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Abstract

Over the years, exoskeletons are included in clinical, industrial, and military applications to
enhance and assist the human body. Regarding lower-limb exoskeletons in clinical applica-
tions are intended to provide aid during daily living activities. Lower-limb exoskeletons are
equipped with a mechanical structure, actuators, sensors, attachments, and interfaces that
interact physically with the user. These features are focused on being adequately designed
for suitable human-robot interaction. However, the features’ design has multiple complexities
and limitations to solve and assess. On one hand, the human hip joint has intricacy behavior
due to the three degrees of freedom that are not resolved by commercial exoskeletons. On
the other hand, there is a lack of robotic devices’ performance indicators that properly assess

the physical interfaces.

In this sense, this master’s thesis presents the design and modeling of a passive hip joint
intended to assist the hip ab/adduction motion. Besides, it also presents a novel three-
dimensional relative motion methodology to assess the human-robot interaction of the AGoRA
lower-limb exoskeleton. The passive hip joint presents the design principles used to estimate
the interaction torque allowing the understanding of energy provided to the user. Moreover, it
also raises the three-dimensional relative motion methodology’s theoretical concepts and the
implementation in a pilot study. The principal outcomes are aimed to improve the AGoRA
lower-limb exoskeleton’s understanding of the Physical Human-Robot Interaction. On the
one hand, the passive hip joint is characterized along different preloads, giving the user a
maximum torque of 15.8 Nm at a preload of 472.43 N. Likewise, the joint’s stiffness provided
a maximum of 4.24 Nm/deg. On the other hand, the proposed three-dimensional relative
motion methodology demonstrated the exoskeleton’s interaction among the three principal
planes of motion, identifying undesirable motions in the secondary planes. The proposed
joint’s results revealed multiple improvements for the user’s assistance. Similarly, the three-
dimensional relative motion’s results suggested a physical interfaces’ enhancement to reduce
the undesirable motions and improve AGoRA lower-limb exoskeleton’s human-robot interac-

tion and its kinematic compatibility.

v



Keywords: Human-Robot Interaction, Biomechanics, Lower-limb Exoskeleton,

Hip Exoskeletons, Exoskeleton Performance Evaluation.



List of Tables

[2.1 Colombian anthropometric measurements relevant for LLE, in centimeters,

mean (standard deviation) [20].| . . . . . . ...

[2.2  Anatomical features and range of motion of the human hip joint|28|, [29]. . .

[2.3 Anatomical features and range of motion of the human knee joint [31]| . . .

2.4 Types of actuators commonly used in LLE.[. . . . . . .. ... .. ... ...

[3.1 Initial parameters and teatures for each link of the double rocker mechanism.|

[4.1 Descriptive statistics of the difference of rotations| . . . . . . . . . ... ...

[4.2  Variation of rotation between gait phases.| . . . . . . . . ... ... ... ..

vi

22

27

28



List of Figures

vil

(1.1 AGoRA Project. Smart walker and lower-limb exoskeleton components for |
[ rehabilitation and assistancel. . . . . .. .00 L 4
[2.1 A diagram that illustrates the design features relationship.| . . . . . . . . .. 10
2.2 A descriptive scheme of the hip joint degrees ot freedom that describes its |
three principal planes of motion.|. . . . . . . .. ... ... ... ... .. 13

[2.3  Hip angles behavior along the three principal planes of motion during gait.| . 14
[2.4 A descriptive scheme of the knee joint’s degrees of treedom that illustrates its |
principal planes of motion.| . . . . . . . ... o000 16

[2.5 Knee angles behavior along the three principal planes of motion during gait.| 17
[2.6 Representative examples of treadmill-based exoskeletons.| . . . . . . . . . .. 18
[2.7  Representative examples of overground exoskeletons.| . . . . . .. ... ... 19
[2.8  Types of the mechanical structure for lower limb exoskeletons.| . . . . . . .. 20
[2.9  Kinematic redundancy. Proposal kinematic chains using three joints in series |
to enhance the kinematic compatibility.|. . . . . . . . .. ... ... 21



[2.10 Commercial solutions tor LLE. C-Brace by Ottobock trom a knee-ankle-toot |

orthosis [68[.|. . . . . . . . . 25

[2.11 A customized physical interface for an ankle-foot orthosis. Extracted from [69].| 26

[3.1 Current version of the AgoRA lower-limb exoskeleton|. . . . . . . .. . ... 31
[3.2  Adjustable links of the AGoRA exoskeleton.| . . . . .. ... ... ... ... 33
[3.3  Scheme of the mechanical structurel). . . . . . . .. ... ... 34
8.4 1he overall control scheme of the AGoRA lower-limb exoskeleton) . . . . . . 35
(3.5 AGoRA-LLE’s physical intertaces first version.|. . . . . . . .. .. ... ... 36
[3.6 AGoRA physical interfaces” CAD design.| . . . . . . .. ... ... ... ... 37
(3.7  AGoRA-LLE’s physical intertaces second version.| . . . . . . ... ... ... 37
[3.8  Basic configurations of the four-bar mechanism. . . . . . .. ... ... ... 39
[3.9  Description of the passive frontal hip joint.| . . . . . .. ... ... ... ... 40
[3.10 Tensile test experimental setup.| . . . . . . . . ... ... oL 40
[3.11 Tensile results of the bio-inspired tendons.| . . . . . . . . .. ... ... ... 41
[3.12 Scheme of the passive frontal hip joint.| . . . . . . . ... .. ... ... ... 42
[3.13 General scheme of the four-bar mechanism.J. . . . . . . .. ... .. ... .. 43
[3.14 Kinematic scheme ot the simplified mechanism.| . . . . ... ... ... ... 44
[3.15 Kinetic scheme ot the simplified mechanism.| . . . . .. ... ... ... ... 45

[3.16 Kinetic scheme of the external tforces applied to link 4. . . . . . . ... ... 46




X

[3.17 Interaction torque of the passive frontal hip joint along with several preload |
[ CaSeS). . . . 48
[3.18 Joint stifiness regarding the preloaded scenarios. . . . . . . . ... ... ... 48
[3.19 Interaction torque error of the approximate model compared to the analytic |
[ results) . . . ... 50
[4.1 Example of the global and local frame[ . . . . . . .. ... ... ... ... . 55
[4.2  Representation for the difference of orientation. . . . . . .. ... ... ... 56
[4.3  Scheme of markers setup. A. User’s markers used to estimate its local frame. [
[ B. FExoskeleton’s markers used to calculated its local framel. . . . . . . . .. o7
[4.4  Scheme of thigh’s vectors.| . . . . ... ... ... ... ... . ... .. ... 58
4.5 Scheme of exoskeleton’s vectors.) . . . . . . . . ..o 60
[4.6  2D-projection of the descriptive scheme of rotation matrices| . . . . . . . .. 61
[4.7  Controller scheme of the assistance mode used in the pilot study|. . . . . . . 63
[4.8  Markers setup used in the pilot study.|. . . . . ... ... ... 63
[4.9 The difference of orientation results of the pilot study.|. . . . . . . ... ... 66
5.1 AGoRA physical interfaces’ third version.|. . . . . . . . . .. ... ... ... 75
[A.1 Kinematic scheme of the simplified mechanism.| . . . . ... ... ... ... 76
[A.2  Kinetic scheme of the external forces applied to the ink 4.| . . . . ... ... 78
[A.3  Kinetic scheme ot the simplified mechanism.| . . . . . . ... ... ... ... 80



Contents

[Acknowledgements| i
[List of Tables| vi
[List of Figures| vii
1__Introduction| 1
(L1 Motivation|. . . . . . . . . . 1
(1.2 Background| . . . . . . . . .. 3
(1.3 Objectives| . . . . . . . . . . 5
[1.3.1 General Objective|. . . . . . . . . . . .. ... ... ... 5

[1.3.2  Specific Objectives| . . . . . . . . . . . . ... ... .. ... 5

(.4 Contributionsl . . . . . . . . . ..o 5
(Lo Publications| . . . . . . . . .. 6
(1.6 Document Organization| . . . . . . . ... .. ... .. ... ... . ..... 7




2 Lower limb exoskeletons| 9

2.1 ~Anatomic concepts| . . . . . . . ... 10
[2.1.1 Anthropometric measurements|. . . . . . . . . . . . ... .. ... .. 10
2.1.2  Human joints| . . . . . . . . . . .. ... 11
[2.1.3  Human hip joint| . . . . . . . . . . ... ... 12
[2.1.4  Human knee joint{. . . . . . . . . .. ... 15

2.2 Targeted goall . . . . . . . .. 16
[2.2.1 Robot-assisted therapy| . . . . . . . . . . ... ... ... 17
[2.2.2 Robotic aid for Activities ot Daily Living| . . . . . . . ... ... ... 18

[2.3  LLE Structure, Actuation, and Control Strategies| . . . . . . . .. ... ... 19
2.3.1 Mechanical structurel . . . . . . ... o oo 19
.32 Actuationl . . . . .. ... 21
[2.3.3  Control Strategies|. . . . . . . . . . .. ... L. 23

2.4 Physical intertaces| . . . . . . ... .o oo 24
.41 Manufacture and materialsl. . . . . . ... .00 0 L 24
[2.4.2 Physical Intertaces’ Layout and Assessment| . . . . . ... ... ... 26

B _AGoRA lower-limb exoskeleton| 30

[3.1 Design features| . . . . . . . . ... 31

[3.1.1 Targeted activity and anatomic concepts| . . . . . . . . . . . .. ... 31




(3.1.3  Control schemel . . . . . . .. ... oo 33
[3.1.4 Physical interfaces] . . . . . . . . ... oL 35

[3.2  Passive frontal hip joint| . . . . . .. ... ... oL 37
B21 TFour-bar mechanism| . . . . . .. ... ... 38
[3.2.2  Bio-inspired tendons| . . . . . . .. ..o 39
[3.2.3  Variable stifiness principle| . . . . . . . ..o 41
[3.2.4  Mathematical modeling|. . . . . . ... ... ... ... ... ... .. 42
[3.2.5  Kinematic modelingl . . . ... ... ... ... 0oL 43
[3.2.6  Kinetic modeling| . . . . ... ... ..o 44
(3.2.7 Matlab simulationl . . . ... ... oo 46

B3 Resulld. . . . . . . 47
(3.4 Discussionl . . . . . ... 49
3.0 Conclusionsl . . . . . . . . L 51
[4  Assessment of physical interfaces| 53
[4.1 3D relative motion methodology| . . . . . . . .. .. ... 54
MI11 Theoretical basel. . . . . . .. ... . o oo o 54
4.1.2 Lower-limb scenariol. . . . . . . . . . ... ... ... ... ... .. 55

4.2 Experimental protocol| . . . . . ... ... oo 60




[4.2.1 Subjects| . . . . . ..

[4.2.2  AGoRA-LLE layout| . . . .. .. .. ... ... .. ... ...
[4.2.3  Markers setup and equipment| . . . . . ... .. ...
[4.2.4  Statistical analysis| . . . . . .. ..o
[4.3  Experimental results| . . . . . . . ... ..o o L
[4.3.1  User's interactionl . . . . . . . . . . . ...
[4.3.2  Methodology’s consistency| . . . . . . . . ... ... L.
M4 Discussionl . . . . . . o
4.5 Conclusions| . . . . . . . .

A Four] ham [utions
[A.1 Kinematic modeling|. . . . . . . . . . . ...
(A2 Bxternal forces| . . . . . . . . .o
[A.3 Kinetic modelingl . . . . . . ... ...

xiii

70

72

76

76

78

79

82

85



Chapter 1

Introduction

This work presents the development and assessment of physical interfaces for the AGoRA
lower-limb exoskeleton. Design features are considered to understand how those interfaces
are involved in gait assistance. A preliminary study is also presented using a novel metric
developed to understand the user-device interaction. This chapter shows the motivation of

this study and its objectives.

1.1 Motivation

Locomotion can be affected by a work-related accident or a neurological injury. After-effects
vary according to the location and type of injury suffered (e.g., spinal cord injury, stroke,
cerebral palsy)|l]. Mainly, stroke is defined as a sudden interruption of blood flow in the
brain involving different impairments. These effects depend on the location and nature (i.e.,
ischemic or hemorrhagic) of the lesion |2|. Stroke’s consequences may cause impairments in
the lower and upper limbs, which reduce the ability to perform daily tasks and deteriorate the
life quality. The most common impairments are pain, impaired motor control, spasticity, and
muscle weakness [3]. Focusing on lower-limbs, spasticity consequences affect the ankle and
knee adduction and extension, as well as equinovarus foot [4]. In this sense, the neuromuscu-

loskeletal structure needs support and assistance to mitigate pathological mechanisms. The



rehabilitation process is critical to start the recovery of post-stroke patients. Consequently,

the first choice is physical therapy.

Physical Therapy (PT) usually consists of repetitive movements performed by a therapist to
overcome pathological mechanisms. In consequence, PT engages sensorimotor mechanisms
triggering neuroplasticity [5]. PT has been demonstrated to be effective in recovering for
different activities of daily living (ADL), using standardized metrics such as functional inde-
pendence measure (FIM) [6]. Despite this evidence, PT has certain limitations. For instance,
the distal joints have been proven to be more difficult to rehabilitate and obtain a full range
of motion |7]. Besides, therapists’ burden is exhaustive due to the demanding assistance for

increasing patients [8], |9].

Emerging robotic technologies can be used as a tool to include in PT, allowing better results
in earlier stages of the patient’s recovery [10]. These devices” development considers different
kinds and degrees of impairments caused by neurological injuries. For example, cerebral palsy
patients have gait issues produced by an injury in the immature brain [11]. These specific
devices for children need complete support, and the forces’ magnitude is lower because of
their lighter body. On the contrary, stroke patients have a more comprehensive population
spectrum. Therefore, the population’s physical characteristics and the impairment’s aspects

become in design parameters for the robotic device |7].

Robotic devices’ design parameters should promote the kinematic compatibility between the
user and the device, allowing a proper physical Human-Robot Interaction (pHRI) [12]. The
design parameters are used to develop robotic devices that are adaptable, suitable, ergonomic,
and comfortable that multiple users can benefit from their usage without reducing the de-
vice’s performance. Following these robotic devices’ features, the device’s structure allowed a
smooth interaction with the user. The kinematic compatibility involves the main components
that must be adequately designed and developed such as the mechanical structure, several

actuators, control strategies, and physical interfaces [13].



