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Abstract
Currently, exoskeletons are emerging as effective tools in medical rehabilitation. However, they
face challenges related to movement compatibility, automatic control, cost, and human-robot
interaction, among others.

This thesis aims to develop a rehabilitation exoskeleton for individuals with limited mobility
in the upper limbs. It will address challenges such as optimizing the mechanical design,
ensuring compatibility and ergonomics with upper limb movements, and implementing control
strategies to manage disturbances and uncertain modeling in the exoskeleton’s performance.
Additionally, the thesis will develop the human-robot interface and conduct a comprehensive
evaluation to assess the device’s usability and efficiency in real-world settings.

To achieve this, a user-centered, task-focused bioinspired methodology was employed, consist-
ing of 12 activities grouped into three phases: design, simulation, and physical prototyping.
This methodology features two optimization stages: the first aims to enhance the mechanical
design of the device using a weighted objective function, while the second focuses on optimal
control through a sliding mode controller with an exponential reach surface. Both stages utilize
metaheuristic algorithms. The methodology also includes mathematical modeling (kinematic
and dynamic), virtual environment use, technological integration, and a comprehensive clinical
evaluation.

The results achieved include the development of a bioinspired device with a weight reduction of
approximately 49% compared to the initial design, thanks to mechanical design optimization.
Additionally, digital twins of the device were created: 1) The digital twin prototype validated
safety and performance factors through trajectory tracking control strategies via software,
and 2) The digital twin instance enabled a thorough clinical evaluation under real conditions.

A human-robot interface was designed to facilitate communication between medical personnel
and the exoskeleton, incorporating both simulation and movement execution phases. An
industrial PD controller was used for the 5 DOF exoskeleton, while a sliding mode controller
with an exponential reach surface, optimized using the particle swarm optimization algorithm,
was employed for the 7 DOF ETS-MARSE exoskeleton. Both controllers proved efficient in
passive rehabilitation exoskeletons, with RMSE values of less than 0.88 rad and 0.05 rad,
respectively.

The evaluation results include assessments of the human-robot interface usability, workload
index, exoskeleton usability, therapy satisfaction, and the exoskeleton’s performance in both
simple and complex therapeutic routines. It is worth noting that the clinical evaluation of
the robotic rehabilitation therapy is beyond the scope of this thesis. However, the results
presented in this PhD thesis provide a solid foundation for future clinical validation from a
therapeutic perspective.

At the conclusion of this work, a viable robotic exoskeleton was developed for passive
rehabilitation therapies for individuals with limited mobility in the upper limbs. The device is
lightweight, features an interface that meets usability standards, and has a physical prototype
evaluated in a clinical setting.
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Resumen

Actualmente, los exoesqueletos se perfilan como herramientas eficaces en la rehabilitación
médica. No obstante, enfrentan desafíos relacionados con la compatibilidad del movimiento,
el control automático, el costo y la interacción humano-robot, entre otros.

El objetivo de esta tesis es desarrollar un exoesqueleto de rehabilitación para personas con
movilidad limitada en los miembros superiores. Se abordarán desafíos relacionados con la
optimización del diseño mecánico, la compatibilidad y ergonomía del exoesqueleto con los
movimientos del miembro superior, y las estrategias de control para enfrentar perturbaciones
y modelado incierto en el desempeño del exoesqueleto. Además, se desarrollará la interfaz
humano-robot y se evaluará el dispositivo de manera integral para cuantificar su usabilidad y
eficiencia en entornos reales.

Para lograr este objetivo, se empleó una metodología bioinspirada centrada en el usuario y
enfocada en la tarea, compuesta por 12 actividades agrupadas en tres fases: diseño, simulación
y prototipo físico. Esta metodología incluye dos etapas de optimización: la primera se enfoca
en mejorar el diseño mecánico del dispositivo mediante una función objetivo ponderada, y la
segunda se centra en el control óptimo, utilizando un controlador por modos deslizantes con
superficie de alcance exponencial. Ambas etapas implementan algoritmos metaheurísticos para
alcanzar sus objetivos. Además, se consideran etapas de modelado matemático (cinemático
y dinámico), uso de entornos virtuales, integración tecnológica y evaluación integral en un
entorno clínico.

Los resultados obtenidos tras aplicar la metodología fueron: la creación de un dispositivo
bioinspirado con una reducción de peso de aproximadamente el 49% respecto al diseño inicial
gracias a la fase de optimización del diseño mecánico. Además, se desarrollaron gemelos
digitales del dispositivo: 1) el prototipo de gemelo digital permitió validar el factor de
seguridad y el desempeño mediante estrategias de control para el seguimiento de trayectorias
a través de softwares. Y 2) la instancia del gemelo digital permitió realizar una evaluación
integral en un entorno clínico bajo condiciones reales.

Se diseñó una interfaz humano-robot que permite la comunicación entre el personal médico y
el exoesqueleto, incluyendo una etapa de simulación y otra de ejecución de movimientos en el
dispositivo. Se utilizó un controlador industrial (PD) para el exoesqueleto de 5 DOF diseñado
en esta tesis, y un controlador por modos deslizantes con superficie de alcance exponencial,
optimizado mediante el algoritmo de enjambre de partículas, para el exoesqueleto ETS-MARSE
de 7 DOF. Ambos controladores demostraron su eficiencia en el uso de exoesqueletos enfocados
en rehabilitación pasiva, presentando RMSE menores a 0.88 rad y 0.05 rad, respectivamente.

Los resultados de la evaluación incluyen valoraciones de la usabilidad de la interfaz humano-
robot, el índice de carga de trabajo, la usabilidad del exoesqueleto, la satisfacción con la terapia
y el rendimiento del exoesqueleto tanto en rutinas terapéuticas simples como complejas. Cabe
destacar que la evaluación clínica de la terapia de rehabilitación robótica está fuera del alcance
de esta tesis. Sin embargo, los resultados presentados en esta tesis doctoral proporcionan una
base sólida para futuras validaciones clínicas desde una perspectiva terapéutica.
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Al concluir este trabajo, se desarrolló un exoesqueleto robótico viable para terapias de
rehabilitación pasiva para individuos con movilidad limitada en los miembros superiores. El
dispositivo es ligero, cuenta con una interfaz que cumple con los estándares de usabilidad y
tiene un prototipo físico evaluado en un entorno clínico.
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Chapter 1

Introduction

"Never give up on what you really want to do. The person with big dreams is
always way ahead of those who have none".

Amelia Earhart.

1.1 Overview and Motivation
According to the World Health Report by the WHO and the World Bank, around 1 billion
people worldwide will experience a temporary or permanent disability at some point in their
lives, representing approximately 15% of the global population. Of this total, between 110
and 190 million face severe difficulties in their daily lives, and the vast majority encounter
constant obstacles. These figures underscore the need to address the physical, social, and
economic barriers that hinder the full integration of these individuals into society (Bank,
2011).

The term "disability" encompasses all impairments, limitations, and restrictions in partici-
pation. It also refers to the negative aspects that arise from the interaction between a person
with a health condition and their contextual factors, whether environmental or personal.
This interaction, along with attitudinal and environmental barriers, prevents individuals with
different abilities from fully and effectively participating in society on an equal basis with
others.

One way to reduce the level of mobility disability is through rehabilitation programs,
where a physiotherapist commonly attends to a patient for a set period of time. However,
these programs face several issues, such as long waiting times in medical institutions, which
prolong the recovery period and increase costs. Additionally, due to the continuous increase
in the number of people with disabilities, the demand for specialized personnel is essential.

An alternative that has proven to be efficient is the use of robotic devices during rehabili-
tation therapies. In this context, medical and rehabilitation robotics has emerged, aiming to
apply advanced technologies (mechanical engineering, electrical engineering, artificial intelli-
gence, sensor and actuator technology, control, etc.) for the rehabilitation and assistance of
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people with disabilities, seeking to restore their independence. This is how wearable robots
have emerged through interaction with humans. These portable devices are used by people
to complement, replace, or enhance the function of the limb they are used on (Pons, 2008,
Desplenter et al., 2020, Morone et al., 2020).

In recent decades, the development of wearable robotic devices has been particularly
focused on robotic exoskeletons, which offer innovative solutions for a variety of issues in
the fields of rehabilitation and human assistance. These devices are designed to provide
mechanical support, increasing both the strength and endurance of the user, thus aiding in
the rehabilitation of patients with reduced mobility and enhancing the quality of life for those
with physical disabilitie (Choutri et al., 2023; Clark et al., 2019; Gandolla et al., 2021).

However, the mechanical design of exoskeletons presents several challenges. One of the
main issues is the need to create structures that are both robust and lightweight, to avoid
adding excessive weight that could cause fatigue to the user. Additionally, they must be
ergonomic and adjustable to accommodate different body types and allow natural movements
without causing discomfort or injury. The materials used must be durable and resistant to
wear, while the movement mechanisms must be precise and fluid to effectively replicate human
movements (Asad et al., 2023; Coorey et al., 2022; Elayan et al., 2021; P.-h. Huang et al.,
2022; Y. Liu et al., 2019).

The control of these devices demands advanced systems capable of interpreting and
responding to user signals in real-time. This entails integrating sensors and control algorithms
capable of swiftly processing information to coordinate the exoskeleton’s actuators. Latency
and response precision are critical to ensure safe and efficient operation, particularly in medical
and rehabilitation applications. Furthermore, considerations like adaptability to varying user
needs, intuitive interfaces, and incorporation of machine learning techniques for predictive
control could further enhance device functionality and user experience (Aichaoui and Ikhlef,
2022; Aole et al., 2022; Fei et al., 2017; Fellag et al., 2017; Palazzi et al., 2022; Qureshi and
Mudassir, 2021; Yu et al., 2023)

Finally, the evaluation of robotic exoskeletons is crucial to ensure their effectiveness and
safety. This involves conducting comprehensive tests both in controlled environments and
in real-life situations, involving end-users, to validate their performance. Additionally, it is
essential to identify potential areas for improvement and ensure that the devices meet users’
expectations and needs. Evaluation criteria should not be limited to technical performance
but should also encompass aspects such as comfort, ease of use, and overall impact on users’
quality of life. These factors contribute to the continuous evolution of these devices (Catalán
et al., 2023; Costanzi et al., 2023; H. K. Kim et al., 2021; La Bara et al., 2021; Moulaei et al.,
2024; Pérez et al., 2022; Vélez-Guerrero et al., 2021; Yurkewich et al., 2019).

The use of exoskeletons in rehabilitation holds great promise for enhancing therapies for
patients with functional diversity. These devices emerge as tools that will not only benefit
patients but also streamline the work of physiotherapists by enabling precise, repetitive,
and intensive therapies. Therefore, current development efforts are focused on creating
exoskeletons that are lightweight, precise, and easy to handle, ensuring the safety of both
patients and the medical staff operating them.
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To achieve this goal, it is essential to leverage cutting-edge technologies such as compu-
tational tools, innovative materials, and advanced manufacturing processes. Furthermore,
integrating artificial intelligence and machine learning systems could enhance the exoskeleton’s
adaptability to the specific needs of each patient, thereby optimizing therapy outcomes, among
other possibilities.

Moreover, interdisciplinary collaboration among engineers, physicians, therapists, and
end-users is crucial for developing exoskeletons that meet the highest standards of quality
and effectiveness. This holistic approach not only ensures the safety and efficacy of the device
but also fosters continuous innovation in the field of technology-assisted rehabilitation.

1.2 Thesis objectives
Design and develop a bio-inspired 5-degree-of-freedom exoskeleton to provide passive rehabili-
tation therapy for the upper limbs of individuals with physical disabilities (with limited range
of motion). This device is designed to be used on the lateral aspect of the upper limb, facili-
tating natural movements of the shoulder (internal-external rotation, abduction-adduction,
flexion-extension), elbow (flexion-extension) and wrist ((abduction-adduction).

• Use a user-centered and task-oriented design methodology to establish the development
process of the exoskeleton, based on the premise that the robot has two users: the
patient and the physiotherapist.

• Design the exoskeleton for upper limb rehabilitation using CAD and CAE software, and
create its virtual digital twin.

• Design and implement a methodology to optimize the mechanical design of the exoskele-
ton using a multi-objective metaheuristic approach.

• Perform the mechanical analysis of the designed exoskeleton using finite element analysis
with specialized software to determine its safety factor.

• Obtain and validate the kinematic (forward, inverse, and differential) and dynamic
model of the designed device.

• Design and implement control strategies by incorporating therapeutic routines for the
upper limb, using simulation environments.

• Design and implement robust control strategies to optimize gains in controllers applied
to rehabilitation exoskeletons.

• Design a human-robot interface that serves as a channel of interaction between the
physiotherapist and the exoskeleton.

• Manufacture a physical prototype of the designed device using 3D printing technologies
and lightweight materials.

• Design and implement a validation methodology for the designed device in clinical
settings, assessing the performance of the exoskeleton as well as the usability, satisfaction
level, and perceived workload by users and physiotherapists.
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• Analyze the obtained results and draw relevant conclusions.

1.3 Outline
This document is structured into the following chapters:

1. In Chapter 2, the state of the art addressed in this thesis is examined, focusing on
areas such as methodologies for mechanical design of exoskeletons, controllers applied
to exoskeletons, and the evaluation of exoskeletons in rehabilitation.

2. In Chapter 3, the mathematical fundamentals underpinning this thesis are detailed,
addressing aspects related to human anatomy and physiology, mathematical modeling,
biomechanical models, automatic control strategies, among others.

3. In Chapter 4, the implemented development methodology is addressed, along with its
application in the mechanical design phase to obtain the virtual digital twin and create
the physical digital twin.

4. In Chapter 5, the detailed results obtained from the application of the methodology are
presented, including mathematical modeling, control strategies, validation in simulation
environments, and the development of the human-robot interface.

5. In Chapter 6, a comprehensive evaluation of the designed exoskeleton is conducted in
a clinical environment, showcasing the results of usability, satisfaction level, workload
index, and robot performance.

6. In Chapter 7, the robust control strategy applied to a 7 DOF rehabilitation exoskeleton
is presented, which includes the use of a sliding mode controller with an exponential
reaching law, along with its experimental implementation.

7. In Chapter 8, the relevant aspects deserving attention in this work are discussed.

8. In Chapter 9, the conclusions regarding the main contributions of this thesis are presented
and future work is discussed.
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1.4 Related publications
The following are the publications related to the thesis that have been produced.

Articles
Table 1.1: Article 1.
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Details
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Details
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Chapter 2

State of the art

"The universe doesn’t just have one history, but every possible history".

Stephen Hawking.

Rehabilitation exoskeletons constitute a dynamic and multidisciplinary field that has experi-
enced significant growth in recent years. In this context, this chapter provides a comprehensive
overview of the latest advances related to their mechanical design, motion control, and clinical
evaluations conducted. The aim is to explore current trends, pending challenges, and emerging
opportunities in this constantly evolving field.

2.1 Introduction
According to the World Health Organization in 2019 (Cieza et al., 2020), 2.4 billions people
experienced conditions that could benefit from rehabilitation services (1 in 3 impaired people
globally). Between 1990 and 2019, there was a 69.4% rise in the population living with
disabilities. Among the disability leading causes worldwide are: musculoskeletal disorders and
strokes (Organization., 2022), which lead to limited functional capacities, especially in aspects
related to mobility. For example, annually worldwide, a stroke occurs every 3 s according to
data from the World Stroke Organization (2022), and the average is 12.2 million new cases
(Zhao et al., 2023).

Promoting well-being in the population is one of the sustainable development goals, and
rehabilitation plays a crucial role in this regard. This health service is gaining increasing
relevance as it applies to people with various conditions throughout different stages of life and
across various levels of care. Its primary objective is to improve individuals’ functioning and
mitigate their disabilities, keeping them as independent and active as possible (Organization.,
2024). The rehabilitation services objectives are patient-centered and aimed at gaining
independence, where physical rehabilitation is a fundamental treatment in functional recovery.

Current rehabilitation treatments are usually expensive and the lack of medical personnel
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weakens their efficiency. Within these treatments, robotic-assisted rehabilitation has proven
to be efficient, because it allows personalized treatments (repetitive and precise movements)
to be performed and their intensity to be increased (Moulaei et al., 2023, Choutri et al.,
2023). Examples of these devices are exoskeletons, which are serial robotic systems based on
bio-inspired models (similar in shape and functions to the human body) that are externally
attached to the user (Rocon and Pons, 2011, Pons, 2008).

Some of the main benefits of these devices include increased repeatability and precision
in rehabilitation treatments, assistance to medical specialists, the ability to treat multiple
patients with a single therapist as supervisor, timely use can reduce rehabilitation times, and
the possibility of offering personalized therapies, among other (Asad et al., 2023; Buccelli
et al., 2022; Clark et al., 2019; Coorey et al., 2022; Dalla Gasperina et al., 2022; Elayan
et al., 2021; Gandolla et al., 2021; P.-h. Huang et al., 2022; Y. Liu et al., 2019; Palazzi et al.,
2022; Postol et al., 2021; K. Zhang et al., 2018). However, their presence and use in medical
environments is still limited. The main causes are that they are not compact enough, they do
not comply with safety standards and/or regulations and they do not have feedback for the
patient or the therapist.

To address these issues and achieve greater acceptance in clinical environments, exoskeletons
must use multidisciplinary methodologies for their development (Struijk et al., 2022). These
methodologies must be immersed in “know-how” (user-centric and task-focused) throughout
the development process of these devices, which includes mechanical design, mathematical
modeling (biomechanical models), bio-inspired simulation, human–machine interface and
experimental testing. Its goal is to provide devices that are able to adapt to different patients,
allow repetitive movements to be generated and also present a good interaction with the user
(Aole et al., 2022).

According to Moulaei et al in (Moulaei et al., 2023), the robots in physical rehabilitation are
used to rehabilitate diseases such as stroke, multiple sclerosis and cerebral palsy, among others.
The same study highlights eight areas of disability in order of frequency, where the first three
that can also receive rehabilitation through robots are the upper limb, wrist and fingers. Their
main goal is to improve musculoskeletal functions (strength, sensation, perception, vibration,
muscle coordination, spasticity, flexibility and range of motion).

According to the English national quality standard, patients who have suffered a stroke
must receive therapies for a minimum of 45 min 5 days a week, and there are three phases
where the robots are used according to their modes of operation (Zhao et al., 2023):

• Assistive mode (active rehabilitation, 1–7 days). The robot provides all limb movements
through passive control (passive trajectory following, passive reflex and passive stretch),
passive activated control and partially assisted control (impedance, admittance control,
attractive force field, model-based assistance and online adaptive control). Generally,
controllers with high gains are used (adjusting these gains should not harm the patient,
avoiding muscle strains).

• Corrective mode (passive rehabilitation, 1 week to 6 months). The robot accompanies
the movements of the limb through tunneling and coordination control.
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• Resistive mode (passive rehabilitation, 6 months and on). It opposes the movement of
the limbs, using spring and damper methods.

Due to the nature of the application (physical rehabilitation) for exoskeletons, compre-
hensive multidisciplinary methodologies must be used (considering the knowledge of their
developers, patients and medical specialists). The main challenges and ideal solutions when
developing this type of robot are the following (Gull et al., 2020; Palazzi et al., 2022; Zhao
et al., 2023):

• Motion compatibility: design kinematic compatibility with the human body.

• Discomfort: design joint alignment between the exoskeleton and the joints of the wearer.

• Singularity problem of the mechanical system: design powerful control approaches or
mechanical designs with constraints.

• Control: technical complexity (which entails high costs both in development and imple-
mentation) requires constant calibrations and adjustments to ensure optimal performance
(which can be demanding for both therapists and patients). Some algorithms may require
a significant amount of time to be learned and adapted, among other aspects.

• Cost: design using instrumentation for cost-effectiveness (computational resources,
sensors, actuators).

• Human–robot interaction: measure the interactions between the human and the ex-
oskeleton (visual, tactile and auditory).

• Sensing and estimation: (1) At the lower level, proprioceptive sensors are used in feedback
control to estimate the physical state/properties of the exoskeleton (joint position, speed,
acceleration and engine torque). (2) At a higher level, exteroceptive sensors are used
to define task-oriented interpretation of sensor data and enable integration of sensor
information across space and time to facilitate planning.

Due to the challenges mentioned above, most of the proposed design methodologies only
consider a design point of view as well as a mode of operation in the interface, which limits
usability for users. In addition, very few exoskeletons comply with ranges greater than 50%
of the ranges of motion of the healthy human and above all do not consider biomechanically
viable solutions for them, which limits the therapeutic routines they can perform.

Other challenges encompass the creation of control algorithms adaptable to the individual
needs of patients, and, above all, the assessment of exoskeletons in real-world environments.
So, the challenges related to mechanical designs, control systems, and the evaluation of
rehabilitation exoskeletons will be addressed in the following sections.

2.2 Design Methodologies for Robotic Exoskeletons
During physical rehabilitation treatments, practical and biomechanically effective devices are
required to enable manual activities. Therefore, to increase their adoptability, usability and
safety, various methodologies have been implemented to develop exoskeletons, highlighting
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those based on bio-inspired models and real scenarios (Buccelli et al., 2022; Cruz Martínez
and Z.-Avilés, 2020; Tröster et al., 2020). For these reasons, developing an exoskeleton is
a multidisciplinary challenge that requires the collaboration of patients, medical specialists
and exoskeleton developers.

Due to the physical nature of the application, certain robotic challenges are presented.
One way to address them is through designs based on evolutionary robotics, which according
to Alattas et al. in (Alattas et al., 2019), aims to design automatically adaptive autonomous
robots that can evolve to perform a specific task while adapting to environmental changes. One
method for designing and implementing evolutionary robots is through modular robotics, whose
main characteristics are versatility, robustness, low cost, self-assembly, self-reconfiguration,
self-repair and self-reproduction.

In addition to the methods to design robots, other aspects that are strongly related the
performance of exoskeletons are the following: the selection of the manufacturing material
(strong, rigid and light), the manufacturing method (conventional or additive) and the
performance method (power capacity, torque–weight ratio and precision) (Hussain et al.,
2021).

In the field of rehabilitation robotics, it is highly desirable to have exoskeletons that are as
light as possible, to reduce loads and benefit the movements to be performed by patients, thus
generating a design optimization problem. Responding to this type of problem is challenging,
because you must choose the most effective process capable of providing an optimal result.
However, today, no theoretical method has been found that helps in the selection of such a
process; therefore, designers depend on their knowledge and experiences.

The typical methods for solving such problems are classified into heuristics and metaheuris-
tics. According to Peres et al. in (Peres and Castelli, 2021), the latter can solve optimization
problems efficiently and flexibly because they do not have “strong” links to any specific
problem. Also, optimal solutions to given optimization problems will be found if a balance is
found between the following two aspects:

1. Exploration: This aims to identify promising areas in the search space with high-
quality solutions.

2. Exploitation: This intensifies the search in a good region (solutions with excellent
quality) of the search space to find a better solution.

In the same previous study, optimization problems are divided into two categories: Con-
tinuous decision variables can generate an infinite number of valid solutions. Combinatorial
or discrete decision variables have a finite number of solutions and this number depends on
the requirements of the problem and its solution representation).

It is essential to consider the time it takes for an algorithm to provide the final solution,
since in most combinatorial problems the computational complexity for the search space is
usually exponential with respect to the size of the input. However, the success of metaheuristic
algorithms is due to the fact that they are usually inspired by some characteristics found
in nature. Although there is no evidence that there is a standardization for the design and
implementation of these algorithms, in general a metaheuristic experiment considers the
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following steps (Peres and Castelli, 2021):

1. Objectives definition: Aims to define the experiments’ drivers, goals and research
questions.

2. Design: Aims to specify, plan and prepare the experiment; it includes defining the
measures and terminology, determining the metaheuristics, defining the parametrization
tuning strategy and determining the report format.

3. Execution: Aims to experiment, running each configuration and collecting its data.

4. Conclusion: Aims to analyze the results of the experiment.

Optimization can be performed throughout the different stages of the product life cycle
through simulations using their digital twins (DTs), and in most cases the proposed methods
seek to satisfy multiple objectives. This process is computationally demanding and one way to
approach it is through sequential optimization, since it allows for finding optimal solutions in
the different application stages. The constraints of the target functions for optimization must
be precise and well defined, because the performance of the final optimal design depends on
them (Dinh et al., 2021). Neglecting them can produce economically optimal but structurally
unacceptable designs or vice versa (Papavasileiou and Charmpis, 2016).

In engineering, this aspect must be taken into account during the mechanical design
stage and is known as topology optimization (TO); its objective is to obtain an optimal
design (minimize or maximize one or several specific characteristics of the design). TO is a
multidisciplinary field in which disciplines such as mathematics, mechanics and computer
science play a key role in the design (Meza et al., 2015). While TO is capable of producing
high-performance designs, one of its challenges is the physical production of the generated
models because the manufacturing method must be able to produce them, or constrain
the complexity of the geometry itself and establish a compromise between complexity and
performance (T. Wang et al., 2023).

Some of the main requirements of rehabilitation devices are (1) light weight (this benefits
the movements made by patients, reduces loads and allows for the selection of compact sensors
and actuators), (2) ergonomic design (the robot must be compatible with human kinematics)
and (3) automatic control strategies compatible with their application. The first requirement
can be achieved through topological optimization by mechanical design: Table 2.1 shows
some examples of assistance and rehabilitation robots to which some type of optimization
was applied to meet the assigned task.
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Table 2.1: Optimization of bio-inspired designs

Reference Device Design Requirements Studies and Tools Used Results
Greco et al.
in (Greco et
al., 2023)

Exo for wrist
reh.

Design: prototype for an
adult. Movement: wrist FE
and ulnar/radial deviation.
Requirements: lightweight,
ungrounded and soft.

Optimization: design and se-
lection of materials and compo-
nents (3D manufacturing).

Applicability in performing pas-
sive and active reh. The device
weighs 0.13kg and the exercises
were performed with an average
error= 0.98◦.

Vélez et al.
in (Vélez-
Guerrero
et al., 2021)

Exo to
support au-
tonomous
neuromotor
reh.

Wearable robotic exo (E-FE)
with autonomous artificial
intelligence-based control.
Requirements: lightweight,
compact, modular and
replicable.

The prototype was tested in
controlled environments an-
thropometrically and with tra-
jectory tracking.

Features device: weight= 988g,
motion range= 0-135◦ and also
can regulate the angular veloc-
ity. It attaches via external sen-
sors and its average response
time is 366 s.

Delgado et al.
in (Delgado
et al., 2021)

Bio-exo for el-
bow reh.

The task-based synthesis
method is proposed to gen-
erate the 3D movements of
E-FE.

The elbow joint is analyzed
through a motion capture sys-
tem to develop the bio-exo.

The exo does not need to align
with the corresponding limb
joint to generate the desired
anatomical movement. The er-
ror is X = 0.0574, Y = 0.01132
and Z = 0.0804 inches.

Ning et al.
in (Ning et
al., 2022)

8 DOF reh
exo (shoulder,
elbow and
wrist).

The structural parameters
of the shoulder joint are
optimized to maximize the
range of motion of the UL
(anatomical and physiologi-
cal).

Kinematic analysis is used to
track the position of the gleno-
humeral shoulder joint and re-
duce the human-machine force
interaction.

The exo can satisfy the patient’s
shoulder, elbow and wrist range
of motion.

Heidari et al.
in (Heidari
et al., 2018)

Thumb exo
design.

The design process is a task-
based methodology adapted
to the body.

The design methodology has
three stages: (1) motion cap-
ture, (2) dimensional kinematic
synthesis and (3) link optimiza-
tion. which satisfies a set of
performance requirements.

A prototype of the Bricard
mechanism was obtained, whose
translation error varies from 1
to 3 mm.
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Reference Device Design Requirements Studies and Tools Used Results
Zeiaee et al.
in (Zeiaee et
al., 2019)

CLEVERarm:
8 DOF UL reh
exo (shoulder,
elbow and
wrist).

Optimization consists of
achieving minimum volume
and maximum dexterity in
the workspace. Focused
on shoulder design, maxi-
mizes usability and improves
portability.

The formulated multi-objective
optimization problem is solved
in two stages, using a genetic al-
gorithm and the weighted sum
approach.

A model of the spherical series
link in the shoulder and A new
index for the effective character-
ization of the kinematic dexter-
ity of wearable robots.

Sanjuan et al.
in (Sanjuan
De Caro
et al., 2022)

Assistive
robot
mounted on
a wheelchair
(6 DOF serial
manipulator).

Optimal link length selec-
tion of the robot to mini-
mize the torque demands of
each joint while increasing
the workspace coverage.

The proposed algorithm acts as
an objective function, which is
optimized using a genetic algo-
rithm for each torque measure-
ment.

The mean square pair (QAT)
optimization produces the least
workspace with the minimum
overall torques of all the joints.

Zhou et al.
in (X. Zhou
and Zheng,
2021)

Occupational
UL exo for
aerial lifting
activities.

A commercial exo was used
and a musculoskeletal model
of the upper extremities (5
DOF) was integrated for vir-
tual human evaluation of the
exo design and control.

Different assistance methods
were evaluated to examine their
biomechanical effects on mus-
culoskeletal loading, including
interaction forces and moments,
muscle activations and joint re-
action moments and forces.

Results suggest the effectiveness
in reducing biomechanical load-
ings; exo could reduce maxi-
mum loading on the shoulder
joint by up to 46%. Active as-
sistance goes beyond the passive
assistance approach.

Li Gao et al.
in (L. Gao et
al., 2022)

UL exo cam
mechanism
for reh.

The global optimization was
performed with adaptive
non-dominated sorting ge-
netic algorithm-II (NSGA-
II).

A mathematical model for a
cam mechanism was estab-
lished to accurately restore the
physical model of the exo mo-
tion trajectory, and then opti-
mization was applied. The cam
mechanism was tested under
dry friction.

The Pareto optimal solution
sets of dynamic characteristic
parameters of the cam mecha-
nism were obtained, which im-
proves the performance of the
exo
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Based on the information presented in the previous tables and considering requirements 1
(lightweight) and 2 (ergonomic design), a comprehensive multidisciplinary methodology is
proposed for the development of an exoskeleton intended for upper limb rehabilitation. The
contributions of this methodology are as follows:

• A design methodology that integrates the points of view of clients, designers and the
community, to perform the process of topological optimization and design validation.

• The medical robot achieved is lightweight, highly modular and features safety levels
ensuring its proper functionality during passive therapies. Moreover, it covers at least
80% of the upper extremity workspace for a healthy individual in most movements. As a
result, it facilitates the execution of a broad spectrum of therapeutic routines without
compromising patient mobility.

• The exoskeleton offers three operational modes, and the mathematical model imple-
mented for therapeutic routines ensures feasible and comfortable solutions for patients
and medical specialists alike.

• A human-robot interface based on "know-how" was developed, incorporating the use of
virtual and physical digital twins.

• The device validation involved movements with patients. It was approached from a
teaching and replication perspective, utilizing typical therapeutic routines employed at
the initiation and conclusion of a physical rehabilitation treatment for individuals with
limited upper limb mobility.

Therefore, mechanical design focuses on creating robust and ergonomic structures that
adapt to human anatomy, ensuring comfort and functionality. Additionally, a rehabilitation
device must include control systems that manage the interaction between users and the
exoskeleton, ensuring that it is effective and safe. The synergy between design and control
allows for the development of exoskeletons that not only support and amplify the user’s
movements but also dynamically adapt to specific therapeutic needs, thus improving reha-
bilitation outcomes. The following section provides a brief description of the landscape of
control approaches implemented in rehabilitation that ensure these points.

2.3 Control Systems in Rehabilitation Exoskeletons
Control systems in rehabilitation exoskeletons present both advantages and disadvantages.
Among the advantages, their ability to provide personalized motor assistance stands out,
adapting to the individual needs of each patient, typically through trajectory tracking (Ali
and Tokhi, 2018; Aole et al., 2022; Fei et al., 2017; Fellag et al., 2017; Mahmoud and Saidi,
2022; Palazzi et al., 2022; Qureshi and Mudassir, 2021). This customization enhances the
effectiveness of rehabilitation and accelerates recovery. However, achieving these benefits
requires precise and secure interaction between the user and the exoskeleton, thereby reducing
the risk of injuries and improving patient comfort during therapy sessions. Table 2.2 provides
examples of control approaches implemented in rehabilitation.
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Table 2.2: Features exoskeletons

Reference Modeling Controller Trajectories
Mahmoud et al in (Mah-
moud and Saidi, 2022).
ULE for children. APP:
REH.

2 active DOF (ULE of 7
DOF)-Dynamic and strongly
nonlinear (considers modeling
errors).

Sliding mode (PI). Control: ro-
bust model-based and adaptive.

Tracking: yes. Type: Smooth si-
nusoidal θ(t) = A sin(ωt+ ϕ) + β

Fei et al. in (Fei et al.,
2017). ULE for Chinese
male adults. APP: REH.

D-H model kinematics of
6 DOF. Model-free Control
method

PID and robust time delay esti-
mation based intelligent PID con-
trollers. CS: Matlab/Simscape.

Tracking: yes. Type: NM

Ali et al in (Ali and Tokhi,
2018). ULE

2 active DOF (Exoskeleton of
5 DOF))

A fuzzy-based PD controller and
PID.

Tracking: yes. Type: NM.

Fellag et al (Fellag et al.,
2017) 5 DOF ULE. APP:
REH.

Characterization of an approx-
imated model based on experi-
mental knowledge using MAT-
LAB Toolbox.

SMC vs PID. PID gains are
tuned using MATLAB Control
System Designer SISO tool

TT (instructed by a therapist)

Palazzi et al in (Palazzi
et al., 2022). APP: REH
or P&P

2 DOF shoulder and elbow
flex/ext.

Impedance control Dynamic movement primitive to
record, play back and customize
trajectories in the task space

Qureshi et al in (Qureshi
and Mudassir, 2021) ULE
of 3 DOF (shoulder, el-
bow, wrist)

Kinematic model (D-H con-
vention) for flexion and ex-
tension. Nonlinear equations
of motion for the exoskeleton
(Euler-Lagrange)

SMC and a high gain observer
(HGO) is incorporated to esti-
mate the states of the system

Tracking the trajectories in the
presence of parametric variation
and constant undesired distur-
bance.

Aole et al in (Aole et
al., 2022) ULE of 2 DOF
(shoulder and elbow)

2 DOF model in the sagit-
tal plane (Euler-Lagrange
method).

PID vs Active disturbance rejec-
tion control (ADRC) requires the
nominal information of the plant.

