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Abstract

Currently, designing robotic devices to assist and rehabilitate the ankle is challenging due
to the joint’s complexity and its fundamental role in walking. This research field has been
motivated by the disability’s high incidence of neurological disorders and their effects in Ac-
tivities of Daily Living’s (ADL) execution that reduces people’s life quality. This way, pow-
ered ankle-foot orthoses (PAFOs) or ankle exoskeletons are being developed to counteract
the gait limitation and to improve motor recovery. In this context, this master’s dissertation
presents the design, development, and implementation of a novel wearable and portable ankle
exoskeleton, called T-FLEX, based on Variable Stiffness Actuators (VSAs). Thus, different
high-level control strategies were developed and implemented to support gait rehabilitation
with T-FLEX. Likewise, an experimental characterization determined the T-FLEX’s appli-
cability in assistive scenarios and measured the device’s capabilities during this task. Lastly,
two experimental validations with people who exhibited ankle dysfunctions were carried out
to assess the device’s effectiveness during gait rehabilitation. In general terms, this disserta-
tion determined that T-FLEX is capable of assisting gait patterns with gait cycle duration
greater than 0.74 seconds. Moreover, this work assessed the T-FLEX’s actuation system in
a passive orthotic structure during a first-use trial and evaluated T-FLEX in a rehabilitation
program with a chronic stroke patient. The gait assistance assessment showed improvements
in foot clearance and lower limb’s kinematics. However, the users exhibited reductions in
Spatio-temporal parameters related mainly to the orthotic structure used in this study. For
the validation in therapy mode, T-FLEX evidenced positive effects: (1) increasing cadence,
(2) reducing the plantarflexion movement during swing phase, (3) decreasing the spasticity
level and increasing the passive lower limb joints’ range of motion (ROM) after 18 sessions.
T-FLEX can assist human gait and support rehabilitation processes of neurological patients
with ankle dysfunctions. Future works will address improvements in the device synchro-
nization, the assessment in a larger sample population, the interactive feedback strategies’

development, and the dynamic experimental characterization’ execution.

Keywords: Ankle Exoskeleton, PAFO, Control Strategies, Ankle Rehabilitation, Variable
Stiffness Actuator, Gait Rehabilitation, Wearable Robot.
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Glossary

6MT 6-Meter Test.
ADL Activities of Daily Living.
Ag-PMc Adaptive Gain Proportional Myoelectric Controller.

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

asistencia de la marcha.
BPnA Bidirectional Rotary Pneumatic Actuator.
CDA Cable-Driven Actuator.
CNS Central Nervous System.
CP Cerebral Palsy.
ECIJG In Spanish FEscuela Colombiana de Ingenieria Julio Garavito.
EMG Electromyography.
FF Foot-Flat.
FSR Force Sensitive Resistor.
GDI Gait Deviation Index.

GPS Gait Profile Score.



HMM Hidden Markov Model.
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WHO World Health Organization.
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Chapter 1

Introduction

The work presented in this dissertation focuses on the development and validation of control
strategies applied to the T-FLEX ankle exoskeleton, which is part of the AGoRA project [1].
The device’s experimental characterization, intended to provide the maximum capabilities
and the most appropriate configuration for assistive applications, is described. Moreover,
experimental validation with stroke patients for both assistance and rehabilitation to assess
T-FLEX in real applications is outlined. This chapter introduces the main motivations and
research objectives that lead to the development of this dissertation. Finally, the main

contributions, publications, and the document’s reminder are also described.

1.1 Motivation

Mobility is a fundamental human capacity defined as moving throughout an environment
and efficiently performing daily tasks [2]. Within this capacity, the ankle-foot complex plays
a primary role in ensuring a proper execution [3]|. Specifically, in the gait cycle, the ankle
provides to the human the capabilities of (1) propelling the leg, (2) ensuring clean contact

between the foot and the ground, (3) absorbing shock and impacts, and (4) avoiding foot-

2



drag in the swing phase [3]. However, some pathologies, such as Stroke, Spinal Cord Injury
(SCI), and Cerebral Palsy (CP), can affect those functions |2,4|, inducing abnormal motions

because of compensatory reactions in the affected limb [3].

In global terms, people with disabilities reach 15% of the world’s population (i.e., 1 billion
people approximately) [5], being stroke the main cause [6]. Specifically, this pathology reports
15 million new cases every year [7,8|, wherein 5 million people die and others 5 million
remain permanently disabled [8]. Moreover, studies indicate that from the 10 million stroke
survivors, 90 % of them exhibit motor impairments related to after-effects such as severe
or complete loss of motor functions (hemiplegia) or weakness (hemiparesis) in a body’s side
[9,10]. On the other hand, SCI reaches from 250.000 to 500.000 new cases annually [11],
where 30 % of affected people present deterioration in the health status (i.e., loss of motor
and sensory functions, resulting in spasticity and pain syndromes) [10,12]. Finally, CP reports
a prevalence rate from 1.5 to 4 cases per 1.000 births [13]. This condition causes limitations

such as abnormal posture, altered movement, and reduced muscle tone [14],

To overcome the impairments in the locomotor system, conventional physical therapy is com-
monly implemented to improve patients’ health conditions and provide a certain degree of
independence in activities of daily living (ADL) [15,16]. Traditional physical therapy compre-
hends exercises such as repetitive movements and task-oriented training, aiming to provide
the patient the maximum independence as possible for executing ADL [17]. Nevertheless,

this process requires more time, effort, and several therapists focused on a single patient [18].

Consequently, technology is being used in rehabilitation as an efficient solution to improve
conventional therapy [19-21|. Those devices employ concepts such as neuroplasticity and
adaptable abilities of the central nervous system (CNS), showing promising results [21-23].
On the other hand, the ankle dysfunctions can remain in the patients after therapy [24|. Thus,
to provide stability and prevent injuries due to the lack of ankle control, passive orthotic

devices are prescribed [25]. A passive orthosis is a mechanical structure that only allows the
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dorsi-plantarflexion movements and restricts other motion planes. However, although passive
devices help the patient execute ADL [26], the user does not improve the gait pattern, and

conversely, the locomotion is affected by both the dysfunction and the ankle restriction [27].

Therefore, robotic devices are being developed to support the rehabilitation processes and
assist user gait [18,28]. Specifically, the powered ankle-foot orthoses (PAFOs) or ankle
exoskeletons integrate the principles applied in passive orthotic structures, although they
incorporate the advantages of robotics (i.e., energy supply using actuators, user monitoring
through sensors, programmed functionality profiles, among others) [28]. Those devices have
been divided by the state-of-art according to their purpose, and the system actuation imple-
mented [29,30]. In terms of the actuation system, the most common actuators used in PAFOs
are (1) stiff, (2) pneumatic, and (3) series elastic [29,31]. However, other actuation principles

are based on the previous actuators, such as the variable stiffness actuation (VSA) [31].

VSA uses the same concept as series elastic (i.e., an elastic element with a spring between
the actuator and the load), although this principle includes a variable stiffness spring instead
of a constant value [31-33|. The core feature of actuators based on VSA is changing the
system output stiffness in different interaction cases with the environment (e.g., constant
load and constant position) [32]. Moreover, this principle also presents advantages in shock
loads and backdrivability, like the series elastic actuators [31,33]. Considering the mentioned
advantages, for robotic applications where the robot interacts intensively with humans, this
type of actuation is widely recommended [34,35]. Specifically, a study found reductions in

user’s metabolic cost concerning the actuators’ stiffness level [35].

Within this context, T-FLEX was developed in the scope of the AGoRA project, constituting
a wearable and portable ankle exoskeleton based on VSA to assist the dorsi-plantarflexion
movements without restricting other ankle motions. T-FLEX applies novel concepts derived
from the human body’s functioning, looking for providing a potential tool in rehabilitation

and assistance scenarios. Thus, the stakeholders (e.g., patients and their social environment,



therapist, clinical staff, and researchers) could benefit from the outcomes presented in this

dissertation, and overall, from the AGoRA project.

1.2 Background

This dissertation is developed in the context of the research project "Development of an
Adaptable Robotic Platform for Gait Rehabilitation and Assistance" (AGoRA project) sup-
ported by Ministerio de Ciencia y Tecnologia (MinCiencias grant 801-2017) and internal
funding from the Colombian School of Engineering Julio Garavito (ECILJG). Moreover, this
thesis is also supported by the Ibero-American Network for the Rehabilitation and Assis-
tance of Patients with Neurological Impairments through Low-Cost Robotic Exoskeletons

REASISTE (Grant 216RT0504).

The AGoRA project is primarily led by Prof. Dr. Carlos A. Cifuentes (professor at the De-
partment of Biomedical Engineering and head of the Center for Biomechatronics at ECLIG).
The project’s research team is formed by a cooperation network comprising both national
and international research groups and institutions. In the clinical context, the trauma and
rehabilitation group of La Sabana University Clinic (led by Dr. Catalina Gémez) constitutes
the project’s medical partner. On the other hand, for the technical and research development,
the project team integrates 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 headed by Dr. Eduardo Rocon (Spain), (2) the Institute of Automation
at the University of San Juan led by Dr. Ricardo Carelli (Argentina), and (3) the Robotics
and Industrial Automation Group at the Federal University of Espiritu Santo headed by Dr.

Anselmo Frizera-Neto (Brazil).

The AGoRA project’s primary goal consists of deploying and validating a robotic platform for

gait rehabilitation and assistance. This objective demands the establishment of appropriate
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interaction techniques between the user and the robotic platform. Thus, different sensors
and actuators can estimate the interaction and respond appropriately to it. Within the
project development, two interfaces are conceived: (1) a cognitive interface, where the user
controls the robot while receiving feedback, and (2) a physical interface for the forces exchange

between the user and the platform.

Therefore, to achieve the AGoRA project’s purpose, a robotic platform composed of two
rehabilitation devices will be addressed. Specifically, an active lower limb exoskeleton and
a smart walker will constitute the final AGoRA project’s robotic platform. Likewise, the
exoskeleton will be divided into two devices: (1) a stiff exoskeleton to support the knee
and hip joints, and (2) a soft exoskeleton to assist the ankle. The robotic platform will be
controlled by an interface serving as a communication channel between the patient and the
rehabilitation therapy, equipped with a processing unit to support the implemented software

architecture.

Figure 1.1 illustrates the main elements of the AGoRA project and its multimodal interface.
The platform uses several sensors and actuators to provide: (1) an electro-mechanical actua-
tion (i.e., using the motor-encoder-gearbox kit for the stiff exoskeleton, the servomotors and
tendons for the soft exoskeleton, and the motor-encoder kit on the robotic walker ), (2) a
user’s physical estimation (i.e., through triaxial force sensors and strain gauges), (3) a user’s
state estimation (i.e., employing inertial sensors, electromyography, and laser), and (4) an

environment interaction (i.e., using the camera and a laser range finder sensor).

From the AGoRA project’s scope mentioned above, this master dissertation intends to de-
velop and validate control strategies in the ankle exoskeleton T-FLEX for assistance and
rehabilitation of gait. This way, this work intends to answer the following research question:
Does the implementation of control strategies in the T-FLEX exoskeleton promote recovering

in motor functions in a rehabilitation scenario?



EMG sensor

Tri-axial Force sensor
Strain Gauges

Motor + encoder + reductor
Motor + encoder

Laser Range Finder (LRF)
Video Camera

Processing System

Servomotor
Bioinspired Filaments

Figure 1.1: Robotic devices and systems that include the AGoRA project.

Finally, later stages of the AGoRA project will extend the robotic platform’s capabilities,
integrating and joining the functionalities of both exoskeletons and the smart walker in clinical
scenarios. Thus, the development of novel rehabilitation techniques involving the devices and

the design of shared high-level control strategies will be addressed.

1.3 Objectives

This work proposes developing and validating control strategies applied in the ankle ex-
oskeleton T-FLEX for gait rehabilitation and assistance. Thus, this dissertation exhibits the
first understanding of T-FLEX as well as the feasibility of application in patients who suffer

neurological impairments. For that, this work defines the following objectives.

1.3.1 General Objective

Develop control strategies for a variable stiffness ankle-foot orthosis for gait rehabilitation of

patients with ankle impairments.
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1.3.2 Specific Objectives

e Conduct a systematic review of the literature in ankle rehabilitation employing ex-

oskeletons.

e Develop a control system architecture for T-FLEX considering both, kinematics and

detection of user’s gait phases.
e Model and characterize the actuation system proposed in T-FLEX.
e Propose therapies using the T-FLEX exoskeleton in a rehabilitation program.

e Assess the short-term effects in a group of stroke patients with ankle impairments using

T-FLEX.

1.4 Contributions

The dissertation’s primary contributions presented in this document are framed in the main
activities of the AGoRA project, which are focused on the development of an ankle exoskele-
ton for rehabilitation and assistance. The fulfillment of this work covers a series of technical

and scientific contributions presented as follows:

1. The hardware and software developments related to the T-FLEX exoskeleton. The
visual feedback developments and the mechanical structure were performed in cooper-
ation with the master and undergraduate students of the AGoRA project.

2. The T-FLEX’s characterization’s design and execution using a test bench structure to
verify the application in assistive tasks and measure the device capabilities.

3. The design and development of the control system and the software architecture for
T-FLEX are based on the Robotic Operating System (ROS). This architecture was

designed under the premise of being modular and easily reproducible.



4. The design and execution of experimental protocols for the assessment of T-FLEX in
patients with ankle dysfunctions. The international cooperation network of the project

allowed support in the validation of the device in walking.

1.5 Publications

The dissertation presented in this document has been reported to the scientific community

through the following publications:

1. (Conference Proceedings) D. Gomez-Vargas, M. J. Pinto-Bernal, F. Ballén, M.
Miunera and C. A. Cifuentes, "Therapy with T-FLEX Ankle Exoskeleton for Motor
Recovery: A Case Study with a Stroke Survivor," 2020 8th IEEE RAS/EMBS Interna-
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1.6 Document Organization

This dissertation presents the electronic and software design of the ankle exoskeleton T-FLEX
belonging to the AGoRA project. Moreover, this document includes the design and imple-
mentation of several high-level control strategies for rehabilitation and assistance scenarios
and the experimental characterization of the device. Finally, this work reports preliminary
validations with pathological users in walking assistance and a short rehabilitation program.

Thus, the document is structured as follows:

e Chapter 1 presents the primary motivations and research goals of this work. Addi-
tionally, this chapter describes the research project that frames this dissertation, and

the key contributions of this thesis.


10.1007/978-3-030-01887-0_31

Chapter 2 introduces the human gait, focusing on the ankle-foot complex’s role. Like-
wise, this chapter explains the principal ankle dysfunctions and the different gait reha-
bilitation alternatives and techniques. Lastly, this chapter presents the literature review

regarding the robotic devices, control strategies, and actuation principles applied to the

PAFOs.

Chapter 3 describes the ankle exoskeleton T-FLEX in terms of the mechanical struc-
ture, electronic system, and the implemented visual interface. Moreover this chapter
also presents the control architecture implemented in T-FLEX and the high-level strate-

gies proposed for both assistance and rehabilitation applications.

Chapter 4 describes the T-FLEX’s experimental characterization from the test bench’s
design to the outcomes regarding the device performance, the influence of the involved

elements, T-FLEX capabilities, and the applicability in assistive scenarios.

Chapter 5 reports the experimental validation in T-FLEX’s first-use with stroke pa-
tients for an assistive task overground. This way, this chapter analyzes the effect of

T-FLEX on the user’s kinematics and the influence on spatiotemporal parameters

Chapter 6 details the preliminary validation of T-FLEX in a rehabilitation program
with a stroke patient who exhibited spasticity. This chapter presents the electromyo-
graphy (EMG) behavior and the changes in the ranges of motions (ROMs) and spa-

tiotemporal parameters.

Chapter 7 summarizes and highlights the main conclusions and remarks of this dis-
sertation. Moreover, this chapter proposes the future works to be addressed, focusing
on the execution of a long-term validation study and the integration with the AGoRA

project’s robotic platform.



Chapter 2

Human Ankle in Mobility

The ankle plays a fundamental role in human mobility, being a primary capacity that in-
fluences aspects such as health condition, social interaction, execution of ADL, and people’s
quality of life. In conceptual terms, this faculty is defined as the ability to move and interact
within an environment. Nevertheless, different neurological conditions can affect locomotor
functions, affecting mobility performance. This way, from the ankle’s importance and the
need for mobility, rehabilitation through conventional and robotics solutions is commonly
used to recover the loss functions. Thus, this chapter describes the ankle-complex role in
human mobility and the principal dysfunctions in these joints. Likewise, this chapter sum-
marizes current conventional and robotic solutions applied to the ankle-foot complex for

rehabilitation and assistance.

2.1 Ankle-Foot Complex and its Role in Human Gait

The ankle-foot complex consists of 28 bones divided into the distal tibia and distal fibula,
seven tarsals, five metatarsals, and 14 phalangeal bones [36]. These joints, formed by the

bones, work synchronously to accomplish distinctive functions in ADL’s execution [36]. In
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contrast to other lower joints, the ankle-foot complex movements involve several planes of
motion [36,37]. For instance, supination requires plantarflexion, inversion, and adduction

movements, while pronation includes dorsiflexion, eversion, and abduction [37].

In terms of the range of motion (ROM), the ankle has variations concerning the geographical
and cultural differences [37|. Specifically, for the main movements on the ankle, studies
estimate standardized ranges between 65 and 75 degrees in the sagittal plane (i.e., 10 to 20
degrees covers the dorsiflexion and 40 to 55 the plantarflexion) and 35 degrees in the frontal
plane (i.e., 23 degrees during eversion and 12 degrees in inversion) [3,37]. However, ADL’s
execution requires reduced ROM values. For instance, the dorsi-plantarflexion movements
need 30 degrees for walking and 37 and 56 degrees for ascending and descending stairs,

respectively [36,37].

In the kinetic context, the ankle-foot complex works as a power dissipator, bearing approxi-
mately five times body weight during stance in normal walking and up to thirteen times body
weight during other ADLs (e.g., running) [37,38|. Nevertheless, the ankle also can work as
a generator, providing enough torque to execute propulsion tasks. This way, to accomplish
ADLs properly (e.g., walking), this complex joint needs to generate a torque per kilogram of

1.6 Nm/kg approximately [3,37].

From the characteristics presented above, the ankle-foot complex has several functions during
the gait cycle. Thus, the ankle roles are mainly related to the proper transition between
phases, shock absorption in the heel strike, body center of mass’s transference, torque’s
supply to initiate the swing, and control to avoid toe drag [29,39]. In the muscular context,
three muscles’ groups intervene in these functions: (1) invertor muscles (i.e., tibialis posterior-
anterior and flexor hallucis longus-soleus), (2) evertor muscles (i.e., peroneus longus-brevis
and extensor digitorum-hallucis longus), and (3) triceps surae muscles (i.e., gastrocnemius

and the soleus) [3,37],.
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2.2 Neurological Conditions Affecting the Ankle

Different pathologies can affect human mobility resulting in alterations of stability, cadence,
gait speed, proper joints control, and gait balance [3,40|. This way, the motor impairments’
effects can lead to a limited ADL’s execution, reducing people’s quality of life [2,4]. In
neurological terms, cerebrovascular accident (stroke), Spinal Cord Injury (SCI), and Cerebral

Palsy (CP) are the principal causes of those alterations [2,4].

