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ABSTRACT

Exoskeleton robots, powered by electric, pneumatic, or hydraulic actuators, support human bones
and muscles externally, enhancing movement and strength. They are indispensable in fields
such as medical, industrial, military, and safety, aiding both healthy and disabled individuals.
Full-body exoskeletons support the entire body, while lower-body exoskeletons target the
hip, knee, and ankle joints to assist with locomotion and reduce physical stress. The goal
of enabling independent walking with exoskeletons has significant potential for neurological
dysfunction rehabilitation and could improve the quality of life of people with disabilities. Over
the last two decades, exoskeleton research and development have grown substantially, and
some prototypes are now commercially available. However, significant challenges in design,
modeling, and control persist. Some of these challenges include managing complex kinematics
and dynamics, dealing with intricate geometries, addressing holonomic loop constraints, and
overcoming workspace limitations inherent in parallel or series-parallel hybrid mechanisms.
The robotics research community employs model-based and model-free control methods to
enhance performance, aiming to develop robust, safe, and reliable exoskeletons for assistive,
rehabilitative, and power augmentation purposes. Despite these efforts, achieving the desired
levels of adaptability, user comfort, and seamless integration remains an ongoing challenge,
requiring continuous innovation and interdisciplinary collaboration.

This thesis addresses key challenges inherent in the Almost Spherical Parallel Mechanism
(ASPM) device, which are crucial to exoskeleton research and development. The ASPM is a
3-DOF module representing the ankle and hip joint modules of the Recupera-Reha full-body
exoskeleton. It has three principal movements: dorsiflexion-plantarflexion (DF-PF), eversion-
inversion (EV-IN), and adduction-abduction (AD-AB). However, the joint modules are faced
with workspace limitations due to inadequate alignment in the exoskeleton leg. We address these
problems using the rotative inverse geometric method to align the principal human joint axes
with the axes that optimize the ASPM device’s range of motion in the exoskeleton leg. The study
demonstrated that rotating the mechanism along the AD-AB yaw axis and selecting appropriate
ball and socket joints for the actuators can significantly enhance the usable workspace for the
exoskeleton wearer. Furthermore, we present advancements in the functionality of the Recupera-
Reha lower extremity exoskeleton robot, which features a series-parallel hybrid design with
multiple kinematic loops, resulting in 148 degrees of freedom for all the spanning tree joints
and 102 independent loop closure constraints. These complexities pose significant challenges
for modeling and control. We tackled these challenges by utilizing the Hybrid Robot Dynamic
(HyRoDyn) software framework to address the kinematic loop constraints. We then employed
an optimal control approach to generate feasible trajectories for movements such as sitting,
standing, and static walking, which are tested on the exoskeleton robot. To generate initial
trajectories, the method efficiently solves the optimal control problem using a serial abstraction
of the model. We then use the full series-parallel hybrid model, which accounts for all kinematic
loop constraints, to generate the final actuator commands. Finally, experimental results confirm
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the effectiveness of this approach in achieving the desired motions for the exoskeleton and
advancing its functional capabilities.

ZUSAMMENFASSUNG

Exoskelett-Roboter, die durch elektrische, pneumatische oder hydraulische Aktuatoren angetrie-
ben werden, unterstiitzen die menschlichen Knochen und Muskeln von au3en und verbessern so
die Bewegungsfihigkeit und Kraft. Sie sind in Bereichen wie Medizin, Industrie, Militdr und
Sicherheit unverzichtbar und helfen sowohl gesunden als auch behinderten Menschen. Ganzkor-
perexoskelette unterstiitzen den gesamten Korper, wiahrend Exoskelette fiir den Unterkorper auf
die Hiift-, Knie- und FuB3gelenke abzielen, um die Fortbewegung zu erleichtern und die korperli-
che Belastung zu verringern. Das Ziel, mit Exoskeletten unabhéngiges Gehen zu ermoglichen,
birgt ein erhebliches Potenzial fiir die Rehabilitation neurologischer Funktionsstérungen und
konnte die Lebensqualitit von Menschen mit Behinderungen verbessern. In den letzten zwei
Jahrzehnten hat die Forschung und Entwicklung von Exoskeletten erheblich zugenommen, und
einige Prototypen sind inzwischen im Handel erhiltlich. Dennoch gibt es nach wie vor erhebliche
Herausforderungen bei Design, Modellierung und Steuerung. Zu diesen Herausforderungen
gehoren die Beherrschung komplexer Kinematik und Dynamik, die Bewiltigung komplizierter
Geometrien, die Beriicksichtigung holonomer Schleifen und die Uberwindung von Arbeitsraum-
beschriankungen, die mit parallelen oder seriell-parallelen Hybridmechanismen einhergehen. Die
Robotik-Forschungsgemeinschaft setzt modellbasierte und modellfreie Steuerungsmethoden ein,
um die Leistung zu verbessern und robuste, sichere und zuverldssige Exoskelette fiir Hilfs- und
Rehabilitationszwecke sowie zur Leistungssteigerung zu entwickeln. Trotz dieser Bemithungen
bleibt das Erreichen des gewiinschten Niveaus der Anpassungsfihigkeit, des Benutzerkomforts
und der nahtlosen Integration eine stindige Herausforderung, die kontinuierliche Innovation und
interdisziplindre Zusammenarbeit erfordert.

Diese Arbeit befasst sich mit den zentralen Herausforderungen des Almost Spherical
Parallel Mechanism (ASPM), die fiir die Forschung und Entwicklung von Exoskeletten ent-
scheidend sind. Der ASPM ist ein 3-DOF-Modul, das die Knochel- und Hiiftgelenksmodule
des Recupera-Reha-Ganzkorperexoskeletts darstellt. Es verfiigt tiber drei Hauptbewegungen:
Dorsalflexion-Plantarflexion (DF-PF), Eversion-Inversion (EV-IN) und Adduktion-Abduktion
(AD-AB). Allerdings stoen die Gelenkmodule aufgrund der unzureichenden Ausrichtung des
Exoskelettbeins an ihre Grenzen. Wir 16sen diese Probleme mit Hilfe der rotativen inversen
geometrischen Methode, um die wichtigsten menschlichen Gelenkachsen mit den Achsen aus-
zurichten, die den Bewegungsbereich des ASPM-Geriits im Exoskelettbein optimieren. Die
Studie hat gezeigt, dass die Drehung des Mechanismus entlang der AD-AB-Gierachse und die
Auswahl geeigneter Kugelgelenke fiir die Aktuatoren den nutzbaren Arbeitsbereich fiir den
Exoskelett-Tridger erheblich erweitern kann. Dariiber hinaus préasentieren wir Fortschritte in der
Funktionalitdt des Recupera-Reha-Roboters mit Exoskelett fiir die unteren Extremititen, der sich



durch ein seriell-paralleles Hybriddesign mit mehreren kinematischen Schleifen auszeichnet,
was zu 148 Freiheitsgraden fiir alle iiberspannenden Baumgelenke und 102 unabhéngigen Schlei-
fenschlieBungsbeschriankungen fiihrt. Diese Komplexitit stellt eine groe Herausforderung fiir
die Modellierung und Steuerung dar. Wir gingen diese Herausforderungen an, indem wir das
Software-Framework Hybrid Robot Dynamic (HyRoDyn) einsetzten, um die kinematischen
Schleifenbeschriankungen zu beriicksichtigen. AnschlieBend haben wir einen Ansatz zur optima-
len Steuerung verwendet, um machbare Trajektorien fiir Bewegungen wie Sitzen, Stehen und
statisches Gehen zu erzeugen, die auf dem Exoskelett-Roboter getestet wurden. Zur Erzeugung
von Anfangstrajektorien 10st die Methode das Problem der optimalen Steuerung effizient mit
Hilfe einer seriellen Abstraktion des Modells. AnschlieBend verwenden wir das vollstindige
seriell-parallele Hybridmodell, das alle kinematischen Schleifenbeschrinkungen beriicksichtigt,
um die endgiiltigen Aktuatorbefehle zu erzeugen. SchlieBlich bestétigen experimentelle Ergeb-
nisse die Wirksamkeit dieses Ansatzes bei der Erzielung der gewiinschten Bewegungen fiir das
Exoskelett und der Verbesserung seiner funktionellen Fihigkeiten.



ACKNOWLEDGMENTS

The successful completion of this doctoral thesis is attributed to the invaluable contributions of
numerous individuals who have guided, taught, and supported me. I would like to express my
sincere gratitude to everyone who has encouraged and motivated me throughout this journey of
pursuing my PhD.

First and foremost, I am profoundly grateful to my first supervisor, Professor Dr. Frank
Kirchner, for granting me this golden opportunity and for believing in my potential, allowing me
to join the Robotics Innovation Center at DFKI Bremen—a place I have come to consider my
second home. Reflecting on our first meeting, he asked me, "What can you do to improve the
quality of life of one physically disabled person in Nigeria?" This was an extremely rare motiva-
tion that kept me going throughout my PhD journey. His invaluable guidance, encouragement,
and unwavering support throughout the course of my research. The insightful feedback received
during the PhD retreats have been instrumental in shaping my reasoning and professional growth.
I would also like to thank the Nigerian-Petroleum Technology Development Fund (PTDF) and
the German Academic Exchange Service (DAAD) for their support and funding the first three
years of this journey.

My deepest and heartfelt appreciation goes to Assistant Professor Shivesh Kumar who
started as my first mentor and is now my second supervisor. In our first meeting with him in the
office we shared, I addressed him as Dr. Shivesh, but he insisted I call him Shivesh. Coming
from an electrical engineering background, he quickly grasped my capabilities in robotics within
a few hours. He said, "Ibrahim, you need to start from the basics of robotics, but I will be your
guide." Indeed, he has been a guide. He consistently assigned me tasks and provided constructive
feedback, offering unconditional support and guidance throughout my research journey. Thank
you Dr. Nina Hoyer for your moral support, advice and motivation in my early research stage.
Special thanks also go to my second mentor, Dr. Melya Boukheddimi. The Recupera-Reha
exoskeleton was my nightmare until she said, "We will make the robot walk," and indeed, it
walked. When I encountered difficulties, Melya was always prompt in her responses. To me, she
is never sleeping all day, offering steadfast guidance, encouragement, and support that continues
to this day.

I am indebted to many DFKI Wissenschaftliche Mitarbeiter, including Martin Mallwitz,
Rohit Kumar, Ivan Bergonzani, Tobias Stark, Daniel Pizzutilo, Pierre Willenbrock, Vinzenz
Bargsten, Heiner Peters, Sankaranarayanan Natarajan, Mahdi Javadi, Dirk Heimann, Amrita
Suresh, Haider Khan Lodhi, Dr. Mehmed Yiiksel, the members of the Intelligent Healthcare
System (IHS) team, the entire staff and students of the Mechanical Workshop and Electronics
Lab, the Software Backbone team, ISG team and my fellow researchers Christoph Stoeffler,
Felix Wiebe, Mihaela Popescu, Sara Khan, Shubham Vyas, Bingbin Yu, for their fellowship,
stimulating discussions, and support have been invaluable in creating a nurturing academic
community.

vii



In October 2023, I transitioned from a guest researcher to a scientific researcher and
employee of DFKI under the lead of Dr. Dennis Mronga, whose charismatic and transformational
leadership in the M-ROCK project within the Mechanics and Control team was instrumental in
helping me achieve my set goals.

I am grateful to the DFKI for providing the necessary resources, facilities, and environment
conducive to research and learning. Special thanks to Dr. Sirko Staube, Frau Petra Gerdes, Frau
Verena Menge, and Dr. Daniel Kiihn for their administrative support and assistance at the outset
and during my PhD journey.

My heartfelt gratitude goes to my parents and siblings for their unwavering support. And
to my lovely wife Khadija Abdulazeez, I am sincerely grateful for your unconditional love,
unending support, patience, and understanding throughout this journey. Lastly, I dedicate this
thesis to my wife and our amazing children Faiza and Fadil.



DECLARATION

I affirm that this thesis is the result of my own original work. Regarding the conference paper
where i am the sole author, i independently conducted the research. In the other publications
where i am the first author, i played a crucial role in literature review, conceptualization,
modeling and control, simulation and experimentation, and the final formalization of results. In
the published book chapter, I also made a significant impact by modeling the Recupera-Reha

full-body exoskeleton.

Ibrahim Tijjani



"We are facinated with robots because they are reflections of ourselves"

— Ken Goldberg






Contents

1 General Introduction

2

3

1.1
1.2
1.3
1.4
1.5
1.6
1.7

Introduction . . . ... .. ... ... ... ...,
Motivation . . . . . . . . ...
Problem Statement . . . . ... ... ... .....
Goal of this Thesis . . . . . ... ... ... ....
Thesis Contributions . . . . . . .. ... ......
Organization . . . . . . .. .. ... ... ......
Related Publications . . . . . . ... ... ... ...

State of the Art

2.1
2.2

2.3

2.4

2.5

2.6

2.7

Introduction . . . . .. ...
History of Bipedal Walking Exoskeleton Robots . . .

2.2.1 Challenges in Bipedal Walking Exoskeleton Robots . . . . . . . .. ..
Classification of Wearable LEE’s on Application Domain . . . . . . ... ...

2.3.1 Medical Applicationof LEE . . . . ... ..
2.3.2 Industrial Applicationof LEE . . . . . . ..
2.3.3 Military Applicationof LEE . . . . . . . ..
2.3.4 Distinctions in the Exoskeleton Classifications
Design Concept for Lower Extremity Exoskeletons .

2.4.1 Human and Exoskeleton Lower Extremity Joints . . . . . .. .. ...

2.4.2 Actuator Design for Exoskeleton Robots . . .
Modeling and Control of Exoskeleton Robots . . . .
2.5.1 Modeling . ... ...............
2.5.2 Control Methods . . . ... .........
Discussion and Future Research Directions . . . . . .
2.6.1 Discussion. . . . ... ... ... ......
2.6.2 Future Research Directions . . . . . . .. ..
Conclusion . .. ... ... ... ... . . .....

Design Enhancement of the ASPM

3.1
3.2
3.3
3.4

3.5
3.6

Introduction . . . . . .. ... Lo
Problem Description . . . . ... .. .. ... ...

Kinematic Analysis of the Ankle and Hip Joint Modules . . . . . . ... ...
Optimal Placement for the Hip and Ankle Mechanisms inthe Leg . . . . . . .

3.4.1 Parameterization Procedure . . . . . . . . ..
Preliminary Simulation Result . . . . .. ... ...
Design Modification of the Recupera-Reha Foot Base

30
30
31
35
35
37
39
40
40
41
42
45
45
47
53

Xii



CONTENTS

3.7 DISCUSSION . . . v v vt i e e e e e 54
3.8 Conclusion . . . . . ... L e 54
Modeling and Control Strategy 55
4.1 Introduction . . . . . . . . . . L e 55
4.1.1 BackgroundoftheStudy . . .. ... ... ... .. .......... 55
4.1.2 RelatedWorks . . . . . ... .. . . 56
4.2 Modeling of Recupera-Reha Exoskeleton Robot . . . . . . .. ... ... ... 57
4.2.1 Modeling of Closed Loops as Explicit Constraints . . . . . . .. .. .. 58
4.2.2 System Description . . . . . . . ... L 58
4.2.3 Tree AbstractionModel . . . . . .. .. ... 60
4.3 Motion Generation Defined As An Optimization Problem . . . . . .. .. ... 61
4.3.1 Whole-body dynamics under constraints . . . . . .. . ... ... ... 61
4.3.2 Optimal Control Problem Definition . . . . . . ... ... ... .... 62
4.3.3 Desired Motions Formulated As Cost Models . . . . . ... ... ... 63
4.4 DISCUSSION . . . . v v vt e e e e e e 64
4.5 Conclusion . . . .. .. 65
Results and Application Scenario 66
5.1 Introduction . . . . . . . . . . . L 66
5.2 Low-level Control Architecture . . . . . . . . ... ... ... .. ... ... . 66
5.2.1 Integrating the Low-level Architecture with a Software Framework . . . 67
5.3 Simulation and Experimental Pipeline . . . . ... ... ... .. ....... 69
5.4 Results . . . . . . oL 71
5.4.1 Legjoints ROM verification . . . . .. ... .. .. ... ....... 72
5.4.2 Sitting and standing motion . . . . . . . ... ... 74
5.4.3 Staticwalkmotion . . . ... ... L L o 77
5.5 Application in Human-Robot Interaction . . . . . . . ... ... ... ..... 79
5.5.1 Experiments with a human wearing the robot for sitting motion . . . . . 79

5.5.2 Experiments with a human wearing the exoskeleton robot for static walking 81
5.5.3 Explicit feedback assessments from human interaction with the Recupera-

Rehaexoskeleton . . . . . ... ... . ... ... 84
5.6 DISCUSSION . . . . . . . oL e e e 84
5.7 Conclusion . . . . .. L e 85
Conclusion and Outlook 86
6.1 Summary of Contributions . . . . . . . . . ... ... 86
6.2 Outlook . . . . . . . e 87
Appendix
Kinematic and Dynamic Analysis of a 2R1P Robotic Leg 90
A.1 Spherical Manipulator and its Topological Scheme . . . . . . . ... ... ... 90
A.1.1 The2R1PRoboticLeg . . ... .. ... ... ... .. .. ...... 91
A.2 Geometric model formulation for a 2R1P roboticleg . . . . . ... ... ... 91

A.2.1 Velocity Analysis . . . . . . . . .. 93

X1il



A.2.2 Acceleration Analysis . . . . . . ... ...
A.3 Dynamic Model for a 2R1P RoboticLeg . . . . . . .. ... ...

B Symbolic Computation of 2R1P Robotic Leg using Matlab Snipet
List of Figures

List of Tables

List of Acronyms

Bibliography

CONTENTS

105
107
108

111

X1v



GENERAL INTRODUCTION

"The evolutionary journey has equipped humans with remarkable adaptability, but it also
accounts for our susceptibility to instability, as we balance on the delicate edge of our bipedal
nature."

— Inspired by evolutionary theory

1.1 INTRODUCTION

This chapter serves as the general introduction to the thesis and fulfills three key purposes: 1)
It explains the motivation behind the research and demonstrates its significance in addressing
challenges related to exoskeleton robots and improving human locomotion; 2) it outlines the
primary goal of the thesis and contextualizes it within the broader field; and 3) it provides a
brief overview of the adopted methodology and highlights the main contributions. Additionally,
it outlines the structure of the thesis, offering a summary of each chapter to assist readers in
navigating the document.

1.2 MOTIVATION

Individuals with musculoskeletal disabilities affecting their lower extremities, primarily caused
by aging, strenuous jobs, road accidents, physical exercise, or neurological conditions such as
stroke, spinal cord injury (SCI), and osteoarthritis (OA), frequently experience mobility issues
that diminish their quality of life. The World Health Organization (WHO) reports that 16% of
the global population experiences significant disabilities, including mobility impairments, and
expects this figure to increase due to the increasing prevalence of non-communicable diseases
and an aging population [64, 152]. Stroke, for example, is a leading cause of disability in
the United States, particularly among those aged 65 and older, often resulting in long-term or
permanent impairment [63]. Experts estimate that the annual incidence of SCI will be between
40 and 80 cases per million people. Ambulatory support devices such as crutches, canes, walkers,
mobility carts, and wheelchairs (see Figure 1.1) can greatly enhance the self-esteem, confidence,
and independence of individuals with disabilities. These devices help them gain control over
their lives and reduce reliance on others, which is vital for their psychological well-being.
Nevertheless, these individuals most often still require assistance from caregivers and therapists
to perform daily activities. While crutches and walkers help maintain physical activity, which is
beneficial for overall health, prolonged crutches can cause skin abrasions and additional spinal
pain due to the constant bending of the vertebral column.



1.2 MOTIVATION
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(a) Crutches and cane types [42] (b) Walker

(c) Recupera-reha wheelchair:
(credit: DFKI GmbH)

Figure 1.1: Various mobility aids for individuals with mobility disorder

Similarly, extended periods of sitting in a wheelchair can lead to various health com-
plications [119, 121, 167]. Recent advancements in assistive and rehabilitative technology,
particularly wearable exoskeleton robots, have significantly improved mobility and physical
support for people with disabilities. These mobility-supporting devices offer physical comfort
and safety, enhance social interactions and psychological well-being, and promote long-term
health benefits. These devices can significantly improve the quality of life for individuals with
lower-limb disabilities by improving mobility and independence. Using exoskeleton robots and
adjustable orthotic devices for the lower limbs is emerging as a promising solution for managing
these health conditions.

The Lower Extremity Exoskeleton (LEE) is an orthotic device that achieves fixation to the
lower limbs, providing artificial support to one or more of the three main joints in the human



1.3 PROBLEM STATEMENT

leg: the hip, knee, and ankle. Its primary purpose is to aid in gait rehabilitation by enhancing
locomotion strength, augmenting power for industrial and military applications, and ensuring
safety in all ramifications. Exoskeleton robots for bipedal walking are designed to mimic the
biological structure of the human gait or to be strapped to the body to support the limb joints.
Modern exoskeleton robots, used in various application domains, come in either wearable or
platform-based designs. Wearable exoskeletons, as shown in (Figure 1.2a and Figure 1.2b),
are robotic devices strapped to the human body, providing active or passive support to the
lower limbs. These devices are widely used in industrial logistics, clinical gait training, military
operations, and other fields. A platform-based exoskeleton, as depicted in Figure 1.2¢ , is placed
on level ground surface and to facilitate gait training. They are used primarily for rehabilitation
or exercise on a treadmill.

(a) ReWalk™ Personal (b) Recupera-reha: (credit: (c) ReoAmbulator (copyright: Motorika Ltd.,
6.0: (copyright: ReWalk DFKI GmbH) USA)
Robotics GmbH)

Figure 1.2: Wearable and platform-based exoskeleton

1.3 PROBLEM STATEMENT

The Recupera-Reha is a full-body exoskeleton with a modular lower extremity unit that is
primarily designed to support upper body weight during robot-assisted upper-limb rehabilitation
from neurological conditions. While it provides support for the wearer during sitting and
standing, it has not been adapted for walking due to several significant challenges. Overcoming
the challenges are essential for enhancing the effectiveness and user acceptance of the LEE. This
subsection identifies the specific problems and limitations in the design, control, and application
of the Recupera-Reha LEE depicted in Figure 1.2b, emphasizing areas where further research
and development are necessary. The challenges and limitations are detailed as follows:



1.3 PROBLEM STATEMENT

* Ergonomic Design: Several key issues impact the effectiveness of the Recupera-
Reha exoskeleton’s ergonomic design for natural walking motions. The exoskeleton’s
knee joint functions as a linear translation motion, devoid of a suitable fixation that would
allow it to seamlessly connect with the human knee. This design choice fails to replicate
the natural bending and flexing of the knee during movement. Similarly, the footplate is
rigid and lacks a flexible connection to the ankle, allowing only plantar flexion (toe-down
motion) but not accommodating natural dorsiflexion (toe-up motion). This rigidity hinders
the natural walking gait, making movement less intuitive and more mechanical from a
mechanical point of view. Additionally, the foot base of the exoskeleton has a small surface
area, which acts like a point of contact with the ground. In natural walking, humans use the
middle of the foot (metatarsus) as a pivot point, but in the current design, the ankle joint
serves as the pivot. This limited pivoting action can reduce stability and make walking feel
unnatural. Addressing these ergonomic issues is crucial for improving the user experience
and ensuring that the exoskeleton can support natural and stable walking motions.

The open question is whether to modify and adapt the existing design or to build new knee
joint module and foot base unit for the exoskeleton. The recommended approach involves
specific modifications: adding straps to the knee joint to ensure a secure connection with
the human body; replacing the foot base with a wider surface area to create a support
polygon at the four edges or separating the foot plate into two pieces connected by a hinge
joint to enable greater flexibility in the flexion angle motion. These enhancements aim to
improve overall stability but will not replicate a more natural walking motion due to the
design structure of the knee joint.

Optimal Placement of the Ankle and Hip Joint Modules in the
Leg: The complex design structure makes it challenging to find an optimum mounting
configuration for the ankle and hip joint modules that is properly aligned with the human
joint axis complex. So, it’s important to get these modules aligned properly with the
axes of human joints. To test and improve the exoskeleton’s walking performance, a full
kinematic analysis of these modules is necessary.