Over the years, robotic devices’ progress has been unbalanced because the design and assess-
ment of physical interfaces have been overlooked [14]. Even though a few studies have been
taken into account physical interfaces, there is a lack of performance indicators to assess them
[5], [13], [14]. Hence, this scope can have meaningful breakthroughs in the understanding

and improvement of the pHRI.

Following this scope, this interdisciplinary project seeks to improve current approaches in
wearable robots. This project comprises a robotic platform to conduct clinical and labo-
ratory studies regarding robotic aid for gait. This work intends to enhance the kinematic
compatibility of the AGoRA lower-limb exoskeleton (AGoRA-LLE) by better understanding
the physical interfaces’ development and assessment. In this work, kinematic compatibility is

assessed in terms of interaction torques in a passive joint and relative rotations during gait.

1.2 Background

This thesis is developed in the context of the research project " Development of an Adaptable
Robotic Platform for Gait Rehabilitation and Assistance" AGoRA supported by the Ministry
of Science and Technology Minciencias (grant 801-2017), as well as internal funding from

the Colombian School of Engineering Julio Garavito (ECIJG).

The AGoRA project is led by Prof. Dr. Carlos A. Cifuentes and Prof. Dr. Marcela
Munera (professors at the Department of Biomedical Engineering and head of the Center for
Biomechatronics at ECIJG). This project’s research team is a cooperative network, including
national and international research groups and institutions. A clinical insight given by the
trauma and rehabilitation group at Universidad Clinica La Sabana (led by Dr. Catalina
Gomez) constitutes the project’s medical partner. Besides, the engineering partners of the
project team are composed of three international research groups: (1) the Neural and Cogni-
tive Engineering group of the Center for Automation and Robotics at the Spanish National

Research Council, Spain (led by Dr. Eduardo Rocon), (2) the Institute of Automation of



the University of San Juan, Argentina (led by Dr. Ricardo Carelli) and, (3) the Robotics
and Industrial Automation Group of the Federal University of Espiritu Santo in Vitoria,
Brazil (led by Dr. Anselmo Frizera-Neto). Additionally, Prof. Dr. Thomas Provot and Prof.
Dr. Maxime Bourgain (professors at the EPF Ecole d’ingénier) were collaborators for the

biomechanical analysis involved in the project.

This project aims to develop and validate a robotic platform for gait rehabilitation and
assistance through a smart walker and an active lower-limb exoskeleton. This project seeks
an appropriate interaction between the user, the robotic platform, and the environment
employing different communication channels. Multiple sensors and actuators of both robotic
devices are used for estimating physical interaction given by the user, environment variables,
and feedback to the system and user. This overall arrangement is known as Human-Robot

Interaction (HRI), which is detailed in Fig. (1.1}

Tri-axial Force sensor
Strain Gauges

Motor + encoder + reductor

Motor + encoder
Laser Range Finder (LRF)

Video Camera

N=m00—I]|

Processing System

Figure 1.1: AGoRA Project. Smart walker and lower-limb exoskeleton components for reha-
bilitation and assistance.

According to the above and within this project’s scope, this master thesis contributes to
the development and assessment of the active lower-limb exoskeleton. It seeks to build and
evaluate its physical interfaces to understand the kinematic compatibility during a specific
task. In this sense, this work looks forward to answering the following research question: Is

the AGoRA-LLE kinematic compatible during gait?



1.3 Objectives

Under the project’s aim, it is proposed the development of the physical interfaces for a lower-
limb exoskeleton (LLE), along with its assessment to understand the interaction between the
user and the device. It is also presented as a methodology to assess the pHRI given by the

physical interfaces. The following objectives are described to reach this proposal.
1.3.1 General Objective

To develop physical interfaces to promote kinematic compatibility for AGoRA lower-limb

exoskeleton.
1.3.2 Specific Objectives

To conduct a literature review to understand the kinematic compatibility in rehabili-

tation devices.

To develop the AGoRA lower-limb exoskeleton hip joint’s mathematical model, which

represents the force transmission to the anatomical joints.

To design and integrate ergonomic interfaces for AGoRA lower-limb exoskeleton.

To evaluate the kinematic compatibility through a biomechanical assessment of the

developed platform.

1.4 Contributions

The significant contributions of this work are meant to accomplish the main goals of the
AGoRA lower-limb exoskeleton to ensures gait rehabilitation and assistance. This master

thesis carried out technical and scientific contributions as follows:

1. The design and development of physical interfaces for an active lower-limb exoskeleton
to ensure the user’s assistance. They were designed to be comfortable and followed

ergonomic principles according to the targeted population.



2. The mathematical model of the passive hip joint of the AGoRA lower-limb exoskeleton:
this model is based on a variable stiffness system providing complaint assistance, and its
interaction can be adjusted at different levels. This model was estimated to understand

the user’s interaction along with gait.

3. The development and implementation of a three-dimensional methodology to ana-
lyze the performance of the AGoRA lower-limb exoskeleton’s physical interfaces. The
method follows biomechanical principles, along with an analysis that fully describes the

pHRI.

1.5 Publications

The progress of this thesis has been reported to the scientific community as follows:

1. (Conference Proceedings) F. Ballen-Moreno, C. A. Cifuentes, T. Provot, M. Bour-
gain, and M. Marcela, “3D Relative Motion Assessment in Lower-limb Exoskeletons: A
Case of Study with AGoRA exoskeleton,” in The International Symposium on Wearable
Robotics (WeRob2020), no. 1, pp. 2-3.

2. (Journal article) F. Ballen-Moreno, H. A. Moreno, D. F. Casas, C. A. Cifuentes,
M. Munera, "Design of a Hip Passive Joint for Lower-limb Exoskeleton Aimed to Re-

habilitation" to be submitted

3. (Journal article) F. Ballen-Moreno, M. Bautista, T. Provot, M. Bourgain, C. A.
Cifuentes, M. Munera, "Physical Interfaces Assessment of the AGoRA Exoskeleton

through 3D Relative Motion Analysis" to be submitted

4. (Conference Proceedings) M. Manchola, D. Serrano, D. Gomez, F. Ballen, et al.,
“T-FLEX: Variable Stiffness Ankle-Foot Orthosis for Gait Assistance,” in Wearable



Robotics: Challenges and Trends, vol. 16, J. Gonzalez-Vargas, J. Ibanez, J. L. Contreras-
Vidal, H. van der Kooij, and J. L. Pons, Eds. Springer International Publishing, 2019,

pp. 160-164. https://doi.org/10.1007/978-3-030-01887-0_31

5. (Book chapter) Sierra S., Arciniegas L., Ballen-Moreno F., Gomez-Vargas D., Munera
M., Cifuentes C.A. (2020) Adaptable Robotic Platform for Gait Rehabilitation and As-
sistance: Design Concepts and Applications. In Exoskeleton Robots for Rehabilitation
and Healthcare Devices. SpringerBriefs in Applied Sciences and Technology. Springer,

Singapore. https://doi.org/10.1007/978-981-15-4732-4_5

6. (Conference Proceedings) D. Gomez-Vargas, M. J. Pinto-Bernal, F. Ballen-Moreno,
et al., “Therapy with t-flex ankle-exoskeleton for motor recovery: A case study with
a stroke survivor,” 8th IEEE RAS & EMBS International Conference on Biomedical

Robotics and Biomechatronics (BioRob), 2020.

1.6 Document Organization

The structure of this document details the development and assessment of the AGoRA lower-
limb exoskeleton. It presents the passive frontal hip joint’s design and modeling given the
interaction torque provided for the user. Moreover, it introduces a novel three-dimensional
relative motion methodology to assess the physical interfaces of the AGoRA-LLE. In this

context, the document is organized as:

e Chapter [1| presents the motivation and background involved in this work. Within this
chapter explains the research question and the contributions related to this thesis are

also described.

e Chapter [2] establishes the design features in the lower-limb exoskeletons focused on

the physical interfaces’ targeted goal. Each feature gives a guideline to developing the


 https://doi.org/10.1007/978-3-030-01887-0_31
https://doi.org/10.1007/978-981-15-4732-4_5

lower-limb exoskeleton, which is expanded along with this chapter.

Chapter 3| describes the current development of the AGoRA lower-limb exoskeleton
according to the design features. It also presents the passive frontal hip joint through

its mathematical model and simulation.

Chapter [4] presents the novel three-dimensional relative motion methodology to ana-
lyze the user’s interaction with the lower-limb exoskeleton. It also reports the imple-

mentation of the proposed method through a pilot study.

Chapter [5| resumes the conclusions and highlights of this work. This chapter also

proposes primary future outcomes to improve AGoRA-LLE performance.



Chapter 2

Lower limb exoskeletons

The applications for lower-limb exoskeletons (LLEs) are mainly oriented to rehabilitation and
assistance, and they have been focused on populations that suffered from work-related acci-
dents or neurological injuries (i.e., stroke, cerebral palsy, spinal cord injury) |15]. Robotic aid
has been divided into execution scenarios, such as treadmill-based or overground tasks [16].
Accordingly, the lower-limb exoskeleton could include different functionalities and approaches
to interact with the clinician and the user. However, these approaches have some limitations.
In this sense, populations’ needs and activities lead to guidelines defined as design features

for the robotic devices [17].

Design features are related to the anatomic concepts, targeted goal, mechanical structure,
actuation, control strategies, and physical interfaces, as is showed in Fig. 2.1} These features
are linked between each one, and they will define LLE capabilities. In this sense, this chapter
describes each feature involved in an LLE. First, human-centered features relate the anatomic
concepts (e.g., anthropometric measurements and joint kinematics) that are focused on hip
and knee joints, and the targeted goal (e.g., therapeutical or ADL aid). Then, device-based

features are explained through developments presented in the literature.



Lower-limb exoskeleton design features

Structure,

Anatomic actuators Physical
concepts and control interfaces
strategies

Figure 2.1: A diagram that illustrates the design features relationship.

2.1 Anatomic concepts

The targeted population delimits user features, usually remarked through gender (e.g., male
or female) and age group (e.g., infant, child, adolescent, young adult, adults, and older adults)
[18]. Anthropometric measurements and human joint kinematics are defined within a range

or approximation that follows the gender and age group.

2.1.1 Anthropometric measurements

Anthropometric measurements are paramount for different design features for LLE, where its
process is user-centered. They can be estimated using three approaches: (1) user’s height, (2)
cadaver studies, and (3) ergonomic information of the targeted population. The ergonomic
approach has been used to determine user lower-limb measurements. These values are highly

related to the targeted population’ region, and they have been estimated under specific



postures (i.e., standing and sit-down) [19]. In this context, the Colombian population is

considered, and Table 2.1] summarizes the main anthropometric measurements [20].

Dimensions Women
Young adults Adults Middle aged Elderly
(20-29 y.0.)  (30-39 y.0.) (40-49 y.0.) (50-59 y.0.)
Umbilical 80.8 (8.13)  85.9 (8.16)  90.3 (9.66)  91.0 (9.31)
perimeter
Thigh's superior oy (4 80 562 (4.57)  57.8 (5.18)  55.5 (4.79)
perimeter
Middle shank — gq 70 57) 341 (239 350 (2.82)  34.2 (2.62)
perimeter
Knee height ~ 48.5 (2.32)  48.4(2.29) 484 (2.40)  47.8 (2.51)
Medial iliac
crest height 034 (42)  92.6 (424) 921 (493) 910 (4.74)
Men
Umbilical
. 83.1 (8.04) 89.3 (8.18) 92.4 (8.59) 94.1 (8.66)
perimeter
Thigh's superior o) 74 00) 5.6 (4.14)  55.0 (4.54)  53.9 (4.47)
perimeter
Middle shank a5 3 0 59) 363 (2.38)  36.3 (2.71)  36.0 (2.58)
perimeter
Knee height  52.9 (2.56)  52.4 (2.49)  52.2 (2.43) 517 (2.84)
Medialiliac ) 6 (4 78)  100.4 (4.69) 99.7 (4.64)  98.7 (5.47)

crest height

Table 2.1: Colombian anthropometric measurements relevant for LLE, in centimeters, mean
(standard deviation) |20].

2.1.2 Human joints

The anatomical composition of human joints allows different patterns of movements. It
provides intricate functionalities while they collaborate independently. Most human joints’
biological behavior is not straight forward due to their intrinsic geometry [21]. Besides,
the constituent elements have non-linearities (i.e., mechanical properties and configuration)
increasing the modeling difficulty. These anatomical elements are bones, ligaments, tendons,
and muscles. Human joints often exhibit several degrees of freedom (DOF) and increased

complexity [22].



To correctly interpret the motion generated by human joints, they have to be described as an
approximation where a model resembles their kinematic outcome. Accurate joint modeling
remarks have been addressed by 2D and 3D registration techniques such as X-ray fluoroscopy
[23], [24]. On the other hand, joint dissection has been aimed at the same problem through
a 3D digital electrogoniometer [25]. Although previous approaches could deliver a precise
outcome, they require expensive equipment and their results are exclusive to a particular

user.

Despite these limitations, joint models are useful input models as an arrangement of theo-
retical joints. In this sense, it could be represented as part of each joint into 1-DOF joints
(e.g., revolute or prismatic) and, depending on their configuration (e.g., series or parallel), it
might resemble the joint model [26]. The joint representation is widely analyzed in several
devices through theoretical joints, and the arrangement of joints types and configurations are
often referred to as the device’s kinematic chain. Moreover, the joints’ design is involved in
ergonomics within the human-robot interaction [21]. Besides, this design is also used inside

the control scheme build for the device [27].

The human joint and theoretical joint are also delimited by targeted activities addressed in
the next section. These activities will establish principal planes of operation, together with
the range of each DOF. Within this context and in this thesis’s scope, the hip and knee joints

will be described and highlighting their behavior during gait.