According to the World Health Organization (WHO), around 1 billion people (i.e., 15% of
the world population) exhibit any disability type [41]. Moreover, studies report an increase
in this number of nearly double by 2050 [42]. Within the current statistics, low- and middle-
income countries register the higher rates compared to the high-income countries [43], leading

to a relevant impact because of accessibility issues and the lack of health care services [41].

Specifically, stroke is the principal cause of disability and the second leading cause of death
worldwide [6]. This pathology reports 15 million new cases annually, of which more than
60% exhibit partial or chronic motor dysfunctions [44|. Conceptually, stroke is defined as
a neurological injury that can be presented in two cases: (1) ischemic, where a blood clot
blocks a blood vessel in the brain, and (2) hemorrhagic, when a ruptured blood vessel bleeds
into the brain [45]. For both situations, the brain functions suffer affectations causing motor

and cognitive failures in the survivor [46].

On the other hand, SCI also registers a significant number of impaired people. Studies report
statistics of up to half a million people who suffered SCI with an incidence of 18.000 new cases
every year [11]. This condition refers to the spinal’s traumatic damages, causing fractures on
the vertebrae [47]. SCI leads to neurological dysfunctions whose affectation level depends on

the region affected by the spinal contusion [47,48].

Lastly, Cerebral Palsy groups around 800.000 people worldwide [49]. This neurological dis-



order occurs before birth generally, although there are cases during life’s first years [50].
Statistically, the CP’s prevalence rate registers cases from 1.5 to 4 per 1000 children [51],

related to abnormal development or neurological damage in the brain [52].

Considering the neurological conditions that affect mobility, the ankle-foot complex can ev-
idence several after-effects, altering its normal functions described previously [53,54|. This
way, patients commonly generate compensatory movements to supply the affected ankle func-
tions [27]. For instance, in gait applications, people perform a steppage gait, bending the
hip and knee excessively to lift the foot higher [55]. However, altered patterns such as cir-
cumduction gait (i.e., when the leg remains straight and swings to the side in a semicircle to
move forward) are also used [55]. In this sense, the principal ankle dysfunctions are detailed

below.

2.2.1 Foot Drop

Foot drop is a locomotor dysfunction caused by different neurological impairments. People
who suffer from this condition cannot raise the front foot part because of weakness or muscle
paralysis [55]. Thus, this pathology exhibits difficulty to clear the foot while walking, often
dragging or scuffing along the ground, resulting in a characteristic slapping gait [55, 56].
Likewise, the foot drop produces poor positioning and unsteadiness of the ankle and knee

during standing states, causing limitations in balance and stability during ADLs [55].

2.2.2 Equinovarus Foot

Equinovarus foot is a motor disorder present in hemiplegic patients, characterized by the
reduction in ankle dorsiflexion and alteration in the forefoot inversion [57]. This condition
affects the swing phase, causing the forefoot to strike the ground first instead of the heel [57].

Thus, equinovarus foot produces inadequate support, which has negative consequences for
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both balance and gait [58]. Likewise, the gait pattern alteration caused by this pathology

leads to changes in the muscle morphology and ankle’s force production capacity [57].

2.2.3 Ankle Spasticity

Spasticity is a motor disorder characterized by increased muscle tone with excessive ten-
dons jerks [59]. This complication can involve single or multiple muscle groups, causing pain
and discomfort in ADL’s execution [60]. Specifically, this condition includes muscle hyper-
tonia, hyperactive deep-tendon reflex, clonus, and velocity-dependent resistance to passive
stretch [61]. In functional terms, the ankle spasticity leads to diminished power generation,
decreased joints’ ROM, reduced stability for the stance phase, and is consequently considered

a relevant risk factor for falls [62].

2.3 Ankle Rehabilitation and Assistance

Physical therapy in a rehabilitation scenario has been widely used to counteract motor dys-
functions because of neurological conditions [15]. Specifically, this process helps to improve
the motor and neurological recovery in affected people [63|. For that, the rehabilitation
includes training in both task-specific and context-specific, particularly in the early stages
after injury [64]. Those tasks intend to promote the patients’ capacities for completing mul-
tiple activities such as bed mobility, body motions to execute ADL, and patient-environment

interaction [16].

Nevertheless, the ankle dysfunctions can remain in the patients after therapy [24]. Thus,
to provide stability and prevent injuries due to the lack of ankle control, passive orthotic
devices [25], and robotic tools [18,28] are used. In this sense, the principal conventional

techniques and the robotic solutions to assist and rehabilitate the ankle are detailed below.



2.3.1 Conventional Techniques and Devices

Conventional physical therapy involves rehabilitation processes’ execution by health profes-
sionals without being supported by a robotic tool [18|. Different techniques to recover the
patients’” motor capacities are widely applied within this methodology, exhibiting positive
outcomes [15]. On the other hand, in the assistive context, passive structures mainly coun-

teract the motor limitations and guarantee certain independence level performing ADL [25].

2.3.1.1 Exercises Programmes

Physical exercises prevent immobilization’s complications and improve patient’s skills to
achieve proper ADL’s execution. On the one hand, this activity covers passive exercises
wherein the therapist moves the body part passively through the total joint’s ROM. This
way, passive training prevents possible contractures and abnormal postures [65]. On the
other hand, active exercises (i.e., the patient actively moves the joint) are also applied. For
this type, the patient attempts simple movements during the first stages until achieving com-
plex tasks. These exercises usually are combined with multiple repetitions to induce motor

re-learning [65].

2.3.1.2 Neuro-physiological Techniques

In this case, the developed techniques use neurophysiological principles for motor control
and recovery [65]. Thus, this methodology includes mainly (1) sensory stimuli’s application
to facilitate or inhibit an activity, (2) treatment plans based on achievements, (3) motor

re-learning induced by repetitions, and (4) close therapist-patient interaction [65].

From the neurophysiological principles, different strategies such as Bobath (i.e., movement

pattern and postural control’s corrections by handling the major joints in the affected body
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part), proprioceptive neuromuscular facilitation for stimulating proprioceptors in the affected
limbs, and Brunnstrom (i.e., involving a reflex or a synergistic movement to attain appropriate
movement control and functional performance), can be found [65,66]. These strategies can

integrate verbal, visual, and tactile feedback to facilitate their proper application [66].

2.3.1.3 Passive Orthotic Devices

Considering the ankle dysfunctions that can remain after therapy, passive orthotic devices
are commonly prescribed [25,26]. Those devices comprehend mechanical structures, based on
customized molded plastic designs, that only allow the dorsi-plantarflexion movements and
restrict the other planes of motion [25]. Thus, passive orthoses provide stability counteracting
the ankle’s weakness, prevent injuries related to the lack of ankle control, and improve foot

clearance in gait activities [25,26].

2.3.2 Robotic Solutions

Robotic tools are being applied to support the rehabilitation processes and assist the user
gait, showing promising results [21-23,28]. Developing those devices derives from the need

to overcome the drawbacks exhibited by traditional therapy and passive devices.

In the therapy context, conventional procedures are intensive tasks that require more time,
effort, and several therapists focused on a single patient [18]. Moreover, in assistive terms,
although the passive structure helps in ADL’s execution, the user does not improve the gait
pattern, and conversely, the locomotion is affected by both the dysfunction and the ankle

restriction [27].

Currently, there are mainly two robot’s kinds for ankle rehabilitation and assistance: (1)
wearable devices that aim at improving ankle performance during gait, and (2) platform-

based robots that intend solely on the improvement of ankle functions [24]. Therefore,



wearable devices, also called Powered Ankle-Foot Orthoses PAFOs or ankle exoskeletons,
exhibit advantages concerning platform-based systems in aspects such as multimodality and

applicability [24].

PAFOs integrate the principles applied in passive orthotic structures, although incorporating
the robotics’ benefits (i.e., energy supply using actuators, user monitoring through sensors,
programmed functionality profiles, among others) [28]. In functionality terms, those devices
mainly aim at improving the patients’ gait pattern or decrease the biological effort during
walking [29]. In this sense, the following sections present the standard actuation systems and

the control strategies implemented on wearable devices.

2.3.2.1 Actuation Systems implemented on PAFQOs

The state-of-art classifies into three main categories the actuation principles applied in
PAFOs: (1) Stiff Actuators (StAs), (2) Serial Elastic Actuators (SEAs), and (3) Pneumatic
Actuators (PnAs) [29]. However, some works also include other less common principles used
as actuation mechanisms, such as (4) Hydraulic Actuators (HyAs), and (5) Magnetorheologi-
cal Actuators (MRAs) [30]. Likewise, other actuation systems widely implemented nowadays
can be categorized as (6) Variable Stiffness Actuators (VSAs), and (7) Cable-Driven Actua-

tors (CDAsS).

1. Stiff Actuators: PAFOs with StAs are composed of motors coupled with gear trans-
missions. They are generally supported by rigid structures, allowing the torque trans-
mission directly to the joint axis. The main advantages in StAs are the high torque
supplied and the bandwidth concerning other mechanisms [67]. Notwithstanding, StAs
exhibit drawbacks for the ankle’s applications regarding the impact’s absorption, mis-

alignments, backdrivable capability, and physical interaction.

2. Series Elastic Actuators: SEAs are being applied in PAFOs to counteract the lim-

itations of StAs. In this sense, the system includes an elastic element with a constant
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spring between the actuator and the load. SEAs actuate as a low pass filter to shock
loads, where the amount of elasticity increases or decreases the absorption tolerance [67].
Moreover, systems based on SEA have backdrivable capabilities because the load is un-
coupled from the actuator. This way, the user-device physical interaction improves in
wearable applications. Nevertheless, SEA technology exhibits a dependency on ampli-
tude and phase related to the elastic element’s force, resulting in system bandwidth’s

variations [67].

. Pneumatic Actuators: These actuators are based on bioinspired actuation. In

essence, PnAs are contractile and linear motion engines operated by gas pressure. The
most common PnA’s type is Pneumatic Artificial Muscle (PAM). PAMs are composed
of flexible membranes, that once they are inflated exert a pulling force on the end-
effector [68]. Other configurations are using PnA technology such as double-acting
Spring Over Muscle actuators (SOM), and Bidirectional rotary Pneumatic Actuators
(BPnAs) [29]. The main advantages of PnAs are high flexibility and softness in the
actuation, which is comparable with a natural muscle [69]. Nonetheless, this actuator
generally needs external air supplies, precluding the portable solutions’ implementation.
Additionally, PAMs present low bandwidth and modeling challenges for interaction sce-

narios [69].

. Hydraulic Actuators: HyAs use pressurized fluids to transmit torque to the joint.

To this end, flexible hoses transport the fluid to the actuator, and thus they can be
snaked over the joint in locations that are impractical for the other actuation mechanism
[70]. This actuation type can provide high torque, but this feature also comes with a
disadvantage given by the required equipment’s heavyweight and complexity [71]. On
the other hand, HyAs exhibit backdrivability within the limits of fluid drag forces 70|,

improving the physical interaction concerning StAs.

. Magnetorheological Actuators: MRAs integrate controllable fluid with variable

viscosity. This viscosity varies through the exposition to magnetic fields [72|. The



main MRA’s advantage is related to the inherent stabilization capability when providing
torque [73|. Additionally, this actuator can provide a quiet, simple, and faster response
compared to other mechanisms. The drawbacks include the complex and heavyweight

equipment implemented to achieve this actuation and the high energy consumption [72].

6. Variable Stiffness Actuators: VSAs use the same concept as SEAs, although instead
of coupling an elastic material with a constant spring, an element with a variable
spring is included. The core VSA’s feature is the capability for changing the output
stiffness in two interactions cases with the environment: (1) constant load and (2)
constant position [32]. This actuation type is recommended in rehabilitation fields using
robotic devices to interact intensively with the human [34]. In terms of disadvantages,
VSAs share the same limitations as SEAs. However, the complexity of controlling and

modeling systems with this actuation system is increased.

7. Cable-Driven Actuators: This actuator consists of a moving platform connected
to a fixed base through a certain amount of cables. Thus, the cables’ length changes
individually using a motor with a spool, which results in reeling in and out |[74]. The
principal drawbacks in CDAs are related to the inability to allow passive backdrivability

because of the high friction and the low capacity to transmit torque in portable devices.

2.3.2.2 Control Strategies for PAFOs

From the actuation system principles mentioned above, PAFOs have implemented different
control strategies to guarantee proper physical interaction in terms of overall safety, trans-
parency, and level of patient participation [75]. Additionally, these strategies mainly aim at
regulating the force levels and motions applied to the joint under rehabilitation processes [34].
For this purpose, the literature classifies the control strategies into two groups: (1) low-level

and (2) high-level [76].
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Low-level strategies: Low-level refers to basic implemented strategies for controlling ac-
tuators such as position, force, admittance, and impedance controllers [76]. These strategies
support more elaborate control architectures focused on real applications with human inter-
action named as high-level. The low-level strategy selection will depend on the actuator type
and the sensors’ feedback in an interaction scenario. Moreover, the control law could be given
by different techniques applied to linear and non-linear systems such as fuzzy logic, PID and

its variations, adaptive control, controllers based on neural networks, and others |77].

High-level strategies: High-level control strategies are algorithms designed explicitly to
promote ankle plasticity [78]. These strategies are classified depending on the user-device
interaction’s level and the effort performed by the user. Within this group, different methods
can be found: (1) passive controllers, (2) active controllers, (3) active-assistive controllers,

and (4) active-resistive controllers.

1. Passive Controllers: In this control type, the device performs motions on the ankle

joint, and the user requires no effort [78].

2. Active Controllers: This strategy requires the user to voluntarily move to a pre-
specified target while the device records kinematic and kinetic parameters. In other

words, the robot works as an assessor [29, 78].

3. Active-assistive Controllers: For this controller type, there is user-device cooper-
ation for executing a specific task. Initially, the system has the same function as an
active controller, but if the user fails in the motion, the device will provide the assistance

needed to achieve the goal [29,78§].

4. Active-resistive Controllers: This controller is intended to be a trainer. To this

end, the device generates an opposing force that resists the user’s movement [78].



On the other hand, the sensors’ inclusion in ankle devices can in turn divide the control
strategies into the following categories: (1) proportional myoelectric controller (PMec), (2)
adaptive gain proportional myoelectric controller (Ag-PMc), (3) phase-based controller, and

(4) push-button controller [29].

The proportional and adaptive myoelectric controllers are related to muscle activity’s acqui-
sition and processing [29]. In both cases, the device starts the actuation when the muscle
exceeds the electrical activity in a determined range [29]. The difference consists in the con-
trol action executed by the device. Specifically, PMc generates an output proportional to the

user activity, but Ag-PMc adjusts the gain to have the maximal peak actuation [29].

Conversely, the phase-based controller is the most common strategy used in rehabilitation
and assistance scenarios [29]. In this controller type, the control action depends on the gait
events detection. For this purpose, wearable sensors such as Inertial Measurement Unit (IMU)
and Force Sensitive Resistor (FSR) are implemented. Finally, in the push-button controller,
the actuation is proportional to the push-button’s displacement [29]. This strategy leads to

controlled teleoperation by the user.

From the strategies and actuation principles presented above, Table 2.1 presents a compar-
ison between the different types of actuator systems implemented in PAFOs. It considers
relevant aspects such as the type of backdrivability, level of torque provided for ankle rehabil-
itation, portability, bandwidth, ease of implementation, common low-level control strategies

employed, and some examples of real applications.
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Table 2.1: Comparison of the actuation systems implemented on PAFOs




2.4 Conclusions

Considering the ankle role in gait and hence the relevance in the execution of ADL, the
development of robotic devices has been motivated to counteract the after-effects caused by
neurological disorders. Likewise, these devices have been applied in rehabilitation scenarios
to support the therapists and optimize the sessions. This way, the health professionals can
be focused on the users’ progress and performance without having to spend time and effort

on physical tasks with the patient.

The inclusion of robotics aims at improving the motor recovery results compared to con-
ventional therapy. However, despite the robotics advantages and the promising results in
rehabilitation, the ankle remains a challenging research area because of the movement com-
plexity, involved joints, and the ankle’s functions. In this context, this chapter summarized
the main robotic solutions applied to the ankle’s recovery and assistance focused on wear-
able devices (i.e., PAFOs). Moreover, the principal actuation systems and control strategies

implemented in this application were also described.



Chapter 3

T-FLEX ankle exoskeleton: Design and

Operation

Considering motivations and current developments for ankle rehabilitation and assistance
showed previously, this chapter introduces the design and development of the T-FLEX ankle
exoskeleton, which is part of the AGoRA platform and wherein this dissertation is focused.
This device integrates a compliant actuation system and a soft structure ideal for neurological
patients. Moreover, the proposed T-FLEX’s design responds to the human body’s biological

functioning, incorporating the robotics’ advantages in assistive and rehabilitation scenarios.

3.1 Mechanical Design

T-FLEX is a wearable and portable ankle exoskeleton intended for patients with ankle limita-
tions resulting from neurological disorders. The implemented actuation system and designed
structure integrate the device into a small exoskeleton’s group called fully compliant exoskele-
tons [31]. The following sections describe the design premises, mechanical principles, and the

mechanical structure that comprehend T-FLEX.
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3.1.1 Design Premises

From the ankle functions and their affectations related to the pathologies presented in Chap-
ter 2, the T-FLEX’s design mainly intends to (1) provide stability to the user, (2) correct
the pathological ankle posture, (3) assist the dorsi-plantarflexion movements, and (4) allow
the ankle motions in other planes. First and second premises are kept within the minimum
requirements, which are provided by both robotic devices and passive orthotic structures
prescribed to the ankle treatment [25,26]. Specifically, stability allows independence dur-
ing ADL’s execution, blocking the ankle’s weakness and providing firmly foot-ground sup-
port [25]. Likewise, corrections in pathological ankle postures limit the falls and injuries’

risks 26, 94].