The trajectory amplitude was
0.7855 rad/s with an external pa-
rameter variation perturbation of
+20%.

Gonzalez et al in
(González-Mendoza et al.,
2022). ULE APP: REH

3 DOF Passive therapy: PD controller
with gravity compensation. Ac-
tive therapy: admittance control

Passive therapy: Tracking (type:
NM).
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Considering the application of exoskeletons in rehabilitation, the main challenges can be
divided into two groups: a) those that come from their physical characteristics and b) those
that come from their application. The former address aspects of the engineering design for
the physical components, workspace and kinematic/kinetic models of the robot. The latter
contemplate aspects related to the nature of rehabilitation treatments, such as: precision
(personalized treatments), physical assistance by the physiotherapist (resistive or assisted
therapy), coupling between the robot and the patient (generates highly nonlinear systems
with changing dynamic models), among others (Gull et al., 2020, J. Wang et al., 2021).

These latter aspects are challenging for developers, as they require automatic control
strategies that ensure compliance while also providing security to users. Traditionally, the
controller gain tuning has been done heuristically or based on the biomechanical properties
of a given patient group. However, the following drawbacks are present: a) they limit the
applications of the exoskeleton to small user groups and b) they are time-consuming and
tedious (J. Wang et al., 2021). Therefore, there is a need to devise approaches for the automatic
determination of controller parameters, taking into account the intricacies of the systems
along with their model uncertainties and external disturbances, such as human-exoskeleton
interaction.

To solve this issue, some authors have developed control strategies based on: previous
measurements and/or experimentation (neural networks and/or fuzzy logic). Nevertheless,
they are susceptible to variations and the characteristics of the tasks to be performed (Belov
et al., 2022, Habiba et al., 2022, Al-Waeli et al., 2021, de Medeiros and Muñoz, 2022). Robust
control algorithms have been implemented where the parameters are not straightforward to
adjust heuristically (Aichaoui and Ikhlef, 2022, Yu et al., 2023, Safira et al., 2023, Bembli
et al., 2021, Broad et al., 2020, Ratiba et al., 2022). Therefore, it is necessary to implement
control approaches based on metaheuristic optimization that can be adapted in real time to
different users. These algorithms allow to find more efficient configurations for the controller
than traditional methods, so that the tuning of these robust controllers maintains the stability
of the system.

This type of approach can overcome the drawbacks of the approaches mentioned above,
so the key steps for this approach are outlined below:

1. Establish an objective function.

2. Optimizer Selection.

The optimization procedure entails identifying the most favorable values for a predefined
set of parameters within a particular system. This aims to meet specified criteria while
taking into account the minimal or maximal associated cost. Therefore, the first step can be
defined through one or more objective functions, or through a weighted objective function,
which must be conveniently selected according to the optimization objective (minimization or
maximization).

In the second step, direct methods (response surface method, gradient descent, etc.)
or swarm-based methods (evolutionary algorithms, EAs) can be used. Direct methods are
sensitive to noise which reduces their performance, and they also have the following limitations:
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solutions based on a single criterion, converging to local optimal and issues related to an
unidentified search space. Meanwhile, the swarm-based methods have shown an excellent
performance concerning the former (J. Wang et al., 2021, Samala, 2023, Silawatchananai and
Parnichkun, 2019, Amiri et al., 2019).

Lately, the particle swarm (PS) algorithm has emerged as one of the EAs utilized for
optimizing controller parameters in exoskeletons, due to the following characteristics (J. Liu
et al., 2021, Soleimani Amiri et al., 2020, Sreejeth et al., 2023):

• Its simplicity and high convergence speed.

• It does not need any assumptions about the problem to be optimized.

• It can explore extensive solution spaces.

• It possesses the capability to handle intricate complex nonlinear systems with a high
number of dimensions and challenges in dynamic optimization across diverse domains.

• It doesn’t demand a precise dynamic model or accurate system parameters beforehand.

• A limited number of parameters that require adjustment.

• It exhibits a high likelihood and efficiency in discovering global optima.

Despite the qualities that the PS algorithm presents, it also has some disadvantages
(Belkadi et al., 2017, J. Liu et al., 2021, Soleimani Amiri et al., 2020, Han et al., 2022):

• The time required for convergence might be extended, potentially leading to undesirable
chattering phenomena in a control context.

• The potential problem of early convergence could hinder the ability to adapt to sudden
changes in the system and the environment.

• There is a risk of early convergence, leading to entrapment in local optima.

Therefore, it is imperative to choose a robust controller capable of meeting these challenges.
Such a controller should meet the following fundamental characteristics (Ratiba et al., 2022,
Wu et al., 2014, Fitzsimons et al., 2020, Saveriano et al., 2023, Dehio et al., 2022): robustness
to external disturbances and model uncertainties, noise in the measurements, and set-point
stability. The earlier is since exoskeletons are systems coupled to different users while
performing different tasks, the second is because of the dynamic model approximations and/or
simplification of the real system, and the latter is due to the physical characteristics of the
exoskeletons.

SMC is a well-recognized robust control approach designed to handle uncertain dynamics
(Narayan et al., 2022, G. Zhang et al., 2022, Silawatchananai and Howimanporn, 2020,
Mahmoud and Saidi, 2022). This controller offers several advantages, including rapid response
to changes over time, resilience to changes in parameters, and ease of implementation.
Nonetheless, it has as its main disadvantage the presence of chattering. An alternative that
has been used to simultaneously reduce chattering and the reaching time is the inclusion
of an exponential function as reaching law (Komurcugil et al., 2022, Brahmi et al., 2020).
Employing this exponential scope law does not compromise the robustness of the SMC.
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To tackle the mentioned aspects, along with addressing the issues of chattering and
trajectory tracking in the control scenario, the robust SMC with an ERL controller was chosen
in this study (Fallaha et al., 2010). Whose design process is described below:

1. Select the sliding surface S based on the tracking error.

2. Select the reaching law that facilitates the convergence of the error vector to the sliding
surface.

This controller involves two control gains to suppress chattering and address response
speed. Typically, gains are selected through trial and error regarding the chattering amplitude
versus reaching time. To tackle the aspect associated with gain selection, this work suggests
the following contributions:

• Propose online tuning of gains using ERL and the metaheuristic algorithm PSO in an
exoskeleton (highly nonlinear system).

• Implement the robust control algorithm PSO-ERL in a 7-DOF exoskeleton for online
gain tuning for trajectory tracking (allowing the exoskeleton controller to adapt online
to changes in users’ morphology and motor skills).

• Conduct experimental validation of the proposed control algorithm on healthy subjects
exhibiting diverse physiological characteristics.

Considering that the effective performance of rehabilitation exoskeletons is inherently
linked to their mechanical design and control system, it is essential to conduct a thorough
evaluation of these elements. This assessment should extend beyond mere measurements of the
device’s mechanical efficiency and accuracy, also encompassing its impact on the interaction
dynamics between the user and the exoskeleton, as well as its ease of use. Therefore, a brief
literature review focusing on the evaluation of rehabilitation exoskeletons is presented below.

2.4 Evaluation of Robotic Exoskeletons in Rehabilita-
tion

Currently, the use of exoskeletons in the field of rehabilitation shows great potential, offering
new opportunities to improve the mobility and quality of life for people with physical
limitations. Their effectiveness lies in the ability to provide personalized and adaptable
biomechanical support, allowing users to perform controlled and functional movements
(Gandolla et al., 2021, Longatelli et al., 2021, Semprini et al., 2022, La Bara et al., 2021).
This capability not only immediately enhances mobility but also accelerates the recovery
process, especially in patients with neurological or musculoskeletal injuries.

Therefore, assistive or rehabilitation devices are typically evaluated by measuring their
performance. The most commonly used metrics include ranges of motion (Yurkewich et al.,
2019, the level of assistance Yurkewich et al., 2019, Z. Zhou et al., 2021), and the application
of different controllers (Costanzi et al., 2023, Morishita and Murakami, 2023, McDonald et al.,
2020, Vélez-Guerrero et al., 2021, Z.-J. Chen et al., 2021).
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To achieve this, it is crucial that robotic technology is easy and appealing to use Lambelet
et al., 2020. One way to accomplish these aspects is by considering feedback from end users
during both the design and evaluation stages (Khan et al., 2022). However, evaluation remains
a challenge, primarily when measuring ease of use, due to the diversity of user actions and
perspectives involved. Among the main obstacles to acceptance are the complexity of the
controls (which generally require specialized knowledge or training for use and functionality),
and the cognitive workload (Moulaei et al., 2024, La Bara et al., 2021).

When devices have low usability, it is common for users to experience frustration during use.
This can result in limitations in functionality and cause errors, inefficiencies, and a reduction
in productivity, thus negating the intended benefits of these technologies. To overcome
these obstacles and fully leverage these devices (ensuring effective use and optimizing user
satisfaction), it is essential to integrate end-user evaluations at various stages of development
(La Bara et al., 2021, Barrera-Gálvez et al., 2017, Villarejo et al., 2018, Moulaei et al., 2024,
Meyer et al., 2019, Halim et al., 2022, Struijk et al., 2022, Khan et al., 2022). This approach
can significantly impact the quality of life by improving usability, increasing satisfaction,
comfort, and user experience (Meyer et al., 2019, Halim et al., 2022). Implementing this
approach can help bridge the gap between laboratory prototypes and clinical applications. A
notable example of this integration is the CYBATHLON event, where teams consisting of
technology developers from universities, companies, or NGOs, along with individuals with
disabilities, tackle various everyday tasks using their latest assistive technologies.

Although some evaluations focus on physical interaction variables, most use protocols
with subjective aspects, such as questionnaires, to assess user perception during the execution
of a training task. This practice is appropriate since these devices are based on user-centered
designs, meaning their evaluation is directly related to user experience (Meyer et al., 2019,
Moulaei et al., 2024). For instance, in surgical fields (Cha et al., 2020) and industrial settings
(Franco et al., 2023, Moreno Franco et al., 2023, Franco et al., 2024, Ostuni et al., 2023), the
main evaluations conducted include usability, functionality, user experience, workload index,
satisfaction, among others. In the field of rehabilitation, the evaluations are generally similar;
however, the application conditions and users have special characteristics. Nonetheless, in all
cases, the data collected in these evaluations are essential for understanding user feedback,
identifying areas for device improvement, and ultimately enhancing user experience. All of
this aims to increase the acceptance and adoption of such robots in the long term.

Evaluation of Exoskeletons in Rehabilitation Contexts: A Systematic
Review
Given the complexity of assistive devices, it is crucial to evaluate them from a multidimensional
perspective that encompasses key aspects such as performance, usability, satisfaction level,
and workload. These evaluations should be conducted under real-use conditions, taking into
account the experience and feedback of the users involved. To improve the consistency of
measurements, it is essential to use questionnaires based on international standards.

In the realm of usability and human-computer interaction ergonomics, the ISO/IEC 9241
standard stands out, developed by ISO (International Organization for Standardization) and
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IEC (International Electrotechnical Commission). This standard aims to enhance the user
experience when using digital products or services, ensuring they are intuitive, efficient, and
satisfying. Its implementation ensures usability, efficiency, and user satisfaction, positively
impacting the quality and competitiveness of the products and services offered.

Part II of the ISO 9241 standard defines usability as the effectiveness, efficiency, and
satisfaction with which specific users achieve specific goals in a particular environment. This
implies that products and services designed according to this standard should facilitate the
achievement of goals effectively and efficiently, providing a satisfactory experience for users
where:

• Effectiveness: refers to the accuracy and completeness with which a user achieves a
specific goal in a particular context. This means that users perform a defined set of
tasks, and the success or failure rate in their execution is measured.

• Efficiency: is described as the relationship between the resources used and the accuracy
and complexity of the goals achieved. This involves measuring the time participants
invest in completing tasks.

• Satisfaction: refers to the comfort and acceptance of the system by users and other
individuals impacted by its use. It serves to evaluate usability in a broad sense.

Some studies reporting the evaluation of different assistive devices are shown in Table 2.3.
According to the Table 2.3, usability is generally evaluated through subjective assessments
that qualitatively analyze assistive technologies. The System Usability Scale (SUS) is one
of the most common methodological tools in user experience for this purpose. However,
customized metrics and questionnaires designed specifically for the characteristics of the
evaluated devices are also employed.
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Table 2.3: Evaluation Metrics and Evaluating Subjects

Ref. Description Evaluations and Metrics Evaluators
LocationMedical personnel Patients

Device Others Number
and type

Details Number and
type

Details

Catalán
et al. in
(Catalán
et al.,
2023)

Compare an UL
Exo (NESM-β,
which includes
a pronation-
supination module
and a hand ex-
oskeleton) with
an external ma-
nipulator (Jaco®

robot produced by
Kinova, Boisbriand,
Canada).

Unspec Workload: NASA-TLX
Qs. Hybrid interface
EEG/EOG to evaluate
ADLs. UE: Cm, Sf and
Rb (LikS Qs). Custom
Qs based in 5-point LikS
(8 items).

Unspec Unspec. 10 Impaired
participants (5
females and 5
males): Neuro-
logical condition
(Ec, Stro, TBI,
SCI, CP, MS,
MD).

Age: 52±16 years.
ADLs (Drinking and
pouring task).

Northern Ire-
land

Verdel
et al. in
(Verdel et
al., 2022)

Quantify the in-
fluence of 3 dif-
ferent physical in-
terfaces applied to
the ABLE active
UL Exo: a strap
with no DOF, a
thermoformed or-
thosis with 1 DOF
(translation), and
one with 3 DOF
(translation and ro-
tations).

Interaction
efforts (forces
and torques).
Kinematic
parameters
(10 infrared
cameras).

ELM measurements
(muscular activity, RMS)
y subjective feelings
(semi-directed Qs with
6 items based in a LikS
(Cm, Ab-m, Acc))

Unspec. Unspec. 18 healthy right-
handed subjects
(11 females and 7
males).

Age: 25±6 years old,
height: 171.9 ±7.9 cm,
weight: 64.8 ±11 kg,
arm length 28.6±2.8
cm, forearm length:
25.3 ±1.8 cm and hand
length: 19.2±1.3 cm.
Blocks of 15 flexion
and 15 extension elbow
movements with an am-
plitude of 60 degrees.

Unspec.

Kim et al
in (H. K.
Kim et al.,
2021)

Develop an assess-
ment tool (usab
and user value) for
the Exowalk® (HR-
02, HMH Co. Ltd,
South Korea) LL
Exo and gait rehab
training.

Usab (Qs: Reh
Eff, Tr, Ov-Sat)
and User value
(Qs: S-d and
Secu).

Unspec. 38 Thera-
pists

Who assisted
in the use of
the Exo

102 Reh patients
(64 males and 34
females): 51 us-
ing Exo and 51
under the ETP
without robots

Age: 56 ±22.53 years.
Each subject: 20 ses-
sions, 5 times a week
within a 4-week span
(30-minute walking
practice session).

Dongguk
University Il-
san Hospital,
Chungnam
National
University
Hospital,
and Seoul
National
University
Bundang
Hospital in
South Korea.
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Ferrero et
al in (Fer-
rero et al.,
2022)

Evaluate the accep-
tance of an EEG
and EOG brain-
machine interface
used by the LL
Exo H3 (Technain,
Spain).

Sat (QUEST
2.0)

Workload (NASA-TLX
(by patients)), perceived
effort at different times
during each session (Borg
Rating of Perceived Ex-
ertion Scale.)

Unspec. Unspec. 2 patients who
had suffered an
incomplete SCI
(from National
Hospital of
paraplegics of
Toledo.)

Males, Age: 37 and
59 years old, Height:
1.73m and 1.74m,
weight: 79 kg and 74
kgs. EEG and EOG
equipment were used.
Patients completed 14
trials across various
sessions (mean session
duration ≈ 2.5 hours.

Spain.

Alguacil
et al in
(Alguacil-
Diego et
al., 2021)

Detail the usab, ac-
cep, and ov-accep
of a hybrid exo de-
signed for passive
UL Reh (ExoFlex).

Usab (SUS Qs) Sat (custom clinician Qs
(5 items are rated on a
5-point LikS)).

Unspec. Unspec. 7 patients (6
females and 1
male). Patients’
Injuries: SS, TF,
TS, SPT, FS, ST,
RCT and STen.

Age: 50-79 years old.
The test consisted of a
series of passive mobi-
lizations of the affected
UL (shoulder flexion,
shoulder abduction and
shoulder elevation with
an intermediate aper-
ture angle).

Clinic Center
of Getafe
(Madrid,
Spain)

Dalla et al
in (Dalla
Gasperina
et al.,
2022)

Evaluate the usab
and efficacy of the
AGREE reh plat-
form for improving
arm deterioration
after stro.

Usab of the
AGREE system
(SUS Qs)

Therapist: Usab of the
AGREE system (SUS
Qs)

2 phys (from
clinical cen-
ter).

The phys
were trained
to use the
AGREE
platform.
Halfway
through the
reh interven-
tion with the
first patient,
the SUS Qs
was adminis-
tered.

2 groups of 16
subjects each:
CG (performing
conventional
physiother-
apy) and EG
(performing
AGREE-assisted
reh). 15 sessions
of 45 minutes of
arm training 3
times a week.

Unspec. Casa di Cura
del Policlin-
ico, Milan,
Italy.
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Perez et al
in (Pérez
et al.,
2022)

The design and de-
velopment process
of Exogames (vir-
tual reality exercise
game) is reported,
as well as the eval-
uation of its poten-
tial for physical and
emotional reh. Ex-
ogames works with
Nukawa, a LL reh
robot. Together,
they constitute the
general Kina sys-
tem.

Unspec. Initial stage (survey de-
signed ad-hoc, 13 health
professionals). Second
evaluation (standardized
surveys (SUS Qs, Phys-
ical Activity Enjoyment
Scale (PACES- 18 items
evaluated on a 7-point
LikS), and the Game
Experience Qs (GEQ, 6
items evaluated on a 5-
point LikS)

Initial stage:
13 health
profession-
als. Second
assessment
round: 5
phys

Initial stage:
11 of them
were phys and
2 were speech
therapists.
All had a
specialization
or Master’s
degree, over
4 years of
professional
experience,
and ages
between 25
and 44 years
old. Second
assessment
round (evalu-
ated the Kina
system): 3
females and 2
males, all of
them with a
postgraduate,
over 9 years of
professional
experience,
and ages
between 30
and 37 years
old, with
an average
height of
1.68m and
an average
weight of 73
kg. None of
them partici-
pated in the
1st assess-
ment round

1 male with a
lower limb am-
putee.

Subject had completed
his reh and prosthesis
adaptation processes,
whose academic level
is Baccalaureate. Fea-
tures: 51 years old,
1.62m and 75 kg. He
didn’t participate in the
1st assessment round

Medellín,
Colombia.

25



D
EIR

A
SO

SA
M

EN
D

EZ

Ref. Description Evaluations and Metrics Evaluators
LocationMedical personnel Patients

Device Others Number
and type

Details Number and
type

Details

Gandolla
et al in
(Gandolla
et al.,
2021)

Evaluate an assis-
tive UL Exo con-
trolled by multi-
modal interfaces for
severely impaired
patients.

Externally-
assessed func-
tional benefit
(performance of
ULs module),
self-perceived
functional
benefit assessed
(ABILHAND
Qs) and system
usab (SUS Qs)

Unspec. Unspec. Unspec. Participants were
recruited from in-
patients and out-
patients services:
14 patients (1
female and 13
males)

Age: mean 21 years
(range 15-53 years).
Participants had a high
degree of disability,
with a median Mus-
cular Rating Council
index at the Deltoid
level equal to 1.00
(IQR 1.00), and at the
Biceps Brachii equal
to 1.00 (IQR 0.50).
These values indicated
that patients could
not move their arms
even in the absence of
gravity.

Scientific
Institute
IRCCS E.
Medea and
Rehabilita-
tion Insti-
tute Villa
Beretta.

Park et al
in (Park et
al., 2020)

Evaluate the dif-
ferences in clinical
and kinematic
outcomes between
active (Armeo®

Power, Hocoma Inc,
Zurich, Switzer-
land) and passive
(Armeo® Spring
robot, Hocoma Inc,
Zurich, Switzer-
land) robotic reh
among stro sur-
vivors.

Usab of the
robots through
interviews
with patients,
therapists, and
physiatrists.

The primary WMFT-
score and -time: mea-
sures activity, and sec-
ondary FMA and SIS
scores: measure impair-
ment and participation,
respectively; kinematic
outcomes. Evaluate the
benefits of two types
of therapies administered
through different types of
exos.

Unspec. Unspec. First group: 10
patients (ACT).
Second group: 9
patients (PSV).
Both group are
stro survivors
with UL dysfunc-
tion

First group: age (54.9
± 10.7), time after
stro onset (11.8 ± 11.0
month), hemiplegic side
(right=6 subjects and
left=4 subjects), sex (2
females and 8 males).
Second group: age
(53.9 ± 16.7), time af-
ter stro onset (9.6 ± 4.5
month), hemiplegic side
(right=5 and left=4),
sex (1 females and 8
males). Groups in a 1:1
ratio and administered
20 sessions of 30-min
robotic intervention (5
days/week, 4 weeks).

National Re-
habilitation
Center in
South Korea.26
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Longatelli
et al in
(Longatelli
et al.,
2021)

Evaluate functional
improvement in
patients with MD
using 2 commercial
arms: a passive de-
vice (Jaeco’s Wrex)
and a semi-active
device (Armon
Ayura).

Eff with an
externally-
assessed scale
(performance of
the UL-PUL-
module), a
self-perceived
scale (Abilhand
Qs), and a usab
scale (SUS).
Significant
functional
gain for PUL
module (Fried-
man’s test and
Abilhand Qs).
Moreover, PUL
changes were
compared by
means of the
Friedman’s
test.

Unspec. Unspec. Unspec. 36 patients (4
females and 32
males). Par-
ticipants from
in-patients and
outpatients ser-
vices at IRCCS
E. Pathology:
DMD (16 pa-
tients), BMD
(8 patients),
LGMD2 (10 pa-
tients) and CMD
(2 patients)

Age (years): 30 [19.5-
54], DMD: 19 [15.5-
21.5], BMD: 52 [38.5-
58.5], LGMD2: 54 [31-
57], CMD: 56 [51-61].
Dominant arm: right
(31) and left(5). MRC
deltoid: 2.00 [0.5-3].
MRC biceps brachii:
2.00[1.5-2.75]

IRCCS E.
Medea and
Villa Beretta
Rehabilita-
tion Center.

Nann et al
in (Nann
et al.,
2020)

Examined the
fea, sf, and u-fr
of EEG/EOG-
based brain/neural
robotic control in
stro survivors using
NESM-β.

Fea (descriptive
statistics). U-
fr and Sf (Cus-
tom Qs (7 items
are rated on a 5-
point LikeS))

Unspec. Unspec. Unspec. 5 patients (1
female and 4
males): Post-
stroke patients
with severe hemi-
paresis.

Age: 39-69 years. Im-
paired limb: 1 right and
4 left. Time since injury
6.2 ± 5.8 years. They
performed a drinking
task (including reach-
ing, grasping, manipu-
lating, and drinking).

Campus
Bio-Medico
University of
Rome, Italy.

Van et al
in (van Di-
jsseldonk
et al.,
2020)

Aassess the
amount, pur-
pose, and location
of exo use in the
home and commu-
nity environment,
without any re-
strictions (ReWalk
Personal 6.0, a
wearable robotic
exo from ReWalk
Robotics).

Participants
kept a daily
logbook, and
completed
two UE Qs
(D-QUEST and
SUS).

Unspec. Unspec. Unspec. Patients with
complete SCI.
14 patients (7
females and 7
males)

Age (mean [min, max]
years): 29 [24-49], time
post injury (mean
[min, max]): 6.25
[0.75-27], neurological
level of SCI (thoracic,
median [min–max]):
Th9 [Th4–L1], classi-
fication of SCI level
(low (Th7–12)/high
(Th1–6)): 8/6, AIS*
(A/B): 13/1.

Unspec.
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Lambelet
et al in
(Lambelet
et al.,
2020)

It presents the
development,
characterization,
and portability
evaluation of a
fully portable exo
for active wrist
extension/flexion
support in stro
reh (the exo is
composed of 2
modules placed on
the forearm/hand
and the upper
arm.)

wearability,
usab (SUS),
device eval-
uation (SUS
customized
with 32 items
that includes
aspects as
learnability,
efficiency, mem-
orability, errors
and sat.)

Workload experienced
during a task (RTLX)

Unspec. Unspec. Healthy (15 sub-
jects: 7 females
and 8 males)
and stro sur-
vivors subjects
(2 males)

Healthy subjects: Age
(mean age: 26±3.4,
ranging: [22, 33] years),
Handedness: 8 right-
handed, 5 left-handed
and 4 ambidextrous.
Stro survivors: Age (68
and 52 years), both
left-arm impaired and
both suffered a haem-
orrhagic stro 167 and
113 months ago, re-
spectively, handedness:
both right-handed.

Zurich

Semprini
et al in
(Semprini
et al.,
2022)

It identifies the end-
users needs and
to develop a user-
centered-based
control system for
the TWIN LL exo
to provide post-stro
reh.

Usab, accep
and barriers to
usage. Before
and after all
testing (wear-
ing the exo)
and observa-
tion (observing
another person
testing the
TWINActa)
custom Qs con-
sisting of semi-
structured
interviews and
the SUS with a
5-point LikS

Unspec. T2 group: 5
internal clin-
ical experts.
A panel of
4 external
health pro-
fessional
experts.

T2 group:
3 physical
therapist, 1
expert neu-
rologist and
1 bioengineer.
The panel
of external
health profes-
sional experts
observed the
T2 session
and provided
a further
feasibility
evaluation of
the system.

5 post-stro pa-
tients (5 males)

age (years): 53.4 ±
9.0, body mass (kg):
77.4± 11.0, body height
(cm): 173.6 ± 4.2, thigh
length 35.5–47.5 cm,
shank length: 40.5–48.5
cm, pelvis width 69–99
cm, shoe size 36–45.

Milan, Italy.

Meyer
et al in
(Meyer et
al., 2019)

Evaluate a novel
fixation system de-
signed with a focus
on paraplegic users,
which is used in the
LL Exo: VariLeg.

Usab (SUS Qs
with a 5-point
LikS)

UE (custom Qs focus-
ing on the long-term use
of the Varileg (7-point
LikS)). Local discomfort
heat map (to assess the
wearing comfort during
the execution, it was de-
signed on the basis of sim-
ple pain rating scales and
it was rated on a 7-point
LikS)

Unspec. Unspec. Native Ger-
man speakers:
Paraplegic (2
subjects) and
healthy (5 sub-
jects)

Paraplegic: males, ages:
57 and 40 years old,
height: 1.77m and
1.83m, weight: 85 kg
and 77 kg. Healthy:
males, ages: 25 ±
2.3 years, height: 1.82
± 0.003, weight: 76.6
± 5.2 kg). Session
duration≈ 60 min

Unspec.
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Perez et al
in (Pérez-
Rodríguez
et al.,
2019)

It evaluates the
usab, accep and
UE of the FriWalk
robotic walker from
the patients and
clinical profession-
als’ perspectives.

Usab (SUS
Qs, patients
and clinical
profesional)

UE (UE Qs, only clin-
ical professional), accep
(Technology Acceptance
Model with 12 items, pa-
tients and clinical pro-
fessional) and a cus-
tomized short qualitative
interview for the clinical
proffesionals and patients
respectively (3 items).

1 clinical
profes-
sional.

The clinical
professional
responsible
for the ad-
ministration
of the func-
tional decline
prevention
treatment
based on
the FriWalk
completed
the SUS Qs
monthly.

2 groups: CG
and IG. CG:
20 subjects (13
females and 7
males), IG: 22
subjects (14
females and 8
males). Only IG
group did the
evaluation

13 patients partici-
pated in the evaluation
of the system in terms
of usability, UE and
acceptance since CG
participants did not
have the opportunity to
use the FriWalk during
the clinical pilot. CG:
age (75-85 years=6 sub-
jects, +85 years=14),
setting: Acute care
unit-ACU (18 subjects)
and Orthogeriatric
Unit-OU (2 subjects).
IG: age (75-85 years=7
subjects, +85 years=15
subjects), setting:
Acute care unit-ACU
(19 subjects) and Or-
thogeriatric Unit-OU
(3 subjects)

Getafe
University
Hospital, lo-
cated in the
South of the
Autonomous
Community
of Madrid.
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SUS consists of a 10-question questionnaire with reliable and valid results, where each
question is scored from 1 to 5, with 1 being "Strongly Disagree" and 5 being "Strongly Agree".
Scores range from 0 to 100, with usability considered high if scores exceed 80 points, while
scores below 70 are classified as low usability. To measure usability, Lewis and Sauro in (Lewis
and Sauro, 2009) recommend a minimum of 12 participants. This same number is supported
by Julious in (Julious, 2005), arguing that 12 participants are adequate for the sample size
per group when designing a clinical trial, based on feasibility, precision around the mean and
variance, as well as regulatory considerations..

Another variable highlighted in the evaluations is workload, which uses the NASA TLX
protocol as a technique to reduce variability in subjective ratings. This multidimensional
technique allows organizations to measure workload, understood as the effort required by
a human operator to achieve a certain level of performance. In this context, workload is
defined based on the interaction between task requirements, the circumstances in which it is
carried out, and the skills, behaviors, and perceptions of the operator (Barrera-Gálvez et al.,
2017). This index utilizes indicators such as effort, frustration, mental load, temporal load,
and stress to assess the relationship between usability and utility in human-robot interaction
systems (HRpI).

A prominent standard in interface evaluation is ISO/IEC 25010:2011, which provides
guidance for evaluating various quality aspects in software products and systems. This
standard is essential for ensuring that these products and systems meet the requirements and
expectations of the end user. Among the quality characteristics defined in this standard are
functionality, reliability, usability, efficiency, maintainability, portability, and security.

When it comes to assessing device performance, the most common methodology involves
analyzing its accuracy, repeatability, and reproducibility. For this reason, in this study, we
will focus on measuring these aspects using the Root Mean Square Error (RMSE). This error
is calculated by applying therapeutic movements, both simple and complex, to a variety of
patients with different motion specifications.

Therefore, the main contribution of this work lies in the comprehensive evaluation of the
usability of an exoskeleton designed for upper limb rehabilitation, conducted in a clinical
environment (real application conditions). This analysis covers two fundamental aspects: 1)
the application of standardized and customized questionnaires, based on quality standards,
directed at both users and physiotherapists, which involves subjective and quantitative
evaluations; and 2) the assessment of the device through the performance of simple and
complex movements, both in simulation and real conditions. All these evaluations were carried
out during rehabilitation sessions under real conditions.

In the following sections, the methodology for developing a robotic rehabilitation exoskele-
ton as a mechatronic product will be detailed, covering from identifying the need to obtaining
the physical prototype and evaluating it in clinical settings. Its mathematical foundation
will be explored, along with its implementation in both software and hardware, and finally,
evaluation will be conducted in real-world environments.
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Chapter 3

Mathematical foundations

"Knowledge is power".

Francis Bacon.

In this section, the theoretical foundations supporting the proposed methodology for
the development of an upper limb rehabilitation exoskeleton are presented. Fundamental
aspects are explored, encompassing mechanical design and its topological optimization, along
with innovative manufacturing methods. Additionally, mathematical/biomechanical models
describing the system’s behavior are analyzed, as well as optimal control systems applied in
physical rehabilitation, with a focus on the physical interaction of the exoskeleton with the
human body. Human-robot interfaces and usability evaluation methods are also considered.

3.1 Design Fundamentals
Mechanical Design

Mechanical design plays a vital role in crafting machinery, devices, or systems by applying
engineering and design principles to tailor solutions meeting specific requirements, from
conception through to production. Emphasizing interdisciplinary collaboration and leveraging
advanced technologies like simulation and computer-aided manufacturing are pivotal for
generating innovative and efficient mechanical solutions (Norton, 2016; Shigley et al., 2019;
Juvinall et al., 2013).

Typically, the design process adheres to an iterative cycle, with its primary stages outlined
as (Norton, 2016):

• Precisely define the problem to be addressed.

• Set clear and attainable objectives from a functional standpoint.

• Ideation and invention encompass the analysis of machinery kinematics and dynamics
to devise mechanisms that fulfill specific functions and yield novel devices. This process

31



DEIRA SOSA MENDEZ

entails defining performance specifications, delineating what the system must achieve,
and design specifications, outlining how it should be executed.

• Select a design that is potentially viable and feasible.

• Develop a prototype based on the chosen design.

• Perform validation tests on the developed prototype, spanning from basic operation and
observation of its functionality to the precise measurement of specific variables.

• Production of the final version of the device.

To assess the device’s reliability through stress analysis, various types of stresses are
identified (Mott et al., 2006).

• Static stress: arises when a consistent load is steadily applied to a component without
causing any impact. In such cases, both the maximum stress (σmax) and the minimum
stress (σmin) are equal, with a stress ratio R =1.0.

• Reversed and repeated stress: This phenomenon entails alternating between equal
magnitudes of tension and compression in consecutive cycles. In this scenario, σmin =
−σmax, with a stress ratio of R = −1.0, and an average stress of zero.

• Fluctuating stress: The component undergoes alternating tensions with an average
value that is not zero.

All design methodologies must define the correlation between the stress exerted on a
component and the material strength it will be manufactured with, while taking into account
service conditions. The objective is to achieve a suitable design factor N (safety factor) to
guarantee the component’s integrity during operation. The primary methods for predicting
failures are outlined in Table 3.1 (Mott et al., 2006).

Table 3.1: Methods of failure prediction. Information taken from (Mott et al., 2006)..

Method Type of stresses Type of Materials
Maximum normal stress Uniaxial static Brittle
Modified Mohr Biaxial static Brittle
Yield strength Uniaxial static Ductile
Maximum shear stress Biaxial static Ductile
Strain energy Biaxial or triaxial Ductile
Goodman Fluctuating Ductile
Gerber Fluctuating Ductile
Soderberg Fluctuating Ductile

According to the literature, the most accurate method for estimating failures in ductile
materials is the distortion energy method, as it considers stresses under static loads or for
normal, shear, or fully reversible combined stresses. This method introduces the concept of
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"Von Mises stress" (σ′), which is calculated for biaxial stresses with maximum and minimum
principal stresses (σ1 and σ2), as shown in equation (3.1) (Mott et al., 2006).