Methodology for Exoskeleton Modeling and Motion Control: Since
the Recupera-Reha lower body exoskeleton was initially not designed to support walking,
its complete lower body model was not integrated into the in-house software database that
stores analytical solutions for complex modular sub-mechanisms with multiple closed
loops. Consequently, it is necessary to resolve the kinematic loop constraints for the
sub-mechanisms not yet in the database and integrate them accordingly. As a result, a
control method for generating desired motions, such as static walking, has not been im-
plemented before. To establish an effective control method for the exoskeleton’s static
walking motion, a comprehensive understanding of the robot’s model is essential, includ-
ing knowledge of its actuator constraints such as joint limits, velocity, and torque limits.
This understanding is crucial for identifying the appropriate control algorithm to use.

Application in Human-Robot Interaction: Before implementing human-
robot interaction, it is necessary to confirm the robot’s robustness. To establish effective

4



1.4 GOAL OF THIS THESIS

robot interaction with a human in the loop, a thorough understanding of the robot’s
capabilities is essential, along with insights into its sensor integration, communication
protocols, and the robot’s adaptive response. This understanding is crucial for integrating
appropriate interaction methods.

1.4 GOAL OF THIS THESIS

The goal of this thesis is to advance the functionality of the Recupera-Reha LEE by enhancing
the design as necessary, integrating its complete model, and implementing an optimal control
(OC) method to generate feasible motions for sitting, standing, and static walking. To accomplish
this, two sub-goals have been outlined.

1. Perform a thorough kinematic and dynamic analysis of the almost spherical parallel
mechanism (ASPM) representing the hip and ankle joint modules. Optimize the placement
of the ASPM in the leg of the exoskeleton to improve the working range for key movements.
Use the Hybrid Robot Dynamics (HyRoDyn) software framework to resolve all closed
loops inherent in the model and ensure comprehensive model accuracy and functionality
using a hybrid control approach.

2. Develop an optimal control problem (OCP) using the Differential Dynamics Programming
(DDP) method to generate feasible motion trajectories for sitting, standing, and static
walking. These motion trajectories are tailored to suit the capabilities of the Recupera-Reha
exoskeleton, aiming to maximize its operational effectiveness.

1.5 THESIS CONTRIBUTIONS

This thesis makes significant contributions to the field of exoskeleton robots, particularly fo-
cusing on the lower extremity. We conducted a thorough survey [201] in Chapter 2 to gain
a comprehensive understanding of the current state of exoskeleton technology. This survey
examines the challenges and limitations in the design and control of existing LEEs and suggests
pathways for future development and improvement. The survey reveals that most reported
exoskeletons emphasize kinematics and dynamics modeling, with a strong focus on lightweight
actuation and sensor technology. These efforts address concerns about limited workspace and
misalignment with the human joint complex. In terms of control, the primary challenge is
achieving stability during walking motions without the need for additional supporting devices.
This thesis’s contributions are summarized below:

* This study’s first significant contribution is the enhancement of the ankle and hip joint
modules positioning and orientation within the Recupera-Reha exoskeleton leg. The
kinematics of the ASPMs are evaluated by exploiting the rotative inverse geometric
method (RIGM) and adjusting motor constraints on the hardware side. This approach
expands the mechanism’s workspace for principal movements such as the dorsiflexion-
plantarflexion (DF-PF), eversion-inversion (EV-IN), and adduction-abduction (AD-AB) of
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the hip and ankle joints to accommodate a broader range of motion. This evaluation enables
extensive movement and alignment with the leg joint complex, laying the groundwork for
advanced dynamic modeling. Furthermore, this evaluation demonstrates its potential for
integrating functional rehabilitation exercises.

* The second significant contribution to this thesis is advancing the capabilities of the
Recupera-Reha LEE, which is primarily designed to support upper body weight during
upper-limb rehabilitation. It demonstrates a successful formulation and execution of an
OCP for sitting, standing, and static walking using a DDP-based method. The study
also highlights the efficient handling of loop closure constraints with the HyRoDyn
software framework, which includes 102 constraints, making it possible to exploit the full
capabilities of the complex series-parallel hybrid exoskeleton.

* As an outlook, the thesis explored the possibility of partially integrating human-robot
interaction, which would allow human users to provide explicit feedback by rating or
assessing different speed limits of the generated trajectories during the transition from
standing to sitting while wearing the exoskeleton. However, the thesis does not include
the results of this exploration because the data analysis is still ongoing.

1.6 ORGANIZATION

This thesis is structured into seven chapters. Figure 1.3 provides a graphical overview to guide
the reader through the following chapters.

* Chapter 2 presents a survey on the design and control of LEE. This survey provides a
comprehensive overview of the latest developments in the design and control of LEEs.
The survey offers an in-depth exploration of current advancements in the design and
control of LEE. It includes a historical analysis of exoskeleton robotics, an examination of
challenges specific to exoskeleton walking, and a categorization of exoskeletons based on
diverse application areas. Furthermore, it focuses on actuator design concepts, modeling
techniques, and control strategies, concluding with insights into potential future research
avenues.

» Chapter 3 presents the kinematic analysis of the ASPM (hip and ankle joint) modules with
the aim of determining the optimal placement of the mechanisms in the Recupera-Reha
exoskeleton leg and improving its workspace for principal joint movements.

* Chapter 4 demonstrates the implementation of an OC approach using a DDP-based
method to generate feasible trajectories for sitting, standing, and walking. It also effectively
utilizes the HyRoDyn software framework to explore numerical-analytical hybrid solutions
for resolving closed loop formations, and provides a mapping between independent joint
space and actuator joint space.
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* Chapter 5 presents simulation and experimental results for the Recupera-Reha exoskele-
ton’s range of motion joint tracking, sitting, standing, and static walking motions, high-
lighting the enhanced capabilities of the exoskeleton and its potential for assistive and
rehabilitation applications.

* Chapter 6 concludes by summarizing this thesis and outlining future research directions.

Introduction and SOTA
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T T

Introduction State of the Art

Design Enhancement
|Chapter Three|

____________________________________________
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| Chapter Four|
__________________ p e
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Figure 1.3: Thesis Organization
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STATE OF THE ART

"It is comparatively easy to make computers exhibit adult level performance on intelligence
tests or playing checkers, and difficult or impossible to give them the skills of a one-year-old
when it comes to perception and mobility."

— Moravec Hans

Tijjani, I., Kumar, S. and Boukheddimi, M. (2022). "A Survey on Design and Control of Lower
Extremity Exoskeletons for Bipedal Walking". Applied Sciences 12, no. 5: 2395.

2.1 INTRODUCTION

This chapter presents the state of the art in the design and control of exoskeleton robots as
documented in [201]. The chapter is organized as follows: Section 2.2 delves into the history of
bipedal walking robots and exoskeletons, emphasizing the challenging aspects researchers must
overcome to achieve better bipedal locomotion. Section 2.3 categorizes wearable exoskeleton
robots across various application domains and offers overviews of their sub-categories. Section
2.4 elaborates on the design concepts and technical features of the highlighted lower extremity
exoskeletons, drawing connections to the biomechanical structure of human lower extremity
joints. Section 2.5 focuses on the modeling tools and control methods utilized for exoskeleton
robot models, highlighting the strengths and weaknesses of various control strategies. Section
2.6 provides a summary of existing design and control methods for biped walking exoskeletons
and proposes a future research direction aimed at a paradigm shift.

2.2 HISTORY OF BIPEDAL WALKING EXOSKELETON ROBOTS

In the research history of bipedal walking robots with two telescopic legs, way back in 1960, there
were designs, but these were limited to two dimensions (2D) [206]. In 1992, the Massachusetts
Institute of Technology (MIT) laboratory developed and controlled a three-dimensional (3D)
biped robot walking and running on grass and flat surfaces, performing somersaults [158].
Subsequently, a more complex design called the Meltran V [78] bears an interesting similarity
to the 3D biped robot with a prismatic joint at the knee. The M2V2 [162] is also a 3D bipedal
walking robot designed to walk on rough terrain. Recently, Oregon State University unveiled
the CASSIE robot [184], a bipedal walking robot that could traverse 5 km of outdoor terrain
in less than an hour. In an effort to replicate the anatomical structures and locomotion of
humans, early researchers devised bipedal walking robots. We refer to these modernized bipedal
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walking robots as "humanoid robots." They are designed either for entertainment, logistics,
collaborative maintenance in the industries, or teleoperation [46, 72, 118, 124, 154, 188]. To
this end, researchers have drawn inspiration from 2D designs, 3D bipedal robots, and humanoid
robots to design exoskeleton robots for bipedal walking. The development of exoskeleton robots
for bipedal walking began in the second half of the 20th century. In 1965, General Electric
initiated the development of Hardiman [143], a giant full-body exoskeleton intended to lift
heavy objects. However, this endeavor ultimately proved unsuccessful because the exoskeleton
exhibited uncontrolled motions when powered on, posing a risk of injury to its human wearer.
The first exoskeleton for gait assistance was developed towards the end of the 1960s and early
1970s at Mihajlo Pupin Institute Serbia [141] and similarly at the University of Wisconsin-
Madison USA [180], respectively, but due to their technical limitations, absence of clinical
support, and lack of experience and knowledge, it took several decades until the technology
became mature and available to the market community.

Robots that mimic human walking patterns inspire people in the 21st century. Consequently,
exoskeleton designs have experienced a progressive evolution, garnering considerable market
interest. Among these designs, BLEEX is one [203]. The United States (US) Army designed
BLEEX, the first functional, energetically autonomous exoskeleton. The XOS 2 exoskeleton
[168], a second generation robotics suit designed by Raytheon and unveiled in 2008, was used for
a military operation to support locomotion and the wearer’s backpack. In medical applications,
there have been quite a few exciting designs. Lokomat [30] was released in 2001 for gait
rehabilitation on a treadmill. A leading-edge design in cybernetics evolved in 2007 with the
development of the robot suit HAL (hybrid assistive limb), used to improve support for human
locomotion ability, as reported in [175]. ReWalk Company develops powered solutions that
provide gait training and mobility support to lower limb disability patients with crutches. In 2012,
the safety and tolerance of the ReWalk exoskeleton on people with SCI were evaluated in [221],
with prospects channeled towards walking disabilities. Walk Again [207] is a consortium project.
Researchers from the consortium tested their first robotic exoskeleton using brain-machine
interaction. Delft University of Technology and the University of Twente (the Netherlands)
recently developed the Symbitron exoskeleton, a modular lower limb exoskeleton. Patients with
partial and complete SCI test the Symbitron exoskeleton’s control effect to assess its adaptation to
velocity changes during walking. Additionally, the exoskeleton can be adjusted to accommodate
a broad range of disability levels [136]. REX Bionics is a New Zealand-based exoskeleton
company. The REX clinical analysis evaluation for Food and Drug Administration (FDA)
approval in the United States was carried out in 2016 on two variant designs of the exoskeleton:
one intended for clinical use and the other for personal use [18]. In 2017, the German Research
Center for Artificial Intelligence (DFKI) at its Robotics Innovation Center Bremen developed
the Recupera-Reha [101] full-body exoskeleton. It is a modular and self-supporting system
for the robot-assisted upper-body rehabilitation of neurological diseases. In 2018, Wandercraft
unveiled ATALANTE [69], their first hands-free lower limb exoskeleton, giving individuals
with paralysis the ability to walk independently without crutches or additional support. The
enhanced Atalante X prototype obtained FDA clearance in December 2023, allowing its use
by individuals with SCI from levels T5 to LS. This approval builds upon its previous clearance
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for stroke patients, distinguishing it as one of the few FDA-cleared exoskeletons and the only
one with a powered ankle mechanism replicating natural human gait. Exoskeleton development
for industrial purposes has also advanced over the last decade, in contrast to the advancements
observed in medical applications. The Guardian XO Alpha [176], a powered exoskeleton
primarily utilized in industrial logistics and other physically demanding tasks, was introduced in

2019. In 2017, Ekso Bionics launched the evolution of EksoEvo, EksoVest, and EksoZeroG [43].

The EksoVest, a strapped upper-body suit, enhances power and relieves pain during industrially
motivated tasks. The latter variant is the EksoZeroG, and it helps construction workers in the
automobile industry work faster and reduce fatigue while lifting and working with heavy-weight
tools. In 2017, Hyundai, a South Korean company, introduced its chairless exoskeleton (H-CEX),
reducing musculoskeletal injuries caused by pressure on the body, particularly the knee joint. For
tasks requiring frequent squatting, the H-CEX seat plate alleviates the discomfort experienced
by construction workers [114].

2.2.1 Challenges in Bipedal Walking Exoskeleton Robots

Despite recent progress with various humanoid robots, bipedal walking remains a challenging
control problem. Walking exoskeletons should provide assistance to humans in an comfortable
way while taking care of the underactuated dynamics of the combined human and exoskeleton
systems. Moreover, the alignment of the exoskeleton device with the human joint complex
may not be precise. Hence, the structure may not be sufficient to support the human torso in
providing an efficient, stable gait [215]. Stability involves maintaining balance and posture,
and it has been a central focus in the earliest studies of bipedal robots. Researchers initially
aimed to achieve stability, recognizing it as a challenging factor. Over time, significant progress
has been made, with robots now capable of static and dynamic walking, jumping, and running
[166, 206]. However, maintaining balance and posture while multi-tasking with an exoskeleton

device strapped to the legs and navigating through uneven terrain is a difficult problem to solve.

When standing on a sloped surface, a bipedal exoskeleton cannot guarantee stability for its
human wearer; even a slight change in foot position can put the wearer at risk of falling. To
maintain balance, humans intuitively and actively control their nerves, tendons, and muscles,
using body compliance and active muscles as support. During motion, muscle flexion and
extension can alter movement patterns to help maintain stability. Moreover, ensuring the safety
of a human wearing an exoskeleton without additional support is a significant concern, especially
for physically disabled users. Therefore, meeting legal requirements often takes a considerable
amount of time before deploying such exoskeletons for commercial use. Stability, safety, and
human-motion intentions are all critical to achieving efficient control of an exoskeleton robot for
bipedal walking. Some researchers have used the zero moment point (ZMP) criteria to control
humanoid robots that walk with two legs [86, 206]. Others have used the center of pressure
(COP) or center of mass (COM) criteria to move the center of gravity in exoskeletons to their
support polygon during walking [113]. Existing reviews of bipedal walking exoskeletons have
focused on their medical applications. In the last ten years, a lot of research has focused on
modular rehabilitation of ankle or knee joints [38, 81, 139, 179]. Other research has looked at

11
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the composition of the leg with an extra support device [11, 28, 171, 183, 193, 223]. In recent
decades, there have been numerous reviews, designs, and clinical gait evaluations. However, no
comprehensive meta-analysis has integrated various analyses, evaluations, design approaches,
and control methods into a validated model, serving as a proof of concept for the development of
efficient, affordable, and safe bipedal walking exoskeleton robots that do not require additional
crutch support. To underscore the necessity of such an analysis, the subsequent sections will
delve into the technological gaps and challenges encountered in the design, modeling, and
control of bipedal walking exoskeletons, proposing feasible solutions to address these issues.

2.3 CLASSIFICATION OF WEARABLE LEE’S ON APPLICATION DOMAIN

In this section, the LEE robots for bipedal walking are classified into three application domains:
medical, industrial, and military. Additionally, the variations among the application domain
with regards to dominance in the existing designs are highlighted. The medical application
LEEs are designed to assist humans with lower limb disabilities towards enhancing locomotion
and gait training while physically reducing demanding tasks by therapists. It will enable older
humans with weaker muscles and also the disabled to regain locomotion and walk again [155,
175]. It also focuses on mobility compensation for paralyzed and aged persons, and it is used
in the healthcare facilities to enhance the physical performance of the wearer and augment
strength to stroke patients, SCI, and other forms of paralysis of the lower limb. The medical
application is further categorized into three areas: rehabilitation, paraplegic assistance, and
power augmentation. In an industrial application, LEE’s are used for power augmentation, i.e.,
to enhance the human muscle strength in tasks that require more energy in manipulation at a
faster rate or for carrying heavy loads in factories [176]. Military application exoskeleton robots
play a pivotal role as a tactical and operational tool for military armed forces [225], e.g., for
carrying heavy loads on the war field.

2.3.1 Medical Application of LEE

Accidents, aging, and diseases related to the nervous system such as stroke, SCI, and OA can
lead to weak muscles and total loss of the lower limb parts. There has hardly been any progress
in reducing the number of road traffic incidents, leading to SCI and loss of limbs in many low-
income countries between 2013 and 2016, according to the World Health Organization (WHO)
[58]. The WHO’s Global Status Report on Road Safety 2023 estimates that over 1.19 million
people die each year as a result of road traffic accidents. Aging is a significant risk factor that
casuses a disability such as stroke. Over time, the anatomy and physiology of the human body
becomes weak, as growth depreciates. It is a natural phenomenon where the tissues, cartilages,
and muscles are too weak to support the body joints actively, and locomotion becomes difficult.
Stroke and SCI are significant causes of paralysis, leading to impairment in the motor or sensory
function of the limbs. OA is a disease that affects the human body joints. The foot is the most
used part of the human body, especially in locomotion; therefore, the ankle and the knee joint are
majorly affected by OA, resulting in breakdown of the joint cartilage and underlying bone over
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time. In addition, strenuous exercises and high-impact sports such as basketball, rugby, squash,
and outdoor cycling can also cause OA. The authors of [7] suggest that athletes are more prone to
this disease than the general population, while most former footballers suffer chronic knee joint

damages, unlike running, cycling at the gym, and swimming, which is less risky for joint injuries.

In addition, medical application exoskeletons have been developed for rehabilitation to assist
patients with limb impairments due to neurological disorders like SCI. The walking assistance
of the HAL exoskeleton has been evaluated for safety with support on a treadmill for therapy
training [177]. Furthermore, the Bergmannsheil University Hospital in Bochum has intensified
its cooperation with the Japanese robotics company Cyberdyne using HAL for robot-assisted
therapy procedures. With EksoGT [50] (formerly eLEGS) as shown in Figure 2.1a, various
analysis evaluations and training for the lower limb in neurorehabilitation on paraplegic subjects
[27, 50, 151] were carried out, using the active powered exoskeleton as a test bench. The clinical
trials yielded positive results that are safe, practical, and with minimal risk to secondary injuries
and patients with incomplete SCI. However, a limitation of the design is the lack of experimental
methods for demonstrating the relative effectiveness of the exoskeleton in comparison with
other rehabilitative techniques and technologies. An improved version of the EksoGT is the
EksoNR [44], which assists in regaining natural gait patterns by re-teaching the human brain and
muscles how to walk again after healing. It means the variant has been integrated with sensors
to monitor the movement intent of the leg continuously. Phoenix as shown in Figure 2.1b is
the world’s lightest wearable powered LEE developed by SuitX. It is designed to assist people
with impairment disabilities and has enabled many individuals to stand upright and walk around.
It is adjustable for different sized users with only two actuators at the hip joint. In addition,
the knee joints are designed to allow support with a pair of crutches during stance and ground
clearance during swing [155]. The Recupera-Reha shown in Figure 2.1c is a modular full-body
exoskeleton for healthcare applications [95, 101, 108]. The upper-body is used to assist and
rehabilitate weak upper limbs, while the lower body has two modes; sitting and standing. The
goal of Recupera-Reha is to develop an innovative and mobile whole-body exoskeleton that
combines online evaluation of electroencephalography (EEG) and electromyography (EMG)
signals [90, 94], to enable an assessment of the condition of the operator and multi-level support
via embedded multimodal multisensor interfaces [45, 91, 211]. However, the prototype requires
optimization towards application as a full-body exoskeleton for rehabilitation of gait [101].
Recently, a modular full-body exoskeleton for physical assistance called AXO-SUIT as shown in
Figure 2.1d has been designed for medical applications to assist elderly persons. The exoskeleton
enhances full-body motions such as walking, standing, and bending, as well as performing lifting
and carrying tasks to assist older users to perform tasks of daily living [29]. ATALANTE is a
lower limb exoskeleton that allows stable walking for paraplegic people without any additional
stabilization tools, such as crutches. The mechanical design supports the entire weight of the
patient, with the exoskeleton firmly strapped from the feet to the abdomen. Experimental results
on paraplegic patients presented in [69] show a slow gait of 0.1 m/s as shown in Figure 2.1e and
a simulated stable gait of 0.4 m/s. The medical application of exoskeletons for bipedal walking
is further sub-categorized into three. The first category, for rehabilitation or recovery from
injuries like fracture, joint sprain, OA, SCI, stroke, surgery, and other accidents, may require
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physical therapy to strengthen and heal the injured leg towards normal locomotion activities. The
second category is assistive, and this is mainly offered to mentally healthy and aged individuals
whose lower limb muscles are too weak to stand alone and actively walk without support. They
require some aid, which could improve the quality of their lives by removing crutches and
wheelchairs that serve as external support to enhance walking. A third category is a form of full
power augmentation offered to completely paralyzed patients and amputees who are completely
physically disabled. The exoskeletons are further categorized into: partial support (minimal force
exerted by the exoskeleton) and full support (all the force exerted by the exoskeleton) types.

(c) Recupera-Reha
ics (Photo credit: An-
nemarie P., DFKI)

(d) AXO-SUIT (copy- (e) ATALANTE lower limb exoskeleton with free hands during walking exper-
right: Shaoping B.,) iments with a paraplegic patient (photo credit: Wandercraft)

Figure 2.1: Medical application exoskeletons
Various LEEs developed from the last two decades for medical applications are summarized

and categorized into three; Table 2.1 for rehabilitation, Table 2.2 for assistance and Table 2.3 for
power augmentation.

14
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Table 2.1: Overview on medically-based biped exoskeleton robots for rehabilitation purposes.

Name / Institution Exoskeleton Type Full / Partial Support
ATALANTE X, (2023) [22] wearable full

ReWalk Personal 6.0, (2015) [198] " partial

University of Goce Delcey, platform "

Macedonia, (2013) [97] " .
Vrije University Brussel, (2009) [12] " .

eLEGS, (2010) [14] wearable "
H-MEX, (2017) [41] " "
WalkBot, (2020) [170] platform "
LOKOMAT, (2013) [30] " "
Recupera-Reha (2018) [95, 101] wearable "

Table 2.2: Overview on medically-based biped exoskeleton robots assistive purposes.

Name / Institution Exoskeleton Type Partial / Full Support
HAL, (2017) [75] platform full

KEEOGO, (2017) [8] wearable "

University of Elect. Sci. and Tech., wearable "

China, (2015) [65]

Korea Adv. Inst. of Sci. and Tech. " "
(KAIST), (2021) [212]

Istituto Italiano di Tecnologia, Genoa, " "
Italy, (2020) [36]

Axo-Suit, (2019) [1] " "
Exosuit, (2013) [210] " partial
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Table 2.3: Overview on medically-based biped exoskeleton robots for power augmentation.

Name / Institution Exoskeleton Type Partial / Full Support

XoMotion (2022) [182] wearable full
EksoGT (2015) [50] " "
Yonsei University China, (2013) [87] " "
Phoenix, (2018) [155] " "
ATALANTE, (2018) [66, 80] " "
MINDWALKER, (2014) [209] " "

2.3.2  Industrial Application of LEE

Exoskeletons have widely been used in industrial applications and are still in progressive
development. They are used to enhance human power during locomotion and transportation
of heavy loads. The Guardian Alpha XO as shown in Figure 2.2a is an industrial application
full-body exoskeleton used for logistics. It represents the cutting edge of physical human
augmentation and wearable robots to enhance power [176]. It is designed and operated to
perform manual handling tasks with four limbs simultaneously, and the two exoskeleton limbs

can suspend the weight of an object to themselves while the human upper limbs are stationary.

Thus, during locomotion, the wearer feels little or no weight that restricts movements with the
lower limbs. The LegX [192] as shown in Figure 2.2b, a product from SuitX company is an
industrial application exoskeleton suit strapped below the torso to relieve pain and fatigue while
squatting. It can be combined with the earlier variant modules V3 ShoulderX and BackX to
perform human movement motions [156]. The chairless chair [163], as shown in Figure 2.2c, has
a unique feature that could be transformed from standing to sitting. It enables industry workers to
actively work, either standing or comfortably sitting, while also relieving stress and fatigue. Task
coordination is one of the fundamental activities in industries that require the movement of both
production equipment and manufactured products. The German Bionics company developed the
CrayX [17]. It is capable of manual handling tasks and can be integrated into digital logistic
workflow devices. Ottobock industrials, also a German-based company, developed a passive
exoskeleton (PAEXO) robot to relieve logistic workers from energy-demanding tasks. The six
variant design modules are: PaexoBack, PaexoShoulder, PaexoThumb, PaexoWrist, PaexoNeck,
and Paexo softback [153], which support individual tasks for the upper-body in the logistic
industries, and some modules can be combined. Evaluation tests with the PAEXO exoskeleton
strapped to the body in [135] have been carried out in the laboratory and on the field. Overhead

tool lifting tasks were performed with whole-body inertial motions of some healthy students.

