An experimental rig had been designed and constructed to conduct automated experiments to
create various dynamic operating conditions of the tested PM and record force, pressure and

kinematic data for further model analysis. The experimental setup is shown in Figure 4-3. The
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PM_1 at the bottom was the muscle to be modelled. One of the PMs adopted in the GAREX
design was used as PM_1. It is 300 mm in length and 20 mm in diameter. PM_2 (FESTO
DMSP-40-300N-RM-CM) was 40 mm in diameter, 300 mm length, which provides motions
as required during the experiments. The pressure of PM_1 was controlled by a pressure regu-
lator (FESTO VPPM-6L-L-1-G18-0L6H-A4N). The pneumatic flow rate of PM_2 was manip-
ulated via an analogue valve (MPYE-5-1/8-LF-010-B). A pressure sensor (SPTE-P10R-S6-
V2.5K) was also placed next to the pneumatic connection to PM_1 for more accurate pressure
measurement. A linear potentiometer (Variohm VLP100) and a load cell (FUTEK LTH350)
were used to measure displacement and the interaction force respectively. The assumption of
this testing setup was that masses of all moving components are negligible. This is because, in
the worst scenario, the product of the entire moving mass (0.3kg) of the rig and the maximum

acceleration (3m/s) is less than the noise amplitude of the load cell reading.

A National Instrument myRIO was employed for hardware interfacing and controller pro-
cessing. The experimental procedures were implemented in a LabVIEW programme. At the
beginning of the one experiment, the PM_1 was firstly inflated to a certain pressure, P1. By
adjusting the two bolts at the bottom of the test rig along the thread rods, an appropriate initial
contracting length (xo), which was usually zero, could be achieved, and at this instant the linear
potentiometer had a reading of do. Being appropriate meant the bolts were just in contact with
the plate attached to the bottom end of PM_1 and the load cell reading was zero. As a result,

the contracting length during the experiment can be calculated using the following equation:
X=X, —(d —dj,) (4-3)

where, X is the instantaneous contracting length of PM_1; d is the instantaneous linear potenti-

ometer reading.

During one set of experiments, the pressure of PM_1 was regulated to the fixed value P1, while
the PM_2 was inflated and deflated at various rates in order to exert different load to PM_1.
At the beginning of one experiment, PM_2 was fully deflated. After the measurement of xo was
completed, the step inflating voltage was applied to the analogue valve of PM_2. The orifice
size of the analogue valve is proportional to the input voltage applied. As a response, PM_2
contracted to stretch PM_1. After the movement was settled and a wait of 3 seconds, another
step-down voltage was applied the analogue valve to deflate PM_2. As a result, PM_1 con-

tracted again back to xo. It is worth to note that the inflating and deflating orifice areas were of
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same magnitude. During this process, kinematics, load cell reading and the pressure of PM_1

were monitored and logged to a data file at a rate of 100 Hz.

Force (N)

0.1

02 006 Contraction (m)

Velocity (m/s)
Figure 4-4 The force versus contraction and velocity scatter plot, when the pressure of
PM_1 was regulated to 3.2 bar. Red and blue dots represent data during the contraction

and stretching of PM_1 respectively

The inflation-settling-deflation process was repeated. The inflating (deflating) orifice areas
were increased from 10% to 100% of the maximum opening of the valve in the step size of
10%. Up to this point, the experiment for the selected pressure of PM_1 was completed. Figure
4-4 is showing the gathered data for the set of experimental data when PM_1 is regulated to
3.2 bar. Only dynamic data (velocity magnitude greater than 0.005 m/s) were considered for
dynamic modelling. The contracting and stretching data points are separated, so hysteresis can
be considered in the proposed model. The same experimental procedure was repeatedly con-
ducted to various pressures of PM_1 ranging from 0.8 to 5 bars, with three experiments for

each pressure. A total of 51 valid experiments were conducted.

4.4 Result Analysis

Firstly, the validation of the existing dynamic model proposed in [165] with the newly gathered
data was attempted. For a fixed pressure, the K(P), B(P) and F(P) parameters in Equation (4-1)
can be calculated using a first-order polynomial curve fit for the coefficients. To cope with the

hysteresis, two fitted surfaces shown in Figure 4-5 are generated for one set of experimental
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Figure 4-5 The first order polynomial representation curve fitting result of PM force
versus its contracting length and velocity when its pressure was regulated to 3.2 bar.
The upper plot is for the contracting process of PM_1 and the lower plot is for the

stretching process.

results, one for the contracting and the other for the stretching process. The regression results

expressed with R? for the two fits are 0.941 and 0.913, which indicate good accuracy of the
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model at the specific pressure.

For each of the 51 experiments conducted, the data for the contracting and stretching processes
of PM_1 were separated. Curve fitting was the conducted for both sets of data in the same
method of producing Figure 4-5. As a result, 102 combinations of K(P), B(P) and F(P) could
be calculated. These parameter combinations were all plotted against their corresponding
PM_1 pressures in order to investigate how the parameters are dependent on PM pressure. The

plots are shown in Figure 4-6.

The initial investigation was on the first order linear relationships between PM pressure and
the parameters as described in (4-2). The first order linear model is represented using green
lines in Figure 4-6. Its modelling coefficients are shown in the third column of Table 4-1. As
can be seen from Figure 4-6, the green lines are well correlated to the experimental data except
the one for the spring element. To further quantify the how well the dynamic model by Reyn-
olds el al. [165] fits the experimental data. Regression analysis was performed to calculate the
R? values (shown in the bottom row of Table 4-1) of the entire population of experimental data.
For every valid data point, the force calculated via Equations (4-1) and (4-2) was compared
with the measured force. A total of 38,745 and 38217 data points are included in the analysis
for stretch and contraction of PM_1 respectively. The result of regression analysis indicates
that the model could be improved to better represent the dynamic behavior of the PM. Hence,
the researcher attempted to find an improved the dynamic model based on the model published

in [165], in order to better represent the force dynamics of the PM adopted in this research.
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[processes.

By analyzing the plots in Figure 4-6, it was realized that the spring parameter versus pressure
relationships have different trends when the pressure is below or above 2 Bar. The linear rep-
resentations of K(P), B(P) and F(P) were modified into two-stage piecewise linear functions,
which are shown as the black lines in Figure 4-6. The parameters of the piecewise model as
well as the R2 values of the regression analysis are listed in the columns titled “Piecewise
Model” of Table 4-1. The R? values are calculated in the same way as the ones for the original
model. The R?values outsides the brackets are computed with all three elements from the pro-

posed piecewise model; meanwhile, the ones inside the brackets are computed through a hybrid
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Table 4-1 Parameters of different dynamic models and regression analysing results of
the models, for the 300mm PM used in GAREX.

First order Piecewise Model

Factor Coefficient linear model Below 2 bar Above 2 bar
(N) 311.8 276.8 173.6
Force Element F (N/Bar) 1819 224.7 216.2
) | K, (N/m) -39085 -96,524 -17,253

Spring Element K, (N/m/Bar) 24634 36,121 47.1

Contracti B, (N s/m) -1,704 -2,363 -1,022
ontraction

Damping (N s/m/Bar) 336.5 702.2 163.2

Element h B, (N s/m) 3,041 3,930 1,931
Stretc B,(N s/m/Bar) 6498 -1,117 -368.7

Regression _Contraction _, 0.5719 0.9430 (0.9130)

Analysis Stretch 0.5106 0.9507 (0.9227)

model with only the spring element from the piecewise model and the other elements from the
original model. The regression analysis indicated that the modified piecewise model and the
hybrid model fitted better to the experimental data compared to the original dynamic model.

The different between the pure piecewise model and the hybrid model was less obvious.

To exam the generalization of the proposed piecewise dynamic model, a similar experimental
process was performed on a different PM manufactured by FESTO with 400mm length and
20mm diameter (FESTO DMSP-20-400N-RM-CM). A total of 56 experiments were conducted
with the new targeted PM and the results are presented with Figure 4-7 and Table 4-2, which
are in the same formats as Figure 4-6 and Table 4-1 for the 300mm PM. The regression ana-
lysing results once again indicated the new piecewise model better can better the experimental

data comparing to the original dynamic model.
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Figure 4-7 (A), (B) and (C) are the F(P), K(P) and B(P) versus PM_1 pressure plots for
the 400-mm long PM. The red scatters are for the contracting processes of PM_1 and blue
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ones are for the stretching processes. The first order linear model parameters are repre-

sented using green lines and the modified piecewise model parameters are represented in

black lines.

Table 4-2 . Modelling parameters and regression analysing results for the 400-mm

long PM manufactured by FESTO

Eactor Coefficient F_irst order Piecewise Model
linear model Below 2 bar  Above 2 bar
Force Element Fo(N) 254.4 239.5 207.4
F1 (N/Bar) 201.7 219.4 213.6
Spring Element Ko (N/m) -50,266 -64,104 -12,188
Ki (N/m/Bar) 8,496 24,634 -767.5
Contrac-  Bo (N s/m) -5,178 -4,680 -4,429
Damping tion B1 (N s/m/Bar) 831.7 348.9 666.0
Element Stretch Bo (N s/m) 841.3 697.4 964.9
B1 (N s/m/Bar) -133.8 -12.41 -165.2
Regres- Contrac- 0.0895 0.9679 (0.9671)
sion tion R?
Analysis  Stretch 0.6177 0.9746 (0.9742)

4.5 Discussion and conclusions

A new dynamic modelling approach of PM actuators has been developed based on a dynamic

force model based on McKibben PMs published in [165]. Only experiments with pressure 2

Bar and above were reported by Reynolds et al. [165]. Whereas, the new piecewise model

proposed in this article are based on extensive experiments with pressures ranging from 0.8 to

5.0 Bar. The piecewise model is preferred by the author, due to its high correlation to experi-

mental data, meanwhile still being in a simple form for the model based control development

which will be presented in the next chapter. The proposed models are experimental based and

muscle specific. However, the experimental procedures and data processing have been fully

automated. As a result, the models can be easily transferred to PMs with different sizes.
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Chapter 5 Joint Space Trajectory and

Compliance Control

This chapter focuses on a multi-input-multi-output (MIMO) sliding mode (SM) controller. This
controller is aimed to simultaneously control the angular trajectory and compliance of the knee
joint mechanism of a gait rehabilitation exoskeleton. The MIMO controller is developed based
on the model of the entire mechanical system which consists of four sub-system models. They
are flow dynamics model of the valves, pressure and force dynamics models of the antagonistic
pneumatic muscles, as well as the load dynamics model of the exoskeleton. Single-input-sin-
gle-out (SISO) sliding mode joint trajectory controller based on the system model is also in-
cluded in this chapter. The SISO control system helps the author verify the design and model-
ling work. It is also used as the benchmark for the MIMO control system.

Control systems experiments on the knee joint mechanism of GAREX was conducted to vali-
date the developed SM controllers. The experiment was carried out on sole robot as well as
with healthy subjects. The results indicated good multivariable tracking performance of the
MIMO SM controller, which provides a good foundation for further development of assist-as-
needed training strategies in gait rehabilitation.



5.1 Introduction

As described in Chapter 3, pneumatic muscle (PM) actuators are intrinsically compliant, light-
weight and with high force/power to weight ratio. These advantages make PMs suitable for
rehabilitation robots, especially exoskeleton type of robots. Ferris et al. [18] developed an an-
kle-foot orthosis actuated by PM to assist the ankle planar flexion during walking. This orthosis
was further developed into a knee-ankle-foot orthosis with the knee flexion/extension and ankle
dorsi-/planar-flexion all actuated [149]. A PM actuated upper limb rehabilitation robot, named
RUPERT, was developed by a research group from Arizona State University. The robot had
four degrees of freedom (DoF) each actuated by a PM actuator [78]. In the author’s research
group, a robotic exoskeleton for gait rehabilitation had also been developed, with both the hip
and knee joints of the exoskeleton powered by antagonistic PM actuators [19]. Despite their
advantages, dynamics of PMs is highly non-linear and also subjects to hysteresis; therefore, it

becomes a challenging task to model them precisely.

In order to develop more effective controllers, research work on PM modelling had been widely
conducted. A review of previous modelling approaches and a new way of modelling the PMs
adopted in this research have been covered in Chapter 4 of the thesis. Although modelling of
PM has been extensively investigated, researchers [17, 160] still claimed that models tend to
be highly nonlinear and subject to uncertainties, mainly due to friction, temperature and change
of properties overtime. To cope with these problems, a variety of controllers have been imple-
mented on PM driven mechanisms, which include adaptive pole-placement controller by Cald-
well et al. [173], robust and adaptive back-stepping controller by Carbonell et al. [174], fuzzy
PD+I controller by Chan et al.[175], neural network based PID controller by Thanh and Ahn
[176] and more recently echo state network based predictive controller with particle swarm
optimization by Huang et al. [177].

Sliding mode control and its variations have also been implemented in several applications to
control mechanisms driven PM actuators, because SM controllers are robust to modelling un-
certainties and disturbances. Van Damme et al. [178] applied proxy-based SM control on a 2-
DoF serial robotic manipulator actuated by antagonistic pleated PMs. Lilly and Yang [160]
applied sliding mode approach to control the trajectory of a single DoF rotational mechanism
driven by McKibben PM actuators dynamic model of the PMs was based on the work reported
in [165]. Xing et al. [179] developed SM trajectory control with nonlinear disturbance observer

to a PM driven mechanism. Chang [158] reported an adaptive self-organizing fuzzy sliding
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mode controller for a 2-DoF serial robot manipulator. In [158, 160, 178], the rotational joints
were all actuated by antagonistic PMs. Single-input-single-output (SISO) SM approaches were
dedicated for trajectory control. It is common that the desired pressures of individual PMs can
be calculated by the controllers’ output AP and a fixed desired average pressure (Pod) of the

antagonistic PMs as:

PFd = POd + AP (5_1)
Peg = Pog —AP

where, P-yand P, are the reference pressures of the muscles for joint flexion and extension

respectively. These were fed into the pressure regulators which adjusted the PM pressures to
their desired values. Choi et al. [152] implemented both position and compliance control on a
PM actuated manipulator. The position control implementation was similar to the work re-
ported by Lilly and Yang [160]. Instead of having fixed average pressure of the antagonistic
PMs, an open loop compliance controller was developed. Based on a dynamic model [165] of
PM, the magnitude of joint space compliance can be derived from the desired compliance value.
It is also noteworthy that the compliance control is independent from the SM trajectory con-
troller.

In[152, 158, 160, 178, 179], the use of pressure regulators, which appears to be black boxes in
control loops, simplified the system models by ignoring the details of the pressure characteris-
tics of the PM actuator. Hence, unpredictable errors or time delays could be introduced. Shen
[163] eliminated these black boxes by modelling the whole system with four major processes,
which were flow dynamics of the valve, pressure and force dynamics of the PM actuators and
the load dynamics of a linear antagonistic mechanism. With a single 3/5 analogue valve, the
SISO control was made possible by merging the models of four processes and, letting the valve
voltage as input and the trajectory as output. This control approach was verified with a linear
mechanism actuated by antagonistic PMs. Aschemann and Schindele [180] developed a cas-
cade SM control algorithm to control a linear mechanism. The four major processes similar to
[163] were also utilized to model the system. In the outer trajectory control loop, a SM con-
troller was implemented with the force dynamics of the PM actuators and the load dynamics
of the mechanism. Equation (5-1) was then used to calculate the reference pressures for the PM

actuators from the controller output of the outer loop ( AP ) and the desired average pressure
(P,). For each individual PM, a SM controller was implemented based on the flow dynamics

of the valve and the pressure dynamics of the PM actuator. Compared to [152], Aschemann
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and Schindele’s approach [180], it was able to vary the average pressure, in other word stiffness
of the mechanism, while tracking the desired trajectory. However, substantial difference in
time constant between the pressure SM controller and trajectory SM controller was needed to
decouple the cascaded controller into two SISO controllers [181]. Hence, the bandwidth of the

trajectory control was limited.

In Chapter 2, an extensive review of previous work in the field of robotic gait rehabilitation
has been conducted. From the literature review, goals of research are to make the robot assisted
gait training more task-specific or close to real walking and also to have robot only assist pa-
tients as much as they need. In terms of control strategies, the intrinsic compliance property of
PMs can be utilized to adjust the level of assistance provided by the exoskeleton. Hence, con-
troller of the exoskeleton should be able to control the joint space trajectory and the compliance
of the exoskeleton simultaneously. Similar ideas has been implemented in [152] and [180];
however these two approaches are both subject to certain limitations, which have been dis-

cussed in the previous paragraph.

The main contribution of this chapter is the novel application of a centralized multi-input-multi-
output (MIMO) SM controller to an antagonistic PM actuated joint mechanism for robotic gait
rehabilitation. As a chapter focusing on the control strategy, only the knee joint mechanism of
GAREX is used for model development and experimental validations. Firstly, the knee joint
mechanism of the skeleton along with the modelling work of the robotic system is introduced.
This is followed by the development and validation of a SISO SM joint trajectory controller.
There were two reasons of developing the SISO controllers. One is to validate the design and
implementation of the mechanism and instrumentations. The other was for benchmarking the
MIMO SM controller to be developed and presented in the fourth section of the chapter. Ex-
tensive experiments of the MIMO controller are then presented, which are followed by the

discussion and conclusions.

