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Abstract

Over the years, a significant rise in neurological disorders has been observed for
different age groups, such as stroke, spinal cord injury (SCI), and cerebral palsy
(CP). Many pediatric subjects face dyskinesia and muscle atrophy in their lower
limbs. In the last few years, the proliferation of exoskeleton technology has en-
abled the therapy process to be less cumbersome and more sustainable. However,
there are minimal exoskeleton devices available for pediatric gait rehabilitation.
Moreover, the control design to achieve the desired gait training in different ther-
apy modes is still open to research and a benchmark problem statement due to
significant parametric perturbations and external disturbances (PPED) in pedi-
atric exoskeleton systems. Therefore, this thesis proposes a few robust control
schemes for a newly designed pediatric exoskeleton in passive- and active-assist

rehabilitation mode.

Primarily, the design and prototype development of a 6-DOFs (3-DOF /limb) low-
cost stand-aided hip-knee-ankle foot exoskeleton is carried out for pediatric gait
rehabilitation in two phases. In first phase, the athropometric parameters of five
healthy pediatric participants (8-12 years, 25-40kg, 115-125cm) are considered to
design and model the preliminary version (LLESwv1) of the gait exoskeleton. There-
after, in second phase, considering the athropometric parameters of 11 healthy
participants (8-12 years, 25-40kg, 128-132cm), the previous version is modified
(LLESv2) for better structural strength, actuators’ placement, adaptability, and
maneuverability. The maximum joint’s range of motion (ROM) for the exoskele-
ton systems is estimated using a NI-LabView motion capture setup. The static
structural analysis for both designs are carried out for reaction period and double
support phase over a gait cycle. Invoking Euler-Lagrange principle, the dynamic
modeling is derived for passive-assist and active-assist training mode. The proof-
of-concept prototype for both versions are presented with required actuators’ for

hip, and knee, and ankle joint.

Two intelligent controllers, i.e., robust LQR~based neural fuzzy (RLQR-NF) and
Neural-Fuzzy compensated PID (NF-CPID) control schemes, are investigated for
the passive-assist gait tracking of the coupled human-exoskeleton system. In first
study, a robust dataset based on LQR gain and output is formed by perturbing
the masses of coupled system and a NF architecture is trained with the dataset in
offline mode. In another study, an online adaptation of NF weights are considered

to compensate both the parametric uncertainties and external disturbances which

TH-2968_176103009



are unaccounted by conventional PID control. The initial values of weights in on-
line mode are found using an inverse model based offline trained NF architecture.
The stability of the NF-CPID control scheme is ensured using the Lyapunov the-
ory. The RLQR-NF outperforms the another robust control named exponential
reaching law-based sliding mode control for passive-assist gait tracking. The sim-
ulation runs show that NF-CPID has outperformed the RLQR-NF against PPED
and unperformed against the PP only. The experiments with the proposed control

schemes are carried out with a child dummy coupled to LLESv1.

To avoid the computational complexity of selecting NF hyperparameters and im-
prove the gait tracking, a robust adaptive backstepping (RABS) control is pro-
posed to dealt the presence of PPED. The well-known problem of ’overparameter-
ization” and the ’explosion of terms’ are avoided through the implicit Lyapunov-
based design of RABS. The simulation results are compared with NF-CPID and
found to be promising in passive-assit gait tracking against PPED. The experimen-
tal validations are also carried out for a pediatric subject with GMFCS-Level 111
coupled to LLESv2 which confirms the robustness of the proposed RABS control.

Furthermore, an adaptive backstepping sliding mode-based subject cooperative
control (ABSM-SCC) is proposed to include the subject-exoskeleton interaction
during active-assist gait training. A neural-fuzzy-based variable admittance con-
trol (VAC) is designed to incorporate a realistic subject-exoskeleton interaction
and consider the active participation of the subject. A robust ABSM control
with rapid reaching law (RRL) is utilized to deal with parametric uncertainties
and external disturbances. The stability of the proposed position control is ad-
dressed using Lyapunov theory. The effectiveness of the proposed cooperative
control scheme is compared with an adaptive backstepping-fixed admittance con-
trol (AB-FAC) for two different therapeutic cases, i.e., regular active-assist mode
and active-assist mode with the effect of sudden reflex. Based on the several sim-
ulation runs, the proposed cooperative controller has shown a promising tracking

behavior, appropriate safe and compliant interaction, in active-assist gait training.

The ABSM-SCC is further extended for finite-time and fast convergence of er-
ror states by presenting an adaptive backstepping integral-aided singularity-free
fast terminal sliding mode-based subject cooperative control (ABISFFTSM-SCC).
Reducing the computational complexity, a fixed admittance model has been con-
sidered in the outer loop control to regulate the interaction forces. The sliding
function has shown the potential of proposed cooperative control to converge the

error states in finite-time as compared to ABSM-SCC.
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Chapter 1

Introduction

1.1 Background

Mobility is one of the most fundamental and vital characteristics of human beings
which allows them to perform activities of daily living (ADLSs) at an independent
level. Human locomotion is defined as the ability to utilize and regulate body
movements based on the interaction between neuromuscular and musculoskeletal
systems [1]. Any disparity from the natural body movements may lead to mobility
disorder and hamper the different ADLs such as sitting, standing, walking, and
running. Around one billion individuals (15% of the total population) across the
globe are experiencing some form of disabilities like muscle weakness, partial or
full paralysis, and loss of assistance in the lower extremities [2]. As age increases,
aggravating muscle weakness and nerve-related issues lead to major prolonged
chronic diseases, viz., stroke and spinal cord injury. As reported by World Health
Organization [3], Stroke is found to be the second principal reason for the death
of more than 5 million people during 2000-2016 and the third leading source of
disability worldwide. Spinal Cord Injury (SCI) is another severely disabling disease
that affects the sensory, motor, and autonomic functions of patients. The incidence
of non-traumatic spinal cord injury in developed countries is higher than that of
traumatic spinal cord injury, with a rate of 9.3 per million inhabitants per year [4].
On the other hand, abnormal damage, considered as pediatric stroke, to the brain
of the child in the womb or just after birth leads to cerebral palsy (CP). The
stroke incidence for the pediatric group is recorded as 2.5-13 per 100,000/year [5].
In a recent study by Chauhan et al. [6], the prevalence of CP per 1000 children
in India was recorded as 2.95. Kopyta et al. [7] found in a study that arterial
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ischemic stroke (AIS) is more prevalent in male children and adolescents rather

than female ones as shown in Figure 1.1.

109 B Females
- Males
80
e 61.3%
60 53.7%

50 46.3%
40 38.7%
30
20
10
0
Children Adolescents
(3-11 years) (12-18 years)

FIGURE 1.1: Gender-based AIS distribution for pediatric age group [7]

1.2 Motivation

Many people suffering from stroke, SCI, and CP experience dyskinesia in their
lower limbs as a result of partial or complete paralytic conditions and feel in-
capable to move from one place to another without any external assistance. For
motion assistance and augmenting mobility, various conventional means have been
extensively exploited for more than three decades such as wheelchairs, supporting
canes, and stands. However, the conventional approaches have some limitations
such as limited mobility, additional in-person assistance, and more dependency on
physical therapists for limb rehabilitation. Nowadays, more teenagers start using
wheelchairs at an early age and they become dependent on them throughout their
growth. This engenders the long sitting associated problems that worsen their
physical capabilities and brings more complications such as bowel and bladder
issues, respiratory difficulties, obesity, and upper body muscle fatigue/weakness.
Moreover, the use of wheelchairs at an early age has bad implications for their
mental health due to the absence of eye-to-eye communication, and reduced self-
acceptance. Most of the patients are recommended to practice manual physical
rehabilitation to improve their motor functions and minimize the onset of sec-
ondary injuries. It has been shown that motor function of the lower limbs can
be significantly improved using the appropriate and repetitive process of rehabil-

itation training carried out by physical therapists [8,9]. However, as the cases of
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patients are increasing, the manual process becomes cumbersome, involves skilled
labor, delivers less sustainability, and brings fatigue to the therapists. Moreover,
the significant benefits of manual therapy get lost if ever the process is withdrawn
for a short period of time [10]. Therefore, to address the limitations of conven-
tional methods, the proliferation of exoskeleton technology has been observed for
the lower-limb rehabilitation [11-15]

The present work dedicates to the design of robust control schemes for pediatric
gait exoskeletons in different rehabilitation modes. To understand the control ar-
chitecture required for pediatric exoskeletons, an in-depth study of the existing
exoskeleton systems is required. A great deal of work has been done to demon-
strate the effectiveness of robotic exoskeletons compared with manual therapy in
patients suffering from neurological disorders. The robotic equipment for gait
training, termed as lower limb exoskeleton, is formed with an external structure
that supports and encompasses the majority of the human’s lower extremity. The
gait exoskeleton system is an active mechanical wearable device that is anthropo-
morphic in nature to support the lower-body [16]. The significant feature of the
exoskeleton device is that the anatomy of the human limb maps very closely with

the kinematic of the device.

In late 1960, two researcher groups from the United States and Yugoslavia had
started the first study about the lower limb exoskeleton systems to provide mo-
tion assistance in the field of military and rehabilitation purposes, respectively [17].
Thereafter, the research on exoskeleton systems has been started with distinct me-
chanical structures, actuators, and control interfaces. In 2008, Dollar and Herr [17]
summarized the design of the actuation mode, hardware, sensory, and different
control strategies for the exoskeleton systems. In another work, Herr [18] clas-
sified the exoskeleton systems based on parallel and series arrangement with the
human lower limb. These exoskeletons exhibited a physical and cognitive interface
with the individuals by providing movement support and received the user mobility
information [19]. The exoskeleton systems are mainly used for various applications
by strengthening the weak muscle of the user to recover the locomotion capability.
Some systems like Berkeley Lower Extremity Exoskeleton (BLEEX) [20], Sarcos
Exoskeleton [21], MIT Exoskeleton [22] is used for the power augmentation of
the healthy people to carry heavy loads. The exoskeleton systems are engaged
in providing further capacity for walking and climbing stairs for elderly people
(Cyberdyne’s hybrid assistive limb exoskeleton [23], Wearable Walking Helper
(WWH) [24]). Lower Extremity Powered Exoskeleton (LOPES) [25] are used

for rehabilitation purposes by physiotherapists to avoid repetitive work for a long
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time. Some other exoskeletons, for example, ANKUR-LL II [26], ATLAS [27],
ExoRoboWalker [28] are used for the paraplegic or quadriplegic subjects to assist

in the locomotion.

There are a very limited number of exoskeleton systems available for pediatric
rehabilitation. Therefore, the design and related implications of such exoskeleton
systems are a very crucial and exciting topic to explore for the benefits of motion
assistance and gait rehabilitation of the pediatric age group. The following Section
1.3 presents the detailed literature of locomotion diseases, biomechanics of human
gait, and state-of-the-art gait exoskeleton systems. The design, actuation methods,
control scheme, and development stages are extensively reviewed, with a focus
on pediatric gait exoskeletons. Based on the review, potential research gaps are
identified in Section 1.4 which motivates to carry out the present research work.
Thereafter, the objectives of the present work are enlisted in Section 1.5 Finally,

the organization of the complete thesis work is outlined in Section 1.6.

1.3 Literature Review

This section presents the state-of-the-art research available related to the lower-
limb exoskeleton systems. At first, locomotion diseases and biomechanics of human
gait are explained. Thereafter, the design, actuation methods, control scheme,
and development details of the lower-limb exoskeleton systems are extensively

presented.

1.3.1 Locomotion diseases

The lower-limb impairment is caused by damage to the nervous system after an
illness or a shock. Figure 1.2 shows the most common diseases for different age
groups which cause mobility disorders. Diseases can be primarily categorized as
accidental ones and congenital diseases. The first category is represented by SCI
and Stroke, and the second category includes CP and Muscular dystrophy. In the
forthcoming sections, a brief description of these diseases is given which includes a
general definition, the physical symptoms which affect the lower limb, the impact
of the disease, the rehabilitation management methods, and the rehabilitation

costs.

Stroke
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Locomotion Diseases

Accidental Congenital

FIGURE 1.2: Classification of the mobility diseases

Stroke is a loss of brain function due to a block in the blood vessels. When this
occurs, the affected person usually has one or more limbs paralyzed on one side
of the body because the contralateral affected area on the brain can no longer
function. Stroke causes a greater range of disabilities than any other condition
and can affect lower limbs in most of cases [29]. For stroke survivors, it often
requires long-term rehabilitation before can regain their independence while some

of them never fully recover.
Spinal Cord Injury

A spinal cord injury represents damage to any part of the spinal cord or nerves
at the end of the spinal canal. It can cause permanent changes to different body
extremities depending upon the location of the injury. Spinal cord injuries are
classified into a number of levels [30]. The first one is the primary level of the
injury. It is classified as tetraplegia or quadriplegia which affects the arms and
legs and paraplegia where the injury affects only the lower body. Secondary-level
injuries include bed sores, spasticity, respiratory dysfunction, osteoporosis, and
pressure ulcers. It is very frequent among adolescents and young adults rather

than pediatric groups [31].
Cerebral Palsy

Cerebral palsy ”CP” is caused by damage that occurs to the immature, developing
brain most often before birth or in early childhood [32]. People suffering from
cerebral palsy may suffer a reduced range of motion at various joints of their
bodies due to muscle stiffness. Since CP is a heterogeneous condition rather than
a single disease, a group of classification systems is required to better understand
the interventions; motor type, topography, gross motor function, and gait patterns
(33, 34].
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Based on motor-type, the CP is further sub-classified as spastic, dyskinetic, ataxic,
and hybrid [35]. In the case of spastic motor type, the subject shows the symptoms
of tight leg muscles (hypertonia) that lead to the toe-walk. The dyskinetic CP is
characterized by unwanted and erratic gait postures. The ataxic type manifests
the loss of muscular coordination and leads to abnormal motions. The hybrid one
is the combination of all three types. Around 30% of CP-affected children show
a heterogeneous behavior of motor-type disorders. The hybrid motor-types are

more complex to analyze as compared to the classical ones [35].

Following the topographical distribution shown in Figure 1.3, Surveillance of Cere-
bral Palsy in Europe (SCPE) has divided CP into two categories [36,37]: first one,
Unilateral where either side of the body is impaired (monoplegia and hemiplegia)
and the second one, Bilateral where both sides of the body are impaired (diple-
gia, tetraplegia, and quadriplegia). In most of the bilateral cases, the lower-limbs
are more majorly affected than the upper limbs [38]. Moreover, motor-type and

topographical classifications are very generic and show low reliability [35].

Unilateral Bilateral

A A

Monoplegia Hemiplegia Paraplegia Quadriplegia

FiGure 1.3: Types of CP based on topographical distribution

A benchmark and fairly reliable classification system are Gross Motor Function
Classification System (GMFCS) where the CP subjects are divided into five levels
depending on their gross motor capabilities [39]. It is defined as the investigation
of self-procured movement with specific attention on sitting and walking activities.
As shown in Figure 1.4, different levels can be classified as: Level I where subjects

can walk without restriction while having some impairments in advanced gross
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motor abilities; Level II where subjects can walk without mobility devices while
having some restraints on walking in the open area; Level III individuals can
walk with mobility devices while having some restraints on walking in the open
community area; Level IV where subjects with mild restrictions are transported to
the outdoors using self-assisted power mobility devices. Finally, individuals with
Level V manifest severe mobility impairments and transport to the outdoors using
assistant-driven mobility devices. The available literature on Robotic-assisted gait
training (RAGT) in pediatric participants shows that gait therapy generally starts
after age five [40].

ik jk

GMFCS Level-l GMFCS Level-ll
‘ ~
O L
GMFCS Level-lll GMFCS Level-IV

§ 1%,

GMFCS Level-V

FIGURE 1.4: GMFCS levels

TH-2968_176103009



Chapter 1. Introduction 8

Typical gait patterns in CP can be divided into spastic hemiplegia and spastic
diplegia [41,42]. The spastic hemiplegia can be further divided into four groups
based on the gait kinematics of the drop foot and equinus with different knee
positions. On the other hand, spastic diplegia can be categorized into four main
groups, i.e., true equinus, jump, apparent equinus, and crouch, depending upon

the kinematics of pelvis, hip, knee, and ankle [41,42].
Muscular Dystrophy

Muscular dystrophies (MD) represent a group of several genetic diseases marked
by a progressive deficiency of the skeletal muscles that generate human movement.
Some types of MD can be detected in childhood, while others can be delayed to
middle age or later. The disorders vary according to the distribution of muscle
weakness, rate of progression, and age of onset. The different types of muscular

dystrophies are explained in [43].

1.3.2 Biomechanics of human gait

Exoskeleton systems can be considered wearable robotic devices that envelop the
human body to provide mobility assistance. The interaction between the human
body and the device should be cooperative to avoid discomfort to the user. The
kinematic design of lower limb exoskeleton systems depends on the biomechanics
of the human walking gait pattern. The gait cycle is defined as the time elapsed
between two similar events performed by a leg during a normal walk. The five
crucial events covered by each foot over a gait cycle are Initial heel strike (IHS),
Heel rise (HR), Toe off (TO), Feet adjacent (FA) and End heel strike (EHS) . The
foot position at the state of EHS is similar to the state of IHS with an interval of a
gait cycle. The complete gait cycle is segmented into four phases, i.e., mid-stance,
terminal stance, initial swing, and terminal swing [44]. The former two form a
stance phase where some part of the foot is always shared with the ground and
the latter two establish a swing phase where the foot remains in the air. The stance
phase covers approximately 60% of the gait cycle. The model of human walking
with relevant phases and events is shown in Figure 1.5. The other distinguishing
attributes of human walking are cycle time, cadence, stride length, and walking
speed. The distance covered between the initial heel strike (IHS) to the end heel
strike (EHS) by the same leg over a gait cycle is called as stride length. The time
duration involved in a gait cycle is known as cycle time, usually referred in seconds.

The number of steps indulged per unit of time is expressed as the cadence, having

TH-2968_176103009



Chapter 1. Introduction 9

a unit of time in minutes. A measure of a half-gait cycle is, generally, termed
cadence. The linear distance covered by the human body in a provided unit of
time is defined as the walking speed, denoted in metres/seconds. The stride length

and cycle time are measurable for every subject during the gait experiment.

(
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FIGURE 1.5: Gait pattern of normal human gait. (R- Right Leg, L- Left Leg

Additionally, the biomechanics aspect of the human lower limb should be pre-
cisely considered for the effective design of exoskeleton systems. In general, the
human leg configuration consists of seven degrees of freedoms (DOFs) structure
in each leg, i.e., three rotational DOFs at the hip, one at the knee and three at
the ankle, as shown in Figure 1.6. The movements of the hip joint with three
DOFs are abduction/adduction (a/a), flexion/extension (f/e) and hip intra/extra
rotation (i/e), as shown in Figure 1.6(a). The movement of the knee joint with
a single DOF is mentioned as flexion/extension (f/e) in Fig. Figure 1.6(b). The
movements of the ankle joint with 3-DOF's are referred to as abduction/adduction
(a/a), dorsi/planter flexion (d/p) and ankle inversion/eversion in Figure 1.6(c).
These motions are stated repeatedly in the literature to describe the design of the

mechanical structure of the available exoskeleton systems.

To perform gait analysis, model-dependent and model-independent approaches
have been used in the literature [45]. Model-dependent approaches utilize the
‘stick-figure” model to reconstruct the human gait over a gait cycle. These ap-

proaches extract kinematic and spatiotemporal parameters viz., gait sequence,
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Flexion

Extension

Extension

FIGURE 1.6: Joint movements of the lower limb (a) hip abduction/adduction

(a/a), intra/extra rotation (i/e) and flexion/extension (f/e), (b) knee flexion/ex-

tension (f/e), (c) ankle dorsi/planter flexion (d/p), abduction/adduction (a/a),
and ankle inversion/eversion (i/e)

single stance, double stance, stride length, cadence, length of body parts and joint
angles of rigid body parts, based on predefined gait theory fundamentals. The
characteristics feature of being view and scale-invariant makes these approaches
suitable for real-life scenarios. However, these methods are quite cumbersome,
computationally expensive and less efficient in practice than model-independent
ones. Model-independent approaches rely on silhouette, a two-dimensional (2D)
set of image attributes, extracted from a human body. They provide efficient
results even for silhouettes having low-quality datasets. Therefore, they are con-
sidered to be computationally inexpensive approaches in comparison with model-
dependent ones. However, the sensitiveness towards viewpoint and scale is a signif-
icant drawback of these approaches. All these approaches utilize the 2D dataset
mostly as achieving the information for the third dimension is quite expensive.
However, with the recent advancement of depth sensors like RGB-D, many efforts
have been made to improvise the conventional model-independent approaches for

gait identification in 3D.

Microsoft Kinect is an affordable device with an RGB camera and depth sensor, to
track human joint movements using 3D skeletal image information [46]. Moreover,
Haggag et al. [47] found that the Kinect along with the software development kit
(SDK) is capable enough of establishing the joint centers, starting from hip joints
and further extending to the head along with extremities, without any initial ad-
justments. Kinect has proven its worth for assessing posture control and standing

balance, specifically in gross motor tasks [48]. Tanaka et al. [49] reported that hip
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and knee joint angles evaluation using Kinect are found to be in strong correlation
with the traditional marker-based setup during 20% - 60% of the gait cycle. In a
recent study by Ma et al. [50] on the assessment of gait kinematic parameters for
children with Cerebral Palsy, the Kinect v2 system is found to be reliable after a
few calibrations as compared to traditional motion capture setup. They utilized
the linear regression and long short-term memory (LSTM) neural network method
to calibrate the Kinect-based joint angles for ten subjects. After calibration, the
measurement inaccuracies of the range of motion (ROM) for every joint are im-
proved. Few studies on gait recognition using Kinect are focused on treadmill
walking rather than overground walking, leading to the disparity between visual

pattern and actual movement pattern [51,52].

Rodrigues et al. [53], in another recent study, proposed a low-cost 3D markerless
motion capture (MOCAP) setup based on inertial sensors and Kinect cameras to
assess the healthy human gait. They experimented with eight healthy subjects
and found better results when compared with the VICON motion capture system.
Roy et al. [54] presented the 3D gait analysis using a multi-camera system where
optical-based passive markers are positioned to the different locations of the human
lower limb. Moreover, force plates are used to estimate the kinetic parameters of
the lower leg. Regazzoni et al. [55] investigated the effectiveness of the markerless
MOCAP system towards clinical gait analysis after hip replacement. In a work
by Chen et al. [56], using a MOCAP system having 17 inertial measurement units
(IMUs), a preliminary test was carried out to estimate the reference trajectories
of the hip and knee joints of healthy subjects in the sit-to-stand motion. Liu
et al. [57] used LSTM techniques to map the gait features with gait trajectories
validated by healthy participants to design a lower limb exoskeleton for knee joint
rehabilitation. In a lower-limb exoskeleton design by Kim et al. [58], the flow
parameters of the hydraulic actuator were decided using a gait analysis based on
a MOCAP setup. Fournier et al. [59] exploited the CAREN Extended MOCAP
system to estimate the gait analysis of healthy individuals at four slow speeds,
which was further used as input parameters in the modeling of a lower extremity-
powered exoskeleton. Sahoo et al. [60] carried out the real-time estimation of
actual and early gait events during overground walking using a rule-based design
where IMU sensors are used for detecting joint spatiotemporal parameters. In
another work by Sahoo et al. [61], a neuro-fuzzy approach is used to estimate the

step length for direct modulation of joint torques to walk comfortably.
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1.3.3 Lower-limb exoskeleton: state-of-the-art

Generally, the exoskeleton systems have been developed by researchers to provide
additional support to the different joints of the human lower limb. The main fo-
cus of these systems is to achieve freedom of movement for paraplegic people by
aiding additional locomotion strength to the joints. In this subsection, lower-limb
exoskeleton systems are categorized into single-joint and multijoint exoskeletons
based on their actuated joints [11] as shwon in Figure 1.7. For each exoskele-
ton, available information regarding the mechanical design, actuator type, con-
trol strategy, and clinical developments has been delivered. Although this thesis
presents some well-known gait exoskeleton robots for different age groups suffering
with neurological disorders; the focus is kept on the available pediatric exoskele-
ton systems. Table 1.1 presents the details of the mechanical design of pediatric

lower-limb exoskeleton systems.

1.3.3.1 Mechanical design and description

System configuration and parameters

Hip exoskeletons: Lower Extremity Powered Exoskeleton (LOPES) [25] and
Active Leg Exoskeleton (ALEX II) [62-64] are the treadmill mounted robotic
exoskeletons with the active hip joint. The other joints of the lower extremity are
passive in nature. Although LOPES has been actuated for the hip f/e, a/a and
knee f/e; however, only hip joint followed the protocol given by Ronsse et al. [65].
The location of both abduction axes relative to each other (pelvis width), and the
location of the hip axis relative to the knee axis (thigh length) are adjustable to
suit the anthropometric parameters of each patient. ALEX II is used as a hip f/e
exoskeleton device and is majorly based on hip joint characteristics. Lewis and
Ferris [66] designed an exoskeleton that comprises of a pelvic part and thigh cuffs
attached to the hip joint for f/e motions. It is actuated by a pair of pneumatic
muscles placed on the lateral side, which provides passive a/a. Active pelvis
orthosis (APO) developed by d’Elia et al. [67] is another hip joint exoskeleton to
assist the hip f/e movement with a minimum effect on the physiological human
kinematics. Junius et al. [68] designed a hip exoskeleton that has six DOFs with
hip f/e, a/a, and i/e rotation. The exoskeleton assembly includes a misalignment
compensation mechanism with a parallel spring arrangement for two hip joints
and torso and thigh braces. The design of the hip exoskeleton was based on the

parallel axis theorem which ensures that any rotation around a biological axis is
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FIGURE 1.7: Classifications of joint-based lower-limb exoskeleton systems [11]

identical to a rotation around the corresponding exoskeleton axis if a translation

of the exoskeleton axis in the plane perpendicular to it is allowed.

Knee exoskeletons: Fleischer and Hommel [69] developed a mono-lateral knee
exoskeleton with knee f/e movement using a linear actuator. Ollinger et al. [70]
designed a single DOFs knee joint to improve the leg-swing motion for elderly
persons. A pneumatic actuated knee exoskeleton has been proposed by Kim et
al. [71] with two pneumatic artificial muscle actuators (PAMs) which mimic the
functions of rectus and biceps femoris muscles. In a recent work, Exoskeleton Intel-

ligently Communicating and Sensitive to Intention (EICoSI) has been developed
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as the active knee exoskeleton where the mechanical part and the actuator are
kept onto one part of the device and the torque produced in the knee joint infers
the motions from another part [72]. The shank parameters are estimated using
the weighted least square optimization method. The mass and center of gravity
of the shank are identified using Winter’s work, provided the anthropometric pa-
rameters of the subject. The other parameters are considered after conducting the
passive pendulum test. Khamar et al. [73] presented a knee exoskeleton based on
the four-bar mechanism added with a curved segment. Considering shank angle,
the precision points for the linkage bar are selected using an approximate syn-
thesis method. Lerner et al. [74] and Yamada et al. [75] proposed two different
knee exoskeletons in 2016 and 2018, respectively, to augment the knee extension
for children affected with crouch gait. In 2018, Chen et al. [76] designed another
knee exoskeleton (P-REX) to assist the CP-affected pediatric group outside of
clinical settings. Washabaugh et al. [77] designed a lightweight and affordable
wearable brace to provide resistive knee joint torque at different levels for stroke,
SCI, and CP-affected individuals. In another work by Mohd Adib et al. [78], a
low-cost device named exoskeleton robotic leg (ExRoLEG) is proposed to expedite
the therapeutic training of CP individuals. The device mainly comprises metals,

leading to a total weight of about 4 kg/leg.

Ankle-foot exoskeleton: Kao et al. [79] developed an ankle foot orthosis (AFO)
for in-lab studies in the University of Michigan using two PAMs and analyzed
the ankle d/p motion. Kim et al. [80] designed another AFO to provide ankle
plantar flexion motion for elderly people, which comprises of a basic single DOF
exoskeleton and an artificial pneumatic actuator. Malcolm et al. [81] developed
an AFO with pneumatic muscles to study the effects of an active AFO for human
movements. Chen et al. [82] proposed a 3-DOFs robotic device for ankle-foot
rehabilitation. AssistOn-Ankle, designed by Erdogan et al. [83] is a reconfigurable
Bowden cable-based series-elastic actuated exoskeleton for ankle movements to
support both range of motion (ROM) /strengthening and balance/proprioception
exercises. An underactuated 3UPS parallel mechanism was selected as the main
kinematic configuration of the exoskeleton. Lerner at al. [84] designed a wireless
reconfigurable ankle-foot exoskeleton in 2018 to lessen the metabolic expenditure

of transfer during walking in CP-affected children and young adults.

Trunk-hip-knee-ankle-foot (THKAF) exoskeleton: The THKAF exoskele-
ton systems are mainly used for patients who require more stability of the trunk
and hip in the lower extremity. Long et al. [93] designed an electrically actuated

lower extremity exoskeleton device where the knee joint is active and the remaining
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TABLE 1.1: Mechanical design of pediatric gait exoskeleton systems

Study Device Mechanical Design
Name Assist Joint Active DOFs Weight (kg)
Chen et al. [76] P-REX Knee 2 -
Lerner et al. [74] - Knee 2 3.2
Yamada et al. [75] - Knee 2 3.52
Washabaugh et al. [77] - Knee 2 1.6
Mohd Adib et al. [78] ExoROLEG Knee 2 8
Lerner et al. [84] - Ankle 2 1'5 Q(S(IE?;?’
Marsi-Bionics [27,85] ATLAS THKAF 12 111 ((i?[‘II:AAEé 22%?3%))’
Bayon et al. [86] CPWalker HKAF 10 -
Eguren et al. [87] P-LEGS HKAF 6 8
ExoRobo
Andrade et al. [28] Walker HKAF 6 6.57
Canela et al. [88] - HKAF 6 -
Laubscher et al. [89] - HK 4 5.1
Kawamoto et al. [90] HAL HK 4 -
Maggu et al. [91] Trexo HK 4 -
Patane et al. [92] WAKE-Up KAF 4 2.5

ones are actuated through the elastic elements. The lower extremity exoskeleton
is dedicated to the subjects of height range 168 cm — 188 c¢m, where the thigh link
can be altered from 430 mm to 470 mm and the shank link can be adapted from
470 mm to 510 mm. The length of the waist link can be varied from 340 mm to
360 mm. In other work by Chen et al. [94], the exoskeleton CUHK-EXO has been
designed so that it can easily transfer the center of gravity to left and right during
walking by adjusting the hip and ankle angle. Jin et al. [95] developed a THKAF
lower extremity exoskeleton with two anthropomorphic legs, a spine and a pair
of shoes. In each leg, the exoskeleton consists of seven DOFs i.e. three DOFs
each at hip and ankle with one DOF at the knee. Mohan et al. [26] proposed a
serial planar RRR passive exoskeleton ANKUR-LL II with a vertical planar 2PRP-
2PPR parallel manipulator. This sitting or lying type of lower limb exoskeleton
is mainly used for patient treatments in the sagittal plane. Later on, Vasanthku-
mar et al. [96] presented a hybrid serial-parallel 3-DOF lower limb rehabilitation
device for the therapeutic treatment. In another study, a Biomimetic compliant
lower limb exoskeleton robot (BioComEx) has been designed by considering active
hip, knee and ankle joints. The ankle joint acts as a variable stiffness actuator
and knee joint along with the hip joint acts as series elastic actuators (SEAs) [97].
The ATLAS exoskeleton is designed by Marsi-Bionics in different versions (ATLAS
2020 and ATLAS 2030) to advance the gait rehabilitation process and raise the life
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expectancy of 3-14 years old pediatric subjects suffering from neuromuscular dis-
eases such as Spinal Muscular Atrophy (SMA) and CP [85,98]. The ATLAS 2020
comprised of ten active DOF and two passive DOF, and formed of two legs with a
thoracic junction. The three joints at hip, knee, and ankle allow f/e movement in
the sagittal plane, while hip a/d and ankle i/e movement offer movements in the
frontal plane for the exoskeleton stability [98]. The ATLAS exoskeletons weigh

about 12-14kg due to the lightweight materials such as aluminum and titanium.

Hip-knee-ankle-foot (HKAF) exoskeleton: The HKAF systems are bilateral
and connected to a hip device through a pelvic band named lumbar sacral orthosis
(LSO) or thoracic lumbar sacral orthosis (TLSO). These types of systems are
designed for the f/e and a/a control with free or locking movement in the hip
joint. Wearable Walking Helper (WWH) [24,99] is another such type of gravity-
compensating exoskeleton system where the torque supplied by the exoskeleton
is proportional to the torques obtained from the human body movements and
postures. He and Kiguchi [100] designed the lower-limb motion assist exoskeleton
to provide locomotion assistance with one passive DOF for the ankle d/p, and
two active DOFs for the hip and knee f/e joints. Another robotic device, H2
robotic exoskeleton, has been developed for the stroke rehabilitation of adults
having a height from 1.50 m to 1.95 m with a maximum body weight of 100 kg.
The exoskeleton actuates the three joints i.e. hip, knee and ankle of the human
leg [101]. Wu et al. [102] designed a lower limb rehabilitation robot with 3-DOFs
which has an adjustable yet simple structure with hip, knee and ankle joints for
different heights of patients. CASWELL-II [103] is proposed with 5-DOFs; hip
f/e (1 DOF), knee f/e (1 DOF), and ankle d/p (3 DOF), where the first hip
and knee joints are driven by hybrid electro-hydraulic systems. Tu et al. [104]
presented a design of a 3-DOF exoskeleton with active thigh f/e and shank f/e, and
passive ankle d/p for subjects with diskinesia. An adaptable robotic platform for
gait rehabilitation and assistance (AGoRA) developed by the Colombian School
of Engineering Julio Garavito (CSEJV), has six active DOFs in hip, knee and
ankle joints along the sagittal plane with one passive DOFs in hip a/a joint along
the frontal plane [105]. In 2013, inspired by a former adult exoskeleton [106],
Canela et al. introduced a 3-DOFs exoskeleton to assist the CP-affected pediatric
individuals [88]. A robotic integrated platform, CPWalker, was developed in 2016
as the combination of a neuroprosthesis and a smart walker to mitigate the therapy
period of the CP subjects after surgery [86]. The device has 10 active DOF's where
six are for the exoskeleton and four are for the walker. In 2019, Eguren et al. [87]

developed the 8kg pediatric lower-extremity gait system (P-LEGS) to rehabilitate
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young subjects suffering from gait disorders. The system has six active DOF's in
the sagittal plane and two passive DOF at the hip in the frontal plane for weight
balance. Andrade et al. [28] proposed 6-DOFs ExoRoboWalker in 2019 to support
the motion of the lower joints of both legs in CP-affected children and young
adults. Chen et al. [107] designed the HKAF exoskeleton with active hip f/e,
passive hip i/e, passive a/d, active knee f/e, and three passive ankle movements

to assist the human gait in the swing phase.