2.1.3 Human hip joint

The hip joint’s general anatomy is defined between the femoral head and the acetabulum of
the pelvis. Through ligaments and muscles, the human joint can perform different movements
in three principal planes known as coronal, transverse, and sagittal, shown in Fig. [2.2]
Moreover, the femoral head and the acetabulum are attached by capsular ligaments divided

by iliofemoral, pubofmeoral, and ischiofemoral ligaments [28]. Besides, several muscle groups



are intertwined along with the hip movements, as seen in Table [2.2]
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Figure 2.2: A descriptive scheme of the hip joint degrees of freedom. The scheme describes

the hip joint’s three principal planes of motion.

Hip Gait
Plane motion Muscles ROM [deg]
Psoas major, iliacus
Sagittal Flexion pectineus, rectus femoris, 40
and sartorius.
. Gluteus maximus
Ezxtension .
and hamstring muscles.
Gluteus medius, gluteus
Frontal Abduction minimus, tensor fgsma 10
latae, and sartorius.
Adductor longus, brevis,
Adduction magnus, gracilis, and
pectineus.
Tensor fascia, fibers
Internal :
of the gluteus medius, 3

Transverse rotation ..
and minimus.

Obturator muscles, quadrutus

External femoris, gemelli, gluteus
Rotation maximus, sartorius, and
piriformis.

Table 2.2: Anatomical features and range of motion of the human hip joint, . The
gait ROM is presented in degrees.

The ligaments and muscles’ arrangements define the maximum range of motion (ROM) for



each hip movement [29]. Under these biological limitations, targeted goals’” ROM should be
inside these ranges. In gait, the hip motion has been defined as a specific ROM shown in
Table [3]. Likewise, the hip motion also varies along with the gait periods known as stance
and swing, which describes a full gait cycle [3|. Each DOF of the hip followed a characteristic
waveform, as is presented in Fig. 2.3 Along the sagittal plane, hip extension and flexion
present the higher ROM after the loading response (i.e., at 10% of gait percentage) and the
end of middle swing (i.e., 87% of the gait percentage), respectively, as is shown in Fig. 2.3A.
Within the coronal plane, the hip adduction occurs during the loading response and the
hip abduction at the initial swing (i.e., 60% of the gait percentage) as shown in Fig. [2.3B.
Finally, hip internal and external rotation have a maximum variation during the mid-swing

phase (i.e., 73% of the gait percentage) as it is presented in Fig. [30].
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Figure 2.3: Hip angles behavior along the three principal planes of motion during gait. A.

Flexion and extension motion. B. Abd/adduction motion. C. Internal and external rotation

motion. Kinematic outcomes extracted from [30].



2.1.4 Human knee joint

Several approaches are introduced to understand the knee’s kinematic behavior through the
methodologies mentioned above. In this case, the knee is composed of the femoral condyles,
the tibial plateau, and the patella. It has a joint capsule to provide strength and lubrication.
It also has an intricate group of ligaments and fluids that empower the weight-bearing, such
as intracapsular and extracapsular ligaments [31]|. Besides, a predominant group of muscles
is involved in each knee motion, as seen in Table 2.3} Each group of muscles assists during
the user’s tasks given biological limitations. Moreover, these motions delimited the biological

knee to 4 DOF, as is shown in Fig. 2.4

Knee Gait
Plane motion Muscles ROM [deg]
Articularis genus, rectus
. femoris, vastus lateralis,
. Flexion . .
Sagittal vastus intermedius, and 55-60
vastus medialis.
Biceps femoris, semitendinosus,
FExtension semimembranosus, gastrocnemius,
plantaris, gracilis, and popliteus
Gluteus medius and

Abduction minimus, obturator externus,
Frontal . . 8
gemelli, and sartorius.
Adduction Adductor group of muscles.
Internal Biceps femoris
Transverse  rotation P ' 8

Semimembranosus,
semitendinosus, gracilis,
sartorius, and popliteus.

External
Rotation

Table 2.3: Anatomical features and range of motion of the human knee joint [31].

Knee kinematics might change according to the task performed by the user. For instance,
knee motion during gait has a specific waveform for each plane, as is shown in Fig.
[30]. Within the sagittal plane presented in Fig. , the knee flexion at the initial contact
(i.e., 0% of the gait percentage) to the loading response. Then, the knee extends during

the mid-stand (i.e., 10% to 30% of the gait percentage) and starts to flexing at the terminal
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Figure 2.4: A descriptive scheme of the knee joint’s degrees of freedom illustrates its principal
planes of motion.

stance (i.e., 50% of the gait percentage) to the initial swing. At last, the knee extends to
the end of the gait cycle . Most of the knee motion within the coronal plane relies on the
terminal stance and the swing period, as shown in Fig. 2.5B. Finally, the knee motion along

the transverse plane varies at the initial contact and the initial swing, as is shown Fig. [2.5

30].
2.2 Targeted goal

The primary guideline for developing an LLE, or any robotic device, is their purpose and
essential objectives given by the clinicians’ or the daily living activities” (ADL) requirements
. Each one leads to robot-assisted therapy and robotic aid for ADLs, respectively. Hence,
device functionalities obey those objectives, and they could be deployed within a clinic or at

the user’s home.
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Figure 2.5: Knee angles behavior along the three principal planes of motion during gait. A.
Flexion and extension motion. B. Abd/adduction motion. C. Internal and external rotation
motion. Kinematic outcomes extracted from [30].

2.2.1 Robot-assisted therapy

Clinicians’ needs are aimed to support the rehabilitation process of the patients. Physical
therapy (PT) requires demanding training to provoke neural plasticity [8]. They are also
focused on training and building muscle strength, regain healthy patterns and balance. In
this scenario, the overall goal is aimed to reduce the burden of the clinicians. Simultaneously,
robotic aid eases repetitive motor tasks ensuring patient recovery and reduced locomotor

dysfunctions [33].

This overall goal supports multiple steps along with PT, where it defines main functionalities
to improve a specific task, for instance, gait. In this sense, many gait rehabilitation systems
have been deployed and designed for a clinical environment known as treadmill-based LLEs

[7]. The treadmill-based LLE has a standard functionality known as body weight support



(BWS), widely used in early locomotion training. BWS has been designed to reduce the
patient’s weight while walking through an LLE [34]. Moreover, BWS eases the pelvis aid to

mend asymmetric changes among the gait, either by passive or active setups , .

Within a clinical environment, the Lokomat has been extended along with one thousand
devices within 646 facilities (Fig. 2.6/A). Other treadmill-based LLEs have been developed to
research proposes such as ALEX or LOPES [37], as is shown Fig. . Although another
kind of LLE is deployed within this environment, treadmill-based LLEs are only applicable
in clinical scenarios due to their robustness. However, they provide helpful functionalities in

people who suffered a neurological injury .

Figure 2.6: Representative examples of treadmill-based exoskeletons. A. Lokomat, Hocoma.
Extracted from . B. LOPES II, Roessingh rehabilitation center in Enschede, the Nether-
lands. Extracted from [37].

2.2.2 Robotic aid for Activities of Daily Living

Other devices have been designed to assist ADLs, which are also required by the patient,
such as stand-to-sit, sit-to-stand, walking up /downstairs, among others . The execution of
ADLs could pursue a therapeutic objective, as mentioned before, through gait rehabilitation.

Nevertheless, they also have been targeted to increase the ability to perform ADL as well as

the user’s quality of life (QoL) [40], [41].

Therefore, LLE’s requirements are related to assistive tasks for the user’s ADLs. Over-



ground LLEs have been arranged as portable devices such as Indego , HAL , and
MINDWALKER [44]. These devices can be exemplified through ReWalk shown in Fig. A
for home-setting . Similarly, overground LLE applied for clinical proposes as H2 . In
particular, robotic functionalities have been mainly focused on the user’s daily independence
within these scenarios. These functionalities required a suitable arrangement of sensors and

actuators to perform a proper aid, which will be addressed in the following section.

Figure 2.7: Representative examples of overground exoskeletons. A. ReWalk exoskeleton
suit, extracted from . B. H2 robotic exoskeleton, extracted from

2.3 LLE Structure, Actuation, and Control Strategies

The LLE features are determined by the user’s joints’ kinematic and kinetic behavior during a
targeted goal. Several approaches have been proposed to resemble human joints regarding the
mechanical structure, which enhance ergonomics and comfort . They have been classified
as anthropomorphic and non-anthropomorphic . Moreover, they have coupled actuators
that provide the energy from the user’s joints. These actuators obeyed different types of

control strategies, which ensure proper pHRI.
2.3.1 Mechanical structure
Once the human features are analyzed, the LLE’s kinematic chain’s definition provides the

mechanical structure’s initial requirements. Regarding this information, two design ap-

proaches allow the device to follow the user’s movement pattern presented in Fig. 2.8 The



most common method is the Anthropomorphic Structure (AS), in which the structure’s shape
follows the assisted limb by placing the actuators near the user’s joints. This approach is the
most commonly used in active lower-limb exoskeletons, such as HAL-3, BLEEX, and ALEX
[36], [48], [49]. In contrast, Nonanthropomophic Structures (NS) differ from the human shape
extending the design possibilities. Although these structures provide several mechanical ad-
vantages (i.e., back drivability, proper distribution of masses), the design process’s complexity

may increase [47].
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Figure 2.8: Types of the mechanical structure for lower limb exoskeletons. A. A descriptive
diagram of an anthropomorphic exoskeleton. B. A descriptive diagram that presents one
example of a nonanthropomorphic exoskeleton.

The exoskeleton joints have been widely addressed within the mechanical structure because
of their influence on the device’s kinematic compatibility. This can be achieved by mimicking
or simplifying the joint structure of interest. Besides, they also follow the type of structure,
either AS or NS. Furthermore, joint proposals to AS are targeted to align with the user’s joints
employing: (1) manual adjustment, (2) compliant mechanisms, or (3) kinematic redundancy
[50]. The first scenario has been deployed in many commercial LLE such as Lokomat [38§],
HAL [43], ReWalk [45], and Indergo [42]. Nevertheless, their manual adjustment maybe

exhaustive and requires considerable practice to reduce the time to install the device. Other



joints proposals are intended to overcome the limitations of previous devices.

Two principles are used in compliant joints considering the material’s mechanical behavior
and the represented linkage through the joint’s geometry [51]. Regardless of their intricate
design, it allows the motion in the central plane and multiple differed motions. In other
words, it also has a degree of flexibility among other planes. Another joint proposal approach
is the kinematic redundancy by adding DOF for the same joint through revolute or prismatic
theoretical joints [52|. This can be achieved at different levels, Naf et al. proposed multiple
joints in series such as three revolute joints as presented in Fig. 2.9, two revolute joints,
and one prismatic as seen in Fig. 2.9B, one revolute joint and two prismatic joints as shown
in Fig. 2.9C and three prismatic joints represented in Fig. 2.9D. These solutions are aimed
to enhance kinematic compatibility [21], [50].

A B C D

Prismatic joint

Revolute joint

Figure 2.9: Kinematic redundancy. Proposal kinematic chains using three joints in series to
enhance the kinematic compatibility. These kinematic chains could be deployed along with
the structure and within the physical interfaces [50]. A. Series of three revolute joints. B.
Series of two revolute joints and one prismatic joint. C. Series of one revolute joint and two
prismatic joints. D. Series of three prismatic joints.

2.3.2 Actuation

The energy applied to the LLE’s joints can be derived from multiple sources to generate
motion and assist with the targeted goal. These energy sources delimit LLE’s response
features (i.e., device bandwidth, weight, power) affected by the actuator type and the relation

between the supplied torque to the user device’s weight |13|. Therefore, more robust or more



straightforward actuators may be suitable for different scenarios.

Three of many aspects are summarized in Table according to six different kinds of ac-
tuators used in LLE. The first aspect presents a general configuration according to the type
of actuator highlighting the main components. These components define the actuator’s back
drivability, which is related to the characteristic impedance; in other words, the capability
of response against a contrary motion [53|. Even though this capability depends on their
components’ constraints, they present a common trend of whether it is back drivable. An-
other central aspect is the trade-off between the power and the weight. The actuators showed
that electric-based actuators (e.g., series elastic actuator (SEA), variable stiffness actuator
(VSA)) weigh double than hydraulic or pneumatic actuators (e.g., pneumatic artificial mus-
cle (PAM)), defining the power /weight ratio as low for electric-based actuators, and high for

hydraulic or pneumatic [54].

Type Configuration Powizé\iz\(f)elght Back drivability
Electric el Low No
Load
SEA Motor - Spring - Low Yos
Load
VA Motor - Nonlinear Low Yos

spring - Load

Air source - Linear or
P t1 High N
neumatie rotatory transfer - Load ' ©

PAM Air source - Artificial High Yes

muscle - Load
Fluid source - Linear or

rotatory transfer - Load High No

Hydraulic

Table 2.4: Type of actuators commonly used in LLE. The most common actuators are de-
scribed according to their generalized configuration, power /weight ratio, and back drivability

[54].

Several actuators have been frequently coupled in rehabilitation or assistance LLE, for in-
stance, the motor drive (e.g., electric motor and gearbox) [55]. This actuator has been

deployed in most commercial exoskeletons because of its ease of implementation, opposite



pneumatic actuators’ side due to its heavyweight energy source. However, as a linear actua-

tor, it has to be outweighed by a control strategy.

Throughout the years, novel actuators emerged in LLE applications, and they have been
widely used in treadmill-based (e.g., LOPES [37], ALEX [36], [56], MINDWALKER [44])
and overground exoskeletons (e.g., Soft exosuit [57], Rex [58]). These actuators use pas-
sive elements coupled to motors (i.e., series or parallel elastic actuators, variable stiffness
actuator), giving back drivability to the joint, in which they are capable of uncoupling the
shaft |7]. Moreover, their kinematic and kinetic outcome can be specifically designed to joint

requirements for mechanical leverage by springs or dampers configurations [59|.

2.3.3 Control Strategies

Designers have comprised mechanical statements or properties (e.g., joints modeling, dynamic
constraints, type of actuator) into several control strategies to achieve the targeted main goal
based on the features mentioned above. These strategies are defined as high-level control
strategies focusing on the user’s intention [54]. In contrast to the low-level control strategies,

which handle the response of the actuators directly.

The control strategies could be based on multiple signals from the user or the device to
acquire the user’s intention. On the one hand, electromyographic (EMG) signals have been
used in single-joint LLE, selecting the principal muscle or muscle group during the task [53].
On the other side, the device has been used as an input to the control strategies through the

actuators or other sensors attached to the structure [54].