5.2 System modelling

A block diagram of the PM driven antagonistic robotic system has been presented in Figure
4-1. In this section the entire plant is divided into four sequential sub-systems which are each

modelled individually.
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5.2.1 Flow dynamics of the analogue valves

Pneumatic mass flow through the 3/5 analogue valve is modelled as dimensional compressible
flow through an orifice. The effective area of the orifice is controlled by the voltage signals
applied to the valves. The mass flow rate through a valve is described as a function of the

valve’s opening area:
m (P Ps)=A<A (R, F) (i=E,F) (5-2)

where:

F)d

C,P if — <C_(choked)
=) r
u

A(P R,)=

u!?

(5-3)

P
u

Uy
P
—dJ C.P otherwise(unchoked)

In the two equations above, A(E,F) is the equivalent valve area for the PMs on the respective
side; P,and P, are the upstream and downstream pressures respectively; C; is the discharge

constant and C, is the pressure ratio that that divides the flow into choked and unchoked flow

through the orifice; y is the ratio of specific heats for air, r is the universal gas constant, T is

the gas temperature,

During the inflating process of the PM actuator, the pneumatic supply pressure ( P, ) is regarded

as the upstream pressure and the downstream pressure is equal to the pressure inside the PM

actuator, expressed with (5-4).

R=R i—E F
P P (i=E,F) (5-4)

During the deflating process, the pressure of inside the PM is regarded as the upstream pressure

and the atmospheric pressure ( Patm) is regarded as the downstream pressure:

o =h i-—E,F
Pd:P (I_ ’ ) (5'5)

atm
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It is noteworthy that the equivalent area of a valve is constrained by the maximum opening area

A...- The applied voltage to the valve (u, ) which is the actual input to the physical system, is

calculated using a linear piecewise function of the controller output A as:

178592A +5.255 (0.02A,, <A <A_)
U ={ 10°A+5 (-0.02A,, <A <0.02A) (i=E,F) (5-6)
178592A +4.745(-A , <A <-0.02A )

Ideally, a 5V voltage input to the valve would idle the pneumatic flow through the valve and
the equivalent valve opening area would be proportional to (u, —5). However, in the actual
operation, the proportional relationship is only valid if the input voltage is approximately more
than 0.3V away from the ideal idle voltage. Through trial and error, (5-6) was constructed to

present the valve input voltage to equivalent opening areas conversion.

5.2.2 Pressure Dynamics of the PM

The PM actuation system block in Figure 4-1 can be further divided into models of the pressure
dynamics and force dynamics. The pressure dynamics models the relation between the mass
flow rate and the rate of pressure change of a PM actuator. The force dynamics models the

PM’s contracting force versus PM pressure and kinematics relationship.

For the pressure dynamics model, it is assumed that pneumatic flow into and out of the PM is
an adiabatic process [163]. Thus, the rate of change of pressure in PM can be described by the

physics based model as:

F',i _ (YRTm, —yPV)) (5-7)
Vi

V. =2(ax’ +a,x +a;) (i=E,F) (5-8)

V. =4daxX +2a,x (5-9)

where y and R are the ratio of specific heats and universal gas constant of air; T is the gas
temperature; m is the pneumatic mass flow rate of the PMs which is positive for flow into the
PMs; and V is the volume of air inside the two PMs of each side of the antagonistic pair. V is
modelled as a function of muscle contraction length (x) in (5-8) and its time derivative is ex-
pressed with (5-9).
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5.2.3 Force dynamics of the PM actuation system
A new approach to model the force dynamics of PM actuators has been presented in Chapter 4
of this thesis. The newly developed model is thus adopted as part of the robotic system. Based

on the model, the actuation torque provided by the antagonistic PMs can be expressed as:
r=21[F(P.)+B(P:)%: + K(P-)xc —(F(P:) +B(P:)X: +K(P:)X:)] (5-10)
where the force, spring and damping parameters F(P), K(P), B(P) are expressed as:

F(P)=311.8+181.9P,
K(P)=-96524+36121P (P < 2bar)
K(R)=-17253-47.1P (P > 2bar) (i=E,F) (5-11)
B(P)=-1704+336.5P, (Inflation)
B(P) =3041+-649.8P (Deflation)

Equation (5-11) is in the form of the hybrid model described in Section 4.4. Compared to the
pure piecewise representation of all the three modelling parameters, the hybrid representations
are easier for controller implementation and still fit well to the PM’s behaviours. The constants

in the equation are adapted from Table 4-1.

5.2.4 Load dynamics of the knee joint mechanism

Detailed information about the mechanism design of the GAREX system has been reported in
Chapter 3 of this thesis. For the purpose of control development, only the knee joint mechanism
of the exoskeleton is utilized for case study in this chapter. In a short summary, the knee joint
is powered by four PM actuators. Each of the PM actuators is 20 mm in diameter and 300 mm
in length (excluding the metal fittings in both ends). The antagonistic PMs actuate the flexion
and extension of the rotational knee joint via 3 mm diameter steel cables with a 30-mm moment
arm. Major components of the knee joint mechanism are illustrated in Figure 5-1. Two 3/5
analogue valves are utilized, so the pneumatic flow of each side of the antagonistic PMs is
adjusted by one valve. Subscripts E and F are utilized to denote the parameters for the extension
and flexion PMs, respectively. A pair of pressure sensors is also used to measure the PM pres-
sures (Peg, Pr). It is assumed that all the dynamics of the two PMs to flexion/extension side are
identical. A magnetic encoder is mounted along the joint axis to measure the angular position

of the joint (6, ), whose value is zero when the centre lines of thigh and shank segments coin-

cide and increases as the joint flexes. The interface between the electrical-pneumatic system
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and the PC based control platform was implemented using National Instrument myRIO plat-
form. The FPGA inside MyRIO was programmed to handle the hardware interfacing and signal
filtering.

In terms of the kinematics analysis, the following assumptions were made: the driving cables
are always in tension and the stretch of the cables is neglected. Therefore, the contracting length

of the PM actuators can thus be expressed as:

{XF =16, —6rp)

Xg = r(‘9E0 - 6’k) (5-12)

where, r is the effective radius of the pulley or the joint moment arm of the PM actuators; 6.,
=80<and G-, =0<are the knee joint positions when the extensor and flexor PMs have no con-

traction or extension, respectively. Detailed illustration can be found in the schematic drawing
of Figure 5-1.

]

MEIL AET]
I 5

Figure 5-1 Schematic drawing of the PM actuated knee joint mechanism. How the angu-

lar values are calculated is also illustrated.

The dynamics of the knee joint mechanism can be described by the following equation:
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J0;, + €0, + Gsin(6, — 6;) =1 (5-13)

where, J is mass polar moment of inertia of the shank segment; € is friction coefficient of the
actuation system which can be neglected; t is the net torque provided by the antagonistic PM
actuators; G is the maximum joint torque produced by gravity and 6;, is angle between center-
line of the thigh segment and the vertical direction shown in Figure 5-1. The moving mass of
them PMs is less than 5% of the mass of the shank segment. Therefore, only the polar moment
of inertia of the shank segment is considered to determine J, which can be estimated from the

computer-aided-design of the exoskeleton.
5.3 SISO trajectory control of the knee joint mechanism

5.3.1 Control algorithm development

Up to this stage, the modelling work of different modules of the system has been completed.
With equations (5-2), (5-7), (5-10) and (5-13), the link between of valve areas as the system’s
and the mechanism’s kinematics as the system’s output has been constructed. In order to con-
trol the joint trajectory of the mechanism, a SISO SM controller, which encompasses all the
modelling uncertainties, has been developed. To apply the SM controller to the redundantly
actuated system with two individual inputs to the valves and one joint space trajectory output,
the conversion from two inputs to single input is having equal and opposite valve orifice areas

for the analogue valves. The input (u) of the plant can be expressed as:
u=A =-A (5-14)

To develop the SM controller, a complete state-space model with valve area as input and joint
kinematics as output has been developed. The state-space variables are expressed in (5-15). To

link the state-space variables with the plant’s input (u), the time derivative of (5-10) is calcu-

lated and expressed explicitly to 9k in (5-16).
x=[6, 6, 6] (5-15)

0, = (2r(Fe,P- + Bg,P-X. + B (P-)%. + K X-Pr + Ko (Po)%e

. . . . 5-16
— (Fe, P + B Paxe + B (Po) X + K X Pe + Ko (P)Xe)) —Géasin(6, —6,)) /3 ( )

Hence, the derivatives of the state-space variables can be calculated by substituting equations
(5-2), (5-7), (5-12) and (5-14) to (5-16):
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6,
X = 6, (5-17)
9(6.6,,6,)+h(6,.,6,,6,)u

where, 9(6.,6,.6,) and h(6,.,6,,6,) are functions of the joint kinematics calculated by extract-

ing input u from the expression of & .

Based on this nonlinear state space model, a standard integral SM controller could be imple-

mented according to [182]. We firstly expressed the trajectory tracking error vector X of the

state variables in (5-18) with X; being the vector of desired values of the state space variables.

.
% = X-X, :[ek g, 0} (5-18)
The integral sliding surface is defined as:
o= (&4 2] fat (5-19)
dt 0

where, 1 is a positive tuning constant of the SM controller, known as bandwidth.

The control action of the SM controller is the sum of the continuous equivalent control element

Uy, Which helps the reaching of the sliding surface for desired motions, and discontinuous

robust element U, , which makes sure that the desired motions are sustained by sticking to the

sliding surface (5-20). By letting o =0, the expression of U, can be derived as (5-21).
u= ueq + urob (5'20)

G, - 0(x)-346, 342, - 1%,

u =
) h(x)

(5-21)

where §(x) and h(X) are the estimated values of g(x) and h(x) from our model. It is as-

sumed that uncertainties of the estimations are bounded by the following rules:

<p (5-22)
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| 9(x) — g (x) |< G(X) (5-23)
To guarantee the sliding motion, the robust control action U,, is calculated as:

U = — ﬁ?x) sgn(O') (5-24)

To ensure the stability of the controller, the following condition has to be satisfied.
02 BG(X)+7)+(B-DA(X) Uy | (5-25)

During the implementation of the controller, the sign function of the robust control action
(5-24) was replaced by a saturation function with a narrow boundary layer along the sliding
surface. It was aimed to eliminate chattering caused by the finite frequency of the controller
processing that leads high frequency switch along the sliding surface.

q o

U =~ ﬁ(X) Sat(g) (5-26)

where ¢ is the thickness of the boundary layer.

5.3.2 Experimental setup and validation of the SISO SM controller

Modelling work and controller design were conducted with MATLAB. The MUPAD applica-
tion within MATLAB was utilized to perform symbolic calculation for the model. The sym-
bolic calculation results were converted to MATLAB functions. These functions were then
used in the control simulated system in Simulink. The control strategy of the knee joint of the
exoskeleton was programmed in LABVIEW and run by a National Instrument myRI10O platform.
The algorithms developed in MATLAB can be reused with the Mathscript frame in LABVIEW.
All the parameters used in the simulation and experiments are listed in Table 5-1. It is also
worth to notice that the pressures used in (5-10) and (5-11) are relative pressures (with the unit
of ‘Bar’) to the atmospheric pressure. All other pressures appearing in this chapter are absolute

pressures (with the unit of ‘KPa’).
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Table 5-1 A list of parameters used in the model and SISO SM controller implemen-

tation
Value Unit Value Unit
Avax 2.837x10° m? r 0.03 m
Y -0.01172 m G 20 N
a, 2.803x1073 m? O 0 rad
ag 9.21x10° m?3 Oeo 1.40 rad
] 0.1 kgm? A 23 rad/s
C, 0.528 @ 10000 m/s?
Y 14 U 1
Pam 101 KPa p 1.36
R 505 KPa G(x) [4(x) |
R 287 J(kgK)

To conduct experiments with the controller, the knee joint mechanism of GAREX was mounted
to an aluminum stand with its thigh segment in horizontal position (Figure 5-2). The trajectory
experiments were performed with and without human limb attached to the mechanism. Both
squared and sinusoidal reference trajectories at various frequencies were used to characterize
the performance of the controller implemented. For experiments without human leg attached,
the mechanism only actuated the shank segment of the exoskeleton. The other experiments
were conducted with human leg attached, in which the mechanism needed to drive the human
shank and the shank segment of the exoskeleton as a combined rigid body. It was also assumed
that the subject’s knee joint was aligned with the knee joint of the mechanism. All the experi-
ments with leg attached were conducted with the help of one healthy subject (male, height:
1.85m, weight: 100kg). A written consent has been obtained from the subject. The ethics ap-
proval for experiments with health subjects had been granted University of Auckland Human
Participants Ethics Committee (Ref. 014970). The experimental setup was shown in the right
picture of Figure 5-2. The one of the subject’s lower limbs was securely strapped to the leg
holders of the knee joint mechanism. The knee joint rotational axes of the human limb and the
mechanism were aligned. During the experiments, the subject was asked to relax the leg and

let the mechanism to guide its movements.
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Figure 5-2 Left: structure of the knee joint mechanism; right: a healthy subject partici-

pating validation experiment with the mechanism

The comparisons between desired and actual trajectories, when the sliding model control sys-
tem was tracking a squared wave with and without human leg attached, are shown in the two
plots of Figure 5-3. The experimental results indicate that the controller was able to track the
square wave with fast and stable responses and small steady state errors for both the upper and
lower target positions during experiments with and without the subject. The steady state errors
could be resulted from 1) the intrinsic compliance of PM actuation system; 2) the open loop
relation from the voltage applied to the valve to its orifice area (5-6). Moreover, there was an
unknown leakage pneumatic flow rate when the analogue valve spool is in its idle position.
Though, it had been attempted to address such leakage rate with the second equation of (5-6),
it was still difficult to model it exactly. It is also noticed that there are large magnitude oscilla-
tions in the transient responses, which is due to the sudden and high amplitude changes in of
the time derivatives of the reference trajectory. This phenomenon is regard not to be a concern,

since target trajectories for rehabilitation need to be smooth to prevent injury and discomfort.

81



08 r E E L E

Desired Trajectory Actual Trajectory
0.7 —

0.6 | n/
f’

0.5

|
0.4 {

0.3

Angular position (rad)

0.2

(-

0 0.5 1 1.5 2 2.5 3 35 4
Time (second)

0.8 r r r r r
Desired Trajectory Actual Trajectory

0.7

e /l

0.6 v

0.5

0.4

0.3

Angular position (rad)

0.2

0.1 A v

0 0.5 1 1.5 2 25 3 35 4
Time (second)

Figure 5-3 The control system’s square wave trajectory tracking performance. Top: only
the knee joint mechanism is controlled to track the desired trajectory Bottom: square
wave tracking with the leg of a healthy subject attached to the mechanism.

82



(A) (B)

1.4 1.5
Desired Trajectory Actual Trajectory {
I\ Vah
g 1 / ) !
c |\ / 0\ £
2 08 / S
2ol / \ : os
= 06 \ 8
E \ / \ 2
204 \ / \ < 0 1™~ M AT PAAMAA
< ~—t T ~N——/
- J \
0 N
0 1 2 3 4 5 6 0.5, 1 2 3 4 5
Time (second) Time (second)
©) (D)
15

Desired Trajectory Actual Trajectory {

N\ A / )

>

k) =

g E

s 5

2 05 T 05

.y 8

K] =]

1 \ 2

é 0 s < 0 \V_A'JW\V_HMvﬁfI'A"’-h \vA"A'AFw

-0.5 N
0 1 2 3 4 5 6 0'50 1 2 3 4 5

Time (second) Time (second)
Figure 5-4 Sinusoidal trajectory tracking results of SISO SM control system of the knee

joint mechanism without human leg attached. (A): Tracking result of a 0.25 Hz sinusoidal
desired trajectory. (B) Tracking error of the 0.25 Hz wave trajectory. The root mean
square error is 0.0325 radian (erms=0.033). (C) and (D): Tracking result and error of a

0.5 Hz sinusoidal desired trajectory(erms=0.041).

The next set of experiments was to make the mechanism track sinusoidal trajectories with mag-
nitude and frequency similar to the joint space gait trajectory of the knee joint during gait re-
habilitation. Again, the experiments were conducted both with and without human leg attached.
Figure 5-4 and Figure 5-5 are showing the results of the experiments without human participa-
tion, in which the trajectory tracking result and error plots are presented with sinusoidal fre-
quencies of 0.25, 0.5, 1 and 1.5 Hz. The root mean square errors (erms) were also calculated

for each of the experimental conditions in order to assess the controller’s performance.

It can be seen from the figures that the control system was able to track the desired sinusoidal

trajectories in all the experimental conditions regardless whether being the mechanism alone
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or attached with human leg. The trajectory tracking accuracy decreases as the controlled fre-
guency goes up. Compared to experiments with the mechanism alone, there are higher inertial
load and more uncertainties and disturbances for the experiments with human leg attached.