σ
′ =

√
σ2

1 + σ2
2 − σ1σ2 (3.1)

A failure occurs when σ′ > sy, where sy is the yield strength. In the biaxial stress method,
it is required that the applied stress in the third orthogonal direction, σz, be zero. For design
purposes, the design factor N can be applied to the yield strength, and then equation (3.2)
can be used.

σ
′
< σd = sy

N
(3.2)

From (3.2), it can be seen that the safety factor is as shown in equation (3.3):

N = sy
σ′ (3.3)

Therefore, to ensure maximum accuracy in the results of this evaluation, it is imperative
to understand the service conditions to which the device is exposed.

Throughout the design process, it’s imperative to integrate human factors engineering.
This entails prioritizing the creation of devices that suit user needs, rather than requiring
users to adapt to the machine, a fundamental principle of ergonomics. This approach involves
considering a wide range of information about potential users, including body dimensions,
age, gender, ability to tolerate certain conditions, among others (Norton, 2016).

In the design of exoskeletons, user-centered prioritization is paramount, requiring careful
consideration of aspects pertaining to the kinematics and dynamics of the upper limb. Within
this framework, grasping how the device interacts with human motion is vital to enhance
its functionality and comfort. The subsequent section offers an in-depth exploration of the
pivotal factors influencing the design and efficacy of the exoskeleton.

3.1.1 Human anatomy and physiology: Upper limb kinematics
The human body is constituted as an organic entity that encompasses the head, the trunk, and
the upper and lower extremities. In these body segments, the anatomical elements consist of
bones, muscles, joints, and other tissues that collaborate in vital functions such as movement,
manipulation, and interaction with the environment (Drake et al., 2020; Tortora et al., 2002;
Netter, 2023).

The upper limb comprises fundamental joint and bone components that extend from the
shoulder (connecting the limb to the trunk) to the hand (the distal portion beyond the wrist
joint), including the arm (extending from the shoulder joint to the elbow joint), the elbow,
and the forearm (located between the elbow and the wrist joint), as visualized in Figure 3.1
(Drake et al., 2020; Kapandji, 2006; Pons, 2008).
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Figure 3.1: Anterior view of the upper limb. Figure adapted from (Drake et al., 2020).

Considering the above, generally seven degrees of freedom are recognized in the articular
chain of the upper limb. The standard anatomical position, used to describe the location of
bodily structures, is shown in Figure 3.2. In this position, the body is standing with the feet
together, the arms at the sides, the face looking forward, and the palms of the hands facing
forward, with the fingers straight and together (Drake et al., 2020; Pons, 2008).

Below are detailed the main physiological characteristics of the joints of the upper limb
(Kapandji, 2006):

• Shoulder Joint: This proximal joint stands out as the most mobile among all the
joints of the human body. It provides three degrees of freedom (DOF), allowing for the
following movements:

– Flexion (sagittal plane): It is the movement in which the arm is raised forward
and upward from the anatomical position. Its range of motion is 180◦ (it can also
be described as abduction of 180◦). See Figure 3.3 a) right.

– Extension (sagittal plane): Movement that takes the arm backward and downward
from the anatomical position. Its range of motion is 45◦ to 50◦. See Figure 3.3 a)
left.

– Abduction (frontal plane): It is the movement that involves moving the upper limb
away from the trunk. This movement can reach 180◦, with the arm positioned
vertically above the trunk. See Figure 3.3 b).
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Figure 3.2: Anatomical position, planes, and terms of location and orientation. Figure taken from
(Drake et al., 2020).

– Aduction (frontal plane): It is considered a movement opposite to abduction, that
is, directed towards the inner part. From the anatomical position, aduction is
not feasible unless it is associated with: a) an extension, allowing for very slight
aduction, or b) a flexion, which allows aduction to reach between 30 and 45◦ (see
Figure 3.3 c)). From any abduction position, aduction is termed "relative aduction"
and is always possible in the frontal plane until reaching the anatomical position.

– Longitudinal rotation: It is possible in any shoulder position and involves the
voluntary or associated rotation of joints that have three axes and three degrees of
freedom. Generally, this rotation is measured when the arm hangs vertically along
the body in the anatomical position (Figure 3.3 d: top view).

To carry out the following movements, the elbow must be flexed at 90◦.

– Internal rotation (transverse plane): It is a movement in which the arm rotates
inward or towards the body. Its range of motion is usually 100◦ to 110◦, and to
achieve it, the forearm must pass behind the trunk, which implies a certain degree
of extension in the shoulder. The freedom of this movement is crucial for the hand
to reach the back (see Figure 3.3 d, bottom right).

– External rotation (transverse plane): This is a movement in which the arm rotates
outward or away from the body. Its range of motion is typically 80◦ (see Figure
3.3 d, bottom left).
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Figure 3.3: a) Flexion-extension in the sagittal plane, b) Abduction in the frontal plane, c)
Adduction in the frontal plane, and d) Internal-external rotation in the transverse
plane. Figures taken from (Kapandji, 2006).

– Circumduction combines the fundamental movements around the three axes (see
Figure 3.4). When it reaches its maximum range, the arm describes the space of an
irregular cone, known as the cone of circumduction. This cone delineates in space
an accessible spherical sector, where the hand can grasp objects without the need
to move the trunk, allowing it to temporarily transport them towards the mouth.

• Elbow Joint: From an anatomical standpoint, this joint comprises solely a hinge joint.
However, physiologically, flexion-extension and pronosupination can be distinguished.
To measure the range of motion in these movements, the axis of the forearm aligns with
the extension of the arm’s axis.

– Flexion: It is the movement that brings the forearm forward, so that the anterior
surface of the forearm approaches the anterior surface of the arm. The range of
active flexion is 140− 145◦ (see Figure 3.5).

– Extension: It’s the movement that brings the forearm backward (refer to Figure
3.5). By definition, there’s no amplitude in the case of elbow extension. However,
relative extension is always possible from any position of elbow flexion. When an
extension is incomplete, it’s measured negatively.

– Pronosupinacion: It’s the rotation of the forearm around its longitudinal axis,
adding a third degree of freedom to the wrist joint complex. This movement is
only possible with the elbow flexed at 90◦ and close to the body.

Actually, when the elbow is extended, the forearm aligns with the arm’s extension,
and the forearm’s longitudinal rotation integrates with the arm’s rotation around
its longitudinal axis, facilitated by movements of shoulder external and internal
rotation.
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Figure 3.4: Shoulder movements in different planes. Figure taken from (Kapandji, 2006).
.

With the elbow flexed at 90◦:

∗ The anatomical position (see Figure 3.6 a)) is established with the thumb
pointing upward and the palm of the hand facing inward. From this position,
the amplitudes of pronosupination movements are assessed.

∗ The supination position (see Figure 3.6 b)) is achieved when the palm of the
hand is turned upward with the thumb pointing outward.

∗ The pronation position (see Figure 3.6 c)) is achieved when the palm of the
hand faces downward and the thumb inward.

Hence, the complete range of authentic pronosupination (involving solely the axial
rotation of the forearm) nears 180◦. This motion holds significant importance for
hand positioning control, crucial in activities like eating, protecting, and hygiene,
and plays a pivotal role in all manual tasks, particularly during work-related
activities.

• Wrist Joint: This joint constitutes the distal portion of the upper limb, facilitating
the hand’s ability to assume the optimal position for gripping. Initially, it possesses two
degrees of freedom (DOF), and the incorporation of pronosupination adds a third DOF.
This enables the hand to orient itself at any angle for grasping or holding objects. Its
movements encompass:
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Figure 3.5: Anatomical position of the elbow. Figure taken from (Kapandji, 2006).
.

Figure 3.6: Pronosupination of the elbow: a) Anatomical position, b) Elbow supination, and c)
Elbow pronation. Figures taken from (Kapandji, 2006).

.

– Flexion: Occurs when the anterior or palmar surface of the hand approaches the
anterior surface of the forearm.

– Extension Occurs when the posterior or dorsal surface of the hand approaches the
posterior surface of the forearm.

Active flexion and extension exhibit a range of motion of 85◦, as depicted in Figures
3.7-6 and 3.7-7. In passive flexion (Figure 3.7-8), it surpasses 90◦ in pronation
(100◦), while in passive extension (Figure 3.7-9), it exceeds 90◦ in both pronation
and supination (95◦).

– Adduction: Occurs when the hand approaches the body’s axis. Its range of motion,
as shown in Figure 3.7-4, is 45◦, measured from the line connecting the center of
the wrist to the distal portion of the third finger (dashed blue line).

– Abduction: Involves the hand moving away from the body’s axis. Its range of
motion, as shown in Figure 3.7-3, does not exceed 15◦.

Actually, the natural movements of the wrist are a combination of motions.
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Figure 3.7: Wrist movements. Figures taken from (Kapandji, 2006).
.

– Circumduction: involves the simultaneous combination of flexion-extension with
adduction-abduction movements in the wrist. This motion occurs concurrently
concerning the two axes of the wrist joint. At its maximum range, the axis of the
hand describes a conical surface in space, referred to as the circumduction cone
(Figure 3.8-10).

Biomechanics serves as the bridge between mechanical principles and those governing the
human body. Therefore, the following section will detail its main fundamentals.

3.1.2 Exoskeleton biomechanical modeling and simulation
Biomechanics integrates mechanical principles and methods into the analysis of the structure
and function of the human body. It is thus responsible for describing, analyzing, and
quantifying human movement, encompassing both kinematics, the study of how movement
occurs, and dynamics, which investigates its origins (Knudson, 2007; Lippert, 2006; Pons,
2008; Winter, 2009).

39



DEIRA SOSA MENDEZ

Figure 3.8: Wrist: Circumduction Movement. Figure taken from (Kapandji, 2006).
.

From this perspective, it is possible to represent human limbs as a parallel system to
wearable robots (known as kinematic compatibility). This is because the human body can
be conceptualized as a series of rigid segments connected by rotating joints. In this way, the
principles of continuous mechanics, such as conservation of mass and energy, can be applied
and specific equilibrium equations formulated to address the problem at hand (Zhao et al.,
2023; Pons, 2008; Mahmoud and Saidi, 2022; Fei et al., 2017).

To develop an approximate mechanical model of the human skeletal system, utilizing the
rigid body approach and upper limb anthropometry, Figure 3.9 serves as a reference. This
process entails taking into account the weights of different body parts and their corresponding
centers of gravity, as outlined in Tables 3.2 and 3.3.

Table 3.2: Segmental weight/body weight ratios from various studies. Information taken from
(Le Veau et al., 1991).

Source Braune % Dempster % Demster (adjusted) % Clauser %
Head 7.0 7.9 8.1 7.3
Trunk 46.1 48.6 49.7 50.7
Arm 3.3 2.7 2.8 2.6
Forearm 2.1 1.6 1.6 1.6
Hand 0.8 0.6 0.6 0.7
Upper limb 6.2 4.9 5.0 4.9
Forearm and hand 2.9 2.2 2.2 2.3
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Source Braune % Dempster % Dempster (adjusted)
%

Clauser %

Thigh 10.7 9.7 9.9 10.3
Leg 4.8 4.5 4.6 4.3
Foot 1.7 1.4 1.4 1.5
Lower limb 17.2 15.7 16.1 16.1
Leg and foot 6.5 6.0 6.1 5.8
Total 100.0 100.0 100.0 100.0

Table 3.3: Centers of mass: segment length ratio. Taken from (Le Veau et al., 1991).

Source Braune and Fischer % Dempster % Clauser et al. %
Whole body - - 41.2
Head - 43.3 46.6
Trunk - - 38.0
Arm 47.0 43.6 51.3
Forearm 42.1 43.0 39.0
Hand - 49.4 48.0
Upper limb - - 41.3
Forearm and hand 47.2 67.7 62.6
Thigh 44.0 43.3 37.2
Leg 42.0 43.3 37.1
Foot 44.4 42.9 44.9
Lower limb - 43.3 38.2
Leg and foot 52.4 43.7 47.5

The biomechanical model establishes a solid foundation for the design and control of robots
with similar limbs, such as exoskeletons. These devices, portable and external to the user, aim
to enhance or assist in physical movements. They are comprised of rigid elements, actuators,
and sensors, whose primary goal is to improve individuals’ strength, mobility, or endurance.
Consequently, their application spans a wide range of purposes, from aiding individuals with
physical disabilities to facilitating tasks such as lifting heavy loads for workers or optimizing
athletes’ performance (Siciliano et al., 2009; Correll et al., 2022; McKinnon, 2015).

Therefore, it is crucial to examine both the kinematics (direct and inverse) and dynamics of
the robot to carry out tasks precisely and coordinately, effectively and safely. The fundamentals
of these analyses within the field of robotics are then established.

Kinematic analysis

To enhance the design and control of exoskeletons, it’s crucial to grasp how they function
as multibody systems. Kinematic analysis involves scrutinizing the movement of each rigid
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Figure 3.9: Mechanical equivalent of an exoskeleton attached to the arm. Figure taken from (Olaya,
2009).

.

component of the robot concerning a reference frame. This analysis encompasses both forward
kinematics, which determines the position and orientation of the exoskeleton’s end given the
joint angles, and inverse kinematics, which calculates the joint angles needed to achieve a
desired position and orientation of the end effector (Barrientos et al., 1997; Craig, 2005; Pons,
2008; Winter, 2009; Siciliano et al., 2009; Lynch and Park, 2017); Khatib et al., 2019).

The method developed by Denavit-Hartenberg (D-H) is the most commonly employed
approach for solving the problem of forward kinematics in robotics. This technique outlines
both the geometry and kinematics of a robotic manipulator using standard parameters,
significantly simplifying the analysis and resolution of issues related to the robot’s motion. It
relies on the concept of homogeneous transformation matrices, which describe the relationship
between two adjacent bodies using the rigid body model. Within this framework, specific
coordinates and reference frames are defined at each joint of the robot, allowing for precise
calculation of the position and orientation of the robot’s end effector based on joint variables
(Barrientos et al., 1997; Craig, 2005). The general form of the transformation matrix between
two adjacent coordinate systems is represented as i−1Ai and is defined as:

i−1Ai =


Cθi −CαiSθi SαiCθi aiCθi
Sθi CαiCθi −SαiCθi aiSθi
0 Sαi Cαi di
0 0 0 1


Commonly, simplified models with 9 and 7 degrees of freedom are proposed to analyze the

kinematics of the rigid body in the upper extremity. The latter includes 3 degrees of freedom
for the shoulder, 2 for the elbow, and 2 for the wrist (see Figure 3.10). The associated D-H
parameters are detailed in Table 3.4, where the values of ai and di represent the constant
lengths of the body segments. The range of motion for each degree of freedom is determined
by the physiological range of the corresponding anatomical joint (described in Section 3.1.1).
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Figure 3.10: D–H notation for a human arm. Figure taken from (Pons, 2008).

Table 3.4: D-H parameters of the 7 DOF model of the upper limb. Taken from (Pons, 2008).

Joint βi αi ai di θi
Base 0 0 a0 d0 0
Shoulder (-90) medial rotation/lateral rotation (+90) -90 0 0 β1 + 90
Shoulder (-180) abduction/adduction (+50) +90 0 0 β2 + 90
Shoulder (-180) flexion/extension (+80) 0 l1 0 β3 + 90
Elbow (-10) extension/flexion (+145) +90 0 0 β4 + 90
Elbow (-90) pronation/supination (+90) +90 0 l2 β5 + 90
Wrist (-90) flexion/extension (+70) +90 0 0 β6 + 90
Wrist (-15) abduction/adduction (+40) 0 l3 0 β7

Once the D-H parameters have been established, it becomes possible to compute the
relationships between the adjacent links of the robot using the transformation matrices Ai.
By combining these transformations of successive joints, it becomes possible to determine the
final position and orientation using the matrix T=0A1,

1 A2, ...,
n−1 An. On the other hand,

relationships between non-adjacent links are derived through the matrices T, which result
from the product of a set of matrices A.

The purpose of solving the inverse kinematics problem is to find the values that the robot’s
joint coordinates, denoted as q = [q1, q2, ..., qn]T , must take so that the robot’s end effector
can be positioned and oriented according to a specific spatial location (Barrientos et al., 1997;
Siciliano et al., 2009; Lynch and Park, 2017; Spong et al., 2020).

The resolution of this problem is closely linked to the specific configuration of the robot,
which has driven the development of methods programmable based on its kinematics. However,
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these methods often resort to iterative numerical techniques, whose speed and convergence
assurance are not always guaranteed. Therefore, it is more appropriate to seek an analytical
solution through a mathematical relationship in the following form (Barrientos et al., 1997):

qk = fk(x, y, z, α, β, γ) (3.4)
k = 1, ..., n(GDL) (3.5)

This solution offers the following advantages:

• The problem is solved in real-time, for example, in trajectory tracking.

• Often, the solution to the inverse kinematics problem is not unique; that is, there are
multiple combinations that position and orient the robot’s end effector in the same way.
Therefore, employing a closed-form solution may involve certain constraints to ensure
that the obtained solution is the most suitable, such as limiting joint ranges.

Also common are the use of geometric methods, kinematic decoupling methods, or direct
manipulation of the equations associated with the forward kinematics problem. This latter
approach establishes the relationship:[

n o a p
0 0 0 1

]
= [tij]

Where the elements tij are functions of the joint coordinates [q1, ..., qn]T . Through the 12
equations posed, the n joint variables qi can be determined in terms of the components of the
vectors n,o,a,p.

Once the expression tij corresponding to the robot has been established, that is, the
matrix T that relates the reference frame S0 associated with the base to the reference frame
Sn associated with its end effector, and the expression of T has been obtained in terms of
the joint coordinates (q1, q2, q3), along with a presumed location of the robot’s end effector
defined by the vectors n,o,a,p, it is possible to manipulate directly the resulting 12 equations
from T to solve for q1, ..., qn in terms of n,o,a,p.

Jacobian analysis

In the previous sections, the kinematics of the robot have been described; However, the
forces or torques acting on the robot, which can generate its movement, have not been taken
into account. In this section, the fundamentals related to joint coordinate velocities will be
addressed, as well as the position and orientation of the robot’s end effector. The relationship
between these two velocity vectors is obtained through the Jacobian matrix. The following
points are highlighted (Barrientos et al., 1997):

• Direct Jacobian Matrix: Allows determining the velocities of the robot’s end effector
from the velocities of each joint.

• Inverse Jacobian Matrix: Allows determining the joint velocities necessary to achieve
certain velocities at the robot’s end effector.
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The most direct way to establish the relationship between the velocities of the joints and
those of the robot’s end effector is to differentiate the equations of the corresponding direct
kinematic model. Assuming that the equations solving the direct kinematic problem of an
n-degree-of-freedom robot are known:

x = fx(q1, ..., qn) (3.6)
y = fy(q1, ..., qn) (3.7)
z = fz(q1, ..., qn) (3.8)
α = fα(q1, ..., qn) (3.9)
β = fβ(q1, ..., qn) (3.10)
γ = fγ(q1, ..., qn) (3.11)

To obtain the inverse Jacobian, you can use the previously calculated Jacobian matrix (J).
Assuming that the matrix J is square, it is possible to determine its value for a specific robot
configuration and, by numerically inverting it, obtain the corresponding inverse Jacobian
matrix for that configuration. However, there may be sets of joint coordinates (q1, ..., qn) for
which the matrix J is not invertible because its determinant (the Jacobian) is zero. These
configurations are called singular configurations. Additionally, another problem may arise
if the Jacobian matrix is not square, meaning that the number of degrees of freedom of the
robot does not match the dimension of the task space. In such cases, the following situations
arise (Barrientos et al., 1997):

• When the number of degrees of freedom is less than the dimension of the task space (the
Jacobian matrix has more rows than columns), it indicates that the robot’s movement
is subject to certain constraints. This often occurs in cases where these constraints are
not relevant.

• When the number of degrees of freedom is greater than the dimension of the task space
(the Jacobian matrix has more columns than rows), it is known as redundant robots. In
this case, there are unnecessary degrees of freedom, meaning they do not need to be
moved to achieve the new positions or velocities required at the end effector.

In the case where the Jacobian matrix is not square, it is possible to use a pseudo-inverse
matrix, such as (JJT )−1. Another alternative to obtain the inverse Jacobian matrix is to
repeat the procedure for obtaining the direct Jacobian, but this time starting from the inverse
kinematic model.

Dynamic model

Dynamics involves studying the movement of a robot while taking into account the forces and
moments influencing it. In the context of articulated multibody mechanisms like portable
robots, dynamics entails analyzing motion in both configuration and workspace. This analysis
considers internal forces, such as torque in each joint actuator, and external forces, such
as interaction with the environment. As a result, a robot’s dynamic model comprises a
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mathematical representation that correlates applied forces and moments with the robot’s
positions, velocities, accelerations, and dimensional parameters (Barrientos et al., 1997; Craig,
2005; Pons, 2008; Siciliano et al., 2009; Lynch and Park, 2017)).

Equations of motion define how a system behaves over time. In robotics, the dynamic
model plays a crucial role in various tasks, including motion simulation, designing and assessing
mechanical structures, selecting actuators, and planning and evaluating dynamic control. Two
main types of dynamic models can be identified:

• Forward dynamic model: Develops a representation of how joint and workspace coordi-
nates change as forces and torques are applied. This model is defined as follows:

r̈ = f(F, T ) (3.12)

ṙ =
∫
r̈dt (3.13)

r =
∫
ṙdt (3.14)

• Inverse dynamic model: Presents the relationship between forces and torques with joint
coordinates over time. Its expression can be as follows:

F = g(r, ṙ, r̈) (3.15)

The methodologies most commonly used to obtain the dynamic model of a robot are
the Newton-Euler formulation, which utilizes vector functions, and the Lagrange-Euler
formulation, which employs scalar functions.

The dynamics of a robot can be represented in the joint space as follows, according to
(Craig, 2005):

M(q)q̈ + C(q, q̇)q̇ + F (q̇) +G(q) + τd = τ (3.16)

F (q̇) = Fuq̇ + Fd (3.17)

where: q ∈ Rn×1 is the vector of joint coordinates as a function of time, q̇ ∈ Rn×1 is the
vector of joint velocities as a function of time, q̈ ∈ Rn×1 is the vector of joint accelerations as
a function of time. M(q) ∈ Rn×n is a square inertia matrix representing the effect of joint
acceleration on the generalized torque, τ ∈ Rn×1. C(q, q̇) ∈ Rn×n is centrifugal and Coriolis
terms. G(q) ∈ Rn×1 is a vector of gravity-related forces. F (q̇) ∈ Rn×1 is the friction term,
Fu ∈ Rn×n is a matrix of viscous friction coefficients, Fd ∈ Rn×1 is the dynamic friction and
τd ∈ Rn×1 is disturbance (represents inaccurately modeled dynamics).

Determining friction coefficients in a robot is generally challenging. Therefore, the
mathematical model tends to be approximate, and the most common forms are:
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• Neglect the friction terms in Equation 3.16, resulting in the following dynamic model:

M(q)q̈ + C(q, q̇)q̇ +G(q) = τ (3.18)

• Unknown dynamics can be grouped within the disturbance term τd (see Equation 3.16),
thus the resulting dynamic model can be expressed as follows:

M(q)q̈ +N(q, q̇) + τd = τ (3.19)

where the effects of nonlinear terms are represented by N(q, q̇) as shown below:

N(q, q̇) = C(q, q̇)q̇ + F (q̇) +G(q)

3.1.3 Automatic Control
In previous sections, the procedure for deriving the kinematic and dynamic models of a robot
has been explained. These models are designed to implement control strategies that optimize
the precision of the robot’s movements. Next, the fundamentals of the main control strategies
will be discussed

Kinematic and dynamic Control
Kinematic control determines the trajectories that each joint of the robot should follow

over time to reach the goals defined by the user. These trajectories are chosen considering
the physical limitations inherent to the actuators and trajectory quality criteria, such as
smoothness or precision. The functioning of kinematic control is explained below, and its
scheme is presented in Figure 3.11 (Barrientos et al., 1997):

1. To specify the desired movement, input data are used, which may include: destination
points in coordinates (x,y,z,α,β, γ), the type of desired trajectory, the expected time or
velocity, endpoint accuracy, and Cartesian trajectory accuracy, among others.

2. Transforming the movement specification into an analytical trajectory in Cartesian
space, where the Cartesian coordinates vary over time.

3. Discretize the Cartesian trajectory to obtain a finite set of points along that trajectory.
Each point is represented by a tuple of six elements, commonly (x,y,z,α, β, γ).

4. Apply the inverse homogeneous transformation to convert each of these points into their
respective joint coordinates (q1,...,qn). It is crucial to consider during this procedure the
possibility of multiple solutions of the inverse homogeneous transformation, as well as
the potential absence of a solution and the presence of singular points, to ensure the
continuity of the trajectory.

5. The obtained joint points are then interpolated to generate a function qi(t) that passes
through or approximates them. This function, feasible for the actuators, is transformed
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into a Cartesian trajectory that aligns as closely as possible with the user’s specification
in terms of accuracy, speed, and other criteria.

6. Discretize the joint trajectory to create dynamic control references.

Figure 3.11: Operation of kinematic control (highlighted). Information taken from (Barrientos
et al., 1997).

There are infinite spatial trajectories through which a robot can move from an initial
point to a final one. The selection of the trajectory depends on various factors, such as its
simplicity, suitability, or relevance to the task the robot must perform. Among the most
common options are:

• Point-to-point trajectories: In this approach, each joint moves from an initial point to a
final one without considering the state or movement of the other joints. In other words,
each actuator positions its joint at the destination point in the shortest time possible.
Within this approach, two cases can be distinguished: single-axis movement, where
the joints move one at a time, and simultaneous axis movement, where all actuators
simultaneously displace the robot’s joints at a specific velocity each.

• Continuous trajectories: This strategy is employed when the user is familiar with the
trajectory followed by the robot’s end effector. In this case, the joint trajectories are
calculated based on the known spatial trajectory.

In the field of rehabilitation, it’s common for medical personnel to specify the movements
that the robot must perform, detailing spatial locations, velocities, or types of trajectories.
For the robot to effectively execute these movements, precise information about the initial
point, intermediate points, and final point is crucial. It’s essential for these points to be
sufficiently close to each other to ensure maximum possible accuracy. Therefore, it’s necessary
to implement interpolators that utilize functions (typically polynomials), whose parameters
are adjusted to the specific task conditions. The most commonly used interpolating functions
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in joint space are (Barrientos et al., 1997):

• Linear: consists of maintaining a constant velocity between each successive pair of values
(qi+1,qi) of the joint. Therefore, the trajectory between the points can be described by
Equation 3.20. This trajectory is continuous in position, but presents abrupt changes in
joint velocity, resulting in infinite acceleration in practice, which is impossible.

q(t) = (qi − qi−1) t− t
i−1

ti − ti−1 + qi−1, ti−1 < t < ti (3.20)

• Cubic: This trajectory is formed by a sequence of third-order polynomials, each valid
between a pair of consecutive points, and these polynomials exhibit continuity both
in position and velocity (known as splines). The equation describing the trajectory
between two adjacent points is shown in Equation 3.21 (assuming that the joint starts
and ends in a velocity-free situation).

q(t) = a+ b(t− ti−1) + c(t− ti−1)2 + d(t− ti−1)3, ti−1 < t < ti (3.21)

a = qi−1

b = q̇i−1

c = 3
T 2 (qi − ai−1)− 2

T 2 q̇
i−1 − 1

T 2 q̇
i

d = − 2
T 3 (qi − qi−1) + 1

T 2 (1̇i−1 + q̇i)

T = ti − ti−1

• Other interpolators: Various interpolation methods have been proposed to connect the
points of the trajectory using continuous functions, twice differentiable and computa-
tionally manageable. Among them, the use of sinusoidal functions stands out, which
ensure continuity in all derivatives and can have the following form:

q(t) = a+ bt+ c sin(ωt) (3.22)

The determination of the coefficients is conditioned by the position, velocity, and
acceleration constraints established.

Kinematic control selects trajectories that the robot ideally should follow in such a way
that they best fit the motion specifications given by the user. In practice, the robot’s motion
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depends on its dynamic characteristics (inertia, friction, backlash, etc.), which are often
unknown, leading to mismatches between the desired trajectory (qd(t)) and the measured
one (q(t)). Therefore, control algorithms aim to maximize the robot’s speed and precision
characteristics.

Consequently, the goal of dynamic control is to minimize the discrepancy between the
trajectory executed by the robot and the suggested trajectory by kinematic control. To
achieve this goal, the robot’s dynamic model is employed along with different controllers,
such as proportional integral derivative (PID) controllers or adaptive controllers. Due to the
inherent complexity of the robot, its dynamic model is often highly nonlinear, multivariable,
coupled, and with variable parameters. Therefore, in practice, it is common to use certain
simplifications to reduce the complexity of the control model, leading to reasonably acceptable
results.

Robot control can be performed in task or Cartesian space (when the robot comes into
contact with the environment and experiences reaction forces) or in joint space (where its
joint trajectories are controlled). In this context, the control techniques applied in joint space
are briefly described, which can be single-joint (disregarding interaction between the robot’s
DOF) or multi-joint (considering the robot as a multivariable system).

In practice, the quality of the drive systems achieves a linear relationship between the
control voltage (u) and the provided torque (τ) by the drive so that:

τ = ku (3.23)

Assuming the dynamic model of the robot is known, it is feasible to search for the control
voltage u(t) that generates a pre-established trajectory (q(t)). In practice, it is common to
employ a feedback control scheme, where the error is defined as the difference between the
desired position and the measured position in the robot: e = qd(t)− q(t) (see Figure 3.12).

Figure 3.12: Control algorithm scheme. Information taken from (Barrientos et al., 1997).

Since most robots have a single controller tuned for specific conditions, any change in these
conditions can affect their performance. Therefore, the effective application of a particular
controller requires a detailed understanding of the dynamic model and/or operating conditions
of the robot so that they can be properly adjusted to minimize errors in its performance.
However, in practice, the parameters defining the models are rarely known precisely, as the
robot’s conditions can change over time or when the robot is coupled to a user, as in the case
of exoskeletons. To address these types of challenges, adaptive control techniques emerge that
can be applied under various operating conditions.

50



Chapter 3. Mathematical foundations

The premise of adaptive control is to adjust in real time the parameters defining the
controller according to the instantaneous behavior of the robot, so that its movements always
approximate the desired specifications. There are different schemes of adaptive control;
however, all of them involve procedures for identifying the dynamic model of the robot and
algorithms for calculating the controller parameters. Some examples are:

• Adaptive control with reference model: It performs an online comparison between the
behavior of the real system and the desired one. The error between both behaviors is
used to modify the controller parameters.

• Self-tuning adaptive control: Continuously recognizes the system model and employs a
design algorithm to adapt the controller parameters.

3.1.4 Technology Integration
As previously observed, the development of a robotic exoskeleton involves the multidisciplinary
integration of various fields, with particular emphasis on robotics and biomechanics (as they
are human-centered devices designed to enhance the mobility and/or strength of their users).
Since this process is multidisciplinary and aims to create increasingly efficient, safe, and
tailored robotic exoskeletons to individuals’ specific needs, it is crucial to establish ongoing
interaction with users to obtain active feedback during their development. This process of
continuous integration of technologies and systems to create more comprehensive, efficient,
and versatile solutions is known as technological integration and plays a fundamental role in
the development of complex systems.

This approach involves the convergence of various disciplines such as computer science,
electronics, systems engineering, and artificial intelligence, which facilitates the creation of
innovative and multifaceted solutions. In this way, technological integration allows for the
maximization of available resources and enhances efficiency, productivity, and user experience
across various applications (Dian et al., 2020; G. Chen et al., 2020; Manickam et al., 2022;
Catchpole et al., 2024).

Digital Twin

A novel concept that establishes a connection between the digital and physical realms is
the digital twin (DT). According to the definition by Singh et al. (Singh et al., 2021), it is
described as "a dynamic and self-evolving model, or a digital/virtual simulation of a real-world
subject or object (whether it be a part, machine, process, human being, etc.), which accurately
represents the current state of its physical counterpart at any given time through real-time
data transfer and the preservation of historical records. Not only does the digital twin replicate
its physical counterpart, but any modifications made to the digital twin are also reflected in
the physical twin". This definition allows for the distinction of two types of DTs based on
when they are created:

Digital Twin Prototype (DTP): It includes the essential information needed to generate
a physical replica from a virtual version (CAD models, materials, etc.). It can undergo
various tests and analyses to identify potential undesired scenarios before the creation
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of the physical twin, with the accuracy of the simulation model being crucial for the
quality of the physical twin.

Digital Twin Instance (DTI): This type of digital twin arises during the production
phase and is connected to its physical counterpart throughout its lifecycle. This allows
for bidirectional data exchange between them, so that any modification in one will
automatically be reflected in the other.

DT technology is considered the cornerstone of Industry 4.0, as it offers a series of key
advantages, including error and uncertainty reduction, cost decrease in systems or processes,
rapid prototyping and product redesign, solution optimization, enhanced maintenance, in-
creased accessibility and safety compared to their physical counterparts, waste reduction,
training, high fidelity, and its multidisciplinary nature, among others (Singh et al., 2021; Li
et al., 2022; Baek, 2022; Mihai et al., 2022).

A DT is generated and utilized in the various stages of the product development process,
encompassing each of the following aspects (Söderberg et al., 2017):

Design Phase: Involves robustness and tolerance analysis, utilizing geometric representa-
tions of parts and kinematic relationships, along with finite element analysis to conduct
sensitivity and variation analysis.

Pre-production Phase: Serves as a foundation for inspection preparation, as well as for
offline programming of coordinate measuring machines and scanners.

Production Phase: Utilizes the virtual assembly model in conjunction with inspection data
to control production and detect, as well as correct errors.

Therefore, the generation of the DTP and the DTI represents different approaches to
the creation and validation of products, systems, or processes. The former constitutes
a precise virtual representation of a physical object or system, enabling simulation of its
behavior, prediction of its performance, and testing in a controlled environment before actual
implementation. In contrast, the latter refers to a tangible and materialized version of
the product or system, providing a physical experience in realistic environments, allowing
evaluation of aspects such as ergonomics, aesthetics, and functionality (Jones et al., 2020;
Z. Huang et al., 2021, Semeraro et al., 2021;Tao et al., 2022; Attaran and Celik, 2023; X. Liu
et al., 2023). Both approaches present their own advantages and challenges, and their strategic
integration can provide a more comprehensive and efficient development process for a wide
variety of industrial and consumer applications.