Many control strategies have been intended for specific rehabilitation tasks or to improve the
interaction regarding the source of the control signals. Moreover, they have been divided into
two categories: (1) trajectory tracking control (TTC) and (2) assist-as-needed control (AAN)
[60], [61]. The first approach was adapted from industrial robots [61]. TCC is a conventional
method used in the initial stages of the rehabilitation process for gait training. This ap-

proach has developed several kinds of TTC (e.g., reference trajectory, model-based stability,



predefined motion, sensitivity magnification control strategies), which predominately guide
the user to perform a specific movement [60]. However, these approaches provided a fixed

amount of assistance during the tasks.

Current approaches vary the level of assistance according to the user leading to AAN control
strategy, enhancing the patient’s neuroplasticity within rehabilitation scenarios. To fully
detect the human effort, it has been defined as compensation systems intrinsically to the
device, such as friction and gravity compensation |60]. Considering these systems, one of
many approaches is based on bioinspired control that addressed AAN through impedance
controllers [62]. Besides, path control algorithms have been included in compliant virtual

walls to amend gait patterns, which could be based on position or force fields [60].

2.4 Physical interfaces

To ensure the transmission of energy from the actuator to the user, the physical interface is
the most important feature that affects the exoskeleton’s performance |50]. The real progress
in generating motion begins at the actuators’ energy and then transferred to the mechanical
structure. The physical interfaces are attached and carry the energy to human joints [63], [64].
Thus, the design and development of physical interfaces must consider the overall features
to provide a suitable solution. Moreover, they have to ensure comfort and ergonomics to
the user. Within this framework, diverse materials and arrangements have been deployed to

secure the LLE to the user.

2.4.1 Manufacture and materials

Physical interfaces have to be comfortable along with the targeted goal. From an ergonomic
perspective, critically, avoid safety hazards such as skin injuries or pressure points [65]. In
this context, the interaction between the user’s skin and the physical interfaces must be
compliant and secure its safety against pain and lesions. Moreover, it also has to be strong

enough to transfer energy as efficiently as possible. Hence, the physical interfaces’ materials



are one of the main aspects to enhance the device’s performance.

Many approaches include orthopedic components integrating commercial solutions for LLE’s
applications, as is shown in Fig. [2.10l These solutions can combine compliant materials
(i.e., foams, fabrics, thermoplastics) to leverage ergonomics and comfort , . These
components embrace a broader population through an adjustable design, and they could
reduce the costs of the physical interfaces. However, physical interfaces have also been

tailored based on LLE’s design features [13].

thigh shell

knee angle sensar

ankle moment sensor

Figure 2.10: Commercial solutions for LLE. C-Brace by Ottobock from a knee-ankle-foot

orthosis .

Most physical interfaces are designed in two sections: (1) rigid interface to transfer the
actuators’ energy and (2) flexible or soft interface to adapt to user limb’ geometry and
provide comfort. The ratio of each section depending on the material selection. For instance,
the proposed exoskeleton by Asbeck et al. uses fabrics for the physical interfaces under their
bowden cable actuation [57]. Hence, most of the material used in this case was mainly flexible

due to the design’s physical interfaces aimed to fit different users.



Another case presented a rigid physical interface predominantly for the active ankle-foot
exoskeleton of Langlois et al. made of PLA and carbon fiber reinforcement, shown in Fig.
. The design and development of physical interfaces were customized through 3D
scanners and 3D printers technologies , , as is shown in Fig. . These techniques
are highly adaptable to different geometries, either rigid or flexible materials, though, for
rigid interfaces, they have to be reinforced via carbon fiber or resins.
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Figure 2.11: A customized physical interface for an ankle-foot orthosis. Extracted from .
A. The 3D scanner of the user’s limb and CAD model for the physical interface. B. The
customized physical interface to a powered ankle-foot exoskeleton.

2.4.2 Physical Interfaces’ Layout and Assessment

Despite the extensive development of LLE, physical interfaces have been overlooked com-
pared to other design features. Consequently, several layouts have been defined to the same
application (e.g., number of physical interface per body segment, best material aimed at a
rehabilitation or assistance task) [70]. These layouts involved an ergonomic, kinematic, and

kinetic cost, affecting the device’s performance.
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Within the physical interface layout, the user’s limb location plays an essential role in ensur-
ing comfort. Nevertheless, a few studies have been focused on this topic . The physical
interfaces’ assessment is divided between quantitative (i.e., kinematics or kinetics) and qual-
itative (i.e., QUEST or user-centered evaluation) studies. In this sense, quantitative studies
have been emerged to understand the interaction between the device and the user through
optoelectronic systems. These studies are presented in Table Kinematic approaches are
performed through reflective markers placed in the user and the device during a specific task
(e.g., walking or sit-to-stand). Moreover, the studies are aimed to analyze the displacement
or rotation along the sagittal plane of the study. However, frontal and transverse planes
are omitted in the analysis and the planes’ displacements or rotations. These studies could
include multiple performance indicators such as, joint kinematics, interface displacements,

and adaptability to different height ranges.

. Plane of
Author Device Task Variable study Outcome
D R S F T D|[mm|/ R /deg/
D’Elia et al. [71] Oiizzs x - x - - 54 -
Langlois et al. |69] Ag;fi?gt X - X - - 3.4 -
Akiyama et al. [72] Lower-limb StS x X X - - 58 21
exoskeleton

Table 2.5: Kinematic studies of lower limb devices. The variables involved are one-
dimensional displacement (D) and one-dimensional rotation (R). The tasks are defined as
walking (W) and sit-to-stand (StS). Within the planes of study are divided into sagittal (S),
frontal (F), and transverse (T). The outcomes involved the full displacement in millimeters
(D) and the maximum rotation in degrees (R).

Another quantitative approach uses kinetics performance indicators to comprehend the trans-
mission of energy along with the tasks. Within these studies, kinetic assessment is presented
and summarized in Table Each study used a sensory interface (e.g., force-sensitive
resistors or six-axis force/torque sensors) to capture the forces and torques, and they are im-

plemented in two locations: (1) inside of the physical interfaces [73], and (2) between the
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mechanical structure and physical interfaces . Furthermore, a preliminary study analyzed
the interaction forces during a knee flexion/extension movement, contrary to other studies
focused on gait. In particular, the kinetic approach addressed more planes of study than
kinematic studies, analyzing several performance indicators such as, global torques, global

power, and ground reaction forces.

. Plane of

Author Device  Task Variable study Outcome

F T P S F T FIN T/[Nm/ PI[W|
Leal-Junior Knee
et al. |73] exoskeleton MT x - - x - - 26 , i}
Rathore
etal fra]  REX G x - - x - - 2 i i

Li Lower-limb

et al. [75]  exoskeleton x x - x x x 20 1.8 -
Yandell Ankle-foot G e ] ] »

et al. [76] orthosis

Table 2.6: Kinetic studies of lower limb devices. The tasks are defined as movement tasks
(MT) and gait (G). The variable of analysis is the force (F), torque (T) and power (P).
Within the planes of study are divided into sagittal (S), frontal (F) and transverse (7T).

The further kinetic analysis allows quantifying transmission losses involved during the task.
The factors entailed energy losses depend on the physical interfaces’ location and the number
of physical interfaces per body segment . For instance, the Soft Exosuit analyzed by
Yandell et al. presented a power dynamics study to understand the losses within the physical
interface. The analysis considered the power of the actuator compared to the ankle’s power
during gait. The primary outcome was the absorption of 55% by its physical interfaces [76].
However, this study has been performed using only one physical interface and overlooked the

interface migration over time.

Kinematic and kinetic studies also include other sensors to enhance the understanding of
kinematic compatibility during a specific task. These sensors could be added inside the device,
as a wearable sensor (e.g., EMG electrodes, cuff’s force sensors), or equipped externally

(e.g., instrumented treadmill, force ground sensors) , . The kinematic compatibility
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assessment using one or more of these sensors afford a wide range of information from different
performance indicators. The data could be also related to assessing the device’s performance,
understanding the HRI, and how affect the user’s outcomes (i.e., spatial-temporal parameters,

metabolic cost, joint kinematics).

On the other hand, qualitative studies are widely used to assess the exoskeleton focusing on
the user’s insight |14]. These studies provided an overall assessment of the exoskeleton in
terms of comfort and ergonomic aspects, although with clinical proposes |77|. However, a
recent ergonomic study has been related to the physical interface location of an LLE and
the users’ discomfort through multiple questionnaires and a usability test [78]. This study’s
outcomes of this study provided a meaningful guideline to ensure a painless and comfortable

interaction that improved the design of the physical interfaces.

Reviewing the literature, the physical interfaces’ kinematic assessment presented a common
trend analyzing one-dimensional outcomes of the sagittal plane, as it is summarized in Table
[2.5] This evidence reveals a knowledge gap among the kinematic assessment that can be
extended to more planes. Contrary to the kinetic evaluation, a few studies presented a
further analysis for other planes. However, this analysis was focus on forces and torques

outcomes.

This work’s primary goal is to assess the interaction between the user and the AGoRA-LLE.
Throughout this assessment, a methodology is proposed to analyze the physical interfaces to

increase the understanding of the kinematic compatibility of the lower-limb exoskeleton.
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Chapter 3

AGoRA lower-limb exoskeleton

The mechatronic development of the AGoRA lower-limb exoskeleton (AGoRA-LLE) has been
focused on the enhancement of the control strategies to achieve a suitable pHRI along with
the gait [79], [80]. Even though control strategies have been improved, other features involved
in the LLE such as joint design or physical interfaces have to be considered. Furthermore, this
chapter’s structure follows the guidelines previously established in chapter [2] involving the

current development of the AGoRA lower-limb exoskeleton, as described in the next section

and showed in Fig. 3.1]

Additionally, it also presents the design of the passive hip joint of the exoskeleton for
the ab/adduction motion in the frontal plane, using variable stiffness’ principle. The hip
ab/adduction motion can be restricted according to the stiffness adjusted within the mech-
anism given a torque interaction produced by the exoskeleton joint. This interaction is

simulated, enclosing several scenarios to delimit the amount of energy delivered to the user.
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Figure 3.1: Current version of the AgoRA lower-limb exoskeleton. A illustration that de-
scribes the AGoRA lower-limb’s principal features.

3.1 Design features

The development of the AGoRA-LLE can be divided into design features, as presented in
chapter |2l Each feature has been aimed at multiple goals delimiting the functionalities and
design’s outcomes of the device. Besides, the physical interfaces’ feature will be addressed in

detail, presenting the improvement between versions.

3.1.1 Targeted activity and anatomic concepts

Among the development of the AGoRA-LLE, it has been established different boundaries
within robotic aid. For instance, the ADLs have been limited to walking and sit-to-stand
activities. Moreover, the anthropometric measurements followed Table 2.1, and exoskeleton’s

thigh and shank links were estimated for young adults to older people. In this sense, the



targeted population is also limited by a maximum weight of 90 Kg, and the user’s height

range is defined from 1.70 to 1.83 m [81].

On the other hand, the hip joint model has been considered two out of three DOF according
to the boundaries shown in Fig. , specifically, the flexion /extension and the ab/adduction
rotations. Furthermore, the knee joint model has been also simplified as one out of four DOF,
and it was select as its main rotation, i.e., flexion/extension. In this way, human joints have

been defined due to their importance during gait [22].

3.1.2 Mechanical structure and actuators

The structure of AGoRA-LLE is classified as AS, defined in chapter [2|, where the mechanical
structure follows the human anatomy to hold the different components of the device. This
structure is made of duralumin, a lightweight and high-resistant material. Within the struc-
ture, multiple links have been designed as a variable to adjust to the user’s anthropometric
measurements. These links are placed between (A) the sagittal hip actuator and the frontal
hip joint, (B) the backrest and the frontal hip joint, (C) the knee actuator and the shank’s

physical interfaces, and (D) the hip and knee actuators are shown in Fig.

The mechatronic development of the AGoRA lower-limb exoskeleton (AGoRA-LLE) has been
focused on the enhancement of the control strategies to achieve a suitable pHRI along with
the gait [79], [80]. Even though control strategies have been improved, other features involved
in the LLE such as joint design or physical interfaces have to be considered. Furthermore, this
chapter’s structure follows the guidelines previously established in chapter [2] involving the

current development of the AGoRA lower-limb exoskeleton, as described in the next section.

Additionally, it also presents the design of the passive hip joint of the exoskeleton ab /adduction
in the frontal plane, using variable stiffness actuation (VSA). The hip ab/adduction motion
can be restricted according to the stiffness adjusted within the mechanism given a torque

interaction produced by the exoskeleton joint. This interaction is simulated, enclosing several



scenarios to delimit the amount of energy delivered to the user.

A C D
B Variable
Shank's physical thigh
link

interfaces

Maximum o ‘
,’ \ | g

Figure 3.2: Adjustable links of the AGoRA exoskeleton. Each adjustable link is located
between A. Sagittal hip actuator and the frontal hip joint. B. Backrest and the frontal hip
joint. C. Knee actuator and the shank’s physical interfaces. D. Hip and knee actuators.

The actuators used in the AGoRA-LLE are mainly active joints defined as motor drive
actuators. They are composed of a brushless DC motor (EC-60 flat 408057, Maxon Motor
AG, Switzerland) coupled with a gearbox (CSD-20-160-2AGR, Harmonic drive LLC, USA).
The actuators can provide a peak torque up to 180 Nm through these components, either
for the knee or hip joint in the sagittal plane. Likewise, a passive joint designed in this thesis
for the frontal hip joint will be deeply addressed in the next section. The overall scheme of

the active and passive joints of the AGoRA-LLE is summarized in Fig. 3.3

3.1.3 Control scheme

The software architecture of the AGoRA-LLE is built in a Robotic Operative System (ROS)
framework through a package known as ros_control. This package eases the implementation
and management of real-time controllers and, the monitoring of the controllers. The overall
software scheme is divided into three primary levels, which are presented in Fig. Within

the high-level of the AGoRA-LLE’ software architecture, the gait phase detection drives the
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Figure 3.3: Scheme of the mechanical structure. A. A diagram of the kinematic chain il-
lustrating the active and passive joints, the physical interfaces, and the backrest as the
exoskeleton’s ground. B. Representative kinematic chain on the user.

exoskeleton guided by different controllers . Moreover, the exoskeleton has transparent

and assistance mode based on admittance and impedance controllers, respectively.