Hence, as same frequencies, experiments with the subject resulted less accurate tracking.
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Figure 5-5 Sinusoidal trajectory tracking results of SISO SM control system of the knee joint
mechanism without human leg attached. (A) and (B): Tracking result and error of a 1 Hz
sinusoidal desired trajectory(erms=0.077). (C) and (D): Tracking result and error of a 1.5 Hz
sinusoidal desired trajectory(erms=0.124).
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Figure 5-6 Sinusoidal trajectory tracking results of SISO SM control system of the knee
joint mechanism with human leg attached. (A) and (B): Tracking result and error of a 0.5
Hz sinusoidal desired trajectory (ervs=0.087). (C) and (D): Tracking result and error of a

1 Hz sinusoidal desired trajectory (erms=0.125).
5.4 MIMO sliding mode trajectory and compliance controller

5.4.1 Control algorithm development

Both the SISO controller described in Section 5.3 and the MIMO controller of this section were
developed on the knee mechanism of GAREX. Hence, the MIMO sliding mode controller is
also based on the system model presented in Section 5.2. Unlike the single variable controller
which has equal and opposite valve orifice areas for either side of the antagonist, the MIMO
control manipulates both the plant inputs in order to tracking the joint space trajectory and

adjusting the compliance of the mechanism simultaneously.

For the MIMO SM control system, the two model outputs are the position and the average
pressure of the antagonistic PMs of exoskeleton’s knee joint. The two inputs are the equivalent

areas of the two valves. A state-space model representation of the system was also constructed
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for the ease of MIMO SM control implementation. The SS variable (x), system input (u ) and

output (y ), vectors are given in the following three equations.

X= ':Hk 6. P P ]T =[x X% X X ]T (5-27)
u=[A AJ (5-28)
y { yl()_():| _ |:X1 MT (5-29)
= LY2(%) 2

By combining (5-2) to (5-12), the nonlinear state-space model can be written in the form of:

x=f(x)+g(x)xu (5-30)
2
or X= f()_()+zgk (X)xuy (5-31)
k=1
where
) . )

2r(F(Pe) +1(0eo — 6 ) K (Pe) — 6, B(P)) /3
=2 (F(Pe) — 1 (0go — 0 )K(Pe) + 16, B(P.)) /I

f) = 0.5K P, (4ar?6, (6o — 6, )~ 22,16, (5-32)
Ve
0.5K P (4ard, (e, — 6, ) +2,16 )
L VE |
S 0
0 0
KRTA
9(x) =| —, . 0 (5-33)
F
. KRT A,
L Ve o
Ve =28, +2a,r2 (0 — 6, )’ —2a,1 (6o — 6) (5-34)
Ve =28, +28,12 (60— 6, )° —22,1 (60— 6, ) (5-35)

86



A coordinate transformation [183] is performed with the following equation to make the system

outputs and their derivatives as new state variable vector (z).

Y1 (X) :1
Leys(%) 2

z=p(X)= 2 y.(%) =l %, (5-36)
Y2(X) %

where the expression of L, (y;) stands for the directional derivative of scalar y; with respect to

vector f(x), which has the following properties:

L (y.)—%f(xn +2y' 00 with (i=12) (5-37)

L5 () = Ly (L) with (i =1,2) (5-38)

Based on (5-31), the time derivative of output Y; is calculated in (5-39) and the time derivative

of the new state space variable vector is calculated with (5-40) to (5-45).

dy; _ o 0X _ %
it ox ot = o [ f(X)+9, (), + gz()_()uz] with (i=12) (5.39)

=L (¥;) + Ly (yi)up + Ly (¥i)U,

(5-40)

Lgf(yl()_())ékf() kf() kf() kf(X) (5-41)

o6, 2r ( Fes —Brabh r +Ke1 (60 =6 ) r)
oP. ]
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0, 2r(F51 + By 1 —Key (G0 —64) r)

oP. J

L, L (n(x)= ggk *05(X) >0 (5-42)
F

Ly G (109) = gy (0 <0 (5-43)
E

L (y,00) - L ; ) (5-44)

Lgl(yz(x)):g“T(-X)w; ; (5-45)

To apply the SM control to the modelled system, two sliding surface variables (o, ,o,) are

firstly defined:
o,=—+-E-P 5-47
2=t (5-47)

where o, represents the sliding surface for the joint space trajectory; o, is for the average pres-
sure; 4is a tuning parameter of the sliding surface; 4, 4., é,, are desired knee joint angular
position, velocity and acceleration respectively; p, is the desired average pressure of the an-

tagonistic PM actuators.

With the selected sliding surfaces, the control law can be designed in order to drive the state-
space trajectories to the sliding surface. Once reached, the trajectories are forced to stay on the
sliding surfaces by the controller. A classic controller design [182] is described as:

1d ,
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in which n; is strictly positive. The time derivatives of (5-46) and (5-47) can be expressed in

the vector form of:

qurﬁa4%%4@—%}@mﬂﬂw®1+r¢ﬂm®)tgﬂqurﬂ

6, Le (V5(X)) — Pog Ly, (2(¥) Ly, (¥2(0) |LUs (5-49)
=H+S+Qu

with H:[E}:[Egiggﬂ (5-50)

oft S

o [ 7(6.-0,)+2(0.~0) -0 oo

_POd

Hence, the SM control law can be applied. The control action vector (u) contains two compo-

nents:
U=Q " (Ugq +UYyop) (5-53)

where, u., is a continuous equivalent control element, which helps reaching of the sliding

surfaces for desired motions; is the discontinuous robust element, which makes sure that the

desired motions are sustained by sticking to the sliding surface. By zeroingq, the expression of

Ueq and u,.,, Can be derived as:

Uy =-H-S (5-54)
| kesgn(oy)
Uop = _|:k2 Sgn(az)} (5-55)

Based on (5-42), (5-43) and (5-45), matrix Q is non-singular. Here, it is necessary to remind
that all the modelling parameter mentioned previous are based on the ideal situations. All the
uncertainties of the model are contained by ideal matrices H and Q. Hence, for any instant, the

actual representation derivatives of the sliding surfaces are given as:
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[O:-l}:H+S+Qg (5-56)
o)

H=|:hl:|; Q:[ql QZ] (5-57)
h; 4; 0,

where H and Q are the instantaneous actual values of the model estimated H and Q. The

estimation errors of these matrices are bounded by the known function in the following ways:

‘hi —hi‘ <H, with (i-12) (5-58)
Vi=12,34 gi<dicp (5-59)
g
1/2
ﬂ[j] (5-60)

To ensure the control law (5-53) satisfy the design criteria stated by (5-48). Equation (5-53) is
substituted into (5-56), for i =1, 2:

i =(1-¢;)s, +(hi _gihi)_é/iki sgn(o;) (5-61)

é/]_ — qlq4 B q2q3 > 0 (5'62)
0,4, — Q.03

4/2 _ q1q4 _qZQ3 >0 (5-63)

0:95 — 0203

Hence, (5-61) is substituted into (5-48) and the following relationship can be generated:
Gk zsgn(e)((1-¢)s +(n—ghi )+, (5-64)
In order to ensure (5-64) is valid, kneeds to be selected to satisfy the following condition:

i Z‘<§1_1)3i +(4’ifl _1) hy +§’iil(hi —h, )‘Jréuilﬂi (5-65)
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Due to the use of switch functions sgn(o;) in (5-55), the system is prone to high frequency

chattering along the sliding surfaces. The solution to this problem is replacing the switching
element along the sliding surface with piece-wise saturation function with a boundary layer

[182, 184]. Hence the robust control element can now be expressed as:

k sat(22
sa(¢1)

Urop =~ o (5-66)
k,sat(%2)
2

where, ¢, (i=1, 2) arethe boundary layer thicknesses for their corresponding sliding surfaces.

5.4.2 Experiments on the MIMO SM control system

In terms of implementation, the MIMI SM controller is based on the same hardware platform
SISO controller. The modelling parameters have already been listed in Table 5-1. The MIMO
SM was tuned experimentally. The turning parameters of the MIMO SM controller are listed

in

Table 5-2 Tuning parameters of the MIMO SM controller implemented to the knee joint

mechanism
Parameter  Value Unit
kq 1x10’
k., 50000
A 8 rad/s
1 320000 m/s?
b, 8 KPa/s?

The main contribution of this chapter is on the novel application of the MIMO SM controller
to a PM driven gait rehabilitation robots. Hence, extensive experiments haven been conducted
in order to validate the system’s performance. The experiments were conducted with two dif-
ferent experimental setups. One setup was identical to the experimental setup of the SISO con-
troller, described in Section 5.3.2. Therefore, the performance of the SISO controller could be

used to benchmark the MIMO one. The other experimental setup was to investigate the control
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system’s capability on facilitating the task space robotic gait rehabilitation. Gait like trajecto-

ries rather than sinusoidal ones were utilized for evaluation.
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Figure 5-7 SM controller tracking performance. Top-left: knee joint trajectory track-
ing of a 0.1 Hz sinusoid wave. Top-right: Step responses of the average pressure. Bot-
tom-left: difference between the actual and desired joint angular trajectory. Bottom-

right: the controlled valve voltages during the experiment

5.4.2.1 Experiments with sinusoidal trajectories

The first experiment was conducted without leg attached. It was designed to have the knee joint
mechanism follow a reference sinusoid trajectory while maintaining its average pressure of the
PM actuators. Step changes of the desired average pressure were also adapted to study the
system’s behavior. Result of the experiment is displayed in Figure 5-7. The figure indicates
both the trajectory and pressure tracking are effective. The step changes of the desired average
pressure were quickly reacted by the controller’s actions shown in the bottom-right plot of the
figure. This result indicated good step response behavior of the pressure tracking together with
some oscillations in the joint trajectory. It was observed that the oscillation amplitude is posi-
tive correlated to step size of the reference pressure. Therefore, such oscillations can be signif-
icantly reduced by specifying the maximum change rate of the reference pressure. It is notable

that the peak to peak amplitude of the reference sinuseid trajectory is ranging from 0.2 to 1.4
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radius for all the experiments described in this manuscript. This was specially selected to sim-
ulate the actual knee joint range of motion during gait [156]. Meanwhile, the frequency of the
reference sinusoid wave was varied in different experiments to examine the performance of the

system.
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Figure 5-8 Joint trajectory and pressure tracking performances of the MIMO SM con-
troller. The experiment is conducted on the sole knee joint mechanism. (Pgyq =
400KPa). Top: desired (red) versus actual (blue) joint trajectory; middle: the trajec-

tory deviation; bottom: desired versus actual average pressure.
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Figure 5-9 Joint trajectory and pressure tracking performances of the MIMO SM

controller. The experiment is conducted with leg attached.. (Pyq = 400KPa, egys

=0.1022).

The multivariable tracking performances are

also compare

d between with and without leg sit-

uations. For the experiment with human leg attached, the subject was fitted to the exoskeleton

as in the right picture of Figure 5-2. He was asked to relax the leg strapped to the exoskeleton

and just let the exoskeleton guide his shank movement. Both sets of experiments were con-

ducted with the identical 0.2Hz reference joint trajectory and 400KPa average pressure and the

experimental results are illustrated in Figure 5-8 and Figure 5-9. The plots of Figure 5-8 are for

the experiment without leg attached and the plots in Figure 5-9 the right are for the other ex-

periment. A few comments can be made on the results shown in these two figures. Firstly, the
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added human leg can be treated as disturbance the system (especially in terms of the un-mod-
elled inertia of the moving part). With the presence of such disturbance, the controller was still
able to provide good tracking performance. Compared to the without leg experiment, the in-
crease in errors for the joint trajectory and pressure tracking was not significant. The change of
compliance due to the change of the average pressure was investigated in the next set of exper-

iments, whose results are shown in Figure 5-10 and Figure 5-11.
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Figure 5-10 Joint trajectory and pressure tracking performances of the MIMO SM
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Figure 5-11 Joint trajectory and pressure tracking performances of the MIMO SM

controller. The experiment is conducted with leg attached. (Py; = 200KPa, egpys
=0.1726)

The experiments shown in Figure 5-10 and Figure 5-11 were conducted with the subject under
the same conditions to the experiment shown in Figure 5-9. The experiment of Figure 5-9 had
the reference average pressure of 400KPa and the ones of Figure 5-10 and Figure 5-11 were
300KPa and 200K Pa respectively. By analysing the three sets of plots, larger joint deviations,
which is expressed in terms of root-mean-square trajectory error (egys), Were observed as av-
erage pressure decreased. This further means the control of the actuation system’s intrinsic
compliance can be achieved. The behaviours are comparable to controller simulated variable
impedance or virtual tunnels reported on motor driven gait rehabilitation exoskeletons [95, 96].
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5.4.3 Experiments with gait trajectories

All the experiments reported in this section were conducted with subjects, who were healthy
and with no lower limb injury. Written consents were obtained from all the participants. The
main objective of the controller is to tracking both the knee joint trajectory and the average PM
pressure; hence it was validated primarily. When conducting the experiments, the subjects were
asked to stand upright with their right legs strapped to the GAREX’s lower limb exoskeleton
(Figure 5-12). It was ensured the shank and thigh segments of the subjects’ legs and the mech-
anism were aligned; meanwhile the human’s and mechanism’s knees were also aligned to be
coaxial, so the human’s and mechanism’s knee joint positions were equal. When conducting
the experiments, only the knee mechanism was actuated. The hip mechanism was left unactu-
ated.

Figure 5-12 A healthy subject participating in a validation experiment with the mecha-

nism

Instead of using sinusoidal reference trajectories, a healthy subject’s knee joint trajectory dur-
ing level walking was adapted as the position control reference in this study. The first experi-
ment conducted was to validate the main objective, which is the tracking performance of both
the knee joint trajectory and the average PM pressure of the MIMO SM controller. A male
subject (Height: 178cm, weight: 75kg) participated in this experiment. The subject was in-
structed to relax the leg attached to the mechanism and let the mechanism guide the knee joint
movement. The reference knee trajectory was set to 5 seconds per gait cycle; meanwhile, step

changes to the reference average pressure were also applied. The experimental results are

97



shown in Figure 5-13. The figure indicates both the trajectory and pressure tracking were ef-
fective. The controller was tuned so that the step changes of the desired average pressure can
be reacted quickly enough without affecting the trajectory control performance. This tuning
setup resulted a longer rising time, but no overshoot in the average pressure when the reference
changed from 200 KPa to 320 KPa and then to 360 KPa. Such controller behavior is thought
to be acceptable, as sudden changes in compliance level are unlikely to happen during robotic
rehabilitation training. It is observed that the trajectory control accuracy increased as the aver-

age pressure increased, which also indicates a decrease in the actuators’ compliance.
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Figure 5-13 The MIMO SM controller’s simultaneous multivariable tracking perfor-
mance. Top: knee joint gait trajectory tracking. Bottom: system responses to the steps

changes in desired average PM pressure

To validate relationship between the mechanism compliance and the average PM pressure and
further investigate the potential of applying the MIMO SM controller in robotic gait rehabili-

tation training, a set of experiments were conducted with five healthy subjects (S1: male, 185
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cm, 100 kg; S2: male, 178 cm, 73 kg; S3: male, 179 cm, 93 kg; S4: male, 170 cm, 62 kg; S5:
female, 167 cm; 55 kg). These five subjects were requested to conduct two groups of experi-
ments. The first group of experiments were conducted in three discrete average PM pressures
(180, 270 and 360 KPa). The subjects were fitted to the mechanism and instructed to follow
the process in the same manner as the experiment described in the last paragraph. During the
second group of experiments, instead of fully relaxing their right knees during the entire ex-
periment, the subjects were instructed to obstruct the mechanism’s knee joint guidance at cer-
tain period of a gait cycle. The period is approximately from the beginning of swing phase to
the point when maximum flexion is reached. During this period the subjects were instructed to
obstruct with great effort but without feeling any discomfort. The results of this set of experi-
ments are illustrated in Figure 5-14.

The three subplots (A, C and E) in the left column of Figure 5-14 are for the first group of
experiments. The subplots (B, D and F) in the right columns are for the second group. The
periods when the subjects were requested to obstruct are highlighted in yellow. The plots in the
top, middle and bottom rows are of experiments when the average PM pressure was regulated
to 360, 270 and 180KPa respectively.

From Figure 5-14 (A, C and E), it can be observed that the MIMO SM controller is capable of
tracking the desired knee joint trajectory at different average PM pressures with different sub-
jects. The tracking accuracy decreases with the average PM pressure. Such changes in tracking
accuracy could be interpreted as a result of changes in compliance. Such interpretation was
validated in the second group of experiments whose results are shown in Figure 5-14 (B, D and
F).
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Figure 5-14 Results of the experiments on knee joint trajectory tracking and compli-
ance control with five healthy subjects. (A) (C) (E): the subjects were instructed to relax
their right knees during the entire experiments; (B) (D) (F): the subjects were instructed
to obstruct the mechanism’s guidance during the time period highlighted in yellow. Av-
erage PM pressure was regulated at 360, 270 and 180 KPa for the results plotted in top
(A, B), middle (C, D) and bottom (E, F) rows, respectively.

The final experiment was designed to explore the bandwidth of the SM controlled system. As
mentioned in the introduction section, the gait rehabilitation training needs to be task specific.
Hence, the controller and the hardware system need to be able to operate at a bandwidth that is

similar to the average gait cycle frequency (0.67Hz) of stroke survivors [185]. The experiment
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was conducted with the same male subject and with the same setup as those of the first exper-
iment. During the experiment, the subject was instructed to relax his right leg and let the mech-
anism guide the knee joint movement at discrete frequencies varying from 0.2 to 0.7 Hz with
0.1 Hz increment. The average PM pressure was regulated at 360 KPa for this experiment. The
experimental result is shown in Figure 5. It can be seen that the control system is stable and
effective at all the frequencies, although the trajectory tracking performance worsens as demon-
strated by an increase in the RMS trajectory error with the frequency. One major contribution
of the increase in RMS trajectory error is the increase in the phase delay between the actual
and desired trajectory, which could be caused by the intrinsic compliance of the PM actuation

system, although, the compliance was controlled to a low level during the experiment.
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Figure 5-15 Knee joint trajectory versus gait cycle progress plots at different gait cycle fre-

guencies (Fcc). The RMS trajectory errors during two gait cycles are also listed again corre-
sponding frequencies.