In the context of robotic device creation, Industry 4.0 has radically transformed how these
devices are designed, manufactured, and operated, while also offering opportunities to optimize
processes, customize products, and enhance operational efficiency. The adoption of advanced
technologies such as digital twins, additive manufacturing, and intelligent production systems
enables manufacturers to develop more flexible, adaptable, and autonomous robots capable of
meeting the changing demands of the market and enhancing global competitiveness (Z. Gao
et al., 2020; Goel and Gupta, 2020; Javaid et al., 2021; Khang et al., 2023;).

The main pillar of Industry 4.0 in manufacturing is additive manufacturing, which presents
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significant advantages when creating complex and customized components, such as those
required in exoskeletons. The synergy between Industry 4.0 and additive manufacturing repre-
sents a revolutionary approach that provides an agile and adaptable production environment,
facilitating on-demand manufacturing, design optimization, and cost reduction (Hegab et al.,
2023; Bhatia and Sehgal, 2023; Majd and Barari, 2023). Additive Manufacturing, technically
known as 3D printing, encompasses various technologies that share the process of constructing
three-dimensional objects by adding material. In other words, successive layers of material
are applied to shape a tangible object from a digital file (Jorquera Ortega, 2016).

Therefore, once the DTI has been obtained through the pillars of Industry 4.0, it is
imperative to design the human-machine interface that will facilitate interaction between the
developed device and users. This aspect will be detailed in the following section.

Human-robot interface

The primary function of any robot is to support humans in any shared environment. Therefore,
it is vital to establish effective interaction between them. Human-machine interfaces play
a crucial role in facilitating communication between users and robots (Berg and Lu, 2020;
Casas et al., 2020). In a robotic system, a human-robot interface (HRI) is a terminal that
enables the human operator to program, control, monitor, and gather data from the system.
In the context at hand, we will use the term HRI to refer to these human-robot interfaces
(Berg and Lu, 2020).

Human-robot interfaces in the medical field have received significant attention, especially
because users are not necessarily experts, making it imperative for the interface to be intuitive
and efficient. In particular, in rehabilitation robotics, a field focused on improving and
analyzing recovery processes through robotic systems (therapeutic training and sensorimotor
performance evaluation), human-robot interaction generally encompasses three types of
modalities as depicted in Figure 3.13 (Mohebbi, 2020):

1. Therapist-robot interaction: It involves monitoring, customization, and control of
parameters of the therapeutic intervention.

2. Patient-robot interaction involves three main aspects: collecting patient information to
assess their performance and provide feedback to the control system, communicating
information to the patient about the procedure and their therapeutic progress.

3. Robot learning: The closed-loop control system is responsible for motion planning and
ensures that the robot’s behavior adjusts appropriately to the patient’s movements.

Therefore, human-robot interaction plays a fundamental role in the effective integration of
rehabilitation robots, emphasizing the importance of social, cognitive, and physical interactions.
These aspects are crucial for the usability, ergonomics, and adaptability of these devices.
Taking this into account, the design and development of interfaces require a deep understanding
of both human and robot capabilities and limitations. In the case of exoskeleton interfaces
for upper extremities, they focus on providing decoding approaches that enable precision and
dexterity in a wide range of movements.

A strategy for designing a user interface with a focus on usability is to apply Jakob
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Figure 3.13: Category human-robot interaction modalities for rehabilitation robotics. Figure taken
from (Mohebbi, 2020).

Nielsen’s 10 general principles for interaction design. These principles, known as "heuristics,"
are detailed below (Nielsen, 1994):

1. System status visibility: It entails that the design should ensure users are consistently
updated on what is happening, providing relevant feedback within an acceptable time-
frame.

2. Familiar language for users: The design should employ terms and concepts that are
familiar to them, and adhere to real-world conventions so that information is presented
naturally and logically in an appropriate order.

3. User control and freedom: When errors occur, the design should provide a clearly
marked exit that allows users to abandon an unwanted action without having to go
through a long or complicated process.

4. Consistency and standards: Users should not have to wonder if different words, situations,
or actions have the same meaning. It is essential to maintain consistency with the
conventions established by the platform and the industry.

5. Error prevention: Effective error messages are fundamental. It’s crucial to eliminate
error-prone conditions or check them, providing users with a confirmation option before
they commit to the action.

6. Recognition rather than recall: Reduce the burden on the user’s memory by making
elements, actions, and options visible. It shouldn’t be necessary for the user to remember
information from one part of the interface to another. The information required to use
the design should always be visible or easily accessible when needed.
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7. Flexibility and efficiency of use: Shortcuts can speed up interaction for both experienced
and inexperienced users. Allow users to customize frequent actions.

8. Aesthetic and minimalist design: Interfaces should include relevant information. Every
additional piece of information competes with the relevant elements, reducing their
relative visibility.

9. Help users recognize, diagnose, and recover from errors: Error messages should use clear
and understandable language, avoiding complexity of codes, accurately describing the
problem, and providing constructive suggestions for resolution.

10. Help and documentation: In an ideal scenario, the system should be intuitive and
not require additional instructions. However, at times it can be useful to provide
documentation to assist users in understanding how to perform their tasks.

Usability in human-robot interfaces is crucial in the medical field. They should be intuitive,
efficient, and safe, aiming to reduce learning time and minimize errors during use. Ensuring
clear communication between the user and the robot is fundamental. Additionally, these
interfaces should provide a high level of satisfaction by offering comfort and confidence in
interacting with the robot, thus enhancing the overall experience. This approach significantly
contributes to the adoption and acceptance of robots by users.

Since it’s crucial to evaluate any device, conducting a comprehensive assessment covering
various aspects of the exoskeleton, such as usability, effectiveness, and user satisfaction, among
others, is essential. It is suggested to conduct these tests on a physical digital twin (DTI).
Below, the main validation methodologies employed to evaluate the device developed in this
work are described.

3.1.5 Exoskeleton Experimental Validation
Currently, the potential for the use of exoskeletons in rehabilitation is significant, offering new
possibilities to enhance mobility and quality of life for individuals with physical limitations.
However, two of the main obstacles hindering their acceptance among users are the complexity
of their controls, which require specialized knowledge or training for operation, and their
functionality (Moulaei et al., 2024).

Therefore, the evaluation of exoskeletons remains a challenge due to the diversity of
perspectives and experiences among the involved subjects. While certain evaluations focus on
physical interaction variables, the majority employ protocols with subjective elements, such as
questionnaires, to assess the user’s perception during the development of a training task. This
practice is understandable since these devices are designed with the user in mind, implying
that their evaluation is closely linked to the users’ experience (Meyer et al., 2019). Some of
the main aspects commonly evaluated include performance, usability, user satisfaction, and
workload.

To reduce variability in measurements, it’s essential to consider questionnaires based on
international standards, such as ISO/IEC 9241, established by the International Organization
for Standardization (ISO) and the International Electrotechnical Commission (IEC), which

55



DEIRA SOSA MENDEZ

focuses on the usability and ergonomics of human-computer interaction. Its main goal is
to enhance user experience when using digital products or services through user-centered
designs, ensuring they are intuitive, efficient, and satisfying. Its use has a positive impact
on the quality and competitiveness of the products and services offered (Mena et al., 2022;
Martínez et al., 2022).

The ISO 9241 standard, in its part II, defines usability as the extent to which specific
users achieve their goals effectively, efficiently, and satisfactorily in a specific environment,
where:

• Effectiveness is defined as the accuracy and completeness with which a user achieves a
specific goal in a given environment. This implies that users complete a specific set of
tasks, and the success or failure rate in their completion is evaluated.

• Efficiency is described as the correspondence between the resources used and the
accuracy and difficulty of the goals achieved, which implies evaluating the time required
by participants for their completion.

• Satisfaction refers to the comfort and acceptability of the system for both users and
other individuals influenced by its use, and is used to evaluate overall usability.

In user-centered areas, primary metrics focus on usability as a quality indicator, and some
of the most prominent ones are as follows:

• Task success rate (users’ ability to complete the task): This metric is used to
evaluate the effectiveness of the provided solution, calculating the percentage of tasks
that users successfully complete. It is computed by Equation 3.24.

TSR = Ntcs

Ti
(3.24)

where: TSR represents the task success rate, Ntcs corresponds to the number of tasks
completed successfully, and Ti represents the total attempts.

• Time required to complete a task: It is an indicator that evaluates the effectiveness
of a system by determining the time needed for a user to complete a specific task. This
parameter is calculated by Equation 3.25:

TTR = Tt
Nu

(3.25)

where: TTR represents the task time rate, Tt indicates the total seconds, and Nu is the
number of users involved.

• User Error Rate: This indicator is related to the effectiveness of the solution and
focuses on analyzing the frequency of incorrect inputs during the task. It is calculated
by Equation 3.26:
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UER = Te
Ni ∗NAE

(3.26)

where: UER represents the user error rate, Te indicates the total errors occurred from
all users in the task, Ni is the number of attempts, and NAE is the number of possible
errors.

• User Satisfaction is based on the individual perspective of each user, which can be
challenging to obtain due to potential subjectivity. Some approaches to evaluate it are:

– After Scenario Questionnaire (ASQ): It consists of three questions designed to
assess the satisfaction level with a particular scenario, and it is administered after
the completion of that scenario.

– Subjective Mental Effort Questionnaire (SMEQ), consists of a single question
designed to evaluate the level of mental effort perceived by individuals in relation
to a specific task.

– Psychometric analysis of the NASA-TLX index is a widely used subjective and
multidimensional assessment tool to measure perceived workload and evaluate
task effectiveness. This methodology enables companies to assess workload, which
refers to the effort required for a human operator to achieve a specific level of
performance. In this context, workload is defined considering the interaction
between task requirements, the circumstances in which it is performed, and the
operator’s skills, behaviors, and perceptions (Barrera-Gálvez et al., 2017). This
index utilizes measures such as effort, frustration, mental load, temporal load, and
stress to analyze the relationship between usability and utility in human-robot
interaction systems (HRI).

• Usability Magnitude Estimation (UME): Usability assessment often focuses on
the user’s effective interaction, frequently overlooking the influence of user expectations.
However, these expectations provide valuable insights into usability as a whole, user
satisfaction, and the significance of usability issues.

In assistive technologies, it’s common to assess the overall usability of an object, device, or
application through subjective evaluations. The most commonly used ones in user experience
are the System Usability Scale (SUS) and the Quebec User Evaluation of Satisfaction with
Assistive Technology (QUEST 2.0). The SUS consists of a 10-item questionnaire with reliable
and valid results, where each item is scored from 1 (strongly disagree) to 5 (strongly agree).
Scores range from 0 to 100, with usability considered high when surpassing 80 points. According
to Lewis and Sauro (Lewis and Sauro, 2009), a minimum of 12 participants is recommended
for comparative usability studies. Additionally, Julious (Julious, 2005) establishes a sample
size of 12 per group when designing a clinical trial, based on reasons of feasibility, precision
regarding the mean and variance, and regulatory considerations.

In usability analyses, it’s common to use adapted questionnaires (in over 65% of cases),
which limits evaluation options for reliably measuring the user experience in assistive tech-
nologies (Meyer et al., 2019). These questionnaires typically focus on assessing critical aspects
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as determined by researchers, aiming to determine effectiveness and user satisfaction. This is
relevant because during system use, much of the success depends on the strategies the user
can modify or adjust to successfully complete the task, considering both user skills and device
capabilities. Therefore, providing adequate feedback is essential (Barrera-Gálvez et al., 2017).

There are other techniques that eliminate the need for asking questions, such as Eye
tracking, which enables observing a user’s responses while interacting with a digital product
(this document will not delve into this type of techniques).

Another fundamental aspect in the evaluation of assistive or rehabilitation devices is the
assessment of the device’s performance itself (precision, repeatability, and reproducibility),
where the metrics predominantly used include: ranges of motion (Yurkewich et al., 2019,
level of assistance Yurkewich et al., 2019, Z. Zhou et al., 2021), application of different
controllers (accuracy, performance, etc.) (Costanzi et al., 2023, Morishita and Murakami,
2023, McDonald et al., 2020, Vélez-Guerrero et al., 2021, Z.-J. Chen et al., 2021).

Through a deep understanding of mathematical fundamentals, the groundwork has been
laid to design and implement a robust and effective methodology aimed at addressing the
challenges encountered in the development of a robotic exoskeleton applied in rehabilitation.
By integrating detailed mathematical concepts such as optimal mechanical design, control
theory, and comprehensive device evaluation in real-world settings, a theoretical framework
supporting the research conducted in this thesis has been established. Now, with this solid
mathematical foundation as a starting point, the development of the proposed methodology
will commence, confident that the approach will be rigorous, efficient, and capable of generating
significant results in practice.
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Chapter 4

Comprehensive Development of
Rehabilitation Devices: Full-Scope
Methodology and Design
Implementation

"The methodology in technological design is the engine driving innovation
forward."

Albert Einstein.

This chapter establishes the conceptual and procedural framework that guides the de-
velopment of this thesis. It details the research approach adopted, the analytical methods
used, and the data collection techniques. Therefore, it is divided into two parts: the first
describes the methodology, and the second addresses the practical implementation of the
methodological design phase.

In the first part, a metaheuristic methodology is introduced for the development of a
robotic exoskeleton aimed at upper limb rehabilitation, treating it as a mechatronic product.
This methodology adapts and merges the user-centered approach outlined by Shetty et
al. (Shetty et al., 2012) with the procedures described by Carvajal (Carvajal Rojas, 2005).
And in the second phase, a comprehensive analysis is conducted on the results obtained
by applying the methodology described in the first part, specifically regarding mechanical
design. Consequently, a complete overview is provided of the processes, results, and challenges
encountered in the creation of the virtual and physical prototype of the designed exoskeleton.

4.1 Methodology description
The proposed methodology consists of 12 stages integrated into 3 phases. The first phase
begins with identifying the need and concludes with optimizing the design. The second phase
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starts with the mathematical model of the final design from the first phase and ends with
optimizing the device’s operation. Finally, the third phase encompasses everything related to
developing the physical prototype for the proposed device.

Figure 4.1: Proposed Methodology for the Development of the Rehabilitation Robot.

4.1.1 Phase 1: Design
The purpose of this phase is to obtain an optimized mechanical design for a rehabilitation
robotic device, and it consists of the following stages:

1. Identification and delimitation of the need: It is essential to define the device’s application
environment, identify the end-user, and specify the objectives it must achieve.

2. Conceptual design and functional specifications: Once the robot’s environment and
tasks are defined, it is essential to establish its operating conditions or design metrics.
At this stage, the robot’s function has been determined, and the subsequent steps will
focus on selecting and designing its mechanism.

3. Modeling and structural design utilizing computer-aided design (CAD) and computer-
aided engineering (CAE) systems: In this stage, the basic structure of the robot is
established, materials are chosen for each of its parts, the mechanism at the joints is
defined, and static and/or dynamic load analyses are conducted. In summary, this stage
involves configuring a virtual model using CAD systems and analyzing it using CAE
systems.

4. Selection of actuators, transmissions, sensors, and grippers/hands: Based on the dynamic
model of the robot, it is possible to estimate the torque and forces at the joints, enabling
the selection of motors from commercial catalogs and the determination or design of
corresponding transmissions. Additionally, control variables are defined, facilitating the
selection of appropriate sensors. Upon completion of this stage, a design of the robot
that meets the intended characteristics and functions is available, although optimization
is also possible.
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5. Design optimization: The purpose of this stage is to conduct engineering tests in order
to achieve an optimal design of the device obtained in the previous phase. These
tests adjust the parameters and/or variables of the robot to maximize or minimize
certain characteristics. During this phase, the optimization of the device focuses on the
mechanical design.

4.1.2 Phase 2: Simulation
During this phase, the kinematic behavior of the robot and several control strategies imple-
mented in the virtual digital twin of the device (obtained in the previous stage) are simulated
and analyzed. This phase consists of the following steps:

1. Mathematical model: They are generated to predict the behavior of the robot. These
models may include obtaining Denavit-Hartenberg parameters, forward and inverse
kinematics analysis, Jacobian, and analysis of its dynamic model (using Euler-Lagrange’s
or Newton-Euler’s laws).

2. Control System Design: Upon validation of the robot, it becomes possible to develop
a control system tailored to its mechanical characteristics and mathematical models,
while also taking into account the conditions of its application.

3. Virtual Simulation: In this stage, a graphical representation of the robot’s control system
is generated on a computer (digital twin prototype, DTP) to visualize its animation and
evaluate its performance. Specialized robot simulation software is used for this purpose.

4. Hardware-in-the-loop simulation: In certain contexts, such as systems interacting with
humans (e.g., exoskeletons), creating entirely precise plant models can be challenging.
In such situations, it becomes necessary to make assumptions, and conducting control
system tests within the robot’s environment proves beneficial. This approach is known as
hardware-in-the-loop simulation, where real hardware components, such as mechanical
and electrical parts, are used in the system control loop, acting as the plant being
controlled. These tests provide the designer with confidence that the assumptions made
in the robot’s model were accurate.

5. Performance optimization: If any assumption made in the previous step proves to be
incorrect, the designer has the opportunity to refine the design at the simulation level
before creating the physical prototype of the device. In this case, the optimization
focuses on the control system implemented in the device.

4.1.3 Phase 3: Physical Prototype
This stage represents the final step of the proposed methodology and focuses on building
the physical prototype of the device (digital twin instance, DTI), taking into account the
details related to the integration of all the systems that make up the device as well as the
development of the human-robot interface. Below, each of the stages involved is detailed:

1. Technological integration: In this stage, each of the main systems comprising the device
is examined in detail, along with their interrelationships. Subsequently, the integration
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of all physical, mechanical, electrical/electronic, and computerized systems is carried
out to configure a new device with the characteristics defined earlier.

2. Prototype Validation: This stage represents the culmination of the methodology and
aims to carry out a comprehensive validation that assesses both the performance of the
developed device and its usability for the different users involved. It is recommended to
conduct validation tests in the application environment or under conditions as close to
reality as possible.

4.2 Methodological Implementation: Designing the Dig-
ital Twin Prototype

The purpose of this stage is to obtain an optimized robotic exoskeleton for upper limb
rehabilitation, considered as a mechatronic product. Therefore, the design stage is divided
into two phases: in the first, a DTP is obtained considering the triad of design points of view
(design requirements), then in the second stage the optimization of the DTP is developed
(obtained in the first stage) through using the triad of pillars of Industry 4.0 (autonomous
machines and systems, additive manufacturing and simulation of virtual environments).
The description and the implementation of each of its steps are described below.

4.2.1 First phase: Identification and delimitation of the need
The exoskeleton is conceived as a support tool for physiotherapists, focusing on the passive
rehabilitation of adults over 18 years old with limited mobility in the upper limb (due to
stroke, musculoskeletal conditions, postoperative issues, among others). From this objective,
the following conceptual design and its functional specifications are defined.

4.2.2 First phase: Conceptual design and functional specifications
These are based on the triad of design viewpoints (customer, designer and community), where
the customers are medical institutions that offer physical and cognitive rehabilitation services.
There are three categories of users: (1) the rehabilitation specialist, (2) the patient presenting
the injury and (3) the medical institution that acquires the device. The requirements for each
are described below:

1. First end user: Rehabilitation specialist (physical and/or cognitive).

• Range: The device must comply with the functional ranges of joint movements
to be rehabilitated (see Table 4.1). It must satisfy at least 80% of the ranges
considered for a healthy person (taking into account what was mentioned in section
3.1.1 Human anatomy and physiology: Upper limb kinematics).

• Usability: The device must be easy to operate.

• Type of rehabilitation: The device is used passively with seated patients.

2. Second end user: Patient with injury (stroke, musculoskeletal, post-surgical, etc.).

62



Chapter 4. Comprehensive Development of Rehabilitation Devices: Full-Scope Methodology
and Design Implementation

• Ergonomic: The device must be adaptable to anthropometry. It must cover 50%
of the ranges covering the 90th percentile of the adult population (Avila-Chaurand
et al., 2007), see Table 4.2.

3. Client: Medical institution (administrative personnel).

• Standardization: The device must be made of standard parts (easy replacement
and minimal maintenance).

• Affordability: The device must have an affordable cost.

Table 4.1: Joint movements.

Joint movements Value
Shoulder internal–external rotation (S-IER) −30◦ to +70◦

Shoulder abduction–adduction (S-AA) 0◦ to +90◦

Shoulder flexion–extension (S-FE) −50◦ to +160◦

Elbow flexion–extension (E-FE) 0◦ to 140◦

Wrist abduction–adduction (W-AA) −15◦ to 45◦

Table 4.2: Anthropometric measurements.

Parameters Value
Weight (kg) ≤ 120.00
Arm length (m) 0.24–0.40
Forearm length (m) 0.25–0.39
Wrist to palm length (m) 0.06–0.15
Arm-forearm perimeter (m) ≤ 0.35

4.2.3 First phase: CAD design and component selection
A feature-based parametric design was considered to respond to customer requirements and
model the relationships between its functions and physical solutions. The main design features
considered by the designer and the community are the following:

1. Modular: Personalized, flexible, removable with a short manufacturing time.

2. Basic geometries: Flat, uniform (not degenerate) and low cost.

3. Type of mechanisms: Telescopic for variable length segments and bolted joints.

4. Manufacturing type: Additive manufacturing (3D printing).

5. Manufacturing materials: Filaments for 3D printing (mechanical properties).

6. Machinery and commercial parts: 3D printers (Raise3D Pro2 Plus and Ultimaker S5)
and tubular profiles.

Figure 4.2 shows the first stage of the proposed methodology: where the main design
features are obtained from the requirements (indicated above). Its selection is based on
knowledge of the real-world problem, the result of this stage is the virtual digital twin
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prototype (DTP) of the exoskeleton. An advantage of DTP is that it can perform engineering
design evaluations, kinematics, dynamics and control. Furthermore, it can be optimized under
various criteria such as weight, service life, bending and efficiency. This work focuses on
optimizing the weight of a safe mechanical design and this is described below.

Figure 4.2: User-centered design methodology: first stage.

4.2.4 First phase: Obtaining the initial DTP
Figure 4.3 shows the DTP obtained in SolidWorks® (result of the first stage of the proposed
methodology). On the left you can see the exoskeleton attached to the patient (on the arm
and forearm), and on the right you can see the mechanical structure of the exoskeleton
highlighting each of its parts, which are described below:

1. Fixed base: The device is anchored to a commercial wooden chair (see number 1
in Figure 4.3). This structure is placed inside the medical institution and must have an
obstacle-free area of 1.5 m × 1.5 m around it for proper operation (portable device).

2. Shoulder height adjustment: The specialist manually adjusts the exoskeleton to the
height of the patient’s shoulder, the length of which can vary between 0.10 and 0.30 m
(see number 2 in Figure 4.3).

3. Shoulder movements: A serial configuration of movements was implemented to mini-
mize kinematic singularities when generating therapeutic routines, and the movement
will be generated by a rotary actuator directly (taking into account high-power capacity,
torque-to-weight ratio, precision and others). For this, links of different geometries were
designed that comply with the anthropometric measurements of the target population
(see Table 4.2) and also with the work area of the 3D printers: Raise3D Pro2 Plus and
Ultimaker S5 (printers available at institutions). In addition, a model of simple rotary
joints covering the 3 DOF of the shoulder was considered: (1) internal and external
rotation (S-IER), (2) abduction–adduction (S-AA) and (3) flexion–extension (S-FE), as
can be seen in Table 4.1 (see number 3 in Figure 4.3).

4. Arm and forearm length adjustment: Commercial carbon fiber telescopic tubular
profiles are used and attached at their ends by a clamp; they allow variations in the
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lengths of the arm and forearm (see Table 4.2). The physiotherapist performs the length
adjustment manually and, finally, the patient is attached to the exoskeleton with Velcro
bands (see numbers 4 and 6 in Figure 4.3).

5. Elbow and wrist movement The elbow (E-FE) and wrist (W-AA) joints attach to
the ends of the arm and forearm structures, respectively. These parts are going to be
manufactured from 3D-printed materials and their movements are going to be generated
by a rotary engine directly (see numbers 5 and 7 in Figure 4.3 and Table 4.1).

Figure 4.3: Virtual digital twin prototype (DTP): Exoskeleton with patient (left) and Exoskeleton
(right): SolidWorks®.

4.2.5 Second Stage: Acquiring the optimized DTP
This section describes the second phase of the proposed methodology, which takes into account
the triad referring to Industry 4.0:

• Autonomous machines and systems: Automating tasks with robots ensures precision
and repeatability in movements, allowing personalized therapies for users.

• Additive manufacturing: This enables the creation of highly customized products,
simplifying the production of iterative designs and the ease of modifying them.

• Simulation of virtual environments: This simplifies the testing and validation of concepts,
designs and processes, eliminating the requirement for physical prototypes. This creates
a secure environment for experimentation, enabling the identification of areas for
improvement and optimization.

In this case, the DTP of the exoskeleton obtained in the previous stage through the
SolidWorks® software (version 2018) is used. Its parts will be in 3D printing, so the materials
assigned depend on it. The topological optimization of the exoskeleton was carried out at
this stage, which has the following main objectives:
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1. A safety factor greater than required (maximization).

2. Minimum total deformation (minimization).

3. Obtain a lightweight mechanical design (minimization).

A sequential methodology is proposed that considers conditional structures to satisfy
the above objectives, through an objective function that includes the use of finite element
analysis (FEA) simulations obtained from the SolidWorks® software (version 2018). FEA
is a computerized method to predict how a real object would react to the presence of
forces, heat and vibrations, among others; therefore you can know the internal stresses, and
deformations that act on the object analyzed from the geometric and physical properties of
each element. With the help of this information, the safety factor of the device as a whole is
obtained. This is an advantage at the design stage because it provides an early estimate of
the device’s performance, which helps to propose significant changes considering the selected
parameterized characteristics.

Because optimization goals are intrinsically related (they seek to reduce the mass of the
design while smoothing the stress distribution) and are derived from the same static analysis,
a weighted approach is used to scale the multi-objective problem into a single objective one.
Algorithm 1 was developed for this purpose and is described below:

1. The material is assigned to the parts of the DTP (commercial and 3D-printed parts)
and iterations are initiated.

2. The exoskeleton is analyzed through a static finite element analysis from which the
values of safety factor (SFk), maximum total deformation (MDk) and total mass (TMk)
are obtained. These parameters are considered because they are the most representative
of mechanical design (the initial values (k = 1) of SF, MD and TM are indicated by the
subscript i).

3. A normalized weighted approach is used for the objective function (OF), considering the
values of SF, MD and TM. First, it is assumed that the parts can be optimized, so the
initial value of the OF is the unit and the following ones will represent the optimization
relationship.

4. To modify the parts (change parts and material), they are individually modified in the
order indicated in Figure 4.3 (starting with the telescopic tubes attached to the chair
and ending with the parts that correspond to the movement of the wrist). Optimization
is executed piece-by-piece iteratively and then evaluated for overall performance across
the device.

5. The static analysis is run with the new changes and the OF value is returned to it.
The process ends when the desired SF and OF are obtained (SFd, OFd).

6. Finally, the optimization process is evaluated through the value of the objective function
(OFk).

The decrease in the SF, as well as the decrease in the TM of the device, can generate an
increase in its MD, which is consistent as the algorithm advances. The objective function
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considers this behavior, so it is normalized and its change pattern is in accordance with
the local search capacity of the parts and global features of the device, which converge in a
minimization optimization problem.

The main strengths of Algorithm 1 are based on its methodology, which leverages a
weighted objective function that integrates three objectives simultaneously that can be
achieved with parts made by additive manufacturing (unlike most approaches that optimize
only one objective). Moreover, its termination criteria rely on two factors (SF and OF),
enabling the maximization of device performance. Additionally, it incorporates the utilization
of virtual simulation outcomes that account for real application conditions, which is a feature
often overlooked by other approaches that typically lack results from simulation environments
operating under real conditions. In the next section, the proposed methodology will be
executed and the results will be shown.

Algorithm 1 Topological optimization
1: Assigning materials to parts
2: k ⇐ 1
3: Device performance evaluation (SFk,MDk, TMk)
4: do
5: If k = 1
6: SFi ⇐ SFk
7: MDi ⇐MDk

8: TMi ⇐ TMk

9: OFk ⇐ 1
3

(
SFk

SFi

)
+ 1

3

(
MDi

MDK

)
+ 1

3

(
TMk

TMi

)
10: Else
11: Change parts and material.
12: Device performance evaluation (SFk,MDk, TMk)
13: OFk ⇐ 1

3

(
SFk

SFi

)
+ 1

3

(
MDi

MDK

)
+ 1

3

(
TMk

TMi

)
14: End If
15: k ⇐ k + 1
16: While((SFk ≥ SFd) and (OFk ≥ OFd))

The functions “Device performance evaluation (SFk, MDk, TMk)” and “Change parts
and material” are described below:

1. Function “Device performance evaluation” of Algorithm 1 considered the following:

• The exoskeleton was analyzed by static analysis in the critical position (shoulder
flexion at 90◦ and maximum design length). Criterion of the Von Mises tension
was used to estimate the failure of the device (the coefficients of maximum stresses,
maximum total deformation and maximum unit deformation belonging to the
exoskeleton were obtained). The features taken into account in the analysis are
shown in Table 4.3, where the torques of each actuator were obtained by considering
the arm, forearm and wrist of the exoskeleton as cantilever beams. This last analysis
considered the mechanical properties of the exoskeleton pieces, their maximum
lengths, and as external forces, the percentage of the maximum weight of the
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patient’s upper limb (2.6% in the arm, 1.6% in the forearm and 0.7% in the wrist,
according to what was indicated in section 3.1.2). The detailed analysis for sizing
the actuators is presented in Annex .1.

Table 4.3: Finite element analysis features in SolidWorks®.

Parameter Value
Gravity 9.81 m

s2

Patient weight 120.00 kg
Actuator torque S-IER 10.86 Nm
Actuator torque S-AA 34.16 Nm
Actuator torque S-FE 33.45 Nm
Actuator torque E-FE 10.82 Nm
Actuator torque W-AA 0.30 Nm
Fixed restrictions Attachment clamps to the chair and joints to the actuators
Mesh Standard solid of 4 Jacobian points.

2. Function “Change parts and material” of the Algorithm 1: the DTP topological op-
timization is carried out in this function, it was performed through the change in
the thicknesses of each of its parts (this generates uniform and non-degenerate basic
geometries without post-manufacturing processes), in addition to the change in material.
This process is carried out piece by piece iteratively. Once the piece is modified, its
performance is evaluated in the global device assembly (function “Device performance
evaluation”). Therefore, in SolidWorks® a design study was carried out in which para-
metric variables are selected at each part; the constraints were the safety factor (SFd)
and maximum stresses of the device, and the objective was to minimize the mass (the
values of the constraints and objective initial considered the results of the DTP obtained
in stage 1). Two types of parts were distinguished for optimization:

• Commercial parts

– Telescopic joints: Commercial tubular profiles of different materials were
selected. For their optimization, their internal and external diameters were
chosen as parametric variables, which were varied in a range of ±20 mm with
steps of 1 mm. From the options generated, the pair of commercial profiles
was selected that were adjusted telescopically through a clamp and presented
the minimum mass (minimum local feasible).

• Manufactured parts

– Serial parts (see 3, 5 and 7 in Figure 4.3): In the first instance, the printing
area of the printers is considered for the lengths of the pieces (Raise3D Pro2
Plus and Ultimaker S5). The initial thickness is random (characteristic of the
stochastic method), and the optimization consists of modifying it within a
range of ±20 mm of the initial value with intervals of 2 mm. To select the best
candidate from the generated options (minimum local feasible), the following
features were considered: that the thickness had the lowest mass and that the
alignment to the center of rotation of each of the joints was maintained.
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To join the pieces, removable joints (screws) were chosen, since they can withstand
cutting forces, tensile forces or a combination of these.

Firstly, to apply the Algorithm 1, it is assumed that the parts can be optimized. The
desired safety factor was set as 1 (mechanically safe device) and a value for the target function
was 0.4 (weighted ratio of objectives). Table 4.4 shows the materials used in the design study
in Solidworks® and results obtained from some iterations of Algorithm 1. Iterations k = −2
and k = −1 are shown as antecedents of iteration k = i due to the following: (1) they use
the DTP generated in stage 1 of this methodology and (2) the manufacturing method is
subtractive manufacturing.

The k = i iteration represents the initial DTP, which initially assigns steel for the fixed
parts and aluminum for the arm and forearm components. Initially, tubular profiles with
an external diameter of 50 mm and a thickness of 4 mm were considered and were available
in the laboratory. Subsequently, the topological optimization process described above was
applied to these profiles. Iterations with k > 1 display optimized results. The materials were
selected because they are the most widely used due to their mechanical properties, while the
last column (k = n) showcases the attributes of the selected final prototype.

The differences between the original DTP and the optimized version are illustrated
in Figures 4.4-4.7 and 4.8-4.11, which show the results of static analyses performed in
SolidWorks®. Furthermore, the SF decreases by 62%, resulting in a 127% increase in
maximum stress. This increase contributes to rises in total and unit deformations by 127%
and 351%, respectively, compared to the initial prototype (see Table 4.5).

Table 4.4: Conditions and results of topology optimization.

Parameter k=-2 k=-1 k=i k=2 k=3 k=n
Material:
commercial
fixed base
parts

S-1020 Al-6061 S-1020 DI S-1020 Al-6061

Material:
commercial
pieces for
the arm and
forearm

S-1020 Al-6061 Al-6061 Al-6061 Al-6061 CF

Material:
manufactured
parts

S-1020 Al-6061 ABS-CF10 ABS-CF10 ABS-CF10 ABS-CF10

FSk 10.81 7.84 2.90 2.40 2.32 1.1
MDk 0.01 0.03 0.74 1.29 1.14 2.06
TMk 75.88 28.56 19.20 19.01 19.5 9.74
OFk 27.22 9.61 1.00 0.79 0.77 0.41
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Figure 4.4: Initial DTP (SolidWorks®): Von Mises Stress (red indicates maximum and blue
indicates minimum.

Figure 4.6: Initial DTP (SolidWorks®): Total deformation (red indicates maximum and blue
indicates minimum).
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Figure 4.5: Initial DTP (SolidWorks®): SF (red indicates minimum FS).