For dorsi-plantarflexion assistance, the principal interest lies in improving the gait pattern.
This way, other joints’ compensatory movements (e.g., in the hip and knee joints), during
ADL’s execution [27], can be reduced. Likewise, the changes in the user’s kinematics lead
to improve the metabolic costs and decrease permanent damage’s risk to the locomotor
system [27]. On the other hand, in rehabilitation terms, assisted movements on the ankle
allow designing intensive therapies. Thus, the health professional can focus on the patient’s
progress and performance instead of executing the exercises. Furthermore, considering the
robotics’ advantages explained in chapter 2, interactive sessions can be carried out, recording

and displaying session data, and interconnecting with other robotic systems.

Lastly, the non-restriction in ankle motions represent one of the fundamental pillars in the
T-FLEX’s development. In this aspect, the device evidences a relevant change concerning
other ankle exoskeletons [31]. Generally, PAFOs integrate rigid structures to support the ac-
tuator and transmit the torque directly to the joint [29,31]. However, those designs present
drawbacks related to misalignments when the torque is directly transmitted [75] and restric-
tions when the rigid elements surround the ankle. Moreover, complete blocking on the ankle

affects the user’s balance and alters the gait pattern during gait applications [95,96].
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3.1.2 Mechanical Principles

T-FLEX integrates two main mechanical principles to achieve the design premises mentioned
above: (1) variable stiffness actuation and (2) bidirectional movement (i.e., agonist and an-
tagonist configuration). The first principle intends to modify the stiffness level of the system
according to the gait phases. For this purpose, the device includes a novel composite tendon
whose mechanical behavior, tested in stress trials, is similar to the human Achilles tendon
(i.e., Young’s modulus between 500-1800 Mpa) [97]|. The tendon braid flexible materials (i.e.,
thermoplastic elastomer and fibers of polyethylene) and stiff filaments (i.e., polytetrafluo-
roethylene) to achieve an exponential stress-strain curve. The volumetric proportion between
both materials is 15% being the stiff filaments the minimum volume value to guarantee this

function.

The second principle is the bidirectional actuation emulating the muscles’ agonist and an-
tagonist configuration [98]. T-FLEX uses stiff filaments combined with the tendons to assist
the user’s dorsi-plantarflexion movements. The composite tendons attach the frontal and
posterior actuators to the foot-tip and the heel, respectively. Likewise, T-FLEX includes
stiff filaments to integrate both motors in the ankle movements’ execution. Those elements
attach the opposite actuator with the corresponding foot part (i.e., the posterior motor to
the foot-tip and frontal motor to the heel), Thus, the posterior actuator aids the dorsiflexion,

and the frontal actuator contributes to the plantarflexion.

3.1.3 Mechanical Structure

T-FLEX incorporates 3D printed pieces of polylactic acid (PLA) to support the actuators.
Besides, interfaces composed of flexible polyurethane-coated and coated with silicone fixes
the actuators to the user’s shank (see Figure 3.1). This design allows portable applications,
avoids slipping, and reduces pressure points on the limb related to reaction forces when

the device actuates. Conversely, to transmit torque on the ankle, T-FLEX uses an insole



adapted with printed pieces for attaching the composite tendons to the foot (i.e., heel for

plantarflexion and metatarsals for dorsiflexion).

Rigid 3D-printed
Motor's Support

Actuators

) Foam
Flexible

3D-printed
Bioinspired
Tendon Tensioning
System

\(;y Inner Insole
—y

Tendon Attachment Point

Figure 3.1: Wearable and portable ankle exoskeleton T-FLEX. The remarked elements refer
to the main parts of the device.

3.2 Electronic System

From the premises and goal applications exhibited above, T-FLEX integrates two smart
servomotors, a inertial sensor, and a processing unit within the open-source robotic meta-
operating system. Likewise, considering the target population, a visual interface was designed
and implemented to control and configure the device. The principal elements and develop-

ments, which T-FLEX contains, are illustrated in Figure 3.2 and detailed below.

3.2.1 Hardware

T-FLEX has two servomotors Dynamixel MX106-T (Robotis, Korea) placed on the posterior
and anterior part of the user’s affected shank. Each actuator has a stall torque of 10 Nm with

a maximum no-load speed of 55 rpm. Moreover, the servomotor includes a microcontroller

ARM CORTEX-M3 (72 MHz, 32Bit) to control, configure, and connect the actuator with
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an external device. The actuators work under the transistor-transistor logic protocol (TTL).

Thereby the device includes a Universal Serial Bus (USB) converter.

On the other hand, the sensing system comprises an inertial measurement unit (IMU)
BNOO055 (Bosch, Germany) placed on the foot tip, running at 100 Hz. For assistive and
rehabilitation scenarios, the IMU information (i.e., angular velocity and acceleration) is used
to trigger the device. Specifically, for gait applications, an algorithm based on machine learn-
ing estimates the user’s gait phases in real-time [99]. In contrast, for the therapy, a statistical

algorithm determines the user’s movement intention.

For the processing, T-FLEX uses a Raspberry Pi 3 Board running in Debian operating system.
Thus, the computer acquires sensor information, runs the control algorithms, and sends the
control commands to the actuators. Finally, in the power supply context, the device has
a LiPo battery of 4000mah 4S 14.8V 30C, which allows an autonomy close to 4 hours in
non-extreme conditions (i.e., high level of spasticity and excessive strain on the tendons or

stiff filaments).

3.2.2 Software

The software implemented on the T-FLEX exoskeleton is based on the Robot Operative
System (ROS) architecture, a Linux-based meta-operative system widely used in the robotics
field. This system provides relevant advantages such as modularity to incorporate sensors and
actuators already supported, operability to communicate with multiple processes, robustness

against unexpected events, and quickly developed modules’ replicability [100].

Within this framework, the controllers, algorithms, and sensor acquisitions were deployed
and implemented. The libraries for actuators’ communication and control are based on
the Dynamixel Workbench package supported by Robotis (Seoul, Korea). This way, T-
FLEX has a public repository with the device’s functionalities and controllers available at

https://github.com/GummiExo/t_flex. This repository details the procedures to configure
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Figure 3.2: Electronic system and communication protocolos implemented on T-FLEX

the actuators and the device’s computer, install required libraries for proper operation, and
connect the device for using it. Likewise, it contains the mechanical structure’s files, which

could be openly replicated under a non-commercial license.

3.2.3 Control Architecture

T-FLEX has a control architecture divided into two main parts: (1) actuators controller and
(2) mechanical design’s effect. The first part refers to the internal PID controller implemented
on each motor as Figure 3.3 shows. This controller has as input a goal motor position (i.e., 6,
for the anterior actuator and 6y for the posterior servomotor) converted to profiles of velocity

and acceleration (i.e., v1 9 and a;2). The PID controller calculates the PWM output based

Vim2), and an encoder closes the control loop.
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The second part covers effects due to the tendons’ inclusion in T-FLEX (see Figure 3.3).
Actuation systems based on VSA have a dependency on the spring behavior in terms of
provided torque and system’s bandwidth, as chapter 2 shows. This way, the composite
tendon included in T-FLEX leads to limited bandwidth and actuators’ torque reduction

(i.e., 71 and 7p9), where its effect depends on the configured initial force level.

Nevertheless, considering the T-FLEX’s mechanical design presented above, the torque on
the ankle (i.e., 741 and 7Ta2) increases proportionally concerning the user’s foot length (see
Figure 3.3). Moreover, regarding the assisted movements, the torque in dorsiflexion is greater
than plantarflexion. This characteristic is because the distance between the ankle and the
foot part, where the torque is transmitted (i.e., heel for plantarflexion and metatarsal for

dorsiflexion), is different.
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Figure 3.3: T-FLEX’s control architecture. The red box refers to the low-level controller
composed of the internal PID controller and the PWM. The blue box represents the tendon’s
effect in terms of limited bandwidth and reduced provided torque. The green box denotes
the mechanical design’s effects related to the distance between the tendon attachment point
and the ankle.

3.2.4 Visual Interface

T-FLEX is a robotic tool aimed at rehabilitation and assistance scenarios. For this reason,
Figure 3.4 shows a friendly visual interface to control and configure the device by the target
users (i.e., health professionals and patients). Thus, this web interface incorporates function-
alities such as (1) calibration of the device’s ROM, (2) operation modes’ selection, and (3)

parameters configuration for those modes.



The first functionality (i.e., calibration stage) is a manual procedure, where the system records
the actuators’ maximum values to replicate the motion during the selected modality. Thus,
the user can define the actuation ROM up to the limit value, avoiding injuries or pain
related to the spasticity events. Likewise, the interaction forces can be modified concerning
the patient’s health conditions, varying the intensity whether the user exhibits the ankle’s

weakness or spasticity.

For the second and third functionalities, the user can choose the desired application with the
device. Therefore, T-FLEX implements two operational modes detailed in the next section:
(1) therapy through the assisted dorsi-plantarflexion repetitions and (2) gait assistance in
portable applications. Within these modes, different parameters can modify the device’s
performance and the therapy’s intensity (e.g., session duration, actuators’ velocity, and rep-

etition frequency).

DEVICE CALIBRATION THERAPY ASSISTANCE

CONTROLLER ‘5

.

CALIBRATION

“DEVICE'S CALIBRATION ‘THERAPY'S PARAMETERS

1. DORSI-PLANTARFLEXION 1. NUMBER OF REPETITIONS

CALIBRATION ASSISTANCE'S PARAMETERS

2. FREQUENCY OF REPETITION

(REPETITION/SECONDS)
_ OPERATIONAL MODES SELECT CALIBRATION (SEC)
3. ACTUATORS' VELOCITY

2. STIFFNESS CALIBRATION
~SESSION DURATION

Figure 3.4: Visual interface to control and configure T-FLEX from any smart device

The visual interface is based on HTML language, where the functionalities and interactivity
run under a JavaScript programming language. This way, the user can control and configure
the device from any smart device. Likewise, the system integrates a server process to connect

the interface with the T-FLEX’s functionalities executed in ROS. The visual interface codes,
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the installation procedures, and the users’ guide are contained in a public repository available

at https://github.com/GummiExo/t_flex

3.3 Operational Modes

From the T-FLEX’s goal applications, two modalities were implemented on the device. The
first modality, i.e., Therapy Mode (see Figure 3.5A), refers to a rehabilitation scenario with
T-FLEX, where the device executes repetitions, assisting the user’s dorsi-plantarflexion move-
ments. The second modality, i.e., Assistance Mode (see Figure 3.5B), intends to apply T-
FLEX in assistive scenarios during ADL’s execution as walking. As mentioned above, for
both modalities, each patient’s calibration stage is necessary to record the ROM and adjust

the T-FLEX’s performance.

A B

Record User's
Performance

Bioinspired
Actuation

Assisted
Movement

Variable Stiffness

Dorsi-plantarflexion
Assistance

Non-restriction
on
the Ankle

Figure 3.5: T-FLEX’s goal applications and their principal characteristics. The left part (A)
shows the T-FLEX supporting a rehabilitation scenario, and the right figure B illustrates
the device in an assistive gait application.

3.3.1 Therapy Mode

In this mode, T-FLEX provides the dorsi-plantarflexion movements repetitively according to
the values recorded in the calibration stage detailed in the visual interface section. Rehabil-

itation programs apply this exercise, specifically in patients who present spasticity [101].


https://github.com/GummiExo/t_flex

Likewise, the device can modify the therapy’s intensity, varying the actuation velocity, rep-
etitions frequency, and session duration (see Figure 3.4). T-FLEX can record the patient’s
performance and user-device interaction during the session. Moreover, the controllers inte-

grate an emergency system to stop the device during any adverse event.

The principal T-FLEX’s advantages in this application are monitoring and supervising the
therapy (i.e., recording and displaying the user’s data in real-time) and assisting the user’s
movements (i.e., moving the actuators). Furthermore, taking into account the device’s soft
structure and the ankle movement’s freedom, unexpected conditions, such as muscle spasms
or spasticity events, can be easily handled by T-FLEX without generating damage or pain

to the patient.

On the other hand, as T-FLEX is developed under the ROS framework, additional sensors
and actuators can be added easily. Thus, the system can adapt different feedback and
interactive strategies to improve the user-device interaction, which is to face discouragement

in long-term therapies, and contribute to the neuroplasticity induction [21,102].

3.3.1.1 Control Strategy for Stationary Rehabilitation

From the T-FLEX’s application in rehabilitation scenarios presented above, the actuators
receive the position commands to assist the dorsi-plantarflexion (i.e., ; for the anterior actu-
ator and 65 for the posterior servomotor). Therefore, the set-points values in each servomotor
must be opposite to replicate the movements, and their magnitude depends on the calibration

stage (i.e., the process to record the user’s ROM) presented in visual interface section.

Furthermore, parameters such as repetitions, frequency between movement, and actuators
velocity control the therapy, influencing the user’s effort and session’s intensity. This way,
according to the pathology and the patient’s health condition, the exercises can be modified

to improve the motor recovery’s results [103].

Figure 3.6 shows the control scheme for a passive and assisted stationary rehabilitation sce-
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nario using the T-FLEX exoskeleton. The safety restriction stage refers to the physical and
software actions (i.e., stopping the actuation commands, turning off the servomotors, and
limiting the actuators’ ROM) to respond to unexpected events (e.g., spasticity events, joint

pain, and skin injuries).
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Figure 3.6: Control scheme for stationary rehabilitation using T-FLEX. The orange box
represents the protective actions to respond to unexpected events. The red, blue, and green
boxes are detailed in T-FLEX’s control architecture section. The gray boxes refer to the
movement intention’s stage including an inertial sensor. The calibration stage denotes the
process to record the user’s ROM.

User’s Movement Intention: On the other hand, the user’s movement intention included
in a control strategy has evidenced promising outcomes in therapy [104,105]. Thus, the active
patient’s participation can result in improving gait and physical function after a rehabilitation
process [104,105]. Therefore, the inertial sensor integrated into T-FLEX can estimate the
user movement intention on the paretic foot, replacing the automatic movement in the control

scheme (see Figure 3.6).

Thus, initially, a 4th-order Butterworth low-pass filter with a cutoff of 6 Hz removes the
noise from the angular velocity along the sagittal plane. Subsequently, the filtered data is
compared in real-time with the threshold value calculated in the calibration stage, where the
user executes several movements to define the threshold value. This way, T-FLEX assists

the dorsi-plantarflexion when the angular velocity exceeds the threshold (see Figure 3.6).

Considering the control strategy and the movement intention system presented in Figure



3.6, Figure 3.7 shows the control signals for a stationary therapy using T-FLEX. Figure 3.7
A and B represent the user’s intention module through and statistical algorithm to trigger
the device. This way, T-FLEX accomplishes a dorsi-plantarflexion repetition when the user
exceeds the threshold (see Figure 3.7C). Moreover, the current and velocity registered by the

actuators is shown in Figure 3.7 D and E.

3.3.2 Assistance Mode

For this modality, T-FLEX supports the human gait in assistive and rehabilitation scenar-
ios. This way, the device can be applied in gait rehabilitation processes and during ADL’s
execution. The principal motivation consists of improving the patient’s gait pattern. Thus,
bearing in mind the compensatory movements related to the ankle dysfunctions [27|, T-FLEX

intends to correct the ankle kinematic looking for positive changes on the other joints [37].

In general terms, the device aims at providing stability during the stance phase and trans-
mitting torque to the ankle to assist the propulsion stage. Moreover, the device also intends
to avoid foot-slap and toe-drag, guaranteeing the foot-clear during the swing and improving

the heel strike’s shock contact.

3.3.2.1 Gait Phase Detector

For assistive applications, T-FLEX requires determining the user’s gait cycle in real-time.
Thus, the device integrates an algorithm based on a Hidden Markov Model (HMM), and the
acceleration and angular velocity in the sagittal plane to estimate the gait phases: heel strike

(HS), foot-flat (FF), heel-off (HO), and swing (SW) [99].

In general terms, the gait phase detector models the gait pattern using a left-right model,
whose main feature is to limit transitions to consecutive states of the Markov chain [99].
Therefore, the phase change’s probabilities are lower than remaining in the same event’s

probability [99].
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Figure 3.7: T-FLEX’s control signals during a stationary therapy. The upper figure (A)
shows the user’s movement intention acquired from the angular velocity in the sagittal plane
(i.e., Whsagittar)- The B part illustrates the threshold algorithm’s results and C the movement
programmed to assist the therapy. The lower figures (D and E) show the actuators’ current
and speed to respond to the set-point commands.

The transition matrix needs a calibration stage for each user, where the device records the
patient data during walking and calculates the statistical weights employing a Baum-Welch
algorithm [99]. Subsequently, the gait phase detector uses a Viterbi algorithm to compare

the model with live data and hence estimate the current gait phase.



3.3.2.2 Control Strategy for Gait Assistance

From the assistive application’s goals and the gait phase detector presented previously, T-
FLEX’s control strategy for walking applications mainly includes (1) dorsi-plantarflexion
assistance, (2) high stiffness level for stability in the stance phase, and (3) zero torque on the

ankle also for the stance phase.

The set-points (i.e., 6; for the anterior actuator and fy for the posterior servomotor) are
the equivalent as the stationary rehabilitation, although a new state is included, i.e., stiffness
movement. This movement produces the maximum tendon’s stretching, turning the actuators
in the same direction. Moreover, considering the T-FLEX design, the torques’ sum on the
ankle tends to 0 Nm. The stiffness movement also integrates a calibration stage where the

user can modulate the stretching level concerning the ankle’s weakness.

In this context, Figure 3.8 shows the T-FLEX’s control scheme, which includes a user’s gait
phases detector based on angular and acceleration measures on the paretic foot (i.e., Wysagittals
and @prsagittar). The system incorporates a state machine controller to determine the proper
movement in a specific phase (i.e., dorsiflexion for heel strike and swing, plantarflexion for
heel off, and stiffness for flat foot). Moreover, as in the stationary rehabilitation scheme, a

safety restriction stage is included to ensure the user’s security.

From the control strategy illustrated above, Figure 3.9 shows the principal signals mea-
sured on the actuators and sensors coupled in T-FLEX during a gait assistance application.
Specifically, the user’s acceleration and angular velocity (see Figure 3.9A) and the gait phase
detector explained previously (see Figure 3.9B). Likewise, Figure 3.9C illustrates the actu-
ators’ angles to achieve the T-FLEX’s movements (i.e., dorsi-plantarflexion and stiffness).
On the other hand, the negative values (see Figure 3.9 D and E) for the current and speed

indicate the movement direction related to the assisted movement (see Figure 3.9C)
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Figure 3.8: T-FLEX’s control scheme for gait applications. The orange box refers to the
control actions to counteract unexpected events. The red, blue, and green boxes represent
the elements detailed in the T-FLEX’s control architecture section. The gait phases detector
describes the algorithm to detect HS: heel strike, FF: foot flat, HO: heel-off, and SW: swing
phase, whose input depends on both the angular velocity and acceleration in the user’s
sagittal plane. The state machine controller outputs (0; and ) represent the angles in the
actuators to accomplish the device movements (i.e., dorsi-plantarflexion and stiffness).