Their reaction force exerted on the ground, oxygen consumption, heart rate, and muscle motions
of the upper limbs were captured using EMG sensors. The lab experiment revealed reduced
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heart rate and oxygen consumption while performing the tasks with the exoskeleton worn on the
body, compared to manually handling the tasks without the exoskeleton.

(a) Guardian® XO Alpha (photo
credit: Sarcos Robotics).

(c) Chairless Chair 2.0 [59] (Credit:
Noonee)

Figure 2.2: Industrial application exoskeleton

An overview of the industry-based exoskeleton with full-body and lower-body design
configuration is presented in Table 2.4 in walking assistance, load handling, and relief from pain
and fatigue. First, we can discern the difference between the two design configurations. The
former has the capabilities of the average human functionalities, while the latter case may have
one or more functionalities. It means that designing a full-body exoskeleton device capable of
accommodating different functionalities could assist humans in multi-tasking while applying
less strength. However, no available table of overview for the military application of exoskeleton
in this research work exists, because similar functionalities are exhibited by their industrial
counterpart. A majority of the already existing military application exoskeletons enhance muscle
power or load handling while walking.
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Table 2.4: Overview on industrially-based biped exoskeleton robots (for walking assistance, load handling,
pain or fatigue relief assistance)

Name Body Part Walking Load Pain/Fatigue
Assistance Handling Relief

Guardian Alpha XO, [176] Full-body v v v
Power Assist Suit (PAS), " v v v
[142]

FORTIS, [131] " v v v
CrayX, [17] - X X Ve
H-CEX, [114] Lower-body X X v
LegX, [192] " X X v
Chairless chair, [59] " v X ve
BoostX, [191] " v X X
ONYX, [123] " X 4 v

2.3.3 Military Application of LEE

The military application of biped exoskeleton robots is designed to augment the muscle power of
humans during military operations in demanding terrain. The electrically actuated LEE BLEEX,
as shown in Figure 2.3a successfully demonstrated autonomous walking while supporting its
weight with an extra payload [225]. The wearable LEE used for military operation focused
more on actuator design, each leg with seven DOFs representing three DOFs each for the hip
and ankle joints and a single DOF on the rotary joint of the knee. Apart from grounding its
weight, the BLEEX architectural design decreased the complexity of power consumption while
clinical gait analysis (CGA) data were obtained to measure approximate torque, motion angles,
and power required by the joints to determine actuation selection. On the other hand, not all
the joints are aligned in conformity with the human leg. It is not power-efficient, as it cannot
actuate all DOF at the same time. Instead, it offers only a substantial positive power to actuate
the joints during desired gait movement. Another biomechanical design is a variant of BLEEX
powered by linear hydraulic actuators and capable of carrying its weight with an extra payload.
Despite approximating the BLEEX kinematics and dynamics similar to the human leg, the
motion curves obtained from CGA data did not match the human leg [224]. Other BLEEX
military application exoskeleton variants are the ExoHiker for load augmentation on a long-
distance mission, ExoClimber carrying heavy loads while ascending/descending stairs/slopes,
and Human Universal Load Carrier (HULC). The HULC exoskeleton shown in Figure 2.3b is a
third-generation exoskeleton designed to incorporate features of both ExoHiker and ExoClimber,
carrying heavy loads on uneven terrain without the wearer applying much strength [67]. The
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HULC was originally developed by Berkeley Bionics (now Ekso Bionics) in 2008, and in 2009
Lockheed Martin acquired the design license to provide soldiers with a decisive advantage in
ground operations.

(a) BLEEX (credit: Berkeley (b) HULC (photo credit: Lock-
Bionics). heed Martin).

Figure 2.3: Military application exoskeleton

2.3.4 Distinctions in the Exoskeleton Classifications

The bipedal walking exoskeleton robot design is significant to human life due to daily activities
requiring extra strength to perform specific tasks. Over time, aged persons experience weak
muscles, while joint disorders such as sprain, OA, and paralysis could be sustained by athletes or
even during physically demanding tasks by physically able persons. Though exoskeleton robots
for medical purposes have been in geometric progression over the past years, most designs
today compensate for mobility loss or lower limb joint disorders. Researchers have focused on
kinematic optimization of the exoskeleton [99, 101], multimode rehabilitation [45, 91, 94], and
others have evaluated the motion intention of the wearer as evidence of support for general use
[92, 98, 216], but the designs are still not sustainable safety-wise for personal use. It can be
seen that the adoption of an exoskeleton for bipedal walking has indeed become evident in the
last two decades in the three application areas; medical, industrial, and military. The pie-chart
representation shown in Figure 2.4 shows the percentage variations of exoskeletons designed
based on their application in the last two decades. A large proportion of about 50%, which
accounts for 60 selected papers either as a modular LEE joint or a LEE leg, has dominated
the medical applications design field. These powered exoskeletons can improve the quality of

life of people who have lost the active use of their legs by enabling system-assisted walking.

However, before they can be commercially available in the United States, the FDA must approve
them. In Europe, however, the new Medical Device Regulation (MDR), which replaced the
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previous regulations; Medical Device Directive (MDD) and Active Implantable Medical Devices
Directive (AIMDD) [116] ensures that legal requirements, regulations, and standards are also met
before they are commercially accepted. In the industrial application, there has been considerable
growth in the designs, with about 35% of exoskeleton robots being used for logistics in factories,
the majority of which augment power. Following the industrial exoskeleton, 15 papers focused
on locomotion, and 30 papers discussed strength augmentation. The idea is to reduce worker
injury and errors due to fatigue and increase muscle strength. In military application, threats to
domestic law and order from the misuse of exoskeletons by rogue users and meeting soldiers’
requirements have proved challenging. As a result, the military robots have not shown inclined
growth, with about 15% corresponding to 15 reviewed papers in the last decade. The designs are
still in the research institutes, pending approval, as they need to meet the standard compliance
to regulations provided by the International Standard Organisation (ISO) and the International
Electro-technical Commission (IEC) to prevent sanctions.

Medical

Military

Industrial

Figure 2.4: Classification of exoskeleton robots based on applications.

The bar chart shown in Figure 2.5 depicts the number of exoskeleton robots that will be
considered for meta-analysis in the perspective of design and control of biped robots for human
walking. It also corresponds to the percentage ratio that distinguishes the functionality of the
three classifications of exoskeleton robots.
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Figure 2.5: Number of exoskeleton robots according to domain area.

The histogram shown in Figure 2.6 depicts the distribution of the reviewed papers by
publication year. It corresponds to the number of exoskeletons developed based on application
over 60 years. Only some selected articles that are relevant to our work are included. We consider
the development year of the exoskeleton designs for the three categories: In 1965, the first gait
assistance exoskeleton was developed. In 1972 and 1978, respectively, a new design similar to
the first design was developed. There was a dormancy period between the late 1970s and 1980s.
A climax period that attracted the market began in the early 2000s, with progressive growth in

the designs.
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Figure 2.6: Histogram of the publication years of the considered works.
Finally, Table 2.5 shows the list of companies pursuing exoskeleton research based on our

proposed classification. This demonstrates a decent interest from the private sector in investing
into exoskeleton research.
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Table 2.5: Overview of companies pursuing bipedal walking exoskeleton

Exoskeleton Name (Year) Company Weight (kg)
Military Applications

Hardiman (1965) [143] General Electric 680
BLEEX (2006) [224, 225] Berkeley Bionics 41
Raytheon XOS 2 (2008) [168] Raytheon Sarcos 95
HULC (2009) [67] Lockheed Martin 24
Medical Applications

HAL (2006) [177] Cyberdyne 10
LOPES (2007) [205] TWENTE University N/A
Indego (2010) [204] Parker Hannifin 12
ReWalk Personal 6.0 (2015), [198] ReWalk Robotics GmbH 23.3
Walk Again (2014) [207] Duke University 20
EksoGT (2015) [43] Ekso Bionics 20
Phoenix Exo (2016) [155] SuitX 12.25
REX (2016) [18] REX Bionics 38
H-MEX (2017) [41] Hyundai 18
Recupera Wheelchair [95, 101] DFKI 29.7
Symbitron Exo (2018) [136] TU Delft 37.2
BELK system (2019) [54] Gogoa Mobility Robots N/A
EksoNR (2019) [44] Ekso Bionics 20
ATALANTE (2020) [69] Wandercraft 75
Exo-H3 (2020) [195] Technaid 17
Industrial Applications

Power Assist Suit (2015) [142] Mitsubishi 39
H-CEX (2017) [114] Hyundai 1.6
ChairlessChair (2017) [59] Noonee 2
Guardian XO (2019) [176] Hyundai 68
LegX (2019) [192] SuitX 11.7
PAEXO (2019) [153] Ottobock Industrial 4
CrayX (2020) [17] German Bionics 7.4
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2.4 DESIGN CONCEPT FOR LOWER EXTREMITY EXOSKELETONS

In the past decade, LEEs were designed as series, parallel, or series-parallel hybrid mechanisms
[110]. The former is built with kinematic chains arranged in a single series of links and joints
while the latter is built by two or more kinematic chains mostly in closed loops [84]. Serial
designs are known for their versatility, ample workspace, simple modeling, and control. Their
drawbacks include their limited precision, low stiffness, poor dynamic characteristics, and limited
speed and torque. In contrast, the parallel counterpart provides higher stiffness, speed, accuracy,
and payload capacity. However, they have reduced workspace and complex geometry, which
requires careful control analysis as a downside. Consequently, in an application point of view, the
safety and comfort of the wearers of the exoskeleton is paramount in robot designs. Mimicking
the human anatomic motions and augmenting muscle power comes next. For enhancing safety,
the mimicking of the human gait pattern, a combination of both serial and parallel designs, has
been employed recently, and is still ongoing, aiming for functionality that is closer to that of a
human [101]. The Recupera-Reha full-body exoskeleton in Figure 2.7 with two system design
configurations; the full-body (left) and wheelchair design mode (right), is a combination of
serial and parallel designs, leading to series-parallel hybrid architecture. The blue highlighted
labels represent the full-body system features while the green highlighted labels represent both
system configurations, the full-body and the upper-body configuration. The modules for the
upper-limb system have a link of serial chains at the forearm and elbow joint connected to the
wrist. The joints are actuated with serial elastic actuators and are implemented as independent
series kinematic chains. The shoulder joint is a parallel mechanism design that provides a large
workspace and prevents collision with the human head due to the placement of the actuators
behind the shoulder blade (details in [127]). The lower-limb has its hip and ankle joints treated
as an ASPM modular design (more details in [104]). Each of the modules of the upper and
lower-body are independently coupled, making the full-body a combination of a series-parallel
hybrid design.

2.4.1 Human and Exoskeleton Lower Extremity Joints

Walking with an exoskeleton strapped to the human body without additional support poses

significant challenges. However, tripedal locomotion is often more stable than bipedal walking.

The anatomical study of the lower extremity skeletal system of a human as shown in Figure 2.8a
is a crucial practice to clinical sciences and other health-related studies to mimic the biological
design of the human limbs. The function of the human lower limb anatomy in [185] highlights the
musculoskeletal function and how the structure is modified by gait or joint disorders. Therefore,
it is essential to carefully study the human anatomical structure and function before designing
an exoskeleton device that mimics the human gait. The human lower extremity is made up of
three joints; hip, knee, and ankle. Each of these joints has an underlying bone that links up

to form a single leg, with every joint having a role to play in order to enhance locomotion.

The kinematic chain is insufficient to mimic the human joint kinematics and behavior when
designing an exoskeleton. The exoskeleton surrounds the body and therefore needs more DOF
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Figure 2.7: Series-parallel (hybrid) exoskeleton design [101].

to allow all human joint movements. The geometry or kinematic open chains of rotary and linear
joints form the basis of robot motions from 2D cases like (RRR, RPR, RRP, PPP), representing
planar walking in one direction, where the "R" and "P" stand for revolute and prismatic joints.
The 3D cases (SRS, SRU, SPU, SPS) provide a realistic strategy as a bridge to the concept of
design for the human leg structure. They serve as kinematic abstractions for a two joint structure
(universal joint) or three joint structure (spherical joint), where the "S" and "U" in the 3D case
stands for spherical joint and universal joint. The abstractions of the various joint structures as
either a series of serial chains or closed-loop parallel chains is discussed in [102, 110].

HIP  The hip is a ball and socket joint in the human anatomical system. It connects the pelvic
girdle and the thigh, which permits movements in three DOF, also known as the principal motion
trajectory, allowing flexion, extension, and rotational movements. They are the dorsiflexion/plan-
tarflexion (DF-PF), eversion/inversion (EV-IN) and adduction/abduction (AD-AB) motions. The
hip joint supports the body’s weight in both static (standing) and dynamic (walking or running)
posture and enhances stability. The skeletal muscle is a soft tissue composed of specialized cells
called muscle fibers attached to the bones of the hip, thereby producing force and motion by
contraction of the muscles.

KNEE The knee joint is a hinge-type synovial joint formed by articulations between the femur
and tibia bones. It permits flexion, extension, and slight internal and external rotation while
carrying the body’s weight during movements in the horizontal and vertical directions.

ANKLE The ankle joint is a synovial joint located above the foot. It connects the bones of
the leg (tibia and fibula) and the foot (talus). Functionally, it is a complex hinge type joint,
permitting primarily (DF-PF) motion of the foot, and (EV-IN) movements are also produced at
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the subtalar region of the foot. However, slight rotational movement of the foot also occurs as
(AD-AB) motion.

EXAMPLE OF EXOSKELETON ABSTRACTING HUMAN LEG The Recupera-Reha
lower extremity exoskeleton joints shown in Figure 2.8b is a prototype designed to mimic the
anatomy of the human lower extremity. The Recupera-Reha lower extremity consists of modules
representing hip (S), ankle (S), and a prismatic joint (P) connecting the hip and ankle joint
with an extension from the hip, which supports sitting mode [101]. The three SPS modules
correspond to SRS that represents the hip, knee, and ankle joints of the human leg as shown
in Figure 2.8a. The Recupera-Reha ball and socket joint of the hip and the functional hinge
joint of the ankle are both designed and treated as an almost spherical parallel mechanism
(ASPM), which was introduced in [130] and later extensively analyzed in [104, 106]. Due to
its complexity, the placement of the joints at an exact center of the pelvic and foot respectively
defines the geometry of the human anatomy as a unique design [101, 104]. The motor actuators
placed at the joints replace the muscle functionality in humans, while the number of actuators
placed at each joint determines the directions of motion.

N ,
( \‘\LT \
| LA )
B ( 3 DOF

Hip Module (5)

1 DOF
Femur Seat Mechanism

Patella

Fibula

DOF Support
Tarsals (7) : bor \ Mechanism

Ankle Module (S)
Phalanges (14)

(a) Human leg [185] (b) Exoskeleton leg [101]

Figure 2.8: Structure of the Human and Exoskeleton Leg Joints

The design concept points out the mechatronic structure relative to the hardware usage,
which leads to a single leg or a modular form of the hip, knee, and ankle joints for rehabilitation,
assistance, and power augmentation towards effective locomotion. Table 2.6, Table 2.7, Table 2.8
review the mechanisms used for hip, knee and ankle designs, respectively. The composition of
the modular joints as a single leg design for bipedal human walking has also been developed
in some considerable research works [15, 69, 101, 209]. From the purview of bipedal walking
exoskeletons, the tables give an overview of the significant design features, achievements, and
limitations in the current designs. An acronym, not available (N/A), is used if no data is available.
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Table 2.6: Review on hip joint

Institution/ Actuation DOF Absolute Velocity Torque Application Pros Cons
Name ROM Limit Limit  domain
HIT BLDC 3 N/A N/A 22.3 Medical The exoskeleton can stand, sit, Difficulty ground-
China [145] Motor Nm and walk with stair ascending ing it’s own
modes. A wearable device made weight, with
from carbon fibre materials with increased  con-
a total mass less than 12 kg, it’s sumption power
designed by first simulating the and stability
biomechanics of the human body control.
for joint alignment with LifeMod-
eler tool. The actuators consist
of encoders, planetary gear, and
bevel gears to absorb shock.
Recupera- " 3 DF-PF=57°, 132°s 120 Medical A 41 kg light weight modular ex- The  prototype
Reha [101] EV-IN=57°, Nm oskeleton is adaptable to differ- only support
AD- ent human sizes. Depending on sitting and stand-
AB=50° the body part, the device is made ing modes but
from aluminum, steel, polyamide requires optimiz-
and carbon-fibre reinforced mate- ing the design
rials. The self-designed modular to  incorporate
actuator units are capable of satis- a walking and
fying specific requirements. running mode.
Necmettin " 1 N/A 3190 N/A Medical An 18.5 kg light weight wear- Limited
University rpm able orthotic device that supports workspace,
Turkey [150] ReWalk, CGA data from human underactuated
joint motions is used to determine and additionally
the orientation of the exoskeleton supported with
joints. The 24 V DC motors are crutches.
powered by Li-Po battery pack
used for actuation of the hip by
30 W power.
Cuenca DC Ser- 1 " N/A " Medical A wearable exoskeleton designed Limited to few
University vomotor with real time fast data link be- therapy motions
Ecuador [140] tween six sensor and actuator due to less DOF.
units with a main process unit.
BLEEX [224] BLDC 3 " " " Military A 41 kg wearable autonomous The exoskeleton
Motor exoskeleton designed with extra hip joint axis only
payload capacity, using a bidirec- aligns with the
tional hip actuator for stance and biological joint
swing mode compared to the pre- from the CGA
viuos hydraulic actuated variant. ~ data.
Yonsei Uni. " 3 DF-PF=20°, " 79.3 Medical A wearable device embedded To supplement
China [87] EV-IN=50°, Nm with sensor and inclinometer at the stability
AD- the torso to measure COP and re- problem, forearm
AB=40° action forces. The CGA estimated crutches that are

a 200 W power required for the
hip and knee joint actuators with
harmonic drives.

controlled by
the upper limbs
supports the hip.
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Table 2.7: Review on knee joint

Institution/
Name

Type

Actuation

DOF Absolute

ROM

Velocity Force/
Limit  Torque
Limit

Application Significant Feature

domain

Recupera- Wearable

Reha [101]

Vrije Uni-
versity Brus-
sel [15]

Platform

BLEEX [224] Wearable

Meltran V [78] Platform

Yonsei Univer- Wearable

sity China [87]

Linear
BLDC mo-
tors.

Pleated pneu-
matic artifi-
cial muscles

Electric Mo-
tors with har-
monic drives

BLDC Servo
motors

BLDC mo-
tors

1 N/A

Multiple EV-IN=60°

1 EV-IN=65°

1 N/A

1 EV-IN=100°

266

mm/s

560N

N/A 80 Nm

" 347W

" 109 W

" 422

Medical

Medical

Military

Industrial

Medical

A wearable device made from combina-
tions of aluminum, steel, and carbon-fibre
reinforced. The prismatic joint of the knee
is designed with a seat plate and foldable
support when required to make angular
motions, the actuators and ball screw on
the two prismatic joints of the legs can
support a total force of 1120 N.

A 5.8 kg light weight design made from
thermoplastic materials, with artificial
muscles that provides air-powered actu-
ation in a design form of four-bar linkage,
and generating linear motions with high
force output that suits limb rehabilitation.
A gravity supportive arm allows the plat-
form device to mimic human posture and
balance.

The CGA-data determined the knee flex-
ion angles and torques required for align-
ment with the human knee joint. Such that
the generated toe-off and stance torques
have large enough power to back drive the
harmonic drives and actuators in asymmet-
ric manner.

The linear inverted pendulum mode design
approach is used to determine the CoM,
that aligns with the human hip joint on
the 46 kg robot to maintain posture. It’s
designed with a synthetic rubber material
from Neopren.

The sensor system design based on the
COP and ZMP determines human inten-
tion to move the knee through force reac-
tions measured between the wearer and the
device. This enabled the proper mounting
of the device onto the humans body com-
plex. Duralumin material is used for the
joint linkages while the actuators produces
an estimated 200 W power.
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Table 2.8: Review on ankle joint

Institution/ Type DOF Absolute Velocity Force/Torque Application Design Strategy
Name ROM Limit  Limit domain
Beijing Uni- Wearable 3 DF-PF=75°, N/A N/A Medical Workspace analysis
versity  of EV-IN=44°,
Tech. [226] AD-AB=72°
PARR[117] Platform 3 DF- " " " "
PF=68.16°,
EV-
IN=32.57°,
AD-
AB=64.20°
ASPM Wearable 3 DF- 330°/s 28 Nm " Workspace and finding opti-
Active PF=57.06°, mal placement of the mecha-
Ankle [104] EV-IN=50°, nism in the leg.
AD-
AB=66.16°
Anklebot [53] Platform 2 DF-PF=70°, N/A N/A " Workspace analysis
EV-IN=45°
Purdue Uni- " 3 DF- " " " "
versity Fort PF=100.8°,
Wayne [16] EV-IN=56.0°,
AD-
AB=99.50°
Chongqing " 3 DF- " " " "
University PF=75.60°,
China [208] EV-IN=39.0°,
AD-
AB=61.90°
Yonsei Wearable 3 DF-PF=10°, " " " Stability criteria using COP to
University EV-IN=25°, determine walking intention.
China [87] AD-AB=50°
PKAnkle [128] Wearable 3 DF-PF=75°, 90°/s 52 Nm " Kinematic optimization
EV-IN=45°, (alignment with the human
AD-AB=30° ankle joint complex).
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2.4.2  Actuator Design for Exoskeleton Robots

The bio-mechanical exoskeleton devices strapped onto the human body are a vital tool that
could fit into the biological structure of the body, since they are used in different application
domains and try to mimic the natural human gait pattern. Considering the mechanical design
perspective, material technology, alignment with the human joint complex, and meeting the
requirements for actuation are key to human safety. Therefore, it is essential to evaluate the
type of actuator to use before defining the basis for controlling the exoskeleton. Generally,
exoskeletons are underactuated, and it is impossible to imitate all the motion trajectories in the
human lower extremity, but it is possible to adapt the principal motion’s trajectory suitable for
the movement patterns in normal daily activities, such as climbing stairs, or in the rehabilitation
of gait. The muscles of the human leg enhance movement strength when the muscular motor
neurons are too weak to lift the legs of a paralyzed patient or aged person. The actuators on
the wearable exoskeleton devices are designed to augment the muscular strength in humans
to provide efficient power at the joints. Data evaluations from the CGA have been used in [87,
150, 224] to measure angular motions, forces, torques, and power to determine the type of
actuator to use, while authors in [9] provided an optimal approach for selecting actuator design
components for exoskeletons. As a motivation towards developing wearable exoskeleton devices,
the devices are required to have a small size, be lightweight, generate torque effectively only
when needed, affordable and available in the market, and be safety-minded. They should also
have electromagnetic compatibility leading to high resistance to disturbance, backdrivability,
high bandwidth, high power, and be easily controlled. Given these requirements, researchers have
developed exoskeletons for human walking primarily from electrical [69, 95, 215], hydraulic
[224], and pneumatic actuated [15] devices. Electric actuators are electrically driven by direct
current (DC) motors, which create the necessary force for linear or rotary motions. They are
available in small sizes and are reliable, cheap, have less noise output, and easy sourcing of
power, with the risk of electric shock being a drawback. A broad overview of the actuation of the
LEE for power augmentation is made in [4]; according to the authors, CGA data are essential
factors for determining the power required to actuate an exoskeleton joint. Hence, they provide
input data required for an actuator design. The authors in [60] stressed that the advantages electric
actuators offer are preferential, in contrast to their hydraulic and pneumatic actuated counterparts,
which are bulky in size. According to them, it is impractical to have each modular exoskeleton
part designed with independent power units. Stiffness between the actuators and the material of
which the exoskeleton frame is made is a common approach to exoskeleton design. Therefore,
the authors in [160, 222] suggested that a serial elastic actuator (SEA) could be used to provide
accurate torque delivery, disturbance rejection, transparency, repeatability, and compliance to
force control. Although, SEAs are effective actuators that could enhance the backdrivability,
they are still not good enough for high bandwidth control loops, which is an important factor for
designing walking exoskeletons or legged locomotion in general. Quasi-direct drives (QDD)
with low gear reduction meet many of the actuation requirements for legged locomotion due
to their lightweight design, high backdrivability (allowing for good torque sensing), and high
bandwidth (because they have low reflected inertia and stiffness). However, their effectiveness in
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exoskeleton robots remains uncertain due to challenges such as high motor current and electrical
power demands, reduced electromagnetic compatibility, and difficulties in controlling them
with limited output torque. The application of QDD actuation was used in [57] as a low-cost
compliant robot capable of force controlled manipulation, and in [219] to drive the hip of an
exoskeleton. Results from the experiment produced a high control accuracy in the nominal
torque, bandwidth, and backdrivability perspective. Recently, the experimental results from [164]
suggests that QDD could provide enhanced torque bandwidth and backdrivability for robotic
dynamic performance. Hydraulic actuators are often used for driving high-powered machines,
mostly in industrial domains using hydraulic fluids. They deliver good work density, high power
and forces, and are easily controlled, producing linear and rotary motions. The disadvantages are
safety problems with regards to leakages and their flammability [13]. Pneumatic actuators work
in principle similar to hydraulic actuators by converting compressed air to mechanical energy
in the form of linear and angular motions. They have good work densities, but not as high as

hydraulic actuators, they are easy to control, and have the ability to work at higher temperatures.