Figure 4.7: Initial DTP (SolidWorks®): Unit deformation (red indicates maximum and blue
indicates minimum).
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Figure 4.8: Optimized DTP (SolidWorks®): Von Mises Stress (red indicates maximum and blue
indicates minimum.

Figure 4.9: Optimized DTP (SolidWorks®): SF (red indicates minimum FS).
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Figure 4.10: Optimized DTP (SolidWorks®): Total deformation (red indicates maximum and blue
indicates minimum).

Figure 4.11: Optimized DTP (SolidWorks®): Unit deformation (red indicates maximum and blue
indicates minimum).
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Table 4.5: Optimization results.

Parameter Initial DTP Optimized DTP
Mass 19.20 kg 9.70 kg
Maximum stress (pieces), MPa 13.03 (ABS-CF10 parts) 29.63 (ABS-CF10 parts)
Maximum total deformation
(position)

0.74 mm (palm) 2.06 mm(palm)

Maximum unit deformation 554.10 µm 2500.00 µm
Minimum safety 2.90 1.10

Furthermore, the results indicate a 49% reduction in the weight of the optimized DTP
compared to the initial DTP (iterations k = i and k = n). This decrease is primarily due
to the disparity in densities among the materials employed. For instance, the density of
aluminum is approximately one-third that of steel, while the densities of CF and ABS-CF10
are even lower than that of steel. In addition, the value of the objective function is 0.41 and
this shows the weighted relationship of the objectives to be met (SF, MD and TM).

For each parts groups shown in Table 4.4, commercial materials that present a good
relationship between density and resistance were chosen. In this case, it was decided to use a
single type of material and not a combination of them for the pieces made in 3D printing.
The material selected for the final pieces made in 3D printing was ABS-CF10 because it is one
of the most resistant and lightweight materials, and for commercial parts (1) Al-6061 for the
pieces that join the fixed base and (2) carbon fiber for arm and forearm pieces were chosen.
The results obtained demonstrated the feasibility and efficiency of the proposed methodology.

Figure 4.12 shows a graphical depiction of the proposed methodology (left): the initial
stage centers around users, drawing inspiration from the human body (highlighted in yellow),
while the subsequent stage aims to optimize the device’s weight (highlighted in purple). Lastly,
the prototype constructed based on the outcomes of the proposed methodology is displayed
on the right. To offer a visual representation of the digital twin instance (DTI) with users,
Figure 4.13 is provided.

Figure 4.12: Design methodology and digital twin instance (DTI).
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Figure 4.13: DTI with subjects: Subject 1 and subject 2.

Figure 4.14 shows the stages of DT utilization. In this context, the DTP was utilized
during the design phase, primarily for 3D modeling (encompassing design validation and
optimization) and kinematic modeling (comprising forward kinematics (Section 5.1.3), inverse
kinematics (Section 5.1.4) and Jacobian (Sección 5.1.5) and strategies of automatic control
(Section 5.2). Following the acquisition of the optimized DTP, we proceeded to the production
phase, with additive manufacturing serving as the principal manufacturing method. Following
the production phase, the DTI is generated, which is intended for experimental validation
under real-world conditions. For this purpose, a human–robot interface was developed to
streamline DTI operation, incorporating industrial controllers. Furthermore, personalized
therapies can be scheduled based on the medical specialist’s specifications. Further elaboration
on DTI validation will be provided in Section 6.

Figure 4.14: Development and application of the digital twin (DTP and DTI).
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Below, the detailed process of obtaining the physical prototype of the optimized exoskeleton
obtained in the design stage is described.

4.3 Methodological Implementation: Acquiring Physi-
cal Prototype (Digital Twin Instance)

To evaluate the performance of the exoskeleton designed in section 4.2.5, a prototype was
fabricated using 3D printing, serving as a digital twin instance (DTI). For its construction,
changes were necessary due to the materials available in the UPM laboratory. The main
changes focused on the 3D printing materials and the actuators used, as detailed below:

• The materials used for the 3D printed parts are Acrylonitrile Styrene Acrylate (ASA)
and Acrylonitrile Butadiene Styrene with 10% carbon fiber (ABS-CF10).

• The actuators used are GIM6010, with a nominal torque of 18 Nm.

Due to the changes made, the performance of the exoskeleton designed in section 4.2.5
will be affected. However, the generated DTI will help validate the concepts and establish
future improvements. The characteristics of the generated DTI are detailed below.

4.3.1 Mechanical system: Manufacturing and Assembly

The aim of this stage is to achieve the mechanical structure of the DTI for the exoskeleton as
outlined in section 4.2.5. Therefore, the manufacturing processes are described below: (1)
process operations (which transform a work material from one stage to a more advanced stage
using energy) and (2) assembly operations (which join two or more components to create a
new entity called an assembly).

In this case, the manufacturing method is 3D printing, which utilizes the rapid prototyping
technique known as Fused Deposition Modeling (FDM). Through this process, a full-scale piece
designed on the computer is created by layer-by-layer plastic extrusion and three-dimensional
tool positioning. Its main features include error reduction, decreased product development
costs and lead times (up to 70%), as well as a 90% reduction in time to market.

Figure 4.15 depicts the DTI of the optimized exoskeleton. The cyan and yellow parts
are manufactured through 3D printing, while the brown parts are commercial carbon fiber
profiles and the gray tubular profiles are made of ductile iron. The assembly of the parts was
performed using metric screws of various sizes and lengths.
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Figure 4.15: Exoskeleton DTI: Solidworks◦

The parts manufactured through 3D printing were produced using two 3D printers:
Raise3D Pro2 Plus and Ultimaker S5. Figures 4.16 - 4.19 showcase the parts manufactured
with these printers.

Figure 4.16: Raise3D Pro2 Plus Printer Figure 4.17: Ultimaker S5 Printer
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Figure 4.18: Parts made of ABS-CF10 Figure 4.19: Carbon fiber tubular profiles and
parts made of ASA

Once all the parts were obtained, both those manufactured through 3D printing and the
commercial ones, assembly by parts was carried out (see Figures 4.20 to 4.21).

Figure 4.20: Subassemblies for the arm and
forearm of the exoskeleton

Figure 4.21: Subassembly for the upper limb of
the exoskeleton

Once the corresponding subassemblies were completed, the total assembly was carried
out, which has an approximate weight of 7.5 kg (excluding the chair). The exoskeleton was
attached to a commercial wooden chair using commercial clamps (see Figure 4.22).
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Figure 4.22: Exoskeleton DTI (Physical Prototype)

It is worth mentioning that the parts made of ABS-CF10 were produced at the Advanced
Technologies Unit in Design and 3D Printing of the Hospital Universitario 12 de Octubre,
using the Ultimaker S5 printer. On the other hand, the rest of the parts were manufactured
at the laboratories of the Higher Technical School of Engineering and Industrial Design
(ETSIDI), belonging to the UPM.

During the manufacturing of the exoskeleton parts, compliance with the NOM-241-
SSA1-2012 standard was ensured. Additionally, the machinery meets standards for quality,
installation, favorable operating conditions, and maintenance.

Additionally, the physical prototype complies with ISO 13482 in terms of mechanical design.
This is because it lacks moving parts during operation, and the parts joined by mechanical
fastening and press fit require tools for removal. The device operates effectively within the
workspace. Therefore, the software operating it must consider the exoskeleton’s workspace,
as well as its load and speed limitations. Safety measures related to actuators, electronic
components, and control strategies are taken into account when creating the human-robot
interface (described in section 5.3).

The following sections will detail the stages of mathematical modeling, applied control
strategies, virtual environment simulation, and development of the human-robot interface.
The integration of these results leads to the evaluation of the device in real environments.
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Chapter 5

Methodological Implementation:
Mathematical modeling, control
architecture and human-robot interface

"In the information age, technological design is the key to transforming
knowledge into practical solutions."

Stephen Hawking.

Following the production phase, the DTI was successfully obtained for experimental
validation under real-world conditions. To achieve this, a human-robot interface was designed
to streamline DTI operation and enable the programming of personalized therapies according to
the medical specialist’s directives. This chapter presents the fundamental equations, modeling
assumptions, and mathematical techniques used to solve and validate the model. Additionally,
it addresses the control strategies implemented in simulation environments, accompanied by
a detailed description of the human-robot interface aspects. Thus, a comprehensive overview
of the processes, results, and challenges encountered throughout the project development is
provided.

5.1 Mathematical modeling

In this section, we will discuss the workspace of the previously obtained exoskeleton, along
with its direct and inverse kinematic models, as well as its Jacobian analysis and dynamic
model. These evaluations will help assess its performance in the workspace and formulate
strategies for implementing industrial controllers and trajectory planning.
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5.1.1 Denavit-Hartenberg representation
The exoskeleton was designed in Solidworks®, it allows the movements: shoulder, elbow and
wrist, it is assumed that the robot is aligned with the patient during the execution of the
movements (the starting position of all movement is when the patient is seated with the
upper limb hanging from the side of the body with the palm of the hand facing inwards). It
is a serial device that utilizes Figure 5.1 to obtain the Denavit-Hartenberg (D-H) parameters
shown in Table 5.1.

Figure 5.1: D-H notation for upper limb exoskeleton.

Table 5.1: D-H parameters of the upper limb exoskeleton.

Joint Motion (qi) qi di ai αi
Shoulder Internal–external rotation q1 (−30◦ to 70◦) q1 + 90◦ 0 0 +90◦

Shoulder Abduction–adduction q2 (0◦ to 90◦) q2 − 90◦ 0 0 −90◦

Shoulder Flexion–extension q3 (−50◦ to 160◦) q3 0 a3 (24-40 cm) 0
Elbow Flexion–extension q4 (0◦ to 140◦) q4 0 a4 (25-39 cm) 0
Wrist Abduction–adduction q5 (−15◦ to 45◦) q5 0 a5 (6-15cm) 0

where: q1 to q5 represent the joint movements of shoulder internal-external rotation,
shoulder abduction-adduction, shoulder flexion-extension, elbow flexion-extension, and wrist
abduction-adduction, respectively. Parameter a3 corresponds to the length of the patient’s
arm (shoulder-elbow segment), parameter a4 corresponds to the length of the patient’s forearm
(elbow-wrist segment), and parameter a5 corresponds to the length of the patient’s hand
(wrist-center of the palm segment).
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5.1.2 Exoskeleton workspace
Table 5.2 shows the workspace (volume of space that the end effector can reach) for which
the exoskeleton was designed, as indicated in the second column of Table 5.1. The initial cells
present the workspace for each individual movement, and the last cell shows the complete
workspace of the exoskeleton, considering the maximum lengths of the arm and forearm, as
well as the full ranges of motion of each joint (red and blue colors). However, in this work,
only the positions that are in front of the patient (blue color) are considered as the achievable
workspace

Table 5.2: Exoskeleton workspace in Matlab®

Shoulder: Internal-external rotation Shoulder: Abduction-adduction

Shoulder: Flexion-extension Elbow: Flexion-extension
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Wrist: Abduction-adduction Full and achievable workspace

5.1.3 Forward Kinematics
Acquiring the kinematic model of the exoskeleton is crucial for predicting its movement and
spatial positioning. This model establishes mathematical relationships linking input variables
(joint positions) to output variables (position and orientation of the exoskeleton’s end effector).

Once the D-H parameters of the exoskeleton are known (Table 5.1), the homogeneous
transformation matrices i−1Ai and the matrices 0Ti are calculated. The results of these
matrices are shown below.

0A1 =


cos(q1 + π

2 ) − cos(α1) ∗ sin(q1 + π
2 ) sin(α1) ∗ sin(q1 + π

2 ) a1 ∗ cos(q1 + π
2 )

sin(q1 + π
2 ) cos(α1) ∗ cos(q1 + π

2 ) − sin(α1) ∗ cos(q1 + π
2 ) a1 ∗ sin(q1 + π

2 )
0 sin(α1) cos(α1) d1
0 0 0 1



1A2 =


cos(q2 − π

2 ) − cos(α2) ∗ sin(q2 − π
2 ) sin(α2) ∗ sin(q2 − π

2 ) a2 ∗ cos(q2 − π
2 )

sin(q2 − π
2 ) cos(α2) ∗ cos(q2 − π

2 ) − sin(α2) ∗ cos(q2 − π
2 ) a2 ∗ sin(q2 − π

2 )
0 sin(α2) cos(α2) d2
0 0 0 1



2A3 =


cos(q3) − cos(α3) ∗ sin(q3) sin(α3) ∗ sin(q3) a3 ∗ cos(q3)
sin(q3) cos(α3) ∗ cos(q3) − sin(α3) ∗ cos(q3) a3 ∗ sin(q3)

0 sin(α3) cos(α3) d3
0 0 0 1


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3A4 =


cos(q4) − cos(α4) ∗ sin(q4) sin(α4) ∗ sin(q4) a4 ∗ cos(q4)
sin(q4) cos(α4) ∗ cos(q4) − sin(α4) ∗ cos(q4) a4 ∗ sin(q4)

0 sin(α4) cos(α4) d4
0 0 0 1



4A5 =


cos(q5) − cos(α5) ∗ sin(q5) sin(α5) ∗ sin(q5) a5 ∗ cos(q5)
sin(q5) cos(α5) ∗ cos(q5) − sin(α5) ∗ cos(q5) a5 ∗ sin(q5)

0 sin(α5) cos(α5) d5
0 0 0 1



The corresponding matrix 0T5 is:

0T5 =


T11 T12 T13 T14
T21 T22 T23 T24
T31 T32 T33 T34
T41 T42 T43 T44


where:

T11 = cos(q1)sin(q3)sin(q4)sin(q5)− cos(q1)cos(q3)cos(q5)sin(q4)−
cos(q1)cos(q4)cos(q5)sin(q3)− cos(q1)cos(q3)cos(q4)sin(q5)−
cos(q3)cos(q4)cos(q5)sin(q1)sin(q2) + cos(q3)sin(q1)sin(q2)sin(q4)sin(q5) +
cos(q4)sin(q1)sin(q2)sin(q3)sin(q5) + cos(q5)sin(q1)sin(q2)sin(q3)sin(q4)

T21 = sin(q1)sin(q3)sin(q4)sin(q5)− cos(q3)cos(q5)sin(q1)sin(q4)−
cos(q4)cos(q5)sin(q1)sin(q3)− cos(q3)cos(q4)sin(q1)sin(q5) +
cos(q1)cos(q3)cos(q4)cos(q5)sin(q2)− cos(q1)cos(q3)sin(q2)sin(q4)sin(q5)−
cos(q1)cos(q4)sin(q2)sin(q3)sin(q5)− cos(q1)cos(q5)sin(q2)sin(q3)sin(q4)

T31 = cos(q2)cos(q3)sin(q4)sin(q5)− cos(q2)cos(q3)cos(q4)cos(q5) +
cos(q2)cos(q4)sin(q3)sin(q5) + cos(q2)cos(q5)sin(q3)sin(q4)

T41 = 0
T12 = cos(q1)cos(q3)sin(q4)sin(q5)− cos(q1)cos(q3)cos(q4)cos(q5) +

cos(q1)cos(q4)sin(q3)sin(q5) + cos(q1)cos(q5)sin(q3)sin(q4) +
cos(q3)cos(q4)sin(q1)sin(q2)sin(q5) + cos(q3)cos(q5)sin(q1)sin(q2)sin(q4) +
cos(q4)cos(q5)sin(q1)sin(q2)sin(q3)− sin(q1)sin(q2)sin(q3)sin(q4)sin(q5)

T22 = cos(q3)sin(q1)sin(q4)sin(q5)− cos(q3)cos(q4)cos(q5)sin(q1) +
cos(q4)sin(q1)sin(q3)sin(q5) + cos(q5)sin(q1)sin(q3)sin(q4)−
cos(q1)cos(q3)cos(q4)sin(q2)sin(q5)− cos(q1)cos(q3)cos(q5)sin(q2)sin(q4)−
cos(q1)cos(q4)cos(q5)sin(q2)sin(q3) + cos(q1)sin(q2)sin(q3)sin(q4)sin(q5)

T32 = cos(q2)cos(q3)cos(q4)sin(q5) + cos(q2)cos(q3)cos(q5)sin(q4) +
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cos(q2)cos(q4)cos(q5)sin(q3)− cos(q2)sin(q3)sin(q4)sin(q5)
T42 = 0
T13 = −cos(q2)sin(q1)
T23 = cos(q1)cos(q2)
T33 = sin(q2)
T43 = 0
T14 = a5cos(q1)sin(q3)sin(q4)sin(q5)− a4cos(q1)cos(q3)sin(q4)−

a4cos(q1)cos(q4)sin(q3)− a3cos(q3)sin(q1)sin(q2)−
a5cos(q1)cos(q3)cos(q4)sin(q5)− a5cos(q1)cos(q3)cos(q5)sin(q4)−
a5cos(q1)cos(q4)cos(q5)sin(q3)− a4cos(q3)cos(q4)sin(q1)sin(q2)−
a3cos(q1)sin(q3) + a4sin(q1)sin(q2)sin(q3)sin(q4)−
a5cos(q3)cos(q4)cos(q5)sin(q1)sin(q2) + a5cos(q3)sin(q1)sin(q2)sin(q4)sin(q5) +
a5cos(q4)sin(q1)sin(q2)sin(q3)sin(q5) + a5cos(q5)sin(q1)sin(q2)sin(q3)sin(q4)

T24 = a3cos(q1)cos(q3)sin(q2)− a3sin(q1)sin(q3)− a4cos(q3)sin(q1)sin(q4)−
a4cos(q4)sin(q1)sin(q3) + a4cos(q1)cos(q3)cos(q4)sin(q2)−
a5cos(q3)cos(q4)sin(q1)sin(q5)− a5cos(q3)cos(q5)sin(q1)sin(q4)−
a5cos(q4)cos(q5)sin(q1)sin(q3)− a4cos(q1)sin(q2)sin(q3)sin(q4) +
a5sin(q1)sin(q3)sin(q4)sin(q5) + a5cos(q1)cos(q3)cos(q4)cos(q5)sin(q2)−
a5cos(q1)cos(q3)sin(q2)sin(q4)sin(q5)− a5cos(q1)cos(q4)sin(q2)sin(q3)sin(q5)−
a5cos(q1)cos(q5)sin(q2)sin(q3)sin(q4)

T34 = a4cos(q2)sin(q3)sin(q4)− a4cos(q2)cos(q3)cos(q4)− a3cos(q2)cos(q3)−
a5cos(q2)cos(q3)cos(q4)cos(q5) + a5cos(q2)cos(q3)sin(q4)sin(q5) +
a5cos(q2)cos(q4)sin(q3)sin(q5) + a5cos(q2)cos(q5)sin(q3)sin(q4)

T44 = 1

The matrix T 5
0 presents the kinematic equations that relate the base system to the end

of the robot in terms of the joint coordinates. The first 9 elements of this matrix contain
the orientation of the end-effector, and the first 3 elements of the fourth column contain the
position (x,y,z) of the end-effector.

5.1.4 Inverse Kinematics
Determining the inverse kinematics relies on the kinematic model derived in the preceding
section and involves determining the values of the joint variables q1, q2, q3, q4 and q5 of the
exoskeleton. First, the position of the wrist will be considered as the final position, and using
the transformation matrix 0T4 (Equation (5.1)), the value of q4 was found.
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0T4 =


Nwx Owx Awx Pwx

Nwy Owy Awy Pwy

Nwz Owz Awz Pwz

0 0 0 1

 (5.1)

In this case, the method indicated in (Tolani and Badler, 1996) was used, where the
position of the wrist [Pwx , Pwy , Pwz ] is considered fixed in space, the elbow joint rotates around
a defined axis from wrist to shoulder, and the shoulder positions are defined (s in [0,0,0]),
elbow (e) and wrist (w). Solving analytically, q4 is shown in Equation (5.2).

q4 = π − arccos
(
||w − s||2 − d2

e − d2
w

−2 ∗ de ∗ dw

)
(5.2)

where de and dw are the maximum lengths of the arm and forearm, respectively.

The values of q2 (Equation (5.3)), q1 (Equation (5.4)) and q3 (Equation (5.5)) were obtained
by considering the position of the elbow as a function of them, as follows:

0T3 =


sex n2x n1x ex
sey n2y n1y ey
sez n2z n1z ez
0 0 0 1


where:

se =
(

e− s
||e− s||

)
, ew =

(
w − e
||w − e||

)
, n1 = se× ew, n2 = n1 × se

The result is:

q2 = arctan

 n1z√
n2

1x + n2
1y

 (5.3)

q1 = arctan

(
−n1x

n1y

)
(5.4)

q3 = arctan

(
eycos(q1)sin(q2)− ezsin(q1)sin(q2)

−excos(q1)− eysin(q1)

)
(5.5)
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Finally, we consider: (4T5)−1T =0 A1
1A

2
2A

3
3A4, where (4A5)−1 is the inverse matrix of the

matrix 4A5 and Tw =0 A1
1A

2
2A

3
3A4, to find q5 (Equation (5.6))

q5 = arcsin

(
pyTw14 − pxTw24 + pya5

p2
x + p2

y

)
(5.6)

where px, py and pz are the known palm positions at x, y and z, respectively.

The results derived from this model enable the acquisition of joint variable values utilized
to track predefined trajectories.

5.1.5 Jacobian
To understand the relationship between joint velocities and those of the robot’s end-effector,
the Jacobian matrix representing its differential model is computed. A crucial aspect of
this matrix is its determinant (the Jacobian), as it allows for the identification of singular
configurations of the robot when the Jacobian is zero.

Highlighting two types of Jacobian matrices: the forward, which allows for calculating
the velocities of the robot’s end-effector from joint velocities, and the inverse, which enables
determining the joint velocities necessary to achieve the velocities of the end-effector.

Direct Jacobian Matrix

This involves differentiating with respect to time the equations of the direct kinematic
model ( 0T5 ), resulting in the following matrix expression:

·
x
·
y
·
z
wx
wy
wz


= J



·
q1
·
q2
·
q3
·
q4
·
q5


where:

·
x, ·
y, ·
z They are the components of the linear velocity of the end effector along the x, y and
z axes, respectively.

wx, wy, wz They are the components of the angular velocity of the end effector along the x,
y and z axes, respectively.

In this case, all joints of the exoskeleton are simple revolute, so to calculate the x, y and z
components of the linear and angular velocity, the information provided in Table 5.3 is used.
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Table 5.3: Linear and angular velocity for prismatic and revolute joints.

Velocity Prismatic Revolute

Linear
R0
i−1

 0
0
1


R0
i−1

 0
0
1

 × (
d0
n − d0

i−1

)

Angular

 0
0
0


R0
i−1

 0
0
1


where:

J =


R0

0

 0
0
1


×

(
d0

5 − d0
0
)

R0
1

 0
0
1


×

(
d0

5 − d0
1
) ...

R0
4

 0
0
1


×

(
d0

5 − d0
4
)

R0
0

 0
0
1


R0

1

 0
0
1

 ...
R0

4

 0
0
1





J =



J11 J12 J13 J14 J15
J21 J22 J23 J24 J25
J31 J32 J33 J34 J35
J41 J42 J43 J44 J45
J51 J52 J53 J54 J55
J61 J62 J63 J64 J65


The coefficients of the resulting Jacobian matrix (J) are shown in Annex .2.

As can be observed, the matrix J is not square, so it is not possible to calculate its
determinant (Jacobian). This is because the number of degrees of freedom is less than that of
the task space. Therefore, the robot’s movement presents certain restrictions, which will be
analyzed in the following section.

Inverse Jacobian Matrix

This matrix facilitates the calculation of the joint velocities required to achieve a specific
movement of the robot’s end effector. Additionally, it helps identify singular configurations of
the mechanism, which are common in manipulator robots (such as exoskeletons) and occur
when the Jacobian matrix becomes singular.

There are two types of singularities: 1) those found at the boundary of the workspace
(present in all manipulators) and 2) those occurring within the workspace, resulting from the
alignment of two or more joint axes. When a manipulator is in a singular configuration, it
loses one or more degrees of freedom, meaning that, from the Cartesian space perspective,
there are certain directions (or subspaces) where it is impossible to move the robot’s hand,
regardless of the selected joint configurations.

In this case, the resulting direct Jacobian matrix is non-square, which prevents the
calculation of the Jacobian inverse. Therefore, assessing the manipulability of the exoskeleton
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will be done by calculating the manipulability index (Moreno et al., 2012), as shown in
equation 5.7. This performance index quantifies a robot’s ability to generate velocities at its
end effector and is proportional to the volume of the velocity ellipsoid.

w =
√
det(JJT ) (5.7)

In general terms, the exoskeleton will be in a singular configuration when it is completely
straight down (that is, when all joint values are equal to zero), and the axes of rotation of the
joints are aligned with each other. It should be noted that control algorithms based on joint
space do not require a Jacobian matrix or its inverse; therefore, singularities do not pose a
significant problem in this case. However, control approaches based on Cartesian coordinates
do require the Jacobian or Jacobian inverse matrices, so it is necessary to adequately consider
singularities.

5.2 Control Architecture
According to the objective of the application, the implemented controller must follow the
trajectories applied in physical rehabilitation (defined by the specialist doctor). The dynamic
model of the exoskeleton in the joint space and a PD controller (minimizes steady-state error
and ascent time) were implemented; are shown in the equations (7.1) and (5.9).

M(q)q̈ + C(q, q̇)q̇ +G(q) = τ + τu (5.8)
Kpe(t) +Kdė(t) = τ (5.9)

where: q ∈ Rn×1 containing the joint angular position, q̇ ∈ Rn×1 vector containing the joint
angular velocity, q̈ ∈ Rn×1 vector containing the joint angular acceleration, M(q) ∈ Rn×n is the
inertial matrix, C(q, q̇) ∈ Rn×n is centrifugal and Coriolis terms, G(q) ∈ Rn×1 is gravitational
forces, τ ∈ Rn×1 denotes the generalized torque vector, τu ∈ Rn×1 is the vector of unknown
disturbing forces, e ∈ Rn×1 is is the tracking error calculated by e = qd − q, where qd is the
desired trajectory and q is the measured trajectory and ė ∈ Rn×1 is the tracking error in
velocity, with n = 5 as the number of joints (M , C and G are shown in detail in Annex .3).

The exoskeleton is considered a support tool for rehabilitation medical staff, facilitating
passive therapy for patients with mobility issues in the right upper limb. In this context,
and based on the kinematic control shown in Figure 3.11, it is initially necessary to generate
the trajectories that the exoskeleton should follow. Table 5.4 presents some of the main
trajectories used in physical rehabilitation, classified into two groups: 1) simple movements
and 2) complex movements, allowing for third and fifth-order trajectories in both cases.
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Table 5.4: Physical Rehabilitation Trajectories.

Movement Equations in Cartesian Space [m]
Simple Movements

Shoulder Internal-External Rotation
x = 0.48 cos(p)
y = 0.48 sin(p)
z = 0

Shoulder abduction-adduction
x = 0
y = 0.79 sin(p)
z = −0.79 cos(p)

Shoulder flexion-extension
x = −0.91 sin(p)
y = 0
z = −0.91 cos(p)

Elbow flexion-extension
x = −0.48 sin(p)
y = 0
z = −0.48 cos(p)

Wrist abduction-adduction
x = −0.05 sin(p)
y = 0
z = −0.05 cos(p)

Complex Movements

Diagonal
x = −45.00p
y = −0.26p
z = −0.53 + 0.53p

Half Circle and Circle
x = r cos(p)
y = r sin(p)
z = 0

Infinity
x = −0.50r cos(p)
y = r( sin(2p)

2 )
z = 0

where: r represents the radius of the circle to be constructed, while p denotes the coefficients
of a third or fifth-order polynomial, depending on the specification provided by the medical
staff.

Figure 5.2 shows the control scheme used in the simulation to validate the trajectories
listed in Table 5.4. Below, this scheme is described:

• Input data: the movement to be performed (taking into account the workspace of the
exoskeleton), the final position (assuming the initial position is zero), the desired time
to reach the final position, and the order of the trajectory (third or fifth).

• Trajectory generator: It employs inverse kinematics to determine the desired joint
trajectories (qdi(t)), which are considered as inputs for the dynamic control.

• Dynamic control: It employs a proportional-derivative controller for each joint, with the
following gains: kp=[30 300 300 300 300 1.2] and kd=[5 40 40 40 0.15]. This controller
takes as inputs qdi(t) (obtained from the trajectory generator) and qsim(t) (obtained from
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the virtual DTP of the exoskeleton, which considers the detailed mechanical properties
in Annex .3).

Figure 5.2: Control scheme for path tracking (utilizing the exoskeleton’s DTP).

Several movements listed in Table 5.4 were performed, using different sets of input data
covering both third and fifth-order polynomials. Table 5.5 displays the corresponding joint
RMSEs for each of these movements implemented with third-order polynomials. Additionally,
Table 5.6 provides the maximum joint torques obtained for those same movements. Figures
5.3-5.9 present the joint tracking, tracking error, and torques obtained in the simulation of
each movement.

Table 5.5: RMSE: 3rd-order trajectory tracking

Movement Trajectory features q1[rad] q2[rad] q3[rad] q4[rad] q5[rad] Mean
S-IER From ≈0 to 30◦ in 3 s 0.003 0.005 0.013 0.191 0.008 0.044
S-AA From ≈0 to 90◦ in 5 s 0.005 0.004 0.020 0.005 0.006 0.008
S-FE From ≈0 to 90◦ in 10 s 0.002 0.003 0.022 0.005 0.006 0.008
E-FE From ≈0 to 120◦ in 5 s 0.003 0.004 0.006 0.004 0.006 0.005
Diagonal From [-0.029,-0.005,-

0.853] to [0.639, -0.408,
0.013] in 10 s

0.002 0.004 0.019 0.005 0.006 0.007

Circle r=0.3m, in 4 s 0.005 0.005 0.017 0.040 0.011 0.016
Infinity r=0.25m, in 4 s 0.006 0.005 0.001 0.004 0.007 0.005

Mean 0.003 0.004 0.014 0.036 0.007 0.013
Table 5.6: Maximum torques: 3rd-order trajectory tracking

Movement q1[Nm] q2[Nm] q3[Nm] q4[Nm] q5[Nm]
S-IER 0.999 9.773 18.000 18.000 0.199
S-AA 1.236 2.718 11.421 3.141 0.018
S-FE 1.396 1.690 12.458 3.644 0.018
E-FE 1.389 1.690 3.642 3.695 0.017
Diagonal 1.448 1.707 11.384 6.923 0.019
Circle 1.026 2.180 18.000 18.00 0.202
Infinity 1.141 1.994 0.956 3.142 0.013

92



Chapter 5. Methodological Implementation: Mathematical modeling, control architecture
and human-robot interface

Figure 5.3: S-IER movement: DTP performance in simulation using a 3rd-order trajectory (desired
trajectory (blue color) and simulated trajectory (orange color)).
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Figure 5.4: S-AA movement: DTP performance in simulation using a 3rd-order trajectory (desired
trajectory (blue color) and simulated trajectory (orange color)).
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Figure 5.5: S-FE movement: DTP performance in simulation using a 3rd-order trajectory (desired
trajectory (blue color) and simulated trajectory (orange color)).
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Figure 5.6: E-FE movement: DTP performance in simulation using a 3rd-order trajectory (desired
trajectory (blue color) and simulated trajectory (orange color)).
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Figure 5.7: Diagonal movement: DTP performance in simulation using a 3rd-order trajectory
(desired trajectory (blue color) and simulated trajectory (orange color)).
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Figure 5.8: Circle movement: DTP performance in simulation using a 3rd-order trajectory (desired
trajectory (blue color) and simulated trajectory (orange color)).
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Figure 5.9: Infinity movement: DTP performance in simulation using a 3rd-order trajectory
(desired trajectory (blue color) and simulated trajectory (orange color)).
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Table 5.7 displays the corresponding joint RMSEs for each of these movements implemented
with fifth-order polynomials. Additionally, Table 5.8 provides the maximum joint torques
obtained for those same movements. Figures 5.10-5.16 present the joint tracking, tracking
error, and torques obtained in the simulation of each movement.

Table 5.7: RMSE: 5th-order trajectory tracking

Movement Trajectory features q1[rad] q2[rad] q3[rad] q4[rad] q5[rad] Mean
S-IER From ≈0 to 30◦ in 3 s 0.004 0.006 0.016 0.184 0.016 0.045
S-AA From ≈0 to 90◦ in 5 s 0.005 0.006 0.027 0.006 0.011 0.011
S-FE From ≈0 to 90◦ in 10 s 0.002 0.005 0.030 0.007 0.011 0.011
E-FE From ≈0 to 120◦ in 5 s 0.003 0.005 0.009 0.006 0.010 0.007
Diagonal From [-0.029,-0.005,-

0.853] to [0.639, -0.408,
0.013] in 10 s

0.002 0.005 0.025 0.007 0.012 0.010

Circle r=0.30m, in 4 s 0.005 0.005 0.015 0.040 0.010 0.015
Infinity r=0.25m in 4 s 0.006 0.005 0.001 0.004 0.007 0.005

Mean 0.004 0.005 0.017 0.036 0.011 0.015

Table 5.8: Maximum torques: 5th-order trajectory tracking

Movement q1[Nm] q2[Nm] q3[Nm] q4[Nm] q5[Nm]
S-IER 0.745 7.330 18.000 18.000 0.203
S-AA 1.162 2.662 11.391 2.546 0.018
S-FE 1.047 1.685 12.467 2.573 0.018
E-FE 1.047 1.688 3.629 2.586 0.018
Diagonal 1.047 1.698 11.359 2.664 0.019
Circle 1.024 2.180 18.000 18.000 0.202
Infinity 1.047 1.965 0.940 3.142 0.013

The movements with the lowest mean RMSE, whether using third or fifth-order polynomials,
are elbow flexion-extension and infinity, while shoulder internal-external rotation exhibits
the highest error. Joint q1 has the lowest mean RMSE, while joint q4 shows the highest
error. Regarding maximum torques, these are higher when using third-order polynomials
compared to fifth-order ones, which aligns with expectations due to the order of implemented
trajectories. Additionally, the joints q3(t) and q4(t) exhibit the highest maximum torques.
Generally, these maximum torques are reached at the beginning of the trajectories, decreasing
thereafter.