The middle-level control compresses key models and considerations regarding the device and
the actuators to achieve the these controllers’ proper performance. Kinematic and kinetic
models are deployed to understand and compensate inherent to the exoskeleton. Initially,
the AGoRA-LLE is defined by the Denavit-Hartenber parameters according to the kinematic
chain, is shown in Fig. The friction within the motor and gearbox and the device’s

weight must be adjusted through kinetic compensation systems [80].

Subsequently, the low-level control gathers specific controllers that directly handle the actua-
tor, such as velocity and torque controllers. These controllers communicate with the EPOS4
driver and manage motor directly. As shown in Fig. [3.4] within the low-level control there
are sensory interfaces that allow bidirectional communication between the actuator and the
controllers. Additionally, the sensory interfaces are also implemented between each control

level to monitor and manage the overall device’s response.
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Figure 3.4: The overall control scheme of the AGoRA lower-limb exoskeleton.

3.1.4 Physical interfaces

The development of the AGoRA-LLE’s physical interfaces is divided into two design ap-
proaches: (1) overlapped design and (2) embedded design. The first approach leads to a
prototype shown in Fig. The overlapped version is designed to match the structure
geometry and resemble a part of the limb’s using a rigid 3D printed part. A fabric and fas-
tener are connected to the rigid 3D printed part which fully adapts to the remaining limb’s

geometry. However, the preliminary experimental test showed that the physical interfaces



were shifted due to the vibration produced by the task’s motion. As a consequence, the fas-
teners were loosened during the gait. The rigid parts were uncomfortable to the user creating

pressure points either in the shank or thigh links.

3D-printed
Braces

Figure 3.5: AGoRA-LLE’s physical interfaces first version. An overlapped version of physical
interfaces made of 3D printed Nylon, fabric, and fastener.

To overcome these issues, the physical interfaces’ design is aimed to embed into the structure
is presented to assembly the physical interfaces inside the exoskeleton’s mechanical structure,
as shown Fig. [3.6] Moreover, they are split into two sides: a rigid side to ensure the
mechanical structure’s location and a flexible side to adapt ergonomically to the user’s limb.
The rigid side is made of 3D printed polylactid acid with Particulate Carbon fiber (PLA-PC)
and the flexible side is made of 3D printed thermoplastic polyurethane (TPU). This flexible

side is also attached to a flexible fabric that adjust the TPU part to the user’s limb.

The version’s improvements ensure the physical interfaces’ location and avoid the vibrations
seen in the previous version, as shown in Fig. 3.7 Moreover, the embedded version’s surface
area increased to ease the energy transmission without pressure points that affect the comfort.
This version’s assessment will be presented regarding a relative motion approach in the next

chapter.
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Figure 3.6: AGoRA physical interfaces” CAD design. The mechanical structure’s assembly
shows the physical interfaces embedded on the exoskeleton’s links.
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Figure 3.7: AGoRA-LLE’s physical interfaces second version. The embedded version of
physical interfaces are made of PLA-PC, TPU and flexible velcro.

3.2 Passive frontal hip joint

Most of the LLE’s joints include several planes of motion (i.e., sagittal or coronal plane) to
perform a ADLs , . These joints can be designed as active joints including actuators, or
passive joints, using spring and dampers elements. Both of these joints should allow complaint

interaction . Nevertheless, active joints need heavier actuators and robust algorithms to



perform a proper interaction, as presented in previous chapters. Hence, passive joints can be

a suitable solution for secondary planes of motion, and enhance the HRI.

The passive joints are used to decoupling an undesired DOF by adding adjacent to exoskele-
ton’s joints to improve the user’s interaction . They are also implemented as self-aligning
mechanisms to ease the joint’s alignment during the task [82]. Moreover, passive joints could
be designed through complaint elements or include passive elements (e.g., springs or dampers)
to transmit forces to the user . Therefore, the passive joints constitute a key role within

an exoskeleton, providing several benefits to the user.

The proposed passive hip joint is aimed to provide support along the frontal plane. The joint’s
design followed the human joint feature, which considered the ROM of the user’s hip joint
along the frontal plane. This joint combines three main design principles: variable stiffness’s
principle (VSP), four-bar mechanism, and bio-inspired tendons. Each one plays a role during
the passive interaction between the user and the exoskeleton, providing an adjustable system
to satisfy users’ needs. Following these principles, the interaction torque is estimated through
mathematical modeling to understand and quantify the energy and support deployed to the

user.

3.2.1 Four-bar mechanism

Links arrangement has been addressed since the 13th century, which allowed technological
development in multiple scopes [83]. Moreover, they have been used to transform wind or
water energy as source power. Their arrangement belonged to the simplest mechanisms,
such as the four-bar mechanism. In particular, during the 19th century, Pointsot, Willis,
Reuleaux, and Chasles accomplished several breakthroughs, which gave the foundations to
understand four-bar mechanisms [83]. In parallel, the overall progress also considered the

kinetic analysis through the law of conservation of energy or Newton’s laws [84].
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Over the years, four-bar mechanisms have been specified by the boundaries conditions of the
implementation. These boundaries conditions involved the type of links (i.e., binary, tertiary,
quaternary) and mobile or fixed joints (i.e., prismatic or revolute joint). The most common
mechanism is known as double-rocker, presented in Fig. [3.8JA, crank-rocker mechanism,
shown in Fig. [3.8B, and crank-slider, shown in Fig. [3.8C. Within these scenarios, the double

rocker mechanism is one part of the VSP is designed to transfer the energy to the user.

— ol

Figure 3.8: Basic configurations of the four-bar mechanism. A. Double rocker mechanism.
B. Crank-rocker mechanism. C. Crank-slider mechanism.

Two double-rocker mechanisms are merged on the backside of the AGoRA-LLE. Each mech-
anism is configured per side, as it is shown in Fig. [3.9] Focused on the right side of the
exoskeleton, one of the rocker links directly interacts with the user’s leg and it pivots in Os.
Moreover, the opposite rocker pivoted in Oy is loaded with the bio-inspired tendons’ external

forces.
3.2.2 Bio-inspired tendons

The passive elements involved in the VSP were designed to resemble the stiffness of a human
tendon as a spring-like component. It was accomplished by a braided material formed by
(1) elastic filament (Filaflex, 2.85mm, Recreus, Spain) and (2) fishing rod (eight filaments,
Sufix 832, USA). These filaments were intertwined following a volumetric fraction of 14% to
accomplish a variable stiffness performance regarding the elongation. To assess this configu-

ration, a tensile test was carried out through a universal machine, fixing a specimen between

two jaws, as shown Fig. [3.10] Besides, the tensile tests followed the ASTM C1557-14 [85].
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Figure 3.9: Description of the passive frontal hip joint. A. Global overview of the passive
frontal hip joint for both sides. B. Right side description of the mechanism detailing the
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Figure 3.10: Tensile test experimental setup.

Stress-strain results are used to estimate two elastic zones and their Young’s modulus as is
shown in Fig. A range of strain defines each zone: zone A between 0 to 0.10 mm/mm
and zone B between 0.1 to 0.15 mm/mm. Nevertheless, zone C presented inconsistent stress
values and rupture point. However, this last zone is not taken into account in the analysis

because the bio-inspired tendons will be loaded with forces smaller than the required for the



rupture point.
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Figure 3.11: Tensile results of the bio-inspired tendons. The stress-strain curve presents the
Young’s modulus for the A and B zone.

3.2.3 Variable stiffness principle

The variable stiffness principle (VSP) has been defined within the passive compliant actu-
ators, it allows an active impedance control, inherent compliance or inherent damping [59].
Regarding the passive actuators based on inherent compliance, they have intrinsic compliant
elements that provide a fixed or variable stiffness due to their mechanical properties. Accord-
ing to these mechanical properties, they are divided into two categories: (1) Series Elastic
Actuator (SEA) and (2) Variable Stiffness Actuator (VSA) [59]. However, the VSP could
be delimited into many configurations regarding the mechanical interlink and the passive
components (i.e., spring or damper). In this sense, the proposed passive joint is defined as a

four-bar mechanism and a spring-like element previously described.



3.2.4 Mathematical modeling

The theoretical framework employed the design principles aforementioned, given the overall
layout of the passive frontal hip joint divided into the details of the variables shown in Fig.
B.I2)A and the points’ coordinates regarding the global frame O, as seen in Fig. [3.12B. As
was presented in Fig. [3.2B, frontal adjustment can affect the passive hip joint’s the initial
parameters. For this reason, the frontal adjustment was configured at the minimum range.

Therefore, the links’ length, initial parameters, and links features are defined in Table [3.1]
A B

P, P, P, (82.29 , 116.69)
\v ﬁ . \

04 (61.6,45.61)

P; (40.9, 116.69)
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«——\{— Bio-inspired tendon

Figure 3.12: Scheme of the passive frontal hip joint. A. Details of variables and boundaries
are taken into account to understand the torque of interaction generated by the passive joint.
B. The main referenced points show their coordinates regarding the global frame in O,. Units
in millimeters.

Length Weight Inertia Angular Angular
[m] [kg] [kgm?] velocity [rad/s] accel. [rad/s?|
L, 76.65e-3 - - - -
Ly 40.00e-3 26.31e-3  1.00e-1 0 0

Ls 65.02e-3 140.0e-3  1.00e-1 - -
Ly, 31.00e-3 26.31e-3 1.00e-1 - -

Table 3.1: Initial parameters and features for each link of the double rocker mechanism.

The bio-inspired tendons are attached between the P; to P3 and P, to P,. Besides, the points

P, to P, are fixed in the structure, and the points P3 to P, pivot in O4. Moreover, the double



rocker mechanism has external forces applied in P; and P, affecting only Ls. The global
frame system is located in Oy which refers to the fixture points P, and P2, and the pivot Oy
coordinates, which are also referenced to Os. According to the global frame system, the Lo
ROM is defined as 20° bisected by the global frame’s Y-axis. This ROM is due to the human

hip motion along the frontal plane of ab/adduction.

To ease the passive hip joint modeling, the global frame is rotated a = 36.5171°, aligning
the L; to the X-axis, as is shown in Fig. [3.I3JA. This rotation allows us to analyze the
double rocker mechanism as a classic approach. Moreover, the interest points (e.g. Oy, P,
P,) are also rotated using a two-dimensional rotation matrix (R), as is shown in Eq. 3.1}
Following these adjustments, the double rocker mechanism involved in the passive hip joint

is summarized, as is shown in Fig. [3.13B.
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Passive hip joint mechanism Simplified mechanism
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Figure 3.13: General scheme of the four-bar mechanism. A. The passive hip joint mechanism’s
summarize scheme is adjusted to ease the mathematical modeling. B. Simplified mechanism
according to the frame’s rotation.

(3.1)

coso  —Sino
sino coso

3.2.5 Kinematic modeling

Based on the boundary conditions of the double rocker mechanism, the position of each link
has to be defined using the baseline angles which provide the orientation of the links (i.e., 63

related L3, and 6, related L4) regarding the input variables (i.e., links’ length, 65, 05, and 92)



To determine links position, a vector loop is employed using the links as vectors represented
in Eq. [3.2] and shown in Fig. [3.14] These vectors are defined using complex numbers in a
polar representation (e.g., rexp(jf)) as is seen in Eq. .3l They are also extended by the
Euler’s identity (i.e., exp£jf = cos % jsind), as is shown in Eq. 3.4

R2+R3—R4—R1:0 (32)
aexp(jbs) + bexp(jbs) — cexp(jby) — dexp(j61) =0 (3.3)

a(cosby + jsinbs) + b(cosOs + jsinbs) — c(cosby + jsinby) — d(costy + jsinby) =0 (3.4)

Figure 3.14: Kinematic scheme of the simplified mechanism. The four-bar mechanism is
represented through the vector loop approach and defined each links’ angle.

The equations’ system is divided into real and imaginary equations to solve the unknown
angles (i.e., A3 and 6,) in terms of 65,a,b,c and d. The solution for each unknown angle is

defined in Norton et al. by several constants for an overall formula presented in Appendix

Al
3.2.6 Kinetic modeling

Following the initial boundary conditions and the kinematic outcome, the kinetic analysis
is addressed by Newton’s laws for each link defining the sum of all forces (F) and torques
(1) by Eq. and Eq. , respectively. Both definitions could be expressed by a linear

system of equations such as A-x = B. Specifically, matrix A defines the geometrical features



of the mechanism. The column vector x gather the unknown variables related to internal
forces and torques between the links and the vector column B store the dynamic equilibrium
and external forces. Moreover, the centroid of the mass is placed in the middle of each link.
The kinetic analysis presents the internal and external forces and the resulting acceleration
of each link shown in Fig. [3.15] As a result of the links’ small mass and inertia, the links’

weight is not considered in the kinetic modeling.

S Fem-a (3.5)

Y r=1Ia (3.6)

Figure 3.15: Kinetic scheme of the simplified mechanism. The links’ free body diagram is
presented summarizing the internal and external forces.

The external forces involve the position of the fixation points (i.e., Py and P;) and the
mechanical behavior of the bio-inspired tendons. The fixation points’ location depends on
the angle 6, as is shown in Fig. the links red and blue belongs to the same body.
Moreover, the tendon’s force depends on the strain (i.e., €; or €3) resulting from the motion
of link 4. This strain of each tendon relies on two lengths: (1) the initial length (I;,;)
calculated between the P to P or P, to Py and (2) the current length (I,) between the P
to Py or P, to P, according to the variation of 6,. The strain is also used to estimate the
tendon’s force defining each Young’s modulus, according to Fig. [3.11] Finally, the cross area
(a = 6.379mm?) of the tendons is constant along with the tendons. These considerations to

calculate the external forces are summarized in Appendix



The kinetic analysis summary is presented as a system of equations of the passive frontal
hip joint shown in Appendix [A.3] The system of equations defines the sum of all forces and
torques for each link. The A-z = B system is solved by multiplying the inverse of A (A7) in
both sides of the equation given z = A~'B. Within the vector, x relies on the main output

of the model, the torque of interaction.