5.5 Discussion and conclusions

Based on the complete model of the exoskeleton system, SISO and MIMO sliding mode con-
trollers were developed and experimentally evaluated on the knee mechanism of the exoskele-
ton. The experimental results indicate that stable controller performances were achieved, in
spite of nonlinear nature of the actuation system, frequency change in reference trajectories

and disturbance introduced by the subject. Both SM controllers were able to track the desired
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trajectories with good precision. The MIMO SM controller was also able to regulate the aver-

age pressure of the antagonistic PMs, while tracking the desired trajectory.

A new experimental approach was designed and conducted with five healthy subjects to inves-
tigate how the change in average pressure of the antagonistic PMs would affect the joint com-
pliance. The experiment results supported the hypothesis that the average pressure is negatively

correlated to the compliance of the knee joint mechanism.

From the experimental results presented in this chapter, it can be easily observed that the SISO
SM controller generally achieved better angular trajectory tracking performances than the
MIMO controller. Controller tuning is one main cause of such differences. When turning the
SISO controller, the only objective was to improve trajectory tracking, providing stability of
the robotic system. For the MIMO controller, good trajectory tracking was still the main goal
of the controller tuning, because of the nature of gait rehabilitation. However, in order to enable

the ability of adjusting joint compliance, the trajectory performance was slightly sacrificed.

Compared to the SISO SM controller, a non-integral rather than integral sliding surface were
adopted during the MIMO SM controller implementation, although integral control surfaces
might lead to better trajectory tracking performances. The reason for such a decision is the
safety of future gait rehabilitation applications of the system. During rehabilitation training, the
active input of a subject may result in the accumulation of trajectory errors. Controller with
integral sliding surfaces may react to the accumulation of trajectory errors with sudden move-
ment or a short period of high frequency oscillation. This may cause discomfort or even injuries

to the subject.
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Chapter 6 MIMO Sliding Mode Control
System for GAREX

A newly proposed multi-input-multi-output sliding mode control algorithm for antagonistic
pneumatic muscle driven mechanism is presented in Chapter 5. Followed on from what has
been discussed, this chapter focuses on the integration of the MIMO SM controllers to both
actuated joints of GAREX. Based on the dynamics modelling of the exoskeleton mechanism
with two actuated DoFs, the MIMO SM control system of GAREX is able to comfortably

facilitate robotic gait rehabilitation training at the speed of 1.5 km/h.

One prerequisite of conducting robotic gait rehabilitation with GAREX is to acquire reference
gait trajectories that can be used in the control system. Unactuated GAREX is fully back-driv-
able and can also be used as a tool for record joint space gait trajectories when subjects are
walking with it. Algorithm was also developed to convert the recorded joint space trajectories

into periodical gait cycle trajectories that can be directly applied to the MIMO SM controllers.

Two sets of experiments are conducted. The first set was conducted by one healthy subject.
The results indicate that the GAREX system is able to guide the subject to walk on the treadmill
in the desired gait pattern with a range of joint compliances. The second set of experiments is
designed to investigate if the change in joint compliance can further change the level of assis-
tance received by the training subject. A total of 12 healthy subjects participated in this set of
experiments. They were asked to rate the levels of assistance received when training with four
different knee joint compliance levels. Statistical analysis demonstrates that the system’s com-
pliance can be effectively adjusted in order to change the assistance magnitude provided by
GAREX



6.1 Introduction

As described in Chapter 2, the impedance related controllers have been common adopted in
order to implement the AAN concept. Riener et al. [9] developed impedance controller on
Lokomat. A dead band with no control effort was also introduced to allow normal variation
around the reference gait trajectories. Active Leg Exoskeleton developed by Banala et al. [67,
95] was implemented with a force-field controller, which created a "virtual tunnel” along the
desired foot trajectory in the sagittal plane. The closer is the foot to the desired trajectory; the
larger the tangential force will be applied to drive the foot along the desired trajectory. The foot
would experience no normal correction force if within the "virtual tunnel’. Once it was out of
the "virtual tunnel”, the normal force would increase exponentially to force the foot back to the

desired trajectory.

Due to the compressibility of air, the compliance of a PM can be controlled by regulating its
inside pressure. Such feature has been utilized in PM actuated robotic to control the compliance
of the mechanism. It is feasible to have a PM actuated robot to track certain reference trajecto-
ries while maintaining the mechanical compliance to a certain level. Such control strategy has
similar behavior to the impedance controllers [9, 67, 95]. High joint compliance is comparable
to have low mechanical impedance and vice versa. The advantage of such control strategies of
PM actuated robot is that the system has direct trajectory control; whereas, the impedance con-
troller control systems directly manipulate the force that drive the mechanism back to the ref-
erence position. However, due to the limited sampling times and sensor noise, during actual
experimental validations, impedance controller may become unstable when trying to achieve
higher impedances [186]. Choi et al. [152] implemented the compliance control strategy on a
PM actuated manipulator. A joint space SM controller was used for trajectory tracking and the
compliance is calculated via an open loop conversion from the average PM pressure of the joint
based a dynamic model of the PM. Since there is no control feedback in the developed control
system. The joint compliance could only be predicted instead of controlled via feedback. The
same control scheme was also adopted by Hussain et al. [22] for the PM actuated gait rehabil-
itation robot. The magnitudes of the joint space compliances were calculated from models of
the PM and the robotic mechanism. It was also not clear how the change in joint space compli-

ance would affect gait rehabilitation trainings.

In the previous chapters of this thesis, the system modelling and sliding mode controllers of
the knee joint mechanism has been presented. A logical step forward was to implement the
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MIMO SM controller to both of the actuated joints of GAREX to enable task specific gait

training at different compliance levels of the actuated joints.

This chapter is organized in the following order. The experiment based reference gait trajectory
generation method will be presented first, as it is important to have suitable desired trajectories
for the upcoming pilots of the control system. The next section is about the implementation of
the MIMO SM controller on GAREX. Lastly the experimental validations of the system with

healthy subjects are presented.

6.2 Reference gait trajectory generation

Experiments were conducted to record healthy subjects' hip and knee joint trajectories as po-
tential reference trajectories for upcoming controller system development. To conduct such
experiments, a subject was strapped to GAREX, which had been adjusted according to the
subject's anthropometric data. It was ensured the hip and knee joints of the subject and the
exoskeleton were coaxial and their thigh and shank segments were also aligned, so the angular

positions of the exoskeleton were assumed to be equal to the ones of the attached limb.

During the experiments, the subject was asked to walk on the treadmill with the unactuated
lower limb exoskeleton attached. When the exoskeleton was unactuated, the connecting cables
of both sides of the antagonistic PM actuation system were never in tension; hence, no torque
was exerted on the hip or knee joints by the PM actuation systems. The gravity of the lower
limb exoskeleton module was compensated by the air spring suspension system of the trunk
mechanism as mentioned in Section 3.2. It was aimed to minimize the disturbance of the sub-

ject, so he/she could feel like free walking on the treadmill.

The goal of the experiment was to record periodical joint space trajectories by the subject dur-
ing free walking. In terms of instrumentation, the hip and knee joint encoders were utilized to
measure the angular positions throughout the experiments. In order to extract the periodic tra-
jectories over a gait cycle, it was necessary to identify the starting instant of every gait cycle.
In biomechanics, the heel strike or initial contact between the foot and the walking surface is
usually regarded as the starting point of a gait cycle of the respective lower limb [156]. Hence,
it is a common practice to utilize ground reaction force or pressure sensors to the identification.
However, due to the time constraint of the research, such sensors were not implemented to the
system. Instead, the researcher monitoring the experiment visually identified the instant of heel
strikes and toggled a hand-held switch at the starting point of every gait cycle. The system
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recorded the digital input from the switch as well as the encoder readings for post-experiment

analysis.

The post experiment analysis was conducted through MATLAB. Based on the toggle switch
input, the average gait cycle length in seconds could first be calculated. Then, the effective
recorded joint space trajectories could be sliced to fit into the gait cycle length. The sliced data

are presented as blue scatters in Figure 6-1to Figure 6-10

A sum of four sinusoidal functions in the format of (6-1) was decided to represent experimental
data.

4
Hd(t) = a; Sin( bit + Ci) (6'1)
2
where, tis the time elapsed since the start of the gait cycle; ai, bi and ci (i=1,2,3,4) are the curve
fitting parameters calculated from the experimental data; 6,(¢t) is the function describing the

fitted desired joint space trajectory.

The selected format not only can well fit to the raw data, but also in simple form for real-time
application in control systems. The derivatives of the reference trajectory functions are smooth
and can be calculated analytically. Parameters of (6-1) were computed from the sliced experi-

mental data using the curve fitting toolbox of MATLAB.

Experiments were conducted to acquire the gait trajectories of three male subjects (Subject_A:
188 cm, 80 kg; Subject _B: 172 cm, 68 kg; Subject_C: male, 185 cm, 100 kg) when walking at
various walking speed. The slice raw data of the experiments and the best fitted gait trajectory
of a gait cycle are plotted in the following 10 figures. The curve fitting parameters used to
describe the generated reference trajectory are listed before each figure. Regression analysis
results expressed using coefficients of determination are also listed in the figure captions. Fig-
ure 6-1 to Figure 6-7 are for the experimental results of Subject_A. Three experiments were
conducted at difference walking speed (1.2 km/h, 1.5 km/h and 1.8 km/h) and the results are
plotted for both the hip and knee joints. For comparison reasons, the experimental results of

Subject_B and Subject_C walking at 1.5 km/h are also shown in Figure 6-6 to Figure 6-10.

It can be seen from the figures that regression analysis results indicate the developed method
was able to generate a reference trajectory to well present the recorded gait patterns. All the
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generated reference trajectories were stored for future applications. In the upcoming experi-
ments of the GAREX system, for a specific experimental subject, the researcher could select a
reference trajectory recorded by someone who has similar build as the training subject.

Because the starting moments of the gait cycles were identified by the researcher, more uncer-
tainties were introduced than using ground reaction force sensors. Due to such uncertainties,
the raw data show some phase differences in the recorded gait cycles shown in all the plots.
Such phase differences are regarded as the main affecting factor for the curve fitting quality.
For 1.5 km/h walking speed, less phase differences are observed in the knee joint result of
Subject_A (Figure 6-4) than Subject_B (Figure 6-8). Hence, the better regression result was

obtained from Subject’s result.

Raw data

fitted curve

Angular Position(Rad)

-0.3 : ‘ : :
Time(Second)

a by 1 a; b, C2
0.155 2.45 1.82 0.0382 0.264 5.06
as bs C3 ay by Cy
0.0146 6.43 -5.09 0.00439 10.6 -4.58

Figure 6-1 The record trajectory data and generated desired trajectory curve of Sub-
ject_A’s hip joint when walking at 1.2 km/h. The period of the average gait cycle (Tsc) iS
2.43 s. The coefficient of determination (R?) of the regression curve is 0.92.
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Raw data

08 F----- . fitted curve

o6l AU o JE SR, - T

04 S ECREERTE - o S T T

Angular Position(Rad)

o0 05 1 1.5 2 25
Time(Second)

a by 1 a b, C2
0.744 1.58 -0.473 0.455 2.69 1.99
as bs C3 as by Ca
0.124 7.35 -4.81 0.104 7.91 -2.09

Figure 6-2 The record trajectory data and generated desired trajectory curve of Sub-
ject_A’s knee joint when walking at 1.2 km/h. Tec = 2.43 s. R?=0.87.

0.3 ‘ T T !

3 +  Rawdata | :
02 ks e o “ERRERERIREE

or RE . - S

Angular Position(Rad)

Con o e EEET ]
=02 SR =~ AR RS
—03 [ R SRR SRR SRREREEEREES
—04 ; ; ; ;
0 0.5 1 1.5 2 2.5
Time(Second)

a; by 1 a, b, C2
0.0163 3.29 1.50 0.446 0.995 4.28
as bs C3 Ay by Cy
0.0237 7.89 -4.77 0.00579 12.0 -4.69

Figure 6-3 The record trajectory data and generated desired trajectory curve of Sub-
ject A’s hip joint when walking at 1.5 km/h. Tec = 2.06 s. R?=0.92.
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Raw data

fitted curve

Angular Position(Rad)

-0.2 ' . ' :
0 0.5 1 1.5 2 25
Time(Second)

a by G as b, C2
0.57 1.52 -0.448 0.256 4.38 0.995
as bs C3 Qay by Ca
0.514 9.18 -5.48 0.461 9.45 -2.54

Figure 6-4 The record trajectory data and generated desired trajectory curve of Sub-

ject_A’s knee joint when walking at 1.5 km/h. Tec = 2.06 s. R?=0.90.

0.2 T 1 T
Raw data
— fitted curve
0] e -
o
S
e«
S Oop RN oecie g .
kS
= 01T A
i}
>
[@)]
c
L 02 Bl
_03 | 1 |
0 05 1 1.5 2
Time(Second)
a by 1 a; b, C2
0.57 1.52 -0.448 0.256 4,38 0.995
as bs C3 as by Cy
0.514 9.18 -5.48 0.461 9.45 -2.54

Figure 6-5 The record trajectory data and generated desired trajectory curve of Sub-

ject_A’s hip joint when walking at 1.8 km/h. Tec = 1.90 s. R?=0.93.
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fitted curve
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_0.4 ; ; ; | | 1 | 1
0 0.2 04 0.6 08 1 1.2 1.4 1.6
Time(Second)

a; by 1 a, b, C2
8.19 3.54 1.40 0.0282 5.40 2.82
as bs C3 as by Cs
7.99 3.53 -1.74 0.00933 11.0 -0.392

Figure 6-6 The record trajectory data and generated desired trajectory curve of Sub-

ject B’s hip joint when walking at 1.5 km/h. Tec=1.76 5. R> = 0.91.
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Raw data
fitted curve
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Angular Position(Rad)
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Figure 6-7 The record trajectory data and generated desired trajectory curve of Sub-

ject A’s hip ioint when walking at 1.8 km/h. Tac = 1.90 s. R?=0.91.
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W el : : : : %

Angular Position(Rad)

OO 0.2 04 06 0.8 1 1.2 1.4 16
Time(Second)

a; by €1 a; b, C2
27.7 2.11 0.809 18.28 9.29 -1.99
as b3 C3 Ay b4 Cq
27.57 2.13 3.94 18.23 9.3 1.15

Figure 6-8 The record trajectory data and generated desired trajectory curve of Sub-
ject B’s knee joint when walking at 1.5 km/h. Tgc=1.76 s. R?>= 0.80.
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Raw data : ‘ :

fitted curve | 5 FERer -
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Angular Position(Rad)

_O"l 1 1 1 1 1
0 0.5 1 1.5 2 2.5 3
Time(Second)

a; by 4] a; b, C2
0.223 0.947 0.0605 0.422 2.80 0.3539
as b, C3 ay b, Cy
0.457 2.91 3.05 0.0126 6.58 1.71

Figure 6-9 The record trajectory data and generated desired trajectory curve of Sub-
ject_C’s hip joint when walking at 1.5 km/h. Tec=2.5 s; R?= 0.89.
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a b, 1 a; b, %]
0.457 0.584 0.971 0.0846 6.90 -1.15
as bs C3 Qay by Cs
0.291 3.48 -2.72 0.0245 10.7 -0.896

Figure 6-10 The record trajectory data and generated desired trajectory curve of
Subject_C’s knee joint when walking at 1.5 km/h. Tgc=2.5s. R?= 0.90.

6.3 MIMO Sliding mode controllers for GAREX

O, Oia» Oy
—,.

P jd
—

P Controlled Plant e . 1
|
i —
i i ,
MIMO Uj ‘ ’ mij Antagonistic
SM SN
PMs
Controllers | 4x (Figure 3-2)
| Analogue g
A [ Valves
I
| P,

Figure 6-11 The control system block diagram of GAREX. In the figure i=F.Eand j=hk;

U

ij

is the voltage fed into the corresponding analogue valve; mn;; is the pneumatic mass

flow rate to the corresponding PMs; Pjs is the average pressure of the antagonistic PMs

of the corresponding joint. The subscript d indicates desired value of a property.

Block diagram of the MIMO SM control system of GAREX is shown in Figure 6-11. This

control system needs to control the trajectery and compliance of GAREX’s hip and knee joints
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simultaneously. In terms of modelling, the valves and PM actuation system of the two joints
can be modelled separately, in the same way as detailed in sections 5.2.1 to 5.2.3. For the load
dynamics model of the mechanism, the exoskeleton has to be analyzed as a whole. The low
limb exoskeleton can be treated as a serial robot and the well-established Lagrangian Formu-
lation was adopted to calculate the actuated joint torque requirement from the kinematics of

the exoskeleton as:

MG+V +G=z¢ (6-2)

R HEME
My My, || 6, Vs G, 72

The first term in (6-3) is the inertial component of the joint torques. The second term v rep-

resents the Coriolis and centrifugal forces, which is followed by the gravitational component.