Hip-knee (HK) exoskeleton: Belforte et al. [108] designed a pneumatic active
HK exoskeleton with a commercially available passive lower-limb arrangement and
a pneumatic actuation system to power hip and knee f/e movements. In another
work, Exoskeleton for Patients and The Old by The Sogang University (EXPOS)
has been designed by Kong and Jeon [109] with a smart caster walker which con-
tains the heavy electrical components to make the device light in nature. The
tendon-connecting motors and pulleys provide the additional power to the hip
and knee joints depending on the user requirement. Hybrid Assistive Limb (HAL)
was introduced by Sankai [23] and Kawamoto et al. [90] to support individuals
with hemiplegia by using f/e and d/p movements on the sagittal plane. The
hip and knee joints are active whereas the ankle joint is passive and connected
through a spring. The HAL frame comprises steel and aluminum alloy materials
to guarantee the lightness of the exoskeleton. Tagliamonte et al. [110] presented a
treadmill-based lower limb exoskeleton for giving assistance to the flexion/exten-
sion movements for hip and knee joints. The whole weight of the exoskeleton is
supported with an external system and the results are validated with the exper-
iments. ABLE [111] is a powered lower-limb exoskeleton that allows the wearer
to travel in a standing position, standing up from a chair and stair climbing. It
mainly performs three functions viz. assistance by lower extremity exoskeleton,
maintaining balance with the crutches and traveling around by standing still on
the left and right moving platforms. Jin et al. [112] extended the design of ALEX
IT for cable-driven rehabilitation device i.e., C-ALEX to assist hip and knee joint
of a single leg for motion assistance and gait rehabilitation. Long et al. [113] in-
troduced an HK exoskeleton with two active joints of a single leg in the sagittal
plane, which are knee joint and hip joint actuated by a hydraulic actuation sys-
tem. Laubscher et al. [89] developed a 5.1kg HK exoskeleton in 2017 to assist
CP-based gait disorders. A frame was initially designed with the exoskeleton;
however, it is removed later for the pilot studies. Recently, in 2018, Maggu et
al. [91] instituted the 4-DOFs Trexo Robotics (Mississauga, ON, Canada) as a
safe walker-based assistive robot for children with with CP and SCI. Although the
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device was launched in the market in 2021 after some successful clinical trials; the
details about mechanical design, actuation, and control scheme are not provided

in the literature.

Knee-ankle foot (KAF) exoskeleton: A KAF exoskeleton device is used to
control the instabilities in the knee joint according to the rest of the lower limb
by retaining a suitable arrangement and controlling the motion. Yeh et al. [114]
developed a lower-limb pneumatic muscles exoskeleton system that has the knee
f/e and keeps the ankle joints passive. Sawicki and Ferris [115] designed a KAF
exoskeleton system by extending the AFO device of Kao et al. [79]. This device
provides the motion for ankle joint d/p and knee joint f/e. In 2017, a Wearable
Ankle Knee Exoskeleton (WAKE-up) was developed by Patane et al. [92] two ac-
tuated joint modules to rehabilitate pediatric subjects with neurological disorders.
The device weighs about 2.5 kg which makes it the lightest multi-joint exoskeleton
for CP children aged from 5 to 13 years old.

Static structural analysis

The static structural analysis ensures the strength of exoskeleton frames and com-
ponents at different phases of the gait cycle. The literature on the methods of
structural analysis are very limited for the lower-limb exoskeletons. In a work by
Ding et al. [116], a finite element analysis (FEA) of the hip and ankle connection
block was carried out in Solidworks to confirm the requirement of the intensity
and rigidity. The material of the blocks was selected as aluminum alloy. As the
maximum Von-Mises stress was within the yield limit of the selected material, the
design parameters were optimized by 10%. In another study by Pan et al. [117],
the effect of coupled subject-exoskeleton load on the hip joint was discussed using
FEA for five instants over a gait cycle. The simulations were conducted in an
ANSYS workbench. In a study by Huang et al. [118], FEA was carried out to
investigate the translational and rotational deformation of the flexible structure of
a compliant joint actuator in a lower limb exoskeleton. The material selected was
aluminum alloy and simulations were carried out on ANSYS workbench. Wang et
al. [119] presented the FEA for the hip connector and thigh link of a lower-limb ex-
oskeleton which was made up of steel material. The simulation results have shown
that the design was safe with 0.8 mm and 0.2 mm for hip connector and thigh
link, respectively. In the case of the AGoRA exoskeleton, 3D FEA was performed
to validate the loading capacity of the system with a maximum body weight of
90kg [105]. In work by Nithyaa et al. [120], FEA was performed for the thigh pan

and shank link of a knee exoskeleton attached to the wheelchair. The materials
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selected were aluminum and steel while simulations were carried out in an ANSYS
workbench. Very recently, Varma et al. [121] conducted the feasibility study of the
HKAF exoskeleton using FEA in ANSYS where the weight of the human subject
and joint rotations are considered as input parameters to the model. Following the
simulation results from the ANSYS, the design is further optimized to confirm the
structural stability. As the works on FEA of exoskeleton components are either
limited or not mentioned properly in the literature, there is an emergent necessity

to discuss such aspects while designing the lower limb exoskeleton systems.
Dynamic analysis

The dynamic analysis is used to estimate the torque or voltage required to actu-
ate the lower limb joint of the coupled subject-exoskeleton system. In literature,
different mathematical (Newton-Euler, Euler-Lagrange) and software (OpenSim)
models are used to express the dybamic behaviour of couple subject-exoskeleton
system. Following a scaled version of the nominal hip torque dataset from Win-
ter’s study [122], an assistive torque was provided to user’s hip joint in ALEX-II.
From a literature survey on biomechanical joint torques, Ollinger et al. [70] have
concluded that a 20 Nm continuous torque actuator produces significantly large as-
sistive torques. Khamar et al. [73] have used the Euler-Lagrange approach to derive
the dynamical formulations. Lerner et al. [123] utilized OpenSim [124] software to
estimate kinematics and dynamics after scaling a 19 DOFs musculoskeletal model
based on anthropometric parameters. Invoking inertial properties of the model,
the Newton-Euler equations of motion determine the generalized forces necessary
to simulate the gait trials. In the work by Washabaugh et al. [77], the net torque
from the device is expressed using spring and pulley parameters. Chen et al. [82]
described the dynamic model of the device using a 1-dimensional time-invariant
model. Long et al. [93] applied Newton’s second law of motion to determine the
knee moment in the THKAF exoskeleton. Considering model error and uncertain-
ties, Jin et al. [95] exploited the Euler-Lagrange principle to derive the dynamic
model in the swing phase. In work by Mohan et al. [26], the Euler-Lagrange princi-
ple to derive the dynamic model of the parallel manipulator with friction effects in
the sagittal plane and verified using multibody dynamics ADAMS software. Along
with the friction and motor model, Wu et al. [102] derived the dynamic model of a
3-DOF single-leg exoskeleton using the Euler-Lagrange principle. To incorporate
the human active participation, Tu et al. [104] used the Euler-Lagrange principle to
present the coupled dynamic model of the 2-DOF leg exoskeleton. Inspired by the
double pendulum approach, Andrade et al. [28] used the Euler-Lagrange principle

to calculate the dynamic effects of the exoskeleton during the stance and swing

TH-2968_176103009



Chapter 1. Introduction 20

phases. Tagliamonte et al. [110] proposed a virtual stiffness model in joint space to
estimate the required torque of SEAs. In the hydraulic HK exoskeleton by Long
et al. [113], the physical human-robot interaction (pHRI) torque was processed
via a Kalman smoother to avoid the lag between the movements of the human leg
and exoskeleton. Laubscher et al. [89] calculated the actuator torques from motor
current using the motor constant and transmission ratio. For the KAF exoskele-
ton by Patane et al. [92], the dynamic modeling was evaluated using Jacobian
and load cell force. It could be clearly observed that most of the studies exploit
the Lagrangian principle to formulate the dynamical equations. However, in the
case of several lower limb exoskeletons, particularly pediatric ones, the dynamic

analysis is not explicitly mentioned in the literature.

Furthermore, few rehabilitation devices have been developed based on the design
concepts of bipedal robots [125]. Although the bipedal robots and lower-limb
exoskeleton devices cannot be equated in view of applications; however, the sta-
bility and control aspects of bipedal robots can be exploited in the functional
design of exoskeleton devices for mobility assistance. Invoking the concept of
active dynamic walking bipedal robots, the well-known Berkeley lower extrem-
ity exoskeleton (BLEEX) has been developed according to the biological features
of human beings. The exoskeleton was designed to adjust drive torques during
walking with a different set of external loads on the back. Over the last few
years, researchers have extensively explored the theory of passive dynamic walk-
ing for bipedal robots [126-129]. In the works by Added et al. [126], and Znegui
et al. [129], the stabilization of compass model-based biped robots is carried out
using analytical formulations of the Poincare map. Like passive dynamic walking,
an unpowered robotic exoskeleton, Exobot, is designed by Collins et al. [130] to
reduce the energy expenditure of human walking. The robotic system, developed

with springs, utilizes carbon fiber and weighs about 700g.

1.3.3.2 Actuation Mode

The selection of actuators is a major part of the exoskeleton systems to regulate
the various performance aspects like high power-to-weight ratio, ability to produce
high power and force, compact size, high efficiency, high ability to be controlled,
and ability to generate natural human-like motion. It is clear that for safety rea-
sons, the actuator must also ensure active compliance with these robotic devices.

In addition, some engineering requirements should also be fulfilled when designing
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an actuator, e.g., lightweight, affordability, and modularity. There are a large num-
ber of types of actuators with different properties. The most common types of joint
actuators used in the gait exoskeletons are electric (ANKUR-LL II [26], HKAF
by Chen et al. [107], ATLAS 2020 and ATALS 2030 [85,98], CUHK-EXO [94],
ABLE [111]), pneumatic (Belforte et al. [108], Nitali et al. [131]), and hydraulic
actuators (CASWELL-IT [103], HK exoskeleton by Long et al. [113], Glowinski et
al. [132]). Linear hydraulic and pneumatic actuators have high power density, but
some works suggests that the use of electric motors provides a reduction in power
consumption during gait [133]. Moreover, hydraulic and pneumatic actuators are

usually bulky and cannot be easily controlled.

DC motors meet the criteria of necessary power with a compact and portable
solution for wearable devices. Within the DC motors category, brushless motors
offer several advantages for wearable devices, including higher efficiency, more
torque density, increased reliability, reduced noise, longer lifetime, and reduction
of electromagnetic interference. Moreover, DC motors can be coupled with a
gearbox as the exoskeleton joints need more torque and less speed. To achieve
a lightweight and small volume solution, strain wave gears, known as harmonic
drive, were selected as a gearbox. In the ankle-foot rehabilitation device by Chen
et al. [82], the motor suite consists of a permanent magnet DC-motor with a
gearbox (reduction of 250:1) to improve the loading capacity up to 100 Nm. For
two different sizes of the ankle-foot exoskeleton by Lerner et al. [84], two motors
(24 V,90 W and 24 V, 120 W) are used with 89:1 and 111:1 integrated planetary
gearbox (EC-4pole, Maxon) which support up to 12 Nm, and 20 Nm, respectively.
P-Rex exoskeleton [76] is customized with a bevel gear set (3:1 reduction ratio,
planetary gearhead GP 32C (51:1 reduction ratio), and a Maxon motor to achieve
the maximum continuous torque of 15.7 Nm. In HK exoskeleton by Laubscher et
al. [89], a 70 W brushless DC motor is employed via a 3-stage belt transmission
(40.6:1 reduction ratio) which offers a stall torque of 35.7 Nm, and a continuous
torque of 5.4 Nm. P-Legs [87] included a 24 V Maxon motor with a 161:1 ratio
gearbox to achieve the maximum momentary peak torque of 76 Nm and nominal
torque of 13.5 Nm. ATLAS 2020 employs 70 W brushless DC motor with a 160:1
gearbox (rotation drive) to produce a maximum torque of 60 Nm in the sagittal
plane and a similar 70 W brushless DC motor with a pre-stage reduction ratio 3:1

(linear drive) in the frontal plane [98].

To eliminate the drawbacks of the standard actuators, researchers have started
to deploy some new kind of actuator like series elastic actuators (SEAs) (HK ex-
oskeleton by Tagliamonte et al. [110], BioComEx [97], AssistOn-Ankle [83]) and
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TABLE 1.2: Actuation details of pediatric gait exoskeleton systems

Study Device Actuated Actuator Maximum
Name Joint Type Torque/Force
Chen et al. [76] P-REX Knee Maxon BLDC 15.7 Nm
Lerner et al. [74] - Knee Maxon BLDC 60 Nm
Mikki Pulley
Yamada et al. [75] - Knee EM Brake 7 Nm
K&J
Washabaugh et al. [77] - Knee EM Brake 56 Nm
Mohd Adib et al. [78] ExoROLEG Knee Linear Actuator 500 N
Lerner et al. [84] - Ankle Maxon BLDC 12 Nm, 20 Nm
Marsi-Bionics [27,85] ATLAS THKAF Maxon BLDC 60 Nm
Bayon et al. [86] CPWalker HKAF Maxon BLDC (HD) -
Eguren et al. [87] P-LEGS HKAF Maxon BLDC 76 Nm
Andrade et al. [28] E\);Voalﬁfe?o HKAF  Maxon BLDC (HD) -
Canela et al. [88] - HKAF Maxon BLDC 34.3
Laubscher et al. [89] - HK BLDC 35.7 Nm
Kawamoto et al. [90] HAL HK DC -
Maggu et al. [91] Trexo HK - -
Patane et al. [92] WAKE-Up KAF Rotary SEA -

pneumatic artificial muscle actuators (PAMs) (KAF by Yeh et al. [114], AFO by
Kao et al. [79], AFO by Malcolm et al. [81]) to control the exoskeleton systems.
A Rotary Series Elastic Actuator (RSEA) and a belt/pulley stage (reduction ra-
tio 2:3) is used in the WAKE-up exoskeleton to improve the user’s safety [92].
Recently, Kalita and Dwivedy [134, 135] conducted several studies to investigate
the non-linear behaviour and instability regions of PAMs subject to direct and
parametric excitations which can be straightforwardly extended for actuating the
lower-limb exoskeleton. However, controlling PAM as an exoskeleton actuator is a
computationally expensive process [136]. Depending on the application and user’s
requirements for the device, the actuators are selected for lower-limb exoskeletons.
Moreover, the other accessories, like the sensors with the required power supply,
are selected for the actuation of the exoskeleton. From Table 1.2, it can be noticed
that all pediatric gait exoskeletons have used electric actuators as they produce a
large amount of torque for precise movements. For developing an assistive device
of a particular application, electric actuators are easily available with the required
specification. However, the cost of high torque electric motor, particularly Maxon

motors with harmonic drive, is very high and make the systems less affordable.
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1.3.3.3 Control Scheme

In the last few decades, many researchers and designers have developed assistive
devices for improving the support to the lower extremity with robotic-aided reha-
bilitation training. The main objective of these devices is to maintain a proper
human-exoskeleton interaction between the device and the wearer. Therefore, it
is very necessary to ensure a smooth control scheme to improve the effectiveness,
accuracy, and comfort of the exoskeleton device based on the user’s intentions.
Yan et al. [11] categorized the control architecture of lower-limb exoskeletons
into nine control schemes such as reference trajectory based gait control (AT-
LAS [27,137], HAL [90,138]), model based stability control (ABLE [111]), adaptive
oscillator based control (Ronsse et al. [65], Tagliamonte et al. [110], LOPES [25],
ALEX 1I [64]), predefined motion based control (Lewis and Ferris [66], Malcolm
et al. [81]), sensitivity magnification control (BLEEX [20]), decision based fuzzy
control (He and Kiguchi [100]), hybrid control (BLEEX [20], Yeh et al. [114]),
muscle stiffness control (Kim et al. [71]), and myography based control (Kao et
al. [79]). These control schemes could be achieved from the signals gathered from

the human body as well as the exoskeleton along with the human body.

Another well-known classification for the lower-limb exoskeleton robots is the hi-
erarchical level control scheme which classifies into the upper level control (ULC)
and lower level control (LLC). Overall, ULC cares about the decision algorithms
based on the human intent and resulting ’assist-as-needed’ interactions with the
exoskeleton robot during active-assist gait rehabilitation. On the other hand,
LLC accounts for the servo control based on the position and torque tracking ap-
proaches. ULC is further classified into supervisory control (SC) and high-level
control (HLC) schemes [139]. One such architecture of hierarchical level control
is shown in Figure 1.8 where HLC represents the impedance controller and LLC

inherits the torque controller.

In particular, SC schemes such as Finite State Machine (FSM) with force-sensitive
resistors (FSR) (Lerner et al. [74], [84]), and inertial measurement units (IMU)
(WAKE-up [92]) identifies gait phases as an additional input to the HLC with
reference joint trajectory. Moreover, Electromyography (EMG) and Electroen-
cephalographic (EEG) sensors at the supervisory level allow for the estimation
and syncing of human intent with muscle activities which enables gait timing. In
CP Walker, the human-robot interaction is carried out using a Multimodal Human-
Robot Interface (MHRI) which includes an EEG unit, EMG system, IMU, and a
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FIGURE 1.8: Hierarchical level control for lower-limb exoskeleton systems [14]

Laser Range Finder (LRF) to measure the gait cycle and control the device ac-
cordingly [86,140]. However, abnormal gait patterns of children with CP make it

difficult for the supervisory-level controller to detect or predict gait phases.

HLC schemes employ the admittance/impedance controller which allow the sub-
jects to actively participate in the gait rehabilitation by taking the benefits of
their residual muscle movement under the concept of “assist-as-needed” (ALEX-
IT [64], ATLAS [27,85], P-LEGS [87]). Apart from the supervisory-level sensors,
the coupled exoskeleton-human interaction forces can be measured using distur-
bance observers [141] and spring-mass-damper mathematical model [20,104,142].
In 2012, Ollinger et al. [70] proposed an active-impedance controller for the knee
exoskeleton. In last five years, active research on the impedance/admittance con-
troller for the gait exoskeletons have been started. For example, Luo et al. [143]
used the central pattern generator (CPG) to regulate the impedance parameters
and adapt as per the subject’s involvement. Tu et al. [104] proposed an intent-
based variable admittance control to regulate the participation level of the subject.
Despite of above works, from Table 1.3, it may be noted that there are very limited
research available on impedance control, particularly admittance control, for the

pediatric gait exoskeleton systems.

On the other hand, LLC schemes focus on the torque or position control of the
actuator in passive-assist rehabilitation mode where interaction from the subject
is not considered [145]. The low-level torque control attempts to track a refer-

ence torque based on actuator’s electric current as the input state [146]. This

TH-2968_176103009



Chapter 1. Introduction

25

TABLE 1.3: Control scheme in pediatric gait exoskeleton systems

Stud Device Upper Level Lower Level
y Name Supervisory- High- Servo-
Level Level Level
FSM Impedance control PID
Chen et al. [76,144] P-REX beca Torque control
(FSR) (Adaptive control)
(Torque sensor)
PID
Lerner et al. [74] - FSM - Torque control
(FSR) (Tor
que sensor)
Yamada et al. [75] - (FSR) - -
Washabaugh et al. [77] - (EMG) - -
Mohd Adib et al. [78] ExoROLEG (EMG) - -
Lerner et al. [84] M Sighpid function Tor uPeI]cjontrol
‘ - (FSR) (PIMC) d
(Torque sensor)
PID
Marsi-Bionics [27, 85] ATLAS (FSR, IMU) Impedance control Position control
(Encoder)
(FSR, EMG, PID
Bayon et al. [86] CPWalker EEG, IMU, Impedance control Position control
LRF) (Potentiometer)
. PD
Eguren et al. [87] P-LEGS EEFTMU, Adaptive Position control
Encoder) Impedance control
(Encoder)
ExoRobo M PID
Andrade et al. [28] Walker (FSR, Impedance control  Torque control
Potentiometer) (Strain Gauge)
Canela et al. [88] - - - -
| (Angle sensor, PD
Frubsfer ef ol 488 i Hall effect sensor) ) Position control
Kawamoto et al. [90] HAL (EMG, Encoder) - -
Maggu et al. [91] Trexo - - -
L PID
Patane et al. [92] WAKE-Up (FSR, IMU, - o
Position control
Encoder)

control approach exploits the difference between the reference torques and mea-
sured torques by sensors as shown in Figure 1.8. During initial stages of therapy,
position control guarantees that the exoskeleton robot can track the desired gait
trajectory where movement information is measured by potentiometers. The con-
trol architecture required for the exoskeleton systems poses extra complexity over
the conventional robotic arm control due to the sophisticated mechanical config-
uration, complex motion trajectory, and human involvement. The researchers,
in the literature, have regarded the predefined gait tracking control as the basis
of every control scheme for exoskeleton systems, where the joint movements of
the lower limb could be estimated using gait analysis experiments (PID control
in EXPOS [109], fuzzy control in ABLE [111], PID control in CUHK-EXO [94]).

Although the exoskeleton systems exploit the gait of healthy humans to replicate
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the same using predefined trajectory control schemes, however, in practice, they
are unable to attain the proper gait trajectory because of the parametric per-
turbations and external disturbances (PPED). Therefore, various robust control
strategies have been designed to deal with the limitations of classical trajectory
tracking control in lower limb exoskeleton systems (adaptive oscillators by d’Elia
et al. [67], sliding mode control (SMC) by Long et al. [113], backstepping-SMC
by Khamar et al. [73], proxy-based SMC by Chen et al. [82], active disturbance
rejection with fast terminal SMC by Chen et al. [147]) has been carried out for

the elderly gait exoskeletons in the literature.

In other work on robust position control, Yang et al. [148] presented a sliding
mode control (SMC) scheme where a second-order command filter-aided back-
stepping is incorporated to avert the “explosion of complexity.” Moreover, fuzzy
logic is exploited to counter the chattering issues of the control scheme during
the estimation of structured and unstructured uncertainties. In another work to
address the model uncertainties and the unintended subject’s response, Wu et
al. [102] proposed an adaptive control scheme for a 3-DOF lower extremity re-
habilitation device. Working on the decoupled control strategy, Sun et al. [149]
designed a reduced-order adaptive fuzzy approach and implemented it on a two-
link exoskeleton system for lower limb rehabilitation. Recently, several works on
robust control schemes are being explored for different preliminary designs of the
gait exoskeleton robots (model reference adaptive control [150], fractional order
terminal SMC [151,152], adaptive SMC [153], adaptive non-singular fast terminal
SMC [154], time delay estimation-based model-free fractional-order nonsingular
fast terminal SMC [155], and super-twisting SMC [156]). Moreover, in recent
times, robust intelligent control schemes have gain popularity to address the ad-
verse effects of PPEDs with effective approximation features [157-160]. Wang
et al. [160] proposed an event-triggered SMC for HK exoskeleton where genetic
algorithm-aided backpropagation NN is exploited to estimate the motion intent of
the subject using EMG signals. Intelligent techniques such as neural network (NN)
and neural-fuzzy (NF) have excellent approximation capabilities which benefit the
classical PID control technique to form a robust control scheme. Zhang et al. [157]
proposed a time-delay estimation-based model-free NN-PID controller for a virtual
5-DOFs lower-limb exoskeleton where online adaptation of radial basis function
was carried out to address the PPEDs. However, in all such intelligent techniques,
the initial selection of NN hyperparameters is an iterative and cumbersome task

for effective model identification.

On the other hand, few researchers have explored the optimal control, especially
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the linear quadratic regulator (LQR), to realize the natural gait [161-163]. The
LQR scheme with full-state feedback yields control measures concerning the whole
body compared to PD control for every independent joint [161]. In addition to
that, the relative prominence of curtailing the tracking error and minimalizing
the control torque can be regulated by computing optimal values of time-varying
gain based on the design parameters of a single controller. Ajjanaromvat and Par-
nichkun [162] proposed an iterative online learning-based LQR control scheme for a
treadmill-appended exoskeleton to investigate the robustness analysis. Moreover,
the proposed control scheme is aided by an adaptive iterative learning control to
address tracking errors. Castro et al. [163] proposed an integral-aided LQR (LQRi)
and unknown input disturbance observer (UIO) to address external interferences
of the lower limb exoskeleton system. The results of the proposed control are
compared with proportional-derivative control and found to be more effective. Al-
though the LQR is the most optimal control scheme and lacks to resolve uncertain

exoskeleton dynamics.

Even for the elderly gait exoskeletons, most existing hierarchical control schemes
exploit the non-robust position control in the inner loop to track the modified
gait trajectory. In order to address uncertain dynamics and external disturbances,
recently, sliding surface-based position control schemes are used to track the ref-
erence trajectory in the case of human-robot interaction [104,147,164]. However,
the problem of fast convergence of error states has not been taken into account.
Almaghout et al. [165] proposed a super-twisting nonsingular terminal SMC to
perform the desired training tasks with finite-time convergence of the error states.
However, the information on selecting the admittance parameters is not evident.
In other work on robust inner loop position control, Mokhtari et al. [166] designed
an adaptive high order super-twisting SMC for an lower limb exoskeleton robot.
Although the authors obtained the optimal impedance parameters; however, they
have not considered the varying impedance model as in the case of the real en-
vironment during active-assist gait rehabilitation. Furthermore, it is pertinent to
mention that the conventional SMC generally suffers from the chattering phenom-
ena, less robustness, and sensor drift. The high order sliding mode control can be
used to reduce the chattering effect with the fact that the controller requires high
gain values for the compensation of uncertainties and disturbances [167]. Such

high gain values sometimes degrade the stability of the system.

In addition to the SMC, backstepping control (BC) is another well-known non-
linear control scheme that can guarantee trajectory tracking with global regula-

tion [168]. The design of BC is a step-by-step recursive process that inherently
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establishes the stability criteria using the appropriate Lyapunov candidate func-
tions. The conventional BC can not ensure the system’s robustness in the pres-
ence of parametric and non-parametric uncertainties. Therefore, in the literature,
some adaptation laws have been used with BC, termed ABC, to deal with un-
certain dynamics, and external disturbances [168,169]. However, such control
designs pose certain limitations such as overparameterization [170], the explosion
of terms [171,172], larger magnitudes of control signals [173], and computationally
expensive regression matrices [169,174]. Nowadays, researchers are working on the
merger of SMC and ABC, i.e., the ABSMC (adaptive backstepping sliding mode
control) to get their advantages altogether [175].

However, as observed from Table 1.3, most of the available pediatric gait exoskele-
tons utilize the proportional-integral-derivative (PID) control in the lower-level
control scheme. For example, in the knee exoskeleton by Lerner et al. [176], a
PID control scheme with a torque sensor is used as a LLC to estimate the desired
torque output during each gait phase. In a knee exoskeleton by Chen et al. [144],
a torque control based on a local PID controller and feedforward control scheme
has been exploited to create an adequate control signal for the actuator. Eguren
et al. [87] exploited the PD controller for each joint and tuned the gain parameters
separately. ATLAS 2020 also exploits a PID controller in the LLC for the walking
mode [27].

1.3.3.4 Development Stages

Most of the existing lower limb exoskeletons require autonomous power sources
of high energy. Therefore, there is a need to develop some advanced arrange-
ments that can accumulate and supply the energy for various phases of the gait
pattern. Further, the gait pattern and the control strategies should be optimized
so that the exoskeleton can store the energy for various applications. Moreover,
the recent systems are very expensive and affordable to a less number of individu-
als [12]. Therefore, there is a need to think about the development of an affordable
and reconfigurable exoskeleton device so that it can be utilized by different age
groups. The price of the exoskeleton systems can be reduced by incorporating
new technologies for the actuators, controllers, and sensors. Due to the above-
discussed factors many exoskeleton systems were stopped in their tracks towards

commercialization at the research stage itself [177].

However, some systems have already underwent clinical trials such as HAL [23],
KAF exoskeleton by Kawamoto et al. [90], CUHK-EXO [94], knee exoskeleton by
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Lerner et al. [74] and Bayon et al. [86]. As this thesis is focused on the pediatric gait
exoskeleton systems, the brief clinical details of only well-developed pediatric gait
systems are discussed here. Collectively, 184 participants are considered for clinical
trials, of which 32.06% are for the ankle exoskeleton by Lerner et al. [84], 31.52% for
HAL exoskeleton, and 29.35% for knee exoskeleton by Lerner et al. [74]. Ignoring
17 subjects with unclear GMFCS Level, 27% experiments are with GMFCS Level
I, 39% with GMFCS Level 11, 25% with GMFCS Level 111, 8% with GMFCS Level
IV, and 1% with GMFCS Level V. However, in all clinical trials for the pediatric
exoskeletons, only one participant with CP had GMFCS Level (V) which shows
that more researches on lower-limb exoskeletons are needed for CP subjects with

severe mobility disorder.

1.4 Summary and Identification of the Research

Gap

As observed from literature, most of the researches in lower-limb exoskeleton sys-
tems have been carried to address the mobility impairment and gait rehabilitation
for the elderly group (> 50). There are very limited works in design and modeling
of a multi-joint gait exoskeleton (09 devices) for the pediatric group suffering from
CP and SCI. Moreover, in the design of multi-joint exoskeletons, especially with
hip joint augmentation, there has always been a trade-off between the actuators’
weight and cost involved. Although some alternative solutions have been proposed
to bring lightweight and affordable actuators such as SEA and PAM; however, con-
trolling such actuators becomes computationally expensive and requires several
hardware manipulations. Few researchers have exploited the wheel-based walker
system to place the heavy electric DC actuators and reduce the weight borne by
the exoskeleton systems. Therefore, the wheeler stand-aided designs of the HKAF
exoskeleton system could be explored further to offer more stability and safety to

pediatric users in case of severe gait pathologies.

In a couple of studies, adjustable links have been considered in the design of pedi-
atric gait exoskeletons to accommodate the different heights of pediatric subjects
and to reach a wide range of end-users. Therefore, one could explore the adaptable
or telescoping leg and waist links in view of the maturation growth of real pediatric
subjects. The design parameters should be decided based on the anthropometric

and biological parameters of the real healthy pediatric subjects. Moreover, the
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reasoning behind the selection of structure material and actuators for the major-
ity of lower limb exoskeletons are unclear and thereby, motivates to carry out the

finite element analysis and dynamic analysis in different therapeutic modes.

In literature, a significant amount of work has been carried out to design and deploy
robust gait-tracking control schemes for elderly exoskeletons. However, in the
case of available pediatric exoskeleton systems, the conventional PID (position or
torque) control schemes have only been applied in the servo-level for passive-assist
training mode. In the case of pediatric rehabilitation, parametric perturbations
and external disturbances become more significant due to substantial variations
of dynamic parameters (system mass and length) and body reflexes (unintended
subject response). Following the above fact, at first, there is an emergent need to
design robust position control schemes for pediatric exoskeletons systems which
can ensure effective gait tracking under parametric perturbations and external

disturbances.

Even in the high-level hierarchical level control approach, only five pediatric ex-
oskeletons have exploited the impedance control scheme. As impedance control
requires real-time information on the reference torque using costly sensors, one can
explore the admittance control scheme with a robust gait tracking control scheme
to enable the human-in-the-loop cooperative control approach. Admittance con-
trol differs from impedance control in such a way that the former controls motion
(position, velocity, acceleration) based on the mechanical admittance parameters
at the expense of measured force, and the latter controls force based on the me-
chanical impedance parameters at the expense of measured deviation from a set
position. Moreover, admittance control is relatively more accurate than impedance
control when in contact with soft environments like a human leg. Admittance-
based cooperative control approaches could benefit to the pediatric subjects while
participating actively in gait rehabilitation process. In most of the studies, EMG,
FSR, EEG based supervisory control schemes have been practiced to include the
effects of physical human-robot interaction which requires an expensive hardware
setup and skilled personnel. Therefore, if an effective high-low level-based coop-
erative control scheme can be explored, the need for supervisory level control can

be ignored for time being to reduce the overall cost of exoskeleton systems.

One important aspect of the cooperative control scheme is to achieve the variable
admittance parameters over a gait cycle to closely mimic the real-time changing
admittance of biological leg and offers additional benefits of safety along with

the flexibility to participate in the therapeutic training. Therefore, a variable
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admittance model could be designed further in a cooperative control scheme. The
benefits of applying such cooperative control in the presence of sudden interaction
reflexes could be further investigated for the pediatric gait exoskeleton systems.
Another challenge to obtain fast and finite-time convergence of gait tracking error
during the human-in-the-loop cooperative control could also be inspected. The

objectives of the present work are mentioned in the following section.

1.5 Objectives of the Present Work

The main objectives of the present work are to design and investigate the potential
of robust control schemes for a pediatric lower-limb exoskeleton robot in passive-
and active-assist rehabilitation mode. To achieve these objectives, following works

are carried out:
e To design and develop a proof-of-concept exoskeleton device for lower-limb
rehabilitation of pediatric subjects.

e To design and implement robust intelligent control schemes (LQR-based neu-
ral fuzzy and neuro-fuzzy compensated PID) for the exoskeleton device in

passive-assist mode.

e To design and implement a robust adaptive backstepping control scheme for

the exoskeleton device in passive-assist mode.

e To design and study the human-in-the-loop adaptive backstepping sliding
mode cooperative control scheme for the exoskeleton device in active-assist

mode.

e To design and study the human-in-the-loop adaptive backstepping integral-
aided singularity-free fast terminal sliding mode cooperative control scheme

for the exoskeleton device in active-assist mode.

1.6 Thesis Organization

The thesis is organized into seven chapters as follows:

In Chapter 1, an introduction, motivation, and existing state-of-the-art in litera-

ture are presented.
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In Chapter 2, design and prototype development of the gait exoskeleton is pre-
sented in two versions (LLESv1 and LLESv2).

In Chapter 3, a robust LQR-based neural fuzzy (RLQR-NF) and neuro-fuzzy
compensated PID (NF-CID) gait tracking control scheme are designed for the
LLESv1 with PPED. The proposed control schemes is validated with the LLESv1

experimental setup and a human dummy.

In Chapter 4, a robust adaptive backstepping (RABS) gait tracking control scheme
is introduced for the LLESv2 with PPED. The proposed control is tested with the
LLESv2 experimental setup and pediatric subject.

In Chapter 5, a robust adaptive backstepping sliding mode subject-cooperative
control (ABSM-SCC) is investigated for the exoskeleton system in active-assist
mode. To mimic the real-time human-exoskeleton interaction, a neural-fuzzy based

variable admittance model is proposed.