3.3.2.3 T-FLEX’s Mechanical Operation

Considering the detection algorithm (see Figure 3.9) and the control strategy in gait (see
Figure 3.8), Figure 3.10 shows the gait phases used by the T-FLEX exoskeleton in gait
assistance: (A) foot flat (FF), (B) heel off (HO), (C) swing phase (SW), and (4) heel strike
(HS). For each phase, the elements involved to assist the user’s ankle are different (see

involvement in Figure 3.10).

For the foot flat, illustrated in Figure 3.10A, both actuators turn in the same direction
stressing the tendons. Thus, the system increases the stiffness for partially restricting the
rotational movements on the ankle and stabilizing the foot during this phase. The stiff

elements do not work in this configuration.

In the heel off phase, the posterior motor stresses the composite tendon to transmit torque
and generate movement on the ankle. Additionally, the anterior motor turns in the opposite

direction to aid in the torque transference using the stiff filaments. This way, the device
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Figure 3.9: T-FLEX’s control signals during an assistive application. The upper figure (A)
shows the user’s acceleration and angular velocity in the sagittal plane (i.e., apsagittar, and
WHsagittal)- The B part illustrates the detection algorithm’s results and C the movement
programmed to assist walking. The lower figures (D and E) show the actuators’ current and
speed to respond to the set-point commands.

provides torque to propel the foot and initiate the leg swing (see Figure 3.10B).

Finally, in the heel strike and swing phase, the operation of the actuators is inverse, thereby

the anterior motor stresses the tendon, and the posterior actuator pulls the stiff elements
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(see Figure 3.10 C and D). This configuration aims to guarantee a clean contact of the foot

to the ground and avoid toe-drag for improving the foot clearance.
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Figure 3.10: Mechanical configurations and elements involved in the T-FLEX exoskeleton
during a gait cycle. The gait phases used are: (A) foot flat, (B) heel off, (C) swing
phase and (D) heel strike. The elements highlighted have a role during the movement
showed. In contrast, the elements with faded colors and segmented lines are not part of the
movement. The remarked boxes indicate the configured movement in the device to assist the
corresponding gait phase (i.e., blue for stiffness movement, green for plantarflexion, and red
for dorsiflexion).



3.4 Conclusions

This chapter presented the development of the T-FLEX variable stiffness ankle exoskeleton
for rehabilitation and assistive scenarios. The device’s design integrated the basic premises
for passive orthotic structures and current PAFOs (i.e., stability during stance phase, dorsi-
plantarflexion assistance, and ankle posture correction). However, T-FLEX also incorporated
two fundamental pillars in its design: (1) bio-inspired actuation using composite tendons and
(2) the non-restriction of the ankle’s movement along the other planes of motion, through a
soft structure. This way, T-FLEX can be considered as part of a small exoskeleton’s group

defined in the literature as fully compliant exoskeletons.

T-FLEX was developed under a modular framework allowing easy replicability and adding
of external systems and sensors. The electronic system architecture was defined according to
the device’s goals. Specifically, T-FLEX included two smart servomotors, an inertial sensor,
and a processing unit integrated into ROS. Moreover, a user-friendly visual interface was
designed to control and configure T-FLEX in its two operational modes: (1) therapy and
(2) assistance. In this context, two control strategies were proposed to allow the proper
T-FLEX’s use in these scenarios under the actuation premises. The algorithms, the visual
interface, the mechanical structure, and the required T-FLEX’s configurations were stored

in a public repository available at https://github.com/GummiExo/t_flex.
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Chapter 4

Experimental Characterization of

T-FLEX

The experimental study of a wearable device, whose goal consists of interacting with people,
is a currently under-explored area but of greater importance. Specifically, PAFOs’ analysis
in an experimental scenario is essential to measure the device’s capabilities and determine
the suitable configuration. Thus, this analysis allows knowing the applicability to accomplish

complex tasks such as gait assistance.

This chapter presents the T-FLEX ankle exoskeleton’s experimental characterization, carried
out in a test bench structure. The principal goals were focused on (1) determining the
appropriate configuration of the device for assisting the human gait with the best performance
and (2) measuring the device’s capabilities. Therefore, this study assessed the two mechanical

principles presented in chapter 3 for three initial force levels on the tendons.

44



4.1 Test Bench’s Mechatronic Design

Considering the mechanical structure of the T-FLEX exoskeleton presented in chapter 3, two
main dimensions of the human leg affect the device performance, i.e., the length of the user’s
shank and foot size (see Figure 4.1B). The first measure refers to the distance between the
ankle joint and 4cm below the knee joint, where is placed the system support. The second
dimension consists of two parts: (1) the length between the 3D-printed anterior piece for
attaching the tendon and the ankle and (2) the distance from the posterior tendon fixing

piece to the ankle.

Following these technical specifications, Figure 4.1 shows the mechanical structure designed
for this study. The test bench consists of an aluminum frame capable of adjusting distances
according to T-FLEX operational ranges (i.e., people with a height between 1.50 and 1.85
m). Moreover, 3D-printed pieces, fixed in the structure, supports the actuation system.
For the foot, an aluminum piece, similar to the human foot, allows replicating different
anthropometric measurements and fixing both the composite tendons and the stiff filaments.
Finally, the structure uses rigid couplers on the ankle to restrict the dorsi-plantarflexion

movements.

The test bench incorporates a rotary torque sensor FY01 (Forsentek, China) coupled on the
ankle joint, with a maximum torque of 50 Nm and a resolution of 0.001 Nm. Moreover, the
structure includes 120 ohms strain gauges (RS PRO, UK) placed on the filaments’ fixing
system (see Figure 4.1A). The strain gauges integrate a complete Wheatstone bridge to
estimate the force on the composite tendon. For the system actuation, the test bench includes
the same T-FLEX’s servomotors (i.e., the Dynamixel servomotor MX106T) running together

with the sensors’ acquisition system in ROS.



46 Chapter 4. Experimental Characterization of T-FLEX

B , Stiff
: N7 filaments

Variable height

Composite of motors

) ( Tendon |
| i
-

g . sensor e = e
EL] @ = —" *’C Variable
i 1] " o\ anterior

Actuators

Torque

length
Location of Variable Artiﬁ(:igl
strain gauges posterior Ankle joint
length

Figure 4.1: Mechanical structure and electronic system of the test bench based on the T-
FLEX exoskeleton. The left part (A) shows the main elements of the test bench, and the
right part (B) illustrates the dimensions that affect the device performance.

4.2 Experimental Design

The experimental design of this study aimed to assess the systems and configurations of the
T-FLEX exoskeleton and measure the device’s capabilities. Hence, the two setups involved
in the study were: (1) the composite tendons working alone (i.e., tendons-alone) and (2)
together with the stiff filaments (i.e., stiff-tendons). Moreover, considering the tendon’s
variable stiffness, this protocol included three initial force levels (i.e., 20 N for a high level,
10 N for medium, and 5 N for low) equals for both sides. Thus, chirp signals and step
functions excited the test bench for all cases (i.e., combining the force levels with the two

configurations) to measure both the system’s response and the ankle joint interaction.

The step function consisted of a vector of two set-points sent repetitively every second, where
the first value was the initial position for each motor (i.e., resting position). The second
value was a position of 30 degrees concerning the initial state. This position represented

the actuators’ average value during a real application and assured the no overload condition



during the different trials proposed. The chirp signal performed a frequency sweep from 0 Hz
to 10 Hz. Preliminary tests estimated the frequency range, considering the maximum value
wherein the device could still respond to the signal. The maximum and minimum values

were the same as the step function.

Considering the multiples inputs of T-FLEX, both functions (i.e., chirp and step) replicated
the movements performed by the actuators during the system operation in gait showed in

chapter 3: (1) dorsi-plantarflexion and (2) stiffness movement, as Figure 3.10 shows.

For the first movements, the actuators move in opposite directions (see Figure 3.10 B, C,
and D). Thus, if the anterior motor was to 30 degrees, the posterior actuator performed
the resting position. In the second state, the commands were opposite to replicate the
dorsi-plantarflexion movements. On the other hand, for the stiffness movement (see Figure
3.10A), the actuators received the same command simultaneity, i.e., both motors in the

resting position for the first state and both actuators to 30 degrees in the second state.

4.2.1 Experimental Procedure

In the experimental procedure, both composite tendons were tightened until obtaining one
of the three force levels (i.e., 5 N, 10 N, and 20 N). For the configuration that integrates
the stiff and flexible elements, a previous installation stage was necessary. In this stage,
the bidirectional filaments were tightened until assuring the dorsi-plantarflexion through the

motor motion, and then the tendon was stressed.

Once the test bench integrated the configuration and reached the force level, the internal PID
controller, detailed in chapter 3 (see Figure 3.3), was adjusted to guarantee the actuator’s

best performance concerning the torque because of the tendon’s initial force level.

Subsequently, the actuators executed the step function’s set-points (3 sets of 10 repetitions
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each) and the chirp signal (3 times). In total, 27 trials were conducted, including the config-

urations described and the different levels of force.

4.2.2 Data Acquisition and Processing Equipment

For the data acquisition and processing, this protocol used an HP Pavilion Gaming Lap-
top (IntelCore i5-8300H, CPU@2.30 GHz, USA) running Linux 18.04.4 Bionic Beaver and
Windows 10 Home. Likewise, ROS Melodic Morelia was the framework used to control the

orthosis and read the sensors.

An analog-to-digital converter of 10 bits, integrated into an ATmega328P microcontroller,
read the complete Wheatstone bridge’s output in the gauges acquisition. The experimental
data were acquired using the ROS package rosbag. MATLAB (MathWorks, 2018b, USA)

extracted and processed the experimental data in terms of software.

4.2.3 Statistical Analysis

This study analyzes two configurations for the T-FLEX exoskeleton for four main move-
ments used in gait (i.e., dorsi-plantarflexion, stiffness, and zero position) to three force levels.
Firstly, a Shapiro-Wilk test verified the normality of data (54 tests). For that, the test used
individually the variables extracted of each repetition executed (i.e., delay, stabilization, and
rise times) for a total sample of 19 per parameter. The parameters with p-values larger than

0.05 followed a normal distribution.

Consequently, considering the data normality, three statistical analysis, using the Mann Whit-
ney Wilcoxon test for non-normal data and t-test for normal distributions, were executed:
(1) differences between the movements (i.e., dorsi-plantarflexion and stiffness-zero position)

for each configuration in the same force level (27 tests), (2) differences between the same



configuration but different force levels (18 tests), (3) and differences between configurations

in the same force level (18 tests).

After the second analysis, the post hoc test using the Bonferroni method determined which
groups exhibited significant differences. For the tests performed, the statistical changes were

guaranteed by p-values of less than 0.05. The software used for the statistical analyses was

RStudio [106].

4.3 Results

4.3.1 Step Response

The step function measured both the T-FLEX’s actuation system’s responses and the com-
posite tendons’ behavior under tension. Figure 4.2A shows the curve obtained for the tendons-
alone configuration with an initial force of 10 N during the dorsi-plantarflexion movements.

The first set-point (i.e., segmented black line) describes the dorsiflexion command.

In this movement, the anterior motor turns to pull the foot, and the posterior actuator works
reversely (see Figure 3.10 C and D). This way, the system transmits positive torque to assist
the ankle. For the second set-point, the actuators operate opposite directions concerning
the movement mentioned above (see Figure 3.10B), providing negative torque to assist the
plantarflexion. Figure 4.2B shows the stiffness movement (see Figure 3.10A) and the resting
position state values. Likewise, positive values of torque refer to assistance in dorsiflexion

and negative in plantarflexion.

From the system responses to different configurations and movements, Table 4.1 resumes
the temporal parameters obtained in the torque curve for the step function (see Figure 4.2).

The central measured values were (1) the delay time, (2) the stabilization time, and (3) the
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Figure 4.2: Step response of the system for the movements assessed: (A) dorsi-plantarflexion
and (B) stiffness movement, in the tendons-alone configuration under an initial tension of 10
N. The segmented black lines refer to the time when the set-point was sent to the actuators.
The blue line (left axis) represents the torque response measured on the artificial ankle. The
orange lines (right axis) indicate the tendons’ force response (i.e., continuous for anterior and
segmented for posterior).

rise time, which are detailed in the following sections. In terms of normality, the values
marked with an asterisk (*) followed a normal distribution (p>0.05) estimated using the

Shapiro-Wilk test.



I Configuration

Force Stiff and
Parameter = Movement Level Tendons Tend
(N) endons
) 43+£2%* T 43+3*
Dorsiflexion 10 4442%* 424-4
20 || 48+42% QT | 53+4*
) 47£1%F LT/ 45+5 L
Plantarflexion 10 43+6* 49+6
%‘fjﬁz 20 5145% 1 5045% il
(ms) ) 90+5 T -
Stiffness 10 38+4* T -
20 39+9* AT -
5 46+3* Li -
Zero position 10 46£2%* -
20 33436 -
5 282+8 297+12% T
Dorsiflexion 10 296+10 T 311410* T
20 400422 6944-25* la [
) 285+13 ii‘ 289+6F il‘
Stabilization Plantarflexion 10 289+6 i 336+20* l
Time 20 558+24* 805+20*
(ms) b} 321+6* T -
Stiffness 10 284+11 T -
20 || 343+70 AT -
) 235+4% Li‘ -
Zero position 10 233£7 i -
20 139+7* -
) 20946* T 21445% T
Dorsiflexion 10 210+7* T 210+5* T
20 || 22144 | 218+8% [ LT
5} 216+3 Li‘ 21945% LJJ
Rise Plantarflezion 10 22045 i 22745 l
Time 20 24048 23447
(ms) ) 242E7F T -
Stiffness 10 210+4* -
20 | 202+17* (4T | -
) 215+4*% LT/ -
Zero position 10 20947* i -
20 134+4* -

Table 4.1: Temporal parameters of the T-FLEX exoskeleton for the step response in the
assessed configurations. Variables with an asterisk followed a normal distribution. Trials
without numerical value, i.e., stiffness movement and zero position in stiff and tendons, were
not assessed due to the involved elements are the same as tendons-alone (see Figure 3.10A).
The orange points refer to the specific configuration with statistical differences compared to
the complementary movement (i.e., dorsiflexion with plantarflexion and stiffness movement
with zero position.) The blue points represent the parameters that evidenced no statistical
difference in the same comparison.
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4.3.1.1 Delay Time

The delay time refers to the period between the set-point command and the instant torque
changes larger than 1% concerning the initial value. The maximum delay value obtained
in the trials was 53 ms that occurred for the dorsiflexion movement in the stiff-tendons

configuration with a force level of 20 N.

In contrast, the minimum value was 33 ms in the zero-position movement in the tendons-
alone for 20 N. Although, in this case, the standard deviation registered a magnitude above
the mean value. Overall, the average of the system delay had a value close to 45 ms for all

configurations.

4.3.1.2 Stabilization Time

In the stabilization context (i.e., when the system achieves 97% of the final value), the
maximum time registered was 805 ms. This event was carried out in the same configuration
where the maximum delay (i.e., Stiff and Tendons to 20 N), although, in this case, for the
plantarflexion movement. Moreover, the stiffness movement configuration also presented the

minimum stabilization value (i.e., 800 ms) in 20 N.

This response time exhibited significant variation concerning the total trials, tending towards
the highest time values for high force levels in the tendon. Likewise, between configurations,
the inclusion of stiff elements in the system also increased this parameter compared to the

tendons-alone.

4.3.1.3 Rise Time

The rise time represents the moment where the system accomplishes 60% of the final value.

This parameter showed a homogeneous behavior, as in the delay time, despite the different



setup variations during the experiment.

The maximum rise time was 240 ms and occurred for the plantarflexion movement in the
tendons-alone configuration to 20 N. However, during the zero position movement, this same
configuration also presented the minimum value (i.e., 134 ms). In general terms, the rise

time evidenced by the system was around 210 ms.

4.3.1.4 Variation Analysis

Initially, the acquired data’s consistency for each test was assessed, calculating the repeata-
bility. This way, a coefficient of multiple determination, adapted from the methodology
described in previous studies [107,108|, calculated each trial’s waveform similarity. For that,
the data encompassed the load values measured on the ankle for the different configurations,
whose behavior and response are detailed in Figure 4.2 and Table 4.1. In general terms,
the trials exhibited high repeatability reaching coefficients from 96.9 % for tendons-alone in
the stiffness and zero position movements with a force level of 20 N to 99.3 % also for the

tendons-alone in 5N performing dorsi-plantarflexion.

Subsequently, once the data consistency was verified, the variation analysis covered two cases:
(1) alterations in the same configuration related to the force levels (i.e., low: 5N, medium:
10N, and high: 20N), and (2) the effect of including stiff filaments in the system. In the first
case, to compare the changes because of the force levels, the percentages of variations, using
the mean value in Table 4.1, were calculated. Table 4.2 summarizes the values founded in
this experiment, where the positive values indicate an increase in the parameter concerning
the comparison variable. In contrast, the negative values denote a decrease. Moreover, the
highlighted values represent variations above 10% for increase (red) and decrease (green),

respectively.