The Lagrangian Formulation was adopted to calculate the symbolic representations of M, v

and G at any given instant of the exoskeleton operation.

Figure 6-12 was created to visualize the modelling representation. Two coordinate systems
have been created. One is a base coordinate system, whose z-axis is co-axial with the hip joint
of the exoskeleton, with its x-axis pointing horizontally in the direction a training subject will
be facing and y-axis pointing up vertically. The other coordinate system’s z-axis is co-axial
with the knee joint with x-axis long the thigh segment. The centre of mass of the thigh and
shank segments are also illustrated in the figure using the “@®* symbol. Equation (6-4) is the

inertia matrix of segment i (i = 1 for thigh segment; i = 2 for shank segment) about its centre
of mass. iIi can be expressed with respect to the base coordinate system by the transformation

in (6-5).
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Figure 6-12 Illustrated side view drawing of the exoskeleton module for dynamics anal-

ysis of the mechanism. The z-axes of the two coordinate systems are both pointing out of

the page.
I, 0 O
',={0 1, O (6-4)
0o 0 I,
i :ORiili(oRi)T (6'5)

where ORi is the rotation matrix from COM of segment i to the base frame, which can be ex-

pressed as:
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[cos#, -sing, 0

°R =|sing, cosd, O (6-6)
0 0 1
‘cos(6,+6,) -sin(6,+6,) 0
°R,=|sin(6,+6,) cos(6,+6,) O (6-7)
0 0 1

The kinetic energy of the entire exoskeleton system can thus be expressed as[187]:

6'Mé (6-8)

r\>||—\

where M is an inertia matrix defined as:

2
M :Z(JIImIJVI +‘]11|1an) (6-9)

where m,is the mass of segment i; J,, and J,; are the Jacobian sub-matrices of segments i

which can be calculated as:

Jp=2x" F;l Ja=[0 o of (6-10)
Jp=2x'Py I =2x°R, (6-11)
T 2

Ja=[3 %] i (6-12)
00 00

J,a=/0 0[;3,,=/0 0}; (6-13)
10 11

In (6-10) and (6-11), P P, s a position vector of the centre of mass of segment relative to the

coordinate system (for the base coordinate system and for the other).

By =[lucos6, 1 sing, o (6-14)

Py =[1,C09(6, +6,)+hcost,  1,8in(6, +6,)+1;sing, 0]T (6-15)
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2R, =[l,co86, +6,) I,sin(6,+6,) o] (6-16)

The potential energy stored in the exoskeleton with respect to the base coordinate system can

be expressed as (6-17) with the vector of gravity coefficientd=[0 ¢, 0].

2
U=->m QT P (6-17)
~ —d

The Lagrangian function of the mechanism is then defined in (6-18) and the actuation torques
of the hip and knee joint can be calculation in (6-19), which can be re-arranged into matrix
representation expressed in (6-3).

L=K,-U (6-18)
dfo) . 619
dt aé’i a0 i for 1=12
The V and G terms of (6-3) can further be calculated as:
2 2(oM. 1M, ). .
V, = =" K154 i— 6-20
[ é;(agk Zagiij for 1=12 ( )
2 .
G =-)mg Jy for i=1 2 (6-21)

The symbolic representations of the parameters in (6-3) are listed as below:

My, =m, L2 +2m,cos6, k1, +my 1,2 +m, 1,2+ 1, + 1, (6-22)
My, =1, +1,m, (I, +1,c056, ) (6-23)
My =1, +1,2m2(1, 2+ 1, cos( theta, )) (6-24)
M, =m,l,° +1,, (6-25)
V,=-I,1,m,6,sind, - 21,1 ,m,4,6,siné, (6-26)
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V, =1,1.,m,67sing, (6-27)

G, =(g.m,(l,,co96, +6,)+1,cos, ) + g ,,m, cosd, ) (6-28)

G, =(9,l,,m,co8(6,+6,)) (6-29)

It is also worth to note that the variable definitions used for the exoskeleton design and the rest
of the thesis (shown in Figure 3-2) are different from the ones used in the dynamics modelling
(shown in Figure 6-12). The following conversions are adopted for ease of further controller

implementation:

6 =60-90° |6 =6 6 =0 T, =1
L Lo SRR Lo (6-30)
0,=-6, . |0,=-6, . |6,=-6, .

Substitute (6-30) into (6-3), the model can then be expressed in (6-31).

My, -My,] 4 V, G T
-M; My, | 6 -V, -G, Tk
For the controller implementation, two sets of state-space model representation of actuated

joints were also constructed. The state-space variable ( x, ) control input ( ) and output (y, ),

vectors are calculated as:

X 2[91' 6, P PEj]T (6-32)
A=[A Ayl (6-33)
yi=[0, (B+Py)/2] (6-34)

By re-arranging (6-31), the acceleration vector could be explicitly expressed for the develop-
ment of the MIMO SM controllers, one for each of the actuated joints. The rest of the control
development procedures were identical the MIMO SM controller for the knee joint mechanism

elaborated in Section 5.4.1.
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6.4 From average antagonistic PM pressure to joint compliance
Since GAREX does not have mechanism to feedback the real-time joint compliance or stiffness,
joint compliance can only be predicted using the PM’s dynamic force model The joint stiffness

S is calculated as:

;= (Fg —Fg)r; with(i=F,E) and (j=h,k) (6-35)
or

S = — -
0 (6-36)

When the MIMO SM controller is operating, the pressures of the flexor and extensor PM can
be expressed as:

{PF = Py + AP 637

P =P,y AR
here P,,, is the desired average antagonistic PM pressure; AP:- and AP are the difference be-
tween the actual pressures and the desired average antagonistic PM pressure of the flexor and
extensor PMs. By substituting equations (4-2), (6-35) and (6-37) into (6-36), the joint compli-
ance can be calculated as the reciprocal of the joint stiffness as:

1 1
C===
S 2r*[ 2k, +2K,P,, +k (AP, ~AR.) | (6-38)

When the MIMO SM controller can perfectly track the desired average antagonistic PM pres-

sure (AP. = AP.), the joint stiffness is linearly dependent on the set average pressure. With both

ko and ki being positive constants, the compliance C; decreases as Pavg increases.

It is also noteworthy that the joint compliance calculated is purely based on the dynamic force
model proposed in [43]. The model has been deemed to be inaccurate and subject to uncertain-
ties, due to PM’s highly nonlinear dynamics. If another modelling approach were adopted, the
stiffness versus pressure and angular position relation could be different. For example, static

force model by Chou and Hannaford [28] expresses the PM contractile force as:

F, = (w] P, (6-39)

4n
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where |, is the original length of the PM; b and n are constants related to the geometry of the

PM. Based on this model, the desired compliance, when the average pressure can be tracked
as expected (AP. = AP. = AP) can be calculated as:

2

—1(Ocy +0r o) AP + 2rOAP |

zn
C=
3r?[ (=2l + (0o — Oro)) P,

avg

n? (6-40)

3r2[ (=2ly + 1 (0o — Oro)) P + (X — X )AP |

It can be observed from (6-40) that the joint compliance is dependent on the joint position,
average PM pressure and the pressure difference between the flexion and extension PMs. The
differences in the two compliance expressions above indicates that joint compliance cannot be
precisely derived from the PM models. There is also no mechanism in GAREX to measure the
real-time compliance/stiffness magnitude and feedback it for control implementation. There-
fore, it would be valuable to conduct experiment to prove that the proposed MIMO SM algo-

rithm with close-loop average PM pressure control can effectively vary the joint compliance.

6.5 Experimental validation of the MIMO SM control system of
GAREX

Two sets of experiments were designed to validate the system performance of GAREX. The
first one is related to determining the capability of performing automating treadmill based gait
rehabilitation training. The second aims to validate whether the proposed control strategy is
able to adjust the assistance level during rehabilitation training. Healthy subjects with no cur-
rent lower limb injury were recruited to conduct these experiments. Ethical approval for the
experiments was granted by the University of Auckland Human Participants Ethics Committee
(Ref. 014970). Written informed consent had been obtained from all the participants prior to

conducting any experiments.

6.5.1 Robotic Gait Training Pilot

One healthy subject (male, 172 cm, and 68 kg) participated in the experiment that validated the
robotic system’s capability to provide gait rehabilitation training. During the preparation phase
of the experiment, the subject was instructed to stand on the treadmill and a researcher meas-
ured the dimension of his lower limb and adjusted the exoskeleton according to the subject’s

anthropometric data. The researcher then securely strapped the subject’s trunk and right leg to
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the back support and exoskeleton respectively. It was made sure that the subject’s hip and knee

joints are coaxial with the respective joints of the exoskeleton.

During the experiment, programmed with the MIMO SM control system, GAREX guided the
subject to walk in a predefined gait trajectory on the treadmill with a speed of 1.5 km/h. To
conduct the experiment, the subject was asked to relax the leg strapped to the exoskeleton and
let GAREX to guide its movement. The subject also adapted unactuated leg’s movements to
achieve stable walking on the treadmill. Four 2-minute experiments were conducted and in
between two experiments there was a break of 2 minutes. In each experiment, the average PM
pressures of the hip and knee joint were controlled to the same magnitude. The desired average

pressures were in turn 160, 240, 320 and 400 KPa for the four experiments.
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Figure 6-13 The comparison between the desired and actual gait trajectories of the two
actuated joints during the validation experiments. The trajectories have been normal-
ized to one gait cycle. The red lines are the predefined reference gait trajectory. The
blue lines represent the average gait trajectories over the experimental period. The
shaded area stands for the standard deviations of the average trajectories over the rec-

orded gait cycles. (A): the hip joint trajectories with average PM pressure of the joint
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regulated to 160 KPa. (B): the knee joint trajectories with average PM pressure of the

joint regulated to 160 KPa. (C) and (D): the hip and joint trajectories when the average

PM pressure of both joints were regulated to 240 KPa.
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Figure 6-14 the same type of plots as in Figure 6-13. (E) and (F): the hip and joint trajec-
tories when the average PM pressure of both joints were regulated to 320 KPa. (G) and
(H): the hip and joint trajectories when the average PM pressure of both joints were reg-
ulated to 400 KPa.

The subject was able to walk on the treadmill comfortably with the guidance from GAREX in
all four experimental conditions. The subject’s gait trajectories of the two actuated joints are
presented in Figure 6-13 and Figure 6-14. The plots in red represent the desired joint space gait
trajectory and the average gait trajectories over all the recorded gait cycles are plotted in blue.
The standard deviations of the average trajectories are illustrated as the shaded areas It can be
observed from the figure that the controller was capable to tracking the desired gait trajectory
in order to facilitate gait rehabilitation in all the experimental conditions. The trajectory track-
ing performance was evaluated with the root-mean-square error between the desired and actual
trajectories and the results are listed in Table 6-1. It is obvious from the table that the RMS
errors had a trend of decrease as the controlled average PM pressure increased. This is an indi-
cation that the exoskeleton became less compliant and gave the subject less freedom around
the desired trajectory. To further validate whether the proposed controller is capable of chang-
ing the compliance of the exoskeleton, the second set of experiments were conducted.

It can also be observed from the table that at lower average antagonistic PM pressure, the hip
joint has higher trajectory tracking error compared to the knee joint. However, at higher aver-
age antagonistic PM pressures the hip joint could better track its reference trajectory. Because
of high inertia, more torque required to guide the hip joint to track desired trajectory. Therefore,
at lower average pressure or higher joint compliance, the system could not provide sufficient
torque for the hip joint. Compared to hip joint, the reference trajectory of the knee joint has a
larger magnitude and hence it is generally more challenging for the controller to track for the

controller.

Table 6-1 The RMS errors (rad) of both actuated joints under all four experimental

conditions

160KPa 240KPa 320KPa 400KPa

Knee 0.078 0.059 0.056 0.053
Hip 0.106 0.083 0.046 0.042
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6.5.2 Validation of controllable compliance

The experiments were designed to validate that the developed MIMO SM controller is capable
of tracking predefined gait trajectory and simultaneously adjusting the actuation compliance
so as to modify the assistance provided. A total of 12 healthy subjects with no leg injuries

participated in this set of experiments.

Before each subject started the experiment, the concept of compliance had been explained.
Being more compliant means the subject has more freedom and less guidance from the exo-
skeleton during robotic training and vice versa. After the briefing, the experiment preparation

was conducted and the procedure was identical to the previous experiment.

During a trial, a subject would conduct four experiments. Each of the experiment would last
approximated 3 minutes. In between the two experiments there was a break of 2 minutes. Sim-
ilar to the experiment described in Section 6.5.1, the subject was assisted by GAREX to walk
on the treadmill at the speed of 1.5 km/h. The average PM pressures of the hip and knee joints
were both controlled at 160, 240, 320 and 400 KPa during the four experiments.

Table 6-2 Compliance scores given by the 12 subjects for the experiments with four

discrete average PM pressures.

160 KPa 240 KPa 320 KPa 400 KPa

S1
S2
S3
S4
S5
S6
S7
S8
S9
S10
S11
S12

T = e T e S S S S =
N W W RN R, W RN NN
AN N WA N WW WM W W
w b~ A W B~ DD PO DD
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Each subject experienced the four experiments in a randomized order and he/she was not in-
formed the controlled average pressure or the actuation compliance level of each experiment.
Hence, the subject was asked to relax and let the exoskeleton to guide the leg movement for
the first half of an experiment. In the second half, he/she was asked to actively walk with the
assistance from the exoskeleton and/or try to walk in his/her preferred gait pattern disregarding
the assistance from the exoskeleton, so that the subject would have the impression of the com-
pliance of the exoskeleton. After the completing the first two and three trials, the subject would
be asked to rank the compliance levels of the experiments he/she had completed. After finishing
all four trials, the subject would be able to rank the compliance level each experiment with

discrete score of 1, 2, 3 or 4, with 1 being most compliant and 4 being least compliant.

No matter what result was given after the four experiments, the researcher would ask the sub-
ject if he/she wished to repeat any of the experiments in order to help him/her refresh memory

or eliminate any uncertainties. The subject could request up to two experiments to be repeated.

A total of 12 (10 males and 2 females) subjects of ages between 23 and 31 participated in the
experiments. Heights of the subjects range from 164 to 188 cm and the weights range from 49
to 100 kg. Valid results were collected from all of the participants. Detailed compliant scores
given by all the subjects for the four experimental conditions are listed in Table 6-2. For each
controlled average pressure, the mean and variance of the compliance scores rated by the par-
ticipants were calculated. Such results are summarized in the first two rows of Table 6-3. One-
way Analysis of Variance (ANOVA) analysis was thought to be suitable for examining if there
is any statistical difference between the means compliance scores under different experimental

conditions.
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Table 6-3 Statistical analysis result of the experiments on compliance. Top half of the
table is showing the means and variances of the rated compliance levels for all the con-
trolled average PM pressures. Both the original and logarithm transformed means and
variances are listed. The bottom half of the table is illustrating all the possible between

groups p-values of the Tukey’s test.

Controlled Average PM Pressures

160KPa 240KPa 320KPa 400KPa

Mean 1.083 2.333 3.000 3.583
Variance 0.083 0.606 0.545 0.447
Mean Transformed 0.025 0.320 0.464 0.571
Variance Transformed 0.008 0.016 0.013 0.003

160 KPa 0.000 0.000 0.000
240 KPa 0.005 0.000
320 KPa 0.056
400 KPa

To have a valid one-way ANOVA analysis, it was assumed that all the groups have equal var-
iance has to be satisfied. Hence, Levene test was conducted to investigate the equality of vari-
ance of the experimental data. The test’s p-value of 0.032 rejected the null hypothesis that all
four groups have equal variance. A commonly used logarithm transformation of the original
experimental data was performed and the means and variances of the transformed data are
listed in the third and fourth rows of Table 6-3. The Levene test of transformed results gave a

p-value of 0.462, which means the assumption of equal variance is not violated.

The one-way ANOVA analysis was then performed on the on the transformed data. A p-value
of 0.000 suggests a very strong evidence to reject the null hypothesis that all the samples have
equal means. Multiple comparisons via Tukey’s test were also conducted to investigate whether
there are statistical differences between all the combinations of two different groups. The ana-
Iytical results again expressed by p-values are exhaustively listed in the second half of Table
6-3. As seen from the table, there are highly significant difference (p-values being 0.000) in
means between groups whose average pressure levels are not adjacent. For adjacent groups,

there is a very strong evidence for the difference in means between 160 and 240 KPa groups.
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There is strong evidence for the difference in means between 240 and 400 KPa groups. How-
ever, there is not significant statistical difference in means between the 320 and 400 KPa

groups.

The above statistical analysis further approves that there is negative correlation between the
controlled average pressure of the PM actuation system and the exoskeleton compliance. How-
ever, the correlation is not linear. For the same difference interval in average pressure, the
change in compliance is more significant when the average pressure is lower. Understanding
such trend is important since further development of the GAREX system may require the au-
tomatic adaption of the compliance level based on the patient’s performance or ability assess-

ment during rehabilitation training.