In Chapter 6, a robust adaptive backstepping integral singularity-free fast terminal
sliding mode subject-cooperative control (ABISFFTSM-SCC) is presented for the
exoskeleton device in active-assist mode, which ensures the fast and finite-time

convergence of error states to the equilibrium on the sliding surface.

Finally, in Chapter 7, the overall conclusions from the present work are presented

with the future scope.
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Chapter 2

Design and Development of
Pediatric Lower Limb

Exoskeleton

2.1 Introduction

As discussed in the previous chapter, there are very limited pediatric exoskeletons
available for motion assistance and gait rehabilitation. Moreover, there are few
major concerns of existing pediatric exoskeletons such as less affordability, minimal
adaptability, and less structural stability. Inspired from the work of Bayon et al.
[86] and Andrade et al. [28] where the stability and balance of the subjects during
overground gait training was augmented with a walker, the present work explores
the designs of low-cost and adaptable stand-supported lower-limb exoskeletons for
pediatric gait rehabilitation. In the present work, the criteria and requirements to
design a lower-limb exoskeleton system is extensively described in Section 2.2. A
NI-LabView-based motion capture experimental setup is prepared to estimate the
gait analysis of the pediatric subjects in Section 2.3. A preliminary design and
modeling of 6-DOFs gait exoskeleton system (LLESwv1) based on kinematic and
anthropometric data of five pediatric participants are presented in Section 2.4.
Thereafter, modifying the structure and configuration of the preliminary design
based on new set of 11 participants, the final design and modeling of the 6-DOF's
exoskeleton system (LLESv2) are presented in Section 2.5. The dynamic analysis
is derived for passive-assist and active-assist mode using Fuler-Lagrange principle

in Section 2.6. The results for prototyping of both designs are discussed along with
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the actuator requirements Section 2.7. Finally, the outcomes from this chapter are

summarized in Section 2.8

2.2 Design Criteria and Requirements

In the mechanical design of the exoskeleton, different design criteria should be
considered. The fundamental outlook for designing a lower limb exoskeleton sys-
tem is to decide the strength, stability, and safety considerations. The strength
refers to the capability of links, frames, and joints of the system to transfer the
required forces and torques for a paraplegic subject. However, the strength of the
system increases the overall weight, which is not desirable for paraplegic users.
Therefore, the mechanical and electric components in the complete design should
be light as much as possible. Moreover, there should be some design criteria for
the adaptability of different users. The next important aspect to consider is se-
lecting actuators as they should be able to provide sufficient joint torques for a
specified set of motions. Another critical factor is to choose degrees of freedom
for each joint as when DOFSs increases, the user feels more comfortable. How-
ever, providing all possible degrees of freedom to every joint can cause involuntary
movements and start discomforting to the subject. The design criteria as outlined
by researchers at the Selcuk University [178] includes ergonomic and anthropomet-
ric design, kinematic compatibility, high maneuverability, lightweight and strong

structure, low-cost, adaptability to different users, and user safety.

Ergonomic and anthropometric design: In orthopedics, the continuous change
in skeletal morphology of the human is observed which depends upon several rea-
sons such as gender, shape, and skeletal deformities, especially, in childhood days.
Moreover, the athropometric measurements vary significantly from country to
country and from one region to another within a particular country [179]. In
another work on cross-sectional multicentric study by Vispute et al. [180], it was
observed that north Indian children were taller and children from the northeast
were the shortest. For example, the leg length of children of age 9+ years boy
from central India was found to be high (64.22cm) as compared to northeast India
(61.2cm). This can create a challenge for the existing exoskeleton to fit the patient
into the exoskeleton when having this change. On the other hand, attaching the
subject limbs to the exoskeleton is a common ergonomic challenge as even a slight
misalignment in between the exoskeleton joints and the corresponding patient

joints produces unexpected and dangerous internal forces on the human limbs and
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straps. Therefore, to address such issues in this thesis work, authors have collected
the anthropometric and ROM database for real pediatric subjects from Guwahati
region of Northeast India. In this way, the ergonomic alignment of lower-limb
joints has been taken care when defining the dimensions of the structures, joints’

ROM, and interface materials for the exoskeleton system.

Kinematic compatibility: The kinematic compatibility at the attachment inter-
face is crucial to consider for effective and safe interaction between the lower-limbs
of the subject and exoskeleton [181]. This offers a number of advantages such as
workspace similarity, singularity avoidance, safe and compliant interaction, etc.
However, the interference between the kinematic loops at the attachment inter-
faces is unavoidable in many cases due to impossibility to exactly match the human
kinematics with the exoskeleton one. In practice, the rigidity between the limbs
of subject and exoskeleton via physical interfaces is not desirable, especially, when
subject is able to cooperate with his/her residual muscle strength. To address any
such compatibility issues, keeping a passive or active degrees of freedom (DoF)
at the connection interface to mimic the flexible behavior of muscles could be
a potential solution. In this thesis work, the physical attachment is modelled as
a single-DOF spring-damper arrangement to allow flexible human-exoskeleton in-
teraction. Moreover, the limitation of the previous works is illustrated by the
consideration of the open parallel chains (human, exoskeleton), where the ankle
joints are not taken into account for their design. The ankle joint of the exoskeleton

15 kept active in this research work to form a closed kinematic chain.

Maneuverability: Ideally, the most maneuverable exoskeleton system should
have ROM slightly less than the human’s maximum ROM. However, it could not
be possible in case of variable ROM of different subjects within a same exoskeleton
system. As shown in Figure 1.6, the study of lower-limb biomechanics discloses the
fact that the human leg contains 7 DOFs considering sagittal, frontal and trans-
verse planes and enables humans to perform complex ADLs while maintaining
stability. Although designing and developing a fully actuated lower-limb exoskele-
ton with all possible DOFs offers the subject to move without the aid of crutches
or walkers; however such systems have several limitations such as additional cost
due to system complexity, less adaptability, slower reflex to subject commands,
and complicated control architecture. Moreover, the dominant plane for carry out
the important ADLs is the sagittal plane [182]. Thanks to the aid on walking such
as, wheeler stands, the stability of the system can be achieved without actuating

both transverse and frontal plane. In this thesis work, such wheeler stands are
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designed along with the exoskeleton system to provide the safety and stability to
the subject.

Lightweight and durability: The selection of the structure material and ar-
rangement of the components in the design are crucial factors which decide the
strength and weight of the exoskeleton system. Majorly, there are two ways
through which the weight of a lower-limb exoskeleton system can be significantly
reduced. In first, the robot links can be designed as flexible structures or soft
cable driven mechanisms [183]. However, such designs are prone to instability of
the user during training purposes and require support arrangements to balance.
On the other hand, in case of rigid links, the heavy duty actuators can be replaced
with lightweight actuators (Maxon Motors with harmonic drive) [86,87]. However,
such lightweight actuators are quite expensive for many developing countries which
requires alternate solutions for reducing the weight borne by links. Therefore, in
thesis work, one such possible solution is incorporated by placing the heavy duty
actuators on a stand such that the exoskeleton links have to bear their self-weight
only. Furthermore, the exoskeleton has to be made strong, in order to be able to
handle the weight exerted by the exoskeleton and power supply itself, and also the
payload that the user carries. In the literature, there are different materials used
in the design of rigid-links of exoskeleton system such as carbon steel, aluminum,
cast iron, carbon fibre and fiberglass [184,185]. [In this thesis work, aluminum
and cast iron is selected for two different design versions of the exoskeleton sys-
tem. The selected material is verified with the static and dynamic calculations in
structural analysis software. If the yield strength of the selected material is within
the limits of the ultimate strength of the component, the design is considered to be

safe.

Affordability: The cost associated with the development of lower limb exoskele-
ton systems is another critical factor that needs to be considered. The price per
unit of the lower limb rehabilitation devices for therapeutic training and motion
assistance usually varies from 30000 USD to 130000 USD, which is beyond the
affordability of many potential users [12]. One of the premier reason of such high
cost is the sophisticated design of lightweight actuators and drives, viz., maxon mo-
tors along with harmonic drives. Compact actuators are costly and cheap ones are
bulky and less energy efficient. Many developing countries export such actuators
from the developed countries which increases the overall cost of device. Moreover,
the works regrading exoskeleton technology are in preliminary stages and requires
many aspects to be addressed before reaching to the end-users as ’fully-fledged

affordable exoskeletons’. In a case study based on Exo-Legs project, 85.7% users
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are found to be agreed that a price range of 2000-3000 Euros would be widely
acceptable [12]. Another survey conducted recently in one of the Indian hospitals
infers that 77% users are willing to pay upto 1,75,000 INR for lower-limb exoskele-
tons [186]. A potential approach to reduce the system’s cost is to carry forward
with existing designs and alleviate the non-essential factors such as a consumer
exoskeleton with more than 40 sensors or actuation in all planes. Therefore, this
thesis work proposes an affordable exoskeleton technology using a simplified me-
chanical configuration with movement in sagittal plane, actuation modules from a
local vendor, in-situ manufacture at the institute workshop, minimal set of position

sensors, and a single microcontroller board.

Adaptability: Human maturation can be interpreted as the major changes in
different body segments and proportions. It is observed that the growth rate in-
creases significantly from 5 years old to 12 years old and starts to decrease at 12
years old with a saturation by 19 years old. The variation of the pelvis shape
is worth noted when age group varies from the childhood (6 years old) and the
adulthood (25 years old) which demands the scalable exoskeleton design to adapt
the subject [187,188]. For instance, HAL exoskeleton takes two months for its
optimal calibration in case of varying user’s requirements. In view of maturation,
in this work, first version of exoskeleton is designed with adaptable links to accom-
modate different heights. However, in case of second and final version with the
consideration of more pediatric subjects, the height of links is kept constant and

waist width varies.

User balance and safety: The user balance while using ambulatory unilateral
or bilateral exoskeletons could be compromised due to the system’s weight and
its behaviour. In such cases, ambulatory exoskeletons are generally used with
crutches to enhance subject’s self-confidence, serve as a feedback tool, and min-
imize the risks of falls [189]. The non-ambulatory exoskeleton are usually aided
with treadmill-based structures and safety harness [184]. Therefore, in this work,
the exoskeleton system is designed with a wheeler stand structure is to support the
subject during walking and mitigate the risk of sudden falls. Furthermore, non-
compliant physical interaction between the subject and the exoskeleton leads to
pain and discomfort [22], and ineffective transmission of forces [190]. The mate-
rial used in attachments at the interface has to consider the inherent non-linear
viscoelastic properties of human soft tissues, such as tendons, ligaments and skin.
Therefore, in this work, an elastic-based nylon cuffs are provisioned for the safety

of the user’s skin.
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2.3 Motion Capture Experiment Setup

This section presents the hardware-software integration, acquisition of skeleton
data, and algorithm for computation of biomechanical joint angles using a Kinect-
LabView motion capture (MOCAP) setup.

2.3.1 Hardware Specifications and Software Integration

Microsoft Kinect (MS), as shown in Figure 2.1(a) and Figure 2.1(b), was installed
as a motion-sensing device in the laboratory to perform the experiment. This
device was considered because of depth-sensing quality in low light environment
and capability of resolving boundary ambiguities in any pose. The MS Kinect
comprises an RGB camera, an infrared (IR) emitter, an infrared depth sensor, a tilt
motor, an array of four microphones, and a 3-axis accelerometer. The RGB camera
captures the color images at 30 frames/second (FPS) and stores the image data
into 640x480 pixels. The IR emitter and IR depth sensor measure the distance
between a human body and the sensor by modulating the reflected rays into depth
data. The distance measured by the sensor is stored as depth information within a
resolution of 640x480 pixels, having a precision of 4-30 mm. A tilt motor adjusts
the orientation of the Kinect device at the specified position. An array of four
microphones is used for audio recordings and locating the sound source along with
the wave’s direction. A 16-kHz frequency with 24-bit pulse code modulation is
available in the device as an audio format. The audio input is characterized by
four microphones with a 24-bit analog-digital conversion (ADC) channel, having
echo and noise cancellation features. The 3-axis accelerometer, designed for 2G
range having 10 accuracy, is used to specify the orientation of the device. The field
of view is characterized by 430 and 570 view angles in the vertical and horizontal
direction, respectively. The vertical tilt is specified by + 270°. The hardware
specifications used to deploy the Kinect-SDK for skeletal tracking are Core i5
processor, 8 GB DDR memory, and 64-bit Windows 10. The Microsoft SDK can

track 20 joints; even the subject is in sitting position.

Thereafter, NI-Labview was installed to configure and analyze the hardware setup
of MS Kinect using graphical programs [191]. Kinesthesia toolkit was further
instated within NI-Labview to store and visualize the skeleton data of MS Kinect.
The complete setup provides instant accessibility of information regarding depth
camera and skeletal tracking. There are two window panels at the creation of

the setup: a front display panel and a block diagram panel. The joints selection,
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FIGURE 2.1: Illustration of (a) schematic diagram of MS Kinect and (b) MS
Kinect camera used in the experiment

skeleton display and corresponding results are shown in the display panel. The
block diagram panel is used to program the graphical algorithm for the analysis of
joint movements. The algorithm starts with three fundamental operations for the
Kinect device: first, initialization with the reference values; second, configuration
using video feedback of 3D skeletal information; and third, display the skeleton
information after reading and updating in a while loop. At last, a close command
is used to stop the display of skeleton video. In this work, an angle evaluation block
is connected with the third operation to access the lower limb’s joint angles. The
joint triples are attached to the angle evaluation block using three different lower
limb joint blocks. The Euclidean distance between joints 1 and 2, and joint 2 and
3 are evaluated using joint vectors 1-2 and 2-3. Furthermore, the angle evaluation
block calculates the joint angles using the resultant joint vector 1-3 and cosine
formula, as mentioned in Equation 2.2. A detailed algorithm in the form of a
flowchart is shown in Figure 2.2. The joint triples for the angle evaluation block

can be changed in the front display plane according to the selected joint.

2.3.2 Computation of Biomechanical Joint Angles

The MS Kinect offers the skeleton image for 20 joints of human body, as shown
in Figure 2.3, in three-dimensional space. Once the image information regarding
the skeleton updates in the NI-LabView interface, the required joint angles can be
calculated using corresponding joint triples (a, b, and ¢) and Euclidean distance
for each pair in the triples (M, N, and O). The list for eleven triples, made up
of human body upper limb and lower limb joint points, is shown in Table 2.1.
The Euclidean distance is calculated using vector distance between each pair in a

triple, as follows:

TH-2968_176103009



Chapter 2. Design and development of pediatric exoskeleton 40

Regulate the loop to | Comparison of
DISPLAY PANEL run at 16fps Vector 1-2
MODIFY JOINT TRIPLES e Comparison of

Vector 2-3

KINECT
Initialization with INITIALIZATION Joint 2

reference values | I. % |
Joint 1

—

Configuration

using video KINECT KINECT ANGLE
feedback of  |....... +» CONFIGURATION Read EVALUATION
3D reference ﬂ% BLOCK

values

Initialization INITIALIZE KINECT
of 3D display |- » i;i! ” S Cluster

to show A Dlspl-ay

&
KINECT CLOSE

% While loop

FIGURE 2.2: Flowchart algorithm for evaluation of joint angles

V2 (2.1)

dp(a,b) = [(zq — 26)? + (Yo — Yo)” + (20 — Zb)Q}
The joint angle (g;) can be further estimated between three body joints (a, b, and
¢) considering the middle joint (c) as a vertex. A simplified formulation for the

same is as follows:

B N2 _ M2 _ 02
qj = cos” ' < SMO ) (2.2)
where,

2 1/2

(20 — 2)" + (Y — )" + (20 — 2)°]
[(ma - xC)Q + (Yo — yc)2 + (2a — ZC)Q]
— [0 — 2)* + (s — 1) + (2 — 2)7]

1/2

M
N
O

To validate the accuracy of the skeleton information, the subjects’ height is com-
puted and compared with the actual height of the subjects. In the Equation 2.3,

the length of both legs is averaged to subdue the measuring error of the sensor

TH-2968_176103009



Chapter 2. Design and development of pediatric exoskeleton

41

data for the farther leg.

AEE ] e Rl

Hip Centre
Spine

Shoulder Centre

Head

Right Shoulder

Right Elbow
Right Wrist
Right Hand

Left Shoulder
10. Left Elbow
11. Left Wrist
12. Left Hand
13. Right Hip
14. Right Knee
15. Right Ankle
16. Right Foot
17. Left Hip

18. Left Knee
19. Left Ankle
20. Left Foot
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TABLE 2.1: List of triples for human body joints using MS Kinect

First joint

Second joint

Third joint

Joints order

Hip Centre

Shoulder Centre

Right Shoulder

Shoulder Centre

Left Shoulder
Hip Centre
Right Hip
Right Knee
Hip Centre
Left Hip

Shoulder Centre

Right Shoulder
Right Elbow
Left Shoulder
Left Elbow
Right Hip
Right Knee
Right Ankle
Left Hip

Left Knee

Head

Right Elbow
Right Wrist
Left Elbow
Left Wrist
Right Knee
Right Ankle
Right Foot
Left Knee
Left Ankle

1—3 =4
3—5—6
5—6—-7
3—-9-10
9-10—-11
1-13-14
13—-14-15
14 —15—-16
1-17-18
17-18 =19

Height = [(1/2) (dg(LA, LK)+ dg(LK,LH) + dp(RA, RK) + dg(RK, RH))
+dp(HC,SP)+ dg(SP,SC) + dg(SC, H)]
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where, LA = Left Ankle, LK = Left Knee, LH = Left Hip, RA = Right Ankle,
RK = Right Knee, RH = Right Hip, HC = Hip Centre, SP = Spine, SC' =
Shoulder Centre, H = Head

In this work, the right leg’s hip, knee, and ankle joint angles are considered for
the assessment of clinical gait analysis. The triples of the right leg and the cor-
responding selected joints (g1, g2, and ¢3) are shown in Table 2.1. This method
provides a relative form of biomechanical joint angles for the lower limb in the
sagittal plane. To realize the effects of flexion and extension in a more meaningful
way, as marked in Figure 2.4, the complementary set of hip, knee, and ankle joint
angle (q1.n,q2.n, and gsp) of the right leg of healthy human is finally selected. As
this work is focused on evaluating right leg joint angles, hereafter, right hip, right
knee and right ankle joints are simply mentioned as hip, knee and ankle joint

angles to avoid any confusion.

TABLE 2.2: List of triples for the right lower-limb and selected joint

First joint Second joint Third joint Selected Joint
Hip Centre Right Hip Right Knee  Right Hip
Right Hip  Right Knee Right Ankle Right Knee
Right Knee Right Ankle Right Foot Right Ankle

FIGURE 2.4: Biomechanical lower limb of a human
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2.4 Preliminary Version of the Lower-Limb Ex-
oskeleton System- LLESv1

In this section, the kinematic design and modeling of the preliminary version of the
exoskeleton system are outlined. At first, the kinematic and anthropometric data
of five healthy pediatric subjects are considered. Thereafter, the computer aided
design (CAD) model of the exoskeleton system is designed in the SolidWorks soft-
ware followed by the finite element analysis (FEA) to estimate the static structural

strength.

2.4.1 Identification of System Parameters

The geometrical parameters of the exoskeleton device should be in close accordance
with the anthropometric and spatiotemporal parameters of the targeted users.
Particularly, one should care about the adaptability of the exoskeleton links in
case of a range of different anthropometric parameters of the users. In this work,
five pediatric participants (age 8-12 years, body height 115-125 ¢cm, and body mass
25-40 kg) are considered from the nearby areas to the institute. The demographics

of all subjects are recorded as given in Table 2.3.

TABLE 2.3: Demographics of pediatric participants in first phase

Participant Languages Languages Residence
Identification Sex Age Grade Birth Place
Understand Spoken Area
Number

C1 M 08 Fifth B, H, E B, H Assam Urban
C2 M 10 Fifth A, B H E A, B West Bengal Rural
C3 F 12 Sixth A B E A, B Assam Rural
C4 M 08  Fourth A H E A H E Assam Urban
Ch E 10 Fifth A B, H A, B H Assam Rural

M: Male, F: Female, B: Bengali, H: Hindi, E: English, A: Assamese

The participants’ age, body height, body mass, waist width, thigh mass, calf mass,
ankle-foot mass, thigh height, calf height, and ankle height are recorded as shown
in Table 2.7. The anthropometric labels of lower-limb is shown in Figure 2.4. All
participating subjects were considered healthy where being ’healthy’ means no
sign of trauma, neurological diseases, fractures, or surgery of lower limbs. There-
after, the Kinect system is installed at a height of 0.8 m from the ground level.
With due consent from the institute ethical committee and participant information

sheet (PIS), the participants were asked to visit the Mechatronics and Robotics
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TABLE 2.4: Anthropometric parameters of the participants in first phase

Participant Age Body Waist Thigh Calf Ankle-Foot

(yrs) Height, Mass, width, Height, Mass, Height, Mass, Height, Mass,

Iy mp Wh ll.h mi,n [Zﬁ man lsn ms3n

(cm) (kg) (ecm) (em) (kg) (ecm) (kg) (cm)  (kg)

C1 08 122 28 32.9 24 3.5 28 2.2 5 0.54

C2 10 120 29 32.4 27 3.6 32 2.5 4 0.61

C3 12 124 40 33.1 26 4.1 30 2.9 5 0.65

C4 08 122 30 32.6 27 3.5 30 2.3 4 0.65

Ch 10 115 25 32.5 22 3.1 27 2.1 4 0.48

Laboratory of the institute along with the parents. They were requested to follow
an inclined path in front of the experimental setup. The horizontal and vertical
distance between the device center and the subject’s initial position was 0.7 m
and 2.2 m, respectively. The subject started walking from the initial position and
stopped at his exit from the device’s field of view. The initial position and the
line of the path were marked with black tape on the ground. The distances were
selected after having recommended adjustments for better skeletal tracking. The
setup configuration, as shown in Figure 2.5(a), recorded the skeletal information
for at least one gait cycle with every subject. Figure 2.5(b) displays the partici-
pant along with his tracked body joints. Generally, the recordings lasted for 1.6
— 2.0 seconds with every subject following the specified path. The participants
had light cloth wear because of the summer days. The whole experiment was
conducted with artificial lighting at day time. Following the MOCAP experiment,
ROM, stride length, and cycle time for each lower-limb joint is shown in Table 2.8.

220 cm

FIGURE 2.5: (a) Path configuration in experimental setup, (b) participant with
tracked body joints
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TABLE 2.5: ROM and spatiotemporal parameters of the participants in first

phase

. . Age Hip Knee Ankle Stride Cycle
Participant (yrs) f e f e d p Length Time
(deg) (deg) (deg) (deg.) (deg.) (deg.) (cm)  (s)

C1 08 24.12  -8.31 53.21 -3.76 798  -12.98 81 0.88

C2 10 22.36  -9.38  58.16 1.11 5.32 -8.04 87 0.91

C3 12 27.82  -832 5812  -4.21 9.72  -14.57 83 0.90

C4 08 22.16  -8.98  58.26 1.21 5.84 -7.94 82 1.09

C5 10 21.92  -7.53  55.42 1.32 5.27 -7.98 88 1.23

2.4.2 CAD of the LLESv1

Considering the above design requirements, a 6-DOFs lower limb exoskeleton sys-
tem (LLESwl) is proposed in this section. As observed from Table 2.4, the vari-
ation in waist width is marginally variable, i.e., 32.740.26 cm. Therefore, in this
design version, the waist width is kept constant at 32.7cm. From Table 2.4 the
age range is selected as 08-12 years, body height as 115-125 ¢m, body mass as
25-40 kg, thigh height as 22-27 cm, thigh mass as 3.1-4.1 kg, calf height as 27-
32 cm, calf mass as 2.1-2.9 kg, ankle-foot height as 4-5 c¢m, ankle-foot mass as
0.48-65 kg. LLESwv1 consists of a pair of three links, thigh link, shank link, and
foot link, along with the wheel support module. The hip joints perform f/e, knee
joints perform f/e, and ankle joints perform d/p motions in the sagittal plane. The
main objective of this exoskeleton is to offer rehabilitation training and provide
motion assistance to the pediatric subjects. Furthermore, from Table 2.5, it can
be inferred that the pediatric participant C3 (12 years) has maximum ROM for
hip, knee, and ankle joint. Therefore, following the maximum ROM data and val-
idating with the pediatric gait studies in the literature [192-194] for physiological
comfort to the subjects, the ROM for the exoskeleton system is selected 30°/-12°
(f/e), 60°/-10° (f/e) and 13°/-20° (d/p), respectively.

Each joint of the exoskeleton system is designed to drive with 1-DOF movement,
i.e., flexion and extension. Two heavy-duty backdrivable DC stepper motors along
with belt-pulley arrangement are used in the design to provide required torque and
rotate the hip joints. Linear type leadscrew actuators appended via brackets are
considered in the design to drive the knee joints. The stepper motor operating the
lead screw is fixed to the thigh link of the mechanism, and the nut of the lead screw
is fixed to the shank link of the leg mechanism. Rotation of the screw causes this
nut to traverse up and down the screw, therefore providing motion at the knee of
the mechanism. The dimensions of rectangular hollow bars used for making thigh

links and calf links are 20cm and 30cm, respectively. The use of motorized lead
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screws has allowed to bring down the cost factor associated with the mechanism.
To ensure adaptability to different sizes to some extent, a telescopic link-joint
connector is designed at the knee joint. The combination of holes in telescoping
link-joint connectors allows for minimum 2cm variation in thigh and calf sizes
within each setting. The ankle joint of the exoskeleton needs to be actuated to
perform locomotion following the normal gait motion of a human body. To reduce
the exoskeleton’s cost, a less rated DC motor at the ankle joint, along with the
cushion effect on the foot, is utilized to perform the required motion. For better
stability and strength, a wheel support module is designed where a pair of two
wheels with two vertical bars at the rear, a pair of wheels with a vertical bar
at the mid of the chassis frame, and two wheels with two slant bars are used to
support the exoskeleton system. Two vertical bars are connected with the chassis
frame using horizontal bend links at one-third and two-third from the rear side.
The other two vertical slant bars from the front side are connected by using angle
shaped connectors. The wheels are 100 mm in diameter with a width of 26 mm.
The shaft diameter is 10 mm. The wheels come with high quality silicon rubber

grip which gives excellent traction. The overall weight of each wheel is 210 gm.

(a) (b)

FIGURE 2.6: CAD model of (a) LLES (Labels: 1. Thigh link, 2. Shank link,

3. Foot link, 4. Hybrid stepper motor, 5. Lead screw actuator, 6. Stepper

motor, 7. Timing belt 8. Support module, 9. Wheels, 10. Telescopic link-joint
connector) (b) LEES with a human dummy

The CAD model of the LLESv1 is modeled in SolidWorks software, as shown
in Figure 3.17(a) with the stand support structure and in Figure 3.17(b) with a
human dummy. A limb of the exoskeleton system is shown in Figure 2.7(a). Figure
2.7(b) presents the exploded view of a single limb of the exoskeleton system. The
density of the aluminum alloy material is 2700 kg/m3. The mass of the LLESv1 at
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full actuator’s capacity is 14.4 kg, respectively. The mass of thigh link (m; ), calf
link (mg,.), and ankle-foot link (ms.) is 2.75 kg, 1.6 kg, and 0.85 kg, respectively.
The weight of thigh link holds the added effect of leadscrew actuator. However,
the weight of hip joint actuator is not added to the link masses as the actuator
is connected separately to the stand structure via the timing belt. The weight of
calf link carries the effect of ankle-foot actuator attached at the distal end. The

mass of the stand structure was 2.4 kg.

(b)

FIGURE 2.7: CAD model of one leg in LLESv1 (Labels: 1. Hip joint, 2. L-

shaped bracket, 3. Knee joint, 4. Holding cuffs, 5. Ankle joint, 6. Foot, and

7. Timing belt); hy = 5 cm, k; = 16 — 22 cm,n, = 8 — 14 cm, p, = 20 cm, and
ay =5 cm) and (b) Exploded view of one leg

2.4.3 Finite Element Analysis of LLESv1

Static structural analysis or finite element analysis (FEA) is utilized to confirm
the strength of the designed model for different load conditions. In this work,
finite element analysis of hip joint connector with wheeler stand are performed
using the SolidWorks software. As the belt-pulley arrangement is used to transfer
the actuator’s rotation to the hip joint, the mass effect of heavy duty motors is
not considered in FEA. The mass of the stand-aided exoskeleton system is 8 kg
without taking the mass of hip joint actuators into account. It could be possible

while applying forces at the hip joint, a small reaction force could be generated

TH-2968_176103009



Chapter 2. Design and development of pediatric exoskeleton 48

in the upward direction at the location of hip actuators. However, that force is
ignored in the present work due its small magnitude as compared to applied forces

at the hip joint.

As per the studies by Bogert et al. [195] and Weinhandl et al. [196], the maximum
load acts on the hip joint during a single support phase varies from 2.2 to 4.6
times of the total body weight. Assuming the four times of total body weight
of the human-exoskeleton system, i.e., 1920N (4 x (40 + 8)kg), the FEA of the
hip joint connector attached with wheel support module is carried out in Figure
2.8. The hubs of all wheels are kept hinge-fixed while applying a downward force
of 1920N at a vertical L-shaped hip joint connector, as shown in Figure 2.8(a).
All other joint connections in the structure are kept contacted suing contact sets.
The solid mesh (tetrahedral 3D) is formed with 31551 number of nodes and 15679
number of elements, having an element size of 22.64 mm. The maximum von Mises
stress is found to be 252 MPa (at node 31343), and the maximum deformation is
realized to be 7.22 mm (at node 18532) near the hip joint- thigh link connection,
as shown in Figure 2.8(b) and 2.8(c¢). The maximum value of equivalent von Mises

stress is within the yield limit of aluminum alloy (275 MPa).
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FicUre 2.8: FEA of a hip joint with wheel support module during single
support phase (maximum load) of a gait cycle (a) applied load (b) equivalent
von Mises stress, (c) total deformation

Furthermore, as evident from the study by Pan et al. [117], the maximum load
is distributed on both hip joints with a 65% load on the right hip and 35% on
the left hip during the reaction period. Therefore, to confirm the strength of the
hip joint during the reaction period (flat right foot and toe-tip left foot), FEA
is performed by applying a downward force of 1248N and 672N on the right and
left L-shaped hip joint connectors as shown in Figure 2.9(a). The hubs of all
wheels are kept hinge-fixed, and all other joint connections in the structure are
kept contacted in the form of contact sets. With 31551 nodes and 15679 elements,
the mesh (tetrahedral 3D) is formed with an element size of 22.64 mm. At node
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31321, the maximum von Mises stress is found to be 154 MPa, and at node 18532,
the maximum deformation is obtained to be 5.08 mm near the hip joint- thigh
link connection as shown in Figure 2.9(b) and 2.9(c). The maximum value of

equivalent von Mises stress is again within the yield limit of aluminum alloy (275
MPa).
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FIGURE 2.9: FEA of a hip joint with wheel support module during reaction
phase of a gait cycle (a) applied load (b) equivalent von Mises stress, (c) total
deformation

2.5 Final Version of the Lower-Limb Exoskele-

ton System- LLESv2

In this section, the kinematic design and modeling of the second, i.e., final version
of the exoskeleton system are outlined. At first, the kinematic and anthropometric
data of another 11 healthy pediatric subjects (three from previous experiment and
eight fresh incomings) are considered. Based on the participants’ anthropomet-
ric parameters, the CAD model of the exoskeleton system is re-designed in the
SolidWorks software followed by FEA.

2.5.1 Identification of System Parameters

In this section, the anthropometric and spatiotemporal parameters of ten pediatric
participants (age 8-12 years, body height 128-132 cm, and body mass 25-40kg) are
considered, which reside from the nearby areas to the institute. The demographics
of all subjects are recorded as given in Table 2.6. The participants’ age, body
height, body mass, waist width, thigh mass, calf mass, ankle-foot mass, thigh
height, calf height, and ankle height are recorded as shown in Table 2.7. It is
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pertinent to mention that, due to maturation, significant changes are observed in
the body parameters and ROM of three subjects from previous experiment (i.e.,
C1, C3, and C4). Following the Kinect-LabView MOCAP experiment setup and
guidelines, ROM, stride length, and cycle time for each lower-limb joint is shown
in Table 2.8.

TABLE 2.6: Demographics of pediatric participants in second phase

Participant Languages Languages Residence
Identification Sex Age Grade Birth Place
Understand Spoken Area
Number

C1 M 09 Sixth B, H E B, H Assam Urban
C2 M 11 Sixth A, B, H E A, B West Bengal Rural
C4 M 09 Fifth A H E A H E Assam Urban
C6 M 08 Fifth A, B, H A B Assam Rural
c7 F 10 Fifth A, B H E A, B Assam Urban
C8 M 10 Fifth A, B, H E A, B Assam Rural
C9 F 10 Fifth A, B, H E A, B Assam Rural
C10 M 09  Fourth ,H, E A H E West Bengal Rural
Cl11 F 11 Fifth A B, H E A B, H E Assam Urban
C12 M 12 Sixth A B, H, E A H E West Bengal Rural
C13 F 10 Fifth , H, ,H West Bengal Urban

M: Male, F: Female, B: Bengali, H: Hindi, E: English, A: Assamese

TABLE 2.7: Anthropometric parameters of the participants in second phase

Participant Age Body Waist Thigh Calf Ankle-Foot
(yrs) Height, Mass, width, Height, Mass, Height, Mass, Height, Mass,

In Mmp Wh ll,h mi,n lz,h M2 n l3,h m3.n

(cm) (kg) (cm) (cm) (kg) (cm) (kg)  (cm) (ke)

C1 09 128 30 33.1 27 3.7 28 2.5 6 0.54
C2 11 128 28 31.3 28 3.8 30 2.8 6 0.62
C4 09 130 35 35.7 28 4.1 30 3.1 6 0.67
C6 08 128 34 34.7 28 4.2 26 2.8 4 0.79
Cc7 10 131 29 31.1 27 3.8 27 2.7 5 0.49
C8 10 130 38 42.8 26 3.8 30 2.8 6 0.67
C9 10 128 34 43.4 27 4.1 29 3.1 5 0.65
C10 09 129 38 40.1 27 3.9 28 2.9 5 0.58
Cl11 11 130 33 45.8 27 4.2 30 3.2 6 0.57
C12 12 132 40 34.8 28 4.1 28 2.9 5 0.57
C13 10 129 37 43.1 28 3.8 29 3.1 6 0.61

2.5.2 CAD of the LLESv2

Invoking the above design parameters, the 6-DOFs LLESv1 is modified for better
rigidity of stand support, decreased link masses, the simplified arrangement of the
hip motors, variable waist size, and free movements of the stand wheels in this
section. As observed from Table 2.7, the variation in waist width is significant, i.e.,

from 31.1 cm to 45.8 cm which motivates to vary the back link in the exoskeleton
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TABLE 2.8: ROM and spatiotemporal parameters of the participants in second

phase

. . Age Hip Knee Ankle Stride Cycle
Participant (yrs) f e f e d p Length Time
(deg) (deg) (deg) (deg.) (deg.) (deg.) (cm)  (s)

C1 09 19.12  -7.31 5321  -3.76 7.98  -10.87 81 0.88
C2 11 22.72  -8.17  57.76 2.23 5.32 -7.20 87 0.91
C4 09 21.42  -848 58.66  -1.91 5.55 -9.09 82 1.09
C6 08 2230 -9.35  58.30 1.12 5.30 -8.11 88 1.11
C7 10 2277 -7.78  57.45 0.21 8.76 -7.89 76 1.23
C8 10 23.64 -9.12 5891  -1.08 9.67 -6.98 87 1.45
C9 10 2578 -11.83 5843 -1.86 1034  -6.78 76 0.89
C10 09 26.87  -10.23  55.23 578  11.12  -5.67 75 0.78
C11 11 28.32  -6.34  56.79  -3.78 11.34  -12.57 88 1.18
C12 12 22.23  -8.93 5821 1.15 5.81 -7.96 91 0.92
C13 10 2221  -9.23  58.37 -4.98 6.98 -5.34 72 1.03

design. From Table 2.7 the age range is selected as 08-12 years, body height as
128-132cm, body mass as 25-40 kg, thigh mass as 3.7-4.2 kg, thigh mass as 2.1-2.9
kg, and thigh mass as 0.48-65 kg. However, this time, there is a marginal variation
in case of thigh height as 26+2 cm, calf height as 28.9940.995 cm, and ankle-foot
height as 5.5+0.5 cm. Similar to LLEs v1, a 1-DOF movement (hip f/e, knee f/e,
and ankle d/p) is provided to each joint in the LLES v2. From Table 2.8, it can be
inferred that the pediatric participant C9 (10 years) has maximum ROM for hip
joint, C13 (10 years) has maximum ROM for knee joint, and C11 (11 years) has
maximum ROM for ankle joint. Therefore, following the maximum ROM data and
the pediatric gait studies in the literature [192-194], the ROM for the upgraded
exoskeleton system is kept same as LLESv1, i.e., 30°/-12° (f/e), 60°/-10° (f/e) and
13°/-20° (d/p), respectively.