The change in the force level introduced on the tendons for the same configuration led to
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Variation [%
Comparison of Comparison of
Force Levels Configurations
Force | Stiff Force Tendons
Parameter | Movement Levels | Tendons ! and Level Sti f}lsan q
[N] | Tendons [N] T
! endons
5-10 2.33 233 @ 5 0.00 ®
Dorsiflexion 5-20 | 11.63 | 23.26 10 -4.55 @
10 - 20 9.09 1 26.19 20 10.42
5-10 | -8.51 T 8.89 5 -4.26 ©
Delay | Plantarflezion || 5-20 | 8.51 } 11.11 10 | 13.95
Time 10-20 | 18.60 . 2.04 20 -1.96 @
| - 5-10 | -24.00 - 5 -
tiffness 5-20 | -22.00 L 10 -
10 - 20 2.63 ! - 20 -
5-10 0.00 ® ] - 5 -
Zero position 5-20 | -28.26 @1 - 10 -
10-20 | -28.26 ® | - 20 -
5-10 496 @ 4.71 5 5.32
Dorsiflexion 5-20 | 41.84 | 133.67 10 5.07
10-20 | 35.14 1 123.15 20 73.50
5-10 0.35 , 16.26 5 1.40 @
Stabilization Plantarflezion 5-20 | 95.79 ! 178.55 10 17.48
Time 10-20 | 95.10 i 139.58 20 44.27
Ims| . 5-10 | -11.53 L 5 -
Stiffness 5-20 6.85 P 10 -
10-20 | 20.77 - 20 -
5-10 | -0.85 L - 5 -
Zero position 5-20 | -40.85 - 10 -
10 - 20 | -40.34 L 20 -
5-10 0.48 L -187 @ 5 2.39
Dorsiflexion 5-20 5.74 187 @ 10 0.00 @
10-20 | 5.24 | 3.81 20 -1.36 @
5-10 1.85 1 3.65 5 1.39 @
Rise Plantarflexion || 5-20 | 11.11 | 6.85 10 3.18
Time 10-20 | 9.09 l 3.08 20 -2.50
[t . 5-10 | -13.22 | - D -
tiffness 5-20 | -16.53 - 10 -
10-20 | -3.81 ®, - 20 -
5-10 | -2.79 L- 5 -
Zero position 5-20 | -37.67 L 10 -
10 - 20 | -35.89 L 20 -

Table 4.2: Variation percentages for comparing force levels (i.e., 5, 10, and 20 N) and configu-
rations (i.e., tendons-alone and stiff-tendons). The green values indicate significant decreases
in the parameter (i.e., greater than 10%) concerning the compared group. Likewise, the
highlighted values with red refer to relevant increases. On the other hand, the orange points
denote groups with statistical changes, and instead, blue points indicate groups without
differences.



alterations in the system response (see the left part in Table 4.2). Thus, 50% of the measured
variables evidenced changes greater than 10%. The maximum variation values occurred in
the stabilization time for the dorsi-plantarflexion movements in both tendons-alone and stiff-
tendons, involving the high force level (i.e., 20 N) always. Wherein, the trend was a longer
stabilization time when the system had high force levels on the tendon. In the delay time,
the changes followed the same tendency (i.e., high variations when the comparison was with
20 N), although, in this parameter, the values exhibited differences between 11% and 27%.
The rise time did not evidence relevant increases, except for reductions close to 40% in the
zero position movement when the tendons were in 20 N. Overall, the tendon’s highest force
level negatively affected the response times for the dorsi-plantarflexion gesture, slowing the
system down. However, in the stiffness and zero-position movements, the decreases were

positive, leading to accelerated system responses.

On the other hand, the inclusion of stiff elements in the system caused relevant variations
for 28% of the trials’ parameters (see the right part in Table 4.2). All variations values
indicated increases in the system response times when the stiff filaments participated in the
movement. Likewise, this effect mainly occurred in higher force levels (i.e., 10 N and 20 N)
for the delay and stabilization time. The rise time did not exhibit relevant changes between

both configurations.

4.3.1.5 Statistical Analysis

From the variation results previously presented and to study the influence of including stiff
elements and changing the force on the tendons, the t-test and Mann—Whitney—Wilcoxon
test determined whether there were statistically differences in the temporal parameters. This
way, the 27 assessed trials (see Table 4.1) could be compared in three cases: (1) movements
in gait applications (see Figure 3.10), (2) force levels on the tendon (i.e., 5 N, 10 N, and 20

N), and (3) configurations of the device (i.e., tendons-alone and stiff-tendons). The statistical
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tests were carried out according to the data normality (see Table 4.1).

The first trial determined the statistical differences (p<0.05) between dorsi and plantar flexion
movements for the first case and the maximum stiffness and zero position for the other. In the
comparison groups, the same force level was considered. The tests showed significant changes
in 21 parameters (see groups with orange points in Table 4.1) and no relevant differences in
6 groups (see groups with blue points in Table 4.1): (1) rise time in tendons-alone for 10 N
in stiffness movement, (2) stabilization time in tendons-alone for 5 N in dorsi-plantarflexion,
and finally, the delay time in stiff-tendons for (3) 5 N and (4) 10 N, and Tendons in 10 N for

(5) dorsi-plantarflexion and (6) 20 N for stiffness movement.

The second trial assessed statistical differences (p<0.05) between the three parameters’ force
levels in each configuration. The parameters exhibited significant changes in all cases except
the delay time in Tendons for the zero position movement (p = 0.14). Therefore, considering
the number of force levels (3), a post hoc test determined which levels present differences in

each configuration and movement.

The analysis exhibited no statistical changes (p>0.05) in 4 cases: (1) stabilization time for
tendons-alone in dorsiflexion between the force levels 5 N and 20 N, (2 and 3) the rise time
in dorsiflexion for stiff-tendons (force levels: 5 N - 10 N and 5 N - 20 N), and (4) the delay
time between the force levels 5 N and 10 N in dorsiflexion for stiff-tendons. Table 4.2 in the
left part shows the compared force levels groups with statistical differences (orange point)

and no significant changes (blue point).

The third trial analyzed statistical differences between both configurations (i.e., Tendons and
Stiff-Tendons) for the same force level (see the right part in Table 4.2). Table 4.3 shows the p
values calculated for each trial, where the highlighted values with blue indicate no significant

changes between the configurations, and values in orange represent statistical differences.

The delay and rise times registered no statistical changes in 33% of total movements and



force levels assessed (i.e., 6 of 18 parameters). The stabilization time showed a single value
with no significant difference for the plantarflexion movement in a force level of 5 N. The

other 11 values evidenced statistical differences between the configurations.

Dorsiflexion movement

Force level [N]
Parameter 5 10 20
Delay Time 5.09-107' 1.68-107' 1.20-107°

Stabilization Time | 1.25-10"% 3.33-107* 3.81-10°¢

Rise Time 2.59-1072 7.43-10"! 1.44-1071

Plantarflexion movement

Force level [N]
Parameter 5 10 20
Delay Time 1.08-1072 3.34-1072 9.52-107!

Stabilization Time | 2.57-10"! 3.81-10% 3.26-10"'8

Rise Time 545-1072 4.19-10~* 3.34.1073

Table 4.3: P-values for comparing both configurations (i.e., tendons-alone and stiff-tendons)
in each analyzed movement. The orange values indicate statistical changes, and the blue
values denote no differences.

4.3.2 Chirp Response

The chirp signal measured the system response to frequency changes and the maximum
torque values on the ankle for the different amplitude values. Figure 4.3 shows the system
behavior in terms of torque on the ankle, the tendons force, and T-FLEX’s actuators. The
responses illustrated in Figure 4.3 occurred in the tendons-alone configuration for the dorsi-

plantarflexion movements with a force level of 10 N.

The other executed trials followed the same waveform with variations in the signals” amplitude
(i.e., initial and throughout the test). However, for tests with a force level of 20 N, both
configurations exhibited overload conditions when the signal had the maximum set-point

value (i.e., 12 degrees). Consequently, this study did not take into account these trials.
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Figure 4.3: System responses for the chirp signal in the tendons-alone configuration executing
dorsi-plantarflexion movements under a force level of 10 N. The upper figure (A) illustrates
the reaction in terms of torque and force. The blue curve refers to the torque (left axis)
registered on the ankle, and the orange curves represent the force (right axis) measured on
the posterior (segmented line) and anterior (continuous line) tendons. The lower figures show
the position response during the initial (B) and final (C) trial time, which were registered
by both T-FLEX’s actuators: anterior (blue curve) and posterior (red color).

From the actuators data (see Figure 4.3 B and C), the system bandwidth was estimated
using the System Identification Toolbox of MATLAB. For that, the input and output in the
toolbox incorporated the desired and achieved angle trajectories measured on the T-FLEX’s

actuators.



In most cases, the estimated models exhibited fit rates with values greater than 85%. Never-
theless, the tests with high effort for the actuators presented this rate greater than 75% (i.e.,
goal angle signal with the maximum amplitude in a force level of 10 N, and the trials where
the tendons had 20 N). Figure 4.4 resumes the bandwidth values calculated for each motor

subjected to the configurations analyzed in this study.

The bandwidth did not evidence relevant changes between the two assessed movements (i.e.,
dorsi-plantarflexion and stiffness-zero position). Nonetheless, the stiff elements’ inclusion in
the system caused decreases in this parameter. However, in the posterior actuator under a

force level of 20 N, the bandwidth value exhibited increases (see Figure 4.4B).

In general terms, the maximum registered value was 8.0 Hz, which occurred in the posterior
motor for both configurations (i.e., tendons-alone and tendons-stiff) under a force level of
10 N and an amplitude of 6 degrees. In the anterior actuator, the tendons-alone registered
the highest bandwidth (i.e., 6.9 Hz) when the system had a force level of 5 N. Moreover, the

signal amplitude was also 6 degrees (see Figure 4.4A).

On the other hand, the chirp signal also found the maximum torque values measured on the
ankle. Figure 4.5 summarizes the highest torque values for the different setups included in this
study. For the dorsiflexion movement (see Figure 4.5A), the highest values, close to 20 Nm,

occurred when the tendon had force levels of 20 N (stiff-tendons) and 10 N (tendons-alone).

In the plantarflexion movement (see Figure 4.5B), the maximum torque registered was 10
Nm for the tendons-alone configuration with a force level of 10 N. This way, the inclusion of
stiff elements did not increase the ankle’s torque for either movement. Lastly, the stiffness
movement exhibited magnitudes lower than 8 Nm, demonstrating this value for the maximum
force levels. The other force levels (i.e., 5N and 10 N) showed torque magnitudes lower than

0.3 Nm in the plantarflexion and 7 Nm in the dorsiflexion movement.
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Figure 4.4: Bandwidth values of the T-FLEX’s actuators for different configurations, am-
plitudes, movements, and force levels on the tendons. The upper figure (A) summarizes
the bandwidth for the anterior actuator, and the lower part (B) shows the values for the
posterior actuator. Trials with a bandwidth of 0 Hz (i.e., both actuators under a force level
of 20 N and an amplitude of 12 degrees in the chirp signal) were not considered because of
the actuators registered an overload condition and a saturation state.
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Figure 4.5: Maximum torque values on the ankle for the different analyzed setups. The upper
figure (A) shows the torque generated by T-FLEX to assist the dorsiflexion movement, and
the lower figure (B) summarizes the torque in the plantarflexion movement.
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4.3.3 T-FLEX in gait applications

Table 4.4 summarizes the T-FLEX’s capabilities measured in this study from the results
presented in previous sections. The device bandwidth was the minimum bandwidth value
estimated in the chirp signals, including actuators and the analyzed movements. This because
the system response to accomplish the slowest movement will limit the operation described
in Figure 3.10. In most cases, the zero position and stiffness movement provided this value,

although, in general terms, the estimated bandwidths reflected similar values between them.

Maximum
. . provided
Force | Set- T-FLEX Minimum
Configuration | level | point || bandwidth gait cycle torque (Nm)
(N) | (deg) (Hz) assisted (sec)
Propulsion Dorsiflexion
5.6 0.89 0.59 1.53
5 6 5.7 0.88 1.77 4.41
12 4.9 1.02 7.00 14.32
3 6.5 0.77 1.62 1.99
Tendons 10 6 6.8 0.74 4.03 7.37
12 6 0.83 12.12 20.04
3 2.1 2.38 4.44 3.82
20 6 2.0 2.50 9.06 10.12
12 - - 11.70 17.21
5.2 0.96 1.62 1.89
5 6 5.6 0.89 2.40 4.02
12 4.9 1.02 7.20 12.82
4.5 1.11 2.20 2.76
Stiff and
10 6 5.1 0.98 4.19 6.46
Tendons
12 3.9 1.28 11.24 19.4
3 2.1 2.38 2.75 4.25
20 6 2.0 2.50 6.12 9.47
12 - - 11.64 19.75

Table 4.4: T-FLEX’s capabilities for gait applications. The highlighted values indicate times
that exceed the mean gait cycle duration in healthy people.



Through the system bandwidth and the gait phases segmentation [109], the minimum gait
cycle duration where T-FLEX can assist was calculated (see Table 4.4). The lowest estimated
value was 0.74 seconds for the tendons-alone with a force level of 10 N. In contrast, the highest
time determined in this study was 2.50 seconds when the tendons had a force level of 20 N
in both configurations (i.e., tendons-alone and stiff-tendons). In this time, the values tended

to increase the gait cycle duration for the larger set-points.

Likewise, considering the mean gait cycle in healthy people (i.e., 1.09 + 0.07 seconds), the
trials with a force level of 20 N evidenced to be unsuitable for assistive applications (see
highlighted values in Table 4.4). Lastly, the provided torque values were the maximum values
exhibited in Figure 4.5 for both movements: (1) plantarflexion for the propulsion task, and

(2) dorsiflexion for clean foot contact with the ground and foot clearance (see Table 4.4).

4.4 Discussion

This paper shows each element’s influence that composes the T-FLEX ankle exoskeleton and
analyzes the system response changes concerning the different configurations and movements.
Likewise, this study aims to determine the device’s feasibility for assistive application in
human gait. Thus, the step response results allowed determining a first approximation of
the most appropriate T-FLEX configuration to provide its maximum capabilities in a real

scenario. The parameters assessed in this signal were the delay, stabilization, and rise time.

For the first parameter, related to the composite tendon’s elastic behavior (see Figure 4.2),
the mean value for the different trials was close to 45 ms. It should be noted that although
statistical tests determined significant differences between the configurations and movements
(see Table 4.1), the delay time evidenced variations percentages below 30% (see Table 4.2).
Moreover, as the delay time showed small values (i.e., between 33 and 53 ms), the found

variations are no relevant. Likewise, the measured delay included the processing time asso-
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ciated with the communication between the computer and the actuators. Consequently, the

tendon’s real effect would probably be around 30 ms.

On the other hand, it was expected to reduce the delay time for higher force levels and when
the system included the stiff filaments. Nevertheless, the only evidence of this behavior, in a
forceful way, occurred for the stiffness and zero position movements. Therefore, the tendons
force levels analyzed in this study were in the same elastic region [97|, requiring that time

(i.e., 30 ms) to transmit torque to the ankle.

In the stabilization time, the system registered significant variations concerning both the
force levels and the inclusion of stiff filaments (see Table 4.2), corroborated by statistical
trials (see Table 4.1). For the dorsi-plantarflexion movements, a force level of 20 N led to
increases in the time of up to 178%, reaching values of 805 ms. This result responds to the
actuators’ high effort, because of the tendon force, during the actuation process. Furthermore,
in comparing configurations for the same force level, the stiff-tendons reported higher times
than the tendons-alone. In this context, the inclusion of stiff elements caused a destabilization

in the system reflected in an increased time.

According to the device’s real application in walking, this parameter is particularly relevant
because it indicates when the system provides the total torque. Consequently, both the
highest force level (i.e., 20 N) and the inclusion of stiff elements do not appear to be proper
configurations for gait assistive tasks. In contrast, the lower force levels (i.e., 5 and 10 N) in
the tendons-alone registered similar times close to 290 ms, which could be manageable values

with a control algorithm.

Summarizing the system times, on the one hand, as the tendons’ force levels were in the
same elastic region, the initial system response (i.e., the delay and rise times) exhibited
similar range values. Therefore, the higher force levels did not reduce the tendon elongation
delay and accelerated the system. However, the trials whether showed alterations in the

stabilization time. This because of the actuators’ saturation caused for the tendons force,



where the highest force level led to larger times. On the other hand, the stiff elements’

inclusion did not improve the system performance but slowed the response.

The chirp signal results determined both the system bandwidth and the maximum torque
assisted on the ankle (see Figure 4.3). In general terms, the estimated bandwidth values
followed the results obtained in the step response. Thus, the increase in the tendon force
level and the stiff filaments’ inclusion reduced the system response in frequency (see Figure
4.4). This behavior resulted from the tendon’s highest force level (i.e., 20 N), which caused
a actuators’ saturation. Likewise, considering the high stabilization times in this level, low

bandwidth values were expected no matter the set-point amplitude.

Regarding the other VSAs used in exoskeletons, T-FLEX exhibited a frequency behavior
contrary to those devices, where higher stiffness levels increase the bandwidth [31,33]. This
aspect is because higher stiffness resembles the actuator bandwidth, avoiding the spring
element’s frequency losses. However, for T-FLEX, the highest stiffness level resulted in
saturation conditions, limiting the actuators’ capabilities. Likewise, the low and medium
stiffness levels exhibited the frequency behavior prevalent in VSAs, although the changes

between them were minimal.

Moreover, according to the fit percentages found during the trials’ modeling, the T-FLEX
exoskeleton can be approximated as a linear system, as long as it operates under the actuators’
saturation limits. Because the highest force level, i.e., 20 N, introduced nonlinear distortions
related to saturations for high load coupled to the actuators, similar as was presented in

another study [33].

For the torque measured on the ankle, the trials registered magnitudes up to 20 Nm for the
dorsiflexion and 12 Nm for the plantarflexion (see Figure 4.5). However, the maximum values
occurred in trials with the highest force level (i.e., 20 N). Therefore, considering the analysis
mentioned above, this configuration would not be suitable for assistive applications in human

walking. On the other part, the inclusion of stiff elements did not evidence relevant increases
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in the provided torque. Hence, considering the increases in some system times (see Table
4.2) and the bandwidth decreases (see Figure 4.4), the tendons-alone configuration exhibited

the best performance.

Lastly, from the data acquired in the chirp and step signals was estimated the T-FLEX
capabilities in gait applications (see Table 4.4). Thus, the highest force level (i.e., 20 N) was
confirmed as not applicable for assistive tasks on account of the slow response. The minimum

gait cycle time to assist the user reached values greater than 2.3 seconds for this force level.

Hence, considering the healthy people’s duration (i.e., close to 1 second), the device would
not be synchronized with the user gait. The other levels registered similar values, although
the medium force level (i.e., 10 N) exhibited shorter times than the low level (i.e., 5 N),

indicating better performance in high velocities.

Therefore, the medium force level (i.e., 10 N) in tendons-alone proved to be the best con-
figuration for the T-FLEX exoskeleton for assistive applications in human gait. This way,
T-FLEX can respond to gait cycles from 0.77 sec and assist partially walking, providing

torque on the ankle of up to 12 Nm in propulsion and 20 Nm in dorsiflexion.

However, according to the stabilization time for this configuration, the control algorithm
described in Figure 3.8 should include an adaptable stage concerning the user velocity, where
the commands for each actuator (see Figure 3.10) can be sent at the right time to transmit

the torque on the ankle, properly.

Concerning the exoskeletons in the literature, it is essential to clarify that there is still
misinformation about actuators’ performance aimed at assistive applications [31]. However,
T-FLEX achieves the response ranges for soft actuators reported in previous studies, which
registered bandwidth values from 2 Hz to 38 Hz [31,33,110]. Likewise, in terms of provided
torque, T-FLEX also operates under the reported ranges, including values from 3 Nm to 140

Nm for low-weight exoskeletons [31].



4.5 Conclusions

This chapter presented T-FLEX’s experimental characterization in a static scenario using
a test-bench structure. The T-FLEX’s actuators were excited to two signals (i.e., step and
chirp) under three tendons’ force levels (i.e., 5, 10, and 20 N) and two configurations (i.e.,
tendons-alone and stiff-tendons). The test-bench integrated a torque sensor coupled on the

ankle and strain gauges to measure the tendons’ force.