6.6 Discussion and conclusions

Based on the model of the entire exoskeleton system, a MIMO SM controller was thus devel-
oped and tuned to deliver robust control performance. Currently, GAREX can comfortably
guide the healthy subject to complete treadmill based gait experiments at a speed of 1.5 km/h,
which similar the slower speeds have been adopted for clinical trials on a motor driven gait
rehabilitation exoskeleton [188]. At the moment, the controlled bandwidth is limited by the
pneumatic supply system. To further increase the bandwidth the following changes could be
made: (1) increasing current pneumatic supply pressure (6 bar); (2) using larger diameter tubes

and valves; (3) optimizing the exoskeleton design to further reduce its weight.

The means of using the average pressure to represent actuation compliance is not novel [22,
152]. Due to the system simplification with the pressure regulating valves, the joint space tra-
jectory and average PM pressure controller were separated and the average PM pressure was
adjusted through an open loop controller. The actuation compliance was again calculated from
the average PM pressure using the force dynamics model of the PM. In literature, there were
also no dedicated experiments to investigate if such compliance adjusting approach could vary
the extent of guidance during robotic gait rehabilitation.

GAREX’s MIMO control system includes the PM pressures as state variables and allows more
direct manipulation of the average PM pressure compared to [22, 152]. A new experimental
approach was adopted to validate the system capability on adjusting the compliance from par-
ticipants’ perception. One-way ANOVA statistical analysis conducted after the experiment in-
dicated the control system is able to provide different levels of assistance via changing the
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compliance when guiding the subjects to walk along the desired gait trajectories during reha-

bilitation training.
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Chapter 7 FLCA Based Assist-as-needed
Gait Rehabilitation for GAREX

Assist-as-needed (AAN) control strategies are regarded as one approach to improve effective-
ness of gait rehabilitation trainings. GAREX’s multi-input-multi-output (MIMO) sliding model
(SM) control system can be used to adjust the assistance level provided during gait rehabilita-
tion. To implement AAN concept, it still requires an algorithm to assess the active participation
or effort of the training subject and adapt the amount of assistance according. For this purpose,
a model-free fuzzy logic compliance adaptation (FLCA) controller was introduced to form a
novel cascade control system. The FLCA controller was implemented and validated on the
knee joint of GAREX. It adjusts the knee joint compliances according to the assessment of the
subject's level of active participation once every gait cycle. The assessment is based on both
the knee joint kinematic during the gait training as well as the knee joint interaction torque
between the exoskeleton and the leg attached. The FLCA controller takes three inputs which
are (1) the gait cycle root-mean-squared (RMS) values of the knee joint interaction torque be-
tween the exoskeleton and subject; (2) the gait cycle RMS error between the desired and actual
knee joint trajectory; (3) the difference in RMS trajectory errors between the last and second
last gait cycles. The output of the FLCA controller is the increment to the desired average PM

pressure of the knee joint.

Experiments were conducted with three healthy subjects to investigate if the FLCA control
system is able to manipulate the knee joint compliance based on the subject’s participating
effort. Each of the subjects was told to walk with various inputting forces to simulate different
patient effort/capabilities in three experiments. Experimental results showed that the FLCA
controller could effectively distinguish the capability/effort levels and adapt the knee joint
compliance of the exoskeleton accordingly. The results also indicated FLCA and MIMO SM
controllers collaborated well as a system to put the AAN concept into practice with GAREX.



7.1 Introduction

As reviewed in Chapter 2, patients’ voluntary participation could lead to more effective reha-
bilitation training outcomes. Hence, assist-as-needed training strategies have been developed
to encourage patients’ active engagement in the training tasks. A number of previously devel-
oped AAN controller strategies on gait rehabilitation robots have also been reviewed in Section
2.3.3. In summary, mainly two types of implementations of the AAN concept have been iden-
tified. One is through adapting the desired speed or gait trajectory[59, 98] and other type is

through impedance/admittance related control strategies [9, 23].

When developing the AAN control strategies, it is equally important to assess a patient’s capa-
bility or participation as to adjust the assistance level provided by the rehabilitation robot. The
most often used and easily implemented participation assessing method is via gait kinematics
or more specifically derivations from the reference trajectories. Invariant impedance control
controllers [15], force field controllers [67, 95] and impedance adaptation via gait velocities

[189] all belong to this group.

The interaction force/torque between the exoskeleton and human lower limb has also been used
to estimate the subject’s participation level during gait rehabilitation. Jezernik et al. [98] devel-
oped gait pattern adaptive algorithms to online optimize the reference trajectory of the gait
orthoses based on the patient’s walking capability. Impedance adaptive controllers based on
interaction force/torque measurement have also been reported in [9, 23]. The adaption algo-
rithms in [98] and [23] rely on the models of the exoskeleton and/or the biomechanical prop-
erties of the human limb attached. The complexity of modelling work and the possible model-

ling inaccuracy make such controllers less practical in clinical scenarios.

Fuzzy logic provides an option for controlling complicated or nonlinear systems with uncer-
tainties. Fuzzy logic controllers are developed based on system behaviours and usually do not
require models of the systems. Benefitted from such properties, they have been widely used in
the field of rehabilitation robotics, which the human factor is commonly regarded to be difficult
to model accurately. Chang [158] reported an adaptive self-organizing fuzzy sliding mode tra-
jectory control system for a PM driven 2-DoF serial robot manipulator. Xie and Jamwal [190]
developed an iterative fuzzy controller for a PM driven parallel ankle rehabilitation robot. Be-
sides trajectory control, fuzzy logic has also been utilized on controlling impedance/admittance
magnitudes of various robotic rehabilitation systems. Tran et al [189] developed fuzzy logic

based variable impedance controller for a lower limb exoskeleton. Different fuzzy rules have
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been developed for the stance and swing phases to achieve optimized control results. Yang et
al. [191] implemented a fuzzy logic tuner for the impedance controller of a cable-driven upper
limb rehabilitation robot. Ayas and Altas [192] applied fuzzy logic adaptive admittance control
to a parallel ankle rehabilitation robot. The fuzzy impedance adaption controllers in [189, 191]
only utilized kinematic data as inputs to the fuzzy logic. The admittance controller in [192] on

the other hand only used interaction force as the input.

In the previous chapters, the GAREX platform has been introduced, as well as the MIMO slid-
ing mode control system that enables both task specific gait training and the control of the joint
compliance. The controllable compliance hence allows the control of the assistance provided
by the exoskeleton. This chapter will focus on the development of a new compliance adaptation
algorithm that changes the joint compliance level based on the subject’s level of active partic-
ipation. A model-free fuzzy logic compliance adaption controller would be an ideal candidate
for this application. To the author’s best knowledge, fuzzy logic based compliance adaption

has not been developed on rehabilitation robots driven by PM actuators.

This chapter is organized in the following order. Firstly, the improved hardware design with
the human-exoskeleton interaction force sensing instrumentation will be presented. This is fol-
lowed by the development process of the fuzzy logic compliance adaption algorithm. The next
section will be on the experimental validation of the system with three healthy subjects. The

discussion and conclusions will be presented at last.

7.2 The assessment of active participation

7.2.1 Interaction torque sensing

As mentioned in the introduction section of this chapter, interaction force/torque measurements
have been utilized for the assessment of subjects’ effort or active participation during robotic
gait rehabilitation. A 6-axis load cell was also employed in this research for human robot in-
teraction force sensing. It was installed between the shank segment of the exoskeleton and the
brace for the human shank (As shown in Figure 7-1). Since the load cell is the only link between
shank segments of the exoskeleton and the training subject, the sensed forces and torques are
thus the interactive forces and torques. In this application, only the interaction knee joint torque
in the sagittal plane is of the researcher’s interest. It is also assumed that the shank segments

of the exoskeleton and the attached human limb are always aligned. Therefore, the joint torque
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can be calculated simply by the product of the interactive force a long y-axis and its moment

arm relative to the sagittal plane rotation of the knee joint.

6-axis load cell

Figure 7-1 The 6-axis load cell for interaction force sensing.

7.2.2 Relation between interactive torque and subject participating level

It has been reported in the literature that the sensed interaction forces have used as the indica-
tion of the subject’s effort during rehabilitation training [9]. High interaction force was re-
garded as less effort from the subject to walk in desired gait pattern; hence the higher imped-
ance was resulted to ensure the desired gait pattern can be achieved. In contrast, lower interac-
tion force indicated more effort from the subject to synchronize his/her leg movement to the

desired trajectories of the rehabilitation robot. Hence, lower impedance is adapted.
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Figure 7-2 Experimental results when the subject was actively trying to follow the de-
sired gait pattern. (A) Desired and actual knee joint trajectories versus time plot. (B)
Plots of trajectory error and RMS trajectory error over every gait cycle. (C) Plots of

interaction torque and RMS interaction torque over every gait cycle.

Experiments were designed to investigate the how the subject’s effort is reflected by the various
sensor measurements of the system. The experiments were conducted with the help of a neu-
rologically intact subject (male, 185 cm, 100 kg) with no lower limb injury. The MIMO SM
controller presented in Chapter 6 was adopted to control the exoskeleton. Both the hip and knee
joints of GAREX were actively controlled to guide the subject to walk on the treadmill at the
speed of 1.5 km/h. The average PM pressures of the two actuated joints were regulated to 270
KPa. Different patient capabilities or participating levels were simulated by the subject in three
experiments. In the first experiment, the subject was requested to active engage the gait training
by following the robotic guidance to walk in a desired trajectory. The second experiment sim-

ulated the no effort scenario. The subject tried to relax the leg attached the exoskeleton as much
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as possible let the exoskeleton provide torque required to produce the reference gait pattern. In
the third experiment, stiff leg or undesired leg movements (spasms) were simulated. The sub-
ject was asked to slightly oppose the robotic guidance during the swing phase of every gait

cycle. Experimental results of the three experiments are shown in Figure 7-2 to Figure 7-4.
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Figure 7-3 Experimental results when the subject was requested to relax the leg at-
tached to the exoskeleton. (A) Desired and actual knee joint trajectories versus time
plot. (B) Plots of trajectory error and RMS trajectory error over every gait cycle. (C)

Plots of interaction torque and RMS interaction torque over every gait cycle.

Both the knee joint trajectory tracking performances and the interaction torque are plotted in
Figure 7-2 to Figure 7-4. In order to compare the differences of the three experimental scenarios,
RMS values of the trajectory tracking error and the interaction torque were calculated for every
gait cycle period during the experiments and shown in the result plots. By analysing the results,
it can be summarized that the subject’s active participation or effort leads to better trajectory
tracking accuracy and less RMS interaction torque over a gait cycle period compared to the

experiment when the subject tried to relax and make no effort. On the other side, when the
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subject deliberately opposed the guidance of the exoskeleton, larger overall trajectory error was
resulted. The robotic system hence increased the control effort to drive the knee joint back to
the desired trajectory, which thus led to higher interaction torque.
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Figure 7-4 Experimental results when the subject was requested to slightly oppose the
guidance of exoskeleton. (A) Desired and actual knee joint trajectories versus time
plot. (B) Plots of trajectory error and RMS trajectory error over every gait cycle. (C)
Plots of interaction torque and RMS interaction torque over every gait cycle.

7.3 Implementation of the FLCA controller
The goal of the adaption algorithm is to encourage active participation of training subjects by
only providing as much assistance as he/she needed to walk in desired trajectories. From the

experiments conducted in the last section, the general principles for compliance adaptation can

be summarized as:
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(1) The interaction torque is low and the trajectory error is low. The subject is doing great
and the exoskeleton is not doing much to help. Let the compliance level stay to where
itis.

(2) The interaction torque is low and the trajectory error is high. The subject cannot walk
in the desired pattern and the system is not doing enough to help. Compliance needs to
be reduced for more guidance.

(3) The interaction torque is high and the trajectory error is low. The subject is going great
with high assistance level from the exoskeleton. Compliance can be reduced to chal-
lenge the subject.

(4) The interaction torque is high and the trajectory error is high. The subject cannot walk
in the desired pattern but the exoskeleton has already been providing a lot of assistance.

Let the compliance level stay to where it is for now.

. GAREX System
014, i+ Oia :
AN A A . >
» i / \\ // \\ / Phd MIMO U”
XX SM
| /N N\ —
N \/ ARy + Py Controllers
Fuzzy Logic 1 1
Compliance Adaptation

Figure 7-5 The fuzzy compliance adaptive control system block diagram of GAREX. In

the figure i=F.Eand j=hk; U;; are the input to the plant or the voltages fed into the cor-
responding analogue valves; 7, , is the interaction torque of the knee joint; F]- is the av-
erage pressure of the antagonistic PMs of the corresponding joint; the subscript d indi-

cates desired value of a property and APy« are the increment to the desired average pres-

sure of the antagonistic PMs of the knee joint.

It is understood that any change in compliance will influence both the interaction torque and
the trajectory tracking error. The change in interaction torque or trajectory error will affect each
other. A fuzzy logic compliance adaptation controller was a good candidate to such complex
system and hence developed to implement the AAN rehabilitation concept. The block diagram

of the control system is show in Figure 7-5.
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The frequency of the compliance adaptation processing was set to be gait cycle frequency of
the exoskeleton. There are two main reasons for this decision. Firstly, the compliance adapta-
tion is based on the subject’s performance over a past period rather than at a certain instant.
Hence, it is not necessary to run the compliance adaptation controller at the same frequency as
the MIMO SM controller (100 Hz). Secondly, the trajectory error and interaction torque distri-
butions over a gait cycle are not homogeneous. If the sampling periods contain different parts
of a gait cycle, it is difficult to find standards to evaluate the subject’s effort during those sam-
pling periods. Hence, it is a good practice to set the sampling period to be integer multiples of

the GC period. In this application, the sampling period was chosen to be same as the GC period.

There are three major stages of the fuzzy logic controller implementation. The first one is to

define the inputs and output of the controller and perform fuzzification to acquire input and
output membership functions. The RMS values of the knee joint trajectory error (&« _rws ) and
the interaction torque (7, , avs) Of the past GC are two of the inputs of the fuzzy logic con-

trollers. The difference between the RMS trajectory errors of the current and the last gait cycles
is calculated as the third input of the controller, shown in the following equation:

AbBx_rms = Ok _rusn) — Ox_rus(n-1) (7-1)

This input is utilized to reflect if the system’s trajectory tracking performance is improving.

The output of the controller is the increment (ar, ) to the desired average pressure of the knee

joint. The fuzzification of the inputs and out was through the membership functions shown in
Figure 7-6 and Figure 7-7 . The crisp input and output values are converted into the linguistic
variables and membership values. The fuzzy set of each input or output is determined using the
membership functions which are normally distributed around its centre. There are three lin-
guistic variables or membership functions (low, medium and high) each for the trajectory error
and interaction torque inputs. The third input variable and the output variable each has five
linguistic variables, which are BD (big decrease), SD (small decrease), NC (no change), Sl
(small increase) and Bl (big increase). The centre value of the Gaussian shaped membership
functions were tuned and finalized through experiments with the developed FLCA enabled
control system. For certain input values, the membership degrees for the linguistic variables of
each input can be calculated with membership functionsas u, ; (i = 1,2,3), up; (i = 1,2,3),
ue; (i = 1,2,3,4,5) for inputs of the trajectory error, interaction torque and change in trajec-

tory error respectively.
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Figure 7-6 The membership functions of the input variables. (A) The RMS value of the

interaction torque. (B) The RMS value of the tracking error. (C) The change of the track-

ing error.
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Figure 7-7 The output membership function of the FLCA controller

The stage after fuzzification is the inference process which generates the membership degrees
of the output linguistic variables based on the fuzzified inputs. The key of the inference process
is the development of the fuzzy rules. The fuzzy rules are to reflect the expectation of compli-
ance adaptation by linking the linguistic variables with a combination of input linguistic vari-
ables. Table 7-1 exhaustively listed the fuzzy output generated by all 45 input combinations
with 5 sub-tables. The fuzzy rules were first developed by the four principles stated in the
beginning of this section and further tweaked through experiments. The well-known
Mamdani’s max-min method [193] is used for the inference process. From Table 7-1, it can be
seen that certain amount of combinations of input linguistic variables that lead the same output
linguistic variable. To calculate the membership degree of an output the linguistic variable, the
membership degree resulted by each of the possible combinations is calculated first as:

Ha iy = MIN(aty o 1y o fe_,) with (j=1,2,...,n) (7-2)

where n is the number of possible combinations input linguistic variables that lead the i th

output linguistic variable; #, ,, 1, ,#; , are the membership degrees of the input linguistic

variables in that specific combination. The minimum of 4, ,, 14, , #, , is calculated and as-

signed to 4, ;;, - The membership degree of the output linguistic variables are calculated as the

maximum of all the possible values (£, ;) ):

ﬂd_i(n) (7-3)
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The defuzzification stage maps the conversion from the degrees of the output membership

function to the non-fuzzy controller output. The centre of area method is used for this process.

The controller was developed with help of the Fuzzy System Designer with the LabVIEW
software package. The designed FLCA controller was programmed in LabVIEW and run on

the myRIO real-time control platform.

Table 7-1 The rule tables for the FLCA. Since there are three input variables, each of

the 3x3 table is for one membership function of the Afk_rws input.