However, they exhibit energy loss due to heat transfer, noise, and higher leakages. They are
not often used in high force transmission or precise position control. Instead, they are used for
"fixed motion systems" [19], where the motion required is repetitive, predictable, and does not
need to be adjusted dynamically.

2.5 MODELING AND CONTROL OF EXOSKELETON ROBOTS

The motion of a multi-body exoskeleton robot and its interaction with the human musculoskeletal
system necessitates a comprehensive grasp of the robot’s geometry, kinematics, and dynamics
with the various electronic sensing and measuring devices available. This subsection emphasizes
the importance of utilizing available modeling tools and discusses applicable control methods
within the exoskeleton robot domain.

2.5.1 Modeling

The interpretation of geometry, kinematics, and dynamics into a form of mathematical equation
is termed modeling. The analytical computation of the kinematic and dynamic model of a
serial chain robot is largely addressed in [84]. However, the closed chains or parallel structures
involve solving complex non-linear equations, which could be too tedious to formulate both
analytically and numerically using notable dynamic methods like Newton-Euler, and Lagrangian
[110]. Hence, modeling tools are introduced to reduce the effort of solving complex equations
generated from closed chain robots. Modeling tools are software frameworks used to deal with
multi-body dynamic exoskeletons that have complex mechanical systems. Tools like RBDL
[52], HyRoDyn [105], DART [32], and OpenSim [34] support closed-loop models that contain
libraries for efficient computation of kinematics and dynamics (forward and inverse), Jacobian
matrix and determinant, and constraints for contact and collision handling. The HyRoDyn solver
was recently developed as a modular software workbench for solving robot kinematics and
dynamics. Other open-source library tools like Drake [197], RBDyn [165], and Pinocchio [157]
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support rigid and multi-body dynamic computations. The Robot Operating System (ROS) uses
description format files such as Unified Robot Description Format (URDF) and Simulation
Description Format (SDF) [172] as inputs to define a robot’s physical characteristics. These files
are essential for modeling the rigid robot system using various modeling tools. The modeling
tools have been used in the design of humanoid robots [47, 147] and also in exoskeletons for
human walking [101, 105]. A series-parallel hybrid design for, e.g., Recupera Exoskeleton
(see Figure 2.7), has a large number of DOF in its spanning tree, and computing the complete
kinematic and dynamic models can be computationally expensive. This poses a challenge for
model-based control approaches. Model simplification approaches like the one described in
[101] can be used for reducing the model complexity, which is crucial for the real time dynamic
control of exoskeletons with closed loops.

2.5.2 Control Methods

In the realm of control systems, which are utilized in both humanoid and exoskeleton robots,
two fundamental approaches stand out: model-based and model-free control schemes.

2.5.2.1 Model-Based Control

The model-based control scheme relies on algorithms derived from either the kinematic or
dynamic model of the robot system. It encompasses methods like active impedance control,
admittance control, optimal control, etc. These approaches have various control methods ranging
from stability control [206], force feedback and torque control, master-slave control, and sensitiv-
ity amplification control, among others. Compliance control is inarguably the most crucial aspect
of exoskeleton control. The active impedance control approach explicitly employs the dynamic
model of the exoskeleton mechanism and attempts to regulate the position-to-force ratio, allow-
ing for steady-state offsets in both position and force. For robots where torque sensing is not
available, it is also possible to achieve compliance using the method proposed in [39]. The active
impedance control approach was applied in [2] to improve the dynamic response of the human
limbs as an alternative to the biosignal integration technique, which is complex and requires
re-calibration of the model parameters. The biosignal integration is a part of neuroscience that
creates communication between the exoskeleton and the wearer’s brain or muscles by measuring
electric potential signals on the surface of the living tissue with the help of biosensors like EMG,
ECG, and EEG [91-93, 178]. The measured signals are collected as training data from different
individuals, analyzed by selecting relevant states of the human brain, and classified according to
patterns between training data sets, and healthy and unhealthy subjects. The exoskeleton model
is used beneath the EMG-based control to capture the whole dynamics of the mechanism in [95].
Other sensors are the inertial measurement unit (IMU), torque encoders, force-sensing resistors
(FSR), and many more as additional control elements. For example, a string encoder with IMUs
[216], was used in teleoperation to measure the position and orientation of a teaching tool and
then to apply the generated signals to a robot manipulator as a haptic device. FSR is applied in
[149] to analyze muscle activity patterns during bicycling and in [98] to test the sensing limits in
comparison with other sensing devices. Haptic control is a form of tactile feedback technology
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that takes advantage of the user’s sense of touch by applying forces, vibrations, and motions in
the form of a master-slave operation in virtual environments or robotic systems. It was applied
for teleoperation of the CAPIO upper-body exoskeleton in [127] and applied as a force feedback
control in rehabilitation after stroke [21] as an additional control approach. Virtual model control
is similar to force feedback technology. However, it uses virtual components to create virtual
forces applied through real joint torques to create the illusion of connectivity with the robot. It
was previously applied in [161] to control the walking of a bipedal robot on level terrain. Direct
Collocation is a method for solving optimal control problems based on the direct transcription of
the problem. This method approximates the state and control as piece-wise polynomial splines,
and the constraints are enforced at the collocation points. Among the most common formulations
is the Hermite-Simpson algorithm, which has been used, for example, in [69] as a high-level
controller for the ATALANTE lower limb exoskeleton introduced above. In the meantime, in
humanoid robots, there has been a progressive development in the use of optimal control to
differentiate between continuous and discrete control problems [99]. To improve robustness
and autonomous locomotion, one can use methods from control theory, like linear quadratic
regulator (LQR), Time varying LQR (TVLQR), and other non-linear optimization-based con-
trols combined with state estimation concepts. LQR is an optimal control design technique that
provides feedback gains to enable stable and high system performance. It has, for example, been
applied to find the optimal solution to swing up and balance the underactuated cart table model
system that captures the human walking motion [196]. Hitherto, due to the inherent difficulty
in modeling and controlling parallel and series-parallel hybrid-legged robots, most scientific
researchers utilize the simplified serial or abstract model of the robot for control. However,
Whole-Body Control (WBC) is a standard approach for controlling redundant robots. The idea
is to formulate multiple task space objectives in the cost function of a numerical optimization
problem, typically a quadratic program (QP). The solution of the QP provides joint velocities,
accelerations or torques for the entire robot. Most existing WBC frameworks model the QP
in independent joint space, which has several practical disadvantages [144]. Thus, we use a
velocity-level WBC approach for series-parallel hybrid robots, which considers the full robot
model including all parallel submechanisms by defining the QP in actuator space.

2.5.2.2 Model-Free Control

The model-free control scheme uses the trial-and-error method without having an explicit
analytical or predefined model of the system to evaluate its control performance. Such schemes
are classical control techniques like the proportional, integral, and derivative (PID). Machine
learning (ML) encompasses various techniques and algorithms designed to learn patterns from
data and make control predictions or decisions. The ML techniques includes both model-
based and model-free approaches, for instance, reinforcement learning (RL) approaches are
considered model-free because they learn to make decisions based on feedback from the
environment rather than a predefined model of the system dynamics. In contrast to model-
free ML techniques, model-based ML methods can employ supervised learning to predict future
states of a robot or to enhance models of system dynamics. This is achieved through data-driven
models used in conjunction with model predictive control (MPC). Other control approaches such
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as neural networks, uses adaptive control to learn and approximate complex system’s behavior.

Fuzzy control is also a method that can be considered for the exoskeleton, especially when the
dynamical model cannot be accurately formulated. This method is composed of modules that
create the input membership functions, and defines the set of rules for processing by the inference
engine [214]. Based on the extracted signal data, this method has been used as a Neuro-Fuzzy
controller in [70] to control a lower limb exoskeleton for motion assistance of physically weak
people. In addition to the two control schemes, other methods have been proposed, such as
adaptive oscillator-based control, which has also been widely used in exoskeleton control. This
method was originally proposed by [159] to synchronize the instantaneous frequency to any
cyclic signal. Later it was used in robotics for pattern generation [169], then extended to the
control of exoskeleton robots. In [134], this methodology was used to control a whole-body
exoskeleton for gait assistance, which can adapt to motion pattern variations. Table 2.9 shows a
review of the current state of the art for the control strategies and methods used in the domain of
biped exoskeleton. It further highlights some mechatronic details and the choice of programming
environment.

2.5.2.3 Human-In-The-Loop Control

Human-in-the-Loop (HITL) control also referred to as assist-as-needed control or user-adaptive
control can be incorporated into both model-based and model-free control approaches. As a
fundamental concept in RL, HITL improves both types of control schemes by introducing a layer
of human adaptability. This allows humans to provide direct feedback to the model, participating
actively in the decision-making process and guiding the model toward performance that aligns
more closely with human behavior. This refinement is particularly crucial in applications such
as exoskeletons, where human comfort and responsiveness are essential. For example, research
conducted in [6] utilized human data such as gait cycle phases, joint kinematics related to flexion
and extension, muscle coordination, and stability to control two bipedal walking robots. This was
achieved by employing a human-inspired control approach framed as an optimization problem
based on the parameters derived from the human data. Additionally, in [33], the authors present
a HITL control strategy that utilizes estimated human motion trajectories and intended goal
locations to create a safe reference trajectory for robots, which is subsequently tracked using an
adaptive controller. Similarly, a bipedal walking chair robot described in [194] demonstrates the
benefits of a HITL control method, showing that adjustments in human posture can enhance
stability, particularly in unpredictable environments. However, it is important to note that this
control strategy was tested in simulation rather than real-time systems. Furthermore, the authors
of [132] introduce a HITL layered control architecture for a wearable ankle-foot robot, which
allows for precise interaction and assistance during walking through chronological levels. This
architecture was validated through both simulations and real-time experiments, demonstrating
its effectiveness in ensuring safe and reliable performance in wearable robotics. Lastly, a survey
that categorizes HITL into four key architectural models is presented in [174], although the
classification is not strictly limited to these categories.
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Table 2.9: Review on control methods and approaches for LEE.

Institution/ Name Programming Control Methods Mechatronics Feature
language
Recupera-Reha [95, 101] Matlab, Kinematic and Dynamic EMG and EEG sensors,

Python, Ruby,

C++

University of Cuenca Matlab
Ecuador [140]
DRACO [3] "
Vanderbilt  University "
Nashville [10]
KIT-CO-1 [12] Matlab, C++
ATALANTE [69] "
MINDWALKER [209] Matlab

simulink

HEE [120] "

Model. Position, velocity,
force and torque control.
Low and mid level control
hierarchy.

PID feedback controllers,
observers & estimators.

PD position control with a
feedback sensing

PID controllers

Hybrid control combining
dynamic model and state
machine, gain tuning us-
ing virtual constraints via
feedback control.

CoM transition with finite-
state machine based con-
troller.

Fuzzy self-adaptive PI
controller

FPGA electronics, Eye-
tracker especially in Vir-
tual Reality-based serious
gaming.

EMG and EEG sensors.

Viscoelastic liquid cooled
actuator (VLCA).

Hydraulic actuators. IMU
sensors and digital signal
processor.

Linear series elastic actu-
ators. Force signals pro-
cessed by Arduino.

BLDC Motors, digital en-
coders with IMU’s to mea-
sure joint velocity and dis-
placements. Force sensors
for detecting ground con-
tacts.

Series elastic actuator. Mo-
tion steps are triggerered
using arm muscle attached
to IMU, EMG and EEG
Sensors.

No Information
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2.6 DISCUSSION AND FUTURE RESEARCH DIRECTIONS

This section provides an overview of current methods utilized in the design and control of biped
walking exoskeleton robots. It suggests a shift towards artificial intelligence in future research
directions to enhance performance. These directions include human-robot interaction, control
and safety, and cost considerations.

2.6.1 Discussion

The significance of improving the design and control of the bipedal walking exoskeleton is
apparent due to its applicability to the daily life of humans to either assist or augment power.
In medical application for rehabilitation purposes, careful design and control analysis must
be met to imitate the natural human gait patterns. Therefore, misalignment of the exoskeleton
joint articulation with the human biological limb will cause pain to the patient and increase the
injury sustained. In industrial and military applications, precision is required to achieve specific
tasks. Without effective control, there will be no dexterity in manipulation. These exoskeletons
are still not readily available for personal use due to the size, cost, and safety measures. They
are developed in healthcare and research facilities or upon special request. A question to ask
is; how do we make the exoskeletons affordable to all without compromising the quality and
performance of the sensors, drives, or actuators? Generally, exoskeletons are underactuated
in their designs but then, how do we compensate for all human biological DOF? In addition,
there is a need to exploit other materials such as carbon fiber, silicon, and aluminium alloys to
minimize costs in designing lightweight robots. In the design of actuators, selecting components
that best suit an exoskeleton requires torque, power, backdrivability, high bandwidth, efficiency,
and most importantly safety. The advantages of electric actuators are their compact size, low
cost, low noise, low weight, and easy sourcing of power. Unlike hydraulic and pneumatic
actuators, which have the disadvantage of being heavy, space-consuming, expensive, and, most
importantly, do not respect modularity. Geared electric motors have high friction, which makes
force control difficult. SEA is a compromise, but still has bandwidth limitations for control
loops. In contrast, direct drives and quasi-direct drives are perfect actuators for building next
generation exoskeleton devices. The actuators are heavier than their geared counterparts, but are
inexpensive, and meet the requirements for efficient and robust exoskeleton designs. Therefore,
a paradigm shift into quasi-direct drives could be a better actuation option for developing biped
walking exoskeletons. The MPC is a model-based control method that has found increasing
utility in emerging complex engineering applications, including uncrewed vehicles, humanoid
robots, and biomedical systems [173]. The MPC algorithm enables robots to be sufficiently
responsive to perform dynamic tasks in real-time. It is achieved by updating the motion planning
based on the current measured state of the robot at a sufficiently high-frequency [96]. MPC
and LQR algorithms are based on optimal control methods. They are often used for trajectory
tracking in robotics and for articulated vehicles [71, 138]. However, experiments have shown
that MPC performs better than LQR [213], considering the modification of the robot’s state
according to its environment when updating the command. Moreover, it allows reacting quickly
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enough to this modification by recomputing a new motion planning that allows, in the case of
exoskeletons, to have a reactive and robust control to adjust a disturbing trajectory by a potential
obstacle or instability of the patient. Furthermore, the combination of MPC and ML method
was recently applied by the authors in [40] to develop autonomous vehicles for enhancing safety
and comfort. MPC can provide robust, safety and oriented control, but in situations where
the system is complex and challenging to model, MPC may have to utilize model learning
techniques to control the system efficiently. ML includes both model-free and model-based
approaches. These methods typically require substantial amounts of data, time, and training
to recognize patterns in motion gestures, speech and images, as well as to determine positions
and orientations. With the advent of deep learning (DL), which employs multi-layered neural
networks (NN) that simulate the brain’s data processing, the capacity to learn from unlabeled
data without human supervision (unsupervised learning) and generate patterns for decision-
making has greatly advanced. However, most NNs are still predominantly trained in a supervised
way by humans (supervised learning) [48, 77]. As artificial intelligence (Al) continues to evolve
rapidly, DL has become increasingly relevant in RL as a powerful function approximator. RL
uses a form of trial and error training that teaches machines and robots the model of a system by
reinforcing its ideas and establishing a result. They have recently been employed in the control
of exoskeletons in [122, 126] which demonstrated efficient squatting assistance with human
interaction. However, future work is needed to further extend the framework to a variety of human
walking patterns. This work is still an open issue. Various control design methods are already
successful in other domains (e.g., humanoid robots). The Atlas robot from Boston Dynamics
which can dynamically walk like a human while traversing uncertain terrain [99] employs a
model-based control method to successfully achieve balance and control in motion planning and
locomotion by combining the full kinematic model with a reduced dynamic model (e. g., COM,
COP) of the robot instead of the full dynamics, which could be computationally prohibitive in
solving trajectory optimization. The analysis and control of the RH5 humanoid robot in [47]
is based on differential dynamic programming (DDP). The full-body trajectory optimization
of RHS5 showcased contact stability with DDP while generating walking trajectories using the
classical control technique (Proportional-Derivative) position control. The MIT Cheetah 3 Robot
[24] showed good gait performances using the MPC model with a reduced model dynamics
(using COM) of the robot to determine ground reaction forces. Without the kinematics of the
leg, the approach helped reduce the optimization problem to a quadratic program formulation
that captures the dynamics of the robot’s locomotion. Technological advances have paved the
way for combining ML methods and neuroscience to achieve efficient and reliable control of
human-machine interaction. For example, the demonstration of an essential EEG signal based
on human brain feedback in [88] is used to reinforce robot learning in human-robot interaction.
Furthermore, the application of event-related potential (ERP) has created a communication gap
between the human brain and the computer or machine interface. In [89], a single trial data
analysis is used to classify the activities of the brain by the influence of an ERP, which could
be used as a vital tool for the interpretation of brain processes. Bionics and cybernetics are
both theories of biological systems regarding the design and control of human-to-machine or
human-to-robot interaction. It has shown how technology is progressing. Human motion intent

36



2.6 DISCUSSION AND FUTURE RESEARCH DIRECTIONS

is best reflected on the leg muscles. Using EMG sensors to measure the electrical activity of the
lower limb muscles will give additional and effective control of a bipedal walking pattern. The
measured signals, fed as inputs to the controller, will give a good estimation when combined in
parallel with the model of the exoskeleton mechanism, thereby producing an effective control
Strategy.

2.6.2 Future Research Directions

To design and effectively control a robust, stable, and low-cost bipedal exoskeleton robot with
wide motion ranges similar to the natural human gait pattern, the focal point for future research
directions should be centered on the following features:

HUMAN-ROBOT INTERACTION  The exoskeleton device that supports the human body
externally enables humans with lower limb disabilities to walk again by enhancing locomotion.
Patients with joint diseases caused by OA and paralysis have weaker muscles that are insufficient
to allow for convenient self locomotion. There are already efficient exoskeleton designs present
in research and clinical institutions. However, they are not available or sustainable to society.
The sustainability reasons may vary from individual prototypes, but generally, trust, confidence,
and the feeling of being in control of an exoskeleton when strapped to the human body is not felt,
and that alone creates fear to the wearer. Therefore, there is a need to know the motion intent
of the limbs to give input to the controller as a feedback control element. The application of
biosignal integration should be incorporated with the model-based control for effective human-
robot interaction. Designing robot devices without efficient communication with humans is not
sufficient to be relied on entirely. For a reliable and effective human-robot interaction, the robot
should interpret and send feedback of its current condition to the human interface. Therefore,
control instructions must be integrated into the robot design as discussed in [91] which also
forms a part of the safety standards. While ML solutions are known for producing predictions
and results for multiple use-cases much faster than humans, they lack the ability to understand
and adapt to emotions. Humans, on the other hand, can adjust their decisions based on emotional
insight, particularly when recognizing and correcting mistakes. This emotional adaptability is
something robots and ML methods struggle to replicate, making it challenging for them to adjust
when errors occur. To this end, we are not confident of the predictions, decisions, and results
obtained through tasks conducted by ML. Furthermore, we often lack a clear understanding of
how ML methods make decisions, particularly when it comes to correcting errors, which adds to
the hesitation in fully relying on ML-driven results. Therefore, a shift to the next generation of
Al called Explainable Artificial Intelligence (XAl), is a new technological approach that enables
human-robot interaction to adapt, learn, optimize functions, and return intuitive feedback that
is reliable, accurate, informative, and with decisive results. Furthermore, XAl is capable of
continuous model evaluation [181, 202] to improve model performances by combining human
instincts, ML algorithms used as black-boxes in describing AI model, and the features that
influence the output based upon the input decisions as a glass-box model [186]. Using XAI
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combined with the noninvasive EEG and EMG signals, and model-based MPC, an efficient
human-robot interaction for bipedal walking exoskeleton robot is feasible.

CONTROL AND SAFETY Safety in robotics is a challenging problem, especially when it
involves human-robot interaction (HRI). The most effective way of ensuring safety in HRI is

to implement safety criteria early during the design phase rather than the application phase.

This criterion makes the robot permanently safe. In order to enhance reliability, safety can
be achieved during the design phase by three-level approaches [91]. The first level of safety

occurs at the preliminary stage of the mechatronic design, referred to as the "safety by design".

This approach emphasizes using innovative technology such as 3D printing to intensify the
usage of lightweight materials for the hardware. Methods using internal cabling, embedded
power units, and electronic components already exist, aiming to create a compact hardware
structure. It is also accompanied by the introduction of shock absorbers like dampers or springs
to subdue the effect of forces exerted on the human body by the actuators or external obstacles
that come in contact with the human body. To further enhance safety, sensors that simulate the
sense of touch and motion can be combined with visual sensors, as seen in previous research
[79, 125]. Moreover, the transmission of forces through soft tissues using elastic fibers, and

viscoelastic elements can compensate for unnecessary force, providing an added layer of safety.

The second level of safety, referred to as "low-level control," involves controlling the hardware
components, specifically the joint actuators. Unlike positional control, which cannot adjust
its trajectory in the presence of an obstacle, low-level control uses force and torque control
to allow the robot to change its trajectory by adjusting the torque on its joints. This approach
ensures that the robot can respond more dynamically to obstacles, reducing the risk of injury
during operation [56]. The third level, termed "mid-level control," focuses on controlling the
overall system. This level provides robust safety for humans by utilizing sensors both inside
and outside the robot. These sensors monitor the robot’s current state and intended trajectory,
offering feedback control before the robot navigates its path. To guarantee safety at this level, it
is important to consider the limitations of positions, velocities, and torque for both human joints
and the exoskeleton system during trajectory design and feedback control. Advanced trajectory
optimization methods can help manage the soft and hard constraints, ensuring safe operation [47,
107]. In all mechatronic designs, safety is paramount. Therefore, the exoskeleton’s mechanical
structure must align closely with the human limb’s anatomical structure to prevent pain and
injuries, providing users with a natural, comfortable experience. By incorporating nonlinear
optimal control techniques, model-based control methods, and Al integrated with biosignal
technology, future exoskeletons could offer a natural-feeling artificial device that disabled
individuals can rely on for effective assistance. Additionally, the integration of HITL control will
significantly improve the exoskeleton’s adaptability, user interaction, and effectiveness, making
it more suitable for diverse users (e.g., in rehabilitation)

CcOST Given the value of exoskeleton devices for military applications, the cost should not
be a significant concern, especially since these devices are specifically commissioned by the
government to enhance national security. In industrial application, start-up industries and already
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established companies may wish to enhance the muscular strength of their workers, reduce
fatigue, and provide fast workability with extra precision. In the case of medical applications,
exoskeleton devices for personal usage are not affordable for low-income earners. The goal of
developing medical exoskeleton devices is to assist the disabled and augment power for industrial
purposes. Affordability should also be a vital key to consider while designing robots for these
applications. The aim of the design could be defeated if the purchasing price is relatively high.
Therefore, to make the device affordable and equally not compromising the quality and efficiency,
the material technology used in building the hardware for the exoskeleton device should be
lightweight and compact. The mechanical and electronic components such as actuators, sensors,
power units, and configurable integrated circuits should be efficient, affordable, available, and
conform to performance. There is a need to apply new technologies such as carbon nanotubes
to produce artificial muscles to replace motor actuators, since carbon is abundant in nature.
Silicon is readily available in nature with abundant quantity. It is cheap, synthetically purified
into wafers, and serves as insulators and semiconductors for power transmission. Chips formed
from the fabrication of the wafers can adapt to new information in transmitting signals for
human-robot interaction. The silicon chips can be designed as integrated circuits embedded in
the actuators, sensors, and other electronic devices for controlling the exoskeleton hardware
framework. Robotics is not primarily about actuators, but by concentrating on actuator designs,
sensors, software, control theory, mechatronics, and Al, using readily available elements from
nature, we can achieve efficient exoskeleton control at a reduced cost.