However, unlike the normal DC motors in the first version, two heavy duty back-
drivable planetary geared DC stepper motors are used in LLES v2 to provide
necessary torque for the rotation of the hip joints. Moreover, these motors are
mounted on the plate welded over the stand structure unlike the cantilever mount-
ing in first version. To rotate the knee joint, linear leadscrew actuator is mounted
on the L-shaped clamps, attached at the thigh and shank link. A less torque rated
DC stepper motor is used to actuate the ankle joint. A foot pad is attached to the
ankle joint with the help of a coupler where the subject boards initially. To facili-
tate the actuators placement in LLES v2, the preliminary dimensions are modified
accordingly. In upgraded design, the stand is extended at the front and exoskele-
ton is located at the back as compared to previous version. This modification is

done to increase the stability of the user, as now the user can take support of the
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stand assembly. Furthermore, a castor wheel is used at the end of the stand to of-
fer multi-directional walking flexibility to the coupled subject-exoskeleton system.
The CAD model of the LLES®#2 is shown in Figure 2.10. Figure 2.10(a), 2.10(b),
and 2.10(c) illustrates the exoskeleton system, the exoskeleton system with wheel
supported stand, and the full exoskeleton system with a human dummy, respec-
tively. The major changes in the LLESv2 as compared to the previous version
LLESv1 are highlighted in the Figure 2.11.

FIGURE 2.10: CAD model of: (a) LLESv2 (Labels: 1. Thigh link, 2. Shank

link, 3. Foot link, 4. Hybrid stepper motor, 5. Lead screw actuator, 6.Extended

shank link, 7. Lead screw, 8. Stepper motor, 9. Holding splints, 10. Coupler),

(b) Exoskeleton assembly (Labels: 1. Stand assembly, 2. Wheel support), and
(c) Exoskeleton with human dummy

The exoskeleton leg is represented in Figure 2.12(a). The exploded view of one of
the legs of the exoskeleton is shown in Figure 2.12(b). The design dimensions for
the stand structure in side and front view is shown in Figure 2.13(a) and 2.13(b).
The back support in stand structure is kept variable using three adjustable links
to accommodate different waist sizes (31-46 cm). The combination of holes in
adjustable links allows for minimum 3cm variation in waist sizes in each setting.
The material selected for the stand assembly and LLESv2’s legs is the mild steel.
The mass of the upgraded exoskeleton limbs at full actuators’ capacity is 14 kg.
The mass of thigh link (m; ), calf link (ms.), and ankle-foot link (ms) is 4.55 kg,
1.75 kg, and 0.70 kg, respectively. Again, similar to LLESwv1, the masses of links
are computed without the effect of hip joint actuator as the actuator is placed

separately over the stand structure. The stand assembly’s mass is about 7.44 kg.
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Better rigidity of stand support

Variable waist size

Free movement
of stand wheels

Stand-held hip stepper motors

FIGURE 2.11: Major design changes from LLESv1 to LLESv2

In forthcoming sections, the selection of ASTM A36 steel for stand assembly and
ATSI 4340 for foot pad is justified by carrying the FEA of the respective structure.

(b)

FIGURE 2.12: CAD model of (a) Leg of exoskeleton device (Labels: 1. Hip

joint, 2. L clamp, 3. Knee joint, 4. Holding cuffs, 5. Ankle joint, 6. Foot pad);

hy = 15c¢m, ky = 13cm, ne. = 13cm, p. = 16cm, and ay = 6cm) and (b) Exploded
view of one leg
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25.00

(@ (b)

FIGURE 2.13: Dimensions of the stand structure in (a) side view, and (b) front
view with adjustable back frame

2.5.3 Finite Element Analysis of LLESv2

Finite element analysis is performed to find the strength of hip joint with wheeler
stand structure and foot pad working in the full capacity coupled subject-exoskeleton
system. Similar to the LLESv1, FEA is carried out in the SolidWorks software for
two gait events, i.e., the reaction period (toe tip left foot and flat right foot) where
the maximum load gets distributed, and the single support phase where maximum

load is applied on one leg.

Unlike the FEA of LLESv1, a total weight of 14kg is considered for the FEA
of LLESv2 without reducing the weight of the hip actuator as the joint shaft is
directly connected to the thigh link. Assuming four times the entire weight of the
human and exoskeleton, the acting force will be (4x (40414) kg) i.e. 2160 N, a
total force of 2160 N is applied on the right side of the exoskeleton device during
single support phase. Figure 2.14(a) shows the true location and direction of
external fixed loads and fixed hinge support applied for single support phase. The
solid mesh (Tetrahedral 3D) is formed for the ASTM steel material with 46,561
and 22,488 as number of nodes and elements respectively, and having element
size of 23.7 mm. Figure 2.14(b) and 2.14(c) illustrates the variation of the von-
Mises stress and related displacement for ASTM A36 Steel under the boundary
conditions of single support phase. The maximum equivalent von Mises stress
is found to be 109.50 MPa at node 28,273, at the right front end of the plate.
This stress value is within the yield strength limit of ASTM A36 (250 MPa). The
maximum deformation is found to be 4.223 mm (at node 11,743). Therefore, the
design of stand assembly with ASTM A36 Steel is observed to be safe with the
FOS of 2.28.
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FiGURE 2.14: FEA of a wheel stand assembly during single support phase
(maximum load) of a gait cycle (a) applied load (b) equivalent von Mises stress,
and (c) total deformation

Considering the reaction phase of the gait cycle, a force of 1404 N and 756 N
is applied on the right and left hip joint connection. Figure 2.15(a) shows the
true location and direction of external fixed loads and fixed hinge support applied
during reaction phase. The solid mesh (Tetrahedral 3D) is formed for the ASTM
steel material with 46,561 and 22,488 as number of nodes and elements respectively,
and having element size of 23.7 mm. In case of ASTM A36 steel, Figure 2.15(b)
and 2.15(c) presents the respective variation of von-Mises stress and deformation
for the boundary conditions of reaction period. The maximum equivalent von
Mises stress is found to be 37 MPa at node 28,273, which is within the yield
strength limit of ASTM A36 (250 MPa). The maximum deformation is found to
be 1.653 mm (at node 11,503) is found near the front end of the plate. Therefore,
the structural design with ASTM A36 steel is considered to be safe with FOS of
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FIGURE 2.15: FEA of a wheel stand assembly during reaction phase of a gait
cycle (a) applied load (b) equivalent von Mises stress, and (c) total deformation

TH-2968_176103009



Chapter 2. Design and development of pediatric exoskeleton 56

2.6 Dynamic Analysis

Rehabilitation training with exoskeleton robots can be majorly classified into
two modes depending upon the indulgent of subject, i.e., passive-assist (PA) and
active-assist (AA) mode. In PA mode, subject’s limbs are completely supervised
by the exoskeleton with least possible interaction between subject and human.
This mode is helpful to avoid the muscular atrophy post-neurological diseases. On
the other hand, in AA mode, the subject exerts his/her own muscle energy in as-
sociation with the exoskeleton power. The subject-robot collaboration leads to the
joint’s misalignment and induces interaction forces. These interaction forces can
be measured in different ways, i.e., using force/torque sensors [104], spring-damper
models [142], disturbance observers [141], etc. The AA mode is useful for those
patients who have a considerable amount of muscle energy in their lower limbs.
Exploiting the exoskeleton in different rehabilitation settings greatly depends on
the applied dynamic analysis and control scheme, i.e., position/trajectory control
for PA mode and impedance/admittance control for AA mode. In the coupled
subject-exoskeleton model, sufficient torques are needed to drive the joint actua-
tors during gait training which allows the subject to move further at significant
speed. Therefore, the dynamic analysis of the lower extremity exoskeleton system
is required to obtain the information of joint torques depending upon the geomet-
rical parameters of exoskeleton links and anthropometric parameters of human leg.
In this section, dynamic analysis for the coupled human-exoskeleton in passive-
assist and active-assist mode is presented using the Euler-Lagrange principle. In
this work, it is assumed that even with the post-stroke muscle impairments, the
subject can experience the considerable ground reaction forces (GRFs) without any
kind of assistance [197]. Therefore, the effect of ground reaction force is excluded
from the dynamic analysis while calculating the joint torques. Now, applying

Euler-Lagrange principle, the dynamics of the coupled system can be expressed as

below.
d (0Lgo\ 0L
Tithe) = = (a% — o (2.4)
QJ(h,e) Qj(h,e)
Line) = Khe) = Plne) (2.5)
where,
= 1
Kihey = Z |:§mi(h7e) (f?(h,e) + y?(h,e)) +3 i(h,e)qjg(h,e)] (2.6)
ij=1
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1=3

Plhey = Z [Mi(h,e)9Yith,e) ] (2.7)

i=1

where h and e abbreviates the term human and exoskeleton robot; i (= 1,2,3)
represents the thigh, shank, and foot link, respectively; j (= 1,2, 3) represents the
hip, knee, and ankle joint, respectively; 7;(, ) denotes the joint torque vector; g
and ¢jn.e) signify the angular position and angular speed for the ith link; L, is
the Lagrangian; P ) and K, .y designates the potential and kinetic energy of the
human-exoskeleton system; m;, ) and I ) are the mass and rotational moment
of inertia of the coupled i-link; (Zi(n.e), Yicne)) infers the centroid position of the
coupled ith link about origin (0, 0) at hip joint, and g is the acceleration due to
gravity.

Solving the kinetic energy (Equation 2.6) and potential energy (Equation 2.7) for
each segment for human and exoskeleton system separately and substituting in

Lagrange Equation 2.5 to get,

Tin + Teth = Mu(@in)Gjn + Cr(@n, 4i.1n)d5n + Gr(qin) (2.8)
Tj7e + Thte = Me(Qj,e)éjj,e ar Ce(Qj,e7 (jj,e>%',e = Ge(Qj,e) (29)

where My, (q; ) € R¥? and M,(g;.) € R**? are the positive definite inertial matrix;
Ci(g;n) € R¥® and C.(g;.) € R**? carries Coriolis/centrifugal effect in matrix
form; G,(g;1) € R® and G.(g;.) € R? refers the gravitational vector; 7;;, € R* and
Tje € R3 are the joint torque vectors (j=1,2,3); Tetn, and Ty denote the interaction

torque from the exoskeleton to human and otherwise.

An interaction force develops due to the soft coupling between the lower limb
of the human and the exoskeleton robot. The resulting reaction torque acts as
a supplement for the subjects with residual muscle energy while behaving as a
renitence for the exoskeleton robot. The interaction mechanics for the coupled

human-exoskeleton system is shown in Figure 2.16(a) and 2.16(b).

Passive Assist Mode

In PA mode, interaction torques are considered negligible by assuming the struc-
ture rigid with insignificant disparities of human-exoskeleton joint movements.

Mathematically, following relation can be realized:

Teth = —Thte = 05 Gj.e = Gjn> Qe = Gjhs Gje = Qb Tjn =0 (2.10)
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(a)

FIGURE 2.16: Coupled human-exoskeleton model (a) a simplified-linkage struc-

ture (ll : ll(h,e) : ll(e), ll(h); 12 3 l2(h,e) . l2(e)7l2(h)§ l3 : l3(h,e) : lg(e), l3(h) denote

the thigh, calf, and foot length of the exoskeleton and human. l.1,l., and .3

signify the centre of mass distance for the respective lengths) (b) interaction

dynamics (c: ¢1,co,c3 and k : ky, ko, k3 represent the damping and spring coef-
ficient of thigh, calf and foot bracing straps

Therefore, the dynamic formulation in Equation 2.8 and 2.9 is modified for the

coupled system as follows:

Tie = Mhe(@e)die + Che(Qes dje)dje + Ghe(Qje) (2.11)
where,
Mh,e(Qj,e) = Me(Qj,e) + Mh(CIj,e)
Ch,e(Qj,e; ij,e) = C€<qj7€7 qjﬁ) + Ch(qj,e7 Qj,e> (212)
gh,e<qj,e> - Ge(Qj,e) + Gh(qj,e>

The element-wise expression for coupled inertia matrix (M, ), Coriolis/Centrifu-

gal matrix (Cp.), and gravity matrix (G ) is provided in Appendix A.

Active-Assist Mode

On the contrary, the AA mode allows the deviations between the human limb and

exoskeleton structure which can be used to model the flexible behaviour in coupled
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system. Mathematically,

Teth = —Thte = Tjint 07 Gje 7 Gihs Qje 7 Qihs Qe # Qs T 70 (2.13)

where (7;;,:) denotes the interaction torque vector with the effect of human-

exoskeleton collaboration.

Now, the dynamics of the coupled system from Equation 2.8 and 2.9 can be mod-

ified as follows,

Tin + Tiint = Mu(@in)Gjn + Cr(qn, 4n)din + Gr(gin) (2.14)
7-j,e SN Tj,int - Me(‘]j,e)dj,e B= Ce(Qj,ey Qj,e)Qj,e + Ge(Qj,e) (215)

In practical scenarios, the interaction forces/torques are directly measured by sen-
sor devices. However, researchers have investigated a spring-damper model of
the coupling material which can avoid the cost of expensive sensors [104] [142].

Following Figure 2.16, the interaction torque can be modeled as

Tiint = J* fiine = J° (C(ii,e = 155 = Sl 3 xzh))
= c(dje — Gjn) + k(gje — qin) (2.16)

where fj ;. represents the vector of interaction forces; J' is the transpose of
Jacobian matrix based on the locations of bracing straps; (& .—; ) and (z;e—x; )
signifies the velocity and positional difference for the ith link at the contact points,
respectively; (¢;.—q;n) and (gje—g;n) denotes the disparity in angular velocity and
position for the respective jth joint; ¢ and k is the damping and spring coefficient

of the bracing straps, respectively.

Furthermore, it is worth mentioning that the hip and ankle joint torques obtained
from Euler-Lagrange principle (7i(e), (T3n,e))) are equivalent to the respective
actuator torques (Tig(n,e), (T3a(h,e))) due to the rotary joint and can be presented as

below.

T1(h,e) =Tla(hie) (2.17)
T3(h,e) —T3a(h,e) (218)

However, in case of knee joint, the rotary joint torque from the Euler-Lagrange

principle (Tg(hﬁ)) shares an empirical relation with leadscrew actuator torque (TQa(hﬁ))
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using a numerical parameter [ as follows.
T2(h,e) = ls X Toa(h,e) ~ ls X Ft X Pr (219)

where F; denotes the thrust force required by the leadscrew actuator to lift the
lower leg coupled system (calf and ankle-foot) and p, refers to the pitch of the
leadscrew per revolution. The reading of thrust force can be estimated from CAD

model of the exoskeleton system at different instants of the gait cycle.

2.7 Results and Discussions

In this section, the estimation of actuator torques for both exoskeleton systems
is carried out using the passive-assist coupled dynamic model and empirical rela-
tion which further helps to select the other specifications from the local vendor.
Although the gait cycle at the self-selected is observed between 0.82 s and 1.22
s; however, keeping the computational complexity of coupled subject-exoskeleton
hardware model and control scheme in both passive and active-assist mode, the
gait cycle of 2s is considered throughout the thesis. Several researchers have con-
ducted their coupled subject-exoskeleton experiment with different gait cycles such
as 1 s [198], 2 s [199-201], 4 s [202] for motion assistance and gait rehabilitation.

In case of LLESw1, the mean values of anthropometric parameters and natu-
ral joint movement of all five participants are considered from Table 2.4 as in-
put parameters to the coupled dynamic model. The mean values are: l_l’h =
25.2 cm, My = 3.56 kg, lo, = 29.4 cm, Mgy = 2.4 kg, I3, = 4.4 cm, myy =
0.58 kg, ROMy;, = 23.67°/ — 8.5°, ROMpee = 56.63°/ — 0.866°, ROM ynige =
6.83°/—10.3°. The lower limb parameters of the exoskeleton are m; . = 2.75 kg, mo, =
1.6 kg, and m3 . = 0.85 kg. The numerical parameter [, is found to be 8.15 from
the CAD simulations. The respective joint movements and joint actuator torques
are shown in Figure 2.17(a) and Figure 2.17(b). The highest peak value for joint
torques is found between 7% and 14% of the gait cycle. From Figure 2.17(b), it
is realized that the absolute magnitude of the maximum hip joint torque is 12.92
Nm. The absolute magnitude of maximum knee joint torque is 2.24 Nm. The

absolute magnitude of maximum ankle joint torque is 0.28 Nm.

Similarly, for LLESv2, average values of anthropometric parameters and joint
trajectory of all 11 participants are considered from Table 2.7 to input into the

dynamic model. The mean values are: [y, = 27.37 cm,m,;, = 3.61 kg, lr) =
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FIGURE 2.17: Desired (a) trajectory and (b) actuator torque for hip, knee, and
ankle joint of LLESv1

28.64 cm, Moy = 2.9 kg, I3, = 5.45 cm, may = 0.61 kg, ROMy,;, = 23.4°/ —
8.8°, ROMypee = 57.39°/ — 1.68°, ROM zppq. = 8.02°/ — 8.04°. The lower limb
parameters of the exoskeleton are m;. = 4.55 kg, mg. = 1.75 kg, and mg, =
0.70 kg. The numerical parameter [, is found to be 8.65 from the CAD simulations.
The mean joint movements and resulting joint actuator torques are shown in Figure
2.18(a) and Figure 2.18(b). The highest peak value for joint torques is found
between 7% and 14% of the gait cycle. From Figure Figure 2.18(b), it is realized
that the absolute magnitude of the maximum hip joint torque is 27.02 Nm. The
absolute magnitude of maximum knee joint torque is 2.35 Nm. The absolute

magnitude of maximum ankle joint torque is 0.36 Nm.
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FIGURE 2.18: Desired (a) trajectory and (b) actuator torque for hip, knee, and
ankle joint of LLESv2

TH-2968_176103009



Chapter 2. Design and development of pediatric exoskeleton 62

The change from positive to negative torque values represent the effort applied
by the actuator shaft to accelerate and decelerate from the previous speed, which
is prominent in mid stance phase. Based on the above results for a given ROM
of each joint, the required actuators are considered from the market with spec-
ifications given in Table 2.9. In case of LLESv1, a holding torque of 17.55 Nm
(195 USD and 5.1 kg) was sufficient to produce the required control signals for
preliminary experimental runs and the same could be observed in control results
(Figure 3.21) of this thesis. However, to reduce the weight of hip joint actua-
tors and maintain a trade-off between increased load carrying capacity and cost
involved, the hip joint actuator with holding torque of 30 Nm (205 USD and
2.28 kg) was finally selected for LLESv2 to ensure effective working of the ex-
oskeleton for different subjects. Moreover, the generated control signals for any
actuators depend on many factors such as actuator specifications, actuator place-
ments, subjects’ anthropometric parameters, level of pathological conditions (if

any), subjects’ musculoskeletal parameters, and rehabilitation mode.

FIGURE 2.19: Prototype of (a) LLESv1 and (b) LLES»2

The final prototype of the LLESv1 and LLESv2 is shown in Figure 2.19(a) and
2.19(b), respectively. The major components of both exoskeleton systems are
shown in Figure 2.21 and Figure 2.20, respectively. The working of both the ex-
oskeleton system are similar irrespective the component specifications. The actu-
ation for hip joint is formed with a pair of DC motors (stepper motor for LLESv1
and planetary-geared stepper motor for LLESv2). The knee joint actuation is
made up of a pair of linear actuator (leadscrew length 250 mm for LLESv1 and

300 mm for LLES#2) and ankle joint is powered with a pair of light duty stepper
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TABLE 2.9: Actuator specifications for LLESv1 and LLESv2

Joint and Armature Holding Armature Operating Step Linear
. Torque, Current, . .
System  actuator resistance, - In(A) inductance, Voltage, angle, step size,
model R, (Q) (Nom) m L,,(mH) Vo(Volt) A (deg.) L, (micron)
Hip
(BH86SH156-
6204AKS- TP 0.85 17.55 6.2 9.4 24 — 140 1.8 -
65)
Knee
LLESwv1 (BH57SH100- 2.5(250mm
1.55 leadscrew 3.1 6.75 24 — 48 1.8 40
3004 LA- length)
TRS8)
Ankle
(BH42SHA47- 2.88 0.55 1.5 5.7 12-24 1.8 -
1504AF)
Hip 30
(BH60SHS6- 0.69 (Gear ratio: 4.0 2.65 24-48 1.8 -
4004PL-13) 13:1)
Knee 2.5
LLESv2 (BH57SH100- (300mm
3004 LA- 1.55 loadscrew 3.1 6.75 24-48 1.8 40
TR8) length)
Ankle
(BH42 SH 47- 1.7 0.44 1.7 2.5 12-24 1.8 -
1704 AF)

Microcontroller

0 | 3 Drivers
Arduino-Mega - : s P BH-SMART-4.5A (Hip, Knee)
o - : BH-SMART-2A (Ankle)

| gk
m Power Source ‘y #
RKI-1411 - :
| "

Hip joint actuator and timing belt

(BH86SH156-6204AKS- IP 65) and
| (GT2 EC-7152)
|

g 0, Potentiometers
w}‘ laed SSDP-500

Knee joint leadscrew actuator
(BH57SH100-3004L A-250-TR8)

[ : Ankle joint actuator
Unidirectional .8 i o] (BH42SHA7-1504AF)
Wheels a5

FIGURE 2.20: Prototype of LLESv1 with various components

motors. The potentiometer at hip and knee joint (single turn for LLESv1 and 10-
turns for LLESv2), and single-turn potentiometer at ankle joint (both systems) is
kept fixed in contact with the shaft of the actuators to process the feedback sig-
nals. In case of knee joint of both systems, as the feedback sensor (potentiometer)
is fixed at the leadscrew actuator shaft, there is a need to derive some geometrical
relations to transform the knee joint rotary movement (gs.) to the actuator’s ro-
tary movement (gao.). Referring Figure 2.22, following relation can be established
between knee joint rotation (¢e.) and leadscrew translation (l;s.),

—1 62 - 2 21 e s k 2 - 02
cos(180 — goe) = 12 012" + 1;]{0;?008((] )tk —n (2.20)
t'lc
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; Hipjoint
' planetary geared-actuator

o |0 S P (BH865H156-6204AKS- IP 65)
- | ﬁ
- -+_ '
@ Potentiometers % | a
b‘i EC-4902 (Hip, Knee) ol R G g Knee joint leadscrew actuator
SSDP-500 (Ankle) G T T (BH57SH100-3004LA-300-TR8)

Drivers
gt BH-SMART-6A (Hip, Knee)
> BH-SMART-2A (Ankle)

. Microcontroller
! ; 9 Arduino-Mega
Ankle joint actuator E

- |
(BH42SH47-1704AF) i B R 4 Castor
: £ . 5 Wheels

Power Source
SMPS-28V,5A

FIGURE 2.21: Prototype of LLES»2 with various components

FIGURE 2.22: Geometrical arrangement between knee joint angle and leadscrew
translational traverse for (a) LLESv1 and (b) LLESv2

where k; and n,. are fixed design parameters for a particular subject; 015 and ¢,
are always kept as constant geometrical parameters. Thereafter, another relation

between leadscrew translation (l12.) and actuator’s rotary movement (gaoc)

QZ26 X pr
1o, = 92.21
12 360 (2:21)

where, ¢o0. and p, denotes the leadscrew actuator rotary movement and pitch of
the leadscrew per revolution. It is pertinent to mention that the above resulting
formulations are only required if the feedback sensor is connected to the shaft of

leadscrew actuator.

As per the characteristics of the DC stepper motors, drivers (bipolar 4.5 A for
hip and knee actuator, and bipolar 2 A for ankle in LLESv1; bipolar 6 A for hip
and knee, bipolar 2 A for ankle in LLESv2) are exploited to provide the control
signals by regulating the duty of pulse width modulation (PWM). Although the
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control signals are directly generated based on the proposed control actions dur-
ing the experiment; however, one can realize the relation between actuator torque
and control signals using well known torque-voltage equations, depending upon
actuator specifications [102]. The control system includes a microcontroller board
(Arduino Mega 2560) connected to the computer software (MATLAB/Simulink,
2020b) through which the proposed control algorithm is inputted. Based on sub-
ject’s height and waist width, the mechanical links are first adjusted and desired
gait is computed using a motion capture setup. Thereafter, the required control
algorithm with desired gait trajectory is build in the computer system. Combining
all the above steps, an coupled subject-exoskeleton starts working with real-time

control architecture.

2.8 Summary

This chapter presents the design, modeling, and proof-of-the-concept prototype
of the 6-DOF's stand-aided lower-limb exoskeleton system for pediatric gait reha-
bilitation and motion assistance. The CAD and FE modeling of the exoskeleton
system are presented in two phases based on the anthropometric and kinematic
parameters of the pediatric participants. The first design, LLESv1 is dedicated to
subjects of 08-12 years, body height as 115-125c¢m, body mass as 25-40 kg. How-
ever, in second phase, the prelimnary design is modified for better balance to the
subject during gait training, improved structural strength, multi-directional move-
ment of the stand, adaptable back frame to accommodate different waist width,
and better placement of hip motors to reduce the weight borne by the links. The
final design, i.e., LLESv2 ensures the effective gait rehabilitation for subjects 08-12
years, body height as 128-132 cm, body mass as 25-40 kg. The dynamic analy-
sis of the coupled human-exoskeleton system is carried out using Euler-Lagrange
principle. The actuators specifications for maximum requirements are decided in
passive-assist mode. As the development of the exoskeleton system is completed,
intelligent controllers are designed in the next chapter for precise gait tracking in

passive-assist mode.
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Chapter 3

Robust Intelligent Control
Schemes for Passive-Assist GGait
Tracking of the Pediatric

Exoskeleton

3.1 Introduction

The developed prototypes in the previous chapter require appropriate control
schemes to track the desired healthy gait trajectory of the pediatric subject in
passive-assist mode. As the coupled pediatric exoskeleton system inherits the
parametric uncertainty and external disturbances, two robust intelligent control
schemes are presented for the LLESv1 in this chapter. The intelligent techniques
such as neural network (NN) and neural-fuzzy (NF) has excellent approximation
capabilities which benefits the classical optimal and PID control technique to form
a robust control scheme. At first, a robust LQR-based neural fuzzy (RLQR-NF)
gait tracking control scheme is designed for the exoskeleton device with para-
metric perturbations (PP) in Section 3.2. Thereafter, in Section 3.3, another ro-
bust neuro-fuzzy compensated PID (NF-CID) gait tracking control is proposed for
the exoskeleton device with parametric perturbations and external disturbances
(PPED), where asymptotic stability is ensured using a Lyapunov candidate func-

tion. The simulation results for RLQR-NF are compared with another robust

67
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ERL-SM control scheme in Section 3.4. In same section, the simulation and ex-
perimental results of the NF-CPID control is implemented on the LLESv1 ex-
perimental setup coupled with a human dummy. Finally, the outcomes from this

chapter are summarized in Section 3.5

3.2 RLQR-NF Gait Tracking Control with Para-

metric Uncertainties

In this section, the dynamic modeling is presented by transforming nonlinear model
of coupled subject-exoskeleton system into linear one using input-output lineariza-
tion method. Thereafter, the brief details of ANFIS architecture is presented. Fi-
nally, the robust dataset based on the LQR gain, error states and control input is

prepared to train in an offline neural-fuzzy architecture.

3.2.1 Input-Output Linearization

The input-output feedback linearization approach is exploited to linearize the non-
linear behavior of the dynamical system [203]. The transformed linear state-space
relation is established for the dynamics of the coupled human-exoskeleton system
in passive-assist mode. The main objective of the feedback linearization is to cor-
rectly linearize the non-linear dynamics with suitable modifications in state-space
coordinates using an inner loop control [204]. Thereafter, an outer loop control
with a new set of coordinates can be formed to establish a linear relationship be-
tween the output vector and input vector and validate the cost-functions of control
design. The non-linear multi-input multi-output (MIMO) dynamical relation with
n as order and p as the total number of inputs as well as outputs, can be defined

in the affine state as below.

{ i(t) = W(a(t)) + LI, Dia(t)ui() 51)
yi(t) = Ai(x(t))
Here, * = [z1,Z9...2z,]7 € R"™ denotes the state vector, v = [vy,v5...v,]7 € RP

signifies the control input vector and y = [y1,¥y2...4,)7 € RP indicates the output

vector.
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Considering the 3-DOF's subject-exoskeleton system in passive-assist mode, the
state vectors (z), control input vector (v), smooth vector fields (V(x),T";(z)), and

output vector (y) in the above affine form can be represented as

T1=(qe T2=qe T3=(qe T4=(1e Ts5=02e Te6=(3e¢ (3.2)
_ . }
—Mpe (I1)_1 [Che (21,24) T4 + Gp e (21)]
U(z) = ~ (3.3)
— My (2)" [Che (T2, 25) 5 + Ghe (22)]
T
| — M (23) " [Ch.e (3, 26) T6 + Gne (73)] |

Y 4B [ 0] 0]
Mpe (z1)™ 0 0
S N IR Mh,e?@)‘l GRS
0 0 0
] 0 ] I 0 ] | My (23)7"
(3.4)
V1 = Tie V2 =T2e U3 = Tae (3-5)
Y1 = Al(x) =T1 = (1e
Yo = No(2) = 22 = qoe
ys = A3(z) = 13 = g3 (3.6)

Now, a linear relationship between the inputs and outputs is to be established by
performing the differentiation of the outputs (y;) till the input terms appear in
the formulation. Considering d,, is the smallest integer, (yj(dp)) can be evaluated

with a complete term of inputs as follows:

y](dp) _ dpA ZLF ( J— 1A )) Z,j = 1’2, P (37)

where, Li,A; and LLA; signifies the i Lie derivatives of A;(x) in the direction of
U and I', respectively [203,205]. In Equation 3.7, d, denotes relative degree for the
output y; which provides information about the number of derivatives required to
carry out at least one of the inputs in the formulation [203] [206]. The sum of

every relative degree from Equation 3.7 constitutes the total relative degree (d)
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which needs to be less than or equal to the system’s order.

d=) d,<n (3.8)
j=1

Furthermore, rewriting the Equation 3.7 and expressing the non-linear control law

v to form the linear relationship between the input and the output as follows, one

can get
T
| =) o) (3.9)
T T
u:[ul,m... up] :[yfl yﬁp] (3.10)
where,
' [ i) ]
) =
J | L%Ap(x) ] A
Lr, (LA (x)) L, (L VA (2) Lp, (LY Ay ()
Lr, (LE;‘?‘”AQ(Q;)) Lr, (L&) Ay(2) Ly, (L9 Ay ()
o(x) = ,
k Ley (E9708(@)) Lr, (S 0p(@)) . I, (L7700, (0)
, (3.11)

Assuming o(z) is not singular, the input transferred form, i.e., the non-linear

control law, can be possibly defined as

v=o0(z)" ' (-0(x)+u) (3.12)

where, u = [uy, ug, .., up]", v = [v1, v, ..., |

In the Equation 3.12, u denotes the new input vector, v refers to decoupling
control law, o(z) signifies an invertible matrix of order pxp, and d(x) represents

a decoupling matrix of the system.

Finally, solving for above non-linear control law and using the concept of diffeo-
morphism [203,205], Equations 3.2-3.6 can be transformed into a linear form as

follows:

(3.13)

2= Az + Bu
y==Cz
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where A, B, and C are the state-weight factor matrices; z and y denotes the state
vector and output vector, respectively.

In the present work, the state vector and output vector related of the coupled
T

dynamical system is considered as z = [qLe Ge Be Qe Goe (e and

T
Y = [ Qe @e Qe ] , respectively. The input vector for system parameters is

T
defined as u = [ Ule Uge Use ] . Moreover, the respective state-weight factor

matrices (A € R®® B € R®3 and C € R¥*®) can be formulated as below. The

entries of these matrices are extensively presented in the Appendix B.