The trials assessed the elements that comprehend T-FLEX, establishing the most appropri-
ate configuration and force level to ensure the maximum device’s performance in assistive
applications (i.e., tendons-alone configuration stressed to 10 N). Therefore, T-FLEX in this

configuration can provide 12 Nm in propulsion and 20 Nm to assist the dorsiflexion.

Likewise, this study measured the tendons’ effect on the proposed control strategies. Thus,
it found a delay time, because of the tendon’s elongation, close to 45 ms for all configurations
and force levels. In contrast, other system responses (i.e., rise and stabilization times) were
affected by the assessed configuration, showing poor performance in the highest force level
(i.e., 20 N) related to the actuators saturation. Moreover, the inclusion of stiff elements did
not improve the device’s capabilities, but on the contrary, the system was slower, and the

provided torque did not increase considerably.

In general terms, this study corroborated T-FLEX’s applicability in assistive scenarios during
human walking. The data acquired from trials determined the maximum gait cycle duration
where the device can respond (i.e., 0.74 seconds). Therefore, T-FLEX can be adapted to

healthy gait pattern values (i.e., 1.09 seconds approximately).



Chapter 5

Experimental Validation of T-FLEX in

Paretic Gait Assistance

Robotic-assisted gait is a great challenge because of aspects such as user’s adaptability, de-
vice’s response to continuous changes, and non-cyclic walking’s synchronization. Considering
the results obtained by the experimental characterization presented in chapter 4, T-FLEX
can assist human gait, providing torque in propulsion, and avoiding foot-slap in the swing

phase.

This way, this chapter presents the experimental validation of T-FLEX for assistive appli-
cations in stroke survivors with ankle dysfunctions. Thus, this study assessed the first-use
condition wearing the T-FLEX’s actuation system to analyze the effect on lower limbs’ dur-
ing overground walking. Likewise, this chapter shows the user’s perception, obtained by a

survey obtained at the end of the experiment.

68



5.1 Experimental Design

The experimental validation presented in this chapter aimed to measure the changes in kine-
matic and Spatio-temporal parameters between the two conditions proposed (i.e., unassisted
and assisted gait). Additionally, it also intended to determine the user satisfaction level with
the device in aspects such as dimensions, weight, safety, and comfort. This study was ex-
ecuted in the rehabilitation center "Club de Leones Cruz del Sur” in Punta Arenas - Chile

and had a total duration of three months since the patients’ recruitment.

5.1.1 Participants

This study enrolled ten participants (58 +4.5 years old) diagnosed with hemiparesis due to a
cerebrovascular accident (i.e., eight males and two females). They were active patients who
performed therapy processes in a rehabilitation center. Table 5.1 summarizes the clinical
information of the patients who accomplished this study. On the other hand, the volunteers

were selected according to the inclusion and exclusion criteria described below:

1. Inclusion criteria: People who suffered a stroke before six months of being executed
this protocol are eligible. The volunteers must present hemiparesis in one side of the
body with some ankle dysfunction. Moreover, they must have partial independence for

walking without external devices and the ability to follow instructions.

2. Exclusion criteria: Candidates with skin alterations in the lower limbs, high level
of spasticity (i.e., level 4 of Ashworth scale), and pain of the musculoskeletal system
impeding the device’s use was not taken into account in this study. Likewise, patients
who suffer from weakening diseases, for instance, cancer. Moreover, people with a

previous history or suspected of seizures were also not selected.
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Subject [ 1 2 3 4 5 6 7 8 9 10 x=+sd
Gender M F F M M M M M M M -
Age 54 52 59 54 61 61 66 60 60 53 5844
(years)
Weight 80 91 95 87 96 62 67 73 69 84 804+ 12
(Kg)
H(iifl})‘t 170 165 167 175 168 160 170 166 165 176 168 + 5
Left leg
length 90 87 88 91 88 83 88 88 85 92 88+ 3
(cm)
Right leg
length 90 87 88 91 88 83 88 88 85 93 88+3
(cm)

Time from
injury 2 7 5) 1 7 2 4 4 4 5 -
(years)

Paretic side R R R L L R R L L L -

Ashworth scale 1 1 2 1 3 1 2 2 1 3 -

Table 5.1: Subjects anthropometric measurements and clinical information.

5.1.2 Experimental Setup

The participants used the T-FLEX’s actuation system (i.e., actuators, an inertial sensor and
the control strategy in gait presented in chapter 3 adapted to the mechanical orthotic struc-
ture in their paretic side, as Figure 5.1 shows. Likewise, the gait phase detection employed
an inertial sensor placed on the same limb’s foot tip. The actuators operated to the maxi-
mum velocity (55 rpm for no-load state) to assist the ankle movements (i.e., dorsiflexion and
plantarflexion) along with a 6-meter test (6MT). The volunteers also used a similar insole to

balance the effect due to the device’s height for the other foot.



Dynamixel
motors

Adaptable
structure

Limited
DOF

Opposite
insole

N,

IMU Electronic bag /A

Figure 5.1: T-FLEX exoskeleton’s actuation system implemented on the passive orthotic
structure. The left part shows the insole added in the non-paretic limb to compensate for
the effect due to the device’s use.

On the other hand, each participant was instrumented with 25 markers to perform a lower
limb kinematic analysis using an optoelectronic motion caption system. Figure 5.2 shows the

distribution of the markers over a volunteer in this study.

il

Figure 5.2: Biomechanical setup model used in the study for each participant. The red points
on the patient represent the markers for the VICON acquisition system.
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5.1.3 Biomechanical Analysis

The user kinematic was acquired using ten-cameras VICON (Oxford Metrics, Oxford, UK).
Nexus software (Oxford Metrics, Oxford, UK) performed data tracking. Besides, Polygon
software (Oxford Metrics, Oxford, UK) carried out each user’s kinematic analysis. For this
purpose, a biomechanical model Plug-in Gait [111] was used, estimating the Spatio-temporal

parameters and participants’ range of motion (ROM).

On the other hand, the Gait Deviation Index (GDI), which synthesizes all the kinematic
examination variables in a single general result, was estimated for each participant’s leg
[112]. The obtained value represents a global normality’s percentage concerning a kinematic
reference of people without pathology or mobility alterations. Therefore, values greater than
90% indicates a no pathological gait pattern in the limb. This index allows for identifying

joint kinematic changes (i.e., variations above 10%) for several scenarios [113].

Other measures used to detail the kinematic performance were the Movement Analysis Profile
(MAP) and the Gait Profile Score (GPS) [114]. The MAP describes the magnitude of the
deviation on the lower limb joints across the gait cycle. The GPS compiles and averages
the scores of those joints. This evaluation was executed by members from the Movement
Analysis Laboratory of the Rehabilitation Corporation Club de Leones Cruz del Sur (Punta
Arenas, Chile).

5.1.4 Experimental Procedure

To validate the system actuation effect, each participant accomplished two modalities: (1)
unassisted and (2) assisted gait. Both scenarios were composed of multiples 6MT tests
overground performed in the same session. The first modality consisted of walking without

wearing the device. This way, the kinematic analysis used the trial data as a baseline. In



the second modality, the device assisted the volunteer gait according to the control strategy
presented in chapter 3. Each scenario was composed of ten trials executed continuously, where
the trajectories were analyzed and compared to identify the curves with the highest intra-test

consistency. Thus, the biomechanical analysis used the data of those selected curves.

5.1.5 Usability Assessment

Ergonomics and comfort are some of the most relevant aspects of user-machine interac-
tion |[75]. For this study, the user perception assessed this interaction employing a Quebec
User Evaluation of Satisfaction with assistive Technology QUEST test. The original sur-
vey comprises 27 questions related to participants’ satisfaction concerning the robotic de-
vice [115]. This study included 13 of those questions adapted to a Spanish version selected

for their suitability in this protocol.

5.1.6 Statistical Analysis

This study analyzes the device’s effect on the biomechanical and Spatio-temporal parameters
during stroke patients’ first-use. For this purpose, initially, a Shapiro-Wilk test verified the
normal data distribution. This way, for each subject, the data segmented by gait phases (i.e.,
stance phase and swing phase) were averaged. Subsequently, the Student’s t-test assessed
the statistical significance of changes (p < 0.05) between the baseline and assisted gait with

the T-FLEX system actuation, for both gait phases.

To analyze the first-use effects, this part included both inter-subject and intra-subject analy-
ses. Thus, it allowed measuring aspects such as the user’s performance, device’s adaptability,
and the influence of actuating the ankle joint. On the other hand, the Spatio-temporal pa-

rameters’ analysis was also performed by the Student’s t-test between the two conditions
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for an intra-subject analysis. The software used for the tests was MS Excel with statistical

analysis tools.

5.2 Results

5.2.1 Kinematics

In this study, the users’ kinematic results were divided into two main groups: (1) ankle kine-
matics behavior and (2) lower limb joints” ROM. As an initial approach, ankle kinematics
showed no significant changes (p > 0.05) for the two assessed groups (i.e., unassisted and
assisted), including the complete participants’ sample through a Student’s t-test. Neverthe-
less, diverse aspects stated in the following section could explain those results. Therefore,

this part presented the results individually for each participant.

For the first group, Figure 5.3 shows the ankle kinematics during a gait cycle for both the
healthy pattern and the results for each volunteer, where letters from A to J represent the
participant from 1 to 10, respectively. This cycle comprises phases between each heel-strike
event for both assessed modalities (i.e., baseline and assisted) and the healthy ankle pattern.

Moreover, the vertical line included in the figure highlights the toe-off phase for each case.

Concerning the toe-off phase (TO), 40% of the participants showed differences of more than
5% in this event’s occurrence time during the gait cycle (see Figure 5.3), when they used
the T-FLEX’s actuation system. Likewise, 30% of the subjects brought this event to the
estimated percentage in a healthy pattern. The other volunteers did not show changes in
this aspect. On the other hand, the ankle angle shape had variations because of using
the device. Specifically, subject 5 registered an increase of 15 degrees in the dorsiflexion
movement during the swing phase. However, participants 1 and 9 reduced this movement at

10 degrees, although this reduction was within the healthy range.
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Figure 5.3: Volunteers’ ankle kinematic during the gait cycle. Letters from A to J repre-
sent the participant number in ascending order. The red curve indicates the assisted gait
condition. On the other hand, the green curve refers to the natural gait pattern (baseline
condition). The gray curve shows a healthy ankle’s gait pattern. Finally, the vertical lines
describe the toe-off event for each of these conditions.

For the other group, Table 5.2 summarizes the ROM for the ankle dorsi-plantarflexion, knee
flexo-extension, hip flexo-extension, and hip ab-adduction in both modalities. The second
part of the table shows the joints’ percental variation when the participant used T-FLEX.
Positive values in this variation indicate an increase in the joint’s ROM, and by contrast,
negative values represent a decrease in this parameter. For this part, the highlighted values

represent increases greater than 10% on the joint concerning the baseline state.

From the variation table, 70% of the volunteers exhibited significant changes in the paretic
ankle’s ROM using the device, increasing or decreasing. Likewise, the changes in the paretic

ankle’s ROM also varied for the non-paretic joint. On the other hand, the altered joints’
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Subjects 1 2 3 4 5 6 7 8 9 10

Ankle D-P | 274 26.1 179 221 405 155 170 162 7.2 444

Paretic Knee F-E | 62.4 51.7 296 709 46.6 64.2 184 494 31.1 40.1

Hip F-E 39.5 444 268 422 271 53.7 162 41.8 31.0 359

Baseline Hip Ab-Ad | 75 139 121 11.8 81 102 101 84 8.6 11.2
Ankle D-P | 16.2 35.0 21.3 205 233 181 196 16.8 20.2 387

Non-Paretic Knee F-E | 60.1 67.1 337 715 620 625 51.9 650 714 68.1

Hip F-E 39.3 48.2 38.7 46.1 393 487 394 549 495 52.1

Hip Ab-Ad | 99 153 12,7 121 101 103 4.9 83 195 148

Ankle D-P | 172 29.7 17.0 234 299 263 306 17.3 143 20.8

Paretic Knee F-E | 50.6 61.2 31.7 65.1 413 53.1 203 51.2 293 394

Hip F-E 384 475 269 411 305 53.1 319 376 252 31.7

T-FLEX Hip Ab-Ad | 7.7 148 11.7 87 141 6.5 8.9 7.2 9.8 8.8
Ankle D-P | 16.2 22,5 185 204 21.3 23.7 273 22.0 28.7 254

Non-Paretic Knee F-E | 51.8 76.2 34.7 525 519 628 60.0 556 689 596

Hip F-E 40.2 472 379 427 39.6 489 514 581 483 524

Hip Ab-Ad | 81 150 121 79 9.2 7.2 102 58 186 193
Ankle D-P | -37.2 138 -54 59 -26.2 696 796 7.0 976 -53.1

Paretic Knee F-E | -19.1 184 72 -82 -11.3 -174 105 31 -58 -1.6
Hip F-E 2.8 -44 05 -28 1.0 -1.1 966 -10.0 -18.8 -11.6
Variation Hip Ab-Ad | 22 -79 -29 -262 751 -359 -11.5 -143 135 -21.3
Ankle D-P | 04 -35.8 -13.1 -0.1 -87 31.0 389 29.7 41.1 -34.2
Non-Paretic Knee F-E | -13.8 136 29 -265 -16.3 04 156 -144 -34 -12.5

Hip F-E 23 20 -22 -73 -28 04 304 57 -25 06

Hip Ab-Ad | -187 -1.7 -43 -345 -79 -30.2 107.3 -29.7 -4.7 2938

Table 5.2: Range of motion on the participants’ lower limb joints in the proposed scenarios. Each one divides the limbs in
paretic and non-paretic, where the analyzed movements comprise the flexo-extension on the ankle, knee, and hip joints (D-P
and F-E), and the add-abduction on the hip (Ab-Ad). The second part shows the variation percentage on the joints using the
device concerning the baseline. The positive values refer to increases in this value in contrast to the negative values that indicate
decreases. The highlighted values indicate significant joint changes greater than 10% for both increases (green) and decreases

(red).



number was directly proportional to the change presented on the ankle, where paretic ankle’s
ROM values with variation above 50% registered changes in at least half of the analyzed joints.
In general, the changes did not show a common tendency in terms of increases or decreases.
Furthermore, the larger values corresponded to the D-P alterations, although subjects 4, 5,

and 7 showed the Ab-Ad value as the maximum variation.

According to the lower limb joints’ ROM variations(see Table 5.2), it is essential to determine
whether this change represents a positive o negative effect in the participant’ joint (see Fig.
5.4). The obtained ROM was compared with the mean value in a healthy gait [116]. In this
context, 60% of the volunteers showed improvement in the D-P using the device. Among this,
subjects 2, 5, and 7 achieved values whose errors, regarding the healthy people’s ROM, were
less than 2%. This way, positive changes in the paretic ankle joint improved the non-paretic
joints’ ranges, especially in the ankle joint. For 30% of the participants, the variations in
the D-P did not represent significant improvements. Additionally, one volunteer exhibited a

negative effect in this ROM related to a reduction of 33%.

Thus, Figure 5.4 summarizes the consequences of using T-FLEX’s system actuation on each
participant’s analyzed joints. The positive effects indicate improvement in the corresponding
joint’s ROM, approaching this value to healthy ranges. Negative impacts indicate a pattern
disruption, and hence a distancing of the movement with a healthy pattern. Undetermined
conditions grouped changes where, although the variation is significant (i.e., above 10%),
this value does not improve or impair the ROM. Lastly, the no-changes group integrates the

differences between both scenarios of less than 10%.

Bearing in mind the variations’ classification for each subject (see Figure 5.4), 70% of the
volunteers showed a positive effect on at least one joint, where the paretic ankle was the
more prevalent. The exhibited negative impacts were mainly related to the ROM’s reduction,

although they did not represent a participant’s risk.

On the other part, Table 5.3 contains the GDI values for each participant. The GDI showed
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I rositive [ No changes ] Negative [ Undetermined

Number of joints movements influenced
N

Patients

Figure 5.4: T-FLEX’s effect on the joints range of motion. Positive changes (purple bar)
refer to variations that approach the value to a healthy pattern. Negative changes (orange
bar) comprehend joints where the ROM departs from the normal gait. Undetermined con-
ditions (red bar) integrate magnitudes that exhibit variation, but they do not generate an
improvement or an impairment. Lastly, no changes state (blue bar) include percentages of
less than 10%.

a significant difference for 30% of the participants’ paretic limbs, wherein 20% manifested a
reduction below 14%, and one volunteer registered an increase of 14%. For the non-paretic,
40% of the participants exhibited decreases by less than 30% for this index. Reduction in GDI
is related to a higher difference between the participant kinematics and a healthy pattern. In
contrast, an improvement in the gait kinematics depends on an increase in this index. The
GDI mean value for the participants (see Table 5.5) did not present a significant difference
between the scenarios. Both limbs remained the no healthy condition as the GDI percentage

was less than 90%.

Lastly, Figure 5.5 illustrates the MAP for the paretic (Fig. 5.5a) and non-paretic (Fig. 5.5b)
limbs between baseline and assisted gait. The most affected joints in the scenarios were the

ankle, the knee, and the hip (i.e., ankle rotation, hip rotation, and knee flexo-extension).



Subjects 1 2 3 4 5 6 7 8 9 10
Baseline P 72.0 759 69.1 80.2 785 80.5 733 764 67.7 53.8
N-P | 73.0 740 574 853 84.0 1014 80.8 91.0 64.7 73.2

T-FLEX P 64.6 619 672 845 672 8.0 68.6 784 626 68.1
N-P | 65.6 60.7 64.7 832 8.7 743 683 60.7 579 715

Variati P | 73 -140 -18 22 -11.3 25 47 20 -52 143
aration  N_p | 7.4 -133 7.3 -2.1 1.7 =271 =125 -30.3 -6.7 -1.7

Table 5.3: Gait Deviation Index for each subject in Baseline and T-FLEX scenarios. The
first part has the index for the paretic (P) and non-paretic (N-P) limbs. The highlighted
values denote variation above 10% for both increases (green) and decreases (red).

The ankle dorsi-plantarflexion did not show significant changes in both the paretic and non-
paretic. The GPS significantly increased between unassisted and assisted conditions for
the non-paretic limb, although this change moved away from the healthy people’ value.