2.7 CONCLUSION

This chapter presented the state-of-the-art (SOTA) design and control of exoskeleton robots
for improving human locomotion. Through this survey, we gain insights into the substantial
challenges faced in conceptualizing the design and implementing control strategies for these
exoskeleton robots, as well as potential approaches to mitigate these challenges. Furthermore,
the proposed future directions present innovative technological advancements that could enhance
the commercial viability of exoskeleton robots while contributing to quality of life.

The subsequent Chapter 3 will present the insights gained from the design strategies dis-
cussed in Chapter 2, specifically focusing on the modular lower extremity joints of the Recupera-
Reha exoskeleton. This could enable the implementation of optimized design approaches to
address the drawbacks of the existing exoskeleton systems and improve its performance.
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DESIGN ENHANCEMENT OF THE ASPM

“We have forty million reasons for failure, but not a single excuse.”

— Rudyard Kipling

Tijjani, I. (2022). Finding Optimal Placement of the Almost Spherical Parallel Mechanism in the
Recupera-Reha Lower Extremity Exoskeleton for Enhanced Workspace. In: Miiller, A., Brandstotter,
M. (eds) Advances in Service and Industrial Robotics. RAAD 2022. Mechanisms and Machine
Science, vol 120. Springer, Cham.

3.1

INTRODUCTION

In the previous Chapter 2, we thoroughly discussed the various design and control strategies
used to address the advantages and limitations of selected SOTA lower extremity joints.

This chapter delves into the basics of robot geometry in relation to the kinematic analysis

of the Recupera-Reha exoskeleton’s hip and ankle modules. The main goal is to improve the
limitations of the system. The chapter is structured as follows:

Section 3.2 delves into the significance of modular exoskeleton robots in aiding human
locomotion, providing a concise overview of parallel mechanisms, particularly the ASPM,
while discussing their strengths and weaknesses. Furthermore, the section addresses the
main problems associated with the ASPM joint module, which represents the hip and
ankle joints of the Recupera-Reha exoskeleton.

Section 3.3 introduces the ASPM device’s kinematic analysis to facilitate the formulation
of its dynamic model.

Section 3.4 outlines the procedure for determining the optimal placement configuration of
the ASPM device within the leg.

Section 3.5 presents preliminary simulation results and further discusses the method of
improving the limitations of the ASPM device.

Section 3.6 presents the kinematic analysis of the ASPM, as well highlights the de-
sign modification of the Recupera-Reha foot base to improve stability and enhance the
performance of the exoskeleton robot.

Section 3.7 offers a discussion.

Finally, Section 3.8 concludes the chapter.
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3.2 PROBLEM DESCRIPTION

The increased prevalence of conditions affecting mobility has resulted in a growing demand
for innovative solutions to assist individuals with walking impairments. One such solution
gaining prominence is the acquisition of modular lower extremity exoskeleton devices for
walking assistance. These devices offer promising potential for enhancing mobility and inde-
pendence for individuals with various mobility challenges, including those with neurological
disorders, musculoskeletal injuries, or age-related mobility limitations [74]. Furthermore, with
advancements in medical technology and rehabilitation practices, there is a greater emphasis
on enabling individuals with mobility impairments to participate actively in physical exercise
and social interactions [5]. Modular ankle exoskeleton devices offer a promising solution by
providing customizable support tailored to users’ specific needs, allowing for improved mobility
and quality of life. The design of parallel mechanisms plays a crucial role in addressing the
challenges associated with modular ankle exoskeleton devices. A parallel manipulator (PM)
or parallel mechanism is a robotic system device that offers high stiffness, payload capacity,
speed, and accuracy due to combination of two or more kinematic chains. In particular, spherical
parallel manipulator (SPM) is a PM which allows only rotational motions of its end-effector
platform. For instance, the prominent three (3) DOF Agile Eye [62] is a type of SPM and finds
application in camera orienting devices. The PKAnkle [128] is a redesigned prototype of Agile
Eye that fits in for ankle neuro-rehabilitation and is capable of providing wide ankle motion
ranges but has problems associated to alignment with the human ankle joint complex. The
majority of the researchers in the exoskeleton application domain for gait rehabilitation [16, 55,
95, 117, 130, 208, 226], exploits the advantages of an SPM design approach (see [111] for a
recent survey), with emphasis on increasing the workspace limitation, and finding a suitable
alignment configuration with the human ankle joint. Engineers can optimize ankle exoskele-
ton devices for improved performance, comfort, and user experience by integrating parallel
mechanism designs. However, designing effective parallel mechanisms for ankle exoskeleton
devices requires addressing several technical challenges. These include optimizing the kinematic
and dynamic characteristics to ensure natural and efficient gait patterns, minimizing device
weight and bulkiness to enhance user comfort and acceptance, and integrating intelligent control
algorithms to adapt to user movements and environmental conditions seamlessly.

The novel Active Ankle (see Figure 3.1) first introduced in [130] is a wearable ankle
exoskeleton device that exploits the advantages of a PM. It is an ASPM similar to the SPM in
structural design, with 3 DOF and 3 actuators capable of three principal movements; DF-PF,
EV-IN, and AD-AB motions. The design of the Active Ankle mechanism represents a module
for the ankle and hip joints of the Recupera-Reha full-body exoskeleton [101] in Figure 3.2.
An extensive kinematic analysis of the mechanism is available in [103, 104, 106]. The current
configuration of the active ankle mechanism within the Recupera-Reha exoskeleton presents
notable limitations. Specifically, the alignment of its joint axes on the exoskeleton leg does not
correspond adequately with those of the human ankle joint complex, resulting in a restricted
workspace. Therefore, identifying an optimal placement for the ankle mechanism within the
exoskeleton leg design is crucial. Additionally, a challenge arises from the passive ball and
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socket joint limit on the actuator, which further constrains the available workspace for the
principal movements. To address these issues, modifying the actuator’s physical limits and
ensuring proper alignment with the human ankle joint complex could enhance the workspace
for the principal movements and potentially serve as a tool for ankle joint rehabilitation.

Z

Leg mount point * v

Global frame

dUy

End effector (EE) point

Task space frame

dUy

Figure 3.1: ASPM ankle device [104]

3.3 KINEMATIC ANALYSIS OF THE ANKLE AND HIP JOINT MODULES

This section highlights the analysis of the inverse kinematic problem of the active ankle mech-
anism adapted from [104]. As earlier stated, the hip and ankle joint modules are designed as
ASPM, to drive a spatial quadrilateral that intersects its three rotative actuators perpendicularly
at its end-effector (EE) point. The opening angle of the ball and socket joint for the mechanism
is limited by £25° actuator angle constraint (¢,min, gmax), While the available ROM for the task
space angles (0,,in, Omax), 1s constrained by a +90° physical limit (0). The fascinating feature
in the mechanism design structure is that the physical configuration of its joint axes is capable
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Figure 3.2: Recupera-Reha full-body exoskeleton [101]

of bearing any force applied without external torque from the actuators. In essence, a design
structure of the joint axes different from the previous configuration will require additional
torques from the actuators to drive the device, thus, increased cost. Due to the ASPM design
nature, the existence of translation shifts in the EE point is neglected due to its small value when
the mechanism is used in the application point of view. Hence, only the rotative universal joints
with the spherical cut joints were utilized in the mechanical design structure, but in the analytical
kinematic formulation, the translation shifts were included.

w ¥ | R

Figure 3.3: Feasible workspace configurations adapted in [104].

The forward kinematic problem that derives the position of the EE as a function of its joint
variables is difficult to compute analytically for a complex PM like the ASPM since it has a
limited usable workspace. Therefore, you can not ascertain the feasible workspace that fits into
a specific joint configuration. For example, from the available workspace in the rotative domain
shown in Figure 3.3 as reported in the previous variant of the active ankle mechanism, we can
not discern the exact configuration for a given set of joint angles. Hence, the knowledge of the
positional coordinates of the device alone is not sufficient to determine the placement of the
mechanism in the leg. Therefore, we exploit the RIGM that computes the rotative joint space
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angles and EE positional shifts from the desired orientation, similar to the human ankle joint.

However, to achieve a desired orientation of the EE-frame, the RIGM uses the parameterized
orientation of the principal movement joint axes vectors represented by ux uy and u instead of
the position coordinates to find the input joint angles. The joint axes vectors are obtained from a
computer-aided design (CAD) model of the active ankle device and adapted to the RIGM.

To find an optimal placement point of the ankle mechanism in the leg with an orientation
aligned to the human ankle joint complex as shown in Figure 3.4a, three different coordinate
systems were considered at the EE point as shown in Figure 3.4b. The first coordinate is the
EE-frame (joint axes encoded in yellow color), with a different orientation not properly aligned
to the ankle complex of the human leg. A second coordinate is the task-space frame located at
the EE-point whose joint axes vectors (uy, Uy, U,) are parallel to the global coordinate attached
to the leg mount point. Our objective is to optimize the placement angle (&) so that the mounting
frames at the leg mount point and the EE-point are aligned parallel to each other. The third
coordinate frame (joint axes encoded in black color) is called the rotated frame. Considering
the rotated frame with the joint axes (duy, duy, du,) at zero-configuration, only the du, joint
vector is fixed in the same direction with the z-axis (blue color) of the global frame, unlike duy
and duy which are perpendicular to each other. The ASPM mechanism placement angle o is
the angle between the joint vectors of the task-space frame and the rotated frame. We want to
parameterize the rotated frame with respect to the task-space frame and map the generated joint
angles which are within the actuator limit to the EE-frame.
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(a) Human ankle complex [220] (b) ASPM coordinate frames

Figure 3.4: Human and ASPM ankle complex

Table 3.1 presents the ROM for the different motion types in comparison to the human
ankle joint motions reported in [104]. At zero-configuration, discernible differences in the
absolute sum of minimum (Min.) and maximum (Max.) angles indicate variances between
the human ankle motion ranges and those of the three other mechanisms. The active ankle
exhibits limited ROM in the DF-PF motion, as observed in the previous work [104], which
is an essential motion trajectory for the ankle joint fucntionality. However, this may prove
inadequate for dynamic walking, which is required in gait rehabilitation. Conversely, the SPKM
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and PKAnkle devices showcase restricted ROM in their respective EV-IN and AD-AB motion
types, potentially adequate for typical human daily walking activities. Nonetheless, according
to the findings in [189], a minimum ROM of 37° for stair-ascending and 56° for descending is
necessary for the DF-PF motion type movement, resulting in an absolute sum of 93°. For normal
walking, however, a ROM of less than 93° is sufficient. Thus, an augmented ROM is essential to
facilitate enhanced dynamic walking for common human daily activities and is also imperative
for athletic pursuits.

Table 3.1: Comparison between the human and existing ankle joint ROM

‘ Motion type ‘ Human ankle ‘ Active ankle [104] ‘ SPKM [16] ‘ PKAnkle [128] ‘

‘ ‘Min. Max. Abs.‘ Min. Max. Abs. ‘Min. Max.  Abs. ‘Min. Max. Abs.‘

DF-PF -20° 50°  70° | -19.83° 37.23° 57.06° | 29.8° 45.8° 75.6° | -40° 35° 75°
EV-IN -15° 35°  50° | -15.00° 35.00° 50.00° | 17°  22° 39° | -25° 20° 45°
AD-AB -30°  45°  75° | -29.20° 36.96° 66.16° | 25.9° 36° 69.10° | -20° 10°  30°

3.4 OPTIMAL PLACEMENT FOR THE HIP AND ANKLE MECHANISMS IN THE LEG

It is of interest to know the criteria for modification of the current design even though the results
obtained from the kinematic model analysis of the mechanism in [104] demonstrated the DOFs
for the three rotative actuators with a workspace modality that shows three principal movements
for application as an ankle joint. However, the use-case as an ankle joint rehabilitation device
towards enhancing recovery from ankle sprain, the following two cases could be used to increase
the usable workspace for the active ankle and obtain an optimal configuration point of placement
in the exoskeleton leg:

1. Case 1: Increasing the opening angle for the ball and socket joint to have wider ROM.

2. Case 2: For the optimal placement point of the mechanism in the leg, we require the
transformation of the task space frame with respect to the rotated frame.

3.4.1 Parameterization Procedure

The geometry of the ASPM device modules are analyzed using Matlab. The 4+25° actuator
angle constraints are initially set for the simulation to compare the previous experimental results
obtained in [104] and later increased to 4+-27°. The parameterization procedure is described
in algorithm 1, for a range of o in line 1 which is limited by 0, the transformation matrix
(T) in line 2 is built from a Matlab command makehgtform, that rotates the vector u, by o in
radians. Then, line 3 extracts the rotation matrix (R) part of T. The vectors uy and uy are now
parameterized by R in line 4 and line 5 respectively as the orientation vectors, such that they
are orthogonal to each other and lie on the same plane perpendicular to the u, axis. The RIGM
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3.4 OPTIMAL PLACEMENT FOR THE HIP AND ANKLE MECHANISMS IN THE LEG

function in line 7 takes into account the computed orientation vectors from the parameterized
vectors, and the actuator constraints as input while line 8 produces the joint space angles which
are within the actuator constraints as outputs.

In algorithm 2, the function routine TaskSpaceAngles in line 1 maps out the joint space
angles to o in line 2, line 3, and line 4 respectively, to find the relationship between them. line 7
returns the boundary limits on the task space angle curves computed from line 5 and line 6. The
function routine IntersectCurves in line 8 uses the Mathworks InternX function to compute the
minimum and maximum intersection points on the three curves. The intersection points within

the curves that are less than or greater than zero are computed in line 9 and line 10 respectively.

These are the trade-off points within the actuator actuator limit and the physical limit.

Algorithm 1: Parameterization Procedure
Input: Joint axes vectors:
uy = [—0.8165;0.4082;0.4082], uy = [0; —0.7071;0.7071], and u, = [1;1; 1]
Output: Joint angles:

g, 4y, and q;
1 for o = —m:2% :7;do
—0.3333 0.6667 0.6667 0
0.6667 —0.3333 0.6667 O
2 T+ ;
0.6667 0.6667 —0.3333 0
0 0 0o 1]
3 R« T(1:3,1:3),
4 | duy+ (Ruy);
s | duy< (R-uy);
6 du, < (u);
7 Function RIGM (duy, duy, dug, gmin, Gmax) *
8 45,9y, qz] < (=25° > ¢ <25°) ;
9 return gy, qy,q;

10 End
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3.5 PRELIMINARY SIMULATION RESULT

Algorithm 2: Computation of task space angles
Input: (&, gmin, Gmaxs 4x9y»9z)
Output: (6)
1 Function TaskSpaceAngles (Q, gy, Gy, 9z Gmin» Gmax)
2 | L+ ;4]
3 Ly < [0 qy]
4 L, + [o;q]
5 Linin < [a;Qmin : length(a)]
6
7
8
9

Lmax A [a;Qmax ! length(a)]

return L,,;,, Liax

Function IntersectCurves (Luin, Linax, Ly, Ly, L;) :
Opin < max(6 < 0)

10 Opmax < min(6 > 0)

11 return 6,,;,, 6,4«

12 End Function

3.5 PRELIMINARY SIMULATION RESULT

The graphical representation for the variation of (8,5, 6,,4x) and o, respecting the +=25° actuator
constraint on the opening angle of the ball and socket joint is depicted in Figure 3.5, for different
configuration points. For instance, at 0° configuration point, the sum of the intersection points
on the lower and upper boundaries of each curve produced the absolute sum of 63.46° DF-PF,
74.35° EV-IN, and 71.29° AD-AB ROM for the three principal movements of the ASPM ankle
joint module. Similarly, the process is repeated for the hip joint module shown in Figure 3.6.

Additionally, Table 3.2 and Table 3.3 show the information extracted from the above figures.

The green shaded rows in the tables are the chosen optimal placement configuration points of
the ankle and hip mechanism in the leg because the configuration points provide a symmetric
movement in both directions producing a wide ROM for the principal movements.

47



Task space angles (6)
o

Task space angles (6)

20

101

-10 -

X0
Y 37.5498

DA

Y 33.9331

3.5 PRELIMINARY SIMULATION RESULT

40

30

—+—DF PF min

—+—EVIVmin

—+—EVIVmax

—+—DF PF max

20

101

Task space angles (6)
o

X15.12
Y 37.5498

X-15.12

Y 31.1052

Y 34.5683
p X 15.12
X -15.12 Y 34.5484

—+—DF PF min

—+—DF PF max

—+—EVIVmin

—+—EV IV max

—_AD AB min 10 ——AD AB min
AD AB max ——AD AB max
20 20 -
40 | . . X0 . . L a0 | |
-200 150 -100 -50 Y -36.5861 ) 100 150 200 -200 -150 -100
Placement angle (a) Placement angle (o)
. ° . o
(a) Point 0 (b) Points £15.12
X -30.24 X 30.24
40 Y 36.8877 Y 36.4418 4or
X 30.24
30 Y 33.9377 30
20 20l
—+—DF PF min —+—DF PF min
D
10 ——DFPFmax | = 10 —e—DF PF max
[}
. =) .
—+—EVIVmin = —+—EVIVmin
or o O0r
—+EVIVmax e —+—EV IV max
Q.
"
10k ——ADABmIn | & .10 ——AD AB min
©
——AD AB max ——AD AB max
20 - 20 -
X 45
X -30.24 X 45| Y -31.1317
30+ 301 X -45
30 Y -33.7436 30 - Aq Y -33.7436
N N PR S V w
40 1 . X -30.24 | . X 30.24 . . L a0 1 | I . Y -34.5619 |1 I ]
200 150 100 |Y-36733) o Y-367888] 19 150 200 200  -150  -100 50 0 u 100 150 200

Placement angle (a)

(c) Points 4+30.24°

Placement angle (o)

(d) Points +45°

Figure 3.5: Ankle configuration points with £=25° actuator constraint

Table 3.2: Ankle motion ranges with +25° actuator constraint

‘ Placement angle() ‘

DF-PF |

EV-IN ‘ AD-AB
‘ ‘ Min. Max. Absolute ‘ Min. Max. Absolute ‘ Min. Max. Absolute ‘
0° -29.53 3993 6946 |-36.59 36.84 7343 |-33774 3755 71
—15.12° -30.98 34.57 65.55 |-3478 31.11 65.89 |-33.74 3755 71
15.12° -30.93 3455 6548 | -3093 3455 6548 |-33.74 3755 71

—45°
45°

-34.56  30.95
-34.56  30.96

65.51
65.52

-34.56  30.95
-31.13  34.80

65.51
65.93

-33.74  37.55 71
-33.74  37.55 71
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Figure 3.6: Hip configuration points with +25° actuator constraint

Table 3.3: Hip motion ranges with £25° actuator constraint

‘ Placement angle(c) ‘ DF-PF ‘ EV-IN ‘ AD-AB ‘

‘ ‘ Min. Max. Absolute‘ Min. Max. Absolute‘ Min. Max. Absolutc‘

0° -3478 3098  65.76 |-31.28 3520 66.48 |-33.39 3745 71
15.12° -3428 29.60 63.88 |-3690 37.45 7435 |-33.39 3745 71
—30.24° -31.02 3480 6582 |-31.02 3480 6582 |-33.39 3745 71
30.24° -3476 3093 6589 | -34.76 3093 6569 |-33.39 3745 71
—45° -29.60 3428  63.88 | -36.50 3693 7393 |-33.39 3745 71

45° -36.51 3745 7396 |-3428 29.60 63.88 |-33.39 3745 71
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3.5 PRELIMINARY SIMULATION RESULT

Furthermore, understanding the relationship between the active joint angles and the task
space angles reveals a trade-off within the actuator constraint boundary points. However, the
trade-off allows us to modify the opening angle of the ball and socket joint on the hardware
mechanism to an actuator constraint of +27°. As a result, we have control over the possible
task space angles. Our initial design optimization choice focuses on identifying an optimal
configuration point that enhances the workspace for the principal movements of the ASPM joint
modules. To achieve symmetric movement in both directions, it is necessary to establish a linear
relationship between the physical limits on the actuator angles and the task space angles. The
graphs in Figure 3.7 and Figure 3.8 are shown in more detail in Table 3.4 and Table 3.5, which are
tables for certain configuration points (0°, £15.12°, £30.24°, +45°). The study shows that the
ankle joint module has symmetrical movement with a wider ROM at the £30.24° configuration
point in Table 3.4. The hip joint module Table 3.5, on the other hand, has the most highest ROM
at the —15.12° configuration point, but it doesn’t have a symmetric counterpart. This asymmetry

arises due to the interdependence between the mounting points of the right and left hip joints.

Consequently, while a wider ROM is attainable, symmetry in the reachable workspace is not
achieved at the hip joint, except for a lower ROM found at the +-30.24° configuration points.
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Figure 3.7: Ankle configuration points with ==27° actuator constraint

Table 3.4: Ankle motion ranges with £27° actuator constraint

‘ Placement angle(a) ‘

DF-PF |

EV-IN ‘ AD-AB
‘ ‘ Min. Max. Absolute ‘ Min. Max. Absolute ‘ Min. Max. Absolute
0° -31.83 37.28  69.11 -39.77 40.14 7991 -33.74  40.26 74
—15.12° -33.74 37.87 71.61 -38.16 33.61 71.77 | -33.74 40.26 74
15.12° -33.74 3785 7159 | -33.74 3785 71.59 | -33.74 40.26 74

—45°
45°

-37.86
-37.86

33.41
33.41

71.27
71.27

-37.86 33.41
-33.64 38.17

71.27
71.81

-33.74 40.26
-33.74  40.26

74
74

I ]
150 200
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Figure 3.8: Hip configuration points with £27° actuator constraint
Table 3.5: Hip motion ranges with £27° actuator constraint
‘ Placement angle(cr) ‘ DF-PF ‘ EV-IN ‘ AD-AB ‘
‘ Min. Max. Absolute ‘ Min. Max. Absolute ‘ Min. Max. Absolute ‘
0° -38.18 33.44  71.62 -33.39 38.77 72.16 -33.39 40.15 74
15.12° -37.78 3192  69.70 -40.24  39.57 79.81 -33.39  40.15 74
—30.24° -33.39 3820 7159 |-33.39 3820 7159 |-33.39 40.15 74
30.24° -38.16 33.38 71.54 -38.16 33.38 71.54 -33.39  40.15 74
—45° -31.92 37.78 69.70 -39.66 40.15 79.81 -33.39  40.15 74
45° -39.66 40.15  79.81 -37.78 3192  69.70 | -33.39 40.15 74
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3.6 DESIGN MODIFICATION OF THE RECUPERA-REHA FOOT BASE

3.6 DESIGN MODIFICATION OF THE RECUPERA-REHA FOOT BASE

The design of the foot base plays a crucial role in enhancing stability and performance of the
legged robotic systems. The feet are not just a base of support and point of contact with the
ground; they are the cornerstone of balance. Studying the relation between foot design and
stability is key to ensuring balance and posture of legged robots. The stability of the human
body, as well as many bipeds, is intricately tied to the structure of the foot. A well-aligned foot
base is crucial for maintaining balance and preventing instability, highlighting how foundational
biomechanics contribute to overall stability. The foot base support is highly significant in
assessing dynamic stability for an exoskeleton robot walking. A smaller foot base may suffice
for certain applications but can lead to issues such as tipping or instability when the system is
subjected to lateral forces or operates on uneven terrain. To achieve balance and posture, the
robot’s COM and COP should be within the foot base support [73], i.e., the support polygon is
dependent on the frame in contact with the ground surface.