[0]3x3 I3
£}41 (}42 Q43
A= Q41 Q42 Q43
as1 _ %51/ @517 as2 5o/ Q521" Q53 + Q53r _ P53/ [0] ’
dsl d i & 1 5[ o o o o o 3><3
51 51 52 Qgo/ Qgorr Q53 Q53! Q531
a1 _ Q617 g1 ae2 _ Xeal Qe a3 Qe3r Qs
gl Qgy/ Qg1 ag2 Qgo/ Qgorr ag3 Qga/ Qg3
0]3x3
Bu  Ba Baz
B = Bar  Paz Ba3
Bs1  Bs2 Bs3
Be1  Be2 Be3
Be1  Be2 Be3
1 00 0 0 O
C=1010000
. 001000

(3.14)

3.2.2 Adaptive Neural-Fuzzy Inference System

Adaptive Neural-Fuzzy Inference System (ANFIS), colloquially known as Neural-
Fuzzy or Neuro-Fuzzy (NF) system, was proposed by Jang and Sun [207] by aug-
menting the benefits of adaptive neural networks and fuzzy reasoning. In the NF
system, IF-THEN-based fuzzy logic inferences are constructed to form the learning
rules with a defined input-output dataset and reproduce the output vector with
zero error tolerance. A neural-fuzzy system exploits the fuzzy input variables and

input dependent non-fuzzy output variable, given by Takagi and Sugeno [208]. For
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instance,

If acceleration of robot’s end-effector is high, then

f(t) = ¢ x (acceleration of robot’s end-effector)? (3.15)

In Equation 3.25, high signifies a fuzzy label with the membership function (MF),
representing the acceleration of robot’s end-effector in the proposition of rule.
The rule subsequent with non-fuzzy behavior is formulated according to the input

variable of premise step, acceleration of robot’s end-effector.

A neural-fuzzy system inherently exploits the five layers, i.e., node layer (NL),
membership layer (ML), rule layer (RL), defuzzification layer (DL), and output
layer (OL). The primary network architecture with two input vectors (x,y) and
one output vector (z) is considered to show the generalized process of ANFIS. As
shown in Figure 3.1, two kinds of nodes are employed in the architecture; first, a
square node for adaptation of the parameters, and second, a circular node behaves
as a fixed node with no parameter. The layer-by-layer development of the ANFIS
structure is given below [207,209,210].

NL ML RL DL OL

< < Ay %@)—*@—’

-

By
Y <32 @ ®_.

1 1
X ¥

FIGURE 3.1: ANFIS Architecture

Layer 1: This layer acts as a conversion function for the crisp value of the input

vector into an appropriate MF based fuzzy language, depicted as follows:

O] = wy,(x),0] = wg,(y) (3.16)

J J

where, O] represents the jth node output for the first layer. wa,(x) and wg, (y)
denote the membership weightage of respective input variables, defined for A; and

Bj type MF. In this work, the generalized bell membership function is chosen to
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replicate a proper probability distribution behavior and expressed as follows.

1
bell (z : aj,bj,¢;) = wa,(x) = wg,(y) = : (3.17)

1+ [(‘—)T

In Equation (28), a; and b; signify the width and shape parameter of the mem-

bership function. The value of b; is generally positive; however, it can be con-
sidered negative in case of inverted shape. c; indicates the center position of the
membership function. Having an extra parameter compared to Gaussian MF,
the generalized bell has the added advantage of tuning the steepness at crossover

positions.

Layer 2: This layer evaluates the firing strength for every rule using a product
of incoming signals from each circular node. It is designated by notation II in
the ANFIS architecture. The following expression is used to estimate the firing
strength (m;) as follows

O? =m; = WAJ- (X> X ij (Y)7 ] - 17 27 3 (318)

Layer 3: In this layer, the normalization of the node’s firing strength is carried
out by dividing the j-th rule firing strength to all rules’ total firing strength. This
layer is designated by notation N in the ANFIS architecture. The firing strength
is normalized as follows.

m

B=m;=—2L—  i=1213 3.19
m] m1+m27 j < ( )

Layer 4: This layer, having the square nodes, is used to estimate the rule’s in-
volvement by defuzzification of input variables and produce the respective output
as follows.

Of = m;Z; = m; (px+ g5y + 1)) (3.20)

where m; indicates the normalized firing strength and p;, ¢; and r; signifies sub-

sequent limits.

Layer 5: This layer, having circular shape nodes with the designation ), processes

the final output using the summation of all incomings from the preceding layer.
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Mathematically, it can be expressed as follows.

ij = Z Tij (3.21)

3.2.3 Robust Design of LQR based Neural-Fuzzy Control

The design procedure of RLQR-NF control is organized into two stages: first,
the formulation of a robust training dataset, and second, the stepwise layout of
the proposed control strategy for the exoskeleton device. The details of ANFIS
training parameters are discussed in the second stage of the design process. As

shown in Figure 3.2, both the stages are explained extensively in this section.

( Stage 1 Y Stage 2 \

Robust LQR Defining and 5 .
based Neural- Selection of Tr;uﬁ?[gsof I?F{fl?éﬁt?‘;]l;n
F Dolboel IS Ueinie Architecture A Controller

Formation Parameters (\

F1GURE 3.2: Flowchart representation of the stage-wise design procedure

3.2.3.1 Formulation of Robust Neural-Fuzzy Training Dataset

The training dataset, having multiple-input and multiple-output (MIMO), is formed
by employing the concepts of the LQR control strategy as shown in Equation 3.22.
The LQR cost function is considered a minimization problem while applying the

optimality conditions and is expressed as follows [211,212].

1 (o]
J = 5/ (zTQz + uTRu) dt (3.22)
0
where Q and R denote the user-defined state-weighing matrix and control cost ma-
trix, respectively. An appropriate selection of both the matrices directly influences

the performance characteristics of the controller.
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The generalized input (u) to the control system is articulated by regulating the

error vector (E) as follows:
u=KE =G (24es — 2) (3.23)

where zges, 2z represent the desired and actual state vectors, respectively. The
optimal state gain matrix () can be expressed in terms of control cost matrix

(R) and a state weight factor matrix (B), as follows:
K=R"'B"P (3.24)

where, P is the answer for the algebraic form of the Riccati equation expressed
in the form of state-weight factor matrices (A, B), state-weighing matrix (Q), and

control cost matrix (R) as given below.
PA+ AP —PBR'B"P+ Q=0 (3.25)

It is truly evident from Equation (34) that state gain matrix (K) is regulated by
A, B, Q and R matrix where A and B are reliant on the mechanical arrangement

and dynamical parameters of the requisite system.

Exploiting the controller’s gain (K), a generalized dataset (Sy) with error vector
(E) and respective input (u) to the control system can be created in the following

form.

Sq=[ET u] (3.26)

In this work, the dataset (S;) is expanded into a robust form by evaluating the

for a bounded variation of the coupled thigh

y .
controller’s gain (Kml(h,e)7m2(h,e)vm3(h,e)>

(ml(h@)), calf (mQ(h,e)), and heel-foot (mg(h7e)) masses of the human-exoskeleton
system. Thereafter, the controller input (u) for hip, knee, and ankle joint is

formulated as follows:

U= Ile(h&),mQ(h’e)’th’e)E (3.27)
where,
u = [ Ute U2e U3e }T (3.28)
T
E= [ S, E1q, E1q, S1g, S1g, Sug, ] (3.29)

In Equation 3.28, u; ., us ., us . denote the controller output for the hip knee and

ankle joint of the exoskeleton device, respectively. In Equation 3.29 & g & g & g
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signifies the hip, knee, and ankle joint angular error, respectively. 5141,5142,6143
represents the respective error of hip, knee, and ankle joint angular velocity. The

expanded structure of the robust dataset (S,4) is finally depicted as below.
Sra=[E" 4 (3.30)

where,

Srd = |: S(l)rd 5(2)rd 5(3)7“11 }T (331>

3.2.3.2 Stepwise Layout of RLQR-NF Control Strategy

Step 1: The state gain matrix I is evaluated by solving Equa-

M1(h,e) M2(h,e) M3(h,e
tion (34) and (35) for a different seé o)f co(up)led(th)igh (MA(he))s calf (Magne)), and
heel-foot (mgne)) masses, as shown in Table 3.1. The parametric variation is in-
corporated by increasing the nominal mass values upto 20%, with an increment
of 0.3, 0.15, and 0.06 kg for thigh, calf, and heel-foot. After performing several
numerical experiments, the state-weighing matrix and control cost matrix are se-

lected as Q = diag(500000, 5000, 10000, 1000, 10000, 1000) and R = eye(3, 3)

TABLE 3.1: Variation in lower limb mass parameters of the coupled human-
exoskeleton system

Thigh, mqpe(kg) Calf, mogpe)(kg) Heel-Foot, mg,e) (kg)

8.25 3.85 1.50
8.58 4.00 1.56
8.91 4.16 1.62
9.24 4.31 1.68
9.57 4.47 1.74
9.90 4.62 1.80

Step 2: Applying Equation (37) to compute the controller input (u) for operating
range of state variables in error vector as shown in Table 3.2. The structure of

three robust datasets is formed by exploiting Equations (40) and (41).

Step 3: The training of robust datasets is carried out using the ANFIS approach.
The first six columns of every dataset are inherently considered the input set. The
last column of every dataset is regarded as the output set. The input set comprises
of error vector (E), and the output set contains the controller input vector (u). The
three ANFIS architectures are formed, trained, and saved as anfis1.fis, anfis2.fis,
and anfis3.fis for three controller inputs. Several simulation runs are performed

by varying the number of MF's from 1 to 50 and epochs from 1 to 30. Thereafter,
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7

TABLE 3.2: Operating range of error in state variables

Variables in error vector Minimum value Maximum value Units
§1q1 —60 60 degree
& 4 —60 60 degree
& g5 —30 30 degree
§1q, -90 90 degree/sec
€14, -90 90 degree/sec
§1q, —60 60 degree/sec

the training parameters are selected based on the zero tolerance of error between

desired and predicted output vectors. In general, ANFIS utilizes two optimization

methods: backpropagation, and hybrid, to establish the learning between input

and output vectors. A gradient descent model is employed to evaluate the node

error in the backpropagation method. In contrast, a least square algorithm along

with the gradient descent model is exploited to regulate the errors in the hybrid

method. In this work, the hybrid method is used with all three datasets for training

the neural-fuzzy networks. The complete details of training parameters are given

in Table 3.3.

TABLE 3.3: Operating range of error in state variables

qn(t),

45
0355
Kinematics H

Auldn] -
At I

Desired Joint Angle (q;) I
(Hip: H, Knee: K and Ankle: A) y

(K, A)
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qe(1), ge(t)
(H, K, A)

Training Parameters anfisl. fis anfis2.fis anfis3.fis
MF Type Bell Bell Bell
MF Number 5 12 3
Error Tolerance 0.00001 0.0001 0.001
Epochs 10 15 )
Learning Model Hybrid Hybrid  Hybrid
e LA
! t:? Offline Trained
: M~ RLQR-NF model
! E Robust LQR  based
i M; (u g U T 3,3) Neural-Fuzzy controller

Coupled dynamical system

Ge(®), Ge(t)

Potentiometer

Ficure 3.3: RLQR-NF Control Architecture
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After forming the offline trained ANFIS architectures, the closed-loop architecture
for RLQR-NF control scheme can be designed as given in Figure 3.3. To address
the external disturbances along with the parametric perturbations, another intel-
ligent controller termed as neural-fuzzy compensated PID control is proposed in

further section.

3.3 NF-CPID Gait Tracking Control with Para-
metric Uncertainties and External Distur-

bances

In this section, at first, a conventional PID control is presented. Based on the con-
trol output, an offline neural-fuzzy dataset is built for inverse model identification.
Thereafter, the same neural-fuzzy architecture is used along with the conventional
PID control and adaptive law of weights are exploited to compensate the PPED
in an online mode. Finally, the stability of the coupled system with proposed

NF-CPID control is ensured using Lyapunov candidate function.

3.3.1 Conventional PID Controller

A classical PID control strategy is considered for tracking of desired gait trajec-
tory with three well-known attributes: the first one where stable response action
is monitored by the proportional control with converging steady-state error, the
second one where the steady-state error is kept minimum using the integral con-
trol, and the third one where the settling time is improved using the derivative
control after estimation of the errors’ in future [204]. As shown in Figure 3.4, the
mathematical form of PID controller, utilized in a continuous-time domain, is as

follows:
Tpip = K61 + Ki/& + Kdél (3.32)

where 7prp denotes the PID controller output, & signifies angular error due to the
difference between the desired g;; and actual joint position g¢;., and K, K;, K4

denotes the proportional, integral and derivative controller gains, respectively.

Several heuristic based numerical iterations are performed to select the tuned val-

ues of K, K;, and K4. The value of proportional gain is first altered while keeping
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the integral and derivative gain constant for converging steady state error. There-
after, integral gain is increased to remove the residual error and derivative gain is
kept constant. Finally, after fixing the proportional and integral gain, the deriva-
tive one is tuned to achieve the minimal overshoot in the actual gait trajectory.
However, when the unknown dynamic uncertainties are significant, integral gain
(K;) needs to be magnified to ensure asymptotic stability. With large values of
(K;), the system may realize high overshoot and bad stability. Therefore, an
offline-online neuro-fuzzy compensator is proposed in the forthcoming sections to
maintain an effective balance between minimal overshoot and maximum stability

under parametric perturbations and external disturbances.

Coupled human-
exoskeleton system

B sttty » K,
£ 4j.h ¢ by
> 05
1 1
> ()L {i>— |+
JZZ 01 0 01 02 ﬂ:ﬁ‘ i VM + TPID
X(m)
Kinematicsi Gj.e 6—u—>Kd —
. .. t
|Des1red joint angle (%‘,h)l

Potentiometer |«

FIGURE 3.4: Conventional PID control architecture

3.3.2 Offline Trained Neuro-Fuzzy Approach for Inverse
Model Identification

In the offline neuro-fuzzy training, the input dataset comprises of integral angular
error, angular error and the derivative angular error from the coupled dynamic
model without any control scheme. The output dataset consists of a linear distri-
bution of PID controller torques/signals associated with each lower limb joint. The
maximum and minimum bound of every linear distribution are defined according
to the maximum and minimum output values of the conventional PID controller
designed in previous section. The complete workflow is shown in Figure 3.5. The
numerical runs for neuro-fuzzy training are performed with a different number of
MF's and epochs varying from 1-50 to 1-30. However, it has been noticed that
the better results of gait trajectory tracking are found with 11 MFs and 10 epochs
for each input. A total of 99 rules is generated for each training dataset, leading
to overall 297 rules for three training dataset. A hybrid optimization method,
comprises of gradient descent and least square algorithm, is used in this work to

adjust the errors. The training phase stops as tolerance error approaches to zero.
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Forward
dynamics

PID control
signal

Actual gait
trajectory

Error vector
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(L),l'ltpm dAN:‘ Ii dgtasetf: Input ANFIS dataset:
inear distribution o et
£ =
Tpip OF (Ue) & & &l

F1cURE 3.5: Formation of offline ANFIS training dataset

3.3.3 ANFIS compensated PID Control with Online Weight
Adjustment

After obtaining the inverse human-exoskeleton model using offline neuro-fuzzy
architecture, the same network architecture is connected in parallel with a con-
ventional PD controller and makes system more accurate. This refers that two
control actions are carried out to generate the controller output. First, the dif-
ference between the desired and actual joint angles, as an error, is fed to the
PID controller; and second, the desired joint angles along with the derivatives are
provided into already trained ANFIS structure. The former controller action en-
sures minimal tracking error during gait rehabilitation while the latter one deals
with parametric uncertainties and unstructured disturbances by compensating the
response of the former one using online adaptation of weights. The complete ar-
chitecture of neuro-fuzzy compensated PID controller is shown in Figure 3.6 The

combined effect of both control actions is summarized as

TNCP = TNF + TPID (333)

where, Tncop is the output neuro-fuzzy compensated PID controller, 7y is the
output torque of neuro-fuzzy controller and 7p;p is the torque produced by the
PID controller.

Introducing the dynamic uncertainties and external disturbances in Equation 2.11,

the modified dynamic formulation is as follows:

TNCP = Tje = Moe(Qj,e)ijj,e + Coe(Qj,ea Qj,e)Qj,e + goe(qj,e) - P <334)
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FiGURE 3.6: NF-CPID Control architecture
with
p=Ta— F(Gjc) = ds (Mh,e(Qj,e)Qj,e + Che(jes Gie) + gh,e(%’ﬂ)) (3.35)

where p denotes the lumped form of parametric uncertainties and external distur-
bances; 7; € R? is the disturbance vector; M,, € R**3, C,. € R**3, and G,. € R®
is the nominal value of inertia, Coriolis, gravity matrix, respectively; ‘0’ indicates
the uncertain scaling factor; and F(g;.) € R* denotes the friction model comprised
of the Coulomb friction Cy € R® and viscous friction V; € R®. The friction model
is formulated as

f(cjj,e) = Cfsgn((jjﬂe) Sl Vf I C'fsgn(qj,e) -+ qujﬁe (336)

where o, denotes the velocity factor in Nm/rad™!, and sgn represents the signum

function.

Employing the Equations 3.33-3.34 and Equation 3.32, the exoskeleton error vector
E=[[& & &]T can be obtained as

£ =AE + Bty — ) (3.37)
= A + B[(£* - £)"M,) (3.38)
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0 —1I 0 0
where, A = — 0 0 —I ;. B = 0 ;
MoeilKi Moeile Moeile Moe(Qj,e)_l

M, denotes the matrix form of normalized firing strength formed with Gaussian
activation functions; /* and / represent the optimal and actual weight matrices
of the ANFIS architecture shown in Figure 3.1.

Assuming the input-output vector (z : x, y) shown in subsection 3.2.2, the Gaussian

activation function can be represented as:

2

2
Gaussian(z; ¢j, 0y ;) = exp [M] i1, 2 (3.39)

where, ¢; and o,,; denotes the centre distance from the origin and curve width,

respectively.

During online training, / need to be further adjusted to minimize the tracking

error. The adaptation of / is selected as [213]

kM ETPB, if (||1Z]] < 1Zoll) or (1Z]] < |1 Zo]| and ZTM,ET PB < 0)

Z= | o .
K, (1 4 |TZ|\7;> M,ETPB, if (||Z]] < ||Zo|| and ZTM,ETPB > 0)

(3.40)

where, where / = [ Ly Loy 2, } , B = [ B, B,...B, } , Kp 1S a positive con-
stant, p is the number of robot joints or number of output variables of the ANFIS,
i.e., each /; is a column vector associated with each output variable, and P is a

symmetric positive-definite matrix that satisfies the following relationship:
PA+ ATP = —-Q (3.41)

where () is a symmetric positive definite matrix and is selected by the user.

To ensure the stability of the coupled system, the neuro-fuzzy control should con-
verge which is possible in case of weights / bounded by the constraint set W as
follows [213]:

w={||Z| <4}, i=12...p (3.42)

where ||.|| represents two-norm of a vector and /, denotes the initial weights at

t=0.
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Assuming the Lyapunov candidate function based on Equation 3.38 as follows:

1 1 fer Tl -
V= EPE+ i | (2= )T (2 - 2)] (3.43)

Evaluating the derivative of Lyapunov function as:

1 5 1 . _ 7* — T -~
V= ETPE+ SETPE — k) Mtr [(4 ~2) 4 (3.44)

Substituting Equations 3.41 and 3.38 in Equation 3.44,

V= —2ETQE+ETPB(Z - D) M= w (2 -T2 (345)

Following first condition of adaptation law from Equation 3.40, Equation 3.45 can
be modified as

V=— %5%)5 +ETPB (2= )M, —tr |(Z* — 2)" M7 PB]
= LE7QE +ETPB(Z - 2)
- %ETQE <0

T T

M, —tr |ETPB (2 = 2)'M, | (3.46)

Similarly, following second condition of adaptation law from Equation 3.40, Equa-
tion 3.45 can be modified as

V == 2E7Q¢ +E7PB(Z - 2)"

n v
S [(Z;‘ —2)"x, (I - 4—42> M,ETPB;

i=1 HZZ

n -1 7
i=1 '

(2

My —

(3.47)

Since /; € W and 1— (Z;‘)T Zi/ ||ZZH2 > 0, Equation 3.47 can be further modified
as .
V< —§5TQ5 <0 (3.48)

From Equations 3.43, 3.46 and 3.48, it can be easily observed that V' > 0 and
V < 0. Moreover, Equation 3.46 shows that V = 0 if and only if & = 0 and
Equation (21) infers that V = 0 if and only if V = 0. In this manner, the global

stability of the neuro-fuzzy compensated PID controller is ensured. Exploiting
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Barbalat’s lemma [214], it can be also shown that V' — 0 as ¢ — oo which ensures

the proposed control scheme asymptotically stable.

3.4 Results and Discussions

In this section, the simulation results and experimental findings of the RLQR-NF
and NF-CPID control strategy are presented for the LLESv1 during passive-assist
rehabilitation measures. The pediatric subject of age 08 years, body mass 30 kg,
body height 122 cm (C4 from Table 2.6) is considered. The desired joint angles
with the Cartesian gait trajectory for the pediatric subject are estimated using
a wireless Kinect-based NI-LabVIEW experimental model, described in Section
2.3 of Chapter 2. The effectiveness of the RLQR-NF control scheme is validated
by comparing with the exponential reaching law based sliding mode (ERL-SM)
control [215]. The simulation and experimental runs for all control schemes in this
chapter are carried out in MATLAB/Simulink R2020b (ode45 solver with variable
step and non-adaptive zero crossing algorithm). On the other hand, effectiveness
of the NF-CPID control strategy is compared with the RLQR-NF control scheme.
The performance index (PI), based on the root mean square error (RMSE), is

calculated to analyze the improvement of the proposed control scheme over the

1 N
RMSE =\ = >_ & (3.49)

RMSECOntTQSt == RMSEProposed
Pl = 100 3.50
RMSEContrast 8 ( )

contrast control scheme.

where & represents the error between desired and actual joint angles, and N is the
size of the error vector. RMSFEcontrast and RM S Ep;oposeq signify the root mean

square error related to contrast control and proposed control strategy.

3.4.1 Simulation results of RLQR-NF Control with para-

metric perturbations
The results are contemplated to demonstrate the controller’s robustness while in-

creasing the nominal mass values in two different cases. Begin with Case-I, the sys-

tem masses are perturbed by 20% (mi(n.e) = 9.90, Moy = 4.62, maape) = 1.80).
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As shown in Figure 3.7, the healthy gait trajectory is tracked by incorporating
the kinematic and dynamic parameters into the proposed control (RLQR-NF) and
ERL-SM control strategy. The starting Cartesian position (X, Y : 0.25m, —0.60m)
of the desired gait trajectory is illustrated in black color. The actual trajectories in
the Cartesian coordinate frame are presented by the dashed blue line (RLQR-NF)
and the green line (ERL-SM). Figure 3.8(a) and 3.8(b) depicts the tracking error in
both the directions, i.e., X— and Y —direction ({x and &y). The maximum abso-
lute deviation in X-direction (|€x|maz) for ERL-SM and RLQR-NF control scheme
is 0.013 m and 0.008 m, respectively. In the Y-direction, the respective deviation

(|€y |maz) is observed to be 0.009 m and 0.006 m for ERL-SM and RLQR-NF
control strategy.

= Desired =—ERL-SMC ==RLQR-NFC|

-0.45
. 0.5
g
~ -0.636
™ -0.55 -

-0.638
-0.6 - 7 -0.13 0.11
-0.65 ‘
-0.2 -0.1 0 0.1 0.2 0.3 0.4
X (m)

FIGURE 3.7: Cartesian gait tracking for 20% perturbed mass values with ERL-
SM and RLQR-NF control
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FIGURE 3.8: Gait tracking error in (a) X-direction and (b) Y-direction for 20%
perturbed mass values with ERL-SM and RLQR-NF control
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The tracking of desired joint angles with applied control strategies are illustrated in
Figure 3.9(a), 3.9(b), and 3.9(c). The hip, knee, and ankle angular deviations (&)
from desired joint trajectories are shown in Figure 3.10(a), 3.10(b), and 3.10(c),
respectively. Considering hip joint, it is observed that the RMSE for respective
controllers is 0.711° (ERL-SM) and 0.213° (RLQR-NF). In case of the knee joint,
the RMSE is found to be 2.221° and 1.201° for the system with ERL-SM and
RLQR-NF control strategy, respectively. For ankle joint, the respective RMSE
are estimated as 0.709° (ERL-SM) and 0.521° (RLQR-NF).

—Desired —ERL-SMC —- RLQR-NF|
T T T

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Gait cycle (s)

FIGURE 3.9: (a) Hip, (b) knee, and (c) ankle joint tracking for 20% perturbed
mass values with ERL-SM and RLQR-NF control
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FIGURE 3.10: (a) Hip, (b) knee, and (c) ankle joint tracking error for 20%
perturbed mass values with ERL-SM and RLQR-NF control

Figure 3.11(a), 3.11(b), and 3.11(c) demonstrate the generated control input (u ., ua.,
and us ) following the desired trajectory through repetitive gait rehabilitation ex-

ercises. With the ERL-SM control scheme, the peak values of hip, knee, and ankle
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signal are estimated as 51.25 Nm, 28.68 Nm, and 2.15 Nm. On the other hand,
with the RLQR-NF control scheme, the respective values of control signals are
found to be 35.57 Nm, 18.81 Nm, and 1.37 Nm. Although it is evident from the
results that the proposed control strategy (RLQR-NF) outperforms the contrast
control strategy (ERL-SM) to track the desired gait trajectory, however, with a
marginal difference. Therefore, to demonstrate the effectiveness of the proposed

control, more variations in mass parameters are considered further.
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FIGURE 3.11: (a) Hip, (b) knee, and (c) ankle joint torque for 20% perturbed
mass values with ERL-SM and RLQR-NF control

Furthermore, in Case-1I with 30% perturbed system masses (m1(j,e) = 10.73, map,e) =
5.00, mgne) = 1.95), the angular deviations (§;) from desired joint trajectories
are shown in Figure 3.12(a), 3.12(b), and 3.12(c). Considering hip joint, it is ob-
served that the RMSE for respective controllers is 0.719° (ERL-SM) and 0.248°
(RLQR-NF). In case of the knee joint, the RMSE is found to be 2.234° and 1.239°
for the system with ERL-SM and RLQR-NF control strategy, respectively. For
ankle joint, the respective RMSE are estimated as 0.714° (ERL-SM) and 0.546°
(RLQR-NF).

Table 3.4 presents the performance index (PI) of the proposed control over the con-
trast control. The proposed control is promising in desired gait tracking compared
to the contrast control, subjected to parametric variations. Moreover, as observed
from Table 3.4, the performance index (PI) is degraded by 4.6%, 1.4%, and 3%
when perturbing the system masses from 20% to 30%. As the robust dataset (.S,4)
is formed and trained with a parametric perturbation of 20%, the tracking results

start degrading beyond the training workspace which is observed in case of 30%
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FIGURE 3.12: (a) Hip, (b) knee, and (c) ankle joint tracking error for 30%
perturbed mass values with ERL-SM and RLQR-NF control

TABLE 3.4: Comparative performance analysis of proposed control

Case-I: With 20% increment in mass parameters
(ml(w) = 9.90, mg(h,e) — 4.62, mg(hve) = 1.80)
Joint RMSE (ERL-SMC) RMSE (RLQR-NF) PI (%)

Hip 0.711 0.213 70.1
Knee 2.221 1.201 45.9
Ankle 0.709 0.521 26.5

Case-1I: With 30% increment in mass parameters
(ml(hye) = 10.73, mg(h,e) = 5.00,m3(h76) = 1.95)
Joint RMSE (ERL-SMC) RMSE (RLQR-NF) PI (%)

Hip 0.719 0.248 65.5
Knee 2.234 1.239 44.5
Ankle 0.714 0.546 23.5

parametric perturbation. During rehabilitation exercises, this performance investi-
gation allows the lower-limb exoskeleton system to carry out repetitive movements

with greater accuracy under the predefined limit of parametric variations.

TABLE 3.5: Settling time of ERL-SM and RLQR-NF control for convergence
analysis

Settling time (sec)
Case-I  Case-1I
Hip  1.9%6  1.993
ERL-SM Knee 1.974 1.988
Ankle 1.943 1.969
Hip  1.967  1.991
RLQR-NF Knee 1.959 1.987
Ankle 1.933 1.958

Control scheme Joint
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The convergence of both control schemes is investigated by evaluating the settling
time, i.e., the time lapsed for the error to drop within 2% of the final value. The
settling time for the error in the hip, knee, and ankle joint for every set of mass
values is presented in Table 3.5. The low values of settling time indicate the faster
convergence of for proposed controller (RLQR-NF) over the contrast controller
(ERL-SM) before achieving the full stable state.

3.4.2 Simulation Results of NF-CPID control with Para-

metric Perturbations and External Disturbances

To validate the effectiveness of proposed controller with respect to the contrast
controllers, two cases are considered. In first case (Case-I), as a model parametric
uncertainty, a variation in system masses is realized by increasing 30% of thigh,
calf and foot masses of coupled system, i.e, 6, = 0.3. In second case (Case-II),
along with the uncertainty, input disturbances in the form sinusoidal function
Ta, = 6sin(4rnt), 74, = 5sin(3wt), T4, = 3sin(2wt) are inputted into the system
externally. In this work, a periodic (sinusoidal) form of external disturbances is
added to mimic the effect of sudden reflexes induced at the joints throughout a
gait cycle. These reflexes are caused due to the pathological gait (altered one) in
the case of post-stroke subjects. The Coulomb friction, and viscous velocity factor
are selected as Cy = [0.8,0.8,0.8]7, 0, = [1.2,1.2,1.2]7. In the offline training and
online adaptation of weights, the proportional, integral, and derivative gain values
are I, = 250, K; = 4, K; = 40 for hip joint, K, = 220, K; = 5, K; = 40 for knee
joint and K, = 212, K; = 2, K; = 30 for ankle joint.

Furthermore, as observed from the offline trained neuro-fuzzy architecture, a total
of eleven Gaussian activation functions are considered in the online NF-CPID
control architecture. The centre distance parameter matrix is selected as ¢; =
(—5,—4,-3,-2,-1,0,1,2,3,4,5)9x11 and curve width for the Gaussian function
is taken as 0,; = 4. The positive constant in adaptive law (Equation 3.40) is

selected as k), = 20 after performing several numerical iterations.

Begin with the Case-1, the Cartesian tracking error in X — and Y —direction (£x
and &y) is shown in Figure 3.13(a) and 3.13(b). A marginal performance loss is
observed in X-direction for proposed NF-CPID control (|{x|mas = 0.028 m) as
compared to RLQR-NF control (|{x|mez = 0.025 m). The maximum absolute
deviation in Y-direction (|€y|maz) is observed to be 0.015 m and 0.013 m for
RLQR-~NF and NF-CPID control strategy. The hip, knee, and ankle joint angular
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FIGURE 3.13: Gait tracking error in (a) X-direction and (b) Y-direction for
30% perturbed mass values with RLQR-NF and NF-CPID control

| —RLQR-NF —- NF-CPID |
T T T T

Hip

Joint error, & (deg.)
Knee

Ankle

o 02 04 06 08 1 12 14 16 18 2
Gait cycle (s)

FIGURE 3.14: (a) Hip, (b) knee, and (c) ankle joint error for 30% perturbed
mass values with RLQR-NF and NF-CPID control

error (&) are shown in Figure 3.14(a), 3.14(b), and 3.14(c), respectively. The
performance of the proposed NF-CPID control is decreased by 1.2%, 29.1%, and
78.9% for hip, knee and ankle joint, respectively, as shown in 3.6.

On the other hand, referring Figure 3.15(a) and 3.15(b), the gait tracking error
in Case-II is found to be more effective for proposed NF-CPID control (|€x|maz
= 0.027 m, [£y|maz = 0.012m) as compared to the RLQR-NF control (|€x|maz =
0.058 m, |€y|maz = 0.030 m). The angular error (&;) for hip, knee, and ankle joint
are shown in Figure 3.16(a), 3.16(b), and 3.16(c), respectively. The performance
of the proposed NF-CPID control is improved by 43.03%, 33.37%, and 12.28% for

hip, knee and ankle joint, respectively, as shown in 3.6.
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FIGURE 3.15: Gait tracking error in (a) X-direction and (b) Y-direction for
30% perturbed mass values and periodic disturbances with RLQR-NF and NF-
CPID control
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FIGURE 3.16: (a) Hip, (b) knee, and (c) ankle joint error for 30% perturbed
mass values and periodic disturbances with RLQR-NF and NF-CPID control

Referring the Table 3.6, it can be clearly noticed that the effective performance
of the proposed control is increased by 44.23%, 62.47%, and 91.18% while moving
from Case-1 to Case-11. Therefore, it can be finally concluded that the proposed
NF-CPID control is far more robust to external disturbances rather than paramet-
ric perturbations. Moreover, the tuning of neuro-fuzzy hyperparameters such as
number of hidden nodes, width of membership function, and number of epochs in
the offline training make the control approach computationally expensive. With
the knowledge base of simulation results, in the following section, the proposed
NF-CPID control is implemented on the experimental setup of LLESv1 for a child

dummy.
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TABLE 3.6: Comparative performance analysis of proposed control

Case-I: With 30% increment in mass parameters
(ml(hye) = 10.73, mg(hye) = 5.00,m3(h7e) = 1.95)

Joint RMSE (RLQR-NF) RMSE (NF-CPID) PI (%)
Hip 0.248 0.251 12
Knee 1.239 1.600 -29.1

Ankle 0.546 0.977 -78.9

Case-11: With 30% increment in mass parameters and external disturbances
(M1he) = 10.73, Mo e = 5.00, M3(e) = 1.95)
(T4, = 6sin(4nt), 74, = 5sin(3nt), 14, = 3sin(2nt))

Joint RMSE (RLQR-NF) RMSE (NF-CPID) PI (%)

Hip 0.811 0.462 43.03
Knee 2.502 1.667 33.37
Ankle 1.124 0.926 12.28

3.4.3 Experimental Results of NF-CPID Control on Cou-
pled Dummy-Exoskeleton System

The experimental setup of LLESw1 is considered with a child dummy whose speci-
fications are kept similar to the pediatric subject of age 08 years, body mass 30 kg,
body height 122 cm. The lower-limb of the dummy’s subject is attached with the
exoskeleton at thigh, calf, and ankle joint using nylon cuffs. The real-time control
architecture for the coupled dummy-exoskeleton system is shown in Figure 3.17.
The actuators are controlled by electronic drivers which receives input PWM via
the microcontroller board. Then, the relevant control voltage will be realized on
DC motor. Meanwhile, the angular positions and velocities of the actuators are
measured using feedback units and reverted back to in the control scheme via the
microcontroller board. This way, the PWM signal is adjusted based on the desired
and actual (feedback) gait data for each step size and closed loop system is com-
pleted. The specifications for each component are provided in section 2.4 of the
Chapter 2. An emergency stop button is provisioned in the software and hardware
interface to terminate the complete training process in case of discomfort. The
complete control architecture is created in the MATLAB/Simulink interface. The
root mean square vlaue of voltage signals (RMSV) is used to identify the overall

control evolution (U,) more effectively.

(3.51)
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where V' denotes the control voltage for respective joint and N represents the total

number of data points.