In general, mean RMSE of all performed movements was 0.015 radians, which is considered
acceptable for the application. It is important to note that these simulations only take into
account the behavior of the exoskeleton, meaning they exclude the effect of forces generated
by patients during movement execution.
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Figure 5.10: S-IER movement: DTP performance in simulation using a 5th-order trajectory
(desired trajectory (blue color) and simulated trajectory (orange color)).
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Figure 5.11: S-AA movement: DTP performance in simulation using a 5th-order trajectory (desired
trajectory (blue color) and simulated trajectory (orange color)).
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Figure 5.12: S-FE movement: DTP performance in simulation using a 5th-order trajectory (desired
trajectory (blue color) and simulated trajectory (orange color)).
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Figure 5.13: E-FE movement: DTP performance in simulation using a 5th-order trajectory (desired
trajectory (blue color) and simulated trajectory (orange color)).
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Figure 5.14: Diagonal movement: DTP performance in simulation using a 5th-order trajectory
(desired trajectory (blue color) and simulated trajectory (orange color)).
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Figure 5.15: Circle movement: DTP performance in simulation using a 5th-order trajectory
(desired trajectory (blue color) and simulated trajectory (orange color)).
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Figure 5.16: Infinity movement: DTP performance in simulation using a 5th-order trajectory
(desired trajectory (blue color) and simulated trajectory (orange color)).
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5.3 Human–Robot Interface: Design and Functionality.
The interface has been designed with a user-centered approach, specifically targeting medical
personnel. Its primary goal is to provide a versatile tool that minimizes the amount of necessary
data, while the collected data facilitates the creation of a detailed medical history. This
interface integrates technical engineering aspects with clinical aspects related to therapeutic
treatments, all while considering Jakob Nielsen’s 10 general principles (Nielsen, 1994), enabling
the execution of treatments that include retraining of movement patterns.

The user interface has been developed as an application in Matlab® and runs on a laptop
computer. Data exchange between the virtual and physical digital twins is carried out through
a wired data network using the CAN protocol via the serial port. Therefore, operating the
exoskeleton is achieved by configuring and programming the system through the interface in
two stages. The first stage involves simulating and graphically visualizing movement using the
virtual digital twin (DTP) of the exoskeleton, while the second stage enables the execution of
movements through the physical digital twin (DTI), see Figure 5.17.

Figure 5.17: Human-robot interaction.

The user interface consists of a main screen and a secondary one. The main screen initiates
the first contact with the user and presents the following features in sequence (refer to Figure
5.18):

1. It facilitates the input of users’ clinical data (number 1 in Figure 5.18).

2. It allows configuring therapeutic movements once medical personnel selects the movement
to execute, as well as the final position and the time at which said final position must
be reached. This is done considering 2 modes of operation (number 2 in Figure 5.18).
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(a) Mode 1: Decoupled movements, where the movement is performed exclusively by
the selected joint, following a smooth joint trajectory defined by the rehabilitation
medical personnel (third or fifth order).

(b) Mode 2: Coupled movements, where all joints execute the motion through smooth
trajectories, thus generating a more natural and human-like movement (utilizing
the inverse kinematics solution described in Section 5.1.4).

3. Once the therapeutic movements have been defined, the interface allows for a simulation
of the exoskeleton’s virtual DTP. In this simulation, users can visually observe the
obtained joint and Cartesian trajectories, as well as a 3D visualization of the device
executing the movement previously configured by medical personnel (number 3 in Figure
5.18).

4. It enables communication with the secondary interface, which allows for control of the
DTI (number 4 in Figure 5.18).

5. It enables automatic storage of the user’s clinical data, as well as the data for each
therapeutic movement performed during the simulation of the exoskeleton’s DTP.

The secondary screen enables communication and control of the digital twin instance
(physical prototype). Below, its features are detailed in the corresponding order of the process
(see Figure 5.19).

1. It facilitates the establishment of serial communication between the interface and the
DTI (number 1 in Figure 5.19).

2. It allows executing the movements that have been previously simulated on the main
screen, as well as the movements that have been predefined (identified as number 2 in
Figure 5.19).

3. It facilitates the execution of specific joint movements at each of the joints of the DTI
(Induction Therapy Device). Entering the final angular position in degrees is required,
and the DTI will perform, in a single motion, the transition from the initial position to
the position indicated by the user (number 3 in Figure 5.19).

4. It provides a visual representation of the performance of the physical prototype through
joint and Cartesian graphs (number 4 in Figure 5.19).

5. It enables automatic storage of the output data from each therapeutic movement
performed by the DTI of the exoskeleton.

In addition to the functions mentioned on the secondary screen, it also includes a pause
button that allows the user to interrupt and then resume movement, and a stop button that
aborts the movement and completely halts the actuators. These functions are activated by
medical personnel as safety measures during DTI operation. As a result, the interface can
operate the exoskeleton both in simulation and in the physical world.

The following section presents a comprehensive assessment covering the perspectives of
the user, the physiotherapist, and the device’s performance as a product.
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Chapter 6

Methodological Implementation:
Exoskeleton evaluation in a clinical
environment

"Science is not learned from books, but through experience".

Julio Verne.

The thorough assessment of rehabilitation exoskeletons is vital for ensuring their effective-
ness, safety, and acceptance within clinical settings. By examining biomechanical, functional,
and user experience factors, this evaluation yields essential insights that inform the design,
deployment, and ongoing enhancement of these devices. Therefore, this section presents a
comprehensive evaluation of the exoskeleton’s DTI, encompassing its performance and user
perceptions, including feedback from rehabilitation professionals and end users. The following
outlines the process.

6.1 Description of the Full-Scope evaluation methodol-
ogy

Initially, the device was installed in a rehabilitation room at the Hospital Universitario 12 de
Octubre (HU12O) in Madrid, Spain (see Figure 6.1). The exoskeleton was controlled using a
laptop equipped with an 11th generation Intel(R) Core(TM) i7-11800H processor, running at
2.30GHz, and 16GB of RAM were allocated.
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Figure 6.1: Installation of the exoskeleton’s DTI at HU12O

The rehabilitation medical personnel operated the device to provide assistance to the
participants during the rehabilitation sessions. In this context, the term "users" encompasses
both patients with injuries to the right upper limb and healthy individuals. All involved
parties, including physiotherapists and users, were provided with comprehensive information
about the study and gave their consent to participate voluntarily in the research. For users,
this consent was formalized by signing an informed consent document.

The physiotherapists selected users based on the following inclusion criteria: individuals
weighing under 80 kg, experiencing impairment in the right upper limb, and undergoing
post-surgical recovery, or those suffering from tendinopathy. Exclusion criteria were applied
to patients whose participation could be detrimental to their well-being, those who refused
consent, as well as those with secondary conditions such as mental illnesses or experiencing
any type of pain. Once users were selected, rehabilitation sessions were conducted during
which they utilized the exoskeleton to perform a variety of movements, both simple and
complex. The main features of the users who participated in the study are detailed in Table
6.1.

Table 6.1: Features of Test Users

User User Type Gender Age [years] Height [cm] Weight [kg]
1 Patient Female 53 157.00 55.00
2 Patient Female 39 155.00 71.00
3 Patient Male 56 165.00 59.50

114



Chapter 6. Methodological Implementation: Exoskeleton evaluation in a clinical environment

User User Type Gender Age [years] Height [cm] Weight [kg]
4 Patient Male 46 171.00 70.00
5 Patient Male 65 174.00 69.00
6 Patient Female 58 160.00 55.00
7 Patient Female 61 167.00 53.00
8 Patient Male 62 167.00 65.00
9 Patient Female 37 173.00 75.00
10 Patient Female 60 153.00 73.00
11 Healthy user Male 20 170.00 67.00
12 Healthy user Female 20 157.00 52.00

According to the data presented in Table 6.1, the test was conducted with the participation
of 10 patients and 2 healthy users (7 females and 5 males). The average age was 48 years old
(standard deviation of 15.16), with an average height of 164 cm (standard deviation of 7.07),
and an average weight of 63.70 kg (standard deviation of 8.00). It is important to note that
none of the users had previous experience in using exoskeletons during their rehabilitation
process.

With the aim of conducting a comprehensive and thorough evaluation of the developed
system, the perception of both users and rehabilitation medical personnel, as well as the
performance of the exoskeleton, were taken into consideration. To achieve this, qualitative and
quantitative measures of the system were employed through standardized and/or customized
questionnaires, which were administered after the tests. These questionnaires aimed to
measure the usability and perceived workload of the rehabilitation staff, as well as the
system’s performance.

To conduct this assessment, it was proposed to employ the methodologies shown in Figure
6.2, which are described below:

6.2 Evaluations conducted by medical personnel
To carry out these evaluations, it was essential to inform the rehabilitation service staff about
the requirements and tests associated with the study. Consequently, the tests were conducted
by volunteers who consented to participate in the process.

This study was structured into two phases: the first one focused on training the phys-
iotherapists, while the second one centered on operating the prototype and collecting data.
Below, each of these stages is described in detail:

1. Training: Its aim is to instruct the rehabilitation service personnel at HU12O who will
be using the device. This training took place at the hospital’s facilities and was divided
into two phases:

• Phase 1: Physiotherapists were trained on the operation of the interface through an
in-person demonstration. Subsequently, each of them used the interface individually.

• Phase 2: Five physiotherapists from the previous group were selected to receive
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Figure 6.2: System Evaluation Process: Interface-Exoskeleton

training in the donning and use of the exoskeleton on patients. They were chosen
because, at that time, the majority of their patients were undergoing upper
limb rehabilitation. During the demonstration, one physiotherapist assumed the
patient’s position while another operated the device.

During both training phases, physiotherapists had the support of the device developer
to clarify any doubts and address their comments.

2. Operation of the device and data collection: In phase 2 of the study, physiother-
apists used the device during rehabilitation sessions with patients who had provided
their signed consent. During these sessions, physiotherapists programmed personalized
movements, both simple and complex, designed to support the patient’s rehabilitation
treatment (the movements are detailed in the section on assessments performed on the
exoskeleton). Data on the movements executed by the device were recorded and stored
for subsequent analysis regarding its performance.

At the end of each training phase, participants were asked to evaluate usability and
workload index. The aspects of each evaluation are detailed below:

1. Human-Robot Interface: The usability of the interface was evaluated using a customized
questionnaire based on ISO 25010-2011 and ISO 9241-11:2018 standards (see Annex .4).
This evaluation was conducted by 12 physicaltherapists (PTs) who completed phase 1
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of the training (25% men and 75% women), of whom only 16% had previous experience
with exoskeletons. The average age of the physical therapists was 48 years old, with a
standard deviation of 2.44 (see Table 6.2).

Table 6.2: Physiotherapists features

PT Gender Age [years] Previous experience
using exoskeletons

1 Male 49 No
2 Female 49 No
3 Female 52 No
4 Female 51 No
5 Female 46 Yes
6 Female 44 No
7 Male 49 No
8 Female 46 No
9 Male 47 Yes
10 Female 50 No
11 Female 45 No
12 Female 48 No

The customized questionnaire to assess the usability of the interface comprises 22
questions addressing the detailed aspects in Table 6.3. For each aspect, two questions
were assigned, which are answered using a 5-point Likert scale.

Table 6.3: Aspects evaluated in the interface usability questionnaire

Num Aspect Question Number
1 Ease of learning 1-2
2 Ease of use 3-4
3 Comprehension capacity 5-6
4 Visual appeal 7-8
5 Responsiveness 9-10
6 Ease of navigation 11-12
7 Flexibility and adaptability 13-14
8 System feedback 15-16
9 System errors 17-18
10 Error recovery capacibility 19-20
11 User satisfaction 21-22

Figure 6.3 shows the number of physiotherapists and the Likert scale rating assigned to
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each question in the questionnaire. The following are the conclusions for each aspect of
the interface:

Ease of Learning 75% of the physiotherapists found it easy to learn how to use.

Ease of Use 83% of the physiotherapists found it easy to use.

Comprehensibility Over 60% of the physiotherapists could easily understand how to
interact with the system.

Visual Appeal 75% of the physiotherapists found it attractive and visually pleasing.

Responsiveness Approximately 60% of the physiotherapists observed a quick response
from the interface to their actions, while only 16% experienced delays or a lack of
response.

Ease of Navigation Approximately 70% of the physiotherapists found the interface’s
navigation structure intuitive and could easily move through it.

Flexibility and Adaptability Approximately 40% of the physiotherapists agreed
that the interface allowed them to adapt it to their preferences and make useful
customizations.

System Feedback Approximately 70% of the physiotherapists agreed that the feedback
provided by the interface was clear and helpful.

System Errors Only 16% of the physiotherapists experienced any errors while using
the interface.

Error Recovery Capability One-third of the physiotherapists believed that the
interface provides options to correct errors and recover from them, based on the
percentage of physiotherapists who experienced some type of error.

User Satisfaction Approximately 60% of the physiotherapists found their satisfaction
with the interface acceptable and would recommend it to other physiotherapy
colleagues.

Taking into account the results obtained and aiming to enhance both the usability and
adoption of the interface, it is suggested primarily to increase the level of acceptance
regarding customization. Consequently, the inclusion of the capability to create sequences
of simple and complex movements is proposed, allowing for adjusting the speed of each
movement according to the joint ranges.

2. Interface-Exoskeleton System: The workload index experienced by physiotherapists was
assessed using the NASA TLX methodology. This evaluation was conducted by the
physiotherapists who participated in phase 2 of the training, specifically the first 5
physiotherapists mentioned in Table 6.2, and was performed after using the device
during rehabilitation sessions with their patients. The results of the six scales of this
methodology are presented in Table 6.4.
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Figure 6.3: Usability questionnaire results graph evaluating the device interface ( Annex .4 presents
the entire questionnaire).

Table 6.4: Task Load Index Results (NASA TLX)

Physiotherapist
Variable 1 2 3 4 5 Mean
Mental demand 250 50 150 10 75 107
Physical demand 10 100 150 15 30 61
Temporal demand 50 0 125 0 200 75
Performance 105 75 50 15 100 69
Effort 25 300 0 15 25 73
Frustration 75 80 50 20 0 45
Total 515 605 525 75 430 430
Load Level Medium Medium Medium Low Low

The analysis of the results obtained from the physiotherapists who used the device
revealed that mental demand was the most pronounced, followed by temporal demand
and effort, while frustration was the lowest (see Figure 6.4). Furthermore, the findings
suggest that improving the work environment could be beneficial, as most physiothera-
pists showed a medium level of workload.
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Figure 6.4: Resulting Task Load Index: NASA-TLX.

6.3 Evaluations conducted by users (patients and healthy
users)

1. Exoskeleton: The usability of the exoskeleton was evaluated using the System Usability
Scale. A 10-question survey using a 5-point Likert scale was employed for this purpose.
The 12 users completed the survey after a rehabilitation session with the exoskeleton,
and the results are presented in Table 6.5.

Table 6.5: SUS questionnaire results for each question

Question
User 1 2 3 4 5 6 7 8 9 10
1 3 3 2 5 3 4 1 1 3 5
2 3 3 4 5 4 3 4 3 5 4
3 4 2 4 5 4 2 3 2 4 2
4 4 3 4 2 4 3 4 2 4 2
5 4 5 3 4 3 3 3 4 3 3
6 4 2 4 3 3 3 4 2 4 3
7 1 3 4 3 2 4 4 2 2 2
8 4 2 5 5 4 3 3 3 4 2
9 3 3 4 4 3 3 4 3 3 3
10 5 1 5 5 5 1 1 5 5 1
11 4 3 5 2 3 2 4 2 4 1
12 1 2 3 5 4 2 3 3 2 4
Mean 3.33 2.66 3.91 4.00 3.50 2.75 3.16 2.66 3.58 2.66
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According to the results obtained from the users, the following conclusions can be drawn:
a) it is necessary to have the support of a professional, specifically a physical therapist,
for the use of the device, as they control its operation through the interface; b) users do
not find the exoskeleton difficult to use, as they only need it to be donned on the upper
limb; c) they experienced a sense of security when using the device; and d) they did not
need to acquire much prior knowledge before starting to use it.

Figure 6.5 presents the SUS result for each patient, with an average value of 56.87. This
result can be considered below average since is lower than 68. This relatively low scoring
can be mainly associated to the fact that the exoesqueleton was still at a prototype
stage when validating it in a real scenario. This also suggests that the usability of the
device needs improvement, particularly regarding the integration of functions and the
coupling between the user and the exoskeleton.

Figure 6.5: Result of the SUS questionnaire applied to the patients

2. Rehabilitation Therapy: Participant satisfaction with the therapeutic session was as-
sessed using the post-session ASQ questionnaire. This questionnaire includes three
objective questions rated on a five-point Likert scale.

All participants completed the ASQ questionnaire at the end of the therapeutic session
(see Figure 6.6), and their results are detailed in Table 6.6. In all questions, more than
50% of respondents expressed agreement, suggesting an acceptable level of satisfaction.
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Figure 6.6: Results of the ASQ questionnaire administered to the patients

Table 6.6: ASQ questionnaire results for each question

Question
User 1 2 3
1 4 4 4
2 4 5 5
3 5 5 5
4 4 4 4
5 4 4 4
6 4 4 4
7 5 5 5
8 4 4 4
9 3 4 5
10 5 5 5
11 4 5 4
12 4 4 4
Mean 4.16 4.16 4.16
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6.4 Evaluations conducted on the exoskeleton
1. Exoskeleton: The evaluation of the exoskeleton’s performance was based on the precision,

repeatability, and reproducibility of movements. Two simple movements were performed:
1) elbow flexion-extension and 2) shoulder internal-external rotation, in addition to
a complex movement: the diagonal. The latter was only executed by those patients
capable of performing it. Details of each movement are described in Table 6.7 and Figure
6.7 illustrates a patient using the exoskeleton, while the physiotherapist configures the
interface.

Figure 6.7: Exoskeleton being used by the patient, with the interface being configured by the
physiotherapist.
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Table 6.7: Movements applied in rehabilitation and carried out through the use of the
exoskeleton.

Users Speed [◦/s]Movement Description Min Max Mean
Elbow flex-
ion - exten-
sion

All users
(see Table
6.1)

• Coupled movement.
• Third-order articu-

lar trajectories.
• Different finishing

positions at different
times.

6.00 20.00 15.08

Si
m

pl
e

Shoulder
internal-
external
rotation

2.00 20.00 9.83

C
om

pl
ex

Diagonal Users from 5
to 9 (see Ta-
ble 6.1)

• Coupled movement.
• Third-order articu-

lar trajectories.
• Different finishing

positions at different
times.

4.00 12.00 7.00

The data from Table 6.7 reveals that the device achieved a maximum speed of 20.00
◦/s and a minimum of 2.00 ◦/s. This highlights the wide range of speeds available on
the device, as well as its versatility, flexibility, and ability to customize the therapeutic
routines recommended by physiotherapists. This adaptability enables meeting the
individual needs of each user.

Figures 6.8, 6.9, and 6.10 display the tracking of joint trajectories for each user during
elbow flexion-extension, shoulder internal-external rotation, and diagonal movements,
respectively. These figures depict the different final positions achieved by the users and
the time taken to reach them, thus illustrating the varied execution speeds.
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Figure 6.8: Users trajectory tracking: Elbow flexion-extension movement
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Figure 6.9: Users trajectory tracking: Shoulder internal-external rotation movement
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Figure 6.10: Users trajectory tracking: Diagonal movement
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After carrying out all the mentioned therapeutic movements, the performance of the
device was evaluated by calculating the root mean square error (RMSE) obtained for
each user in each of those movements. The desired trajectories used are those obtained
during the interface simulation stage (exoskeleton considers only its own weight). The
measured trajectories correspond to those obtained from the exoskeleton after executing
each of the movements. As an example, the behavior of user 6, who performed all three
movements, is illustrated (see Figures 6.11, 6.12, and 6.13).

Tables 6.8, 6.9 and 6.10 present the mean RMSE results of all users for each movement.

Table 6.8: RMSE: Simple movement (elbow flexion-extension)

User q1[rad] q2[rad] q3[rad] q4[rad] q5[rad]
1 0.10 0.02 0.03 0.16 0.00
2 0.03 0.01 0.03 0.25 0.00
3 0.08 0.05 0.02 0.38 0.00
4 0.02 0.05 0.07 0.37 0.00
5 0.11 0.01 0.08 0.36 0.00
6 0.03 0.01 0.02 0.35 0.00
7 0.07 0.01 0.02 0.48 0.00
8 0.10 0.04 0.04 0.49 0.00
9 0.03 0.02 0.04 0.37 0.00
10 0.07 0.01 0.01 0.39 0.00
11 0.03 0.02 0.03 0.47 0.00
12 0.05 0.04 0.02 0.50 0.00
Mean 0.06 0.02 0.03 0.38 0.00

Table 6.9: RMSE: Simple movement (shoulder internal-external rotation)

User q1[rad] q2[rad] q3[rad] q4[rad] q5[rad]
1 0.11 0.09 0.04 0.02 0.00
2 0.23 0.02 0.09 0.09 0.00
3 0.25 0.06 0.08 0.09 0.00
4 1.28 0.05 0.09 0.06 0.00
5 0.25 0.02 0.11 0.10 0.00
6 0.30 0.04 0.16 0.12 0.00
7 0.31 0.01 0.13 0.08 0.00
8 0.25 0.07 0.07 0.02 0.00
9 0.25 0.01 0.11 0.05 0.00
10 0.27 0.13 0.09 0.01 0.00
11 0.32 0.02 0.20 0.02 0.00
12 0.35 0.03 0.12 0.02 0.00
Mean 0.34 0.05 0.11 0.06 0.00
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Figure 6.11: User 6: Trajectory tracking (elbow flexion-extension movement). Simulated trajectory
(blue dashed line) and measured trajectory (orange line).
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Figure 6.12: User 6: Trajectory tracking (shoulder internal-external rotation movement). Simulated
trajectory (blue dashed line) and measured trajectory (orange line).
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Figure 6.13: User 6: Trajectory tracking (diagonal movement). Simulated trajectory (blue dashed
line) and measured trajectory (orange line).
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It is worth noting that, in the case of user 4 (refer to Table 6.9), a significant RMSE
was observed in the internal-external rotation movement of the shoulder, attributable
to the user’s particular health condition.

Table 6.10: RMSE: Complex movement (diagonal)

User q1[rad] q2[rad] q3[rad] q4[rad] q5[rad]
5 0.19 0.08 0.91 0.58 0.00
6 0.26 0.03 0.78 0.65 0.00
7 0.16 0.02 1.13 0.46 0.00
8 0.22 0.05 0.78 0.74 0.00
9 0.23 0.08 0.81 0.83 0.00
Mean 0.21 0.05 0.88 0.65 0.00

The RMSE data shows that the mean errors were 0.09 radians, 0.11 radians, and 0.35
radians for the elbow flexion-extension, shoulder internal-external rotation, and diagonal
movements, respectively.

In single movements, it is noticeable that the joint directly involved in the motion exhibits
a higher average error than the others. On the other hand, in the case of complex movements,
a greater error is recorded compared to single movements. This disparity is due to the serial
design of the robot (where an error in one joint directly affects the following ones) and the
technical specifications of the actuators used.

Figures 6.14, 6.15, and 6.16 illustrate the torque estimation behavior of each user in every
movement. It is important to note that torque behavior is influenced by the users’ individual
features, as errors vary depending on the movements executed by each individual.

Due to the nature of the application, it is necessary to use an optimal controller. Therefore,
an advanced control technique is proposed that combines adaptive control with sliding modes
and particle swarm optimization. This combination offers robustness and efficiency in handling
complex and nonlinear systems. Sliding mode control provides a robust strategy against
system uncertainties and disturbances, ensuring stable and precise performance. On the other
hand, particle swarm optimization, inspired by the social behavior of animals such as birds
and fish, dynamically and efficiently optimizes system parameters.

By applying these techniques in the context of an upper limb exoskeleton, the aim is to
improve user assistance and rehabilitation, achieving more natural movements that adapt to
the individual needs of each patient. This strategy will be developed and described in Chapter
7, within the context of the ETS-MARSE exoskeleton, created by the École de technologie
supérieure (ÉTS) in Montreal, where I completed a stay.

In addition to conducting the evaluation described in Figure 6.2, an analysis of the device
as a product designed to fulfill a specific objective in a particular environment was carried
out. This analysis focused on the tests conducted on users to gather data for evaluating the
quality indicators of the developed device. To achieve this, the process outlined in Figure
6.17 was followed, and the results obtained are presented in Table 6.11.
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Figure 6.14: Users Torque: Elbow flexion-extension movement
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Figure 6.15: Users Torque: Shoulder internal-external rotation movement
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Figure 6.16: Users Torque: Diagonal movement
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Figure 6.17: Procedure carried out in the tests with patients

Table 6.11: Description of the attempts made with the system (TE= It took two attempts due
to technical errors in the device. PTE= The physiotherapist finished the task with 1
error. OP= Opposition to the movement.)

Attempt Time [s]
Main In-

terface
Donning the

exoskeleton
Sec-

ondary
interface

Doffing the
exoskeleton

Total Remarks

U1-EF 96.00 125.00 84.00 18.00 503.00U1-ER 82.00 98.00
U2-EF 115.00 90.00 33.00 13.00 386.00 TE
U2-ER 70.00 65.00
U3-EF 62.00 81.00 56.00 24.00 308.00 PTE
U3-ER 35.00 50.00
U4-EF 240.00 192.00 56.00 26.00 620.00 PTE
U4-ER 57.00 49.00 OP.
U5-EF 142.00

101.00
66.00

25.00 664.00U5-ER 48.00 78.00
U5-D 62.00 142.00 PTE
U6-EF 184.00

81.00
39.00

24.00 526.00U6-ER 33.00 87.00 TE
U6-D 32.00 46.00
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Attempt Time [s]
Main In-

terface
Donning the

exoskeleton
Sec-

ondary
interface

Doffing the
exoskeleton

Total Remarks

U7-EF 155.00
96.00

63.00 19.00 528.00U7-ER 36.00 67.00
U7-D 41.00 51.00
U8-EF 151.00

59.00
82.00

22.00
PTE

U8-ER 66.00 53.00 549.00U8-D 54.00 62.00
U9-EF 108.00

105.00
40.00

14.00 399.00U9-ER 46.00 31.00 PTE
U9-D 26.00 29.00 TE
U10-EF 108.00

169.00
34.00 15.00 401.00U10-ER 32.00 43.00

U11-EF 105.00 44.00 36.00 12.00 241.00U11-ER 21.00 23.00
U12-EF 88.00 44.00 21.00 14.00 222.00U12-ER 36.00 19.00

The results presented in Table 6.11 indicate that the average times for donning and
doffing the exoskeleton from the patient were 98.91 seconds (1.64 minutes) and 18.83 seconds
(0.31 minutes), respectively. Additionally, the mean time for patients who performed two
movements was 383 seconds (6.38 minutes), while for those who performed three movements,
it was 533.20 seconds (8.88 minutes).

The mean time each physiotherapist used the device with each patient was 445.58 seconds
(7.42 minutes), and the mean time to perform each movement was 184.37 seconds (3.07
minutes). It is important to note that the execution times of each activity, as shown in
Figure 6.17, depend on the individual skills of each physiotherapist and the conditions of each
patient. Overall, it was observed that the times taken for each activity were faster in the case
of healthy users.

Below are the main usability metrics considered as quality indicators. In this context,
each individual movement performed by the device was regarded as an attempt.

Task success rate (TSR): Evaluates the effectiveness of the device based on the percentage
of tasks completed successfully. As indicated in Table 6.11, three technical failures were
observed. Therefore, out of the 32 attempts made, 29 were successful, resulting in a
success rate of 90.62% (see Equation 6.1).

TSR = 29
32 = 90.62% (6.1)

Time required to complete a task (TTR): Measures the effectiveness of the device by
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determining the time needed to complete a specific movement. In this case, the average
time required for a therapist to perform a movement was 3.07 minutes (see Equation
6.2).

TTR = 5347
29 = 184.37s (6.2)

User Error Rate (UER): Evaluates the effectiveness of the device by examining the
frequency of failed inputs during attempts. In this situation, user errors refer to those
indicated in the interface to physiotherapists during its use. Since the total number of
possible errors in the interface is 14, the obtained result was 1.11% (see Equation 6.3).

UER = 5
32 ∗ 14 = 1.11% (6.3)

According to the results obtained in TSR and UER, it was observed that the rate of
technical errors was less than 10% in the conducted tests. Furthermore, the percentage of error
attributable to users (physiotherapists) was 1.11%, suggesting that the device’s effectiveness
is acceptable.

Although the device has been comprehensively evaluated, it is important to note that the
study presented some limitations: a) the time and number of tests to evaluate the interface
and exoskeleton were limited. To reduce or avoid the number of errors by physiotherapists,
it would be necessary to use the device and its interface for a longer period, which would
contribute to improving the learning curve and adaptability of the device. b) The number of
participants in the study was the minimum required for usability testing, so it is suggested to
increase their quantity in future work. c) The clinically significant rehabilitation outcomes in
the treatment of upper limb pathologies were not evaluated due to the limited duration of
the trials.

Thanks to the results obtained in this evaluation stage, the effectiveness of the device
regarding its mechanical design, implemented control strategies, and developed human-robot
interface was confirmed, as well as its usability and the satisfaction level of users and
physiotherapists. Although areas for improvement were identified in these aspects, an initial
comprehensive engagement with all stakeholders was achieved, and improvement points were
defined to be addressed in future work.
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Chapter 7

ETS-MARSE: Sliding Mode Controller
Gain Tuning Using Particle Swarm
Optimization

"Optimization is essential to overcome the most challenging obstacles and
reach new horizons in research".

Stephen Hawking.

This doctoral thesis aims to get the international mention, then according to the regulation,
a research intership was carried out at the École de Technologie Supérieure (ETS) in Montreal,
Canada.

Two primary challenges in controlling robotic rehabilitation devices are the uncertainties
in mathematical models and, more importantly, the need for controllers capable of adapting
to dynamic changes in human-robot interaction. To tackle these issues, this section proposes
employing the particle swarm optimization (PSO) algorithm for the real-time adjustment of
gains in the sliding mode controller (SMC) based on the exponential reaching law (ERL). The
proposed approach was designed for a 7 DOF robotic exoskeleton used in upper-limb physical
rehabilitation ( Figure 7.1). The optimization algorithm aims to minimize tracking errors in
rehabilitation exercises, through the robust ERL controller applied to nonlinear systems with
external perturbations. Below are the mathematical analyses of this approach (Exoskeleton’s
uncertain dynamic model, convergence of algorithms, etc).

The following sections show the dynamical model of the exoskeleton (nonlinear considering
external perturbations), the controller (features, stability analysis, etc.), the mathematical
aspects of the PSO algorithm, the implementation conditions, experimental results and
analyses obtained.
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Figure 7.1: ETS-Marse Exoskeleton

7.1 Mathematical foundations

7.1.1 Exoskeleton’s uncertain dynamic model
During physical therapy treatments, patients wear the exoskeleton for purposes that may be
rehabilitation and/or assistance. Due to this, there are coupled systems with two different
dynamics (human and exoskeleton), so they must be considered in the real application.

An adaptive controller is required for nonlinear systems that adapt to model uncertainties
and external disturbances. So, the dynamics of the ETS-MARSE robot are presented in joint
space as follows (Bedolla-Martinez et al., 2023):

M(θ)θ̈ + C(θ, θ̇)θ̇ +G(θ) + F (θ̇) = τo + τd (7.1)

where: θ ∈ Rn×1 containing the joint angular position, θ̇ ∈ Rn×1 vector containing the joint
angular velocity, θ̈ ∈ Rn×1 vector containing the joint angular acceleration, M(θ) ∈ Rn×n is the
inertial matrix, C(θ, θ̇) ∈ Rn×n is centrifugal and Coriolis terms, G(θ) ∈ Rn×1 is gravitational
forces, F (θ̇) ∈ Rn×1 is characterizing nonlinear Coulomb friction, τo ∈ Rn×1 denotes the
generalized torque vector, and τd ∈ Rn×1 represents the vector of unknown disturbing forces
originating from the patient with n equal to 7 (number of joints). Consider the following
relations:
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M =Mo +Mu (7.2)
C =Co + Cu (7.3)
G =Go +Gu (7.4)

where: the terms with subscript "o" represent the nominal part and terms with subscript
"u" represent the unknown part for M , C, and G.

Isolating θ̈ from Equation (7.1), we obtain Equation (7.5):

θ̈ = M−1
o (θ)[τo − Co(θ, θ̇)θ̇ −Go(θ)] + Uu (7.5)

where: Uu includes the unknown variables shown in Equation (7.6), and Mo(θ) is a
symmetric matrix that is positive definite, ensuring the availability of M−1

o (θ).

Uu = M−1
o (θ)[τd −Mu(θ)θ̈ − Cu(θ, θ̇)θ̇ −Gu(θ)− F (θ̇)] (7.6)

A compensatory torque derived from the nominal components of (7.1) is:

τo = Mo(θ)ν(t) + Co(θ, θ̇)θ̇ +Go(θ) (7.7)

where ν(t) represents the virtual control that guides the system toward the goal of control,
to be designed later. Substituting Equation (7.7) in Equation (7.5), the following uncertain
linear system is obtained.

θ̈ = ν(t) + Uu (7.8)

7.1.2 Proposed controller
The initial step involves selecting the sliding surface S based on the tracking error, as expressed
in Equation (7.9). This indicates that upon reaching the sliding surface, the tracking error
decreases to zero. The rate of convergence is linked to the value of Λi.

Si =Λiei + ėi (7.9)

where the tracking error is calculated as ei = θdi − θi, where θdi denotes the desired
trajectory, and θi represents the measured angular position.
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The subsequent phase includes choosing the control law ν that facilitates the error
convergence toward the sliding surface. To achieve this, the following condition must be
fulfilled:

SiṠi < 0 ∀t

A controller based on sliding modes with ERL was chosen for nonlinear systems, whose
typical reaching law is as shown in Equation (7.10):

Ṡi =− Ki

D(Si)
sign(Si) (7.10)

D(Si) =ςi + (1− ςi)e−ρi|Si|hi

sign(Si) =


1, for Si > 0
0, for Si = 0
−1, for Si < 0

where Ki is a strictly positive gain, ςi is a strictly positive offset less than one (0 < ςi < 1),
hi is a positive integer greater than zero (hi > 0), and ρi is also a positive integer greater
than zero (ρi > 0).

Relation (7.10) has the following features:

• In the event of an increase in |Si|, D(Si)→ ςi, leading to the convergence of Ki/D(Si)
towards Ki/ςi. Consequently, during the reaching phase, Ki/D(Si) increases, resulting
in a faster attraction towards the sliding surface.