(a) Existing ASPM ankle foot base (b) Modified foot base

Figure 3.9: CAD prototype of the Recupera-Reha foot base

The geometry of the foot base have been modified to increase ground contact area while
maintaining compatibility with the existing robotic system. The design modification includes
features such as:

* Increased surface area for better stability and center of pressure distribution.
* Reinforced edges to prevent deformation under load.
* Mounting points compatible with existing system components.

The two-foot bases shown in Figure 3.9 provide varying levels of stability depending on
their dimensions. The 40 mm x 40 mm foot base shown in Figure 3.9b is the modified foot
base, which has a wide support base area that comes into contact with the ground. It offers
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enhanced stability due to its broader surface area. The increased dimensions help distribute
weight more evenly, significantly reducing the risk of tipping or wobbling. This makes it
particularly advantageous for applications requiring a stable and secure foundation, such as
supporting human body weight or maintaining balance on even surfaces. In contrast, the 16 mm

x 16 mm foot base shown in Figure 3.9a with a smaller foot base has a more compact footprint.

Although it suits applications with limited space or lighter loads, its smaller surface area results
in less stability than the larger base during standing and walking. This could increase the risk of
instability or tipping under heavier or uneven loads. Therefore, the 40 mm x 40 mm foot base is
ideal for scenarios where maximum stability is crucial, while the 16 mm x 16 mm foot base is
better suited for situations with lighter requirements and spatial constraints.

3.7 DISCUSSION

The goal of this study is to determine the optimal position and orientation of the ankle and
hip joint mechanisms within the leg structure of the Recupera-Reha exoskeleton. The existing
ASPM prototype imposes a constraint on the actuator movement, limiting it to £25°, which
in turn restricts the workspace available for the mechanism’s primary movement. Given the
intricate design complexity of the ASPM, identifying an optimal placement point within the leg
structure poses a significant challenge. But by using the RIGM method on the mechanism and
changing the actuator constraint to +-27°, it was possible to identify an optimal placement point
that allows for an expanded workspace encompassing a wider ROM. The underlying rationale
behind these three principal movements is to facilitate extensive motion capability, adaptation to
uneven terrain, balance maintenance, and provision of stability and propulsion during various
activities such as standing, walking, running, and rehabilitation from ankle sprain.

3.8 CONCLUSION

This chapter presents a comprehensive kinematic analysis of the hip and ankle joint modules for
their optimal placement in the Recupera-Reha leg. Since finding the optimal placement of the
ASPM modules in the leg is an inverse kinematic problem, the analysis exploits the RIGM to
compute the rotation joint angles and end-effector positional shifts from a desired orientation, in
order to find the task space angles with wide motion ranges suitable for the principal movements
of the ASPM joint modules. The kinematic analysis of the ASPM joint modules, detailed in this
chapter, will serve as the foundation for extending its dynamic modeling solution in Section 4.2
of Chapter 4. This extension will be integrated into the intricate model of the Recupera-Reha
exoskeleton lower extremity joints. Subsequently, in Chapter 5, which focuses on application
scenarios, the experimental outcomes derived from actuator joint tracking for the three primary
movements of the ASPM joint modules will be presented. Additionally, the control strategies
implemented to enhance the exoskeleton robot’s capabilities in facilitating walking motion
will be outlined. On a related note, the information regarding the modification of the foot base
pertains solely to the preceding chapter’s research efforts for achieving enhanced stability and
performance during walking motion.
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MODELING AND CONTROL STRATEGY

"Will robots inherit the earth? Yes, but they will be our children"

— Marvin Minsky

Tijjani, I., Kumar, R. and Boukheddimi, M. and Trampler, M. and Kumar, S. and Kirchner, F. (2024).
"Sitting, Standing and Walking Control of the Series-Parallel Hybrid Recupera-Reha Exoskeleton".
The 2024 IEEE-RAS International Conference on Humanoid Robots, Nancy, France, November
22-24

4.1 INTRODUCTION

This chapter lays the groundwork for this thesis’s modeling and control aspects, drawing
attention to related works and highlighting the ability of a kinematic and dynamic software
framework to manage model complexity and apply control strategies using a high-fidelity
model. Consequently, allowing the formulation of the optimal control problem used to produce
desired motions like sitting, standing, and walking. The chapter is organized as follows: Section
4.2 provides illustrations of the Recupera-Reha exoskeleton robot and its model formulation.
Section 4.3 outlines the OC method for sitting, standing, and static walking. Section 4.4 offers a
discussion and lastly, Section 4.5 presents a conclusion.

4.1.1 Background of the Study

Exoskeleton robot research focuses on developing wearable devices that enhance human capa-
bilities, particularly in mobility and strength. These devices, often inspired by the structure and
function of the human body, are designed to augment, assist, support, or rehabilitate individuals
with various needs, including those with mobility impairments, injuries, or conditions affecting
muscle strength. In recent years, exoskeleton research has gained significant traction due to its
potential to address a wide range of needs across various domains of which researchers explore
areas such as control algorithms, biomechanics, and human-robot interaction to optimize ex-
oskeleton performance, comfort, and usability. Key goals include improving mobility, enhancing
rehabilitation outcomes, and promoting independence and quality of life for users. Overall,
exoskeleton research represents a dynamic and multidisciplinary field with significant potential
to revolutionize healthcare, industry, and everyday life by enhancing human capabilities, pro-
moting rehabilitation, and improving overall well-being [61],[ 148]. Ongoing research efforts
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4.1 INTRODUCTION

aim to address challenges, optimize performance, and unlock the full potential of exoskeleton
technology for a wide range of applications.

4.1.2 Related Works

Over the years, researchers have actively designed wearable exoskeleton robots to improve
ambulatory abilities. Upper-body designs have seen increasing implementation, while lower-
body designs deployed commercially remain comparatively fewer. A survey on design and
control of lower extremity exoskeletons has been presented in [201]. Exoskeleton robots with a
series-parallel hybrid structure face challenges in kinematics and dynamic modeling due to their
closed-loop formation and kinematic constraints. Modeling tools and software frameworks [25,
35, 51, 115] typically use numerical methods to solve loop closure constraints in lower-body
exoskeletons reported in [68, 85, 137] but their solvers may suffer from insufficient accuracy and
slow convergence rates. Recent progress in robot and mechanism modeling has focused on the
modular resolution of closed-loop constraints [100, 105, 111, 146]. The use of both numerical
and analytical methods, offers a balanced strategy by leveraging existing analytical solutions
and employing numerical resolution where analytical solutions are not available. Figure 4.1
illustrates the Recupera-Reha exoskeleton with a human wearer in three modes: (1) sitting,
(2) standing, and (3) static walking. The exoskeleton incorporates a parallel configuration of
linear actuators at the spine and knee joints, alongside reported variants of the ASPM [104,
106, 130, 200] representing the hip and ankle submechanisms. This complex design yields
a series-parallel hybrid structure with numerous kinematic loops, posing challenges in both
modeling and control (see [111] for a survey on such systems). Nonetheless, this exoskeleton
has a unique feature of transferring the upper-body weight to the ground while standing during
upper-limb assistive rehabilitation. It holds the potential to combine the advantages of a walking
exoskeleton for assistive support and that of a user-scalable chair to offer relief to disabled
patients from prolonged periods of standing.

When it comes to controlling the gait motion of an exoskeleton, whether through position,
force, or torque control, it’s crucial to carefully define the control algorithm to ensure adaptability
to the system. Many exoskeleton designs [26, 199, 218] rely on classical PID controllers,
trajectory tracking, gait pattern generation, motion capture, and EMG signals from healthy
human muscles to assess assistive performance. Unlike these methods, the outcome of an
exoskeleton robot walking in [182] relies on MPC based on a quadratic program. This approach
specifies kinematic tasks to determine desired joint positions and velocities. In [68], OC based on
direct collocation is used on the full exoskeleton model to produce walking motions. This method
formulates OC in a discrete-time domain rather than continuous, simplifying the numerical
solution using a non-linear program. However, this method has the tendency to get stuck in local
minima and has poorer convergence property in comparison to OC methods based on DDP.
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Figure 4.1: The Recupera-Reha exoskeleton robot in (1) sitting, (2) standing and (3) static walking mode

4.2 MODELING OF RECUPERA-REHA EXOSKELETON ROBOT

The mechanical structure of the Recupera-Reha exoskeleton contains various parallel submech-
anisms that pose a major challenge in terms of modeling and control. This section describes
the modeling approach for the Recupera-Reha system that takes into account the loop closure
constraints and enables computationally efficient solutions for the kinematics and dynamics of
the robot.
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Figure 4.2: Recupera-Reha system and its topological graph
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4.2 MODELING OF RECUPERA-REHA EXOSKELETON ROBOT

4.2.1 Modeling of Closed Loops as Explicit Constraints

Loop closure constraints in rigid body systems are the non-linear constraints on the motion
variables. They can be expressed in implicit and explicit form [49]. Any rigid body system
can be seen as a tree-type system with combination of links and joints. Let q be the vector of
spanning tree joints and y a vector of independent joint variables that define q uniquely.

Table 4.1: Loop closure constraints [49]

Type  Position Velocity Acceleration

Implicit: ¢(q) =0 Kq=0 K{q=k
Explicitt q=%(y) q=Gy {=Gy+g

In Table 4.1, K = 92, k = —K¢q, G = 57, and g = Gy. If both implicit and explicit
constraints define the same constraint in the system, then it can be deduced that poy = 0,
KG =0, and Kg = k. The main focus is on the explicit constraints as it eliminates the possibility
of constraint violation. In [100], a modular approach is described where explicit constraints are
derived numerically from implicit constraints in a computationally efficient way.

4.2.2 System Description

This section describes the loop closure mechanisms present in the 34.68 kg Recupera-Reha
exoskeleton robot. It has 20 active DOFs and consists of an electronic backpack, spine, and
the lower-limb joints. In Figure 4.2, the system is represented as a serial composition of 7
submechanisms, all of them are closed-loop mechanisms. It consists of 148 spanning tree joints
(n = 148) of which 20 are independent joints (m = 20) and 20 are actuated joints (p = 20). All

the independent joints are shown as green edges and the actuated joints are shown as red edges.

The remaining spanning tree joints are passive in nature. The cut joints for loop closure are
denoted by dotted lines. The three major loop closure mechanisms are present in the spine, hip
and ankle, and in the prismatic knee of the system.

4.2.2.1 Spine Mechanism

The first loop closure submechanism (denoted as Sy in Figure 4.2) is a stewart platform [190] of
type 6UPS, actuated by 6 linear actuators. Here, the spherical joint is considered as the cut joint
and each cut joint imposes 3D translation constraint. This submechanism imposes a total of 18
constraints.
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Figure 4.3: Leg in the Recupera-Reha exoskeleton [112]

4.2.2.2 Knee Mechanism

The second loop closure submechanism is an active-passive knee mechanism actuated by a
single prismatic actuator. The knee is designed in such a way that it can be used as a chair to
support a person through its passive 1 DOF support and seat mechanism in Figure 4.3. The
support and seat mechanisms considers revolute joints as a cut joint and imposes a total of 6
constraints (3 per planar translation constraints). The submechanism is denoted as S3 and S¢ in
Figure 4.2.

4.2.2.3 Hip and Ankle Mechanism

The third submechanism in the system is a multi loop closure mechanism of type 3R2US with
3 DOF, present in the hip and ankle of the system. The independent joints are roll, pitch and
yaw movements that are used to provide control commands to the three actuators present in
the submechanisms. The loop closures are defined using spherical cut joints that impose 3D
translation constraint. Six cut joints in the submechanism contribute to 18 constraints. The
submechanisms are denoted as S,, Sy, S5, and S7 in Figure 4.2.

4.2.2.4  Numerical-Analytical Resolution of Loop Closures as Explicit Constraints

The numerical-analytical hybrid approach is used to model the loop closures as explicit constraint
for the system [100]. In this scenario, an analytical approach was exclusively applied to resolve
the spine mechanism due to the availability of symbolic expressions. However, tackling the hip
and ankle mechanisms required a significant investment of expert knowledge and time to derive
the necessary analytical expressions, as they lacked existing symbolic representations. Adopting
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4.2 MODELING OF RECUPERA-REHA EXOSKELETON ROBOT

a numerical-analytical approach proved highly advantageous, enabling the explicit resolution of
loop closures and ultimately saving a lot of effort. The explicit constraints can be written as

T
YZ[YlT,a Ve Vin Yin Vin Yo Y{n} 4.1)
G — dlag (Gl,a, Gz,n’G?),n’ G4,n,G5,naG6,n,G7,n) (42)
T
g=|¢l, o, e, &, &, o, o, (4.3)

where a denotes analytical resolution and, n denotes numerical resolution of loop closures in the
above equations. The submechanisms are denoted by S; where i = 1...7 as shown in Figure 4.2.
It is tested on the real system where the resolution of loop closures happens at 1kHz in real time
including the calculation of inverse dynamics in actuation space.

4.2.2.5 Overall Range of Motion

The studies discussed in [104], [200] explores the ROM capabilities of the Recupera-Reha
lower extremity joints for improved workspace. The spine joint consists of 6 DOF active joints
and six independent joints: three prismatic joints translating along the X, Y, and Z axes and
three revolute roll, pitch, and yaw joints. Similarly, the prismatic knee joint functions as the
active and independent joint. Furthermore, three actuators each exists within the hip and ankle
mechanisms, incorporating three distinct revolute joints operating as the independent joints. The
ROM, maximum force and torque, and maximum velocity available at each actuator joint of the
exoskeleton full hybrid model is listed in Table 4.2. Table 4.3 provides details of the independent
joints, outlining the ROM used in the tree-abstraction model of the exoskeleton.

Table 4.2: ROM for the Actuator Joints

Actuators Force/ Max. Vel. ROM
Torque
6 Spine Actuators 570 N 0.34 m/s [0,0.11]m

Knee Actuator 662N  0.34 m/s [-0.064 ,0.09 |m
3 Hip Motors 176 Nm 2.39rad/s [-0.436,0.436]rad
3 Ankle Motors 28 Nm 7.17rad/s [-0.436,0.436]rad

4.2.3 Tree Abstraction Model

The full hybrid model in Figure 4.2 is complex in nature due to multiple loop closures . All
the submechanisms in the system impose a total of 102 constraints (n, = 102) to be resolved.
Although HyRoDyn can promptly resolve these constraints in real-time, integrating them into an
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Table 4.3: ROM for the Independent Joints

Independent joints ROM
Spine X  [-0.143,0.122 ] m
SpineY [-0.153,0.153 ]m
SpineZ  [-0.056,0.057 ]m

Spine Roll [-0.576, 0.585 ] rad
Spine Pitch [-0.576,0.576 ] rad
Spine Yaw [-1.518,1.518 ]rad
Knee joint [-0.064, 0.09 ] m
Hip Roll [-0.349,0.646 ] rad
Hip Pitch [-0.262,0.611 Jrad
Hip Yaw [-0.349, 0.646 ] rad
Ankle Roll  [-0.349, 0.646 ] rad
Ankle Pitch [-0.262,0.611 Jrad
Ankle Yaw [-0.349,0.646 ]Jrad

optimization process poses a considerable challenge. Incorporating the intricate hybrid system
into an OC framework necessitates derivatives for the loop closures, which are presently un-
available. Consequently, integrating these constraints into motion generation becomes inherently
complex. As a result, a tree-abstraction model of the entire system is typically preferred. A tree
abstraction of the Recupera-Reha exoskeleton is shown in Figure 4.2. The tree abstraction model
of the robot consist of 20 DOF (m = 20) that can be used for motion generation.

4.3 MOTION GENERATION DEFINED AS AN OPTIMIZATION PROBLEM

In this section, we describe the motion generation for the Recupera-Reha exoskeleton using OC.
This includes the constrained multibody dynamics up to the detailed formulation of the OCP for
each movement. From this section onward, the tree abstraction model will be considered, where
q is the vector of independent joint coordinates € R™ including the virtual floating-base joints.

4.3.1 Whole-body dynamics under constraints

The exoskeleton is a rigid, articulated multi-body system whose dynamics include K contact
constraints. The equation of motion for this type of system is based on the Euler-Lagrange
equations of motion (Equation 4.4):
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K

M(q)i+b(q.q) =STt+ Y Ji(q)TA (4.4)
k=1

where,
* q is the vector of joints’ rotations including the virtual floating-base joints.

* (,(q are the vectors of generalized velocities and accelerations.

M(q) is the inertia matrix.

* b(q,q) is the vector of gravity and non-linear forces.

S is the selection matrix for the actuated elements.

7T 1s the vector of internal joints torques.

J(q) is the contact constraints’ Jacobian matrix.
* A is the vector of contact forces.

Given that the system dynamics are defined in the acceleration dimension, the k' contact is
expressed as a second-order static constraint (Equation 4.5):

Jii+Jg=0 Vkel---K (4.5)

The constrained dynamics is expressed as the combination of (Equation 4.4) and (Equa-
tion 4.5) in (Equation 4.6) :

T i Tr—
M J. q | _ S’L" b 4.6)
Jc 0 _Afc _ch
T T
J.= [JIT...JkT...JKT] yAe = [/lle?LkTm?LKT
4.3.2 Optimal Control Problem Definition
The trajectory optimization problem is descretized and formulated as follow:
N—1
min Iy (xy) + Z{)l(xt,u,)dt (4.7a)
=
s.tt. xo="f, (4.7b)
Vi e {ON— 1}, Xjr1 = f; (X,-,u,-) 4.7¢)

where:

* x = (q,q) is the state of the system,
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u is the torque control variable,

Iy 1s the Terminal cost model,

[ is the Running cost model,

f; is a discrete function describing the system dynamics

* X is the initial state of the system,

N is the number of nodes over a trajectory.

In this study, the OCP was resolved using a shooting method [37], namely the Box-FDDP
algorithm [23]. The DDP algorithm is well suited to this type of optimization problem, as it
exploits the system’s sparsity in a highly-iterative way. FDDP (Feasibility DDP) [129] enables
us to find a solution even from an infeasible guess, and overcomes the numerical restrictions of
single-shot algorithms like the original DDP. The box allows the resolution within the robot’s
permissible torque limits. The open-source software Crocoddyl [133] with its Box-FDDP solver
was employed for this resolution. The dynamics and their derivatives have been computed in a
fast and efficient manner using the open-source software Pinocchio [25] .

4.3.3 Desired Motions Formulated As Cost Models

In order to evaluate the robot’s capabilities, two movements have been designed as OCPs. In the
following, the OCPs will be described as cost models.

4.3.3.1 Sitting and standing movements

It’s well known that sitting in a wheelchair for long periods of time leads to numerous health
problems [119, 121]. The Recupera-Reha exoskeleton was originally designed for upper-body
rehabilitation, making the ability to stand up and sit down an essential task for the system. This
prevents the user from sitting for long periods. This movement consists of a single phase for
the sitting movement and a single phase for the standing movement. The movement is designed
such that the COM is lowered for sitting and raised for standing, while maintaining the system’s
balance.

4.3.3.2 Static walk movement

The trajectory optimization allows to generate a wide variety of movements that add flexibility
and versatility to the rehabilitation training. With this in mind, a static walk has been designed
while respecting the joints limits of the system. This movement was selected to assess the robot’s
ability to move through its environment, in order to be able to provide lower limb rehabilitation
exercises as well in the future. The static walk movement represents only an example of the
movements that could be designed or scaled to suit different walk models and rehabilitation
needs.
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The static walk movement is composed of a right and a left stride. Each stride is divided
into two phases: the support phase and the swing phase.

* Support Phase: In this phase, the COM (x,y) is shifted over the supporting foot before
moving the opposite foot forward. Both feet are in contact in this phase.

* Swing Phase: In this phase, the swing foot breaks contact with the ground to move forward.

4.3.3.3 Cost Models Definition

To achieve these movements, the following Running and Terminal Cost Models have been
implemented.

Cr
I = Zac (@.6.7). Iv=Y tPe(q.4). (4.8)
CF=1

Where, @, ®., represent the cost of the running and terminal models respectively, ., ¢, € R
represent their respective weights, which have been empirically determined. In both movements,
the cost functions composing the cost models are the following:

* COM target: COM placement c,, tracks the COM reference placement at the end of each
phase of movement. @ =|| ¢,,(¢) — ¢ (ty) |15

* Torque regularization: Joint torques minimization to ensure the dynamic feasibility.
= () II3

* Posture regularization: This cost manages the redundancy of the multi-body dynamics.
@3 = q(r) —a" () |5

ty represents the final time of each phase of the motion.
The static walk movement requires an additional cost, the foot-tracking cost, in order to
move the swing foot forward.

* Foot Tracking: The foot placement r,, tracks the final foot position of each phase (right or
left, depending on the movement phase).

Py =| rw(r) — x5 (ov) 13

The terminal cost model excludes the Torque regularization cost function.

4.4 DISCUSSION

This research work is committed to advance the capabilities of the Recupera-Reha LEE, specifi-
cally tailored to support upper-body weight during upper-limb assistive rehabilitation. First, we
extend the kinematic and dynamic analysis to encompass the complete model of the exoskeleton
robot, addressing its inherent closed-loop mechanisms through a hybrid approach facilitated
by the HyRoDyn [109] software framework. To the best knowledge of the author, this is one
of the most kinematically complex robots shown to be solved with a model-based approach in
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the literature. This study demonstrates the successful OCP formulation and execution of sitting,
standing and static walking movements on a series-parallel hybrid Recupera-Reha exoskeleton.
Exploiting a DDP-based OC algorithm to generate feasible movements highlights the potential
for enhancing the exoskeleton capabilities. Additionally, the HyRoDyn software framework
efficiently handles loop closure constraints in the exoskeleton model and enables a smooth
mapping between the independent joint and actuator spaces. In this work, the formalization of
OCPs was achieved using the tree abstraction model, due to the high complexity of our system
involving a total of 102 constraints. Including closed-loop constraints in the optimization process
is an effective way to explore the full capabilities of a series-parallel hybrid robot as recently
reported in [20]. However, the inclusion of such a large number of holonomic constraints makes
the resolution of OCP very challenging. In our future work, we will develop new techniques
to include the large number of closed-loop constraints in the optimization problem in a com-
putationally efficient manner such that the extreme capabilities of the system can be exploited.
The system was originally designed for upper-body rehabilitation and has not been optimized
for lower-limb rehabilitation, making this work more challenging. Furthermore, analysis of the
range of motion in the exoskeleton leg joints demonstrates its potential for integrating functional
rehabilitation exercises for patients.

4.5 CONCLUSION

This chapter presents the resolution of loop closure constraints in a hybrid and explicit manner
for the complex Recupera-Reha LEE. It achieves this by leveraging the features of HyRoDyn
to resolve all the loop closure constraints. Next, we examine the OCP formulation, which
generates the desired motions, using a tree abstraction model that incorporates constraints on the
exoskeleton independent joints. In this study, the OC approach employs a shooting method that
incorporates a discrete-time OC formulation. This method enables us to find feasible solutions
even from an initially unfeasible guess, overcoming numerical limitations while adhering to
the robot’s torque constraints. Therefore, by utilizing the DDP-based OC method, we have
improved the functionality of the exoskeleton, facilitating motions such as sitting, standing, and
static walking. The subsequent Chapter 5 will illustrate the experimental pipeline, showcasing
the low-level control architecture and present results from simulations as well as experiments
conducted on the exoskeleton robot.
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RESULTS AND APPLICATION SCENARIO

"Productivity is never an accident. It is always the result of a commitment to excellence,
intelligent planning, and focused effort"

— Paul J. Meyer

5.1 INTRODUCTION

This chapter presents the results of the overall thesis research work to illustrate the enhanced
capabilities of a series-parallel hybrid Recupera-Reha exoskeleton. It focuses on implementing
the novel low-level control architecture and integrating it with a high-level software framework to
improve control performance. Furthermore, this research’s practical application has the potential
of integrating the human-exoskeleton interaction in optimal control loops and in real-world
situations. The contents presented in this chapter are drawn from the research conducted in
Chapter 4. The chapter’s structure unfolds as follows:

* In Section 5.2, the focus lies on elucidating the low-level control architecture, and estab-
lishing the integration of a high-level software framework to enhance control performance.

* Section 5.3 delves into the simulation and experimental pipeline, highlighting the environ-
ments, software components, communication protocols and control method employed.