Ox_RrRms
Tint_k _RMS
Low Medium High
Low SD NC Sl
Medium SD SD Sl
High BD SD NC
Abk_rws =BD
Ox_RrRMs
Tint_k _RMS
Low Medium High
Low NC NC Sl
Medium SD NC SI
High BD SD Sl
AbGk_rvs = SD
ek_RMS
Tint_k_RMS
Low Medium High
Low NC Sl Bl
Medium SD Sl SI
High BD NC Sl

Abx_rvs =NC
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Ok _RrRMs

Tint_k_RMS
Low Medium High
Low NC Sl Bl
Medium NC Sl SI
High SD NC Sl
ABk_rwvs =S|
Ox_rms
Tint_k_RMS
Low Medium High
Low Sl Sl 2]
Medium NC Sl Bl
High NC Sl Sl

ABx_rws = BI

7.4 Experimental validation

Experiments were conducted with three healthy subjects (Subject A: male, 172 cm, 62 kg;
Subject B: male, 185 cm, 100 kg; Subject C: male, 171 cm, 72 kg) with no lower limb injuries.
Written consents have been obtained from all the participants prior to the experiments. To con-
duct the experiments, the subject was firstly fitted to GAREX which was adjusted according to
the subject’s anthropometric data. The subject performed a trial walk with robotic guidance for
5 minutes, so he could get used to the assisted walk with GAREX. After a rest of 5 minutes,
the actual compliance adaptation experiments would take place. The subject was requested to
behave differently in three experiments with GAREX. In the first experiment, the subject ac-
tively followed the guidance of the exoskeleton in order to walk in the desired trajectory. The
experiment is designed to simulate the rehabilitation training scenario in which a patient makes
good effort to actively participate in the training. In the second experiment, the subject tried to
fully relax the leg attached to the exoskeleton and let GAREX provide the torque needed to
produce the desired gait pattern. This experiment was designed to simulate the gait rehabilita-
tion scenario when a patient is not capable of making active participation. In the last experiment,
the subject was asked to oppose the guidance as much he could comfortably do, during the
swing phase; and meanwhile he was still able to walk on the treadmill safely. The aim of this

experiment was to simulate patients with stiff joints or spasm during robotic rehabilitation.
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Each of the experiments lasted for 3 minutes and in between two experiments there was a rest

period of 3 minutes.
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Figure 7-8 The experimental result plots for Subject A. (A) The desired knee joint aver-
age PM pressure versus time plots. (B) The GC RMS trajectory error versus time plot.

(C) the GC RMS interaction torque versus time plots.

The experimental results of the three participants were shown in Figure 7-8 (Subject A), Figure
7-9 (Subject B) and Figure 7-10 (Subject C). For comparison purposes, the results of the ex-
periments conducted by the same subject are shown in the same figure. Each of the figures

contains three subplots. The output of the FLCA controller is represented by the P,, plot. The

controller inputs, which are the gait cycle RMS:trajectory error and the gaitcycle RMS inter-

action torque, are also shown in‘the figtires=In order to ensurereadabitity of the plots, only 80-

142



second segments of experiments are plotted. For each experiment, the starting point of the de-

sired average pressure was chosen so the compliance adaptation processes could be visualized.
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Figure 7-9 The experimental result plots for Subject B

As stated in the adaptation rule, the compliance is supposed to be high when the active partic-
ipation by the subject is detected. On the other hand, if the subject is not capable to follow the
desired gait pattern. The compliance is supposed to be decreased in order to constrained sub-
ject's lower limb to the desired trajectory. To investigate if the control system can perform as
expected, Figure 7-8-(A), Figure 7-9-(A) and Figure 7-10-(A) are analysed. After stable com-
pliance had been achieved, actively following the desired trajectory resulted the highest com-

pliances (lowest average PM pressure) for all the subjects. Compared to actively following, the
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experiments with subject relaxing their legs attached to the exoskeleton resulted lower compli-
ance levels. The lowest compliance was resulted by subjects deliberately opposing the robotic
guidance. Such experimental results indicate that the control system performed to the overall

expectation.

From the gait cycle trajectory error plots, it can be viewed that the magnitude of the trajectory
error is generally positively correlated to the compliance level. However, the correlation is not
obvious for the "Oppose" experiments conducted by Subject B and C. There are also relatively
large magnitude variations in the "Oppose™ experiments conducted by Subject A and Subject
B, as well as the "Relax" experiment by Subject A. Different experiments conducted by the
same subject were also compared. For Subject A and Subject B, the best overall trajectory
tracking performance achieved in "Active" experiments, followed by the "Relax" experiments.
The "Oppose™ experiments scored largest overall tracking error. However, for Subject B, no
obvious difference in tracking performance could be identified. These results indicated that it

is not practical to perform compliance adaptation only based on the kinematics feedback.

Compared to the gait cycle RMS trajectory error, it is even less likely to only use the interaction
torque to perform compliance adaption. As shown Figure 7-8-(C), Figure 7-9-(C) and Figure

7-10-(C), there are no obvious differences in z;, |, nys between the three experimental condi-

tions of the same subject. However, the inter-subject comparison shows some obvious differ-
ences. For Subject A, after the compliance levels adaption had been settled, the overall inter-
action torque in the "Active" experiment is much lower than the other two experiments. For

Subject C, highest interaction torque was achieved by the "Active" experiment.

Through the analysis, it can be concluded that the controller is able to assess if subjects are
actively participating in the trial and adjust the compliance level regardless that different sub-

ject may produce different input patterns when trying to make similar effort.
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Figure 7-10 The experimental result plots for Subject C

The overall control system shown in Figure 7-5 is of a cascade control structure. The FLCA
controller’s output ( Pwa ) is one of the inputs for the MIMO sliding model controller. It is
necessary to investigate if the MIMO SM controller is able to track the desired average PM
pressures. The tracking results of the three experiments conducted by Subject B are shown in
Figure 7-11. As can be seen from the first two plots of the figure, the system was able to closely
track the adapted P« . However, for the “Oppose” experiment, the system was able to track
the desired PM pressure for the first 20 seconds. After 20 seconds, the controller was unable to
deliver satisfactory tracking performance. For the last five seconds, the control system man-
aged to bring the average PM pressure back to its desired magnitude.
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Figure 7-11 The desired and actual average PM pressures of the knee joint versus time
plots for the three experiments conducted by Subject A. (A) “Active” experiment; (B)

“Relax” experiment; (C) “Oppose” experiment.

The MIMO sliding model controller tuning could be one of the causes to the suboptimal control
system performance. The MIMO SM controller needs to control the angular trajectory and the
average PM pressure of an actuated joint simultaneously. Considering the safety and nature of
robotic gait rehabilitation, angular trajectory tracking needs to be prioritized among the two
control objectives. This was implemented by the tuning parameters that let angular trajectory
tracking take the dominate role in the overall control actions. As a result, the large trajectory
error in the “Oppose” experiment led to significant control action to drive the knee joint back
to its desired position. The control action to maintain the average pressure thus became less
effective. However, after the 90-second mark of Figure 7-11-(C), the desired average pressure
started decreasing, which is an indication that the subject’s effort of opposing the guidance may
have reduced. The angular position tracking could thus also be improved and the better average

pressure regulation was resulted.

It can also be observed that the actual average PM pressure oscillated just below the desire
value, even when the tracking was effective. Within the same gait cycle, the demand of control
action to track the gait trajectory varies. For the knee joint, the trajectory over the swing phase
is much more challenging for the controller than the stance phase. The average pressure track-

ing performance is somehow affected and hence the oscillations happen. Apart from controller
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tuning strategy, the limited control system bandwidth could also a cause of imperfect perfor-

mance.

7.5 Discussion and conclusions

A fuzzy compliance adaptation controller was integrated with the existing MIMO sliding mode
controller in order to implement the AAN concept with the GAREX system. The fuzzy con-
troller adjusts the knee joint compliance of the exoskeleton based on the subject participation
assessment through the gait kinematics and knee joint interaction torque. The FLCA controller
does not require the model of the exoskeleton or the human biomechanics; therefore, it could

be more practical in clinical settings.

The developed FLCA control system was experimentally validated with three healthy subjects.
Each subject participated experiments to simulate three different capability/effort levels of pa-
tients with gait problems. The experimental results indicated that the FLCA control system was
able to distinguish the capability/effort levels and adapt the knee joint compliance of the exo-
skeleton accordingly. Experimental results also reveal that the MIMO SM controller was able
to regulate the average PM pressure of the knee joint to the reference provided by the FLCA
controller except when the subject was opposing the robotic guidance to create significant tra-

jectory error.

Although effective compliance adaption has been successfully achieved, there are still potential
improvements could be made to the control system. In terms of the controller implementation,
the stance and swing phase of a gait cycle could be distinguished, because the torque s of the
two phases are considerably different (Figure 3-3). It would also be more meaningful to inves-
tigate the interaction torque of the two phases separately. Ground reaction force sensor can be
used to distinguish the two phases. It can also be utilized together with the 6-axis load cell to
more accurately estimate the knee joint interaction torque during the stance phase. With more
accurate joint torque mapping over the entire gait cycle the fuzzy controller could thus be up-
dated for better control accuracy.

Further improvements of the experiments are also possible. Interviews with the participants
revealed that the “Active” experiments were the easiest to conduct for all of them. They felt
walking with GAREX is really similar to natural walking. All the subjects reported that it is
difficult to fully relax the leg attached to GAREX and not participate at all, mainly because it
is hard to have the robot support the body weight during the single stance phase on the attached
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leg without the fear of falling. A possible solution could be the introduction of a body weight
support system. For the “Oppose” experiments, it was observed that the magnitudes of trajec-
tory error and interaction torque were varied among the subjects, because of their strength dif-
ferences. In further studies, it may be worthy to provide visual feedback to the subject during
the experiments, so the subjects could better follow the researcher’s instructions. This would
help produce quantified participation levels of the subject for more in depth control perfor-

mance evaluation.
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Chapter 8 Conclusions

All the three main objectives of this research have been achieved. Firstly, a new robotic gait
rehabilitation exoskeleton driven by PM actuators named GAREX was designed and built for
the potential application in clinical settings. In this research, the robot makes a robust platform
for control system implementation and experiments. Secondly, the sliding mode control strat-
egies were developed and experimentally validated on GAREX. The newly proposed multi-
input-multi-output (MIMO) sliding mode (SM) control system is able to not only track desired
gait trajectories in task specific treadmill based gait trainings, but also control the compliance
of the exoskeleton in order to provide different levels of assistance to the training subjects.
Thirdly, the assist-as-needed concept was implemented with an intelligent control system,
which consists of a fuzzy compliance adaptation controller and the MIMO SM controller. The
pilot study conducted on healthy subjects proved that the control system was able to detect

subjects’ active effort or capability, in order to adjust the assistance provided accordingly.

This chapter recaps the work ducted and highlights the contributions made through the PhD
research. Limitations of this research and insightful suggestions to future work directions are

also discussed.



8.1 Impact and contributions
The goals of this PhD research have been on the development and control of the PM actuated
GAREX system to deliver task specific and AAN gait rehabilitation training. The scientific

contributions of the research are further elaborated as follow.

8.1.1 Robotic design of GAREX

A robotic gait rehabilitation exoskeleton has been designed and built as a solid platform to host
the research and validation of more effective control strategies. PM actuators were adopted to
actuate the sagittal plane rotations of exoskeleton's hip and knee joints. This specific type of
actuators has intrinsic compliance that can be utilized by control strategies to vary the extents
of guidance.

Only a handful of PM driven robotic gait rehabilitation devices have been reported in literature.
To the author's best knowledge, none of them have been brought into the clinical trials. GAREX
is also aimed to deliver task specific repetitive robotic gait rehabilitation in clinical applications.
The task specific criterion imposes joint torque, range of motion and control bandwidth re-
quirements to the exoskeleton design. There is a trade-off between the ROM and torque a PM
actuated joint can provide. Detailed design analysis was conducted to verify the exoskeleton
design. For clinical readiness, GAREX also has redundant safety implementations and anthro-

pometric adaptability for most of the adult population.

8.1.2 A complete model of the PM actuated exoskeleton

The PM actuation system is highly nonlinear and subject to hysteresis behaviours. It is desira-
ble to model the entire system in order to better understand the system and help upcoming
controller implementation. The system model consists of four sequential sub-models, which
are the flow dynamics of the valve, the pressure dynamics of the PMs, the force dynamics of
the PMs and the load dynamics of the exoskeleton mechanism. In previously developed PM
driven rehabilitation robots the first two sub-models had been ignored with the use of pressure
regulating valves, which could lead to unpredictable transient behavior of the controlled PM
pressure [194].

The model of the PMs needs to accommodate the dynamic PM operations during robotic gait
rehabilitation. It was also noticed that there were no dynamic force models could adopted di-

rectly to the FESTO PMs actuating GAREX. As a result, a new dynamic modelling approach
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has been developed based on the original model developed by Reynolds et al. [165] on con-
ventional McKibben PMs. To better represent the behaviours of the FESTO PM used on
GAREX, the model in [165] was modified to a piece-wise form. The new model not only fit
well to the experimental data of the PMs on GAREX; it also covers a greater pressure range
than the original model. Meanwhile, the new model is still in a simple form for further usage
in model based control system development. Moreover, experimental and data processing pro-
cedures for calibrating the model parameters have been fully automated, so the model can be

quickly adapted for PMs of different sizes.

8.1.3 Control systems of GAREX

The intrinsic compliance of PMs can be utilized to vary the extents of guidance. This is
achieved by the novel application of a MIMO SM control system. It provides both trajectory
tracking and average antagonistic PM pressure control for the actuated joints. In order to em-
brace all the modelling uncertainties, the MIMO SM controller was developed based on the
complete system model of the exoskeleton. It was hypothesized that lower average PM pressure
leads to more compliant joint mechanism and vice versa. The MIMO SM controller was ini-
tially implemented to the knee joint mechanism. Extensive experiments conducted on the sole
robot and with a healthy subject proved the controller’s simultaneous trajectory and average
pressure tracking capability. Another set of experiments conducted on 5 healthy subjects
demonstrated that the MIMO SM controller was able to adjust the joint compliance by control-

ling the average PM pressure.

After initial validation with the knee joint mechanism, the MIMO SM controllers were then
implemented to both the hip and knee joints of GAREX to facilitate task specific gait rehabil-
itation. The pilot experiments showed that the exoskeleton could comfortably guide healthy
subjects to complete treadmill based gait experiments, in a speed what was adopted for clinical
trials on a motor driven gait rehabilitation robot. Such result revealed the potential of taking

GAREX to the clinical trial stage in the near future.

Based on the literature review, there have not been any experiments to investigate the correla-
tion between the joint compliance of the PM driven exoskeleton and the extent of assistance
provided during gait rehabilitation. Hence, it was designed to have healthy subjects test the
exoskeleton system at four different compliance levels in four experiments. Each of the sub-
jects was asked to rate the assistance levels received in the four experiments from their percep-

tion. A total of 12 subjects conducted the experiments and the statistical analysis of the results
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showed the successful manipulation of the assistance levels with the exoskeleton compliance
adjusted by the MIMO SM controller.

The MIMO SM controller gives GAREX the means to provide various extents of assistance.
To achieve AAN gait rehabilitation training with GAREX, model-free a fuzzy logic compli-
ance adaptation controller was introduced to form a novel cascade control system with the
MIMO SM controller. Experiments conducted by three healthy subjects showed that the FLCA
controller could effectively distinguish the capability/effort levels and adapt the knee joint
compliance of the exoskeleton accordingly. The FLCA and MIMO SM controllers collaborate
as an intelligent control system to AAN concept into practice on GAREX.

8.2 Outlook and future work

The author recommends two tracks for future works. One track is to develop more sophisticated
control strategies for more effective gait rehabilitation. Being intrinsically compliant, the
GAREX system is a good platform for implementing and testing various control strategies
especially those to facilitate AAN trainings. The following paragraphs will have more specific

discussion on further work could be done to advance the control systems.

As mentioned in the previous chapters, integrating ground reaction force sensing capability
into GAREX could open new possibilities for control strategy development. The stance and
swing phases of a gait cycle can be easily identified with GRF sensing. A straight-forward
possible development it is to have different joint compliances for the stance and swing phases.
The knee and hip joints’ torque requirements are much higher during the stance phase than the
swing phase due to the need to support bodyweight. Therefore, the exoskeleton could be con-
trolled to be stiff during the stance phase and compliance during the swing phase. The FLCA
controller (Chapter 7) could also be modified to have different settings for the stance and swing

phases.

Bio-signals, such as electromyography (EMG), could be integrated into control systems for
detecting the patient’s intention and for assessing the patient’s abilities. One possible imple-
mentation is to use EMG as an indication of the patient’s participation level and make it one of
the inputs to the FLCA controller. For example, one potential idea for integrate EMG into
GAREX’s control system is to use the patient-specific EMG-driven neuromuscular model by

Ma et al [195]. The EMG-driven neuromuscular model allows the patient’s joint torque to be
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calculated in real-time during robotic gait training. This would make system better estimate the

patient’s ability or participating level in order to benefit AAN control development.

The other track of future works is the further system development towards clinical trials or
applications. The current exoskeleton design is still an engineering prototype mainly for con-
ducting research. A few design factors can be modified to implement the applicable require-
ments for clinical trials. When designing the current exoskeleton, it was aimed to build a robust
working system in a short period of time. As a result, the current exoskeleton is not optimal in
terms of weight, durability and user-friendliness. One of the advantages of the PM actuators is
being lightweight and reducing the inertia of the exoskeleton, which thus leads to the increase
in the controlled joint trajectory bandwidth of the robotic system. The current exoskeleton was
designed with flat aluminium parts and machined steel parts for robustness and quick fabrica-
tion, but it also led to a heavy exoskeleton. Hence, the weight of the current design could be

significantly trimmed by careful material selection and design analysis.