• In the case of a decrease in |Si|, D(Si) → 1, causing Ki/D(Si) to converge to Ki.
Consequently, Ki/D(Si) gradually decreases, thereby mitigating chattering.

Thus, the ERL does not impact the stability of control through sliding modes since D(Si)
remains strictly positive. Additionally, it enables the controller to dynamically adapt to
changes in the sliding surface by permitting the variation of Ki/D(Si) within the range of Ki

to Ki/ςi.

It is crucial to emphasize that the abrupt term Kisign(Si) in Equation (7.10) frequently
results in heightened control activity, commonly referred to as chattering (an undesirable
phenomenon). To address this concern, the paper employs a smoothed fragmented term in
the control input, as illustrated in Equation (7.11):

Ṡi =− Ki

D(Si)
sat

(
Si
ψi

)
∀t,Ki > 0 (7.11)
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where:

sat
(
Si
ψi

)
=


1, for Si ≥ ψi
Si
ψi
, for −ϕi ≤ Si ≤ ψi, ∀t, 0 < ψi ≪ 1

−1, for Si ≤ ψi

By employing this substitution, the system’s convergence is restricted to a boundary layer
surrounding the sliding surface. The size of this neighborhood is directly determined by
the parameter ψi. Therefore, the Equation (7.11) effectively addresses chattering issues and
enhances tracking performance.

According with the Equations (7.5), (7.9) and (7.11), we obtain νi :

νi =θ̈di + Λiėi + Ki

D(Si)
sat

(
Si
ψi

)
(7.12)

The online tuning process will determine the optimal values of the variables Ki and Λi,
which adjust to changes during the trajectory tracking.

Controller stability analysis

To assess the stability of the controller, Equation (7.13) is chosen as the Lyapunov function.

H(Si) = 1
2S

2
i (7.13)

Hence, if Ḣ < 0, it indicates Ṡi < 0 for Si > 0 and Ṡi > 0 for Si < 0 (refer to Equation
(7.14)). This leads to the emergence of a switching phenomenon to uphold the condition
SiṠi < 0.

Ḣ(Si) = SiṠi (7.14)

where:

Ṡi = Λiėi + ëi (7.15)
ëi = θ̈di − θ̈i (7.16)

Replacing Equations (7.15), (7.16) and (7.12) into (7.14), we obtain:

Ḣ(Si) = S

(
−Ki

D(Si)
sat

(
Si
ψi

)
− Uui

)
(7.17)
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To ensure asymptotic stability the following inequality must be satisfied:

|Uui| <
Ki

D(Si)
(7.18)

where: Uui represents the unknown dynamics (external disturbances and model uncertain-
ties), which is assumed to be locally continuous and limited by Umaxi (Equation (7.19))

0 <|Uui| ≤ Umaxi <∞ (7.19)

7.1.3 Particle swarm optimization algorithm
Kennedy and Eberhart introduced the conventional PSO algorithm in 1995. This metaheuristic
draws inspiration from the collaborative behavior observed in fish and birds, relying on the
cooperation of agents through the sharing of information. Within the PSO algorithm, every
agent is regarded as a particle, functioning as a potential solution in an optimization problem
(Gopal et al., 2020, Trelea, 2003).

The fundamental model involves initializing a population with randomly selected solutions
within the search space. The objective is to discover the optimal solution, with each particle
continuously refining its behavior over iterations, leveraging its own experiences and insights
gleaned from the top-performing particles within the swarm (Belkadi et al., 2017, J. Wang
et al., 2021). Every particle is defined by vectors representing its position and velocity
(Equation (7.20)).

Xi(t+ 1) =Xi(t) + Vi(t+ 1) (7.20a)
Vi(t+ 1) =ωVi(t) + c1s1[Pb(t)−Xi(t)] + c2s2[Pg(t)−Xi(t)] (7.20b)

where: Xi denotes the particle position, Vi denotes the particle velocity, Pb denotes the
best individual position of each particle i, Pg stands for the best global position of the entire
swarm, and ω denotes the inertia weight assigned to each particle, c1 and c2 denote the
cognitive and social acceleration coefficients specific to each particle, where s1 and s2 denote
two random numbers chosen independently from the interval [0,1], respectively.

The main three parameters of the PSO algorithm are: 1) inertial weight (ω), 2) the cognitive
acceleration parameter (c1) and 3) the social acceleration (c2).These parameters impact the
algorithm’s ability to conduct both global and local searches, and their summarization is as
follows: 1) the global search is enhanced with a large inertial weight, whereas the local search
is enhanced with a small inertial weight; 2) if c1 > c2 then the global search is facilitated, and
3) if c2 > c1 then the local search is improved.
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Convergence analysis

As the PSO is a stochastic algorithm, it is important to provide an overview of the convergence
analysis. To this end, this subsection considers its deterministic version and presents its
converge analysis based on the discrete-time dynamic system theory (Gopal et al., 2020,
Chuan and Quanyuan, 2007, Belkadi et al., 2015, Belkadi et al., 2016).

In this case, the random numbers are replaced by their average (0.5), so Equation (7.20)
can be written as below:

Xi(t+ 1) =Xi(t) + Vi(t+ 1) (7.21a)
Vi(t+ 1) =ωVi(t) + c[P (t)−Xi(t)] (7.21b)

where:

P (t) =c1Pb(t) + c2Pg(t)
c1 + c2

(7.22a)

c =c1 + c2

2 (7.22b)

The equations (7.21a)-(7.21b) are reformulated in matrix form as follows:

[
Xi(t+ 1)
Vi(t+ 1)

]
= A

[
Xi(t)
Vi(t)

]
+BP (t) (7.23)

A =
[
1− c ω
−c ω

]
, B =

[
c
c

]

where: P (t) is the external input, while A and B correspond to the dynamical matrix and
input matrix, respectively.

So, the time-dependent behavior of the PSO algorithm relies on the eigenvalues of the
dynamic matrix A. These eigenvalues can be computed using Equation (7.24).

det(ηI − A) =0 (7.24)

The result of Equation (7.24) is shown in equation (7.25)

η2 + (c− 1− ω)η + ω =0 (7.25)
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The eigenvalues η1,2 are shown in equation (7.26)

η1,2 =ω + 1 + c±
√

∆
2 (7.26)

where: ∆ = (ω+1−c)2−4ω. Therefore, the effectiveness and convergence of the algorithm
rely on the values assigned to the parameters ω and c.

The conditions derived from the eigenvalues given in Equation (7.26) are as follows: 1)
ω < 1, 2) c > 0, and 3) 2ω − c+ 2 > 0.

The convergence region is illustrated in the (ω, c) plane, as depicted in Fig. 7.2 a).
Regardless of the initial position and velocity, the particle will converge to its equilibrium
position, as defined by Equations (7.22a) and (7.32), only if the algorithm parameters fall
within this triangular region.

Before the convergence, the particle may exhibit the following behaviors:

1. When the eigenvalues of matrix A take on complex values, harmonic oscillations manifest
around the equilibrium point. This equivalence is represented by Equation (7.27), and
its domain in the plane is illustrated in Fig. 7.2 b).

ω2 + c2 − 2ωc− 2ω − 2c+ 1 <0 (7.27)

2. The oscillating pattern resembling zigzagging emerges near the equilibrium point when
there is at least one eigenvalue of matrix A with a negative real part, whether it is a real
or complex value. This relationship is expressed by either Equations (7.28) or (7.29),
and its region in the plane is illustrated in Fig. 7.2 c).

ω <0 (7.28)
ω − c+ 1 <0 (7.29)

Figure 7.2: Region of dynamic behavior within the parameter space (ω, c): a) Convergence region,
b) Harmonic oscillatory behavior and c) Zigzagging behavior. Information taken from
(Trelea, 2003)
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Equilibrium point

Typically, the particle’s initial state is not in a state of equilibrium. In practice, it is crucial to
determine whether the particle will eventually reach equilibrium, signifying the convergence
of the optimization algorithm, and the trajectory it will traverse in the state space while
exploring for optimal points.

Equation (7.23), can be written as follows:

Y(k+1) =AYk +BP (t) (7.30)

where: Yk = [Xk, Vk]T

For an equilibrium point to exist, the Equation (7.31) must be satisfied for any k.

Y eq
(k+1) =Y eq

k (7.31)

In the deterministic analysis, the particle must possess zero velocity and be positioned at
the attraction point P (Eq. (7.22a)). Consequently, we derive Equation (7.32):

Y eq =[P, 0]T (7.32)

It means Xeq = P and V eq = 0. Therefore, the equilibrium point is stable if and only if
both eigenvalues of matrix A (real or complex) have magnitudes less than 1.

7.2 Implementation
In this study, the optimization of the ERL controller’s tuning parameters (gains Ki and Λi)
in the presence of external disturbances, such as initial offsets and variations among users, is
formulated as an optimization problem and addressed using the PSO algorithm.

7.2.1 Exoskeleton description
The controller is applied to the ETS-MARSE (École de Technologie Supérieure - Motion
Assistive Robotic-exoskeleton for Superior Extremity) with 7 DOF (Rahman, 2012), see
Fig. 7.3. This exoskeleton facilitates rehabilitation by assisting movements for individuals
with impaired upper extremities. Its design takes into account the alignment of the upper
extremity, featuring 3 degrees of freedom (DOF) for the shoulder (S), 1 DOF for the elbow
(E), and 3 DOF for the wrist (W). The modified Denavit-Hartenberg parameters (D-H) for
the exoskeleton are detailed in Table 7.1.
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Figure 7.3: ETS MARSE: Exoskeleton.

Table 7.1: Modified D-H parameters

Movement θi ai−1 αi−1 di Range [deg]

S: Horizontal Flex-Ext θ1 0 0 d1 -20 to 70
S: Vertical Flex-Ext θ2 0 −π

2 0 -5 to 120
S: Int rot- Ext rot θ3 0 +π

2 d2 -85 to 80
E: Ext-Flex θ4 0 −π

2 0 -5 to 115
W: Pron-sup θ5 0 +π

2 d3 -85 to 85
W: Ext-Flex θ6− π

2 0 −π
2 0 -25 to 20

W: Ulnar-radial deviation θ7 0 −π
2 0 -55 to 60

The real-time system of the exoskeleton consists of three processing units, detailed as
follows:

• Host PC (Intel Core i7-4770 CPU @3.4 GHz, and 16GB RAM): facilitates the transmis-
sion of higher-level controls to the exoskeleton via the human-machine interface (created
in LabView 2017).

• A real-time PC (NI PXI-8108, Intel dual-core @2.53GHz processor and 8GB RAM):
operates the top-level control and manages the dynamics of the exoskeleton with a
sampling time of 1 ms.

• FPGA (NI PXI-7813R): Utilized for handling analog and digital inputs and outputs to
the actuators and sensors, executing the low-level control (PI) current control loop with
a sampling time of 50 µs.
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The robot utilizes brushless DC motors, specifically Maxon EC-45 and Maxon EC-90, in
combination with harmonic drives. Motors 1 and 2 have a gear ratio of 120:1, while motors
3-7 have a gear ratio of 100:1.

7.2.2 Tests description
In this section, we will describe the tests to be performed, which consider the following: A
trajectory for passive rehabilitation will be executed on two healthy users (see Table 7.2 and
Figure 7.4). This trajectory encompasses the motion of all exoskeleton joints, taking into
account the modified D-H parameters as outlined in Table 7.1. The initial configuration
positions the elbow joint at 90◦.

Table 7.2: Users features

User Sex Age (years old) Weight [kg] Height [cm]
User1 Male 33 75 160
User1 Female 33 54 154

Figure 7.4: Exoskeleton with users: a) user 1 and b) user 2

To demonstrate the efficiency of using the PSO algorithm in adjusting the ERL controller
gains, the following test will be performed:

1. Assess the performance of the ERL controller under pre-tuned gains, denoted as PT
conditions.

2. Assess the real-time performance of the ERL controller through online tuning using
PSO, denoted as PSO conditions.
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3. Assess the performance of the ERL controller using the globally optimized gains obtained
after applying the PSO algorithm, denoted as PSOG conditions.

First test

The gains were chosen heuristically and theirs values are shown in Table 7.3.

Table 7.3: ERL: Pre-tuned gains

Metric q1 q2 q3 q4 q5 q6 q7
Ki 50.0 20.0 90.0 60.0 250.0 500.0 450.0
Λi 90.0 40.0 70.0 20.0 25.0 10.0 10.0
ςi 0.5 0.5 0.5 0.5 0.5 0.5 0.5
ρi 2.0 2.0 2.0 2.0 2.0 2.0 2.0
hi 2.0 2.0 2.0 2.0 2.0 2.0 2.0
ψi 0.5 0.5 0.5 0.5 0.5 0.5 0.5

Second test

The ERL controller parameters vary over time and are adaptively tuned online. This flexibility
allows for efficient tracking of trajectories, even when confronted with external disturbances
like patient forces or physiotherapist assistance. The control scheme is depicted in Fig. 7.5.

Figure 7.5: Control scheme.

Commonly, to address the optimization problem, a single objective function is used that
encompasses all DOF. In this work, a weighted objective function is employed, it includes
position and velocity errors for each degree of freedom (DOF), where position error is
prioritized. So, the function targeted as the objective in the PSO algorithm is presented in
equation (7.33).

f(e, ė) =α∥e∥+ β∥ė∥ (7.33)

Here, α + β = 1, with α and β constrained to the ranges of 0 to 1.
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In this scenario, each particle comprises the following two gains Ki and Λi. The goal is
to dynamically identify the optimal particle in real-time, minimizing the objective function
(f(e, ė)). Algorithm 2 introduces the proposed robust PSO-ERL algorithm.

Algorithm 2 Proposed robust PSO-ERL algorithm.
1: Define the number of particles in the swarm, n.
2: Initialize the swarm with random values.
3: i←−1
4: repeat
5: Insert a particle i (Ki, Λi)
6: Compute ν using the ERL approach Eq. (7.12)
7: Calculate τ0(t) using Eq. (7.7).
8: Utilize τ0 as the input for the system.
9: Compute the objective function f using Eq. (7.33).

10: Store the value of f for particle i.
11: i←−i+1
12: until i>m
13: Determine Pi(t) and Pg(t).
14: Resolve Equation (7.20).
15: GOTO 4

In this case, Equation (7.20a) represents the value of the gain (Ki or Λi) and Equation
(7.20b) represents the change rate of the value of the corresponding gain. The initial values
of the particles (Ki and Λi) are randomly generated within their respective search space,
as defined in Table 7.4. Subsequently, the objective function is calculated in each iteration
to assess each particle, iteratively guiding the PSO-ERL to find the optimal solution. The
particle exhibiting the minimum value of the objective function corresponds to the best global
gain.

Table 7.4: Search space

Gains constraints q1 q2 q3 q4 q5 q6 q7
Kmin 25 10 70 40 200 460 430
Kmax 70 60 130 80 320 540 550
Λmin 70 30 60 2 20 5 1550
Λmax 100 80 110 28 70 40 1950

The remaining parameters for the PSO algorithm and the experimental conditions of the
controller are detailed in Table 7.5.

To select the parameters in Table 7.5, we considered the following:

• ω ≈ 1: Promotes global exploration.

• c2 > c1: Global optimum is prioritized.

• γ > β: Prioritizing position error minimization.
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Table 7.5: Experimental conditions (online gain tuning with PSO)

Metric Value
Initial offset 5 [deg] in each joint
External disturbances (see Table 7.2) 2 healthy users
Number of particles (m) 30.0
ω (inertial factor of PSO) 0.9
c1 (personal acceleration parameter of PSO) 0.1
c2 (group acceleration parameter of PSO) 0.3
γ (objective function, f) 0.7
β (objective function, f) 0.3
ς (controller parameter, ERL) 0.5
ρ (controller parameter, ERL) 2.0
h (controller parameter, ERL) 2.0
ψ (controller parameter, ERL) 0.5

Once the second test was completed (applying the PSO algorithm to determine the gains
Ki and Λi of the controller) the values of the global gains were obtained for each user, which
are shown in Table 7.6.

Table 7.6: Global gains tuned with ERL+PSO

Metric q1 q2 q3 q4 q5 q6 q7
KUser1 52.1 47.4 101.3 68.6 289.8 460.0 550.0
KUser2 25.0 50.5 70.0 63.5 253.4 492.9 503.0
ΛUser1 88.4 37.6 79.5 8.4 46.5 26.7 1654.7
ΛUser2 99.9 80.0 94.1 17.4 24.9 10.4 1664.6

Third test

It consists of executing the ERL controller with the values of the gains shown in Table 7.6.

So, in the next section we perform a comparative analysis of the results obtained in the
three experiments.

7.2.3 Experimental results and comparative analysis

Figures 7.6-7.9 show the results of the trajectory tracking, tracking error, control signals, and
cartesian tracking and error graphs of user 1, respectively. And Figures 7.10-7.13 correspond
to user 2. In each figure, there are 3 signals, each one corresponding to the experiments
carried out (PT, PSO and PSOG).
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Figure 7.6: Trajectory tracking: User 1.
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Figure 7.7: Tracking error: User 1.
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Figure 7.8: Control signal: user 1.
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Figure 7.9: Cartesian tracking and error: user 1.
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Figure 7.10: Trajectory tracking: User 2.
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Figure 7.11: Tracking error: User 2.
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Figure 7.12: Control signal: user 2.
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Figure 7.13: Cartesian tracking and error: user 2.

To evaluate the behavior of the PSO algorithm, Figures 7.14-7.15 show the behavior of a
particle, which is an oscillatory and convergent behavior. We can also see that choosing the
parameters ω, c1, c2 guarantee the deterministic convergence of the PSO algorithm, whose
eigenvalues of the Equation (7.26) are equal to λ1,2 = 0.85± j0.42.

According to the results obtained, the average RMSE (mean square error) for both users
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in the first test was [0.05, 0.07]rad and the average RMSE for the same users in the third test
was [0.03, 0.05]rad. This shows that the proposed approach reduces the average RMSE of
user 1 by 28.3% and by 23.5% for user 2.

It should be noted that chattering is not eliminated entirely, however, the average RMST
(root mean square torque) for the same users in the first test was [7.33, 7.21] and for the third
test was [7.36, 7.33]. It is concluded that the RMST in the third experiment increased by
0.4% and 1.6% compared to the first test, which means a small increase in the control activity
while greatly improving the tracking error.

Figure 7.14: Global gain evolution: Ki
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Figure 7.15: Global gain evolution: Λi

Tables 7.7-7.8 show the users’ results for the RMSE and RMST of each joint, as well as
their average for the first and third tests.

Table 7.7: Results: RMSE

Joint User1 User2
PT PSOG % PT PSOG %

q1 0.03 0.06 +110.00 0.03 0.08 +109.55
q2 0.10 0.01 -88.16 0.17 0.00 -94.82
q3 0.07 0.05 -27.67 0.13 0.16 25.62
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Joint User1 User2
PT PSOG % PT PSOG %

q4 0.03 0.06 +52.43 0.03 0.02 -22.07
q5 0.03 0.02 -23.41 0.02 0.03 23.33
q6 0.02 0.00 -55.32 0.02 0.02 -1.71
q7 0.07 0.04 -38.72 0.08 0.05 -33.06
Average 0.05 0.03 -28.31 0.07 0.05 -23.49

Table 7.8: Results: RMST

Joint User1 User2
PT PSOG % PT PSOG %

q1 7.45 7.24 -2.71 7.56 6.47 -14.47
q2 22.66 22.89 +1.02 22.05 24.36 +10.47
q3 4.58 4.91 +7.24 4.75 4.20 -11.70
q4 9.86 9.35 -5.13 9.52 9.54 +0.15
q5 3.60 3.72 +3.57 3.51 3.59 +2.25
q6 2.08 2.18 +4.76 2.01 1.99 -0.90
q7 1.11 1.21 +9.23 1.10 1.16 +5.21
Average 7.33 7.36 +0.36 7.21 7.33 +1.56

In addition, it should be noted that the elapsed time for each of the trials of the first and
third experiments was 238µs, while for each of the tests of the second experiment it was 263µ
seconds (11% increase).

In this study, a promising solution was provided for tuning robust controllers applied to
coupled and time-changing systems. The controller’s performance relies on the gains within
the search space (according to the physical characteristics of the system). This implies that if
the exoskeleton lacks robust dynamic stability and energy efficiency, the algorithm is unlikely
to enhance control performance significantly.

Obtaining gains from the ERL controller via the PSO algorithm reduced the error in
trajectory tracking by more than 20% in two users with different morphologies, allowing its
application for different users with different motor conditions. Furthermore, the proposed
controller allowed the chattering phenomenon to be attenuated even when the tracking error
was improved. As future work, an improved version of the PSO algorithm is proposed to
improve trajectory tracking as well as the minimization of energy consumption
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Chapter 8

Discussion of contributions

"What we know is a drop of water; what we don’t know is the ocean."

Isaac Newton.

In this chapter, we examine how the results obtained in this doctoral thesis compare with
previous studies, identifying strengths, limitations, and possible clinical implications. The
analysis will detail how the findings contribute to existing knowledge and what novel aspects
they bring to the current literature on rehabilitation exoskeletons. Additionally, opportunities
for development and optimization in the design and application of these devices will be
explored, considering both technical and clinical perspectives.

Exoskeleton design methodology: optimization
Although the objective of the design methodology aligns with that of most reviewed method-
ologies, these often prioritize a single perspective when generating designs, meaning that the
proposed solutions only cater to the viewpoint under which they were created (Chougrani
et al., 2019; Dinh et al., 2021; Kaveh et al., 2020; Lagaros and Karlaftis, 2016; Ning et al., 2022;
Papavasileiou and Charmpis, 2016; T. Wang et al., 2023). In this regard, the methodology
proposed in this work fulfills the three engineering design perspectives (client, designer, and
community). Additionally, it also incorporates the triad of pillars of Industry 4.0 (autonomous
machines and systems, additive manufacturing, and virtual environment simulation). It is
based on a real bioinspired problem and implements a metaheuristic optimization to meet the
requirements, thus achieving a comprehensive tool that embraces a multidisciplinary approach
and contributes to a high degree of usability and adoptability of the developed exoskeleton
(Struijk et al., 2022).

A highlighted aspect of the proposed methodology is that its initial phase includes a stage
for optimizing mechanical design. Throughout this process, multiple objectives are pursued,
such as minimizing two aspects and maximizing another, through a weighted objective function.
This methodology conducts a local search, evaluating the performance of the solution within
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the broader context of the design. This leads to simultaneous solutions, based on population,
which are updated through a memory-based search process, besides the design considers the
parametric design approach based on characteristics, which allowed its optimization through
defining the dimensions of each of the parts of the device. This feature distinguishes the
methodology from approaches that solely focus on one optimization objective (L. Gao et al.,
2022; Greco et al., 2023; Ning et al., 2022; Vélez-Guerrero et al., 2021).

Another significant consideration during the optimization process is the time and compu-
tational resources required to achieve the objectives. As the number of objectives increases, so
does the time and resources needed to obtain a solution (Peres and Castelli, 2021). Therefore,
a strategy to balance software and hardware resources in the proposed methodology was
to employ a weighted objective function. This function allows for the combination of all
requirements, using a minimal set of design variables and without the need for sensor data or
kinematic analysis. As a result, the utilization of computational and temporal resources is
minimized.

According to the design optimization carried out, it can be concluded that the exoskeleton
proposed in this work presents a relationship between its exoskeleton weight and its degrees of
freedom of 1.94 kg/DOF, which makes it lighter than other exoskeletons such as Armeo®Power
(29.28 kg/DOF, DIH brand, 2024), Jace S603 (8.33 kg/DOF, GmbH., 2024), Harmony
(2.23 kg/DOF, B. Kim and Deshpande, 2017), ANYexo (2.16 kg/DOF, Zimmermann et al.,
2019) and Float (2.00 kg/DOF, Buccelli et al., 2022). Therefore, it is a lighter solution,
with lower energy consumption and is therefore viable to use in physical rehabilitation.
Therefore, advances in 3D printing technology and carbon polymer composites are a promising
option for the development of lightweight exoskeleton robots, allowing companies to be
competitive and profitable in the future (Carro Suárez et al., 2019).

Digital twin: prototype and instance

Digital twin prototype (DTP)
The generation and use of a DT make it possible to create sustainable work environments
(they establish human–robot interaction in the modeling and simulation of the device),
to evaluate the virtual prototype before manufacturing the physical device (reducing costs and
manufacturing time) (Attaran and Celik, 2023; Z. Huang et al., 2021; X. Zhou and Zheng, 2021).
They also offer a variety of options to ensure collaborative security in industrial environments.
These can be divided into validation, analysis, prediction and improvement (Mazumder et al.,
2023). In this study, a design validation approach is employed, utilizing finite element analysis
to verify the mechanical feasibility of the device. Additionally, the DT was essential for
validating control strategies and the device’s operation in simulations under conditions similar
to real-life scenarios. Once the device’s efficiency was confirmed in the DTP, a low-cost
DTI was constructed, allowing the evaluation of the designed exoskeleton’s performance in a
clinical setting. The results obtained were favorable and revealed potential improvements in
both the device’s functionality and usability. Thus, the proposed methodology can be adapted
and implemented in different areas of product development due to its metaheuristic approach.
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During the manufacturing process, Digital Twins (DTs) offer a range of options to ensure
collaborative safety in industrial environments, spanning from validation and analysis to
prediction and improvement (Mazumder et al., 2023). In this study, the design validation
approach is employed, addressing crucial aspects such as the mechanical confirmation of the
device through finite element analysis, as well as the validation of control strategies through
simulation of movements used in physical rehabilitation therapies. Furthermore, the use of
virtual DT allows its application in the training of medical personnel using the exoskeleton,
thus enhancing its effectiveness and safety in clinical use.

One of the factors that stands out in the proposed methodology is the use of the digital
twin combined with other pillars of industry 4.0, such as: autonomous machines and systems
(robotic exoskeleton), additive manufacturing (allows the creation of customized and complex
structures) and simulation of virtual environments (analogous to reinforcement learning),
which potentiates and expands the areas where it can be implemented (X. Zhou and Zheng,
2021, Z. Huang et al., 2021, Attaran and Celik, 2023). In addition, although it was shown
that it has real-world applications in the health area, where a multidisciplinary approach is
necessary to achieve results that maximize the performance of the systems. There is currently
still some preference for subtractive methods (Computer Numerical Control (CNC) machining
and metal casting, extrusion and welding), mainly due to the costs derived from the use of new
technologies. However, advances in 3D printing technology and carbon polymer composites
are a promising option for the development of lightweight exoskeleton robots (Hussain et al.,
2021). So, it is necessary to show the advantages achievable with this type of technologies,
allowing companies to be competitive and profitable in the future (Carro Suárez et al., 2019).

However, there are still areas where the use of DTs is critical: especially in coordination
and collaboration with multiple robots, mainly due to human safety and data standardization.
The most significant challenges presented by DTs are: high implementation costs (software
and sensors), increased demand for energy and storage, as well as integration and complexity
(control, maintenance, among other). Despite the challenges DTs face, they are very useful
throughout the product lifecycle. Some example projects are: Living Heart, which uses them
for clinical diagnosis, testing, medical device design and education/training (Attaran and
Celik, 2023), and the European project Change2Twin that supports manufacturing SMEs in
their digitalization process by providing DTs solutions (Negri et al., 2017).

Digital twin instance (DTI)
To obtain a functional physical prototype, it is necessary to integrate the mechanical, electri-
cal/electronic parts, as well as the human-robot interface that allows for communication and
configuration of the exoskeleton. Therefore, the following points are highlighted:

• The human-robot interface in a rehabilitation exoskeleton acts as the communication
channel between the robot and the user, in this case, the physical therapist. This interface
enables precise and adaptive interaction to meet the individual needs of patients. The
main difference of the interface developed in this thesis, compared to others, lies in the
integration of a simulation stage prior to the execution of the therapeutic movements
programmed in the robot. Most works only present interfaces that operate without
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this simulation stage (Alguacil-Diego et al., 2021; Catalán et al., 2023; Dalla Gasperina
et al., 2022; Ferrero et al., 2022; Longatelli et al., 2021; Nann et al., 2020; Park et al.,
2020). Additionally, the generated interface is user-centered and, to ensure the required
usability, its design is based on Jakob Nielsen’s 10 principles of interaction (Nielsen,
1994).

• The human-robot interface developed in its simulation stage can be used to train medical
personnel, especially students, promoting autonomous learning and greater engagement
(Berisha-Gawlowski et al., 2021; Kaarlela et al., 2022; Liljaniemi and Paavilainen, 2020;
Madni and Madni, 2022; Sepasgozar, 2020). Additionally, since the interface developed
in this thesis can also be used in real environments, it enables the development of robotic
technology to be flexible and applicable both in educational settings and practical
situations.

• Although the obtained physical prototype is lightweight and offers 5 DOF, it is feasible
to endow it with more degrees of freedom to enhance its manipulability and increase
the number of allowed movements (Catalán et al., 2023; Ning et al., 2022; Tröster et al.,
2020; Zeiaee et al., 2019). This is because its design is based on a modular approach.
The construction of the prototype allowed the evaluation of various aspects, such as
performance, usability, satisfaction degree, and ergonomics, among others. This is
mainly achieved because it complies with the following safety measures:

– The interface design complies with the main interface design standards.

– The DTI reaches 80% of the range of motion of the shoulder, elbow, and wrist
joints, considering the workspace of healthy subjects (initial verification on the
interface).

– It allows the programming of speeds and maximum displacements that are within
the workspace allowed by the exoskeleton, enabling its programming to execute
different therapeutic routines as defined by the physiotherapist.

• In this case, the device requires a power source that connects to the electrical outlet,
which implies that it does not have its own autonomy. This particularity offers the
advantage of prolonged use during rehabilitation sessions, provided that the necessary
power is available.

Optimal control strategy
In the DTI of 5 DOF, independently adjusted PD controllers were implemented to maximize
performance in each case and demonstrate the device’s best capability in the experimental
context. The gains of the actuator controllers were adjusted at the beginning of the tests to
achieve the best possible resolution and precision. This feature has allowed the device to be
used with users of diverse characteristics and has enabled the execution of different trajectories
in the performed movements. Therefore, the use of this standard industrial controller through
a human-robot interface has proven feasible in the application, allowing the adaptation of
therapeutic routines to users by tracking feasible trajectories for each one (Ali and Tokhi,
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2018; Aole et al., 2022; Fei et al., 2017; Fellag et al., 2017; Mahmoud and Saidi, 2022; Palazzi
et al., 2022; Qureshi and Mudassir, 2021), adapting to their ranges of motion and reach
times. However, it is possible to improve the controller by including online adaptive control
techniques to cope with disturbances during therapeutic routines (Ali and Tokhi, 2018; Aole
et al., 2022; Zhao et al., 2023).

Although the implementation of industrial controllers integrated into the actuators ensures
good performance for certain applications, in this case, it restricted the option of using
controllers different from those preset in the actuators. However, having the digital twin of
the exoskeleton opens up the possibility of implementing these alternative controllers, at least
in simulation environments.

In the 5DOF exoskeleton, it was only possible to implement the PD controller in each of
the joints. To overcome this limitation, I conducted a research stay where I investigated a
robust control approach that allowed for online adjustment of controller gains. This approach
considers mathematical demonstrations that address uncertainties in mathematical modeling
and disturbances, factors that affect the performance of exoskeletons (Narayan et al., 2022,
G. Zhang et al., 2022, Silawatchananai and Howimanporn, 2020, Mahmoud and Saidi, 2022).
The gain adjustment was performed using the PSO algorithm, a metaheuristic that does not
require many resources and can be adapted to the specific application.

The advantages of this approach include a quick response to changes over time, resistance to
changes in parameters, and ease of implementation. An exponential reaching law (Komurcugil
et al., 2022, Brahmi et al., 2020) is used to simultaneously reduce chattering and reaching
time without compromising the robustness of the SMC. Comparing this approach with others,
it can be concluded that, to the best of our knowledge, this is the first instance in which this
method is applied in a 7-DOF exoskeleton to adjust gains online in an SM controller, with
healthy subjects of different morphologies, where the results demonstrated an improvement
exceeding 20% in trajectory tracking.

Full-scope evaluation of a rehabilitation exoskeleton
It has been proven that the evaluation of exoskeletons, such as this type of robots, requires
a multidisciplinary approach involving the participation of engineers, technicians, clinical
personnel, patients, and healthy individuals. This evaluation must be carried out at all stages
of development to enhance its effectiveness in rehabilitation, as well as its ease of use and
acceptance by all involved parties (Alguacil-Diego et al., 2021; Ferrero et al., 2022; Semprini
et al., 2022; Struijk et al., 2022). This approach becomes particularly important when tests
are conducted under real conditions, as the results are more reliable and desirable. Therefore,
the tests conducted in this thesis were carried out in a clinical environment.

En el caso de exoesqueletos de miembros superiores se destacan 4 niveles de interacción
(Struijk et al., 2022):

1. Basic technical function: the metrics commonly used for its evaluation are: precision,
range of motion, material, degree of freedom (DOF), power, and low-level control (Z.-J.
Chen et al., 2021; Costanzi et al., 2023; McDonald et al., 2020; Morishita and Murakami,
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2023; Vélez-Guerrero et al., 2021; Yurkewich et al., 2019; Z. Zhou et al., 2021).

2. Interaction with user: the main metrics used to evaluate it are: efficiency, high-level
control, pathology, size, safety, movement, sound, usability, learnability, functionality,
among others (Alguacil-Diego et al., 2021; Dalla Gasperina et al., 2022; Gandolla et al.,
2021; H. K. Kim et al., 2021; Lambelet et al., 2020; Semprini et al., 2022).

3. Interaction with caregiver: the main metrics considered for these evaluations are:
calibration, adjustment, donning and doffing.

4. Interaction with society: the main metrics considered for these evaluations are: aesthetics,
robutness, mobility and versatility. ,

To ensure the comprehensive development of an exoskeleton, it’s crucial to conduct
evaluations that encompass multiple levels of application. However, due to their inherent
complexity, these evaluations often tend to focus on a single domain, with technical issues
and user interaction being the most common (Alguacil-Diego et al., 2021; Catalán et al., 2023;
Dalla Gasperina et al., 2022; H. K. Kim et al., 2021; Nann et al., 2020; Pérez et al., 2022;
Pérez-Rodríguez et al., 2019). In this context, one of the main contributions of this thesis is
the evaluation of the exoskeleton as a product, in addition to its technical functions and its
interaction with users.