Host Computer Arduino Mega2560 Potentiometer

Power-Source Motor Driver Stepper Motors
(Lithium Ion Battery)

Coupled Dummy- Exoskeleton System
(LLESv1)

FIGURE 3.17: Real-time control architecture of LLESvl with a pediatric
dummy

The proportional, integral, and derivative gain values during the offline and online
training are used as K, = 0.5, K; = 0.001, K; = 0.04 for hip joint, K, = 0.4, K; =
0.004, K4 = 0.009 for knee joint and K, = 0.09, K; = 0.001, K; = 0.01 for ankle
joint. Similar to the simulation, a total of eleven Gaussian activation functions are
again considered in the online NF-CPID control architecture. The centre distance
parameter matrix and curve width for the Gaussian function is selected as ¢; =
(—5,—4,-3,-2,—-1,0,1,2,3,4,5)9x11 and o,,; = 4, respectively. Investigating the
gait tracking results for several experimental runs, x,, = 2 is selected as the positive

parameter in adaptive law (Equation 3.40).

The tracking of healthy gait trajectory using proposed NF-CPID and contrast
RLQR-NF control is carried out by coupled dummy-exoskeleton system as shown
in Figure 3.18. The starting point of the Cartesian desired gait trajectory, marked
in blue color, is (X,Y : 0.25m, — 0.60m). The actual Cartesian trajectory are
presented by the dashed blue line (RLQR-NF) and the red line (ERL-SM). The
following tracking error of heel-foot point in X — and Y — direction ({x and &y ) is
shown in Figure 3.21(a) and 3.21(b). The maximum absolute error in X-direction
(|€x |maz) is recorded as 0.067 m for RLQR-NF and 0.055 m for NF-CPID control
scheme. In the Y-direction, The respective error in Y-direction (|€y|maz) is 0.048
m for RLQR-NF and for 0.036 m NF-CPID control strategy. The noisy response is
predominantly observed in the X-direction as compared to Y-direction, especially

during the stance phase of the gait cycle.
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FIGURE 3.18: Cartesian gait tracking for coupled dummy-LLESv1 system with
RLQR-NF and NF-CPID control
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FIGURE 3.19: Gait tracking error in (a) X-direction and (b) Y-direction for
coupled dummy-LLESv1 system with RLQR-NF and NF-CPID control

Figure 3.20(a), 3.20(b), and 3.20(c) demonstrates the tracking of hip, knee, and
ankle joint by coupled experimental system using proposed and contrast control
schemes. The hip, knee, and ankle angular deviations (§;) are shown in Fig-
ure 3.21(a), 3.21(b), and 3.21(c), respectively. For better readability, a zoom-in
view is shown for the tracking results of each joint. The proposed NF-CPID
control effectively allows the system to track the hip, knee, and ankle joint by
71.8% (RMSEgLor_nr: 3.266°, RMSENp_cprp: 0.921°), 59.5% (RMSErLon_nr:
2.366°, RMSENp_cprp: 0.968°), and 32.15% (RMSEgLgr—nr: 0.706°, RMSENfF_cprp:
0.479°),respectively. From zoom-in views, a significant amount of noise is clearly

observed in the joint error response, especially for hip and knee joint.
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FIGURE 3.20: (a) Hip, (b) knee, and (c) ankle joint tracking for coupled
dummy-LLESv1 system with RLQR-NF and NF-CPID control
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FIGURE 3.21: (a) Hip, (b) knee, and (c) ankle joint tracking error for for
coupled dummy-LLESv1 system with RLQR-NF and NF-CPID control

The control evolution (U,) for hip, knee, ankle joint actuator during desired gait
tracking exercise is shown in Figure 3.22(a), 3.22(b), and 3.22(c). The RMSV for
RLQR-NF control scheme are estimated as 15.31 V (hip), 1.11 V (knee), and 0.09
V (ankle). On the other hand, the respective values of control signals for NF-CPID
scheme are found to be 4.54 V, 0.55 V, and 0.05 V. Although it is evident from the
results that the proposed control strategy (NF-CPID) outperforms the contrast
control strategy (RLQR-NF) to track the desired gait trajectory; however, both

the control schemes show significant chattering. Therefore, a chattering index
o 2

Cl = \/LT [sz{(Ue)Q} , T = gait cycle/sampling time | is used further to

quantify the chattering behavior in the control signals. The chattering is found

to be less for proposed NF-CPID control (Cly;, @ 2.35 x 103, Clipee : 592.64,
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FIGURE 3.22: (a) Hip, (b) knee, and (c) ankle joint control evolution for coupled
dummy-LLESv1 system with RLQR-NF and NF-CPID control

and Cluuke : 75.25) compared to the contrast LQR-NF control scheme (Cly;), :
2.88 x 10%, Clppee : 1.08 x 103, and Cl e : 101.51). Moreover, due to heuristic
tuning of neuro-fuzzy hyperparameters, the computational complexity to execute
and build the code in MATLAB/Simulink-Arduino interface increases.

3.5 Summary

This chapter proposes two intelligent gait tracking controllers in passive-assist
mode, i.e., RLQR-NF to dealt the parametric perturbations and NF-CPID for the
parametric perturbations and external disturbances (PPED). In case of RLQR-NF
control, an input-output linearization approach has been employed to transform
the non-linear model to linear one before applying LQR control. A robust NF
dataset is formed by varying the coupled system’s masses by 20% and 30% in two
different cases. The performance of the proposed control is found better by 70.1%,
45.9%, and 26.5% while perturbing the system’s masses by 20% and compared to
the ERL-SMC contrast control. The performance is degraded by 4.6%, 1.4%, and
3% when perturbing the system masses from 20% to 30%. On the other hand,
in case of NF-CPID control, an offline-online training approach is used to dealt
external disturbances along with the parametric perturbations. The initialization
of NF weights and hyperparameters are decided using the offline identification of
inverse model based on PID control signals. Thereafter, the adaptive law of neural-
fuzzy weights are exploited to compensate the effect of lumped PPED in NF-CPID

model. It is observed from simulation runs that NF-CPID control performs less
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effectively in case of PP only as compared to contrast control (RLQR-NF), espe-
cially in swing phase of the gait cycle. However, in case of PPED, a significant
improvement is noted for the NF-CPID control. Based on the experiment carried
out with a child dummy and LLESv1, the proposed NF-CPID is found effective by
71.8%, 59.5%, and 32.15% for the gait tracking in passive-assist mode. Although
less than the contrast control, a considerable noise has been observed in the exper-
imental results with NF-CPID control. Moreover, the computational complexity
arises due to the iterative tuning and selection of neural-fuzzy hyperparameters.
Therefore, in next chapter, a robust gait tracking control based on backstepping

approach is presented to deal uncertain scenarios with lesser complexities.
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Chapter 4

Robust Adaptive Backstepping
Control for Passive-Assist (zait

Tracking of the Pediatric

Exoskeleton

4.1 Introduction

Due to the challenge of selecting neural-fuzzy hyperparameters, a robust adaptive
backstepping control scheme is proposed in this chapter to address the PPED. In
general, most control designs suffer from the difficulty of selecting an appropriate
Lyapunov function, which is fundamentally based on heuristic methods. Further-
more, in the case of pediatric rehabilitation, PPED become more significant due to
substantial variation of dynamic parameters (system mass and length) and body
reflexes (unintended subject response). Therefore, to address these benchmark
problems, a robust adaptive backstepping control is proposed in this chapter which
involves a systematic design approach to construct the Lyapunov candidate func-
tion for nonlinear parametric strict-feedback form of coupled subject-exoskeleton
system. At first, the dynamic modeling is introduced with frictional and external
disturbances in Section 4.2. The complete design process and stability analysis
of RABS control, presented in Section 4.3, does not require linear input-output
dynamics compared to most other control approaches. To the author best knowl-
edge, the proposed control has hardly been designed and implemented for the

gait exoskeleton systems to date. The proposed RABS control is implemented on

99
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the LLESv2 coupled with a pediatric subject of GMFCS-Level 111 and results are

discussed in Section 4.4. Finally, Section 4.5 summarizes the concluding remarks.

4.2 Dynamic Modeling

Introducing the frictional interference and external disturbances, the relation of

the subject-exoskeleton robot in Equation 2.11 can be represented as follows.

Tie +Ta = Mpe(Qe)dje + Che(@ies die)dje + Gne(ie) + F(je) (4.1)

Here, 7, € R? is the disturbance vector and F(g;.) € R* denotes the friction model
as presented in Equation 3.36. The dynamic model, presented in Equation 4.1,

holds the following two properties (P1 and P2) and an assumption (A) [204].

(P1) My, e(gj.) poses symmetric as well as positive definite behavior in the matrix

form and holds the following relation
arlls)l? < T Me(gze)s < aafls]|* Vs € R? (4.2)

where, a; and as are positive constants.

(P2) /\'/lh,e(qjye) — 2Ch.e(Gje, 4j.) holds a behavior of skew-symmetric matrix when
Yo €R3
QT(Mh,eh,e(Qj,e) - QCh,e(qj,e7 Qj,e))g =0 (43)

(A) The external disturbances are bounded in such a way to confirm the following

condition:
|7al| < 74 (4.4)

where, 7, denotes a positive constant.
4.3 Adaptive Backstepping Control Design

In this section, the concept of adaptive backstepping [168] is exploited to design
the robust structure of trajectory tracking control for the lower limb exoskeleton

system during passive-assist rehabilitation. The proposed design is dedicated to
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controlling the human gait using the exoskeleton system, with dynamic uncer-
tainties and subject response-based external disturbances. The dynamic model
of a simplified 3-joint lower limb robotic exoskeleton in parametric-based strict-

feedback representation can be expressed below.

T = (Qje, T2 = (jj,ea r= [7“1, 7”2]T (4-5)

’f"l =Ty

(4.6)
Ty = Mf_z,i(%',e) (Tj,e + Ta = Che(@jes Qi) dje — Gnoe(@je) — F(C]j,e))

where r; € R3,ry € R? are the state vectors of the exoskeleton robot.
The gait tracking error variables can be selected as

§1 = Gje — Un (4.7)
£2:£1_<:r2_4j,h_< (4-8)

where, ¢ denotes the virtual control law to be selected in backstepping approach

for stabilizing the dynamical system.

The objective is to guarantee the tracking of the desired angular trajectory g¢; 5 by
the actual angular vector g;. in the presence of unknown dynamics and external
disturbances. Therefore, the following stepwise process can be employed for the
design of RABS control.

Step 1:

The derivative of the first error variable & could be explained in terms of the

second error & and virtual control parameter ¢, as follows:
§i=m1—dpn="2—din=~E+C (4.9)

The virtual control law ( is supposed to be chosen to stabilize the first error of
the subsystem in Equation 4.9. Consequently, the Lyapunov function candidate

can be selected as: .
V= 5(67) (1.10)

Substituting the Equation 4.9 after differentiation of the Equation 4.10, the deriva-

tive of the Lyapunov function can be obtained as:
Vi=&a=¢6+¢ (4.11)
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The virtual control law & can be defined as:

C = —61151 = —€1r] + €14;.n (412)
where, €; is characterized by a diagonal matrix of positive value.
Now, from Equations 4.11 and 4.12,
Vi=—fab + 6 (4.13)

From 4.13, it is evident that V; is negative definite for & = 0 and therefore, the

first error variable & is ensured to be converging.
Step 2:

The derivative of the second error variable 52 can be described as follows:

52 = fz—é—ijj,h 3 Mﬁé(%’,e)(Tj,e-i-Td—Ch,e(Qj,e, q.j,e)q.j,e_gh,e(Qj,e)_F<Qj,e))_é_(jj,h
(4.14)

where

é = —€1f1 aF 61(jj7h = —€172 T €1q]'7h (4.15)

The appropriate Lyapunov function candidate, constructed on the property (P1)

from 4.2, can be selected as:
| 1, .,
Vo=WVi+ Vo=V + 5 (52 Mh,e(qg',e)fz) (4.16)

The derivative of the Lyapunov function defined in 4.16 can be evaluated as:

2 ' 1 .
Vo =Vi+& My (g;0)é + EszMh,e(Qj,e)fz (4.17)

Furthermore, exploiting the property (P2) from Equation 4.3, the second Lya-

punov function holds the derivative form as below:

‘72 == ‘/1 + ng (Mh,e(Qj,e>€2 + Ch,e(Qj,ev Qj,e>£2) (418>
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Based on 5.13 and 4.14, the expression the(qj,e)fg + Che(gjes @je)é2 in above

equation can be represented as:

Mie(@ie)é2 + Che(Qje: dje)éa =Mie(gje) (7'"2 — (- "J'Jyh)
+ Choe(Qjer Gje) (12 — C = Gjin)
=M e(g50) (—¢ = Gin) (4.19)
+ Che(jes je) (—C — Gjn) + Tje + Ta
— Gne(@je) — F(dje)

However, the dynamic parameters in the realistic model of the lower limb exoskele-
ton system are not precisely known, and the matrices in Equation 4.19 cannot be
applied in the design of the control strategy. Therefore, the direct adaptation
law is practiced to estimate the unknown dynamic parameters. The right-hand
side of the Equation 4.19, representing the unknown model parameters, can be

rearranged as follows:

M e(gje) <—C - dxh) + Che(Qjes Ge) (—C = Gin) + Tje + Ta — Ghe(je) — F(dje)

= ¢ - ije + Td — ‘F((jj’e>
(4.20)

Thereafter, Equation 4.18 can be rewritten as:
Vo=Vi + & (@0 + 750 + 74 — F(dse)) (4.21)

where ® € R3*16 refers to a regression matrix derived from the sensor-based feed-
back and € € R'®*! denotes unknown nonlinear parameters. The element wise
regression matrix and vector of unknown nonlinear parameters are presented in
Appendix C. As per the earlier discussion, the Lyapunov function from Equation

4.16 can be revised as given below:
_ ol i~ .
V:%+§QI_I Q, Q=0-0Q (4.22)

where estimation of the unknown parameters in matrix form is indicated by Q and
M denotes an arbitrary selected positive definite matrix. Now, one may get the

following expression after differentiating Equation 4.22,

V=V QT Q=4+ €0 (B0 4 70 + 74— Fldge)) — QT 710 (4.23)
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By performing addition and subtraction of the term & ) to the right-hand side
of Equation 4.23,

V=V +& 00+ 00+ €1 (1) + 14— Flgje)) — Q7071 Q (4.24)
With the transpose of £ <), Equation 4.24 can be rewritten as:

V=Th+ G0+ (e +ma—Fg) + 07 (276 -n7Q)  (425)

Now by selecting Q as .
O =na’s, (4.26)

After incorporating Equation 4.26 and Equation 4.13 into Equation 4.25, the

derivative of the Lyapunov function can be modified as:

V = ‘/1 —+ £2T®Q = §2T (Tj7e G T = F(QJ@))

) (4.27)
= e + &+ B0+ EL 70 + E5 70 — 5 F (4e)

Considering Assumption (A) (4.4) and employing the Young inequality, the last
term on the right-hand side of the Equation 4.27 can be articulated as below:

1 1
& 74 < §§2T§2 + §TdTTd
(4.28)

Thereafter, the derivative of the Lyapunov function fulfills the inequality equation

as follows:

. A . 1 4.
V=—tleab +& 6+ 00+ 1T — ETF (i) + §ng§2 + 573 (4.29)

The trajectory tracking control law can be designed as:
A 1 .
Tje=—€b— &~ P0—c&H+ Fldje) (4.30)

where, €, denotes another diagonal matrix of positive value. Furthermore, after
placing the position control law from 4.30 to 4.29, the derivative of the Lyapunov

function can be reworked as:

. 1
V< = eaé — & e+ 5?3 (4.31)
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It is evident from Equation 4.31 the derivative of the Lyapunov function can be

expressed in the following form of inequality,
V < 0V + pa (4.32)

where,
2)\min (62)
)\max<Mh,e (QJ,6>>

where pg belongs to a class of k£ functions and Auin(.), Anaz(-) are the minimum

1
U = min (2)\min (€1), > and  pg = 57‘32 (4.33)

and maximum eigenvalues of (.), respectively.

Multiplying both sides of Equation 4.32 by an exponent term €%, and integrating

over t = [0, ¢] yields the following equation:

0<V < (V(O) . %) =0t + % (4.34)

By defining V = max {V(O), %}, the following inequalities scan be obtained:

= 2V
V 4.

It is observed from Equation 4.34 and Equation 4.35 that increasing the U and
decreasing p, can ensure the error signals ||¢|| and ||&]| to converge to small val-
ues. Consequently, when the controller gains ¢; and e, are increased, the tracking
performance can be improved with reduced positional errors. On the other hand,
increasing the adaptation gain I confirms the fast convergence of the estimated
parameters to the actual values. However, in a real-case scenario, the controller
parameters cannot be selected as very large to avoid the noise and high frequency,

which degrade the system performance.

The above set of equations confirms the characterization of input to state stability
(ISS), where input is regarded as the bounded external disturbances 74, and the
proposed control strategy eventually guarantees all the signals to be bounded
[169,216,217]. In addition, the convergence of even small tracking errors for the
coupled human-exoskeleton system can be ensured with the proper selection of
control law parameters. The complete design architecture of the robust adaptive
backstepping control for the lower limb exoskeleton system is shown in Figure 4.1.
In the closed-loop control, the actual signals from the dynamics can be recorded

by using feedback sensors.
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In the parametric strict feedback system, the ’overparameterization’ problem per-
sists due to the number of parameters’ estimates greater than the number of un-
known parameters. The reason behind this condition is the presence of unknown
parameter estimates in each design step of the adaptive backstepping. However,
in the present work, the first design step is free from any unknown parameters
estimation and generically postponed to the last design step; therefore, avoiding
the ’overparameterization’ phenomena (refer to Step 2). Furthermore, the ’explo-
sion of terms’ is another well-known complexity that appears from the presence
of inertial, centrifugal, and gravity matrices while differentiating the virtual con-
trol. However, the proposed design in this work avoids this complexity due to the

non-existence of such dynamical matrices (refer to Equation 4.15).

Virtual controller Second error variable Control law (Eq. 4.30)
. - . . A -
(=—€Gje+agin["]| &=dje—C— din [TTre = —ete &~ 80— 12 + F (§s)
A A * AA
Adaptive law _|
R 1
Q=T¢"& s
»>0u
> 6t
Eﬂ‘S
>4 q]’h [ /\ 61
055 " +_
L YR YR Yua : “0.4 4 Coupled human-
X(m)
Kinemaics Gje exoskeleton system
|Desired joint angle (qj’h)l

Potentiometer |«

FIGURE 4.1: RABS Control Architecture

4.4 Results and Discussions

In this section, the simulation and experimental results regarding the performance
of the robust adaptive backstepping control are discussed for the pediatric ex-
oskeleton system. The considered exoskeleton is LLESv2 and subject is of age 12
years (male), body mass 40 kg, body height 132 cm. The desired joint angles with
the subject’s gait trajectory are estimated using a wireless Kinect-LabView motion

capture setup. The effectiveness of the designed control strategy is validated with
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the previously designed NF-CPID control as a contrast control scheme. The simu-
lation and experimental runs in this chapter are carried out in MATLAB /Simulink

R2020b (ode45 solver with variable step and non-adaptive zero crossing algorithm).

4.4.1 Simulation Results

The proposed control strategy is exploited to track the desired gait trajectory
during passive-assist gait rehabilitation in the presence of model uncertainties
and external disturbances. In order to validate the robustness of the proposed
RABS control, the parametric perturbations are considered by increasing the
lower-limb masses of the coupled pediatric-exoskeleton as 30%,20%, and 10%
(Mipe = Mipe + 0.3Mip e, msy, , = Mape + 0.2Mmap 0, my;, , = Mape + 0.1may,,)
respectively. Moreover, external disturbances are added as 74, = 6sin(4nt), 749 =
5sin(3nt), 743 = 3sin(2nt). The Coulomb friction, and viscous velocity factor
are selected as C; = [0.8,0.8,0.8]",0, = [1.2,1.2,1.2]7. As the exoskeleton
setup changes from LLESv1 to LLESv2, the proportional, integral, and deriva-
tive gain values in NF-CPID control are K, = 180, K; = 7,Ky = 32 for hip
joint, K, = 179, K; = 4, K; = 41 for knee joint and K, = 152, K; = 4, K; =
23 for ankle joint. The centre distance parameter matrix is selected as ¢; =
(—=5,—4,-3,-2,-1,0,1,2,3,4,5)9x11 and curve width for the Gaussian function
is taken as o0,,; = 4. The positive constant in adaptive law is selected as x, = 17.
After performing numerical iterations, the RABS control law parameters are se-
lected as €; = diag(175), e, = diag(70), and M = diag(0.06).

0-33 —Desired— NF-CPID —- RABS)|
0.4 - -0.372 |
’l
045~ o588 ~ .0.378 /j ! ; |
g 058 N 0.36 0.37 0.38
E o5- ~ . |
-0.502
s -0.12 //‘io/ \
-0.55- s |
- ?
) M'{@ 7
S I S A % |
0.6 e -0.565| _ 7 /y'
-0.65 ‘ ‘ ! | 02 021
-0.2 -0.1 0 0.1 0.2 0.3 0.4

X (m)

FIGURE 4.2: Cartesian gait tracking for perturbed mass values and periodic
disturbances with RABS and NF-CIPD control
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FIGURE 4.3: Gait tracking error in (a) X-direction and (b) Y-direction for
perturbed mass values and external disturbances with RABS and NF-CIPD
control

By incorporating control law parameters in the robust adaptive backstepping con-
trol with dynamic uncertainties, the trajectory tracking of the desired gait is pre-
sented in Figure 4.2. The black line represents the desired trajectory starting with
(X:0.23m,Y : —0.56m). The actual trajectories after applying the proposed con-
trol (RABS) and contrast control (NF-CPID) are shown by the dotted cyan line
and the red line, respectively. Three zoomed-in view are shown to demonstrate
the effectiveness of the proposed control while tracking the desired gait trajectory.
The position error in X- and Y-direction ({x and &y) is shown in Figures 4.3(a)
and 4.3(b). The proposed RABS control outperforms the contrast one in both
directions. The maximum absolute deviation in X-direction (|{x|) is 0.012 m and
0.014 m for RABS control and for NF-CPID control, respectively. In Y-direction,
although the maximum absolute deviation (|{y|) is quite similar, the deviation
for the contrast control is found to be higher from the beginning of the gait cycle
which ensures the lower performance of the contrast control as compared to the

proposed one.

4.4.2 Experimental Results

In this section, experimental results are discussed for the coupled subject-exoskeleton
system, where LLESv2 is considered along with the pediatric subject of age 12
years, body mass 40 kg, body height 132 cm (C12 from Table 2.7). The subject

has post-effects of paraplegic CP with with no sign of pain and discomfort, and
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having FMA ordinal score 1. As per the hospital, the subject’s record was main-
tained under the GMFCS-III with flexion deformities of 1.75° hip, 7.92° knee, and
0.95° of the ankles. Although the subject can walk short distances without any
assistance; however, can not apply significant force from his side which is benefi-
cial for the control experiments in the passive-assist mode. The real-time control
architecture for the coupled subject-exoskeleton system is shown in Figure 4.4.
Although the hardware configuration and feedback units (multiturn potentiome-
ters) are modified for the subject-LLESv2, the working principle is similar to the
coupled dummy-LLESv1 as mentioned in Section 2.4 of the Chapter 2.

Host Computer Arduino Mega2560 Potentiometer

Power-Source Motor Driver Stepper Motors
(SMPS)

Coupled Subject- Exoskeleton System
(LLES12)

FIGURE 4.4: Real-time control architecture of LLESv2 with a pediatric subject
(GMFCS-Level III)

After applying the proposed (RABS) and contrast (NF-CPID) control in real-time,
the tracking of the desired gait trajectory by the coupled system is shown in Figure
4.6. The proportional, integral, and derivative gain values in NF-CPID control are
K, = 0.61, K; = 0.0007, K4 = 0.02 for hip joint, K, = 0.43, K; = 0.0006, K4 =
0.03 for knee joint and K, = 0.12, K; = 0.01, K; = 0.02 for ankle joint. The centre
distance parameter matrix is selected as ¢; = (=5, —4, —3, -2, —-1,0,1,2,3,4,5)9x11
and curve width for the Gaussian function is taken as o,; = 4. The positive
constant in adaptive law is selected as k, = 1.5. After performing numerical it-
erations, the RABS control law parameters are selected as €; = diag(1.55), e =
diag(0.9), and M = diag(0.004). Three zoomed-in view are shown to demonstrate
the effectiveness of the proposed control while tracking the desired gait trajectory.
Moreover, as shown in Figure 4.5, the functional characterization of the coupled
system is carried out where the real-time movements of foot trajectory is recorded

at different phases of a gait cycle.
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FIGURE 4.5: Functional characterization of the coupled system while tracking
Cartesian gait tracking with RABS and NF-CIPD control
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FIGURE 4.6: Cartesian gait tracking for subject-LLES»2 with RABS and NF-
CIPD control

It can be observed from Figure 4.5 and 4.6, the proposed control outperforms
the contrast control for tracking the desired gait trajectory. Moreover, from the
Cartesian error in X- and Y-direction shown in Figure 4.7(a) and Figure 4.7(b),
it is found that there is a significant difference between the performance of RABS
control and NF-CPID control throughout the gait cycle except at the initial swing
phase. The maximum absolute error in X-direction (|{x|) is 0.007 m and 0.015
m for RABS control and for NF-CPID control, respectively. In Y-direction, the
respective deviation (|&y]) is 0.004 m and 0.006 m for RABS control and for NF-
CPID control. It is pertinent to mention that the experimental results for the
contrast control are quantitatively similar to the simulation results; however, the

noise increases for the former one. On the other hand, the the performance of
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FIGURE 4.7: Gait tracking error in (a) X-direction and (b) Y-direction for
subject-LLESv2 with RABS and NF-CIPD control

RABS control is improved in experimental results as compared to the simulation

ones which ensures less uncertainties and disturbances in the real-time coupled

system.
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FIGURE 4.8: (a) Hip, (b) knee, and (c) ankle joint tracking for subject-LLESv2
with RABS and NF-CIPD control

Moving further, the tracking of desired joint angles of the lower limb is shown
in Figures 4.8(a), 4.8(b), and 4.8(c). A zoom-in view is illustrated for each joint
to visualize the difference between performance of both the controllers. Figure
4.9(a), 4.9(b), and 4.9(c) represents the error (&) between desired and actual
joint trajectory. In case of hip joint, the RMSE for NF-CPID and RABS control
scheme is 0.79° and 0.353°. For knee joint, the respective RMSE is 2.471° and
1.468°. The respective RMSE for the ankle joint is 0.951° and 0.334°. The PI is
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FIGURE 4.9: (a) Hip, (b) knee, and (c) ankle joint tracking error for subject-

LLESv2 with RABS and NF-CIPD control

evaluated as 55.32%, 40.59%, 64.88% for hip, knee, and ankle joint which shows

the potential of proposed control for the passive-assist gait tracking by the coupled
subject-exoskeleton system.

)

523 _64 _"ﬁs é(, _67 _S;)g _ég S;)m

Parameters’ adaptation

0.8 1
Gait cycle (s)

1.2

FIGURE 4.10: Parameter adaptation of € for subject-LLESv2 with RABS

Following the adaptation law (Eq. 4.26), the estimation of the unknown param-

eters for the coupled exoskeleton system with proposed RABS control is shown

in Figure 4.10. Although, the estimated parameters are bounded and converged

to preserve the stability of the closed-loop process with promising gait tracking

performance; however, confluence of these parameters to their true values is not

compulsorily possible. Furthermore, it can be noted from the results of both cases
that estimation of 1%, 2" and 5 parameters (Ql, Qg, Q5) follow same adaptation

over the gait cycle. Likewise, the 11" 12t" and 14™ parameters (Qy1, 12, Q14) are
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estimated with same adaptation values. Moreover, the 13th estimated parameter
(5213) converge with the same values as of 15 parameter (Q15). These observa-
tions show that the number of parameter estimates (nQ = 11) are less than the
number of unknown parameters (ng = 16) which further supports the avoidance

‘overparameterization’” phenomena.
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FIGURE 4.11: (a) Hip, (b) knee, and (c) ankle joint torque for coupled subject-
LLESw»2 system with NF-CPID and RABS

While tracking the desired gait trajectory during passive-assist gait rehabilitation,
the control evolution (U.) for both the controllers shown in Figure 4.11(a), 4.11(b),
and 4.11(c). In case of contrast NF-CPID control, the RMSV for hip, knee, and
ankle joints are generated as 5.65 V, 0.59 V', and 0.08 V. On the other hand,
the respective control voltage for the proposed RABS control are computed as
8.25V,0.94 V', and 0.13 V which is marginally higher than the contrast control.
It can be observed that proposed RABS scheme requires higher control signals to
track the desired trajectory in swing phase as compared to stance phase. However,
the chattering index is found to be significantly lower for proposed RABS control
(Clhip : 1350.98, Clipee = 172.74, and Clyppe - 82.45) compared to the contrast NF-
CPID control scheme (Clp;, @ 2750, Clypee = 667.64, and Clyppe @ 11.23) during
PA gait tracking by coupled system.

The implication of the proposed control can be effectively appreciated in the case
of post-stroke subjects with pathological gait. The potential end-users of the
control-aided rehabilitation experiment could be the pediatric subjects, the age
range of 8-12 years (25-40kg and 115-125cm), suffering from paraplegic gait post-
CP with no sign of pain and discomfort (GMFCS-Level IIT and FMA ordinal scale

1). Based on the disparity between joint angles with and without exoskeletons
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and the subject’s feedback, the tuning of the designed controller can be carried

out for the end-users.

4.5 Summary

This chapter presented a robust adaptive backstepping control for the pediatric
gait exoskeleton system. The dynamic modeling of a coupled human-exoskeleton
system is presented for passive-assist gait rehabilitation of pediatric subjects. The
proposed control scheme is designed with a virtual adaptation law to dealt PPED.
The Lyapunov theory is formulated to ensure the system’s stability during walking.
The well-known complexities of the classical backstepping control, i.e., overpa-
rameterization and explosion of terms are avoided by postponing the parameters’
estimation to last design step and absence of inertial, centrifugal, and gravity
derivatives in the virtual control law, respectively. The proposed RABS control
has been tested with an experimental setup of LLESv2 coupled with a pediatric
subject of GMFCS-Level III. The performance is improved by 55.32%, 40.59%,
64.88% for hip, knee, and ankle joint, respectively as compared to NF-CPID con-
trol. From the experimental results, it can be easily perceived that the proposed
control strategy shows improved performance for tracking the desired trajectory
during passive-assist gait rehabilitation. However, the controller in passive-assist
mode is incompetent to appreciate the interaction of the subject during gait re-
habilitation. Therefore, in the next chapter, a subject-cooperative control scheme
is proposed to include the active participation of the subject during active-assist

mode.
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Chapter 5

Robust Adaptive Backstepping
Sliding Mode
Subject-Cooperative Control for
Active-Assist (Gait Tracking of
the Pediatric Exoskeleton

5.1 Introduction

The passive-assist rehabilitation mode with a fixed desired trajectory neglects
the subject’s active participation and degrades the therapeutic performance in
case of partial muscle strength. Therefore, this chapter proposes a novel subject-
cooperative control (SCC) based on a variable admittance control scheme and a
robust position control scheme for the pediatric lower-limb exoskeleton system. At
first, the dynamic modeling of the coupled subject-exoskeleton system in active-
assist mode is presented in Section 5.2 with PPED. A neural-fuzzy-based variable
admittance control (VAC) is designed in Section 5.3 to incorporate a realistic
subject-exoskeleton interaction and consider the active participation of the sub-
ject. Thereafter, a robust adaptive backstepping sliding mode control (ABSMC)
with rapid reaching law (RRL) is presented in Section 5.4 to deal with PPED. The
stability of the proposed position control is addressed using a stepwise selection of

appropriate Lyapunov candidate functions. In Section 5.5, the effectiveness of the
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proposed adaptive backstepping sliding mode-variable admittance control (ABSM-
VAC) scheme is compared with an adaptive backstepping-fixed admittance control
(AB-FAC) for two different cases. In the first case, the regular active-assist reha-
bilitation mode is considered, while the second case corresponds to the active-assist
mode with the effect of sudden reflex. Based on the several simulation runs, the
proposed cooperative controller has shown a promising tracking behavior, appro-
priate compliant interaction, and safety aspects for the subject in active-assist gait
training. Finally, the outcomes of applying the proposed cooperative control are

summarized in Section 5.6.

5.2 Dynamic modeling

In general, two major characteristics of the exoskeleton robot are the synchroniza-
tion of joint movements and physical interaction with the human. In dynamic
modeling of the LEER, researchers have usually addressed the problem of syncing
the robot’s joint movements with the human; however, they ignored the aspects of
physical human-robot interaction (pHRI). In this work, the dynamic model of the
coupled subject-exoskeleton is considered with the effects of pHRI. Furthermore, it
is pertinent to mention that there is always an inconsistency between between the
actual exoskeleton robot and its mathematical model due to parametric perturba-
tions and external disturbances. Therefore, taking such disparities into account,

the dynamic relation of the exoskeleton robot Equation (2.15) can be modified as:

Tje — Tjint + Td = (Moe(%’,e) i 5SM€(Qj76))dj7€
+ (Coe(Qj,67 Qj,e) + (Ssce(Qj,ea (jj,e))Qj,e
+ (goe<qj,e) + 5sg(Qj,e>) o f(dj,e) (51>

where, 7, € R? is the disturbance vector; M,. € R¥*3, C,. € R®*3, and G,. € R® is
the normal value of inertia, Coriolis, gravity matrix, respectively; ‘0, indicates the
uncertain scaling factor; and F(q;.) € R* denotes the friction model as represented

in Equation 3.36.

Rearranging Equation 5.1, one can get

Tje = Tjint + P = Moe(Qj,e>dj,e + Coe(Qj,m %’,e)%‘,e + goe(Qj,e) (52>
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with
p =174 = F(Gje) = 6s(M(gje)Gje + Cldjer Gie) +G(gje)) (5.3)

where p denotes the lumped form of parametric uncertainties and external distur-

bances.