Figure 3.16: Kinetic scheme of the external forces applied to link 4.

3.2.7 Matlab simulation

Kinematic and kinetic modeling are solved within the hip ab/adduction ROM (i.e., 20°) to
understand the passive frontal hip joint interaction. Algorithm [1| presents the pseudo-code
implemented in Matlab R2018b to quantify the torque interaction (i.e., 73). Three main
functions are employed to estimate 7o divided into (1) kinematic, (2) external forces, and
(3) kinetic. According to the main parameters of the four-bar mechanism, 7 is estimated
in different scenarios as a result of the variable stiffness configuration. These scenarios are

delimited by the initial elongation, which can be adjusted in P, and P.

Within these scenarios, the kinematic function uses the equations showed in Appendix
to estimate the unknown angles. The external forces function calculates the current tendons’
force, considering the initial elongation and the 6, that involves the tendons’ fixation points.
Finally, the kinetic function gives the main output defined as the interaction torque using

the kinematic and the external forces as an input.



Algorithm 1 Kinematic and kinetic solution’s pseudo-algorithm.

1: mech < Ly, Lo, 05, 92, 92, Ls, Ly > Parameters of the mechanism shown in Table .

2: ROM < 20° > Hip ab/adduction range of motion.
3: np < 200 > Number of divisions within the ROM.
4: for i <~ 0 to 0.15 do > Initial elongation. Steps of 0.1.
5 for j < 0 to np do > Steps of 1.
6: 03, 63,03, 04, 04, 04 < KINEMATIC(mech, 5, ROM, j) > Appendix [A.1
7: Fy, Fy < EXT. FORCES(0y,1) > Appendix |A.2
8 Ty < KINETIC(F}, Fy, 03, 0, 03,0,,0,, 94) > Appendix |A.3
9 Oy < 6+ j - (ROM /np)

10: return 7, > Store each 75 per i

3.3 Results

The interaction torque is presented through fourteen scenarios as a result of the variable
stiffness configuration Fig. [3.I7 According to the tendon’s stiffness, these scenarios are
gathered into two groups (1) ten curves preloaded between 0 N to 88.3 N and (2) 4 curves
preloaded between 371.1 N to 472.43 N. These configurations preloads are estimated using
the mechanical properties of the bio-inspired tendon, as presented in Appendix[A.2] The first
group represents the lower stiffness of the bio-inspired tendon which the interaction torque
slightly changes at lower preload. In contrast to the second group, the torque interaction

increase given the preload magnitude, as well as the torque variation of 4 N.

Further analysis of these results provides the rotational stiffness for each preloaded scenario
by integrating the interaction torque regarding ;. The joint stiffness is divided into low and
high stiffness gathering the blue and red curves of Fig. [3.17] respectively, as is shown in Fig.
Within the low stiffness, the outcomes are estimated between 0.56 to 1.25 Nm/rad at
a range of preload between 0 to 176.7 N. In contrast to the high stiffness’ outcomes between

3.45 to 4.24 Nm/rad which need a preload of 742.4 to 944.9 N.

According to the interaction torque results, an approximation model is estimated to fully

characterize the interaction torque and the user’s hip ab/adduction. To achieve this, each
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Figure 3.17: Interaction torque of the passive frontal hip joint along with
cases.
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Figure 3.18: Joint stiffness regarding the preloaded scenarios.

scenario is fitted to a polynomial equation of second degree (i.e., a, b, and c are the fitting

coefficients) dividing this analysis into the same two groups previously established. The Eq.

resumes the interaction torque within the lower tendon’s stiffness, representing the blue

curves in the Fig. . Moreover, the Eq. summarizes the interaction torque (7) of



the higher tendon’s stiffness corresponding to the red curves. These equations define the

relationship between the interaction torque (7) and the hip ab/adduction motion (65).

7(63) = ab? + bl + c;a = 0.0022,0.0103 < b < 0.0691,1.5347 < ¢ < 3.4988 (3.7)

7(65) = ab? + by + c;a = 0.0021,0.2595 < b < 0.3268,9.8049 < ¢ < 12.0558 (3.8)

These approximation models and the analytical data are compared to understand the curve
fitting for each scenario. The relative error estimates the fitting error, as is presented in Eq.
3.9 and the error between the data and the fit function is shown in Fig. In this sense,
the overall error was lower for the second group of curves (i.e., red curves) and higher for
the first group of curves (i.e., blue curves). Moreover, the variation of the first group was
greater than the second group. Nevertheless, the maximum relative error of all the scenarios

was 2.48% at 0 N of preload.

data — fit

3.9
data (3.9)

Terror =

3.4 Discussion

The passive hip joint’s mathematical model was developed to quantify the interaction torque
and stiffness according to the system’s preload. The passive frontal hip joint required higher
preload forces to increase the interaction torque delivered to the user. In the first group
of curves, the preload ratio needed to obtain the Maximum interaction Torque (RPMT) is
delimited between 9.8 to 42.1. Likewise, the RPMT within the second group of curves is
defined between 59.8 to 59.9. On the other hand, stiffness outcomes are also divided into two

groups which can be adjusted according to the preload force. Even though the stiffness and
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Figure 3.19: Interaction torque error of the approximate model compared to the analytic
results.

the preload are directly proportional, the ratio between them is lower than 3.24e — 2. These
ratios allowed to compare the output (e.g., interaction torque or stiffness) to the input (e.g.,

preload) given a poor performance.

The hip ab/adduction motion is commonly included in LLE’s design as an unactuated joint
such as HAL-3 [43], eLegs [86], and ReWalk [45]. Similarly, Vanderbilt University’s LLE has
adjustable compliance for the hip ab/adduction motion through a composite material and
aluminum inserts, increasing its weight . However, these unactuated joints have several

limitations that can be overcome using the lightweight proposed passive joint.

Other LLEs also included active and quasi-passive actuators to provided energy to the hip
joint, even though these devices focus on the sagittal plane. Lee et al. studied a hip-
exoskeleton that provides similar interaction torque compared to the proposed passive joint

adjusted at a 371.1 N. However, the hip-exoskeleton is heavier and generates a maximum



torque of 12 N [8§].

Similarly, Di Natali et al. studied the XoSoft which uses quasi-passive actuators through
elastic bands and an electro-magnetic clutch [89], [90]. This device generates passive energy
along the motion, providing to the user’s hip a maximum torque of 3 Nm. In contrast to the
proposed joint that provides a higher interaction torque adjusting the preload between 0 to

88.3 IV, as presented in Fig. [3.17] Additionally, the XoSoft needs an electro-magnetic clutch.

The proposed passive hip joint in this work presented a advantages compared to other devices,
regarding the lightweight and the interaction torque. Nevertheless, this joint has limitations.
One of these limitations is the preload’s magnitude needed to achieve higher interaction
torque. To reduce the preload’s magnitude, the four-bar mechanism could be optimized to

increase the interaction torque, modifying the links’ length or layout.

Another limitation is related to the stiffness generated to the user’s joint. Even though the
proposed passive joint provides a range of stiffness, the amount required to support the user
should be higher. However, the design could be improved by including an arrangement of

bio-inspired tendons in a parallel layout to significantly increase the joint’s stiffness.

3.5 Conclusions

This chapter compresses the current development of the AGoRA-LLE by extending the im-
provement of the AGoRA-LLE’s physical interfaces and the understanding of the passive
frontal hip joint through a mathematical model and simulation. The embedded version of
the physical interfaces is presented to address the vibration within the previous design’s
mechanical structure. Besides, ergonomic considerations are also presented to enhance the

comfort of the user.

The proposed passive joint is characterized through mathematical modeling and simulation

providing an interaction torque and stiffness. These outcomes allow configuring the pas-



sive joint regarding a preload for a specific interaction torque and stiffness. Moreover, the
passive joint’s design provides a suitable solution for secondary planes of motion instead of

heavyweight actuators.

Besides, the passive frontal hip joint interaction is quantified considering multiple scenarios
throughout the variable stiffness configuration. Moreover, the interaction torque is divided
according to the stiffness of the bio-inspired tendons which the lower stiffness provides an
interaction torque between 1.8 Nm to 4.1 Nm. In contrast, setting the higher range’s stiffness
produces an interaction torque between 7.5 Nm to 15.4 Nm. Besides, the stiffness provided
by the proposed hip joint is defined between 0.56 Nm/deg to 4.24 Nm/deg. These joint’s
outcomes were not enough to provide support to the user. However, this first study allowed
to improve and optimize the joint’s performance. Finally, enhancing the AGoRA-LLE’s
physical interfaces and comprehending the joint’s interaction accomplish the second and

third objectives proposed in this thesis.



Chapter 4

Assessment of the AGoRA lower-limb

exoskeleton’s physical interfaces

Performance indicators have been used to assess the LLE’s performance in different groups
such as goal task, kinematics or kinetics variables and HRI [14]. These groups could evaluate
the overall performance or focus on a particular feature of the device. Focusing on the LLE’s
physical interfaces, the performance indicators poorly describe the HRI and a specific task

as addressed in the previous chapters.

Therefore, a three-dimensional relative motion methodology is proposed to fully assess the
HRI and understand the kinematic compatibility between the user and the exoskeleton.
Moreover, the proposed three-dimensional relative motion methodology is used to assess
the physical interfaces of the AGoRA-LLE. In this sense, this chapter details the three-
dimensional relative motion methodology employed to an LLE. Afterward, the methodology

is used to assess the physical interfaces of the AGoRA-LLE.
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4.1 3D relative motion methodology

The proposed methodology extends the understanding of the relative motion analysis to three
dimensions, in contrast to other approaches that only have analyzed one dimension [69], |72].
Besides, the interaction along the secondary planes allows identifying undesirable motions
among the task. To measure the relative motion of the exoskeleton and the user’s limb is
essential to comprehend the theoretical base in which the difference of orientation between
two bodies is established. To perform this analysis is used an optoelectronic system, as a
reference method for movement analysis [91]. In this sense, a lower-limb scenario is presented

to explain the optoelectronic system’s markers setup and how the methodology is applied

utilizing the AGoRA-LLE.

4.1.1 Theoretical base

Within a three-dimensional context, the body’s motion can be defined through a local frame
that establishes their orientation compared to a global frame located at the origin (Fp) [92].
This concept can extend to two bodies given that two local frames for body A (i.e., F,/,) and
body B (i.e., Fy/,) are compared to the global frame. According to the global frame, a local
frame’s orientation is defined through a rotation matrix (Rjoca/giobat). To define the three-
dimensional orientation each body needs at least three points to create the local frame’s three
vectors. For instance, the reference geometry can be created by points or director vectors
such as shown in Fig. [£.1] In this sense, the rotation matrices of the bodies are fully defined

using the reference geometry.

Each rotation matrix has its director vectors that define the orientations regarding the geom-
etry reference. These rotation matrices are essential to define the orientation as an indicator
of how similar is the motion of the bodies by comparing the difference of orientation between
the local frames of both bodies. Similarly to articular kinematics, two body segments are

compared through their local frames given consecutive angles that define their difference of
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Figure 4.1: Example of the global and local frame

orientation [93]. Likewise, the orientation of body A is compared to the body B as shown in
Eq. . Moreover, the elements of the matrix R4, p are used to calculate the three main an-
gles (i.e., v, (3, v) which define the difference of orientation between the bodies’ local frames
[93]. The angles’ representation is consecutive given that the first difference of orientation is
defined by «, as represented in Fig. [£.2]A. Regarding the rotated frame, the following rotation

is (8, as shown in Fig. |4.2B. Similarly, the last rotation is defined as =, as is seen in Fig. 4.2

a = tan? —0w
011 012 013 N 529
Ra/p = RA/ORE;}O = [0n 0 b3 (41) B = sin~! (63) (4.2)
031 032 Os3 IR (—531)
v = tan
033

4.1.2 Lower-limb scenario

In light of the 3D relative motion methodology’s main concepts, the analysis aims to compare
the exoskeleton’s orientation and the user’s thigh. This approach allows to understand and
quantify the kinematic compatibility, and how the device’s physical interfaces respond during
the task. A lower-limb scenario is important to address the markers setup needed to estimate

the local frames and how the markers are used. Each local frame’s definition is presented
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Figure 4.2: Representation for the difference of orientation. The overall difference of orienta-
tion is a consecutive rotation starting from A. « rotation, B. [ rotation, and C. ~ rotation.

through the rotation matrix and the difference of orientation between them.

Markers setup

The reference points aforementioned are defined by reflective markers placed in the user’s
thigh and exoskeleton in the motion capture system. According to the modified Helen Hayes
setup for lower-limb, the thigh local frame is established using the user’s hip and knee markers
[30]. The hip and knee markers are highlighted in Fig. . Moreover, the exoskeleton is also
mounted with five markers distributed per leg as three markers in the lower thigh physical
interface and one marker per joint (i.e., hip and knee exoskeleton joint), as presented in Fig.

M.3B. These markers are the baseline for the exoskeleton local frame.

User’s thigh local frame

The user’s thigh local frame is created by four markers (i.e., right postero-superior iliac spine
as EPSD, right antero-superior iliac spine named as EASD, right lateral tibial condyle as
CLD and right medial tibial condyle as CMD) which are defined as vectors, referenced on
the Fp. To establish the thigh’s first reference, this body segment is considered a truncated
cone. The first diameter is the distance between EPSD to EASD and the second diameter
is between CLD and CMD. The vectors tu—; and IZZ determine the center of the first and

second diameters of the truncated cone and each vector is represented as Eq. and Eq.
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Figure 4.3: Scheme of markers setup. A. User’s markers used to estimate its local frame. B.
Exoskeleton’s markers used to calculated its local frame.