» Section 5.4 presents the simulation and experimental results, beginning with the ROM
tracking for the exoskeleton’s lower leg joints. To validate the efficacy of the OC approach
used to generate trajectories, the simulation results for desired motions (sitting, standing,
and static walking) are verified experimentally on the exoskeleton robot.

* The practical application of this research in a specific human-robot-interaction scenario is
demonstrated in Section 5.5.

* Finally, Section 5.6 provides a conclusion for the chapter, summarizing the key findings
and implications of the research.

5.2 LOW-LEVEL CONTROL ARCHITECTURE

The foundational control layer serves as the initial architectural framework for managing
the joints driven by actuators in the exoskeleton. As depicted in Figure 5.1, decentralized
Actuator Control Units (ACUs) housed within a compartment of the exoskeleton backpack
control these actuators. Every ACU comprises a printed circuit board (PCB) divided into three
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distinct sub-units responsible for power distribution, logic processing, communication and
data acquisition. There are two different voltages that power each ACU. A voltage of 48 V
is allocated for the actuator phases, while 12 V is designated for logic and communication
purposes. Communication between the exoskeleton joint actuators and the ACU is facilitated
through a Node Data Link Communication (NDLCom) network, enabling the implementation
of cascaded position-velocity-current control. This control is achieved using dedicated field
programmable gate array (FPGA) electronic boards integrated within each Brushless Direct
Current (BLDC) actuator located on the joints of the exoskeleton. As a precautionary measure

to ensure safety, the FPGA incorporates a customizable firmware-based fuse on the hardware.

This fuse is designed to deactivate the system in the event of voltage fluctuations or when
the actuators fail to supply the necessary current to drive the joint. Sensing devices on the
exoskeleton are placed at the joint actuator side to enable position, speed, force and torque
control; for instance, the linear actuators available at the (spine and prismatic knee) joints are
equipped with draw-wire and stiff-type linear sensors respectively for sensing the linear speed
and absolute position via current measurement. Force sensors are also available on the linear
actuators to enable force control, but due to high friction, they are not enabled in the FPGA
electronics of the low-level control architecture. The BLDC actuators of the (hip and ankle)
joints are coupled with harmonic gear drives, inertia measurement unit (IMU), and equipped
with sensors that allows absolute postion and torque control via current measurement. These
actuators offer high power density and minimal backlash, though they also exhibit significant
friction, resulting in some energy loss.
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|
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- Cascaded position/ velocity/ current control ankle A::U ”
i ankle
- Motor commutation I
- Actuator Control Unit (ACU) ndlcom_Jomt“TaSk |
< ACU
Left leg Right leg

Figure 5.1: Low-level Control Architecture for the Recupera-Reha exoskeleton

5.2.1 Integrating the Low-level Architecture with a Software Framework

Integrating the low-level control architecture with a software framework is crucial for enabling
higher-level functionalities and applications. The Robot Construction Kit (RoCK) [76] is a
software framework tailored for developing robotic systems, facilitating integration of readily
available drivers and modules into systems and incorporating new components. It utilizes a

67



5.2 LOW-LEVEL CONTROL ARCHITECTURE

component model based on the Orocos Real-Time Toolkit (RTT). HyRoDyn’s control capabilities
address the kinematics and dynamics of series-parallel hybrid robots, and its orogen component
is integrated with RoCK. HyRoDyn can perform tasks such as forward and inverse kinematics
and control operations, ensuring smooth mapping between independent joint space and actuator
space. As depicted in Figure 5.2, at the lower left hand corner is HyRoDyn’s orogen module
interface, independent joint state parameters (position, velocity, or acceleration) from NDLCom’s
first output port are channeled to HyRoDyn’s input port. HyRoDyn then sends joint commands
to RoCK-QT-Widget visualization component for showcasing robot motion and inspecting
task data after solving either of the forward or inverse dynamic task. The second output from
NDLCom relays status data to the FPGA, which implements position, velocity, or current
control on the exoskeleton joint actuators via the ACU. Furthermore, the low-level control
architecture features a graphical user interface (GUI) named CommonGUI. This interface
allows the configuration of PID gains, scaling factors for position-velocity-current control, and
movement of each exoskeleton joint through the BLDC joint control widget embedded as a
CommonGUI-RoCK component. Alternatively, you can directly write these values to an external
Extensible Markup Language (XML) file, which will then serve as commands to the FPGA
electronic registers of the exoskeleton robot.
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Figure 5.2: Integrating low-level control with HyRoDyn software([101])
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5.3 SIMULATION AND EXPERIMENTAL PIPELINE

To validate the effectiveness of our control architecture and its integration with the software
framework, we conducted extensive simulations and experiments. This section provides a
detailed account of the simulation environment, the experimental design, and the data collection
processes. As shown in Figure 5.3, given the exoskeleton robot joint limits (position, velocity,
and torque) representing the state and control, dynamics and contact constraints from the feet as
inputs, the DDP-based CROCODDYL software framework is used to generate feasible motion
trajectories in the independent joint space. The resulting output of the CROCODDYL software
framework is a trajectory file containing the joint state and the optimal control measure which is
tested in a PyBullet [31] dynamic simulation environment.
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Robot Joint Limits N i PD-Control
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state (X), control (U) ‘ N Tra]ectory Data " .Q
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Joint Space
Inverse Dynamics U Low-Level
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Figure 5.3: Overall Simulation and Experimental Pipeline

SIMULATION SETUP PyBullet is an open-source physics engine primarily used for sim-
ulating robotics and physics-based simulations. It provides a platform that enables efficient
computation of rigid-body dynamics, collision detection, and motion control in a virtual envi-
ronment. Its motion tracking functionality is engineered to replicate real-world robotic testing
procedures, involving trajectory interpolation and closed-loop control at the joint position level.
The OC approach generated the optimal state trajectories, X*, as shown in the trajectory file in
Figure 5.3. We then tracked these trajectories using a PD controller in the PyBullet simulator.
We used the cubic interpolation method to estimate the trajectories up to 1 kHz so that there
would be a smooth transition between the parts of the proportional and derivative trajectories in
the joint space. The desired motions obtained from the OCP are validated through joint tracking
in simulation. Figure 5.4 shows the physics engine simulator’s outcome for the exoskeleton’s
four-step static walk motion. Solid lines represent the reference trajectory from OC, while dotted
lines represent the physics engine simulator’s generated trajectory. By tracking the joints of the
left and right leg, we can analyze the performance of the exoskeleton as it follows the trajectory
defined by the OC algorithm during a specific period.

The floating base’s motion shown in Figure 5.5 is a result of joint space control during static
walking. In the graphical legend, "des" indicates the desired trajectory from OC, while "act"
denotes the actuator’s response. The deviations observed in the X, Y, and Z axes of the floating
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base are not a result of inadequate controller tracking, but rather stem from the performance
of the joint space control. A noticeable spike in the z-axis oscillation at the beginning of the
motion indicates the robot’s effort to stabilize itself before the first leg stride. We attribute the
discrepancies in the physics simulator’s graphical result to model inaccuracy. Using the complete
exoskeleton model in the physics simulator leads to a prolonged processing time, which may
result in the simulator shutting down due to the intricate nature of the full model. The simulator

attempts to mimic and reproduce the given reference trajectory, however it is unsuccessful.

Therefore, a simplified tree-type abstraction model of the exoskeleton, which comprises only the
independent joints is utilized but it does not accurately capture the physical system’s dynamics.
Hence, result in slight deviations. Addressing these discrepancies could be achieved by directly
controlling the position and orientation of the exoskeleton directly in the Cartesian space rather
than specifying each joint’s desired angles, velocities, and torques. Nevertheless, the robot
effectively adhered to the trajectory set by the OC and reached the desired position. Overall, the
plots suggest that while the system is capable of following the desired trajectories, there are
areas where the actual movements deviate from the intended path, potentially indicating areas
for improvement in control algorithms or mechanical design.
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Figure 5.4: Joint space tracking in PyBullet simulator during four-steps static walk
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Figure 5.5: Floating base motion in PyBullet simulator during four-steps static walk

EXPERIMENTAL SETUP In the experimental setup, the following experiments were con-
ducted. Firstly, the exoskeleton joints ROM’s tracking was evaluated, using the full series-parallel
hybrid exoskeleton model. To test the ROM of the robot in the independent joint space, refer-
ence joint positions are provided to HyRoDyn software framework as waypoints to compute
the actuation space positions. These joint positions were then sent to the low-level actuator
controller for communication with the exoskeleton joint actuators, results were assessed through
the tracking of the joints.

Secondly, a trajectory file containing both the optimized state and control input stores
specific movements generated by the OC method within the independent joint space. HyRoDyn
receives the optimized state trajectory to compute the actuation space trajectory, which it then
sends to the exoskeleton’s low-level actuator control unit for joint communication. We then
evaluate the performed movements by controlling the joints’ tracking and using graphical plots
to assess their dynamic feasibility.

5.4 RESULTS

This section presents the outcomes obtained from both simulations and experiments, providing a
comprehensive analysis of the exoskeleton robot’s capabilities and performance. Additionally, a
comparative analysis between the simulation and experimental results was conducted, shedding
light on the exoskeleton robot’s joint tracking capabilities and validating the reliability of
HyRoDyn in accurately mapping joint spaces.
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5.4.1 Leg joints ROM verification

The screenshot of the symmetric movements of the leg joints tracking is as shown in Figure 5.6

L2
)

= 1!‘ Zl‘

4 !;M

(b): hip pitch (c): hip yaw

(f): ankle roll (g): ankle pitch (h): ankle yaw

(a)
Figure 5.6: The screenshot of the exoskeleton leg joints symmetric movements
The goal is to demonstrate that HyRoDyn accurately maps the independent joint space

to the actuator space. Therefore, the reference positions given to HyRoDyn as waypoints in
the independent joint space are translated to the actuator joint space of the Recupera-Reha

exoskeleton. Consequently, the measured positions should align with the reference positions.
The Table 4.3 from the Chapter 4 presents the ROM of the independent joint space of the system.

The Figure 5.7 shows a smooth tracking between the measured and reference position of the
joint actuators for the exoskeleton robot’s right and left hips. Similar accuracy is observed
in Figure 5.8 and Figure 5.9 for the prismatic knee and ankle joints, respectively. Based on
these figures and the consistency in the tracking results of the three lower-body joints of the
exoskeleton, it indicates that the actuation space tracking that HyRoDyn software framework
provides works correctly with the independent joint space references, thereby ensuring optimal
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performance of the exoskeleton and making it a reliable tool for other applications. Furthermore,

5.4 RESULTS

despite the control loop is position-based, maximizing the actuator joints speed limit on the
low-level control side is necessary to achieve optimal joint tracking saturation. Therefore, it is

crucial to correctly set up the low-level configuration to ensure the robot adheres to these limits.
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Figure 5.7: Hip joint’s ROM tracking
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Figure 5.8: Prismatic Knee joint’s ROM tracking
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Figure 5.9: Ankle joint’s ROM tracking

5.4.2 Sitting and standing motion

Figure 5.10a shows the sitting and standing motion obtained in simulation. Figure 5.10b presents
the experimental results of this motion.

For the sitting and standing motions, the results from the hip and prismatic knee joints were
chosen for analysis because they are the most actively engaged joints. The curves in Figure 5.11
depict the motion of the knee joints throughout the transition phases. During the sitting phase, the
measured position of the actuator closely matches the reference position obtained from the OC
method, as shown in Figure 5.11a. However, towards the end of the standing phase, as depicted

in Figure 5.11b, the measured position of the actuator deviates from the reference position.

This deviation occurs because standing requires more energy (i.e, more force and torques),
particularly for lifting the upper body’s weight against gravity. Despite this, the exoskeleton
reached the target position as intended. Notably, the measured position of the hip joint actuators
aligns closely with the reference position in both transition phases, as shown in Figure 5.12
and Figure 5.13 respectively. Based on these figures and the results shown in the video, we can
conclude that the robot has successfully executed the motions.
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(a) Simulation

(b) Real system

Figure 5.10: The screenshot of the exoskeleton at initial standing, sitting, and final standing position, both
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Figure 5.11: Sitting and standing motion of the prismatic knee joints
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Figure 5.12: Position of the hip joint motors during the sitting motion
motor_1 motor_1
—— measured o0y —
0.2 —
reference //"/
-0.1
0.14
~ \ —0.2 —— measured
0.01 T reference
2 4 6 8 10 12 14 4 6 8 10 12 14
motor_2 motor_2
— 0.101 a —— measured _ 0.00 ) /J,Jf*-’j4
g reference | § e
= = el
- = —0.05 )
) 0.05 S
@ @
& — L —0.10 measured
0.00+ ——— . reference
2 4 6 8 10 12 14 4 6 8 10 12 14
motor_3 motor_3
0.0 ; — 0.3 —— measured
o - reference
_0.17 0.2
—0.21 S
0-2 —— measured 0.1 ~_
~03] reference 0.0 - .
2 4 6 8 10 12 14 4 6 8 10 12 14
Time [s] Time [s]
(a) Right hip motors (b) Left hip motors

Figure 5.13: Position of the hip joint motors during the standing motion
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5.4.3 Static walk motion

The four-step static walking motion in simulation and on the real system are illustrated in
Figure 5.14a and Figure 5.14b respectively. The sequence begins with the initial standing
position with both feet at stance phase, followed by the left leg stride, right leg stride, and ends
with the final standing position.

During exoskeleton static walking, various joints actively contribute to movement, balance,
and propulsion. The OCP formulation employs a simplified model of the exoskeleton where
spine joints are fixed, providing a stable posture. All three lower body joints, however, actively
participate in motion. Therefore, this section includes simulation and experimental results
focusing on the hip, prismatic knee, and ankle joints. In Figure 5.15, Figure 5.16, and Figure 5.17,
the reference curve depicts the motion generated from OC, while the measured curve illustrates
the actuator positions for the joint actuators. All the joint actuator positions during the experiment
closely matches the reference position from OC. The smooth alignment between measured and
reference position curves suggests a successful execution of the static walk motion on the real
robot.

(a) Walking in simulation (b) Walking on real system

Figure 5.14: The Recupera exoskeleton four-steps static walking motion in simulation and on the real
system
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Figure 5.15: Hip joint’s position during four steps static walk motion
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Figure 5.16: Prismatic Knee joint’s position tracking during four steps static walk motion
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5.5 APPLICATION IN HUMAN-ROBOT INTERACTION
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Figure 5.17: Ankle joint’s position tracking during four steps static walk motion

5.5 APPLICATION IN HUMAN-ROBOT INTERACTION

To demonstrate the practical utility of our system and it’s extreme capability, this section explores
its application in a real-world human-robot interaction scenario. Looking ahead, the goal is to
optimize the exoskeleton’s design for lower-body locomotion, thereby expanding its range of
applications. Future work will focus on modeling human-robot interactions with closed-loop
constraints and integrating them into the trajectory optimization process, involving humans
in decision-making. This approach could advance exoskeleton control, enabling the safe and
efficient execution of highly dynamic movements with a human in the loop.

5.5.1

Experiments with a human wearing the robot for sitting motion

In Figure 5.18, Figure 5.19, and Figure 5.20, you can see the graphical results of the hip,
prismatic knee, and ankle joint actuator trackings while a person wearing an exoskeleton sits
down. We observed smooth joint tracking between the generated sitting motion trajectory from
OC and the measured motion trajectory for all the exoskeleton leg joints. The HyRoDyn software
framework successfully replicates OC’s reference trajectory.
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Figure 5.18: Hip joint’s position during sitting motion
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Figure 5.20: Ankle joint’s position during sitting motion

5.5.2 Experiments with a human wearing the exoskeleton robot for static walking

The screenshot of the human wearing the exoskeleton during standing, sitting and static walking
mode is shown in Figure 4.1. Figure 5.21 shows a human wearing the exoskeleton during the
four-step static walking. The figure depicts the following walking phases: 1) both legs at stance
position, 2) left leg stride, 3) right leg stride, and 4) both leg stance position for the fourth
step. The graphical result representations of the hip, prismatic knee and ankle joint actuator
trackings during the four-step static walk with a human wearing the exoskeleton are shown in
Figure 5.22, Figure 5.23, and Figure 5.24 respectively, also seen in the accompanying video'.
Despite the added weight of the human, the joint actuators effectively compensated for the
additional torque and accommodated the external force from the human wearer. We can observe
a smooth tracking of joint movements, maintaining close alignment between the reference and
measured trajectories.

1 https://youtu.be/1FrfVyCFANM
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Figure 5.21: The screenshots of the Recupera exoskeleton in sitting, standing, and static walk during the
experiment with a human
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Figure 5.22: Hip joint’s position during four steps static walk motion with human wearer
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Figure 5.23: Prismatic Knee joint’s position tracking during four steps static walk motion with human
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Figure 5.24: Ankle joint’s position tracking during four steps static walk motion with human wearer
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5.5.3 Explicit feedback assessments from human interaction with the Recupera-Reha exoskele-
ton

Explicit feedback assessment and ratings from human interaction with an exoskeleton play a
crucial role in improving user-adaptive control strategies. This approach enhances user comfort
and adaptability, positively impacting the design and performance of the system. By considering
human factors, such as ergonomics and cognitive load, the control system can be made more
intuitive, accessible, and efficient, leading to a more seamless interaction. Incorporating user
feedback fosters a user-centered approach, ensuring that the system adapts to real-world needs
and promotes more effective and engaging experiences for the user. The sitting and standing
movement experiments with the exoskeleton were performed at varying trajectory speeds, but
were discontinued due to concerns about biased assessments from different users. The mechanical
design of the exoskeleton, particularly the scalable passive leg joint intended to facilitate sitting
mode without affecting movement, may have influenced users’ perceptions. Additionally, the
system’s ergonomic design caused the spine joint module to impact the downward sitting
movement, further complicating the accuracy of user feedback and hindering intuitive insights
for improvement.

5.6 DISCUSSION

This study demonstrates the successful execution of sitting, standing and static walking move-
ments on a series-parallel hybrid Recupera-Reha LEE. Exploiting the DDP-based OC algorithm
to generate feasible movements highlights the potential for enhancing the exoskeletons’ capa-
bilities using OC methods. Additionally, the HyRoDyn solver efficiently handles loop closure
constraints in the exoskeleton model and enables a smooth mapping between the independent
joint and actuator spaces. In this work, the formalization of OCPs was achieved using the tree
abstraction model, due to the high complexity of our system involving a total of 102 constraints.
Including closed-loop constraints in the optimization process is an effective way to explore
the full capabilities of a series-parallel hybrid robot as recently reported in [20]. However, the
inclusion of such a large number of holonomic constraints makes the resolution of OCP very
challenging. In our future work, we will develop new techniques to include the large number
of closed-loop constraints in the optimization problem in a computationally efficient manner
such that the extreme capabilities of the system can be exploited. In the future, we would like
to optimize the exoskeleton’s design for whole-body rehabilitation, which could increase the
system’s range of application. Additionally, motors used in the system have a high gear ratio
and hence the drives are not mechanically transparent. We would like to investigate the design
of a lightweight exoskeleton robot with high-power quasi-direct drives for precise torque control
in the future. The experiment with the human wearing the exoskeleton was carried out without
modeling of the human-robot connections, as the formulation of these connections is not yet
mature enough in the literature. Extending this work, we plan to model these human-robot
connections with closed-loop constraints and include them in the trajectory optimization process
involving the presence of the human in the decision process. This methodology could open up a
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new avenue for the control of exoskeletons, giving them the ability to perform highly dynamic
movements with a human in the loop, in a safe and efficient manner.

5.7 CONCLUSION

This chapter details the application and experimental outcomes of the DDP-based OC method
for generating feasible trajectories in simulation. It also explores the application of the HyRoDyn
software framework to seamlessly map these trajectories from independent joint spaces to actua-
tor space commands for the series-parallel Recupera-Reha exoskeleton. Joint tracking within
motion ranges demonstrates the effectiveness of the HyRoDyn framework, while the successful
execution of sitting, standing, and static walking movements underscores an effective approach
to fully utilize the robot’s capabilities. Additionally, experiments involving a human wearing the
exoskeleton further assess the robot’s capabilities and potential for future applications.
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CONCLUSION AND OUTLOOK

The motivation for this thesis stems from the growing need to address the mobility challenges
faced by individuals with lower-limb disabilities, which are increasingly prevalent due to aging
populations and various neurological and musculoskeletal conditions. According to the World
Health Organization, a significant portion of the global population experiences disabilities that
impact their mobility, with conditions such as stroke, spinal cord injury, and osteoarthritis being
prominent contributors. Traditional mobility aids like crutches, canes, and wheelchairs, while
helpful, often fall short of addressing the long-term physical and psychological needs of their
users. These aids can lead to discomfort, additional health complications, and a diminished
sense of independence. This has led to an increasing interest in advanced assistive technologies,
particularly wearable exoskeleton robots, which offer a promising solution to enhance mobility
and quality of life for individuals with lower-limb disabilities. Initially designed to support
upper body weight during upper-limb rehabilitation, the Recupera-Reha exoskeleton offers
a unique opportunity to expand its application to dynamic walking motions. However, the
exoskeleton’s current design and control mechanisms do not fully optimize for walking, posing
several critical challenges. These include ergonomic design limitations, suboptimal joint module
placement, and inadequate motion control methods. Addressing these challenges is crucial for
improving the exoskeleton’s effectiveness and user acceptance. The need to optimize the design
of the Recupera-Reha exoskeleton, integrate a comprehensive kinematic model, and develop an
effective control method for dynamic motions motivates this thesis. By overcoming the existing
limitations, the research aims to enhance the exoskeleton’s performance and contribute to the
broader field of exoskeleton technology. The ultimate goal is to create a more effective and
user-friendly device that can independently support itself while walking.

6.1 SUMMARY OF CONTRIBUTIONS

This thesis addresses the pressing need to enhance the functionality and effectiveness of lower-
extremity exoskeletons, focusing specifically on the Recupera-Reha system. The research
explores the integration of advanced kinematic and dynamic analysis techniques to overcome
significant limitations in existing exoskeleton designs and control methodologies. The study
begins by highlighting the increasing prevalence of musculoskeletal disabilities and the potential
of exoskeleton robots to improve mobility and quality of life for affected individuals. It identifies
key challenges with the current design and application of the Recupera-Reha exoskeleton,
particularly its limitations in ergonomic design, optimal placement of joint modules, and motion
control. To address these issues, the thesis sets forth two primary goals: optimizing the modular
joint module placement in the exoskeleton’s leg and developing a robust control method to enable
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effective sitting, standing, and walking motions. This work has made scientific contributions,
including the following:

In Chapter 2, a comprehensive review of the latest advancements in the design and control
of exoskeleton robots aimed at enhancing human locomotion. It emphasizes the significant
challenges encountered in designing and implementing control strategies for these robots and
explores potential solutions to overcome them. Additionally, the chapter outlines future directions
for technological innovations that could improve the commercial feasibility of exoskeleton
robots and contribute to an enhanced quality of life for their wearers. Chapter 3 presents a
detailed kinematic analysis of the almost spherical parallel mechanism device used in the
hip and ankle joints of the Recupera-Reha legs. We addressed the limitations of the ASPM
devices by improving the workspace and alignment of these components to better match human
joint dynamics. Solving the limitations of the device lays the foundation for more advanced
dynamic modeling and enhances the potential for functional rehabilitation exercises. The design
modification of the exoskeleton’s foot base has significantly improved the exoskeleton’s stability
while walking. The previous prototype featured a small surface area foot base, which introduced
instability while the exoskeleton independently walked. In contrast, the new foot base design
with a larger surface area ensures that the exoskeleton’s center of mass remains within its
supporting polygon, enhancing both static and dynamic stability. Chapter 4 demonstrates the
implementation of an OC approach using a DDP-based algorithm to generate feasible trajectory
motions for sitting, standing, and static walking. It also effectively utilizes the HyRoDyn software
framework to explore hybrid solutions for resolving closed loops and providing smooth mapping
of independent joint space trajectories into actuation space trajectories. Chapter 5 presents
simulation and experimental results, highlighting the enhanced capabilities of the Recupera-
Reha exoskeleton. From an application perspective, we experimented with static walking motion
with a human wearer. Although no modeling of human-robot connections is formulated in the
trajectory optimization process because the formulation of these connections is not yet mature
enough in the literature, the results of the motion tracking show better performances compared
to the trackings without a human wearer. This is because the system utilizes a capable human
body’s natural biomechanics to enhance stability and balance. While the exoskeleton effectively
manages and distributes the load across the user’s body, conversely, only a specific system
adaptation can achieve similar benefits for a disabled individual.