Nevertheless, this value did not exhibit significant changes for the paretic side.
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Figure 5.5: Movement Analysis Profile. The upper part of the figure refers to the paretic
limb. The lower illustrates the part non-paretic side. Each column represents one of the
kinematic variables such as P-A (Pelvis Anterior-Posterior), H-F (Hip Flexion-Extension),
K-F (Knee Flexion-Extension), A-F (Ankle Dorsi-Plantarflexion), P-U (Pelvic Up-Down), H-
A (Hip Abd-Adduction), P-R (Pelvic Rotation), F-R (Foot Rotation), and GPS (Gait Profile
Score). The height of the bar indicates the median and IQR RMS value during the trial.
Black columns at the bottom denote the mean value for healthy gait pattern. Unassisted
and assisted scenarios correspond to red and blue columns, respectively.
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5.2.2 Spatio-temporal Parameters

Considering the variation in ROM presented above, the second part of this study analyzes
the changes in Spatio-temporal values. For this purpose, Table 5.4 shows the variation
percentages for the parameters in each participant. The parameters include mean values for
the paretic (P) and non-paretic limbs (N-P) in aspects such as the duration’s percentage for
the stance phase (SP) on the gait cycle, as well as the step length (SL) and the step width
(SW). Likewise, walking speed (S), stride length (ST), and cadence (C) also are part of this

table.

Subject 1 2 3 4 5 6 7 8 9 10
Sp 78 -19 14 -1.1 3.5 1.1 2.3 -0.8 4.1 -5.9

P SW | 00 00 0.0 0.1 0.0 0.0 0.0 0.0 -0.0 0.0
SL 01 -01 00 -01 -0.1 -01 0.1 -0.1 0.1 0.0

SP 1.6 -53 00 26 -21 2.3 -4.1 06 -14 -1.7

N-P SW | 00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
SL 00 -0.1 00 0.0 0.0 -0.1 0.2 -0.1 0.0 -0.1

S 0.0 -01 00 -03 -0.2 0.0 0.2 -0.3 -01 -0.1
ST 0.0 -0.1 0.0 -0.2 0.0 -0.1 0.4 -0.2 0.0 0.0
C -11.0 2.0 -6.1 -15.0 -21.1 -240 -11.60 20.0 -17.8 -14.7

Table 5.4: Percentage of variation of spatial-temporal parameters. The first part includes
values for the paretic (P) and non-paretic (N-P), which are the percentage of the stance
phase (SP), the step width (SW), and step length (SL). The second part shows general
parameters such as walking speed (S), stride length (ST), and cadence (C). The highlighted
values indicate a change above 10% for both increases (green) and decreases (red).

In general terms, the Spatio-temporal parameters did not show significant changes using the
T-FLEX actuation system to either of the participants’ limbs. Nevertheless, the cadence
exhibited a reduction in 70% of the volunteers. This parameter registered decreases below
24% of the baseline state, although subject 8 presented an increase in 20% of the assisted

gait cadence.

On the other hand, Table 5.5 contains the mean values for the participants’ parameters. This
table summarizes the results aforementioned, showing a decrease in the cadence of 14% (i.e.,

from 99 to 85 steps per minute). Additionally, this table also exhibits other Spatio-temporal



values without significant changes.

Baseline T-FLEX
P Mean N-P P Mean N-P
GDI || 72.9 - 78.5 70.6 - 69.3
SL - 0.9 - - 0.9 -
C - 99.0 - - 85.1 }
S - 0.8 - - 0.7 -
SP 62.9 - 70.0 63.6 - 69.5
ST 0.5 - 0.5 0.5 - 0.4
SW 0.2 - 0.2 0.2 - 0.2

Table 5.5: Spatial-temporal parameters and Gait Deviation Index for the baseline and as-
sisted gait with T-FLEX’s actuation system. It is also divided into paretic (P) and non-paretic
(N-P) side. GDI is defined in percentage, as well as the stance phase (SP). Following the
step width [m] (SW), and step length [m| (SL). The second part shows general parameters
such as walking speed [m/s| (S), stride length [m] (ST), and cadence [step/min| (C). The
highlighted values are parameters with significant changes.

5.2.3 Usability Assessment

This part describes the device performance in terms of user-machine interaction and the
participants’ perception of assistive technology. Firstly, no patient exhibited issues (i.e.,
affectations in the locomotor system, pressure points, skin injuries or falls) during and after

wearing the device.

Figure 5.6 shows the participant’s relevant aspects through the QUEST survey to measure
the users’ perception. The most selected parameter was the device’s comfort with 70%
of recurrence. Other important aspects for the users were safety, weight, and dimensions.

Finally, the user satisfaction’s level was between satisfied and very satisfied in 60% and 40%

of the users, respectively.

5.2.4 Statistical Analysis

To understand the participants’ effects on the gait cycle, statistical analysis aimed to identify

differences between assisted and baseline conditions. In terms of the ankle kinematics, the
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Operation
Efficiency
Comfortable
User-friendliness
Durability
Safety
Adjustment
Weight

Dimensions

0% 10% 20% 30% 40% 50% 60% 70% 80%
Participants

Figure 5.6: Results of the usability assessment through the QUEST test. The percentage of
each topic refers to the number of participants who considered that characteristic as relevant.

results revealed statistically significant changes for 70% of the subjects in at least one gait
phase for the angle. Specifically, this joint showed statistical differences in the stance and
swing phase for 60% and 70% of the participants, respectively (see Table 5.6). Moreover,

40% of them exhibited variations in the entire gait cycle.

Subject Stance phase Swing phase

1 1.41e—4 4.38e—11
2 3.10e—3 8.5de—1
3 1.40e—3 2.85e—1
4 1.03e—9 1.18e—10
5 5.27e—2 1.67e—23
6 8.12e—3 3.21e—2
7 8.89e—1 8.26e—2
8 7.47e—1 1.65e—8
9 3.90e—15 1.08e—33
10 8.10e—2 1.14e—12

Table 5.6: Probability value (p-value) of each subject for stance and swing phases. The
highlighted cells indicate a statistical difference.

In the Spatio-temporal context, the parameters showed a statistically significant decrease in
the cadence (p=0.0002) and speed (p=0.03) concerning the assisted gait. The parameters

that did not show statistically significant changes were: (1) long stride, (2) step length, (3)



step width, and (4) stance phase .

5.3 Discussion

The results showed in the previous section intend to find the effects on the lower limb joints
for the assisted gait with the T-FLEX’s actuation system. For that, the kinematics presented
the results for the participants individually. This analysis allowed determining aspects such
as the participant performance during the trial, adaptability to the device, improvement
in the ankle kinematics, and the consequences on the other planes of motion. On the other
hand, an inter-subject analysis did not evidence significant changes comparing unassisted and
assisted gait. However, those results could be affected by the poor-performance exhibited
in some participants. Thus, an experimental setup’s modification that includes the training

stage could improve the user’s performance and adaptability to the device.

In this context, the ankle kinematics described the device’s influence in this joint for each
user (see Figure 5.3). The T-FLEX’s actuation system positively impacted the dorsiflexion
movement from the significant changes found in both phases, improving the joint’s angle and
hence the foot clearance during the swing phase. Therefore, the device reduced the risk of
falls and injuries in the participants [117]. For the stance phase, subjects experimented with
a reduction in the ankle’s angle due to the actuators, providing stability to the user during
this phase. Other changes related to the dorsi-plantarflexion movements can be associated
with both the user-device synchronization and the calibration stage carried out manually.
However, those changes did not represent a risk for the users’ stability. On the other hand,
considering the first 10% of the gait cycle, 60% of the volunteers exhibited a kinematic be-
havior similar to the healthy pattern’s shape. Likewise, assisted gait also showed a smoother
transition between phases, ensuring a suitable control of the joint to provide stability and

safety.
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In general terms, the kinematic results during the first use of the T-FLEX actuation system
showed improvements in some participants (i.e., increase foot clearance, and early push-
off), which are similar to a robust PAFO based on pneumatic actuation [118]. Additionally,
these results are comparable to devices controlled by Force Sensitive Resistor (FSR) for gait
detection [79,119] that is the most common detection strategy used in ankle exoskeletons.
Nevertheless, those previous studies enrolled a smaller subjects’ sample reducing the prob-
ability of poor-performance in the participants. Lastly, the ankle kinematics results also

tended to another study’s outcomes that included a training stage [82], unlike this protocol.

Gait performance can also be analyzed through the other joints of both paretic and non-
paretic sides [120]. Usually, this assessment includes at least the knee and ankle joints, where
the results commonly exhibit kinematics improvement [119]. This study showed proper ad-
justment of ankle’s ROM to avoid foot drop, compared to the mechanical structures limiting
the sagittal plane. In the hip context, the Ab-Ad movement decreased by 70% of the non-
paretic limb participants. This reduction is a result of the restriction and actuation on the
paretic ankle. In contrast to the non-paretic, the other side presented disruptions in 40% of

the subjects related to reductions in the ROM value.

In particular, subject 7 showed high performance in the estimated ROM for both sides. The
positive effects were in 75% of the analyzed joints with the best improvement in the D-P for
the non-paretic limb. This outcome could not be associated with the user’s spasticity level
because subjects 2 and 8 have clinical conditions comparable to this participant, but they
did not exhibit similar performance. Hence, it could relate to external variables such as the

device’s correct synchronism and the appropriated actuation performance.

Spatial-temporal parameters allow measuring the device’s effects on the user [29,120]. Mainly,
orthotic devices should improve the subjects’ parameters to enhance their mobility in the
ADL’s execution [121]. The first use of T-FLEX showed a decrease in cadence. This reduction

is related to both the training stage (not included in this study) and the ankle’s restricted



structure. Therefore, the inclusion of training stages is imperative to improve the obtained

results.

On the other hand, Table 5.3 shows the GDI and the variation according to each scenario.
Regarding the baseline, most of the participants decreased the GDI, although only 30% of
the limbs registered a reduction above 10%. Several factors can explain the decrease in this
index. The first factor is related to the MAP information (see Figure 5.3), where the foot
rotation represents one of the most significant movements with affectations. This alteration
is due to the mechanical structure coupled to the T-FLEX actuation system. The ankle’s
restriction triggers a disruption in the other joints pattern, which induces a decline in this
index. The second factor comprehends the actuation system’s performance in aspects such as
response time to position set-points, processor speed for running the detection algorithm, and
the manual calibration stage that recorded the maximum flexo-extension angles of the user.
On the other part, multiple studies have presented GDI analysis for children with cerebral
palsy using a passive orthotic device [122-124|. However, in studies that involve patients

with stroke using PAFO, this index was not shown.

Finally, in the MAP context (see Figure 5.5a), assisted gait with T-FLEX affected several
paretic joints’ movements (e.g., K-F, A-F, and F-R). Nevertheless, as mentioned previously,
the changes could lead to a mechanical restriction on the ankle. This block alters the natural
gait pattern and induces compensatory motions on the other joints, although the training
stage’ lack could also cause this wrong pattern. For the non-paretic side (see Figure 5.5b),
the main affectations were the H-R and F-R movements related to the device’s weight com-
pensation. As GDI, different studies used GPS to analyze the effects on people with cerebral
palsy [125,126]. Although, in protocols that include patients with stroke in assisted gait with

PAFOs, the score was not reported.
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5.4 Conclusions

This chapter presented an assessment of the T-FLEX’s actuation system during its first use.
A passive orthotic structure was modified, in such a way that the T-FLEX’s actuators and
inertial sensor were attached to it. Ten patients who suffered a stroke used the modified
passive orthotic structure and performed overground walking test. Regarding inter-subject
analysis, the biomechanical outcomes showed improvements for some patients in the dor-
siflexion phase, avoiding foot slapping and controlling the ankle in the phases transition.
Moreover, the other joints exhibited positive and negative changes related to the actuation
on the paretic ankle with T-FLEX. For the intra-subject analysis, the results showed no
significant differences between baseline and assisted gait. This result could be related to the

poor-performance evidenced by several participants.

The Spatio-temporal parameters did not present significant changes, although the cadence
decreased for the assisted gait trials. Lastly, the GPS and GDI measured the kinematic be-
havior for each participant in both modalities. Those parameters did not evidence significant
improvements between subjects and the healthy pattern. These indicators also determined

the main joints that were altered by the device.



Chapter 6

Experimental Validation of T-FLEX in

Therapy Mode

Robotics’ inclusion in rehabilitation processes has evidenced a higher user’s recovery level, as
chapter 2 previously presented. Thus, the devices apply neuroplasticity’s concepts and the
central nervous system’s adaptability in their actuation control designs, which are induced
by repetitive and task-oriented therapies. T-FLEX is an ankle exoskeleton able to work in

rehabilitation scenarios through the therapy modality that is detailed in chapter 3.

In this context, this chapter presents the initial results in a stroke survivor for the therapy
mode using T-FLEX. This study’s first goal was related to determining the appropriate
exercises for this modality. The second goal consisted of assessing the T-FLEX’s effects on
the patient’s kinematic and Spatio-temporal parameters. Finally, the last goal is intended to

analyze the effects of the patient’s spasticity after the therapy sessions.

87
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6.1 Experimental Design

The experimental design intended to analyze and determine the T-FLEX’s effects and impact
on a stroke survivor. Thus, the device was tested in a rehabilitation scenario using the therapy
mode, consisting of repetitive flexion and extension movements on the ankle. To this end,
four phases were defined: pre and post functional assessment, the experimental procedure,

and a usability assessment.

6.1.1 Participant

This study involved a 32-year-old female volunteer who suffered a hemorrhagic stroke. The
participant’s diagnosis was chronic hemiplegia on the body’s right side and ankle spastic-
ity (i.e., 1+ in the Ashworth scale). The participant was selected using the inclusion and

exclusion criteria shown below.

1. Inclusion Criteria A patient with chronic stroke who suffers some ankle dysfunction.
The participant must have a low spasticity level on the ankle (i.e., up to level 3 in the
Ashworth scale) and partial independence during walking.

2. Exclusion Criteria According to the experimental setup and the system features,
participants under 150 cm and over 190 cm were not considered. Likewise, subjects with
any visual, auditory, or cognitive impairments that prevent the correct understanding
of the activity will not be part of this study. On the other hand, the subject must not

present injuries, ulcers, and pain in the affected lower limb or the spinal cord.

6.1.2 Pre and Post Functional Assessment

This study aims to evaluate T-FLEX’s effect on Spatio-temporal and kinematic parameters.

For this purpose, two functional evaluation assessed those parameters before and after the



rehabilitation sessions. Within the assessment, a 10-meter test determined the subject’s
overground speed, which was used to set a rehabilitation treadmill (NIZA RX K153D-A-3,

SportFitness, Colombia).

Thus, the participant walked on the treadmill at a zero-degree inclination wearing a G-WALK
(BTS Bioengineering, Italy) located on L2 and an inertial sensor (Shimmer3, Shimmer, Ire-
land) placed on the foot tip. The trial lasted 6 min, where data acquisition only started once

the self-selected speed was reached.

On the other hand, this stage also included a physical assessment executed by a physio-
therapist. Therefore, spasticity (through the Ashworth scale) and lower limb joints’ ROM
(e.g., knee, ankle, hallux, among others) were measured. Table 6.1 summarizes the measured
parameters, where the initial evaluation was used as a baseline to compare the results before

the rehabilitation sessions.

6.1.3 Experimental Procedure

The rehabilitation program proposed in this study included 18 sessions (i.e., 3 per week for a
total of 6 weeks) under a standard therapy procedure. Likewise, considering the motivation

of increasing the patient’s muscular activity, each session integrated two modalities:

1. First modality (20 minutes): Sitting on a chair with 90-degree knee flexion, the

volunteer’s lower limb was slightly raised to avoid floor contact (See Figure 6.1A).

2. Second modality (20 minutes): Sitting on a chair with a full knee extension, the

volunteer’s lower limb was horizontally raised to avoid floor contact (See Figure 6.1B).

Between modalities, there was a five minute rest period. Each session carried out the same

experimental conditions. First, the participant was equipped with electrodes located on the
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tibialis anterior and gastrocnemius muscles of the paretic side. An electromyogram (EMG)
sensor (Shimmer3 EMG unit, Shimmer, Ireland) running at 500 Hz acquired the muscles’

electrical activity.

After this, T-FLEX was installed on the participant’s paretic side (See Figure 6.1). It is
important to emphasize that after the instrumentation, the device recorded the volunteer’s
maximum range of motion during the calibration stage explained in chapter 3. This calibra-

tion was executed for each session, obtaining different values throughout the experiment.

EMG Sensors

T-FLEX
Exoskeleton

T-FLEX
Exoskeleton

Support \/ 7
System .

(A)

Figure 6.1: Experimental setup postures proposed for this study. The first posture (A)
consists of a 90-degree knee flexion. The second posture (B) refers to a complete knee
extension.

6.1.4 T-FLEX’s Parameters

T-FLEX was configured to work in the therapy mode detailed in chapter 3. Specifically, the
device had a repetition rate of 0.6 Hz. Moreover, the actuators worked with a velocity of 50%
of the maximum motor speed (i.e., 10 rpm approximately). To complete the modality time
(i.e., 20 minutes), T-FLEX performed 370 movements for a total amount of 740 repetitions

per session. These parameters were the same during the experiment.



6.1.5 Data processing and acquisition

Data processing was performed offline using MATLAB software (MathWorks, 2018b, USA)
and an Asus VivoBook S15 S510UA (IntelCore 15-8250U, CPU@1.80 GHz, Taiwan) running
Windows 10 Home. The output EMG signals were processed with a band-pass filter to
eliminate the atypical values and remove the noise. Then, these signals were rectified with
absolute values. Subsequently, a data smoothing was performed using a 100 ms moving
average window. Finally, RMS values were calculated to provide as much information as

possible about the EMG signal’s amplitude, since it gives a measure of the signal power.

6.1.6 Usability Assessment

To evaluate the patient’s satisfaction during this study, a QUEST survey was carried out at
the end of the experiment. This survey consisted of 8 questions, with a maximum score of 5
(i.e., completely satisfied), focused on aspects such as dimensions, ease of use, and comfort

using T-FLEX. The assessed aspects are detailed in Table 6.2.

6.1.7 Statistical Analysis

The software SPSS (IBM-SPSS Inc, Armonk, NY, USA) was used for the statistical analysis.
First, data’s normal distribution was verified employing the Shapiro-Wilks test. Subse-
quently, the ANOVA test was carried out to find statistically significant differences among
each muscle’s electrical activity in two cases: (1) comparison between two modalities and (2)

comparison of the muscular activity during each session.
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6.2 Results

6.2.1 Pre and Post functional Assessment

This study measured the kinematic and Spatio-temporal parameters obtained from the func-
tional assessment presented above. Table 6.1 illustrates the values corresponding to the pre
and post evaluations in terms of passive ROM. These values show changes in 20 of 22 mea-
sured motions on the lower limb joints. Extension on the hallux metatarsophalangeal and
proximal extension on the fifth toe interphalangeal remained the same. However, the most
significant changes were related to increases in the joint range for the movements on the hip,
dorsi-plantarflexion on the ankle, flexo-extension on the hallux interphalangeal joint, and
flexion on the fifth toe interphalangeal joint. The other measures exhibited changes of less

than 15% concerning the initial assessment.