5.3 ANFIS-based Variable Admittance Control

5.3.1 Admittance control

The admittance control allows the exoskeleton robot to alter its desired trajectory
based on the interaction force applied by the subject. The modified trajectory
is compliant with the subject-exoskeleton interaction force, which depends upon
the deviation between the original human trajectory and the actual exoskeleton
trajectory. The tracking of modified reference trajectory by the exoskeleton is dealt
with using a low-level controller. If the desired (original human) gait trajectory is
¢;» and the reference (modified) gait trajectory is g; ., then the admittance model

can be designed as

Mu(din — Gia) + Caldin — Gio) + Kol — @i.00) = Tjins (5.4)

Gj.o = Qj,p — Ma_l{ca(%',h ) T ) = Tj,mt} (5.5)

where M,, C,, K, denotes the inertia, damping and stiffness admittance parame-
ters. It is evident from Equation 5.4 and 5.5 that if interaction torque is negligible
then ¢; . = g, which represents the case of PA training mode. Furthermore, in
real scenario where the subject’s movement is significantly less due to the insuf-
ficient muscle strength, the acceleration term with inertial coefficient (M,) could
be ignored. On the other hand, the damping (C,) and stiffness (K,) parame-
ters should be varying to attain the biological movement of exoskeleton robot in
real-time. Therefore, in the next section, a novel adaptive neuro-fuzzy inference
system (ANFIS)-based approach is proposed to vary the admittance parameters

in real-time.
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5.3.2 ANFIS adaptation of admittance parameters

In active-assist rehabilitation settings, the damping and stiffness parameters of
the exoskeleton robot need to be altered in agreement with the interaction torques
generated by the active participation of the subject. The variation in admittance
parameter should be characterized by two crucial aspects, i.e., flexibility and safety
of the subject. If the interaction torque increases, the damping admittance pa-
rameter should be increased to compensate for any oscillations. On the other
hand, if the interaction torque rises, the stiffness parameter should be decreased
at first to allow the subject to participate cooperatively. After a certain point of
time, when interaction torque starts exceeding a considerable limit, the stiffness
parameter must be increased to make the exoskeleton rigid for the subject’s safety.
The robot should adequately comply with the human limbs in all such scenarios.
However, the range of damping and stiffness parameters pronounces their effect in

the admittance control.

Following the above-mentioned logic, in this work, the behavior of the interaction
torques, damping admittance parameters, and stiffness admittance parameters are

selected as follows:

7/-j,int Imtg (56)
C, =nt, (5.7)
K, = at,>+bt, + ¢ (5.8)

where slope constant m depends on the upper and lower limits of the interaction
torques obtained from the robust ABSM control with fixed admittance parameters;
m depends on the heuristic selection of upper and lower bounds of C,; a, b, and ¢
are decided according to the heuristic selection of upper and lower bounds of K,.
The above formulations (Equations 5.6-5.8) are further used as training dataset
in the neural-fuzzy architecture shown in Figure 3.1. In this work, the two input-

output datasets are prepared as follows:

[7ﬁl,int 7,_2,int 7,—3,int C/(a:| (5 9)
[7,—1,int 7’-2,int 7£3,'L'm‘, Ka} (510>

where 7 jnt, T2,ine and 73 ,; denote the input vectors as hip, knee, and ankle joint
interaction torque; C, and K, are the output vectors as damping and stiffness

admittance parameters.
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5.4 Robust ABSM-RRL Position Control

In this section, the concept of the sliding surface is combined with an adaptive
backstepping approach to design a robust architecture of gait tracking control for
the pediatric lower-extremity exoskeleton robot during active-assist training mode.
At first, the sliding surface is selected based on the error states and virtual control
law from the backstepping process. Thereafter, an improved power reaching law
is proposed with Lyapunov stability for rapid convergence of error states to the
sliding surface. Finally, the robust ABSM-RRL control scheme is proposed for the
exoskeleton robot having the lumped effect of model uncertainties and external
disturbances. Inherently, the asymptotic stability of the exoskeleton system is
guaranteed using Lyapunov theory. The dynamic model of a simplified 3-joint
lower limb robotic exoskeleton in parametric-based strict-feedback representation

can be expressed below.

T"a = 4je;T2a = qj,ea r= [Tlay TZa]T (511)

Ta =72

(5.12)
7‘“2(1 == Moe_l(Qj,e) (Tj7e - Tj,int aF P — Coe(Qj,ea ij,8>(jj,e - goe(Qj,e))

where 71, € R?, r9, € R? are the state vectors of the exoskeleton robot.

The gait tracking error variables can be selected as

fla = Gje — Gj,a (513>
€2a = éla - Ca = T2 — q.j,a — CCL (514)

where, (, denotes the virtual control law to be selected in backstepping approach

for stabilizing the dynamical system.

Taking the Equation 5.13 and Equation 5.14 into account, the sliding surface could

be selected to ensure equilibrium condition of error variables as follows

s = >\p§1a + 62(1 (515)

where )\, € R**? denotes positive definite diagonal matrix.

Furthermore, in this work, a rapid reaching law with varying power terms is pro-

posed as below for faster convergence of error states to the sliding surface.
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§ = —ry|s]P O sgn(s) — rals|®2 sgn(s) (5.16)
with
Bi(s) = g9 + exrtanh(s") — estanh(ns?) (5.17)
e if |s|>1
Ba(s) = (5.18)
1 if |s| <1

where k1 > 0,k > 0,0<egy>e3> 1,61 >1,n>0,e=¢p+¢c1 —e2>1,and p is

a positive even number.

In Equation 5.16, two variable power terms offer impressive adaptability features
where the former one (51(s)) is a designed non-linear function and the latter one
(B2(s)) represents a piecewise-defined function. By choosing suitable values of p

and 7, Equation 5.16 can be further expressed as

—r1|s|®sgn(s) — kals|*sgn(s), |s[ =1
§ =9 —rKi|s|® %2sgn(s) — kas, 0<|s| <1 (5.19)
—rK1|s|0sgn(s) — Kkas, |s| =0

Given the dynamic model in Equation 5.12 with state vectors (714, r2,) in Equation
5.11, the state variables (ﬁla, §2a) in Equations 5.13-5.14 can rapidly converge to
the sliding surface (s) selected as Equation 5.15 via improved reaching law ($)
defined in Equation 5.16.

Selecting a Lyapunov candidate function as follows:
L r
V= 55 (5.20)

Exploiting Equation 5.16, the derivative of the above function can be formulated

as

V =55
= — iy || PV sgn(s) — kyls| PTG sgn(s) < 0 (5.21)

Interpreting Equation 5.20 and Equation 5.21 for V' > 0 and V < 0 prove that the

state variables can access the sliding surface in an approaching time ¢,.
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The approaching time can be approximately computed as below in two phases for
|s(0)] > 1; phase 1: If s(0) — |s| = 1, then Bi(s) = fa(s) = € and phase 2: If
|s| =1 — s =0, then £1(s) =gy — €2, B2(s) = 1.

1—s(0)*= 1 ( /41)
ty ~ + Inll1+ — 5.22
(lil + HQ)(E — 1) l€1<1 — &9 + 52) K9 ( )

Given the dynamic model in Equation 5.12 and sliding surface (s) in Equation 5.15

with rapid reaching law ($) in Equation 5.16, if the control law can be selected as

Tj,e I 7—j,mt + Moe(Qj,e) [ - >\p<£2a - V€1a> ar q'j,a - Véla - h3:|
+ Coe(Qj,ea Qj,e) + goe(Qj,e) - /3
— MOe(q.jje>h(K/1’3|'81(s) + ﬁ2|s|ﬁ2(s))sgn(s) (5.23)

where v € R¥3,h € R3*3 are positive definite diagonal matrices and p is the

estimation of p which can be modeled with an adaptive law as

p=To( Mo gse)) s (5.24)

to compensate the model uncertainties and external disturbances, then the error
states asymptotically converges to equilibrium point, i.e., &4, &, — 0 when time

t — o0.

Considering the virtual control law as follows

(a = —me (525)

Substituting Equation 5.25 into Equation 5.14, the second error variable can be

written as
&0 = €10 — Co = T30 — Gja + VE1a (5.26)

Step 1:

Selecting the Lyapunov candidate function as

1
‘/l = §€laT£la (527)

Differentiating the above equation, one can get

V1 = flaTél = 51aT (fza - Vﬁm) = flanéa - flaTVfla (5.28)
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Referring Equation 5.28, the Vi < 0 for &, = 0, the first subsystem of the coupled
human-exoskeleton system in AA mode is stable.

Step 2:

Further differentiating Equation 5.26 as
€2a = éla - éa - 7:2(1 - q'j,a + Véla (529>
Another Lyapunov candidate function can be selected as

1
Vo=Vi+ §ST8 (5.30)

where s denotes for sliding surface given in Equation 5.15.

Differentiating Equation 5.30 and using Equations 5.26, 5.29, and 5.12 will result

into

Vo =10 oo — 10" V1o + 57 ()‘péla =" 52)
= 10" boa — E1a” V€1 + 87 [Ap (oo — VE1a) + T20 — Gja + Véla]
= €10 o0 — 10" V€10 + 5T [)‘p (fza — V§1a) + Moo H(gje)
(Tj,e — 7; AR E. o 'S EIS A goe(Qj,e))
— Gjo + VE1a] (5.31)

In the above equation, determining p is difficult in actual control architecture.
Therefore, an adaptive law based on ABSM control is proposed in further steps

to avoid the need to define the upper limits of p.

Step 3:

Design
p=p—7p (5.32)
where p is the estimation of p and p is the estimation error. Differentiating above

equation, one can get

p=p—p=—p (5.33)
Now, the third Lyapunov candidate function can be selected as

1
Vs = Vi ) 5.34
3 2+ 2FCP P ( )
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where I'. is a positive constant. Further, differentiating the above equation for
Vo=V — ~ T
3=V FCP P
= glaTééa - glaTygla + ST |:/\p (§2a - Vgla) + Moeil(Qj,e)

(Tj,e - Tj,int + ﬁ - Coe(qj,ea Qj,e)Qj,e - goe(qj,e))

. ‘ L 7/ _
— 4ja + Véla:| - F_PT <p - 1—‘c (Moe I(Qj,e))Ts) (535)

Substituting proposed control law (7;.) and adaptive algorithm (5) selected as
Equation 5.23 and Equation 5.24 into Equation 5.35,

V}) = flaT&a - §1aTl/f1a —sths
- sTh(/i1|s|B1(s) + m2|5|52(5))sgn(3)
< &o bog — 1o VE1a — 8" hs
< — (610" V€1a — &1a” €20 + 57 hs)
- (flaTufla — &1a” Eoa + (Mp&ia + E0a) TR pb1a + &)

1
- (flaTV§1a + /\g)\phﬁlaT&a + Af&fhfza 1 §§1aT§2a

IN

IN

1
- £2aTh)\p€1a o §£1aT£2a + §2aTh£2a)

v+MThA, X, — L |&.
S _ |:§1a £2a] 5 P Ip ph, 2] ! ! (536)
p T3 3
Therefore, Equation 5.36 can be expressed as
: T € a
Vi<~ |6 &) | (5.37)
§2a
where
I
v v+ )\gh)\p hA, — 5 (5.38)
hAp — é h

It is evident from above relation that the 1 can be positive definite with the proper

selection of h,v, and A,. Therefore, Equation 5.37 satisfies
Vs <0 (5.39)

Finally, interpreting Equation 5.39, the asymptotic convergence of error variables is
ensured for desired gait tracking, which proves the stability of the coupled human-

exoskeleton robot in cooperative training mode. The complete architecture of the
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Variable admittance model M
Sk
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Subject-Exoskeleton interaction

Desired gait
trajectory

{j.H  Admittance model

B 53)

35.h

Pysiotherapist
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Sliding vriable

Ui

/

Position control law
Eq.(5.23)

\

s = Apfla + €2a

Robust ABSM-RRL control

FIGURE 5.1: ABSM-SCC control architecture

proposed cooperative control is shown in Figure 5.1.

5.5 Results and Discussions

This section examines the performance of the proposed subject-cooperative con-

trol (ABSM-VAC) using various simulation runs where LLESv2 is considered along

with the pediatric subject of age 08 years, body mass 34 kg kg, body height 128 cm

(C6 from Table 2.7). The simulation runs in this chapter are carried out in MAT-
LAB/Simulink R2020b (ode45 solver with variable step and non-adaptive zero
crossing algorithm) The results are compared to the contrast control (AB-FAC)

for two different cases, i.e., regular active-assist training mode and active-assist
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training mode with sudden interaction reflex. The uncertain model parameter, ex-
ternal disturbances, Coulomb friction, and viscous velocity factor are considered
as 0 = 0.2,74 = [(3sin(2t) + 2 x random(1)), (2sin(2t) + random(1)), (sin(2t) +
t)}T, C; =1[0.8,0.8,0.8]",0 = [1.2,1.2,1.2]7 to validate the robustness of the inner
loop position control. The control parameters in ABSM with RRL are as fol-
lows: A\, = 8,h = 26,v = diag(100,60,60),. = diag(0.1,0.1,0.1), k1 = 22, Ky =
38,690 =0.2,e; = 0.6, = 0.05, 4 = 6, and n = 1.5. The fixed admittance param-
eters in the contrast control are C, = diag(2,2,2) and K, = diag(100, 100, 100).
These admittance values are further used in the ABSM cooperative control to
compute the minimum and maximum limit of the interaction torques. In Equa-
tion 2.16, the damping and spring coefficients for the bracing straps are selected
as ¢ = [10,10,2]" and k = [200,200,20]7. The limits of admittance parameters
are selected based on the numerical iterations around the fixed admittance values.
Thereafter, two network architectures (anfisl.fis and anfis2.fis) are formed
based on input-output training dataset as per Equations 5.6-5.8 and 5.9-5.10. The
details of the input-output dataset used for training of ANFIS architecture are
given in Table 5.1.

TABLE 5.1: Input and output training range of ANFIS architectures

Interaction torques (Nm) Admittance parameters

Hip Knee  Ankle Damping (Nm/deg.) Stiffness (Nm-s/deg.)

7/—1,int 7/’2,int %B,int C/Va Ka
Minimum -12.55 -28.44 -5.71 1 50
Maximum 11.75  24.60 6.52 3 150

Furthermore, to select the ANFIS training parameters, several simulation runs
are carried out by altering the number of MF (1 — 20) and epochs (1 — 30) till
the specified error tolerance is achieved between the desired and target output
vectors. Conventionally, the ANFIS technique exploits two optimization models,
backpropagation and hybrid, to build the learning characteristics between the
input and output vectors. In the hybrid approach, a least square algorithm and
the gradient descent model are exploited to modulate the errors. This work uses
the hybrid method with both datasets while training the network architectures.
The complete details of training parameters are provided in Table 5.2. The co-

simulation results for different cases are discussed using two performance metrics
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TABLE 5.2: Training parameters used in ANFIS architectures

Training Parameters anfisl.fis anfis2.fis

MF type Gaussian Gaussian
Number of MF 5 6
Number of Epochs 10 15
Error tolerance 0.0001 0.001
Learning model Hybrid Hybrid

as, root mean square (RMS) and performance index (PI), defined as follows:

(5.40)

RMS(P)ap—rac — RMS(P)apsy—vac
Pl = x 100% 5.41
RMS(P)apsm—rac ’ (5:41)

where p, denotes the performance value such that if p,: joint angular error
(€14, 1., gja), then RM S(P) denotes the root mean square error (RAMSE) and if
p: joint torque (77), then RM S(P) refers to the root mean square torque (RM ST);

N represents the total number of data points.

5.5.1 Case 1: Active-assist training mode

As mentioned earlier, the AA training mode is beneficial for such cases where
subjects have restored partial motor strength after the onset of neurological dis-
ease. As subjects apply their recovered muscle strength of lower-limbs for desired
movement, the exoskeleton robot need to comply with them using the proposed
cooperative control. After employing the control parameters and relevant admit-
tance values, the tracking of joint variables for the contrast and proposed control
is shown in Figures 6.2 and 6.3. It can be observed from Figures 6.2(a), 6.3(a), and
6.4(a), the deviation between actual (¢.) and reference (modified) (¢,) hip joint
trajectory is less in case of proposed variable admittance-based cooperative control
(RMSEspsy—vac :0.193° as compared to the contrast control (RMSEap_pac :
0.247°). From Figures 6.2(b), 6.3(b), and 6.4(b), a similar trend of joint error (g; q)
is noted for knee joint (RMSEapsy—vac : 0.489°, RMSEap_rac : 0.535°). In
case of ankle joint (Figures 6.2(c), 6.3(c), and 6.4(c)), although the trend is similar
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\—qh‘ 9. =% |

Knee
(deg.)

Ankle
(deg.)

4
I 11.55 1.6 I
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Gait cycle (s)

FIGURE 5.2: Trajectory tracking for (a) hip, (b) knee, and (c) ankle joint using
contrast control (AB-FAC)
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FIGURE 5.3: Trajectory tracking for (a) hip, (b) knee, and (c) ankle joint using
proposed control (ABSM-VAC)

to hip and knee joint, there is a marginal difference between joint error of pro-
posed (RMSEapsy—vac : 0.166° and contrast control RMSEap_pac : 0.187°).

The tracking performance is summarized in Table 5.3.

The sliding surfaces (s) for hip, knee, and ankle joint in the proposed control
(ABSM-VAC) are shown in Figure 5.5(a). It can be inferred from the plots of
sliding surfaces that the tracking error converges asymptotically and reaches the
settling phase at 1.97 s, 1.96 s, and 1.96 s for hip, knee, and ankle joints, respec-
tively. Furthermore, Figure 5.5(b) presents the root mean square error (RMSE)

of lumped parameter estimation (p) with the value of 0.1 x 1073 at starting and
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FIGURE 5.4: Trajectory tracking error for (a) hip, (b) knee, and (c) ankle joint
using contrast and proposed control
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FIGURE 5.5: Plot of (a)sliding variable and (b) root mean square of lumped
estimation error using proposed control (ABSM-VAC)

0.1 at end of the gait cycle. It is evident that the adaptive law in 5.24 estimates

the uncertainties and disturbances in the system quite precisely.

Invoking the joint trajectory results in the Cartesian space, the actual gait trajec-
tory followed by the exoskeleton is shown in Figure 5.6 for contrast control and
proposed control. It can be easily interpreted that, for AB-FAC, the robot allows
the subject to move the lower limb more flexibly throughout the gait cycle. How-
ever, when considering the real-time scenario where admittance parameters change
every moment, the proposed control (ABSM-VAC) allows flexibility and rigidity

based on trained ANFIS architecture. For instance, for zoom-in views illustrated

TH-2968_176103009



Chapter 5: ABSM Subject-Cooperative Control 129
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FIGURE 5.6: Reference gait trajectory (Cartesian) using contrast and proposed
control

in Figure 5.6, the proposed control allows less flexibility (more rigidity) compared

to most of the other segments in the trajectory.

Moving further with the results in Figure 6.7, it can be easily perceived that
lesser interaction torques are generated with the proposed control (ABSM-VAC)
as compared to the contrast control (AB-FAC). For the hip joint, as shown in
Figure 6.7(a), the proposed control offers less active participation of the subject
in early stance (0 —0.4 s) and initial swing (1.1 — 1.5 s) phase of the gait cycle and
allows more active participation in other phases of the gait cycle with marginally
lower values than the contrast control. Figures 6.7(b) and 6.7(c) also show the
heterogeneous nature of the knee and ankle joint interaction torque over the gait
cycle; however, within different gait phases. This heterogeneous nature is due
to the logic considered in 5.6-5.8 and inputted in ANFIS architecture. The real-
time variation in the admittance parameter over the gait cycle is shown in Figure
5.8 where left and right z—axis represents the damping and stiffness parameter,

respectively.

The results of joint torques are presented in Figure 6.8. From Figure 6.7 and 6.8, it
can be easily noticed that for very similar values of interaction torques with both
control approaches (0.41 — 0.85 s for hip, 0.3 — 0.6 s for knee, and 0.28 — 0.58 s for
ankle), the proposed control requires less amount of torque. Moreover, referring
Figure 6.8(a), 6.8(b), and 6.8(c) as an overall, less joint torques are produced
using proposed control (RM ST agsy—vac : 31.62 Nm for hip, 14.22 Nm for knee,
and 0.91 Nm for ankle) as compared to the contrast control (RMSTap_rac :
42.99 Nm for hip, 15.47 Nm for knee, and 1.18 Nm for ankle). The overall torque
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FIGURE 5.7: Interaction torques for (a) hip, (b) knee, and (c) ankle joint using
contrast and proposed control
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FIGURE 5.8: Variable damping and stiffness admittance parameters over a gait
cycle

performance is compiled in Table 5.3. Therefore, it can be concluded that the
proposed cooperative control generates lesser amount of joint torques to precisely
track the reference gait trajectory as compared to contrast control, irrespective
of the subject’s active participation. The sudden peaks in joint torques are also

predominant in case of contrast control, especially, in case of ankle joint (Figure

6.8(c)).
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'—AB-FAC (Contrast) —= ABSM-VAC (Proposed)|
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FIGURE 5.9: Joint torques for (a) hip, (b) knee, and (c) ankle using contrast
and proposed control

TABLE 5.3: Comparative performance analysis of the proposed control over the
contrast control during the active-assist rehabilitation

Tracking Performance (RMSE, °) Torque Performance (RMST, Nm)

Joint PI (%) PI (%)
Contrast Control Proposed Control Contrast Control Proposed Control
(AB-FAC) (ABSM-VAC) (AB-FAC) (ABSM-VAC)
Hip 0.247 0.193 21.86 42.94 31.62 26.36
Knee 0.535 0.489 8.59 15.47 14.22 8.08
Ankle 0.187 0.166 11.23 1.18 0.91 22.88

5.5.2 Case II: Active-assist training mode with sudden re-

flex

To investigate the potential of robust trajectory control and variable admittance
model of the proposed cooperative control, another case of active-assist rehabili-

tation is considered with the inclusion of sudden reflex. The reflex is defined as an

interaction torque (Tsmt) generated due to an equivalent interaction force (Fe’gt)

at the ankle. The equivalent interaction force is modeled as a pulse function that

appears at certain time intervals and is expressed as follows [218]:

Ap, if 5, <t <t

in _ int
Fim(t) = (5.42)

0, otherwise

where A;,; = 40N is the amplitude of the modeled reflex and ¢;,, = 0.5s, t{,, = 0.6s

int

represent the starting and ending time intervals for the sudden forces, respectively.
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FIGURE 5.10: Trajectory tracking for (a) hip, (b) knee, and (c) ankle joint
using contrast control (AB-FAC) under the effect of sudden reflex

The joint trajectory tracking for the contrast and proposed control using the ap-
propriate control gains and admittance values is shown in Figures 5.10 and 5.11.
Referring Figures 5.10(a), 5.11(a), and 5.12(a), the difference between actual
(ge) and reference (q,) hip trajectory is significantly higher for contrast control
(RMSEap_rac : 0.269°), especially, after application of sudden reflex. How-
ever, the proposed control offers promising tracking of reference hip joint with
RMSEagsy—vac of 0.202°. For knee joint (Figures 5.10(b), 5.11(b), and 5.12(b)),
the proposed control fell little short with RMSFE apsy—vac of 0.724° as compared
to the contrast control (RMSEsp_rac : 0.679°). This reverse trend shows high
flexibility levels at a certain period due to the simultaneous effect of sudden reflex
and variable admittance model. In case of ankle joint (Figures 5.10(c), 5.11(c),
and 5.12(c)), the proposed control (RMSFEapsy—vac : 0.189°) outperforms the
contrast control (RMSEsp_rac : 0.20°) marginally for the joint error (¢;,). The

tracking performance is enlisted in Table 5.4.

Similar to Case I, the sliding surfaces (s) in Figure 5.13(a) show the asymptotic
convergence of error states for hip, knee, and ankle joints using the proposed
control (ABSM-VAC). However, the tracking error reached the settling period at
1.98 s, 1.99 s, and 1.97 s, which is slightly higher due to the sudden incoming
reflex. Furthermore, as shown in Figure 5.13(b), the root mean square (RMS) of
lumped parameter estimation error (p), with the value of 0.1 x 1073 at starting
and 0.45 at end of the gait cycle, ensures that the adaptive law in 5.24 is able to

estimate the uncertainties and disturbances in the system very well. The sudden
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FIGURE 5.11: Trajectory tracking for (a) hip, (b) knee, and (c) ankle joint
using proposed control (ABSM-VAC) under the effect of sudden reflex
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FIGURE 5.12: Trajectory tracking error for (a) hip, (b) knee, and (c) ankle
joint using contrast and proposed control under the effect of sudden reflex

rise in the RMS value can be seen due to the exertion of sudden interaction force

at 0.5 s.

The results of the actual gait trajectory in Cartesian space are shown in Figure
5.14 using the contrast and proposed control. It is evident from the left and right
zoom-in view that, unlike the contrast control (AB-FAC), the proposed control
(ABSM-VAC) offers added flexibility to the robot under the presence of sudden
reflex, which ensures the safety of the subject. Moreover, the third zoom-in view
(at X,Y :0.2,—0.565 : 0.24, —0.0.55) depicts that the proposed control can stiffen
the robot during the start and end of the gait trajectory for effective tracking.
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FIGURE 5.13: Plot of (a)sliding variable and (b) root mean square of lumped
estimation error using proposed control (ABSM-VAC) under the effect of sudden
reflex
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FIGURE 5.14: Reference gait trajectory (Cartesian) using contrast and pro-
posed control under the effect of sudden reflex

This effectiveness is guaranteed with the effect of real-time changing admittance

parameters using trained ANFIS architecture.

Figure 5.15 illustrates that similar interaction torques are generated for contrast
control (AB-FAC) and proposed control (ABSM-VAC). The effect of applying
sudden reflex after 0.5 s can be visible for the hip joint, knee, and ankle joint,
as shown in Figures 5.15(a), 5.15(b), and 5.15(c), respectively. Moreover, it is
pertinent to mention that the effect of applying sudden reflex is more dominant
in the case of hip and ankle joints than the knee joint. Furthermore, the real-

time variation in the admittance parameter over the gait cycle is shown in Figure
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FIGURE 5.15: Interaction torques for (a) hip, (b) knee, and (c) ankle joint using
contrast and proposed control under the effect of sudden reflex

5.16 where left and right z—axis represents the damping and stiffness parameter,
respectively. The sudden fall in the admittance parameters between 0.5 — 0.6 s
represents the effect of sudden interaction force. The decreased stiffness allows
flexibility to the robot and the safety of the subject eventually in case of sudden
reflex. On the other hand, the lesser value of the damping parameter inherits the

vibratory motion; however, it affects the system minimally due to the small range.

Interpreting the results of Figures 5.15 and 5.17, it is evident that for very sim-
ilar values of the interaction torques with both control approaches, the proposed
(ABSM-VAC) control requires less amount of torque (RM ST sy —vac : 31.05 Nm
for hip, 14.2 Nm for knee, and 0.95 Nm for ankle) as compared to the contrast
control (RMSTag_rac : 39.9 Nm for hip, 14.94 Nm for knee, and 1.17 Nm for
ankle). Figures 5.17(a), 5.17(b), and 5.17(c) present the joint torques for hip,
knee, and ankle using both control approaches. The overall torque performance is
outlined in Table 5.4. It is important to indicate that the effect of sudden reflex
is negligible due to the small value of equivalent interaction torque in comparison
with large values of joint torques. Furthermore, like Case I, it can be concluded
that the proposed cooperative control generates a lesser amount of joint torques to
precisely track the reference gait trajectory as compared to contrast control, even
with the inclusion of considerable sudden reflex. The sharp peak in ankle joint

torque is still high in the case of contrast control, as shown in Figure 5.17(c).
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FIGURE 5.16: Variable damping and stiffness admittance parameters over a
gait cycle under the effect of sudden reflex
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FIGURE 5.17: Joint torques for (a) hip, (b) knee, and (c) ankle using contrast
and proposed control under the effect of sudden reflex

TABLE 5.4: Comparative performance analysis of the proposed control over the
contrast control during the active-assist rehabilitation

Tracking Performance (RMSE, °) PI (%) Torque Performance (RMST, Nm) PI (%)
0 0

Joint
Contrast Control Proposed Control Contrast Control Proposed Control
(AB-FAC) (ABSM-VAC) (AB-FAC) (ABSM-VACQC)
Hip 0.269 0.202 24.90 39.90 31.05 22.18
Knee 0.679 0.724 -6.62 14.94 14.2 4.95
Ankle 0.200 0.189 5.5 1.17 0.95 18.8
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5.6 Summary

This work proposes an adaptive backstepping sliding mode-based subject coop-
erative control scheme for a pediatric lower-extremity exoskeleton robot. The
dynamic modeling of the coupled subject-exoskeleton system is briefly presented,
considering PPED in a lumped form. A variable admittance model is introduced
using the ANFIS approach to mimic the complaint subject-exoskeleton interac-
tion more effectively. A robust adaptive backstepping sliding mode control with
rapid reaching law is presented using Lyapunov theory to follow the reference gait
trajectory under dynamic uncertainties. Finally, the performance of the proposed
control is compared with the ABC with fixed admittance parameters for two dif-
ferent therapeutic cases. In case of active-assist mode with sudden reflex, the
performance of the proposed ABSM-VAC has been found better by 26.9% and
5.7% for tracking the reference hip and ankle joint, respectively as compared to
the AB-FAC. However, in case of knee joint, the proposed control underperformed
marginally with PI of 6.6% due to the simultaneous effect of sudden reflex and
variable admittance model. The proposed cooperative control has outperformed
the contrast control for safe human-robot interaction, efficacious active participa-
tion, precise gait tracking, and less chattering. However, in the proposed control,
error states obtained from reference and actual trajectory have been converged to
specified tolerance level near the end of the gait cycle due to active participation
of the subject. Therefore, another human-in-the-loop subject-cooperative control
is introduced In the next chapter for finite-time convergence of the tracking error

states.
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Chapter 6

Adaptive Backstepping Integral
Singularity-Free Fast Terminal
Sliding Mode Subject
Cooperative Control for
Active-Assist Gait Tracking of
the Pediatric Exoskeleton

6.1 Introduction

In this chapter, the previously designed ABSM-SCC is improved for the finite time
convergence of the error states to the origin on the sliding surface. At first, an
admittance model with fixed parameters is briefly presented in Section 6.2. There-
after, an integral singularity-free fast terminal sliding mode (ISFFTSM) surface
is selected and involved with the adaptation law of the backstepping process in
Section 6.3. As the proposed approach exploits the ISFFTSM and ABC and can
be redefined similarly to the high order sliding mode control (HOSMC), it can
preserve the caliber of the ABC, integral terminal sliding mode control (ITSMC),
singularity-free fast terminal sliding mode control (SFFTSMC), and high order
sliding mode (HOSM), simultaneously [219-221]. The results of the proposed con-
trol are compared with ABSM-SCC and discussed in Section 6.4. The proposed

approach guarantees finite time convergence while avoiding singularity issues, fast

139
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transient response, better tracking performance, and minimal chattering. Section

6.5 summarizes the concluding remarks of the chapter.

6.2 Admittance Model

If the desired (original human) gait trajectory is ¢; and the reference (modified)

gait trajectory is gj o, then the admittance model can be designed as

M, (Gin — Gio) + Ca (Gin — Gia) + Ko (qh — ¢j.a) = Tjint (6.1)
Gioo = G — M {C0 (Gih — Giar) + Ka (G — Gor) — Tjiint} (6.2)

where M,, C,, K, denotes the inertia, damping and stiffness admittance parame-
ters. Furthermore, in a real scenario where the subject’s movement is significantly
less due to insufficient muscle strength, the acceleration term with inertial coeffi-
cient (M,) could be ignored. In low-level admittance, the parameters are decreased
to attain flexibility, while in high-level admittance, the parameters are increased
for the user’s safety. However, in this work, to reduce the computational com-
plexity of the proposed ABISFFTSM-SCC control, the fixed admittance model is

selected instead of the variable admittance model.

6.3 Adaptive Backstepping ISFFTSM Position

Control

In this section, the concept of the finite-time sliding surface is combined with a
backstepping approach and adaptive law to design a robust architecture of gait
tracking control for the pediatric gait exoskeleton robot during active-assist train-
ing mode. At first, an integral singularity-free fast terminal sliding (ISFFTS)
surface is considered based on the error states to achieve a fast transient response
and finite-time convergence without singularity phenomena. Moreover, an im-
proved power reaching law from Section 5.4 is used for rapid convergence of error
states to the sliding surface. Finally, the robust ABISSFFTSM control scheme is
proposed for the exoskeleton robot having the lumped effect of model uncertain-
ties and external disturbances. Inherently, the stability of the proposed control is
ensured through the Lyapunov-based stepwise backstepping design process, which

includes the first, second, and third order of the sliding surface.
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The ISFFTS surface is inspired by [222] and can be expressed as follows:

5 - / (60 + kim€al™ + koplPe/5]) (6.3)

where, £, denotes the tracking error between actual (g;.) and reference (g;,) tra-
jectory; ki, kop, are the positive definite diagonal matrices; p, and ¢, are positive

odd numbers satisfying the relation 1 < p,/q, < 2 and I, > p,/qo,-

Similar to the ABSM control scheme in Chapter 5, this work also exploits the rapid
reaching law (Equation 5.15) with approaching time ¢, (Equation 5.19) to move
the error state to the sliding surface. Moreover, as the sliding surface in Equation
6.3 converges to zero with &, being the terminal attractor. The finite time ¢, taken
by the error state to slide from time &, (t,) # 0 to time &, (¢, + t.) = 0 is expressed
as [222].

¥ Z_: 710 (ta)|17po
.=
fim (3 =)

where N denotes Gauss’ hypergeometric function. Differentiating the sliding sur-

Po

Po_q po_q A
N(q—" e ()] ) (6.4)

Po’ (1,~1) 40 (lo—1) %0

face for the first and second derivative as follows:

81 = Eq + il + Fippn, 7™

81 = Eq + kimlol€a|ot - €0 + kzm?lém/%)‘l & (6.6)

Employing the Equations 5.12, 6.5, and 6.6, the second-order state space form of
the coupled subject-exoskeleton system can be converted into a third-order state

space form based on the error state and sliding surface as

6"1 = S9
5’2 = 83
d ( §a+ Fumbol&al! ™" - €a + K22 (0| P2/ 1)1 X Mac™ (gj0) )

§3 = — N y
dt (Tj,e - Tj,int + pP— Coe(Qj,ea Qj,e>Qj,e - goe(qj,e> - Moe(Qj,e)Qj,a)

d . )
= E (X(fa, fa) + Y(fa) X (Moeil(qj,e)(Tj,e - Tj,int) +V + f(rla, TQa) - q.j@))
(6.7)
' : : : . 1(Po/q0)—1
where X(fa,fa) = €a+k1ml0 ‘Sa‘l()il 'Saa Y(fa) = k2m (2_2> fa ) V= Moe_lp

and f(rlaa r2a) = Moe_l( - Coe(Qj,ea Qj,e)Qj,e - goe(Qj,e)) .
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Given the cooperative pediatric-exoskeleton dynamic model in Equation 5.12 and
third-order state space form of sliding surface in Equation 6.7 with rapid reaching

law ($) in Equation 5.19, if the control law can be selected as

Te = Tjant + Y (6a) " Moe (g) (75(8) = Tap(?) (6.8)

where

To(t) = =Y(&) (f (10, 720) — Gja) — X(&a, &a) + a0 — / (8393 + ) (6.9)

Tap(t) = / (Hmwg\ﬁlww + @|193|52<193>) sgn (9s) (6.10)
Uy = 52+ 8104 (6.11)
Os =X (&0,6l) +Y (&) & - (6.12)
8y = (§20> — V1 — §15) (6.13)

where §1, 89, §3 are positive design parameter, and f is the upper bound estimation
of r which holds the relation |(d/dt)(Y(fa)V)‘ < r and can be modeled with an

adaptive law as
1
r= 7 |U5]; d.: user defined constant (6.14)

to deal with parametric perturbations and external disturbances, then the error

state (&,) rapidly converges to equilibrium point in finite time.