6.2 OUTLOOK

Adding a model of the connection between the human and exoskeleton to the process of
optimizing trajectories with closed-loop constraints will be a significant advancement in the
development of exoskeleton robots. By integrating this model, trajectory optimization will more
accurately reflect the dynamic interactions between the human user and the exoskeleton, thereby
enhancing the realism and effectiveness of the generated motions. This approach will enable
a more nuanced understanding of how the exoskeleton and user influence each other during
movement, leading to better alignment of the exoskeleton’s actions with the user’s intentions
and natural motion patterns. Implementing closed-loop constraints ensures that the system can
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adapt in real-time to discrepancies or deviations from the intended trajectory, enhancing stability
and performance. In practice, this means that the exoskeleton will not only follow pre-defined
paths more accurately but will also respond dynamically to variations in user input and external
conditions. This could significantly enhance the user experience by providing more intuitive
and responsive control, leading to improved mobility, comfort, and overall effectiveness of the
exoskeleton in real-world applications.

Furthermore, implementing a machine learning algorithm such as deep reinforcement
learning that learns from human input feedback or assessments represents a transformative step
in exoskeleton technology. Such an algorithm would enable the exoskeleton to adapt and refine
its performance based on user experiences and evaluations. By leveraging human feedback
data, the system will continuously improve its control strategies and motion optimization. This
adaptability means the exoskeleton could better accommodate individual user needs, preferences,
and physical conditions over time. For example, the algorithm could learn to adjust gait patterns
or response behaviors based on user comfort levels, mobility improvements, or specific feedback.
In practice, this could lead to a more personalized and effective exoskeleton, enhancing user
satisfaction and performance. The integration of machine learning would not only enable
real-time adjustments but also facilitate long-term improvements, making the exoskeleton
increasingly responsive and efficient in supporting human locomotion and rehabilitation.

Although this thesis primarily focused on the technical aspects of design and control
strategies, user feedback is a critical component for optimizing exoskeletons for real-world ap-
plications. During the human-robot interaction experiments, limited user feedback was collected,
which nonetheless provided valuable insights into the design’s impact on comfort, usability, and
adaptability. The incorporation of human factors, such as the ease of use and the physical and
cognitive load on the user, has the potential to further enhance the exoskeleton’s performance
and overall user experience. Future studies should place greater emphasis on gathering compre-
hensive user feedback to assess factors like ergonomics, fatigue, and emotional response during
exoskeleton use. This data will inform iterative improvements in the design, ensuring that the
exoskeleton meets both functional and human-centered needs. Addressing these human factors
will also contribute to the device’s success in practical deployment across medical, industrial,
and assistive contexts.
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APPENDIX



KINEMATIC AND DYNAMIC ANALYSIS OF A2R1P ROBOTIC
LEG

A.l SPHERICAL MANIPULATOR AND ITS TOPOLOGICAL SCHEME

Spherical manipulators (SM) are robotic systems designed with a topology that allows movement
within a spherical workspace, typically featuring multiple revolute joints that enable motion
in all three spatial dimensions. Applications such as robotic arms in manufacturing, medical
robotics, and space exploration utilize them for their versatile motion capabilities. The topology
of a spherical manipulator permits the end-effector, or tool attached to the manipulator, to reach
any point within a spherical volume around the base of the robot, making them valuable tools
for tasks that demand a high degree of flexibility and precision. It also provides a structural
framework for understanding the relationships and properties of the system, which is crucial
for analysis, design, and control purposes. Spherical manipulators offer similar advantages to
their parallel manipulator (PM) counterparts. However, they are prone to reduced manipulability
and versatillity with a complex design structure [104]. The PMs offer large workspace and high
payload capacity, having rigid and stiff structures contributes to their high accuracy suitable
for heavy-duty applications. The camera orienting devices, agile eye [62, 187] in Figure A.la
is a type of SM used in solar tracking. The serial chain of this device have limited degrees of
freedom, designed in two dimensions combining either a rotational (R) or translational (P) joint
like (RRR, PPP, RRP, PPR, RPR, PRP). Each of this combinations are designed from the devices
in Figure A.1b

Axis of Ry

(a) Agile eye manipulator [187] (b) Typical spherical manipulator robots [217]

Figure A.1: Topology of spherical manipulators
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A.2 GEOMETRIC MODEL FORMULATION FOR A 2R1P ROBOTIC LEG

A.1.1 The 2RIP Robotic Leg

The 2R 1P robotic leg is a type of spherical manipulator used as an abstraction for spherical joints
like the human elbow, wrist, hip and ankle etc., the aim of this module is to establish kinematic
and dynamic model formulation for a 2R1P robotic leg that could be used as a spherical joint for
different application mechanisms. The 2R1P robotic leg is considered as a spherical manipulator.
The robotic leg in Figure Figure B.1(a) is composed of three joints: first two joints u; and u; are
revolute, with their axes oriented orthogonally to each other and the third joint ¢3 is prismatic,
carrying the end-effector point E. From Figure Figure A.2a, the generalised joint coordinates
(u1, un, q3) are represented by (g1, g2, g3) in Figure Figure B.1(b). The direction of the joint
coordinates in Figure Figure A.2b includes two rotations and a translation about and along the
joint axes respectively.

g @ el
i
fiame ]
(a) 2R1P robotic leg (b) Joint frame configurations

Figure A.2: kinematic architecture

Considering an initial configuration as shown in Figure Figure A.2b, the prismatic joint

carrying the end-effector slides along the (z-axis) direction of the global coordinate frame.

Hence, ¢ = [q1.,92,93]7 = [0,0,mg]”. The robotic leg is related with a point mass m and its
center of mass is located at the end-effector point. Therefore, masses of the first and second
links are zeros respectively while the third link has a mass value of one. The gravity g of course
projects along the z-axis direction of the sliding prismatic joint g3.

A.2 GEOMETRIC MODEL FORMULATION FOR A 2R1P ROBOTIC LEG

A robot geometric model formulation denotes the mathematical representation of a robot’s
geometry and kinematics. This formulation allows engineers and researchers to describe the
robot’s physical structure and how it moves in space. Several components make up a robot’s
geometric model. These include setting up coordinate frames, forward and inverse kinematics
(which show how joint positions and angles relate to each other), the physical dimensions of each
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Table A.1: DH-parameters for 2R1P robotic leg

Link | oj(degree) | d; (m) | 6; (degree) | r; (m)
1 0 0 6, 0
2 /2 0 —n/+6; 0
3 /2 0 /2 q3

link parameter, and how it connects to other joint parameters. The analysis also encompasses
aspects of singularity and workspace. These component elements assemble to form the geometric

model, which is vital for applications like trajectory planning, motion control, and simulation.

An accurate representation of the robot’s geometry and kinematics is essential for the effective
design and analysis of robotic systems. For a 2R1P robotic leg, the geometric model formulation
is associated with the ASPM active ankle device’s spherical joint mentioned in Chapter 3, which
elucidates the transformation between joint space and task space. In the realm of robot control,
kinematics and dynamics are fundamental concepts, with geometric model formulation serving
as a cornerstone in robotic design and control. The Denavit-Hartenberg (DH) parameter approach
is used in the method described in [82] to figure out the robot’s homogeneous transformation
model between its joint and task space. Given by;
(/~1T}) = Rot (x, &) Trans(x,d;)Rot (z,0;) Trans(z,r;)
where

-1 T; Transformation matrix

Rot Rotation matrix

o link twist

d; link offset

joint angle

rj link length

j= 0,1,2,...n
DIRECT GEOMETRIC MODEL (DGM) The direct geometric model of a robot, also known
as forward kinematics (FK), describes the relationship between the robot’s joint angles and its

end-effector position and orientation in the workspace. This is mathematically represented as;
X=f(6)=""'T;

X = —cos0;cosbrds (A.1)
y = —sinBicos0,d; (A.2)
z = sin6rds (A.3)
where
X = [xy.7] end-effector position coordinates

0 = [61,60,,d3] joint variables
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INVERSE GEOMETRIC MODEL (IGM) The inverse geometric model of a robot, also
known as inverse kinematics (IK), defines the relationship between the desired position and
orientation of the robot’s end-effector in the workspace and the corresponding joint angles
required to achieve that position and orientation. This can be mathematically represented as
follows;

(61,6,,d3) = f'(x,y.2)

0, = —tanbd, (A.4)
Z
Z
0, = = A5
2=, (A.5)
dy = /X2 +y2+ 72 (A.6)

A.2.1 Velocity Analysis

The time derivative of the end-effector positional coordinates gives the velocity X in terms of its
joint velocities 6, also known as the kinematic velocity or jacobian J. To control a robot manip-
ulator from one point to another, the joint angles and position parameters are not sufficiently
enough to effectively enhance control. Since the control actions occur at the joints, information
about the joint velocities are also important. The analysis of the inverse kinematic solution is
computed analytically and compared with the numerical computation. Thus, the FK is evaluated
in order that the applications of jacobian are explored. The graphical result between the task
space velocity over a period of time for the spherical manipulator in Figure A.3, depicts the
comparison between the analytical and numerical computation of jacobian. The curves shows a
smooth matching plots that verifies the correctness of the jacobian computation.

X = d30,5in0,c050, + dz6,c050, 5in0, — d3cos0;cos6, (A7)
y=—d3 0,050, cos0, + d360,5in0;sin6, — dssinb;cos6, (A.8)
2 = d36,c050, + d3sin6, (A.9)
where
J(O) denotes the (mxn) Jacobian matrix
[x, y, z'] end-effector coordinate velocities
[61,6,,d3] joint angular velocities
X denotes the forward kinematic
] denotes the inverse kinematic
T dx dx  Odx ]
5% %
y y y
= A.10
J 00, 06, Jdds ( )
Jdz dz 0z
L d0; 06, Jdds
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A.2 GEOMETRIC MODEL FORMULATION FOR A 2R1P ROBOTIC LEG

X=J(0)6 (A.11)

6=J"'(6)X (A.12)

10 A

10 | e analy x
— analy y
= analy z
- UM X
- numy

504 —— numz

Task space velocity (m/s)

=15

0 10 20 30 40 50
Time (s)

()

Figure A.3: Velocity analysis of 2R1P robotic leg

A.2.2  Acceleration Analysis

The acceleration analysis plays a fundamental role in the design, analysis, and control of robotic
systems. It provides valuable insights into the dynamic behavior of the systems and enables
roboticists to develop efficient and reliable solutions for a wide range of applications. The
purpose is to optimize the FK equations for the 2R 1P robotic leg and return a set of angular joint
accelerations in task space. This is represented in a matrix form. Figure A.4 depicts the com-
parison between the numerical and analytical computation of the acceleration over a period of
time. The smooth tracking between the two curves shows the correctness of formulated equations.

X=J0+76 (A.13)
i d3sin@ycos0, dicosB;sinB, —cosBicosh| |6
| = | —d3cosB;cos @, dzsin@;sin@ —sin@jcosb, | |6 | T+

Z 0 d3 cos 6 sin 6 ds
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d30,C1C2 — d36,S182 +d3S1C2  —d360,5182 4 d36,C1C2 +d3C182  6,S1C2 + 6,C1S52
d301S1C2+d36,C152 = dsC1C2  d30,C152+d360,S1C2+d3S1S2 —6,C1C2+ 6,5182| | B>

0 —d36:52 +dsC2 6,C2 ds
X acceleration component in task space
J.J Jacobian and time derivative of the Jacobian respectively
6.0 joint angular velocity and acceleration respectively

S=sin6 andC =cos6

Acceleration Analysis of 2R1P Manipulator

100 4

50

—50

—100 A

=== gnalytical x
—150 { === analytical y
= gnalytical z
=== numerical x
=== numerical y
=== numerical z

Task space acceleration (deg/s?)

—200 A

=250 -

0 10 20 30 40 50
Time (s)

(a)

Figure A.4: Acceleration analysis of 2R1P robotic leg

A.3 DYNAMIC MODEL FOR A 2R1P ROBOTIC LEG

The dynamic model for a robot manipulator describes the relationship between the forces applied
to the manipulator and the resulting motion. This model takes into account the mass distribution,
inertia, and dynamics of the robot’s links and joints. Developing the dynamic model for a 2R1P
robot manipulator involves determining the mass distribution, inertial properties, and other
physical characteristics of its links and joints. With these components, the dynamic model can
be expressed using equations of motion, such as Euler-Lagrange equations or Newton-Euler
equations [83]. These equations relate the forces and torques applied to the robot to its accelera-
tion and motion. Once the dynamic model is established, it can be used for various purposes,
including motion planning, control design, and simulation of the robot’s behavior in different
application scenarios. We evaluated the formulated equations of motion for a spherical joint,
making them applicable to any type of spherical manipulator. Comparing Figure A.5a and
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Figure A.5b reveals that the relationship between the numerical computation using Lagrangian
methods and the analytical performance from the HyRoDyn software is approximately linear.

L(60) =K(60)—P(0)
YT o6 a6
T = md% 0, cos022 — 2md§ 6, 6,5in6:c056,
T = md% 0, + ma,’32 élzsinezcosez + mgdscos6,

T3 =mdz — d3 élzcosezz —mds3 022 + mgsin6,

denotes the lagrangian
kinetic energy

mass

velocity

potential energy
acceleration due to gravity
height of the center of mass

vector of joint torques or forces

vectors of joint position, velocity, and acceleration resp.

Tp =M(0)0+C(6,0)0+g(0)+ 16

6rp =M1 (6)6(tip) — (C(6.6)6+g(0) + f0)

denotes the Inverse Dynamics

denotes the Forward Dynamics

is an (nx1) vector for centripetal and coriolis force

gravity terms

TiD

Orp

M is the (nxn) generalized mass-inertia matrix
C

8

f

frictional force

(A.14)

(A.15)
(A.16)

(A.17)
(A.18)

(A.19)

(A.20)
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SYMBOLIC COMPUTATION OF 2R1P ROBOTIC LEG USING
MATLAB SNIPET

The goal of this module is to symbolically derive the motion equations for a 2R1P robotic leg,
commonly known as a spherical manipulator. Initially, we obtained these equations using a
Matlab snippet. However, the demand for greater computational efficiency requires transitioning
to advanced Python and C++ tools. The equations of motion derived in Matlab snippet are
symbolically expressed as follows;

E(z,y.z2)

Y
Figure B.1: 2R1P robotic leg Figure B.2: Global coordinate

The 2R 1P spherical manipulator is considered as a robotic leg. The robotic leg shown in
Figure B.1 is composed of three joints: first two joints #; and u; are revolute with their axes
oriented orthogonally to each other and the third joint g3 is prismatic, carrying the end effector
point E.

From Figure B.1, the generalised joint coordinates (u1, u;, g3) are represented by (¢1, g2,
q3). Now, comparing the direction of the joint cordinates shown in Figure B.1 with the global
coordinate frame shown in Figure B.2 depicts the rotations and translation about and along the
joint axes respectively.
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il

frame1

Figure B.3: Initial configuration with frames

Considering an initial configuration as shown in Figure B.3, the prismatic joint carrying
the end effector slides along the (z-axis) direction of the global coordinate frame. Hence,
q=1[q192q3]" = [00mg]”. The robotic leg is treated with a point mass and its center of mass
is located at the end effector point. Therefore, masses of the first and second links are zeros
respectively while the third link has a mass value of one. The gravity g of course acts along the
z-axis direction of the sliding prismatic joint.

1. Declare some global and symbolic variables in Matlab using the command sym. For a
2R 1P manipulator, you can write.

global Param; % Structure with all gecemtric and dynamic
robot parameters

global Chain; % Structure with all temporal data

global n; % DOF, number of joints

global g_vector; % gravity vector

global ee; % end effector configuration

syms gl g2 g3 real % Generalised position vector components

syms dgl dg2 dg3 real % Generalised velocity vector
components

syms ddgl ddg2 ddg3 real % Generalised acceleration vector
components

[o)

syms g % gravity

syms pili % symbolic treatment of pi (saves you from numerical
issues)

g_vector = [0,0,9];

% mass and Moment of Inertia properties

syms ml clx cly clz Il Ilxx Ilxy Ilxz Ilyy Ilyz Ilzz real

syms m2 c2x c2y c2z 12 I2xx I2xy I2xz I2yy I2yz I2zz real

syms m3 c3x c3y c3z I3 I3xx I3xy I3xz I3yy I3yz I3zz real

2. Input Denavit-Hartenberg (DH) parameter table using the modified DH convention.
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%$%$The DH-table for the 2R1P robotic leg is a 3x3 matrix
dimension with the parameters defined column-wise as thus
sigma (o), alpha (&), d, theta (6) and r representing revolute or prismatic joint, link
twist,
link length, joint angle and joint offset respectively.
dh_table = [0, pi/2, 0, -pi/2, O;
0, -pi/2, 0, -pi/2, O;
1, pi/2, 0, pi/2, 01;
Param = dhToScrewCoord(dh_table); %% Function builds the
screw coordinate paramters.

3. End-effector configuration w.r.t the last link body fixed frame in the chain.

re = [0;0;0];
[eye(3),re; [0,0,01,[111;

ee

4. Mass, Inertia and Center of mass paramaters for the three joints.

ml = 0.00000;
clx = 0.00000;
cly = 0.00000;
clz = 0.00000;
Ilxx = 0.00000;
Ilxy = 0.00000;
Ilxz = 0.00000;
Ilyy = 0.00000;
Ilyz = 0.00000;
Ilzz = 0.00000;
m2 = 0.00000;
c2x = 0.00000;
ce2y = 0.00000;
c2z = 0.00000;
I2xx = 0.00000;
I2xy = 0.00000;
I2xz = 0.00000;
I2yy = 0.00000;
I2yz = 0.00000;
I2zz = 0.00000;
m3 = 0.00000;
c3x = 0.00000;
c3y = 0.00000;
c3z = 0.00000;
I3xx = 0.00000;
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I3xy = 0.00000;
I3xz = 0.00000;
I3yy = 0.00000;
I3yz = 0.00000;
I3zz = 0.00000;

5. Function builds mass-inertia matrix in SE(3) from the mass, inertia and center of mass

data.

Param(l) .Mb = MassMatrixMixedData (ml, ...
InertiaMatrix(Ilxx, Ilxy, Ilxz, Ilyy, Ilyz, Ilzz),
[clx, cly, clz]);

Param(2) .Mb = MassMatrixMixedData (m2, ...
InertiaMatrix (I2xx, I2xy, I12xz, I2yy, 12yz, I2zz),
[c2x, c2y, c2z]);

Param(3) .Mb = MassMatrixMixedData (m3, ...
InertiaMatrix (I3xx, I3xy, I13xz, I3yy, I3yz, I3zz),
[c3x, c3y, c3z]);

6. Iteration of the loop describing the chain

(1) .V = zeros(n,1);
Chain (i) .vd = zeros(n,1);
Chain (i) .f = zeros(4,4);
Chain (i) .C = zeros(4,4);
Chain (i) .Crel = zeros(4,4); % C_1i,i-1
Chain (i) .AdCrel = zeros(6,06);
Chain (i) .adX = zeros(6,06);
Chain (i) .W = zeros(6,1); % interbody wrench
Chain (i) .Q = 0;
end

7. Define a generalised trajectory vector for position, velocity and acceleration as follows;

g = [ql g2 g3];

gd = [dgl dg2 dg3];

g2d = [ddgl ddg2 ddqg3];
n = length(q);

WEE = zeros(6,1);

8. Call the matlab function ClosedFormKinematics_BodyFixed(q,qd,q2d). The function

below returns the position and orientation of the end effector generally referred to as
forward kinematics.

[T] = ClosedFormKinematics_BodyFixed(q’,qgd’,g2d’);
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9. Call the matlab function ClosedFormInvDyn_BodyFixed(q,qd,q2d). This returns the equa-
tions of motion for the generalised forces and torque vector as a result of the function
below.

[Q] =
Q simplified =

ClosedFormInvDyn_BodyFixed (g’ ,qgd’,g2d");

simplify (Q) %% simplified version for the

equations of motion.

From the above simulation, the forward kinematics and inverse dynamics are both computed.
However, the Jacobian matrix, mass-inertia matrix, gravity matrix, and coriolis-centrifugal matrix
are also derived analytically from the generated Matlab equations. The symbolic expressions of
these matrices are listed below.

1. Forward Kinematics:

cos(q1) —sin(q1)sin(q2) —sin(q1)cos(q2) —gssin(q1)cos(qz)
E.. — 0 cos (¢2) —sin(g2) —q3 sin(q2)
" | sin(g) cos(gn)sin(ga)  cos(gi)cos(qa)  gscos(q1)cos(qn)
0 0 0 1

(B.1)

2. Jacobian matrix: The jacobian matrix is analytically computed from the partial derivative

of the end effector positional vector with respect to its joint coordinates g, ¢, and g3.
Generally, it is the velocity of the end-effector (E,y;) in terms of the joint velocities (¢).

The first three rows of the jacobian matrix (6x3) are associated with the linear velocities
(rate of change of positions) of the end effector while the last three forms the angular
velocities (rate of change of orientation).

%% Extracting only the Linear velocity part of the

Jacobian matrix as shown below.

X —q3 cos(q1)cos(q2)  gasin(qi)sin(g2)  —sin(q1)cos(q2))
y 0 —q3 cos (q2) —sin(q2) .
; . . q1
| _ | g3sin(g1)cos(q2) —q3cos(q1)sin(ga) cos(qi)cos(q2)) | |
- qz
Wy 0 0 0 .
3
wy 0 0 0 1
w, 1 1 0
-0 (B.2)
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[ —g3cos(gq1)cos(q2) gq3sin(gp)sin(qz) —sin(gq;)cos(q2)) ]
szs — 0 —{3 COS (qZ) —sin (Q2) (B3)
—qg3sin(qi)cos(q2) —qscos(q1)sin(q2) cos(qi)cos(q2))
1 1 0

In order to understand the Jacobian matrix and how it affects the velocity of the end
effector, we can multiply each row of the jacobian matrix by the corresponding joint
velocity. This defines the joint speed that controls the end effector velocity in the zero
configuration. However, the entries of the jacobian matrix with zero row values indicates
nomatter what we do with the joints, we can not get the end effector to rotate about and
the axes of the zero configuration. Therefore, the manipulability of a robot describes its
ability to move freely in all directons of its workspace by reaching set positions as well as
to change orientation at a given configuration.

3. Generalized Mass-inertia matrix M(q):
0.25+ g3 cos (¢3) + ¢3 cos (¢3)

0.25+q3 + g3°
1

M = (B.4)

4. Coriolis-centrifugal matrix C(q,q):

(cos (¢3) +243 cos (¢3)) dq; dgz — (g5 sin (2¢2) + 45 sin (2¢2)) (dq, dg,)
(1+243)dg,dgs + ((0.5¢3 sin(2¢2) +0.5¢3 sin (2¢2))dq?)
—(0.5cos (¢3) + g3 cos (¢3) )dq3 — (0.5 +¢3)dq3

C=

(B.5)
5. Gravity matrix G(q):
—(0.5sin(g1)cos(g2) + g3 sin(g1) cos(q2))

—(0.5 cos (¢1) sin(q2) + g3 cos (q1) sin(q2))
cos (g1)cos(q2)

G= (B.6)

Therefore, the above equations were extracted from the below symbolic computed equations of
motion;

g1 = 0.25ddq; + dq; dq; cos (¢3) +ddq, g3 cos (¢3) — 0.5g sin (g1) cos (¢2)
+ddq; 3 cos (¢3) — 1.0dq; dgy g3 sin (2¢2) — dq; dgy 3 sin (2¢2)
+2dq; dg3 g3 cos (q3) — g3 g sin (q1) cos (q2)) (B.7)
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¢ = 0.25ddq, + dq, dq; + ddg, g3 + ddq, g5 +0.5dq7 g3 sin (2¢2) +0.5dq 45 sin (2¢2)
—0.5gcos(q;) sin(g2) +2dq,dq;q3 —g3g cos(qp) sin(q2)) (B.8)

03 = ddqs — 0.5dqf cos (¢3) — ¢3dq3 — 0.5dq3 + g cos (¢1) cos (¢2) —dd; g3 cos (¢3) (B.9)

T
T= |1, (B.10)
3

This is how we can derive the equations of motion symbolically using this tool.
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