—
vect,

. The central axis provides the first reference ( ) of the orientation of the thigh. The

definition of these vectors are shown in Fig. [£.4 and represented in Eq. [£.5]

1 N
tur = 5 <OEPSD + OEASD) (4.3)
1 \ \
tiow = > (ocz\m + ocw) (4.4)
vect, = tjp — IEZ (4.5)

— — . .
vect,) use the vectors t;y, and OC’Lﬁ as is seen in Eq. allows

vect,)

The second reference (

finding to find the third reference ( by the cross product of vect, and vect’ as shown in
Eq. 1.7 The unit vectors of the references gather together the rows of the rotation matrix

(Rinjo) of the thigh compared to the global frame as shown in Eq. .



vect; = OCLD — tlj (4.6)

vect, = vect, N vect; (4.7)
(s SN
— vecty
thy| |the =]
— R vect,
[Rinjo] = |th,| =S th, = H::T (4.8)
H
th, th II;fT

Figure 4.4: Scheme of thigh’s vectors. A. Reference vectors used to establish the user’s local
frame. B. Reference vectors used to establish the exoskeleton’s local frame

Exoskeleton local frame

The main markers to build the exoskeleton local frame are placed in the physical interface

(i.e., R3, R4 and R5) and over the hip and knee actuators (i.e., ezogr and exoxpr) as shown



in Fig. . In this case, the first reference (M) is defined by the markers of hip and
knee actuators expressed in Eq. . Furthermore, the second reference (m) come from
two vectors (i.e., 77 defined in Eq. and 73 showed in Eq. using the physical
interface’s markers as shown in Eq. . The third reference (m) is calculated by a
cross product of the first and second reference. Finally, the exoskeleton’s rotation matrix

(Rezo/0) is established as is summarized in Eq.

\

m = Oexoyp — Oexogp (4.9)

7 = ORs — OR, (4.10)

W = OR, — OR; (4.11)

V€Copor = 07 A U3 (4.12)
I e

[Recoo] = |ezoy| = { ewo, = % (4.13)

Differences of orientation

The two local frames of the exoskeleton’s knee joint and user’s knee are summarized in Fig.
4.6, These are defined through two rotation matrices which define: (1) the orientation of
the user’s thigh ([Ryn/0]) placed in the knee joint, and (2) the exoskeleton’s thigh ([Rezo/0))
located in the knee hinge joint. These two matrices are compared to the global reference
frame of the room. Following, they are computed as Eq. to explain the exoskeleton’s

orientation compared to the user’s thigh ([Rego/))-

These orientations are used to estimate the exoskeleton’s rotation compared to the user’s

thigh noted as Reso/thign presented in Eq. [£.14} The elements of this rotation matrix are used
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Figure 4.5: Scheme of exoskeleton’s vectors. Reference vectors are used to establish the local
frame of the exoskeleton.

to calculate three angles as shown in Eq. [1.2} (1) referenced to the sagittal plane (), (2)
around longitudinal rotation (/3), and (3) around the frontal plane (). Each angle is related
to an axis previously defined as § to X-axis, v to Y-axis, and «a to Z-axis. The orientation’s
notation is defined according to the International Society of Biomechanics recommendations
establishing the following parameters: Z-axis is perpendicular to the representative sagittal

plane and the Y-axis is referenced to the body segment [94].

4.2 Experimental protocol

The AGoRA-LLE is assessed through a 6-meter walking test (6-MWT) in six healthy sub-
jects during the gait assistance mode to employ the methodology mentioned above. The
three-dimensional methodology studied the HRI, regarding the exoskeleton’s knee and user’s
knee. Each subject performed the test ten trials. The volunteers followed the inclusion and

exclusion criteria to match the anthropometric measurements required by the exoskeleton
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Figure 4.6: 2D-projection of the descriptive scheme of rotation matrices.

and health requirements. Besides, this experimental protocol was approved by an ethics

committee at the ECIJG.

4.2.1 Subjects

The six subjects (25.5 + 6.07 y.o., 71.5 + 10.9 kg, 1.8 £ 0.02 m) enrolled for this pilot study

were enclosed by multiple inclusion and exclusion criteria specified below.

Inclusion criteria

Adults between 18 to 65 y.o.

normal gait pattern.

Height between the range of 1.70-1.85 m.

Weight less than 100 kg.

No history of neurological, neuromuscular, or physical disability that may affect their



e Anthropometric measurements of femur length between 42 to 48 cm, the distance be-
tween trochanters of 32 to 37 cm, and tibia’s length within a range of 28-31 cm. Ac-

cording to the AGoRA-LLE’s adjustable links.

Exclusion criteria

Lower-limb abnormalities of the participant that interfere from wearing the exoskeleton.

Cognitive impairments of the participant that restrain from reading, understanding, or

signing the informed consent.

Uncontrolled arterial hypertension or epilepsy.

Being under the influence of alcohol, drugs, or any type of narcotic substance during

the experimental procedure.

4.2.2 AGoRA-LLE layout

The unilateral version of the AGoRA-LLE presented in chapter [3]is used in the pilot study.
The thigh and shank variable links are adjusted for each subject according to the user’s
anthropometric measurements aligning the exoskeleton joints to the user’s hip and knee
joints. The exoskeleton is initialized as assistance mode which is an impedance controller
detailed in Fig. [4.7 The gains adjusted for all the trials allowed a resistive interaction to
understand the physical interfaces’ response. This modality is configured for each subject

and all its trails.

4.2.3 Markers setup and equipment

Kinematic data is acquired through 11 cameras (100 Hz, accuracy 0.1 mm, Vicon Motion
System, Oxford, UK) using 28 reflective markers (14 mm diameter) on the subject described
in Fig. [4.8 following the modified Helen Hayes protocol for lower limb. Besides, the ex-

oskeleton was also fitted with 20 markers distributed per leg as four markers in the lower
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Figure 4.7: Controller scheme of the assistance mode used in the pilot study.

thigh physical interface, one marker per motor joint (i.e., hip and knee exoskeleton joint),
and four markers in the shank physical interface. In this sense, the markers setup fulfilled
the requirements to employ the 3D relative motion methodology as shown in Fig. The
markers were tracked using Vicon’s software to identify and fill its gaps. On the other hand,

the markers’ placement was the same for all the trials and the exoskeleton was installed once.

Figure 4.8: Markers setup used in the pilot study. User’s markers and exoskeleton’s markers
are highlighted in red and blue, respectively.
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4.2.4 Statistical analysis

Descriptive statistics are used to analyze the difference of orientation for each subject. The
analysis is carried out in Matlab R2018b estimating the gait cycles by right heel’s reflective
marker acceleration. Besides, the first and last gait cycles were excluded due to instabilities
within the signals. According to the data segmented, the mean, standard deviation, coefficient
of variation, and cross-correlation values of the three angles are calculated. Besides, the cross-
correlation value compared each orientation per gait cycle among themselves to establish an

overall similarity outcome.

4.3 Experimental results

This pilot study implemented the novel three-dimensional methodology, detailed in previous
sections, contributing to the user’s interaction. The results’ analysis is divided into (1) users’
interaction and (2) methodology’s consistency. Within the first analysis, each angle defined
in the Eq. represents the interaction of the exoskeleton compared to the user’s limb given
a full three-dimensional assessment. Moreover, these outcomes are analyzed through four
gait phases. Finally, the methodology’s consistency is examined through a cross-correlation

analysis compared to each descriptive statistics angle.

4.3.1 User’s interaction

The subjects’ interaction is presented through the difference of orientations showed in Fig.
4.9 These results are analyzed regarding 21.3 + 5.7 gait cycles per subject. The rotation
Z (i.e., o orientation) presented a positive offset for all the subjects. Besides, the rotation
Z showed that the difference of orientation varied between 20 to 45 degrees. Specifically,
subjects two, three, and five presented a constant value along with the gait percentage. In
contrast to subjects one, four, and six showed an increase of 10 degrees within the stance

phase (i.e., 0 - 73 % gait percentage).



Similarly, the rotation X (i.e., 5 orientation) varied between -15 to 12 degrees. Although the
orientation difference was near zero, it also presented a scatter behavior as seen in subjects
one, two, three, and six. Likewise, subjects four and five revealed a sinusoidal shape and

reduced scatter behavior compared to the other subjects.

Finally, the rotation Y (i.e., v orientation) changed between -5 to 12 degrees. In this case,
the difference of orientation was constant for five out of six subjects. Besides, subjects one,
three, and six showed a scatter behavior. Contrary to subject two, the difference of orientation
varied in 10 degrees between 18% to 60% and presented a reduced standard deviation and

variation.

The outcomes are analyzed along the gait cycle through a range of rotation (e.g., subtract
the highest to the lowest difference of orientation). Firstly, the overall mean is estimated in
a full gait percentage (i.e., 0 to 100 % gait percentage) as is seen in Table . The overall
mean is the average of the difference of orientation for all gait cycles per subject. The higher

difference of orientation for Rot. Z compared to the other rotations.

In comparison to the lower difference of orientation depend on which rotation is closer to
zero. For instance, subjects one, two, and six presented a Rot. X near to zero. Likewise,

subjects three, four, and five showed a Rot. Y closer to zero.

Further analysis is aimed at the range of rotation calculating the mean, standard deviation,
and coefficient of variation shown in Table [£.1l Within the rotation range, the coefficient of
variation was greater than 20% for all the rotations and subjects. Moreover, five out of six
subjects showed a coefficient of variation greater than 30% for each orientation, presenting a
scatter behavior. Furthermore, the standard deviation remained lower than 4.53 except for

the Rot. Z for subjects four and six.

Another approach to understanding the interaction between the user and the exoskeleton is

to consider the sub-phases (i.e., heel strike at 0 or 100%, flat foot at 10%, heel off at 50%
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Figure 4.9: The difference of orientation results of the pilot study. Each graph represents the
difference of orientation’s outcomes per subject. The red curve represents the Rot. X. The
blue curve represents the Rot. Y. The green curve represents the Rot. Z.

and toe-off at 73%) along the gait . The ranges of rotation are also estimated within the

sub-phases to analyze the transitions in the same sub-phase. These results are showed in

Table In the first phase (i.e., 0 to 10 %), the Rot. Y showed a closer range of orientation

to zero compared to Rot. X and Z showing an increase or decrease in changes of 4.947 or

-5.048 deg, respectively.

Within the second phase (i.e., 10 to 50 %), the rotation ranges increase considerably compared

to the first phase. Besides, 83.3% of the ranges showed a positive increasing meaning a similar



Overall Range of
Subject Rotation Mean [deg] rotation
Mean [deg] Standard Coefficient of
deviation wvariation [%]
Z 38.15 8.12 2.81 34.58
1 X -0.72 5.34 3.26 61.04
Y 1.11 3.55 1.76 49.6
Z 28.45 2.57 1.57 61.08
2 X -0.12 2.52 1.90 75.17
Y 3.63 9.64 2.03 21.14
A 35.55 4.02 1.91 47.45
3 X -0.32 4.26 2.87 67.47
Y 0.22 5.96 2.10 35.29
Z 31.52 11.5 8.79 76.07
4 X -5.50 14.18 4.53 31.78
Y 0.44 2.12 1.66 78.06
Z 31.79 4.39 2.94 67.0
5 X 5.60 10.92 3.42 31.5
Y -0.67 1.73 1.90 110.12
Z 41.1 10.17 5.83 57.34
4 X -0.81 4.16 2.86 68.84
Y 0.87 3.64 1.85 60.

Table 4.1: Descriptive statistics of the difference of rotations. The overall mean presents
the average value of each rotation for all the gait cycle. The rotation range is the difference
between the maximum and minimum value for the each rotation’s mean curve. Units in
degrees.

response of the physical interfaces during the second phase. On the contrary within third
phase (i.e., 50 to 73 %), the range of rotation kept constant for the subjects one, two and
three. However, the other half of subjects presented considerable changes at least in one of
the rotation. Finally, the fourth phase (i.e., 73 to 100 %) revealed the higher decrease of

rotation range and the 66.6% were negative ranges.

4.3.2 Methodology’s consistency

The cross correlation is analyzed within the same rotation per subject to compare the sim-
ilarity along the curves. These results are presented in Table The Rot. Z revealed the
higher similarity (i.e., 0.97 to 0.99) for all the subjects. Contrary to the Rot. Y, the cross

correlation value was within a range of 0.03 to 0.12 except for the subject 4. Similarly, the



Difference of rotation [deg]
Subject Rotation Gait percentage
0-10 10-50 50-73 73-100

A 1.71 4.80 1.13 2.61

1 X 0.38  3.87 0.45 2.99
Y 0.21 2.56 0.71 3.13

Z 0.65 1.15 1.14 0.80

2 X 0.60  0.25 0.32 0.77
Y 0.08  8.02 0.39 7.25

YA 1.72 0.43 0.09 1.01

3 X 0.40 2.28 0.80 3.64
Y 0.19 4.46 1.05 4.68

Z 2.01 7.97 0.79 9.71

4 X 4.95 3.04 6.40 2.27
Y 0.14  0.54 0.65 0.80

Z 0.84 1.96 1.55 2.11

5 X 4.30 5.33 2.91 6.36
Y 0.32  0.11 0.33 0.02

Z 5.05  3.01 5.76 3.58

6 X 1.90  0.03 2.55 1.81
Y 0.53 1.81 1.47 2.01

Table 4.2: Variation of rotation between gait phases. The difference of rotation is estimated
according to the mean value at the corresponding gait percentage. Units in degrees.

cross correlation of Rot. X were between 0.02 to 0.07 except for subject four and five.

. Rotation
Subject 7 X v
1 0.9969 0.0707 0.1108
2 0.9975 0.0172 0.8057
3 0.9977 0.0353 0.1251
4 0.9773 0.8482 0.0293
5 0.9946 0.8003 0.0521
6 0.9938 0.0305 0.0237

Table 4.3: Cross-correlation for the difference of rotations. Each group of curves is compared
between them to analyze the similarity for each orientation.

4.4 Discussion

The three-dimensional analysis identified a variation of 10 degrees the difference of rotation

at least in one orientation within six subjects. These variations are related to the physical



interfaces’ response due to the user’s interaction among gait. Moreover, the rotation affected
might or not match with the main plane of motion of the AGoRA-LLE (i.e., along with the
Rot. Z) given meaningful information about the HRI and kinematic compatibility. Four out
of six subjects presented an affected orientation different from the main plane of motion. In
this sense, the physical interfaces allowed motion in secondary planes, enabling user’s energy
losses during the 6-MW'T. Hence, the proposed methodology introduced new information

regarding the physical HRI and the physical interfaces’ analysis.