In clinical setting, the preparation time for experiments needs to be as quick as possible. Cur-
rently, the exoskeleton has a modular design and can be adjusted to fit anthropometric data of
most of the population. Details about the adjustability have been covered in Section 3.2 and
Section 3.3. However, the adjustments require time-consuming procedures including bolting
and unbolting. Hence, mechanisms that allow easy adjustment are also worth researching in

the future.

To prepare GAREX for clinical trials, it is also necessary to integrate a body weight support
(BWS) system. The BWS system not only ensures the safety and stability of patient during gait
rehabilitation training, but also can be used as means of adjusting assistance level [66]. There-
fore, it is valuable to investigate the cooperation between the GAREX and BWS systems.
GAREX currently has a unilateral exoskeleton. Once the redesign of the hardware system is
completed, GAREX could be extended to a bi-lateral system, which can facilitate gait training

on a larger variety of patients than a unilateral system.

8.3 Publications
This research has generated the following publications with the PhD candidate as the first au-
thor:

153



Journal articles:

Cao, J., Xie, S.Q., Das, R. and Zhu, G.L., 2014. Control strategies for effective robot
assisted gait rehabilitation: the state of art and future prospects. Medical engineering &
physics, 36(12), pp.1555-1566. DOI: 10.1016/j.medengphy.2014.08.005.

Cao, J., Xie, S.Q., and Das, R., 2017. MIMO Sliding Mode Controller for Gait Exo-
skeleton Driven by Pneumatic Muscles. IEEE Transactions on Control Systems Tech-
nology (In press) DOI: 10.1109/TCST.2017.2654424

Cao, J., Zhang, M., McDaid, A. and Xie, S.Q., 2017. Design and control of a compliant
Robotic GAit Rehabilitation EXoskeleton (GAREX), IEEE Transactions on Mecha-

tronics (Under review).

Conference Papers:

Cao, J., Xie, S.Q., Zhang, M. and Das, R., 2014, December. A new dynamic modelling
algorithm for pneumatic muscle actuators. In International Conference on Intelligent
Robotics and Applications (pp. 432-440). Springer International Publishing.

Cao, J., Xie, S.Q., McDaid, A. and Das, R., 2015, August. Sliding Mode Control of an
Exoskeleton Gait Rehabilitation Robot Driven by Pneumatic Muscle Actuators. In
ASME 2015 International Design Engineering Technical Conferences and Computers
and Information in Engineering Conference. American Society of Mechanical Engi-

neers.
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Appendices

Appendix A: Ethics Approval

A-1 Consent Form

CONSENT FOR PARTICIPATION
IN RESEARCH PROJECT

THIS FORM WILL BE HELD FOR A PERIOD OF 6 YEARS

Project title: Design Validation of the Robotic Exoskeleton for Assist-as-needed Gait Reha-
bilitation

Names of Researchers: Shane Xie, Andrew McDaid and Jinghui Cao

e | have read the Participant Information Sheet and understood the nature of the research
and why | have been selected. | have had the opportunity to ask questions and have them
answered to my satisfaction. | understand that the participation is entirely voluntary.

« | agree to take part in this research of a robotic exoskeleton for gait rehabilitation for a
single session up to two hours.

e | understand the commercial sensitivity of the device and that I will not talk to anyone
other than the researchers about the device.

e | understand that there is a possible chance of injury to my leg (stretching muscles, ten-
dons and ligaments) or to my body if the device malfunctions to cause falling. The safety
measures have been explained to me such as the emergency turn off switch and design
safety features. Also that there is a first aid kit in the trial room and a staff member availa-
ble to assist in any medical situations.

e | understand that if a physical injury results from this study, ACC cover and entitlements
are not automatic and my claim will be assessed by ACC in accordance with the Accident
Compensation Act 2001. If my claim is accepted, ACC must inform me of my entitle-
ments, and must help me access those entitlements. Entitlements may include, but not be
limited to, treatment costs, travel costs for rehabilitation, loss of earnings, and/or lump
sum for permanent impairment. Compensation for mental trauma may also be included,
but only if this is incurred as a result of physical injury. There will be no direct compensa-
tion from The University of Auckland to me.

e | agree/ do not agree to be videotaped (cross out what does not apply).
e | understand that I can ask the videotaping to be paused.

e | wish/do not wish the video recordings to be used in publications, thesis and presenta-
tions (cross out what does not apply).
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e | wish/do not wish to have the videotapes destroyed after the completion of the research
(cross out what does not apply).

« lunderstand that | am able to withdraw at any time during the trial. All data will be kept
traceable by coding system linking data to participants until after the deadline for with-
drawing data has expired, so all the data will be removed. The end date for withdraw of
data is 18/07/2018.

« lunderstand that I am not an anonymous participant but in any reports or publications the
findings will be presented in such a way that does not identify me as the source.

« lunderstand that data collected will be securely stored and only the Principal Investigator
or the researchers will be able to access this information.

« lunderstand that data and video recordings will be kept for the duration of the research
project. My data will be deleted after six years. Video files will be stored on hard drives
which only the researchers and supervisor have access to.

« | wish / do not wish to receive a copy of the summary of the results of this trial (cross out
what does not apply). Recipient email address:

Name

Signature Date

APPROVED BY THE UNIVERSITY OF AUCKLAND HUMAN PARTICIPANTS ETHICS
COMMITTEE ON 18/07/2015, FOR 3 YEARS. REFERENCE NUMBER: 014970.
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A-2 Advertising poster

Robotic Exoskeleton Trial Invitation

Dear follow postgraduate student:

You are invited to an evaluation trial of robotic for gait rehabilitation. It
will be a single session trial of up to two hours. In this trial, you will strap
on the lower limb exoskeleton and perform a few passive and active tasks
either sitting on a chair or walking on a treadmill.

Participants’ safety is the priority for us. The researchers have designed
the exoskeleton system with safety as paramount. Our researchers will
keep monitoring during your trial and ensure everything is in the right or-
der.

If you are interested in enjoying the experience of being an “Iron-man”,
please contact the researcher with the below email address. We will send
you more detailed information and arrange a trial time.

Thank you.

Jinghui (Brian) Cao
PhD candidate in mechanical engineering

Email: jcao027@aucklanduni.ac.nz
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A-3 Participant information sheet

PARTICIPANT INFORMATION SHEET
(Participants)
Project Title
Design Validation of the Robotic Exoskeleton for Assist-as-needed Gait Rehabilitation
Researcher Introduction

This research will be conducted by Jinghui Cao who received Bachelor of Engineering with
First Class Honours in Mechatronics and is currently a PhD Candidate in the Department of
Mechanical Engineering. The research is supervised by Prof Shane Xie and co-supervised by
Dr Andrew McDaid, who is a Lecturer, both of the Department of Mechanical Engineering.

Project Description and Invitation

An exoskeleton type of robotic gait rehabilitation device is under development to provide
effective gait training for patients post stroke or spinal cord injury. The development involves
designing and building a robotic gait training exoskeleton, implementing patient’s ability as-
sessment mechanism and automatic control strategies to encourage participants’ voluntary
involvement during training.

In conventional manual body weight support treadmill training, therapists guides the pa-
tient’s impaired leg(s) to achieve designed movements to accomplish the walking task over
the treadmill. In this project, the robotic exoskeleton has been designed and built to automate
the training process. The exoskeleton will drive both hip and knee joints to reproduce leg
movement in the joint space. Novel actuators instead of electric motors will be adopted for
actuation. These actuators will provide soft actuation between the robot and human leg(s) to
ensure no excessive guiding movements applied to the leg(s).

This study on subject without any gait disorder is acting as a validation of concept and design
for the whole research. It is aimed to (1) check wearing comfort of the robotic exoskeleton;
(2) evaluate the gait assessment system for subject’s level of participation; (3) test the devel-
oped robot control strategies.

You are invited to participate in this research by carrying out a series of exercises with a pro-
totype of the robotic gait rehabilitation device. Potential participants in this research are in-
dividuals who are over the age of 16 and have no gait disorder or other disabilities.

As a participant, you will be shown the experimental setup and the operation of the prototype
prior to your commitment to participation in this research. Your identity will be kept confi-
dential from third parties.

Project Procedures

You will only be required to take part in one session to help the research team test the devel-
oped rehabilitation device and control strategies. The duration of the session is expected to
span approximately two hours or less. The experimental trials will be carried out in the Mech-
atronics Laboratory (Research) at the University of Auckland.
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Before the experimental trial begins, you will be given an explanation of the operation of the
robotic devices, in particular the implemented safety features to allow termination of the
robot operation should an emergency situation arise. A brief demonstration of the prototype
rehabilitation device will also be given. Your age, gender, body height and weight, dimensions
of lower limb segments will also be collected for future data analysis.

After the briefing and collection of your information (age, gender, height, weight, dimensions
of the lower limb), one of your lower limbs will be strapped in place to the prototype device.
During the experimental trial, you firstly will be asked to sit on a chair with the exoskeleton
strapped on. The exoskeletons will perform exercise to your knee joint by guiding your shank
to move in desired trajectory. Secondly you will be asked to actively walk at a self-selected
speed with the exoskeleton unactuated on a treadmill. The sensors will record both kinematic
and kinetic information. In the third part of the session, you will need to walk passively with
the guidance of the exoskeleton device in a speed selected by the researcher(s). During this
part of the trial, you should relax the limb with the exoskeleton strapped on the robotic device
and allow the robot to move your limb along a predefined motion path. During this time,
sensor based information will be also be logged. Furthermore, you will be required to move
your leg actively with the guidance of the exoskeleton. In this step, the robotic exoskeleton
will perform in the same way as the last step and you are encouraged to actively participate
in the test by moving your leg to follow the predefined robotic movement. A number of sen-
sors will be utilized throughout the process of the trial, including force, position pressure sen-
sors and possibly surface electromyography (EMG) sensors. None of these sensors will be in-
vasive as they attached to the exoskeleton or body surface only. Cameras and/or motion cap-
ture system may also be used to collect relative information. After the trial, a questionnaire
will be presented to you to evaluate your experience of the experimental session.

During the session, should the level of discomfort exceed that of your liking, you can termi-
nate the experimental trial by either indicating to the researcher or by using the emergency
stop button provided.

Data Storage/ Retention/ Destruction/ Future Use

Data will be recorded during the trials via computer, including the measurements of: position,
velocity and acceleration of the leg movements and interaction forces between the leg and
exoskeleton, as well as the history of EMG. Video of the participant trials will be recorded and
a questionnaire will be used at the end to evaluate the trial. Additionally, your age, gender
and body weight will also be recorded. All such data will be stored electronically on a hard
drive of a computer. The computer will be password protected and located in a key accessed.
The data will be stored in such a way that a third party will not be able to identify you through
the information stored on the data file. The information collected will be kept for a period of
up to six years as reference for current and possibly future research, which include, but not
limited to presentations, conference and journal papers, theses, and device calibration. When
no longer required, such data files will be destroyed through permanent deletion.

Right to Withdraw from Participation

If the participants are not comfortable with the data collected, they can request to withdraw
the data within one week from the end of the participation. The end date of data withdraw
is 18/07/2018.
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All data collected will be viewable for the participant for 24 hours after the trial, if he/she
desire to do so. The participant can request to withdraw any data that they feel uncomforta-
ble with the recorded data at that time. After which the data will only be available to the
researcher and supervisors.

Use of Audio, Electronic or Other Media

Video recordings of the trial will be recorded, but the participant is able to request that the
recording is to be stopped at any time during the trial.

The participant can review the video recording at the end and within 24 hours of the trial and
request any editing that needs to be done for their satisfaction. After which only the re-
searcher and supervisors are able to view the video. The video data will be used to improve
the design and tuning the device for better results. The video recordings can also be used in
publications, theses and presentations. However, participants can choose the video not to be
used for these purposes.

Due to the commercial sensitivity of the gait rehabilitation platform, you will not be offered
to a copy of the videos recorded.

Anonymity and Confidentiality

Your identity will be kept confidential from all third parties. If the data collected is used in
publications, you will be referred to using a generic identifier such as “participant A”.

As videos or photographs recorded will contain items of clothing you are wearing at the time
of the trial, anonymity may not be guaranteed. However, recordings will be performed in the
manner as to minimise the risk of identification.

During the experiment your name will not be recorded. Instead a coding system (RGLOOO —
RGL999) will be used to linked experimental data and the questionnaire to a specific partici-
pant.

Distress and Discomfort

The robotic exoskeleton is designed with safety as paramount. In terms of hardware, mechan-
ical stopping features have been designed to prevent hyper-extend of lower limb joints; stop
buttons are accessible to both participants and researchers. Once a stop button is pressed,
the actuation will be immediately terminated from various stages of the system in case of the
malfunction of some part of the system. In terms of software, the designed user interface
enables the researcher to real-time monitor the operation of the system to ensure everything
isin the right order. Kinematic and forces parameter is also monitored by the software; should
any parametric threshold is exceeded, the software will de-activate the actuators of the robot.

If the participant shows any distress or discomfort, the trial can be stopped immediately, until
participant is willing to continue. The participant will have the access to an emergency shut
off switch which allows immediate termination of the experiment should the participant be-
comes uncomfortable with the trial. If participant is unwilling to continue then the trial will
be cancelled. The participants have the right to withdraw at any time during the trial. The
researchers (supervisors and students) and physiotherapist will try to sort any discomfort with
the device out. A first aid kit will be in the room while the trial is taking place.
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Adverse Consequences and Compensation for Injury

Although many safety measures have been placed such as the emergency turn off switch and
other designed safety features, there is still a possible chance of injury to participant’s leg
(stretching muscles, tendons and ligaments) or to their body if the device malfunctions to
cause falling of the participant.

If physical injury results from your participation in this study, you should visit a treatment
provider to make a claim to ACC as soon as possible. ACC covers and entitlements are not
automatic and your claim will be assessed by ACC in accordance with the Accident Compen-
sation Act 2001. If your claim is accepted, ACC must inform you of your entitlements, and
must help you access those entitlements. Entitlements may include, but not be limited to,
treatment costs, travel costs for rehabilitation, loss of earnings, and/or lump sum for perma-
nent impairment. Compensation for mental trauma may also be included, but only if this is
incurred as a result of physical injury. There will be no direct compensation from The Univer-
sity of Auckland to you.

Commercial sensitivity

There is a possibility that the developed gait rehabilitation device will be commercialized. As
a result, you are asked not to talk about the device and the experiment to anyone other than
the researcher and supervisors.

Closing Statement

If there is anything that you would like to discuss please contact one of the following

Researcher Supervisor

Jinghui Cao Prof. Shane Xie

Email: jcao027@aucklanduni.ac.nz Email: s.xie@auckland.ac.nz
Phone: (09) 373-7599 extn. 87555 Phone: (09) 373-7599 extn. 88143
Co-supervisor Head of Department

Dr. Andrew McDaid Prof. Brian Mace

Email: andrew.mcdaid@auckland.ac.nz Email: b.mace@auckland.ac.nz
Phone: +64 9 923 1898 Phone: (09) 373-7599 extn. 88148

For any concerns regarding ethical issue, you may contact the Chair, University of Auckland Human
Participants Ethics Committee, The University of Auckland, Research Office, Private Bag, 92019, Auck-
land, 1142. Phone: (09)373 7599 ext.83711; email ro-ethics@auckland.ac.nz
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A-4 Questionnaire

Questionnaire for “Design Validation of the Robotic Exoskel-

eton for Assist-as-needed Gait Rehabilitation”
Participant identifier RGL-

Question 1 | experienced discomfort during the trial.
Strongly disagree 1...2...3...4...5... 6 Strongly agree

Question 2 | feel safe during the trial.

Strongly disagree 1...2...3...4...5... 6 Strongly agree

Question 3 | still have freedom during the passive training. (Robot guiding train-
ing)

Strongly disagree 1...2...3...4...5... 6 Strongly agree

Question 4 The robot is not limiting my walking during the free walking trial.
(Robotic is not guiding)

Strongly disagree 1...2...3...4...5... 6 Strongly agree
Question 5  The device looks attractive.

Strongly disagree 1...2...3...4...5... 6 Strongly agree
Question 6  The device was noisy.

Strongly disagree 1...2...3...4...5... 6 Strongly agree
Question 7 My hip movements are not obstructed during the trial.

Strongly disagree 1...2...3...4...5... 6 Strongly agree

Question 8 The device is not obstructing my upper limbs’ movements during the
trial.

Strongly disagree 1...2...3...4...5... 6 Strongly agree
Question 9 | believe train with this device will be interesting.
Strongly disagree 1...2...3...4...5... 6 Strongly agree

Question 10 My overall impression of this device is

Very negative 1...2...3...4...5... 6 Very positive
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Comments:
Issues that you had with the device during the trial

Potential issues that you believe could arise?

What would you suggest to improve?

Other comments on the device

APPROVEDBY THE UNIVERSITY OF AUCKLAND HUMAN PARTICIPANTS ETHICS COMMITTEE
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