A stepwise backstepping design is exploited to obtain the required control input
of the cooperative system (Equation 6.7). The following modified coordinates are

considered:

9 (t) = s1(1) (6.15)
’192(t) = Sg(t) — ap (616)
Us(t) = s3(t) — (6.17)

where &;(i = 1,2) denotes the virtual control law in the ith step.
Step 1:

Considering a Lyapunov candidate function as

Vi = (1/2)0,", (6.18)
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Differentiating Equation 6.18 over time and using Equations 6.15 and 6.16, one
can get
Vi =t (92 +ay) (6.19)

Selecting the virtual control law a; as follows

2 (t) = —8§1th(¢) (6.20)

where §; is a positive design parameter.

Substituting Equation 6.20 into Equation 6.18,
Vi = =8 |[01)? + 9199, (6.21)

It can be observed from Equation 6.21 that V; = —§ ]191|2 when 9, = 0, and
therefore, ¥; will be asymptotically stable.

Step 2:
Considering another Lyapunov candidate function based on first one as follows:
L oo
Vo=V + 5192 (6.22)

Differentiating the above Equation 6.22 with respect to time and using Equations

6.16 and 6.7 , one can get

Vo =V + da9, (6.23)
=V} + ¥y(35 — &)) (6.24)
:‘./1 + 192(193 +as + §182) (625)

Now, selecting the second virtual control law as
a.g(t) = —§2192 — 1 — §182. (626)

where, §, is another design parameter.

Substituting the Equation 6.26 into Equation 6.23,

Vo= — 81 ’191’2 + V109 + Uy (U3 — §2095 — )
= — §1 [01]” = §a |0af” + V2003 (6.27)
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It can be observed from Equation 6.27 that Vo = —§; |191|2 — 89 |192|2 when 13 = 0,
and therefore, ¥; and 195 will be asymptotically stable.

Step 3:

Considering the third Lyapunov candidate function based on the second one as
follows: . .
V=V, + 5193 + §dcf‘2 (6.28)

where F = r — [ is the estimation error.

Differentiating the above Equation 6.28 with respect to time and using Equations

6.17 and 6.7, one can get

"/:2:‘./24‘193"[934‘(10(?— r)f‘
d

=—8 |791|2 — 8 |792|2 + U003 + U3 (% <X(§a7 fa) + Y(éa)x

(Moeil(Qj,e)(Tj,e — Tjant) + V + f(714,724) — (jj,a)) - az) +d.(F — r)i’
(6.29)

Now, incorporating the proposed control law from Equation 6.8 and adaptive law

from Equation 6.14 to the above Equation 6.29,

. d .
Vs = =81 |91 — 82 |9a]* — & [95]° + 193@ (—Tap L Y(&)V) +de(F—r)r

= —§ |01[° = 8 [0a]” — §3 |9 + do(F — 1)F
. d .
+ 193( R (? + /€1|193|51(193) + /€2|193|52(193)) sign (J3) + %(Y(fa)V))
< =8 [0h]7 — 82 [0a]” — 83 [03]7 — (1 + £ [03]7199) 1 ko] 95| %279)) |05
d .
+ E(Y(ga)v) V3]
< =81 [01]” — §2 [0a)? — §5 [0 (6.30)

Following above Equation 6.30, it is found that V3 < 0 and negative semidefinite,
which proves that ¥ (t),J5(t), and J3(t) converges to zero in a finite time. There-
fore, in cooperative active-assist mode, it can be concluded that the gait tracking
error (£,) rapidly converges to the origin in finite time under parametric pertur-
bations and external disturbances using the proposed ABISFFTSM-based subject
cooperative control scheme. The complete architecture of the proposed controller

is shown in Figure 6.1.
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FIGURE 6.1: ABISFFTSM-SCC control architecture

6.4 Results and Discussions

In this section, the performance of the proposed ABISFFTSM-SCC control is ex-
amined using various simulation runs while comparing it to the contrast control
(ABSM-SCC). The LLESv 2 is considered along with the pediatric subject of age
08 years, body mass 34 kg, body height 128 cm (C6 from Table 2.7). The simu-
lation runs in this chapter are carried out in MATLAB/Simulink R2020b (ode45
solver with variable step and adaptive zero crossing algorithm). The uncertain
model parameter, external disturbances, Coulomb friction, and viscous velocity
factor are considered as § = 0.2,74 = [(3sin(2t) + 2 x random(1)), (2sin(2t) +
random(1)), (sin(2t) + 1)]",C; = [0.8,0.8,0.8]T,0 = [1.2,1.2,1.2]T to validate
the robustness of the inner loop position control. The control parameters in AB-
ISFFTSM control and ABSM control with RRL are given in Table 6.1. The

fixed admittance parameters in the proposed and contrast control are M, =
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FIGURE 6.2: Trajectory tracking for (a) hip, (b) knee, and (c¢) ankle joint using
contrast control (ABSM-SCC)

diag(15,15,12), C, = diag(5,5,5) and K, = diag(200,200,200). In Eq. 2.16,
the damping and spring coefficients for the bracing straps are selected as ¢ =
[10,10,2]T and k = [200,200,20]". The limits of admittance parameters are se-

lected based on the numerical iterations around the fixed admittance values.

TABLE 6.1: Control Parameters

Control Scheme Parameter value
Kim = diag(10, 10, 10), ko, = diag(5,5,5),
lo=18,p,=9,¢, =171,
81 = diag(250, 250, 250), §3 = diag(100, 100, 100),
§3 = diag(10, 10, 10),d. = 0.5,
K1 = 18, Ko = 32,
g0 =0.25,61 =0.8,e0 =0.06,u =5,n =14
Ap =10, h = 22, v = diag(120, 66, 65),
ABSM with RRL I, = diag(0.1,0.1,0.1), Ky = 20, Ky = 32,
Eo = 0.15,81 = 06, &g = 005, on = 5, and n = 1.5.

ABISFFTSM with RRL

Following the AA training mode, subjects exert the recovered/residual muscle en-
ergy of their lower-limbs for the desired movement, and the exoskeleton needs to
follow the same as quickly as possible via the proposed cooperative control. The
tracking of joint variables for the contrast and proposed control using the rele-
vant control parameters and admittance values is shown in Figures 6.2 and 6.3.
From Figures 6.2(a), 6.3(a), and 6.4(a), the deviation between actual (g.) and
reference (modified) (g,) hip joint trajectory is found to less in case of proposed
cooperative control (RMSEaprsrrrsym—scc : 0.131°) as compared to the contrast
control (RMSEpsm-scc @ 0.214°). From Figures 6.2(b), 6.3(b), and 6.4(b), a
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FIGURE 6.3: Trajectory tracking for (a) hip, (b) knee, and (c) ankle joint using
proposed control (ABISFFTSM-SCC)

similar trend of joint error (¢; ) is noted for knee joint (RMSE4pisrrrsm—sce :
0.291°, RMSE spsy—scc : 0.592°). In case of ankle joint (Figures 6.2(c), 6.3(c),
and 6.4(c)), although the trend is similar to hip and knee joint, there is a substan-
tial difference between joint error of proposed (RMSEaprsrrrsym—scce : 0.026°
and contrast control RMSFE psy-scc : 0.134°). The tracking performance is

summarized in Table 6.2.
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FIGURE 6.4: Trajectory tracking error for (a) hip, (b) knee, and (c) ankle joint
using contrast and proposed control

The sliding function (s) for hip, knee, and ankle joints is plotted in Figure 6.5(a)-
(¢) to understand the convergence behavior of both controllers. It is clearly evident

that the function value is rapidly converging within the finite time for the proposed
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FIGURE 6.5: Plot of sliding variable for contrast (ABSM-SCC) and proposed
control (ABISFFTSM-SCC)
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FIGURE 6.6: Plot of root mean square error of lumped parameter estimation
for contrast (ABSM-SCC) and proposed control (ABISFFTSM-SCC)

controller and enters the settling phase from the beginning of the gait cycle. On

the other hand, the sliding function delays the convergence process in the case of

contrast control scheme and reaches the settling phase at 1.97 s, 1.95 s, and 1.94 s

for hip, knee, and ankle joints, respectively. Furthermore, Figure 6.6( presents the
root mean square error (RMSE) of lumped parameter estimation (f) for both the
controllers. Starting with the error value of 0.0012 and ending with the error value

of 0.18, the estimation for the parametric perturbations and external disturbances

is found to be more accurate and congregating for the proposed ABISFFTSM-

SCC control. However, the contrast control can estimate the uncertainties and

disturbances randomly, starting With a value of 0.011 at starting and 0.16 at
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the end of the gait cycle. For the next gait cycle, similar observations are found
due to the same control action applied on the healthy gait trajectory for another

two seconds. Therefore, the plots are presented for a single gait cycle to avoid

repetitive results.
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FIGURE 6.7: Interaction torques for (a) hip, (b) knee, and (c) ankle joint using

contrast and proposed control

Figure 6.7(a)-(c) presents the interaction torques produced due to the subject
active participation in AA rehabilitation mode. It can be deduced that interaction
torques are marginally less generated with the proposed control (ABISFFTSM-
SCC) as compared to the contrast control (ABSM-SCC). More specifically, in the

stance phase, the proposed control offers less active participation to the subject’s

hip joint than the knee and ankle joints.

From Figure 6.7 and 6.8, it is worth-noted that for similar values of interaction
torques with both control approaches, the proposed control require less amount
of torques. Inferring Figure 6.8(a), 6.8(b), and 6.8(c), lesser joint torques are
49.51 Nm for hip,
16.69 Nm for knee, and 0.47 Nm for ankle) as compared to the contrast con-
trol (RMSTapsy—sce : 52.04 Nm for hip, 17.53 Nm for knee, and 0.51 Nm for

ankle). The overall torque performance is compiled in Table 6.2. Therefore, it can

produced using proposed control (RMSTaprsrrrsm—scco -

be concluded that the very precise tracking of reference gait trajectory is possi-

ble with the lesser amount of joint torques of the proposed cooperative control,

irrespective of the subject’s active participation.
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FIGURE 6.8: Joint torques for (a) hip, (b) knee, and (c) ankle using contrast
and proposed control

TABLE 6.2: Comparative performance analysis of the proposed control over the
contrast control during the active-assist rehabilitation

Tracking Performance (RMSE, °) Torque Performance (RMST, Nm)

Joint PI (%) PI (%)
Contrast Control ~ Proposed Control Contrast Control ~ Proposed Control
(ABSM-SCC)  (ABISFFTSM-SCC) (ABSM-SCC)  (ABISFFTSM-SCCQ)
Hip 0.214 0.131 38.78 52.04 49.51 4.86
Knee 0.592 0.291 50.84 17.53 16.69 4.79
Ankle 0.134 0.026 80.59 0.51 0.47 7.84

6.5 Summary

In this chapter, an adaptive backstepping approach is augmented with an integral
singularity-free fast terminal sliding mode control scheme to attain the finite time
convergence of error states in active-assist mode. A fixed admittance model is
considered in the outer loop to regulate the interaction forces based on the sub-
ject’s active participation. It has been observed from the simulation runs that the
proposed ABISFFTSM-SCC outperformed the contrast ABSM-SCC by 38.78%,
50.84%, 80.59% for hip, knee, and ankle joint tracking, respectively. Moreover, the
proposed control requires less coupled joint torque than contrast control. Overall,
the proposed control has been found to be effective in achieving fast and finite-
time convergence of the error states to the origin, along with minimal chattering

in the active-assist mode of gait rehabilitation.
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Conclusion and Future Work

7.1 Introduction

In this chapter, the general and specific conclusions on the different designs of
robust control schemes for the newly developed lower-limb exoskeleton systems
(LLESw1 and LLESv2) in passive-assist and active-assist mode are presented ex-
tensively. At first, the concluding remarks on the design and development of
the pediatric exoskeletons are enlisted. The critical observations on the design
of passive-assist gait tracking control schemes are pointed out. Thereafter, con-
clusions are made on the active-assist subject-cooperative gait tracking control

schemes. Finally, the scope of future work is also highlighted in the chapter.

7.2 Conclusions

7.2.1 Design, Modeling, and Prototype Development of
Pediatric Gait Exoskeleton

e A new stand-aided lower-limb exoskeleton system has been designed in two

stages (LLESv1 and LLES»2) for the gait rehabilitation and motion assis-

tance of pediatric population (8-12 years) in sagittal plane.

e A MS Kinect-Labview experimental motion capture setup has been estab-

lished to identify the healthy joint angles of the subjects.

151
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e The dynamic modeling of the exoskeleton has been carried out for passive-

and active-assist rehabilitation mode.

e A proof-of-concept exoskeleton prototype has been developed with estimated

actuators and hardware components.

7.2.2 Robust Intelligent Control Techniques for Passive-
Assist Gait Tracking of the Pediatric Exoskeleton

e A robust LQR-NF control scheme is introduced for the exoskeleton system to
track the desired gait in passive-assist mode. An input-output linearization
approach has been employed to transform the non-linear model to linear one

before applying LQR control.

e The performance of the proposed control has been found better by 65.5%,
44.5%, and 23.52% while perturbation the system’s masses by 30% and com-
pared to the ERL-SMC contrast control.

e Another intelligent controller, NF-CPID, has been proposed to deal with
external disturbances along with PP. An online adaptation of weights has

been incorporated to compensate the PPED.

e It has been observed that NF-CPID control performs less effectively in case of
PP only as compared to contrast control (RLQR-NF), especially in the swing
phase of the gait cycle. However, in case of PPED, a significant improvement
is noted for the NF-CPID control (Plp;,: 43.03%, Plkpnee: 33.37%, Plunkie:
12.28%).

e An experimental validation has been carried out for LLESv1 coupled with
a child dummy. The proposed NF-CPID has been found effective by 71.8%,
59.5%, and 32.15% for the respective lower-limb joint tracking.

e Although less than the contrast control, a considerable noise has been ob-
served in the experimental results with NF-CPID control. Moreover, the
computational complexity augments due to the iterative tuning and selec-

tion of neural-fuzzy hyperparameters.
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7.2.3 Robust Adaptive Backstepping Control for the Passive-
Assist Gait Exoskeleton with Model Uncertainties

and External Disturbances

e An implicit Lyapunov-based adaptive backstepping control approach has
been presented for precise gait tracking, lessen the computational complexity
and reducing the noise in the presence of PPED. The implicit Lyapunov-
based design approach ensures the uniform boundedness of the closed-loop
signals under PPED.

e The well-known complexities of the classical backstepping control, i.e., over-
parameterization and explosion of terms have been avoided by postponing
the parameters’ estimation to last design step and absence of inertial, cen-

trifugal, and gravity derivatives in the virtual control law, respectively.

e The proposed RABS control has been tested with an experimental setup
of LLESv2 coupled with a pediatric subject of GMFCS-Level III. The per-
formance has been improved by 55.32%, 40.59%, 64.88% for hip, knee, and
ankle joint, respectively as compared to NF-CPID control.

e The number of parameter estimates (n &= 11) has been found less than the
number of unknown parameters (né:16) which supports the avoidance of

‘overparameterization’ phenomena.

7.2.4 Robust Adaptive Backstepping Sliding Mode Subject-
Cooperative Control for a Pediatric Lower- Extrem-
ity Exoskeleton Robot

e A human-in-the-loop cooperative control based on trajectory tracking and
subject-exoskeleton interaction has been proposed where ANFIS-based vari-
able admittance model has been considered to regulate the subject’s partic-
ipation. For admittance-modified gait tracking, a robust adaptive backstep-

ping sliding mode with rapid reaching law has been proposed.

e The co-simulation results have been presented for active-assist mode aided
with sudden reflex. The performance of the proposed ABSM-VAC has been
found better by 26.9% and 5.7% for tracking the reference hip and ankle

joint, respectively as compared to the AB-FAC. However, in case of knee
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joint, the proposed control underperformed marginally with PI of 6.6% due

to the simultanecous effect of sudden reflex and variable admittance model.

e The results of the reference gait trajectory have shown that the proposed
ABSM-VAC can stiffen the robot during the start and end of the gait tra-

jectory for effective tracking.

e The decreased stiffness parameter has allowed flexibility to the robot and

the safety of the subject in case of sudden reflex.

7.2.5 Adaptive Backstepping Integral Singularity-Free Fast
Terminal Sliding Mode-based Subject Cooperative

Control for the Pediatric Gait Exoskeleton Device

e An ABISFFTSM-based subject cooperative control has been designed for the
exoskeleton system to achieve the finite-time convergence of error states and

improve the tracking performance of ABSM with fixed admittance values.

e This proposed approach has exploited the merits of integral terminal sliding
mode and higher order sliding mode control with adaptive backstepping
control. A fixed admittance model has been considered in the outer loop

control to regulate the interaction forces.

e The proposed ABISFFTSM-SCC has outperformed the ABSM-SCC by 30.84%,
10.47%, and 56.89% for tracking the reference hip, knee, and ankle joint, re-

spectively.

e The sliding function has shown the potential of proposed cooperative control

to converge the error states in finite-time as compared to ABSM-SCC.

7.3 Scope of the Future Work

In this work, a 3-DOFs LLES has been designed for the gait rehabilitation of
pediatric subjects in the sagittal plane. Thereafter, few robust control schemes
have been designed for a pediatric exoskeleton system in passive-and active-assist
modes. However, simulation and experimental investigations are limited to the
passive-assist control of the pediatric exoskeleton due to the unavailability of the
required subject and time constraints. Therefore, the present work can be ex-

tended as follows:
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e The design, modeling, and control can be extended to incorporate the re-
maining two planes, i.e., transverse and frontal plane in passive-and active-

assist modes.

e The experimental validations may be carried out for the proposed coopera-

tive control schemes to understand the subject’s contribution more clearly.

e Electromyography signals (EMGs)-based supervisory control can be explored

for estimating the muscle’s interaction of the subject to the exoskeleton.

e The clinical trials with the unhealthy subject can be conducted to test the

efficacy of the proposed control schemes.
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Appendix A

The element-wise expression of coupled inertia matrix (M), Coriolis/centrifugal

matrix (Ca), and gravity matrix (G,e)) are as follows:

Miihey Miohey Misn,e)
Mne)(@e) = | Margne Mosney Mosmne |
Msihey Maone) Mszne)

Crithe) Crathe) Ciane) Gi(he)
C(h,e)(%‘,e%,e) = C21(h,e) C22(h,e) 023(h,e) 7G(h,e)<Qj,e) = G2(h,e)
Cs1(he) Caahe) Cs3(hie) G3(he)

Miy(he) =Mahe)lo(ne) T Tihe) + Mahe) (lf(h,@ + ooy + 211(h,e>lc2(h,e>c2)
+ Io(ne) + M3(h,e) <l%(h,e) + lg(h,e) + lig(h,e> + 2l (h,e)l2(h,e) C2
" 211(h,e)lc3(h,e)C23> + I3(n.e)

Mia(h,ey =man.e) (lig(h,e) + l1(h,e)lc2(h,e)C2) + In(he) + M3(n.e) (lé(h,e) + e
+ lin,e)l2(n,e)C2 + li(he)les(h,e)Cas + 2l2(h,e)lc3(h,e)c3> + I3(ne)

Mi3(n,e) =m3(ne) (lig(h,e) + lihe)lesn,e)Cas + lz(h,e)lcs(h,e)c3) + I3(h,e)

Ma(h.e) =Ma(he)loa(ne) + Tathe) + Mahe) (lg(h,@ + ey + 212(h,e>lc3<h,e>c3)
+ I3(h,e)
Ma3(h,ey =m3(ne) (lig(h,e) + l2(h,e)lc3(h,e)C3) + I3

M33(h.e) Zmz(h,e)lgg(h,e) + I3(h,e)
Mo1(ney =Miane), Miz(ne) = Msi(n.e), Magne) = Maa(n,e) (A.1)
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Cli(he)y = = 2mame)li(he)lca(ne)S2d2.c — 2M3(h.e)l1(h,e)l2(h,e)S2G2,e

— 2m3(h,e)l1(h,e)le3(h,e) S23 (dz,e + q's,e) — 2m3(n,e)l2(h,e)lc3(h,e) S3d3.e

Cia(he) = — Mane)l1(h,e)lca(ne)S2 (2621,6 + €'I2,e> — M3(h,e)l1(h,e)l2(h,e)S2 (26}1,6 + dz,e>
— M3(h,e)l1(h,e)lc3(h,e)S23 (2%,e + 2 t 43,e>

Cli3(he) = — M3(h,e)l1(h,e)le3(h,e)S23 (26.?1,@ + 2o + 43,e)

Cot(he)y = = 2M3(ne)l2(h,e)le3(h,e)S3G3,e + (mZ(h,e)ll(h,e)lc2(h,e)52

+ m30,e) (Lihe)lo(he)S2 + lighe)les(h.e) 523))@1,6
Coa(he) = — 2m3n.e)lan.e)lesin,e)S3Gs,e

Co3(he) = — Ma(h.e)l2(h.e)lc3(h,e)S3(he) (241,6 +2¢2.c + Q3,e)
C31(h,e) =M3(he) 1 (he)le3(h,e)S23G1,e T M3(h,e)l2(he)le3(hie) O3 (Ql,e + 2@2,6)

Csa(h,e) =M (ne)l2(h,e)le3(h,e)S3 (241,6 + 42,6)

G1(he) =M1(h,e)9le1(h,e)S1 + Ma(he)g (ll he)S1 + lean, e)Sl2)
+ M3(he) g (ll(h,e) S1+ la(h,e)yS12 + leg(he) 5123>

Gahe) =M2(he)9le2(he)S12 + M3(he) (lz he)S12 + leg(he) 5123)

©) =M3(he)9le3(he)O123 (A.3)

In above expressions,
S; = sin(qje), Sj; = sin(gje + gje), and S;j; = sin(gje + gje + qje) Vi=1,2,3

C,; = cos(gje),Cj; = cos(qje + qje), and Cjj; = cos(qje + @je + @) Vi =1,2,3.
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Appendix B

The elements of the state-weight factor matrices (A, B) can be evaluated using

following derived formulations. For A matrix,

an = — 12l e lome)lsneg <2m§(h7e) + 4M (h,e)Ma(h,e) + 3T (he)M3(hse)
+ 2m2(h,e)m3(h,e))

Qa1 =2la(he)l3(h.0) (12l%(h,e)mg(h,e) 1215 () ) - L6l 071020
+ 1205 g, )17 () M) — A8la(h.e)L5(1,) T2 T3 () — 36[2(h’€)l3(h’e)m§(h’e))

auz =12l he)la(he) l3(h,e)9 (mg(h,e) + M) + 2m2(h,e)m3(h,e))

d42 :5541
a3 = — 18gly(h,e)M2(h,e)M3(h,e)
G — Qg
3=
2lo(h,e)l3(h,e)

a5 =12g (6l1(h,e)m2(h,e) + 3l1(h,e)yM3(h,e) T Hah,e)M2(ne) + 3l2(h,e)m3(h,e)>

l1(h.e)M1(he)

(ll(h,e)m2(h,e) + Lih,e)M3(he) + loh,e)M3(he) + 5

la(h,e)M2(he) N [3(h,e)M3(he)
2 2
Qi

Q51 =Qs17 = Qs = Qisor = (53 = Qi3 = gz = (sp = Qs = Qg =
2l3(h,)
a5 =6g (l2(h,e)m2(h,e) + 2la(h,e)M3(h,e) + l3(h,e)m3(h,e)>
(4l%(h,e)m1(h7€) + 12[%(h,e)m2(h,e) + 3lf(h,e)m3(h,e) + 4l§(h,e)m2(h,e) + 3l§(h,e)m3(h,e)

+ 120 (n,e)lo(h,e)M2(h,e) + Oli(h,e)lo(h,e)M3(R,e) — 1212(h,e)13(h,e)m3(h,e))
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e = lo(h,e)Can
o 2l3(h,e)

Qs =069m3(n.e) (6l%(h7e)l2(h,e)ml(h,e) + 3l§(h,e)ll(h,e)m2(h,e) + 9[%(h7e)12(h,e)m2(h,e)
+ 4l%(h75)l3(h,e)m1(h,e) + 12l%(h,e)l3(h,e)m2(h,e) + 3lf(h,e)13(h,e)m3(h,e)
— 12035, oy la(h.e)M3(he) — 18150101 3(h.e)M3(he) + Oli(n,e)la(he)l3(h.e)Ma(he)
+ 311(h,e)l2(h,e)l3(h,e)m3(h,e)>
a5y =69 (l2(h,e)m2(h,e) + 2la(h,e)yM3(h,e) + l3(h,e)m3(h,e)>
<6l1(h,e)m2(h,e) + 3l (he)M3(h,e) + Ho(n,e)yMane) + 3l2(h,e)m3(h,e))
a5y =6g (lz(h,e)mz(h,e) + 2la(h,e)M3(h,e) T l3(h,e)m3(h,e)>
(4l%(h,e)m1(hve) + 1205, oy Ma(he) + Bl (10 M3(te) + AUin.c)Mane) + 3l3n.e)Ma(he) +
1201 (h,e)l2(h,e)M2(h,e) + 61 (he)l2(h,e)M3(he) — 12l2(h,e)l3(h,e)m3(h,e))
U521 =Q517 = (53 = (g3
a5z =6g13(h.e)M3(h,e) <6l1(h,e)m2(h,e) + 3l1(h,e)yM3(he) T Hah,e)M2(n,e) + 3l2(h,e)m3(h,e))
asgr =69l3(h,e)M3(h.e) (4lf(h,e)m1(h,e) + 12l3(h’e)m2(h,e) + 3lf(h7e)m3(h,e)
A 4l%(h7e)m2(h,e) + 3l§(h7e)m3(h,e) + 1201 () la(h.e)M2(he) + 6l1(he)2(h,e)M3(h,e) —
1212(h,e)ls(h,e)m3(h,e)>
ag1 =06g (lz(h,e)m2(h,e) + 2la(h,e)M3(h,e) + ls(h,e)ma(h,e)>

<6lf(h,e)l2(h,e)m1(h,e) -+ 3l§(h76)l1(h,e)m2(h,e) + gli(hﬁ)lQ(h,e)mQ(h@)

+ 4l%(h’e)l3(h,e)ml(h,€) + 12[%(h,e)l3(h7e)m2(h75) + 3[%(h7e)l3(h7e)m3(h,e)
— 12l§(h,e)l2(h’e)m3(h,€) - 18lg(h,e)l3(h:e)m3(hve)
+ 6l1(h,e)l2(ne) L3 (h.)M2(hye) + 3l1(h,e)l2(h:€)l3(hv€)m3(h’e))

~ ~ ~ ~ ~ lQ(h,e)Oézn
Qg1 =01 = Qg2 = Qg = Qg3 = —2

TH-2968_176103009



Appendix B 162

g =6g (3l§(h7e)l§(hye)m§(h,e) + 12050y 20,0 M2 M) + AL 1.0) o e) T (e M2

+ 1283 (1, o) 5 hey M1 (o) M3(he) T 1815 (0 Lah.e)L3(h.e) M2(h.e) M)
+ 1283 1, o) la(he) I3 (h,e) M (o) M) + 12050 0) L. 0)M2(he) M3(hce)

+ 3l%(h,e)l§(h,e)m§(h,e) + 4lf(h,e)lg(h,e)ml(h,e)m:’,(h,e) - 1ng(h,e)l3(h,e)m2(h,e)m3(h,e)

— 36030y 3(h.e) M3 (h.e) — 36150101 3 .c) M3 () — 12l§(h,e)52(h,e)m§(h,e))
agrr =369l (ne) (lz(h,e)mz(h,e) + 2l3(h,e)M2(h,e) T l3(h,e)m3(h,e))

(ll(h,e)m2(h,e) + Lih,e)M3(he) + lah,e)M3(he)

L1(h,e)M(he) +lz(h,e)m2(h,e) l3(h,e)M3(h,e)
) 2 2

Qg2 =061

Qo =01 = Qig3/

agar =36gl1(ne) <l2(h,e)m2(h,e) + 2[3(n,e)M2(h,e) + lz(h,e)ms(h,e))

loheyMa(he) . I3(he)M3(h.e)
2 2

(lz(h,e)m:z(h,e) +

Q3 =15Gl1(h,e)M3(Rh,e) | L2(h,e)TT2(h e 3(h,e)T12(h,e 3(h,e)3(h,e .
18gl1(n,e) ()(M) (he) T 2l3(n,e)M(ne) + l3(,e) <)> (B.1)

For B matrix,
Ba1 =96la(n,e)l3(h,e)M2(he) + T2lo(h,e)l3(h,e)M3(he)
541 :&41

Paz = — (14411(h,e)lg(h,e)mz(h,e) + T2 (h,e) l3(h,e)M3(h,e) T I6la(h,e) 3(h,e)M2(h )

+ 72l2(h7e)l3(h,e)m3(hy€))
5)42 2543 = 341
Baz =120 (he)lo(h,e)yMa(h,e) + 1441 (h,e)3(h,e)M2(he) T+ T2l1(he)[3(h,e) M3 (hse)
By = — (7211(;176)77%2@,@) + 3611 (h,e)M3(h,e) + 48la(h,e)Ma(he) + 36lz(h,e)m3(h,e))
B

Bs1 = ST
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for

B2 =A8L .y mane) + 1448 ) M2(he) + 36150 M5 (1.e) + 481510 M2 (1)
+ 3605,y M3(he) + 1441 (n.0) la(h.e)Ma(he) + T2 (he) L2 (he) M3 (he) —
14415(n.e)l3(h,e)M3(he)

2 2l3h.e)

P53 = — (72l%(h,e)l2(h,e)m1(h,e) + 36lg(h7e)l1(h,e)m2(h,e) + 108[%(h7e)l2(h,e)m2(h,e)

+ 48[%(h76)l3(h,e)m1(h,e) + 144lf(h73)l3(h,e)m2(h,e) + 36lf(hye)l3(h,e)m3(h,e)
— 14415, oy la(h.e)Ms3(he) = 21605, o) la(he)M3(he) + T2 1(h,e)l2(h.e)l3(h.) T2 (e)

+ 36l1(h,e)12(h,e)l3(h,e)m3(h,e))

lQ(h,e)§41

iy =202

Be1 =3611(h,e) (l2(h,e)m2(h,e) + 203(h,e)M2(h,e) + lg(h,e)ms(h,e)>

o =2
662 :553
BGQ :BSB

Bes :36l%(h,e)l§(h,e)m%(h,e) + 144l%(h,e)l§(h,e)m2(h,€)m3(h7€)
+ 481%(h,e)lg(h,e)m1(h:€)m2(h’€) + 144l%(h,e)lg(h,e)ml(h,e)mii(h,e)
+ 21603 1, ) La(he) I3 () M2, M3(h,e) + 1440505 o) La(h.e) () 01 (i) M3 )
+ 14485, o) L ey M2(h,0)M3(h.e) + 3615 1 )L he) M)
+ 48[%(h,e)l§(h,e)m1(h,e)m3(h,e) - 144@@,6)lB(h,e)m2(h,e)m3(h,e)
- 432[§(h,e)l3(h,€)m§(h,e) = 432l§(h,e)l§(h,e)m§(h,e) LYy 144l§(h,e)l2(h,e)m§(h,e)

2(h,e)l3(h,e)m3(h,e)§41

-
fis = :

(B.2)
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Appendix C

The elements of the regression matrix (® € R3*1%) and the vector of unknown

parameters (Q € R1®*!) are as follows:

O(1,1) = P(1,2) = P(1,5) = Gie

o C, .. > ) . G2,
®(1,3) = ¢1..Co + 72%,6 — 2,641,652 — S2G2,e (Q1,e + 22 )

(I)(l, 4) — q1,e + 4q‘2,ea (I)(L 6) = (:I.l,e + ij2,e,
(I)(L 7) - i (.jl,e N (:I.Z,e + d3,e
q)(la 8) = 2C2q.1,e + C2q.2,e - 4S2q2,eq1,e - 52(q2,e)2
. Cos .. Cos .. .. O3 . W,
®(1,9) = Cosgi,e + %fh,e + %%,e — 2523G2.q1,c — 3%(]3,@%,@
.. So3 . S .
— 2593¢1,¢q3,e — %(C]Q,e)Q — %(Q&e)Q
C
(1,10) = Csloe + -l B(1,11) = B(1,12) = &(1, 14) = g5,
(I)(l, 13) = (I)(l, 15) = gSm, @(1, 16) = g5123
D(2,1) =D(2,2) =P(2,5) = D(2,11) = P(2,12) = P(2,14) =0
Sa . 3} 12,
D(2,3) = D@re)’ D24) =G, B(2,6) =
. y ) Saz .
D(2,7) = Goe + Goe P(2,8) = Sa(Gre)?, P(2,9) = ?(qLe)Q
(D(27 10) = CS(QZ,@ + q3,e) - 283q3,e(q1,e + q2,e> - _3(q3,e)2

2
(I)(27 13) = CI)(27 15) = 9512, CI)<27 16) = 95123

®(3,1) = B(3,2) = B(3,3) = B(3,4) = B(3,5) = (3,6) = B(3,8) = D(3,11)
= ®(3,12) = ®(3,13) = B(3,14) = B(3,15) = 0

. S .
(13(37 7) = Q3,ea (I)(37 9) = ( 223) (q1,e)27
le,e . . 83 . . .
®(3,10) = S; 7 T q3e |Q1e + 7(2611,6 + @oe)d2e,  P(3,16) = gSias
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9 2
Mi(h,e l h,e 5m2 h,e ll h.e
Q, = %1(), 0y = %, Q3 = mame)li(ne)lane),
mMa(h,e [ h,e
Q= 20,0)2(0e) , Q5= m3(h,e)l1(h,e)27 Qs = m3(h»e)12(h7e)2’
12
)

Oy = ———F———, Qg=m3melitnelome Lo=m3me)lihe)lsn.e),

Ma(h,e)l1(h,e)

Q1o = Mae)lohe)l3(ne), 1= Q12 = mame)li(he);

2 ?
mMa(h,e [ h,e mM3(h,e 13 h,e
g = %, Oy = mS(h,e)ll(h,e)a Qs = mS(h,e)ZQ(h,e)a Qg = ( 2) ()
(C.2)

In above expressions,
S; = sin(qje), Sj; = sin(gje + Gje), and Sjj; = sin(gje + gje + qje) Vi=1,2,3

C,; = cos(gje),Cj; = cos(qje + qjc), and Cjj; = cos(qje + qje + @) Vi =1,2,3.
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