Descriptive statistics provided useful information through the cross-correlation outcomes even
though the coefficient of variation was higher than 30%. Within the Rot. Z outcomes, the
interaction can be accumulative to some extent considering the higher similarity of the curves
and the higher variation. In this context, the same curve can be vertically shifted provoking
an increase in the variation. However, the accumulative effect did not apply to Rot. X and
Y. Further analysis should study the Rot. X and Y to understand their lower similarity and
scatter behavior. Hence, a large amount of subjects is required to fully comprehend these

rotations.

Current relative motion studies related to kinematic outcomes only analyzed translations
along the sagittal plane. Langlois et al. assessed a customized physical interface by estimating
the distance between two markers in the sagittal plane along the gait [69]. Even though the
researchers examined the variation of the distance to the energy deployed by the exoskeleton,
this analysis overlooked 66.6% of the interaction reducing the understanding of the losses of
energy among the task. Moreover, the physical interface’s response is only understood in one

plane minimizing the improvement for a future version of the physical interfaces.

Other relative motion study analyzed an LLE’s interaction during sit-to-stand along the
sagittal plane. Akiyama et al. presented a deeper analysis of the thigh segment given two
displacements and one rotation, as well as a physical interfaces’ slippage displacements |72].

Similarly to the study mentioned above, these outcomes are only estimated within the sagittal



plane disregarding the other two planes.

Within LLE, the kinematic compatibility involved different features such as adaptable, suit-
able and comfortable [12]. These features are intended to assess among the studies of the
AGoRA-LLE. The physical interfaces were assessed through a usability test showing the main
ergonomic issues improved [79]. Additionally, the three-dimensional analysis complemented
the physical interfaces” assessment. These outcomes quantified the HRI that provide an over-
all understanding of the physical interfaces’ response, allowing undesirable DOF along the

user’s three main planes.

Additionally, the difference of orientations’ results showed a maximum rotation of 8 deg, 12
deg, and 45 deg according to the X-axis, Y-axis, and Z-axis, respectively. The X-axis’s value is
lower than other axes, although the variation presented along the gait cycle should be reduced.
Similarly, the Y-axis’s value presented a considerable difference of orientation’s variation.
Moreover, the Z-axis’s value is the highest difference in orientation, which also presented a
variation among the gait. Following this analysis, these values have to be improved by better

physical interfaces’ design.

4.5 Conclusions

This chapter presents a novel three-dimensional relative motion methodology to assess the
AGoRA-LLE’s physical interfaces. A pilot study was carried out by recruiting six volunteers
and performed a 6-MW'T. Besides, the AGoRA-LLE used an impedance controller for all the
trials. The difference of orientation was calculated by the optoelectronic system using the
reflective markers placed in the user and the exoskeleton. The proposed three-dimensional
relative motion methodology provided a better understanding of the HRI and kinematic
compatibility. Besides, the difference of orientations has adequate accuracy to estimate each

rotation compared to other one-dimensional relative motion study presented in chapter [2

The interaction estimated by the proposed methodology quantified a difference of orientation



considerable for Rot. Z at a maximum value of 45 deg. It is also quantified a compensatory
phenomenon regarding the difference of orientation echoed in the other rotations. Moreover,
the three-dimensional analysis explained physical interfaces’ response quantifying undesirable

DOF that might represent losses of energy and discomfort.

This phenomenon can be seen through the coefficient of variation and the cross-correlation
allowed to identify an accumulative effect in Rot. Z. These outcomes also extended the
understanding of the relative motion analysis by considering two more planes (i.e., Rot. X
and Y), and showing a considerable interaction in the overlooked planes. Moreover, the
physical interfaces’ responses are also interpreted by the difference of orientation of each

rotation.



Chapter 5

Conclusions and Future works

The AGoRA lower-limb exoskeleton’s physical interfaces and passive hip joint were designed
and assessed to understand the kinematic compatibility during gait. The development of
lower-limb exoskeletons involved several design features: anatomical concepts, targeted goal,
mechanical structure, actuators, control strategies, and physical interfaces. These features
were addressed by the literature review described in chapter 2. Likewise, the AGoRA lower-

limb exoskeleton’s development was detailed with each design feature in chapter 3.

Within chapter 3, it was presented the improvement of the AGoRA-LLE’s physical interfaces
addressing the vibration within the mechanical structure and considering ergonomic consid-
erations to enhance the comfort of the user. The physical interfaces’ first version showed a
difficulty to fix the structure to the user, and the fasteners were loosened during the gait.
Contrary to the second version, this physical interfaces’ design eased the exoskeleton’s ad-

justment to the user’s limb.

Additionally, it was also presented the passive hip joint’s design. These design allowed an
adjustable stiffness according to user’s needs. Besides, the joint’s mathematical model was
presented based on its design’s principles, considering the kinematic and kinematic modeling.

These principal outcomes were aimed at the interaction torque through multiple scenarios
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provided by the variable stiffness configuration.

Within this variable stiffness configuration, the bio-inspired tendon was proposed as a light-
weight spring component, and characterized by a tensile test to quantify its Young’s modulus
of 153.9 Mpa and 529 Mpa. These results allowed to estimate the external forces applied to

the variable stiffness configuration finding the passive hip joint’s kinetic outcomes.

These kinetic outcomes were divided into lower stiffness provided an interaction torque be-
tween 1.8 Nm to 4.1 Nm, and higher stiffness allowed an interaction torque between 7.5
Nm to 15.4 Nm. It was quantified the joint’s stiffness was defined between 0.56 Nm /rad to
4.24 Nm/rad. However, these outcomes have to be improved to assist the hip ab/adduction
motion. These joint’s outcomes were not enough to provide support to the user. However,

this first study allowed to improve and optimize the joint’s performance.

Following chapter 4, the proposed three-dimensional relative motion methodology was pre-
sented as a result of the knowledge gap found in the literature. The theoretical base was
established through biomechanical analysis and framed into a lower-limb scenario. Addition-
ally, the AGoRA lower-limb exoskeleton’s pilot study focused on assessing physical interfaces

and carried out using the proposed methodology.

The proposed three-dimensional relative motion methodology provided a better understand-
ing of the HRI and kinematic compatibility. This methodology allowed to quantify the HRI
within a lower-limb scenario, and its theoretical bases eased the analysis to other scenarios
and joints. Besides, the proposed methodology can be also used to assess control strategies,

comparing each three-dimensional user’s interaction.

The pilot study’s results showed a maximum difference of orientation of 45 deg among the
Rot. Z. Besides, the methodology quantified a compensatory phenomenon echoed in the
difference of orientation of the other rotations. This phenomenon can be seen through the

coefficient of variation and the cross-correlation allowed to identify an accumulative effect



in Rot. Z. These outcomes also extended the understanding of the relative motion analysis
by considering two more planes. Besides, the kinematic compatibility is analyzed from a

three-dimensional relative motion’s insight.

Future works will involve a broad understanding of the HRI between AGoRA lower-limb
exoskeleton and the users. Firstly, the passive frontal hip joint’s model will be extended on
more scenarios considering the links length’s variation into the model. Besides, the joint’s
stiffness will be improved by reducing the preload magnitude. Likewise, the proposed passive
joint will be extended by considering the passive frontal hip joint’s left side and simulating
the gait’s cyclic motion. Afterward, the passive frontal hip joint will be assessed in different

scenarios through experimental tests to analyze its influence on gait.

Further three-dimensional relative motion studies will be focused on the AGoRA-LLE physi-
cal interfaces enhanced version to reduce the difference of orientation. Following this thesis’s
quantitative results and previous qualitative results allowed to develop a upgrade physical in-
terfaces’ version, as shown in Fig. [5.1] The physical interfaces’ design include two additional
components divided into a hip’s belt, and a foam component per physical interface. The
hip’s belt is intended to reduce the difference of orientation showed by the three-dimensional
analysis, and the foam components are aimed to increase the comfort and avoid the pressure

points revealed in the qualitative study, presented in [79].

New studies will compare the physical interfaces’” performance between versions. Besides,
the AGoRA-LLE’s controllers will be assessed to improve and compare their performance.
Furthermore, this methodology will be extended to estimate more interaction features such

as other body segments, physical interface’s slipping, and migration over time.



Foam

component
Hip's belt

Figure 5.1: AGoRA physical interfaces’ third version. The latest physical interfaces’ version
including the hip belt and additional foams.



Appendix A

Four-bar mechanism solutions

A.1 Kinematic modeling

A four-bar mechanism can be represented as a vector loop according to the Fig. [A.T}

Figure A.1: Kinematic scheme of the simplified mechanism.

Each vector represent a four-bar mechanism’s link which is defined in Eq. [A.T}

Ry+Rs—Rs—R; =0

Redefining each vector in their polar representation as presented in Eq. [A.2}
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aexp(jbs) + bexp(jbhs) — cexp(jby) — dexp(j61) =0 (A.2)

Then, each term is extended following the Euler’s identity, as it is showed in Eq.

a(costly + jsinbs) + b(cosls + jsinbs) — c(cosby + jsinby) — d(cosby + jsindy) =0  (A.3)

The previous equation is solved as it is presented by Norton et al. defining the constants

shown in Eq. [A.4to Eq. [AI7

d
K, = — A4
=1 (A4
K= (A.5)
A —d?>—a®—b
K- — A6
5 5ah (A.6)
D = costy — K1 — Kycosby + K5 (A7)
E = —2sinb, (A.8)
F = K1 — (K4 — 1)00892 + K5 (Ag)
—F —+\E?—-4DF
05 = —2arctan (A.10)
2D
d
K, =- A1l
=1 (A11)
K, = d (A.12)
c
a? —b* + A + d
Ky = Al
3 Se (A.13)
A = cosbtly — K| — Kycos0y + K5 (A.14)



B = —2sinf, (A.15)

C =K, — (Ky+ 1)costy + K3 (A.16)
_B-+vB2—
0, = 2arctan < b fq 4AC> (A.17)

These constants are used along the Matlab implementation at the kinematic’s function.

A.2 External forces

The external forces depends on the position of the fixation points (i.e., P3 and Py) as is shown

in Fig. [A2}

Figure A.2: Kinetic scheme of the external forces applied to the link 4.

These positions are estimated by the kinematic equations of 64 given the current position of
the fixation points according to Eq. [A.I7 Moreover, the current strain can be estimated
considering the initial length (i;,;), the current lenght (l,), and the initial strain (e;,;), as

presented in Eq. [A. T8}



€e — |lzm -
o =
lini

+ €ing

(A.18)

Regarding the tendons’ strain, the Young’s modulus is defined as shown in Eq. and Eq.

A.20)

EA%OSESOJ

Ep —+01<e<0.15

(A.19)

(A.20)

Using these values, the force applied to the link 4 is estimated according to the Eq. to

Eq. [A.24]

Fio=Fs- e -
Fly:Eo'Gl'
Fop = Eo - €3 -
F2y=E-'€2'

A.3 Kinetic modeling

According to the free-body diagram (FBD) of each link presentend in Fig. [A.3}

- COS\
- 81NN
- COS g

- 8INAs

(A.21)
(A.22)
(A.23)

(A.24)

These values of the forces and torques equations are summarized for each link according to



Figure A.3: Kinetic scheme of the simplified mechanism.

the sum of all forces (F) (Eq{A.25) and the sum of all torque (7) (Eq. |A.26):

SFem-a (A.25)
Z T =1 (A.26)

Each group of link’s equations establishes rows of the matrix A and B. The equations of the
link 2 correspond to the rows one to three. Similarly, the link 3 is defined by the rows four

to six. Finally, the rows seven to nine relates the equations of the link 4. Overall, the matrix

A is defined according to Eq.

i 1 0 1 0 0 0 0 0 0-
0 1 0 1 0 0 0 0 0
—Rigy Rioy —Rsoy Raoy 0 0 0 0 1
0 0 —1 0 1 0 0 0 0

A= 0 0 0 ~1 0 1 0 0 0 (A.27)

0 0 Ros3y  —Rozy —Rusy Rz 0 0 0
0 0 0 0 —1 0 1 0 0
0 0 0 0 0 —1 0 1 0

|0 0 0 0 Ryay  —laae —Rhay Fige 0



On the other hand, the vector x is organized through the unknown internal forces of the links

and the interaction torque produced by the system, defined as showed in Eq. [A.28}

(A.28)

Then, the vector B is the dynamic equilibrium according to the internal and external forces

involved in the mechanism organized as presented in Eq. [A.29}

mg - Gg2g
ma + Ggay
I ap
mg - Qg3g
m3 - Qgay
13 - (3
m4'ag4x_F1x_F2x

my - (Zg4y — Fly — ng

'054+T3cz'Fly_T3cy'F1$+r4ca:'F2y+T4cy'

(A.29)



Defining these matrix the kinetic solution is solved as x = BA™%.



Glossary

6-MWT 6-meter Walking Test.
A AN Assist-As-Needed.
ADL Activities of daily living.

AGoRA In Spanish Desarrollo de una plataforma robotica adaptable para rehabilitacion y

asistencia de la marcha.
AGoRA-LLE AGoRA Lower-Limb Exoskeleton.
AS Anthropomophic Structure.
ASTM American Society for Testing and Materials.
BWS Body Weight Support.
CAD Computer Aid Design.
CLD Right Lateral Tibial Condyle.
CMD Right Medial Tibial Condyle.
DOF Degrees of Freedom.
EASD Right Anterior-Superior Iliac Spine.

ECIJG In Spanish Escuela Colombiana de Ingenieria Julio Garavito.
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EMG Electromyography.

EPSD Right Posterior-Superior Iliac Spine.

FIM Functional Independence Measure.

HRI Human-Robot Interaction.

LLE Lower-Limb Exoskeleton.

Minciencias In Spanish Miisterio de Ciencia, Tecnologia e Innovacion.

MT Movement Tasks.

NS Nonanthropomophic Structure.

PAM Pneumatic Artificial Muscle.

PLA Polylactic Acid.

PLA-PC Polylactic Acid Particulate with Carbon fiber.

PT Physical Therapy.

QoL Quality of Life.

QUEST Quebec User Evaluation of Satisfaction with Assistive Technology.

ROM Range of Motion.

ROS Robotic Operating System.

RPMT Ratio of Preload for Maximum interaction Torque.

SEA Series Elastic Actuator.

TPU Thermoplastic Polyurethane.

TTC Trajectory Tracking Control.



VSA Variable Stiffness Actuator.

VSP Variable stiffness’s principle.
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