Moreover, for the kinematic results, the ankle angular motion during the walking over tread-
mill followed a normal distribution. Thus, the gait cycles were averaged to obtain a unique
curve. This curve allowed estimating the parameters shown in Figure 6.2. The maximum
kinematic change presented during the walking analysis reduced 25% of the extension move-
ment on the swing phase. Additionally, the Spatio-temporal parameters showed improvement

inherently related to an increase in the subject’s natural walking speed.

In terms of spasticity, the patient exhibited a reduction in the Ashworth scale from 1+ to
1 after the therapy sessions. A physiotherapist estimated this scale during the functional

assessment detailed previously



Initial Functional Evaluation Final Functional Evaluation
Paretic | Healthy Paretic | Healthy
Body Part Side Side Body Part Side Side
(deg) (deg) (deg) (deg)
Hip Abduction 30 45 Hip Abduction 45 45
Hip Adduction 20 35 Hip Adduction 35
Hip Flexion 116 125 Hip Flexion 122 125
Hip Extension 18 25 Hip Extension 25
Knee Flexion 140 136 Knee Flexion 140 136
Knee Extension 10 4 Knee Extension 4
(A)
Initial Functional Evaluation Final Functional Evaluation
Paretic Paretic
Body Part Side (deg) Body Part Side (deg)
Ankle Plantarflexion 15 Ankle Plantarflexion 45
Ankle Dorsiflexion 15 Ankle Dorsiflexion 24
Ankle Inversion 33 Ankle Inversion 35
Ankle Eversion 22 Ankle Eversion 25
Hallux Hallux
Metatarsophalangeal 43 Metatarsophalangeal 45
Flexion Flexion
Hallux Hallux
Metatarsophalangeal 47 Metatarsophalangeal 47
Extension Extension
Fifth Finger Fifth Finger
Metatarsophalangeal 64 Metatarsophalangeal 68
Flexion Flexion
Fifth Finger Fifth Finger
Metatarsophalangeal 60 Metatarsophalangeal 65
Extension Extension
Hallux Hallux
Interphalangeal 37 Interphalangeal 44
Flexion Flexion
Hallux Hallux
Interphalangeal 0 Interphalangeal 5
Extension Extension
Fifth Toe Fifth Toe
Interphalangeal 34 Interphalangeal 40
Proximal Flexion Proximal Flexion
Fifth Toe Fifth Toe
Interphalangeal 0 Interphalangeal 0
Proximal Extension Proximal Extension
Fifth Toe Fifth Toe
Interphalangeal 36 Interphalangeal 39
Distal Flexion Distal Flexion
Fifth Toe Fifth Toe
Interphalangeal 30 Interphalangeal 34
Distal Extension Distal Extension
(B)

Table 6.1: Subject’s Range of Motion (ROM) on the hip and knee joints (A) and the ankle-
foot joints (A) for the pre and post functional assessments. The highlight values indicate the
most relevant changes after the therapy sessions.
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Variation of kinematic parameters with reference to the prior functional evaluation

Percentage of variation [%]

DF PF GC time Cadence

Figure 6.2: Percentage of variation for the kinematic and Spatio-temporal parameters in
walking over the treadmill (DF: Average values of the maximum dorsiflexion angles during
gait cycles, PF: Average values of the maximum plantarflexion angles during gait cycles, GC:
gait cycle). The positive values refer to increases concerning the initial functional evaluation.
In contrast, negative values represent a reduction in the parameter.

6.2.2 Muscular Activity

The second part constitutes the muscular activity measured on the tibialis anterior and
gastrocnemius muscles during the session. Figure 6.3 shows the mean RMS values per session
in each modality. On the one hand, the tibialis anterior registered a significant muscular
activity increase up to the third session (See Figure 6.3A). For the following sessions, this
value reduced and maintained its magnitude between 0.004 mV and 0.015 mV. Moreover,

both modalities showed similar electrical amplitudes throughout the experiment.

On the other hand, the gastrocnemius’ muscular activity increased to the fourth session (See
Figure 6.3B). The mean RMS values after this session had a reduction as also occurred in the
tibialis anterior. In general terms, the gastrocnemius reached a greater activation of electrical
activity concerning the tibialis anterior during the first sessions. Nevertheless, this activity

showed lower mean RMS values than the other muscle from the ninth session.

Additionally, the muscular activity’s behavior during the therapy session was analyzed. To

this end, it was calculated the mean of the electrical activity on time windows with a size of
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Figure 6.3: Mean RMS values per session during the study for the (A) tibialis anterior and
(B) gastrocnemius. The red line represents the values for the modality with 90-degree knee
flexion. The gray line refers to obtained values with a posture of complete extension of the
knee.

10 seconds. The first window was used as a reference to calculate the change in the other

moments. Figure 6.3 illustrates this behavior throughout the session.

The anterior tibialis muscle presented variability at the first modality’s half time. However,
this muscle tended to increase its electrical activity at the end-stage of the sessions (See Figure
6.3A). The gastrocnemius muscle showed high variability for the complete knee extension
posture taking values up to 130 % concerning the first minutes. Conversely, the 90-degree
knee flexion posture had similar variation all the time, although with a slight increase in the

final part.

6.2.2.1 Statistical values

ANOVA tests were performed to find statistically significant differences among the muscular
activity between modalities during the study and the electrical activity progression during

the session. The results are presented below.

e Muscular activity between modalities: The tibialis anterior’s electrical activity did
not show statistically significant differences (p > 0.05) during the study. In the same

way, the gastrocnemius muscle also did show statistical differences between modalities.
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60 Muscular activity behavior on the tibialis anterior 150 Muscular activity behavior on the gastrocnemius
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Figure 6.4: Muscular activity behavior throughout the session in terms of mean and stan-
dard deviation between sessions. The left part (A) shows the tibialis anterior and the right
part (B) for the gastrocnemius. The red curve describes the behavior of the muscle in the

modality with 90-degree knee flexion. The gray curve shows the behavior in the complete
knee extension modality.

e Muscular activity progression during the session: Results related to the elec-
trical activity progression of the anterior tibialis muscle showed statistically significant

differences (p < 0.05). Likewise. gastrocnemius muscular activity also showed statisti-

cal differences.

6.2.3 Usability Assessment

Finally, this part presents the QUEST test results to the patient after therapy sessions (see
Table 6.2). In general terms, the user’s perception of the device was acceptable, emphasizing
aspects such as safety and comfort. However, other topics (i.e., adjustments, and ease of use)

presented the lowest score.

6.3 Discussion

According to the pre and post functional evaluation, the preliminary results reported signif-
icant changes in different passive joint ROM, such as the ankle, hip, and the hallux inter-

phalangeal joints. However, regarding the other measures, there is only a slight increase of



Table 6.2: QUEST survey responses for the T-FLEX after the therapy sessions. The values
are assessed on a scale of 0 to 5

QUEST’s item | Satisfaction’s Level |
Dimensions (size, height, length,width)
Weight
Adjustments (fixing,fastening)
Safety (secure)

Ease of use
Comfort
Effectiveness

Device’s satisfaction I 3

O R Qo Lo Lo

less than 15 %. On the other hand, the greatest increase in terms of ROM occurred in the
ankle joint, specifically in the dorsi-plantarflexion movement. These changes are related to

the foot spasticity’s reduction reflected in the Ashworth scale measured in both assessments.

This study evidenced an inherent improvement in Spatio-temporal parameters due to an
increase in the patient’s speed from the kinematic results. Also, it showed a 25 % reduction in
the plantarflexion movement. This value is related to an increase in ankle dorsiflexion during
the swing phase, which indicates an enhancement in the foot clearance for the patient in
walking. This improvement is associated with decreases in fall risks and ankle injuries [117].
The above suggests that effectively a rehabilitation program with the T-FLEX helps to
improve the Spatio-temporal and kinematic parameters at the end of the entire therapy

sessions.

Regarding Ashworth scale results, the participant exhibited a reduction in one from 1+ to 1
at the end of the entire therapy sessions. This way, this preliminary study suggests that the

T-FLEX has potential in rehabilitation and could reduce the patient’s spasticity level.

These results coincide with the changes presented in previous studies, where the Spatio-
temporal parameters had an increase, and the spasticity level decreased after the sessions
[127]. However, in contrast to this protocol, they used electrical stimulation after the repe-
tition exercises. Likewise, another study also presented similar results asserting that if it is

included electromyography as a control signal, the results will be more effective in terms of
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spasticity and ROM [128]|. Therefore, to engage the patient with the therapy and improve
the outcomes reported in this study, the following protocols could include active control and

feedback strategies.

In the second place, for the muscular activity context, this study evidenced an increase in
electrical activity during the experiment’s first stage. Nevertheless, this activity presented a
decrease from the third and fourth sessions for both assessed muscles. These results suggest
that during the first sessions, given that the muscle comes from a period of inactivity, any
exercise performed over it induces high electrical values. However, as early as the muscle
overcame the adaptation period, the same training did not produce enough effort to generate
high electrical activity values [129,130]. Hence, a variable rehabilitation program with T-

FLEX, where the requirement and the effort increase over time, could provide better results.

Concerning the muscular activity in the session, the results showed an increase in the electri-
cal values at the end-stage for both muscles. This also can be seen in the statistical outcomes,
since the trials reported statistically significant differences. Nevertheless, it should be em-
phasized of high variability between sessions illustrated in Figure 6.4. This variability can be
related to the muscular activity’s decrease after the adaptation period, where the electrical

activity showed minimum increases.

Another aspect analyzed was the difference between the modalities proposed in this study.
Nevertheless, the statistical results suggest that the modalities do not affect the measured

muscles’ electrical activity.

Finally, the patient perception about T-FLEX in A rehabilitation program was positive.
The most important aspects highlighted by the user were safety, comfort, and effectiveness.
Although other characteristics such as weight, ease of use, and adjustments, should be con-

sidered in subsequent studies.



6.4 Conclusions

This chapter presented the outcomes of a single case study for the therapy mode with the
T-FLEX exoskeleton during a rehabilitation program of 18 sessions. A chronic stroke patient
with ankle dysfunctions performed repetitions using T-FLEX under two modalities: (1) 90-
degree knee flexion and (2) full knee extension. Each session had a duration of 50 minutes
divided into 20 minutes per modality and 10 minutes for installation and instrumentation.
Moreover, two functional assessments measured the patient’s health condition before and

after the study.

In general terms, this study showed improvement in the patient’s kinematic and Spatio-
temporal parameters. Specifically, the ankle dorsiflexion decreased on the swing phase, re-
sulting in motor control improvement. Moreover, the cadence and the user’s speed increased
after the experiment.Likewise, the participant exhibited spasticity reduction according to the

Ashworth scale.

On the other hand, muscular activity increased during the first sessions, although this value
had a reduction probably related to adaptation issues. Moreover, the measured muscles
showed increases in their electrical activity at the end-stage of each session, though they
presented high variability between sessions. Finally, the patient’s perception in the use of

T-FLEX for rehabilitation programs was positive.



Chapter 7

Conclusions and Future Works

A wearable and portable ankle exoskeleton has been developed as a rehabilitation and as-
sistive tool in patients who exhibit ankle dysfunctions. T-FLEX ankle exoskeleton, which is
part of the robotic platform AGoRA, integrates an actuation system based on VSA and a
soft structure. This way, T-FLEX can be considered part of a small exoskeleton’s group with

compliant mechanisms and soft structures called fully compliant exoskeletons.

In electronic terms, control architecture and a visual interface were implemented in T-FLEX
under a modular framework, which presents advantages in aspects as the connection of ad-
ditional systems or sensors and an easy device’s replicability. Likewise, high-level control
strategies for assistive and rehabilitation were implemented to ensure the proper T-FLEX’s
use in these scenarios, as chapter 3 presented. Likewise, a visual interface was developed to
allow the user (i.e., patient or therapist) to configure and control the device in a robotic-

assisted therapy for motor recovery.

Concerning the experimental characterization of T-FLEX detailed in chapter 4, a test bench
structure was developed and sensor-equipped to analyze the system response to different
configurations and force levels. This structure was excited to signals (i.e., chirp and step),

acquiring the data from sensors and actuators. Thus, the system times (i.e., delay, rise, and
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stabilization) and the bandwidth were estimated for each configuration.

Specifically, the trials exhibited similarity in the delay time related to the tendon’s elastic
behavior for the assessed initial force levels. Likewise, the highest force level did not evidence
a faster rise and stabilization times, as expected. By contrast, it caused saturations limiting
the actuators’ capabilities. On the other hand, the stiff elements’ inclusion did not improve
the device performance and reduced the frequency response reflected in the bandwidth values.
From that, the best setup for the maximum performance in T-FLEX is the tendons-alone

configuration with an initial force level on the tendon of 10 N.

In terms of applicability, the study found that the T-FLEX exoskeleton can assist human
walking, i.e., when the gait cycle duration is greater than 0.74 seconds, hence the healthy
people’s walking is included. However, the control architecture should integrate an adaptable
stage to modify the moment when the actuators’ commands are sent, looking for compen-
sating for the system’s stabilization time. This way, T-FLEX could provide a proper torque
on the ankle at the right time. Moreover, considering the maximum device’s torque capacity
(i.e., 12 Nm in propulsion and 20 Nm in dorsiflexion), T-FLEX is within the reported ranges

for other low weight exoskeletons.

Regarding the experimental validation in gait described in chapter 5, ten patients who suffered
stroke wore the device in overground walking. The participants walked in two conditions: (1)
using the T-FLEX’s actuation system adapted to a passive orthotic structure in assistance
mode and (2) without the device. Moreover, a motion caption system acquired the patients’

kinematics in both cases, and a survey registered the users’ perceptions.

In the biomechanical context, the inter-subject analysis showed improvements for some pa-
tients in dorsiflexion to avoid foot slap and control of the ankle in the phases transition.
Moreover, the other joints exhibited positive and negative changes related to the actuation
on the paretic ankle with T-FLEX. For the intra-subject analysis, the results showed no

significant differences between baseline and assisted gait. This result could be related to the



102 Chapter 7. Conclusions and Future Works

poor-performance evidenced by several participants.

Likewise, the Spatio-temporal parameters did not present significant changes, although the
cadence decreased for the assisted gait. The GPS and GDI measured the kinematic behav-
ior for each participant in both modalities. Those parameters did not evidence significant
improvements between subjects and a healthy pattern, and they also determined the main
joints altered by the device. On the other hand, users’ perceptions were positive. No patients
exhibited issues (i.e., affectations in the locomotor system, pressure points, skin injuries, or

falls) during and after wearing the device.

Lastly, for the T-FLEX’s validation in a rehabilitation scenario, chapter 6 presented the
results for a single case study on a chronic stroke patient who used the T-FLEX exoskeleton.
The participant accomplished 18 sessions divided into two conditions (i.e., 90-degrees knee
flexion and complete knee extension). The active therapy had a duration of 40 minutes
(i.e., 20 minutes for posture), where the patient’s muscular activity was acquired during the
session. Moreover, two functional assessments were carried out by a physiotherapist to assess

the lower limb joints and the patient’s physical condition.

Thus, this study showed improvement in kinematic and spatiotemporal parameters on a
chronic stroke patient. Moreover, the participant exhibited a spasticity reduction according
to the Ashworth scale. On the other hand, muscular activity increased its value during
the first sessions, although this value had a reduction probably related to adaptation issues.
Moreover, the measured muscles showed increases in their electrical activity at the end-stage
of each session, though they presented high variability between sessions. Finally, the patient’s

perception concerning the T-FLEX’s use in rehabilitation programs was positive.

Future works should be aimed at improving the visual interface to display in the user’s
interaction during the implemented modes’ execution. This way, T-FLEX could recreate
automated therapies to improve the patients’ motor recovery. Additionally, future works

should also be addressed in incorporating a database to record and subsequently analyze the



user’s progress during a rehabilitation program. Thus, the device could manage and design
appropriate therapy sessions considering patients’ performance. On the other hand, future
works could be focused on integrating the T-FLEX’s algorithms under the ROS2 framework

that exhibits better performance in real-time applications.

Future works should be focused on assessing the system performance in dynamic tests, where
the user interaction forces will be considered from the results presented in the T-FLEX’s char-
acterization. Likewise, the T-FLEX’s setup could incorporate different force levels for each
tendon to maximize the device’s capabilities during the system operation in gait. Moreover,
the signals used to excite the system should include variation in amplitude and frequency
simultaneously to analyze the T-FLEX’s responses. On the other hand, future studies could
include T-FLEX’s tendons as the bidirectional system (i.e., instead of the stiff filaments)
to counteract the found drawbacks and properly integrate both actuators in the assisted

movements.

Future works should also be aimed at designing and integrating an adaptation stage to syn-
chronize the user’s gait velocity to the state machine controller. This way, this stage could
counteract the delay and stabilization times found in T-FLEX’s characterization. More-
over, the set-point commands could be sent at the right time to transmit the appropriate
torque profile on the ankle. Thus, the system could assist walking, providing its maximum

capabilities.

Future works should focus on the assessment of T-FLEX in a more extensive sample of
patients with ankle dysfunctions in terms of experimental validations. Additionally, for gait
applications, the device’s calibration stage (i.e., the manual procedure to record the user’s
ROM) should be optimized to guarantee assistive movements during the gait phase detection.
Moreover, the actuation’s performance should be improved to synchronize the device in
waking applications, as mentioned in T-FLEX’s experimental characterization. This way,

the kinematics results could improve, and the effect on the other lower limb joints could be
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more evident.

Future studies should also be addressed in assessing novel strategies to improve the patient’s
effort and discouragement found in long-term therapies. Thus, considering the system mod-
ularity and the ROS framework, feedback based on visual, audio, and haptic strategies could
be easily adapted in T-FLEX to design interactive therapies where the user can be par-
ticipating actively. Likewise, future studies could be focused on assessing these strategies

independently and then combine them to propose complete scenarios.

Future developments should include the user’s intention modules based on the EMG signals
to trigger the device once the user performs the contraction. Thus, patients who exhibit
high spasticity levels, and the movement intention cannot be detected through the inertial
sensor could use T-FLEX in therapy scenarios. Likewise, future developments should also
incorporate wearable sensors (e.g., a force-sensing insole, pressure-sensing, and textile-based

goniometers) to improve the user-device interaction and record the user’s progress.

Finally, future works will address the total integration of T-FLEX with the AGoRA ex-
oskeleton and the AGoRA smart walker in terms of hardware, software and control to form

a robotic tool able to support rehabilitation and assistive scenarios.
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