Other advantages of the developed evaluation were as follows:

• Standardized and customized evaluation tools were used, based on standard quality
norms, which were completed by users (both patients and healthy individuals) and
physiotherapists after using the device in real-life scenarios. This is significant, as
most customized instruments tend to exhibit biases and may not be applicable to all
devices in this field, thereby creating a gap and potentially biasing results when making
comparisons (Alguacil-Diego et al., 2021; Catalán et al., 2023; Lambelet et al., 2020;
Meyer et al., 2019; Nann et al., 2020; Semprini et al., 2022).

• The population involved in the evaluations included patients, healthy individuals, and
physiotherapists. In most studies, these groups are considered separately, focusing
solely on patients (Alguacil-Diego et al., 2021; Catalán et al., 2023; Ferrero et al., 2022;
Gandolla et al., 2021; Longatelli et al., 2021; Meyer et al., 2019; Nann et al., 2020;
Park et al., 2020; Pérez et al., 2022), healthy individuals (Lambelet et al., 2020; Verdel
et al., 2022), or medical personnel (Dalla Gasperina et al., 2022; H. K. Kim et al., 2021;
Semprini et al., 2022). Few studies present evaluations involving all three types of
participants, as done in this study.

The primary limitation of the conducted evaluation is that it does not address the
evaluation of the therapy itself, as a longer period is required to carry out such tests.
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Conclusions and future work

"There is no barrier, lock, or bolt you can impose on the freedom of my mind".

Virginia Woolf.

9.1 Conclusions
This doctoral thesis focused on the design and development of a rehabilitation exoskeleton for
upper limbs (it includes movements of the shoulder, elbow, and wrist). To achieve this, a
user-centered methodology with multidisciplinary approaches was designed and implemented,
aiming to create the most comprehensive device possible. Consequently, this doctoral thesis
presents the following original contributions.

1. Mechanical Design Methodology: A user-centered and task-focused methodology
(know-how) was designed and implemented, considering the premise that the exoskeleton
has two users: patients and physiotherapists. This methodology can be applied in the
development of any robotic device, whether for rehabilitation or assistance, simply by
defining its goals, application, and users. By considering these aspects, the aim is for
the device to be safe, reliable, affordable, and user-friendly.

2. Optimized Design: The methodology proposed in this document seeks optimal
solutions through a metaheuristic process, making it applicable to different mechanical
systems whose design is user-centered and based on specific characteristics. The
implemented optimization satisfies the reduction of the device’s mass and ensures a
viable safety factor, while also seeking a balance between cost and manufacturing time
(parts with basic geometries without a post-fabrication phase). The final optimized
design addresses a healthcare need through bio-inspired design, adheres to all three
engineering design perspectives, and leverages three pillars of Industry 4.0. As a result,
it achieves a 49% decrease in mass compared to the initial design.

3. Virtual DTP: Having a digital twin prototype in virtual environments facilitated the
completion of the following tasks (without the need to produce a physical prototype,
resulting in time and cost savings):
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• Perform the mechanical design of the device to visualize its spatial distribution
and three-dimensional characteristics.

• Carry out the design optimization process, using the equivalent of the DTP to
perform finite element analysis with specialized software, and thereby determine
its feasibility (safety factor).

The kinematic (forward and inverse) and dynamic model of the designed exoskeleton
was validated through therapeutic routines implemented in simulation. The models
used in the mathematical models consider biomechanical solutions that closely
mimic natural movements under quasi-real conditions, as the equivalent DTPs
allow simulating the mechanical properties of the device and also adding external
forces to simulate the forces generated by the patient on the exoskeleton. The
use of therapeutic routines allowed for customizing movements according to the
characteristics indicated by physiotherapists (positions and timings).

4. Control architecture: Two control approaches were employed:

• An industrial standard controller was utilized, with controller gains in the actuators
adjusted at the beginning of the tests to achieve the highest resolution and preci-
sion allowed. This controller provided versatility in creating trajectories (speeds,
functional ranges, etc.), with a maximum mean error obtained in simulation of
0.045 radians. Therefore, this approach proved to be viable in the application;
however, it is also susceptible to improvement.

• A robust control approach was implemented, allowing gain adjustment through
a metaheuristic algorithm. Experimental results demonstrated an improvement
of over 20% in precision when tracking trajectories. This approach is applicable
in highly nonlinear systems with uncertainties in modeling and the presence of
disturbances, as it uses a sliding mode controller with an exponential reach surface.

5. Human-Robot Interaction Interface: The interface created for managing the
exoskeleton is based on the premise that the device does not replace the interpersonal
connection between therapists and patients, but rather is used in standard treatment
to enhance patient outcomes, reduce the physical workload of medical staff, and help
meet the demand for rehabilitation services. In this regard, the therapist remains a
key player in the rehabilitation program, supporting and supervising robot-assisted
treatment and selecting the most suitable training profile. This optimization of therapist
workload introduces a cost-effective advantage of robot-assisted therapy compared to
traditional rehabilitation. According to the results obtained from the interface evaluation,
approximately 60% of physiotherapists consider their satisfaction level acceptable, and
further suggestions include adding more features for the customization of therapeutic
routines.

The developed interface enables the device to be used in three different modes (ensuring
personalized treatments) and complies with safety aspects, thereby facilitating its
usability and adaptability in medical environments.

6. Digital twin instance (DTI)
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A 3D-printed device was constructed, combining mechanically resistant materials with
reduced weight, making it lightweight and cost-effective compared to other methods.
This design features 5 degrees of freedom (DOF); however, thanks to its modular design,
it is feasible to add more DOF without compromising its workspace. Nonetheless,
depending on the added components, it is possible that the performance of the current
actuators may be diminished.

According to the conducted tests, a physical prototype is available for evaluation with
both simple and combined therapeutic movements, in both injured and healthy subjects.
The exoskeleton was able to achieve speeds ranging from 2 degrees per second to 20
degrees per second, allowing for a broad and effective customization of movements
according to the application’s objectives.

It is important to note that the motors currently installed in the 5-DOF exoskeleton are
not capable of providing the necessary torque to lift the arm of a 120 kg patient (the
weight for which the device was designed). Additionally, the material from which the
device is made may break. Therefore, it is suggested to use the recommended materials
during the design stage and employ different 3D printers to improve the quality and
mechanical strength of the parts.

Furthermore, the exoskeleton currently lacks force/torque sensors in the joints, which
prevents the performance of active therapies. However, overall, it complies with me-
chanical design and manufacturing standards, interface design, and exoskeleton quality
evaluation as a product.

7. Evaluation Methodology: The proposed evaluation methodology analyzes the device
from three perspectives: as a product, in technical terms, and in its interaction with
users. The evaluations were conducted with the participation of three stakeholder
groups: patients, healthy individuals, and physiotherapists. The customized instruments
used are based on standard quality norms and are applicable to devices with the same
purpose. In summary, the results were as follows:

• Patient evaluations: The level of satisfaction with the device’s use is acceptable.
However, in terms of usability, it needs improvement by adding more features to
the device, which is understandable considering that the evaluated device was
a prototype. Furthermore, although the perceived sense of safety regarding the
exoskeleton is acceptable, it is suggested to enhance it with manual control devices
for medical staff and emergency stop systems for patients, as currently these aspects
are only considered in the interface.

• Assessments conducted by physiotherapists: They consider the user interface
controlling the exoskeleton to be acceptable, as they find it easy to use (83%).
Moreover, 75% of them deem it easy to learn and visually appealing, with only
16% experiencing errors when using it. Additionally, the workload index of phys-
iotherapists who used the complete system (interface and exoskeleton) showed a
moderate workload level, low frustration, and high mental demand, as it was their
first time using an exoskeleton in their work.
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• Assessments conducted on the exoskeleton: One advantage of the movements
performed is that tests were carried out with two simple motions, one for the
shoulder (internal-external rotation) and one for the elbow (flexion-extension),
in addition to a combined movement (diagonal). All of them were executed at
different speeds, and although most reached the same final positions, the times at
which these positions were reached varied. According to the results, the joint that
showed the greatest deviations in trajectory tracking was joint 4, with an RMSE
of 0.38 radians, which is acceptable for the implemented rehabilitation trajectories

The device exhibited a success rate of over 90%, with only 3 failed attempts during
the tests and a user error rate of less than 2%. Additionally, the average time
required for the device to complete a movement (including user data collection,
exoskeleton donning/doffing, interface setup, and movement execution) was 3.07
minutes, indicating that these metrics are acceptable in terms of product usability.

Overall, the results indicate that both patients and physiotherapists were able to conduct
the experimental sessions without experiencing physical or mental fatigue, and they
expressed satisfaction with the use of the exoskeleton. Additionally, the results of the
cross-validation are promising regarding the use of the created human-robot interface.

9.2 Future work
As future work, the following lines of research are suggested:

• Incorporate additional degrees of freedom to the exoskeleton to enhance its manipula-
bility, workspace, and ergonomics.

• Enable the generation of movement sequences in the interface, allowing for the configu-
ration of different speeds based on the range of motion, time, and number of repetitions.
Add new movements to the interface according to the new degrees of freedom added to
the physical prototype.

• To modify the patients’ attachment system to the exoskeleton to ensure greater comfort
and precision in movements. The current attachment may cause some discomfort in
certain positions, so efforts are being made to enhance this aspect for improving the
patient experience.

• Incorporating manual control devices for physiotherapists and manual emergency controls
for the patients, as currently all these aspects are solely considered within the interface.

• To implement sensory feedback into the exoskeleton aiming to enhance the biomechanical
interaction among the device, the therapist, and the patient, thereby boosting its
performance and increasing the system’s usability and adaptability.

• To explore enhancements to the control system through the utilization of real-time
adaptive schemes and/or control based on biosignals.

• Conduct a more extensive evaluation involving a larger number of patients and physical
therapists over an extended period to achieve more conclusive results
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.1 Annex 1: Actuator Sizing
Once the CAD design is obtained, it is feasible to select the appropriate actuators for the
robot. For this selection, a dynamic analysis of the prototype’s structure was performed in
the positions with the greatest lever arm for each movement. In this way, the system was
divided into the following subsystems:

1. Wrist subsystem: abduction-adduction movement.

2. Forearm subsystem: flexion-extension movement.

3. Arm subsystem: flexion-extension movement.

4. Arm subsystem: abduction-adduction movement.

5. Arm subsystem: internal-external rotation movement.

To determine the minimum torque required to maintain the structure in static equilibrium,
a dynamic analysis of each subsystem is performed. Each one is treated as a cantilever beam,
considering the weight of the mechanical structure, the maximum lengths for which it was
designed, the location where the greatest lever arm occurs, and the external forces affecting
the components (which represent the maximum weights of each part of the human arm, see
Table 3.3).

Wrist subsystem: Abduction-Adduction Movement.
This subsystem allows for the abduction-adduction movement of the wrist and is secured

to the patient by Velcro straps (see Figure 1). It has a length of 6.00 cm and a mass of 0.20
kg, with the wrist positioned at 0◦. The structure must support the weight of the hand of the
upper limb, which has a mass of 0.84 kg (equivalent to 0.70% of the user’s maximum mass),
with the center of mass located at 0.02 m (representing 48.00% of the maximum length of the
hand).

Figure 1: Free body diagram of the wrist subsystem.

↶ +ΣM = 0 (1)
MAbdw − 1.96(0.03)− 8.24(0.09) = 0

MAbdw = 0.30Nm

The torque required for the wrist subsystem is shown in equation (1).
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Forearm subsystem: flexion-extension movement.
It allows for the flexion-extension movement of the elbow and is secured to the patient by

Velcro straps (see Figure 2). The corresponding mechanical structure has a length of 39.00
cm and an approximate mass of 1.10 kg, with the forearm positioned at a 90◦ elbow flexion.
The forces it must withstand include the weight of the forearm and hand of the upper limb,
which has a mass of 2.76 kg (equivalent to 2.30% of the patient’s maximum mass), with the
center of mass located at 0.28 m (representing 62.60% of the maximum length of the forearm
and hand), in addition to a 0.20 kg motor located at the wrist to execute the movement of
the anterior subsystem.

Figure 2: Free body diagram of the forearm subsystem.
.

↶ +ΣM = 0 (2)
MFlexE

− 10.79(0.22)− 27.07(0.28)− 1.96(0.39) = 0
MFlexE

= 10.82Nm

The torque required for the forearm is shown in equation (2).

Arm subsystem: flexion-extension movement.
It allows for the flexion-extension movement of the shoulder and is secured to the patient

by Velcro straps (see Figure 3). The mechanical structure is composed of the parts of the arm,
forearm, and wrist subsystems. It has a maximum length of 86.00 cm and a mass of 2 kg.
With the upper limb positioned at a 90◦ shoulder flexion, the structure supports a mass of
5.88 kg corresponding to the upper limb (4.9% of the user’s maximum mass), with a center of
mass at 0.36 m (41.30% of the maximum length of the upper limb). Additionally, it supports
the motor of the forearm, weighing 0.60 kg and with a center of mass at 0.43 m, and the
motor of the wrist, weighing 0.20 kg and with a center of mass at 0.86 m.

↶ +ΣM = 0 (3)
MFlexS

− 57.68(0.36)− 19.62(0.43)− 5.88(0.43)− 1.96(0.86) = 0
MFlexS

= 33.45Nm
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Figure 3: Free body diagram of the arm subsystem (flexion-extension movement).
.

The torque required for the flexion-extension movement of the upper limb is shown in
equation (3).

Arm subsystem: abduction-adduction movement.
It allows for the abduction-adduction movement of the shoulder and is secured to the

patient by Velcro straps (see Figure 4). The mechanical structure is composed of parts from
the arm, forearm, and wrist subsystems, positioned in a 90◦ abduction. The forces supported
by this structure correspond to the mass of the upper limb (5.88 kg) with a center of mass
at 0.36 m. Additionally, it supports 0.60 kg of the forearm motor with a center of mass at
0.43 m, 0.20 kg of the wrist motor with a center of mass at 0.86 m, and the weight of the
structure itself.

Figure 4: Free body diagram for the abduction-adduction movement of the shoulder.
.
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↶ +ΣM = 0 (4)
MAbdS

− 5.88(0.12)− 57.68(0.36)− 19.62(0.43)− 5.88(0.43)− 1.96(0.86) = 0
MAbdS

= 34.15Nm

The torque required for the abduction-adduction movement of the upper limb is shown in
equation (4).

Arm subsystem: internal-external rotation movement.
It allows internal and external rotation of the shoulder and attaches to the patient using

Velcro straps. The upper limb is positioned in 90◦ shoulder flexion (see Figure 5). The
structure is composed of parts from the subsystems of the arm, forearm, and wrist. The
forces supported by this structure correspond to the mass of the shoulder flexion actuator,
elbow flexion, and wrist abduction, in addition to the mass of the upper limb and the mass of
the exoskeleton structure.

Figure 5: Free body diagram for internal-external rotation movement of the shoulder.
.↶ +ΣM = 0 (5)

MRotS − 5.88(0.07)− 104.53(0.1) = 0
MRotS = 10.86Nm

The torque required for the internal-external rotation of the upper limb is shown in
equation (5).

.2 Annex 2: Direct Jacobian Matrix
The resulting Jacobian matrix is shown below:

J =



J11 J12 J13 J14 J15
J21 J22 J23 J24 J25
J31 J32 J33 J34 J35
J41 J42 J43 J44 J45
J51 J52 J53 J54 J55
J61 J62 J63 J64 J65


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where:

J11 = a3 ∗ sin(q1) ∗ sin(q3)− a3 ∗ cos(q1) ∗ cos(q3) ∗ sin(q2) +
a4 ∗ cos(q3) ∗ sin(q1) ∗ sin(q4) + a4 ∗ cos(q4) ∗ sin(q1) ∗ sin(q3)−
a4 ∗ cos(q1) ∗ cos(q3) ∗ cos(q4) ∗ sin(q2) + a5 ∗ cos(q3) ∗ cos(q4) ∗ sin(q1) ∗ sin(q5) +
a5 ∗ cos(q3) ∗ cos(q5) ∗ sin(q1) ∗ sin(q4) + a5 ∗ cos(q4) ∗ cos(q5) ∗ sin(q1) ∗ sin(q3) +
a4 ∗ cos(q1) ∗ sin(q2) ∗ sin(q3) ∗ sin(q4)− a5 ∗ sin(q1) ∗ sin(q3) ∗ sin(q4) ∗ sin(q5)−
a5 ∗ cos(q1) ∗ cos(q3) ∗ cos(q4) ∗ cos(q5) ∗ sin(q2) +
a5 ∗ cos(q1) ∗ cos(q3) ∗ sin(q2) ∗ sin(q4) ∗ sin(q5) +
a5 ∗ cos(q1) ∗ cos(q4) ∗ sin(q2) ∗ sin(q3) ∗ sin(q5) +
a5 ∗ cos(q1) ∗ cos(q5) ∗ sin(q2) ∗ sin(q3) ∗ sin(q4)

J12 = −cos(q2) ∗ sin(q1) ∗ (a4 ∗ cos(q3 + q4) + a3 ∗ cos(q3) + a5 ∗ cos(q3 + q4 + q5))
J13 = a4 ∗ cos(q1) ∗ sin(q3) ∗ sin(q4)− a4 ∗ cos(q1) ∗ cos(q3) ∗ cos(q4)−

a3 ∗ cos(q1) ∗ cos(q3) + a3 ∗ sin(q1) ∗ sin(q2) ∗ sin(q3)−
a5 ∗ cos(q1) ∗ cos(q3) ∗ cos(q4) ∗ cos(q5) + a5 ∗ cos(q1) ∗ cos(q3) ∗ sin(q4) ∗ sin(q5) +
a5 ∗ cos(q1) ∗ cos(q4) ∗ sin(q3) ∗ sin(q5) + a5 ∗ cos(q1) ∗ cos(q5) ∗ sin(q3) ∗ sin(q4) +
a4 ∗ cos(q3) ∗ sin(q1) ∗ sin(q2) ∗ sin(q4) + a4 ∗ cos(q4) ∗ sin(q1) ∗ sin(q2) ∗ sin(q3) +
a5 ∗ cos(q3) ∗ cos(q4) ∗ sin(q1) ∗ sin(q2) ∗ sin(q5) +
a5 ∗ cos(q3) ∗ cos(q5) ∗ sin(q1) ∗ sin(q2) ∗ sin(q4) +
a5 ∗ cos(q4) ∗ cos(q5) ∗ sin(q1) ∗ sin(q2) ∗ sin(q3)−
a5 ∗ sin(q1) ∗ sin(q2) ∗ sin(q3) ∗ sin(q4) ∗ sin(q5)

J14 = a4 ∗ cos(q1) ∗ sin(q3) ∗ sin(q4)− a4 ∗ cos(q1) ∗ cos(q3) ∗ cos(q4)−
a5 ∗ cos(q1) ∗ cos(q3) ∗ cos(q4) ∗ cos(q5) + a5 ∗ cos(q1) ∗ cos(q3) ∗ sin(q4) ∗ sin(q5) +
a5 ∗ cos(q1) ∗ cos(q4) ∗ sin(q3) ∗ sin(q5) + a5 ∗ cos(q1) ∗ cos(q5) ∗ sin(q3) ∗ sin(q4) +
a4 ∗ cos(q3) ∗ sin(q1) ∗ sin(q2) ∗ sin(q4) + a4 ∗ cos(q4) ∗ sin(q1) ∗ sin(q2) ∗ sin(q3) +
a5 ∗ cos(q3) ∗ cos(q4) ∗ sin(q1) ∗ sin(q2) ∗ sin(q5) +
a5 ∗ cos(q3) ∗ cos(q5) ∗ sin(q1) ∗ sin(q2) ∗ sin(q4) +
a5 ∗ cos(q4) ∗ cos(q5) ∗ sin(q1) ∗ sin(q2) ∗ sin(q3)−
a5 ∗ sin(q1) ∗ sin(q2) ∗ sin(q3) ∗ sin(q4) ∗ sin(q5)

J15 = a5 ∗ cos(q1) ∗ cos(q3) ∗ sin(q4) ∗ sin(q5)− a5 ∗ cos(q1) ∗ cos(q3) ∗ cos(q4) ∗ cos(q5) +
a5 ∗ cos(q1) ∗ cos(q4) ∗ sin(q3) ∗ sin(q5) + a5 ∗ cos(q1) ∗ cos(q5) ∗ sin(q3) ∗ sin(q4) +
a5 ∗ cos(q3) ∗ cos(q4) ∗ sin(q1) ∗ sin(q2) ∗ sin(q5) +
a5 ∗ cos(q3) ∗ cos(q5) ∗ sin(q1) ∗ sin(q2) ∗ sin(q4) +
a5 ∗ cos(q4) ∗ cos(q5) ∗ sin(q1) ∗ sin(q2) ∗ sin(q3)−
a5 ∗ sin(q1) ∗ sin(q2) ∗ sin(q3) ∗ sin(q4) ∗ sin(q5)
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J21 = a5 ∗ cos(q1) ∗ sin(q3) ∗ sin(q4) ∗ sin(q5)− a4 ∗ cos(q1) ∗ cos(q3) ∗ sin(q4)−
a4 ∗ cos(q1) ∗ cos(q4) ∗ sin(q3)− a3 ∗ cos(q3) ∗ sin(q1) ∗ sin(q2)−
a5 ∗ cos(q1) ∗ cos(q3) ∗ cos(q4) ∗ sin(q5)− a5 ∗ cos(q1) ∗ cos(q3) ∗ cos(q5) ∗ sin(q4)−
a5 ∗ cos(q1) ∗ cos(q4) ∗ cos(q5) ∗ sin(q3)− a4 ∗ cos(q3) ∗ cos(q4) ∗ sin(q1) ∗ sin(q2)−
a3 ∗ cos(q1) ∗ sin(q3) + a4 ∗ sin(q1) ∗ sin(q2) ∗ sin(q3) ∗ sin(q4)−
a5 ∗ cos(q3) ∗ cos(q4) ∗ cos(q5) ∗ sin(q1) ∗ sin(q2) +
a5 ∗ cos(q3) ∗ sin(q1) ∗ sin(q2) ∗ sin(q4) ∗ sin(q5) +
a5 ∗ cos(q4) ∗ sin(q1) ∗ sin(q2) ∗ sin(q3) ∗ sin(q5) +
a5 ∗ cos(q5) ∗ sin(q1) ∗ sin(q2) ∗ sin(q3) ∗ sin(q4)

J22 = cos(q1) ∗ cos(q2) ∗ (a4 ∗ cos(q3 + q4) + a3 ∗ cos(q3) + a5 ∗ cos(q3 + q4 + q5))
J23 = a4 ∗ sin(q1) ∗ sin(q3) ∗ sin(q4)− a4 ∗ cos(q3) ∗ cos(q4) ∗ sin(q1)−

a3 ∗ cos(q1) ∗ sin(q2) ∗ sin(q3)− a3 ∗ cos(q3) ∗ sin(q1)−
a5 ∗ cos(q3) ∗ cos(q4) ∗ cos(q5) ∗ sin(q1)− a4 ∗ cos(q1) ∗ cos(q3) ∗ sin(q2) ∗ sin(q4)−
a4 ∗ cos(q1) ∗ cos(q4) ∗ sin(q2) ∗ sin(q3) + a5 ∗ cos(q3) ∗ sin(q1) ∗ sin(q4) ∗ sin(q5) +
a5 ∗ cos(q4) ∗ sin(q1) ∗ sin(q3) ∗ sin(q5) + a5 ∗ cos(q5) ∗ sin(q1) ∗ sin(q3) ∗ sin(q4)−
a5 ∗ cos(q1) ∗ cos(q3) ∗ cos(q4) ∗ sin(q2) ∗ sin(q5)−
a5 ∗ cos(q1) ∗ cos(q3) ∗ cos(q5) ∗ sin(q2) ∗ sin(q4)−
a5 ∗ cos(q1) ∗ cos(q4) ∗ cos(q5) ∗ sin(q2) ∗ sin(q3) +
a5 ∗ cos(q1) ∗ sin(q2) ∗ sin(q3) ∗ sin(q4) ∗ sin(q5)

J24 = a4 ∗ sin(q1) ∗ sin(q3) ∗ sin(q4)− a4 ∗ cos(q3) ∗ cos(q4) ∗ sin(q1)−
a5 ∗ cos(q3) ∗ cos(q4) ∗ cos(q5) ∗ sin(q1)− a4 ∗ cos(q1) ∗ cos(q3) ∗ sin(q2) ∗ sin(q4)−
a4 ∗ cos(q1) ∗ cos(q4) ∗ sin(q2) ∗ sin(q3) + a5 ∗ cos(q3) ∗ sin(q1) ∗ sin(q4) ∗ sin(q5) +
a5 ∗ cos(q4) ∗ sin(q1) ∗ sin(q3) ∗ sin(q5) + a5 ∗ cos(q5) ∗ sin(q1) ∗ sin(q3) ∗ sin(q4)−
a5 ∗ cos(q1) ∗ cos(q3) ∗ cos(q4) ∗ sin(q2) ∗ sin(q5)−
a5 ∗ cos(q1) ∗ cos(q3) ∗ cos(q5) ∗ sin(q2) ∗ sin(q4)−
a5 ∗ cos(q1) ∗ cos(q4) ∗ cos(q5) ∗ sin(q2) ∗ sin(q3) +
a5 ∗ cos(q1) ∗ sin(q2) ∗ sin(q3) ∗ sin(q4) ∗ sin(q5)

J25 = a5 ∗ cos(q3) ∗ sin(q1) ∗ sin(q4) ∗ sin(q5)− a5 ∗ cos(q3) ∗ cos(q4) ∗ cos(q5) ∗ sin(q1) +
a5 ∗ cos(q4) ∗ sin(q1) ∗ sin(q3) ∗ sin(q5) + a5 ∗ cos(q5) ∗ sin(q1) ∗ sin(q3) ∗ sin(q4)−
a5 ∗ cos(q1) ∗ cos(q3) ∗ cos(q4) ∗ sin(q2) ∗ sin(q5)−
a5 ∗ cos(q1) ∗ cos(q3) ∗ cos(q5) ∗ sin(q2) ∗ sin(q4)−
a5 ∗ cos(q1) ∗ cos(q4) ∗ cos(q5) ∗ sin(q2) ∗ sin(q3) +
a5 ∗ cos(q1) ∗ sin(q2) ∗ sin(q3) ∗ sin(q4) ∗ sin(q5)
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J31 = 0
J32 = sin(q2) ∗ (a4 ∗ cos(q3 + q4) + a3 ∗ cos(q3) + a5 ∗ cos(q3 + q4 + q5))
J33 = cos(q2) ∗ (a4 ∗ sin(q3 + q4) + a3 ∗ sin(q3) + a5 ∗ sin(q3 + q4 + q5))

J34 = (a4 ∗ sin(q3 − q2 + q4))
2 + (a5 ∗ sin(q2 + q3 + q4 + q5))

2 + (a5 ∗ sin(q3 − q2 + q4 + q5))
2 +

(a4 ∗ sin(q2 + q3 + q4))
2

J35 = (a5 ∗ (sin(q3 − q2 + q4 + q5) + sin(q2 + q3 + q4 + q5)))
2

J41 = 0
J42 = cos(q1)
J43 = −cos(q2) ∗ sin(q1)
J44 = −cos(q2) ∗ sin(q1)
J45 = −cos(q2) ∗ sin(q1)
J51 = 0
J52 = sin(q1)
J53 = cos(q1) ∗ cos(q2)
J54 = cos(q1) ∗ cos(q2)
J55 = cos(q1) ∗ cos(q2)
J61 = 1
J62 = 0
J63 = sin(q2)
J64 = sin(q2)
J65 = sin(q2)

The numerical value of the Jacobian matrix depends on the instantaneous joint coordinates,
so it varies at each of these points.

.3 Annex 3: Dynamic model
The dynamic model of the optimized exoskeleton was obtained using the Robotics Toolbox
of Matlab®. This software takes as input parameters the D-H parameters (Table 5.1) and
the mechanical properties of each of the links (Tables 1-6). The data in these tables were
derived from the virtual prototype in SolidWorks®, considering the maximum lengths for the
arm and forearm, the actuators in each joint, and the material of the parts in the optimized
prototype (excluding the screws).
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Table 1: Mechanical properties: Base.

Parameter Value
Mass[kg] 4.74
Center of mass [m] [172.44 -117.46 -77.23]*(1/1000)
Ixx [kg/m2] 795719893.45 ∗ (1/1000)3

Iyy [kg/m2] 858520130.69 ∗ (1/1000)3

Izz [kg/m2] 290960644.74 ∗ (1/1000)3

Izy [kg/m2] 82134634.40 ∗ (1/1000)3

Ixz [kg/m2] −74705336.03 ∗ (1/1000)3

Iyx [kg/m2] −115396427.67 ∗ (1/1000)3

Table 2: Mechanical properties: Link 1

Parameter Value
Mass [kg] 1.41
Center of mass [m] [112.91 0 73.64]*(1/1000)
Ixx [kg/m2] 19811014.72 ∗ (1/1000)3

Iyy [kg/m2] 40488592.93 ∗ (1/1000)3

Izz [kg/m2] 22076051.34 ∗ (1/1000)3

Izy [kg/m2] −9.56 ∗ (1/1000)3

Ixz [kg/m2] 7169943.91 ∗ (1/1000)3

Iyx [kg/m2] 0.07 ∗ (1/1000)3

Table 3: Mechanical properties: Link 2.

Parameter Value
Mass [kg] 1.23
Center of mass [m] [122.36 3.06 33.56]*(1/1000)
Ixx [kg/m2] 4625763.44 ∗ (1/1000)3

Iyy [kg/m2] 25501036.87 ∗ (1/1000)3

Izz [kg/m2] 22002481.59 ∗ (1/1000)3

Izy [kg/m2] 333634.10 ∗ (1/1000)3

Ixz [kg/m2] 3339726.02 ∗ (1/1000)3

Iyx [kg/m2] 368774.97 ∗ (1/1000)3

Table 4: Mechanical properties: Link 3.

Parameter Value
Mass [kg] 1.57
Center of mass [m] [304.56 -0.17 107.08]*(1/1000)
Ixx [kg/m2] 21263120.94 ∗ (1/1000)3

Iyy [kg/m2] 208040567.14 ∗ (1/1000)3

Izz [kg/m2] 187868147.40 ∗ (1/1000)3
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Parameter Value
Izy [kg/m2] −17824.34 ∗ (1/1000)3

Ixz [kg/m2] 58062720.10 ∗ (1/1000)3

Iyx [kg/m2] −43688.30 ∗ (1/1000)3

Table 5: Mechanical properties: Link 4.

Parameter Value
Mass[kg] 0.93
Center of mass [m] [213.52 -6.66 75.71]*(1/1000)
Ixx [kg/m2] 6531278.76 ∗ (1/1000)3

Iyy [kg/m2] 68701944.68 ∗ (1/1000)3

Izz [kg/m2] 63082867.58 ∗ (1/1000)3

Izy [kg/m2] −628123.11 ∗ (1/1000)3

Ixz [kg/m2] 15943791.47 ∗ (1/1000)3

Iyx [kg/m2] −2439419.34 ∗ (1/1000)3

Table 6: Mechanical properties: Link 5.

Parameter Value
Mass [kg] 0.07
Center of mass [m] [24.29 27.21 20.94]*(1/1000)
Ixx [kg/m2] 137868.02 ∗ (1/1000)3

Iyy [kg/m2] 112612.99 ∗ (1/1000)3

Izz [kg/m2] 124745.09 ∗ (1/1000)3

Izy [kg/m2] 26755.56 ∗ (1/1000)3

Ixz [kg/m2] 33946.04 ∗ (1/1000)3

Iyx [kg/m2] 49400.96 ∗ (1/1000)3

where: [Ixx, Iyy, Izz] They correspond to the moments of inertia of each of the links, and
[Izy, Ixz, Iyx] They correspond to the products of inertia of each of the links.

Considering the mechanical properties shown in the previous tables, the resulting matrix
I is:

I =

 Ixx Ixy Ixz
Ixy Iyy Iyz
Ixz Iyz Izz



The resulting matrices M(n×n), C(n×n), and G(n×1) can be found at the URL: https://
1drv.ms/f/c/6c2dea0e8477a325/EjFyPYvFxkhEkg54u1g0IzEBv7c2JhWUy7BttfaRsanjkA?e=
cpyUtT
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.4 Annex 4: Questionnaire for Evaluating Interface
Usability (based on ISO 25010:2001 and ISO 9241-
11:2018 Standards)

Designed and administered questionnaire is presented in Table 7.

Table 7: Usability test for the user interface

Num Statement Strongly
disagree

Disagree Neither
disagree
nor agree

Agree Strongly
agree

Ease of learning
1 Did you find it easy to learn

how to use the interface?
2 Do you consider the interface

to offer a gradual learning
curve?

Ease of use
3 Did you find the interface easy

to use?
4 Could you perform the tasks

efficiently and without diffi-
culty?

Comprehension capacity
5 Did the interface present infor-

mation clearly and comprehen-
sibly?

6 Could you easily understand
how to interact with the sys-
tem?

Visual appeal
7 Did you find the visual design

of the interface attractive?
8 Did you find the interface vi-

sually pleasing?
Responsiveness

9 Did the interface respond
quickly to your actions?

10 Did you experience any lag or
lack of response when interact-
ing with the interface?

Ease of navigation
11 Could you move easily be-

tween the different sections or
functionalities of the interface?
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Num Statement Strongly
disagree

Disagree Neither
disagree
nor agree

Agree Strongly
agree

12 Did you find the navigation
structure of the interface in-
tuitive?

Flexibility and adaptability
13 Did the interface allow you to

adapt to your individual pref-
erences or needs?

14 Did you find customization op-
tions that were useful to you?

System feedback
15 Did you receive clear feedback

from the system about your
actions?

16 Did you find the feedback pro-
vided by the interface useful?

System errors
17 Did you experience any errors

or failures while using the in-
terface?

18 Do you consider the interface
to be reliable in terms of error
prevention?

Error recovery capability
19 Did the interface provide you

with options to correct errors
or unexpected situations?

20 Could you easily recover from
errors without losing your
progress or work done?

User satisfaction
21 Overall, how would you rate

your satisfaction with the
human-robot interface?

22 Would you recommend the in-
terface to other users?
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