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Resumo
A lesão traumática da medula espinhal (LME) pode resultar em paralisia completa ou
incompleta de todas as funções motoras e sensoriais abaixo do nível da lesão. A atividade
física e a mobilidade reduzidas podem causar alterações nas funções metabólicas e na
composição corporal. Para minimizar as consequências da inatividade, a Estimulação
Elétrica Funcional (Functional Electrical Stimulation, FES) pode beneficiar esses indivíduos
em programas de reabilitação ou como tecnologia assistiva, onde as contrações musculares
evocadas eletricamente são utilizadas para realizar atividades funcionais. Por exemplo, o
ciclismo assistido por FES (FES-cycling) permite que indivíduos com LME com pouco
ou nenhum movimento voluntário das pernas pedalem um cicloergômetro ou um triciclo
reclinado. Embora os benefícios desta tecnologia sejam bem conhecidos, esse recurso
pode ser inacessível principalmente em países emergentes como o Brasil. Nesse sentido,
seria vantajoso para nossa comunidade ter acesso a toda uma plataforma FES de código
aberto que pudesse ser explorada em diferentes contextos de atividades funcionais. Este
trabalho aborda o desenvolvimento de um dispositivo de estimulação elétrica de alta
potência de código aberto e todos os aspectos necessários para a implementação de um
sistema de FES-cycling para sujeitos com LME. O dispositivo possui uma topologia de
corrente constante capaz de criar pulsos bifásicos com amplitude, largura e frequência
de até 150mA, 1000µs e 100Hz, respectivamente. Um aplicativo celular foi desenvolvido
para definir e modificar os parâmetros de estimulação de até oito canais diferentes. A
maior contribuição deste trabalho, entretanto, é a introdução de um novo algoritmo de
controle com Aprendizado por Reforço (Reinforcement Learning, RL) para a adaptação
em tempo real dos padrões de estimulação empregados nas sessões de FES-cycling. O
algoritmo implementado apresenta uma estratégia decayed-epsilon-greedy para ajustar
a carga elétrica injetada necessária para evocar contrações musculares. Para rastrear e
controlar a cadência de pedalada predefinida, um controlador Proportional-Integral (PI)
foi usado em paralelo para modular a amplitude de corrente dos canais de estimulação. O
desempenho do controlador global foi avaliado sob diferentes configurações do algoritmo
RL e explorado em diferentes cenários de pedalagem. Sessões de FES-cycling estacionárias
e não estacionárias foram realizadas por um voluntário com paraplegia completa (ASIA
Impairment Scale (AIS) A, T8) que foi capaz de pedalar por distâncias superiores a
4,5km. Os resultados evidenciaram que o algoritmo foi capaz de aprender e modificar o
padrão de estimulação de acordo com a política pré-definida ao mesmo tempo em que
rastreou as cadências de pedaladas configuradas. Por fim, este trabalho avaliou os efeitos
de diferentes treinamentos de ciclismo assistido na Densidade Mineral Óssea (DMO) e na
composição corporal durante um período de 2 anos. Embora tenha sido observado um
aumento de 9,8% na massa magra das pernas ao final do protocolo, o resultado não refletiu
as mudanças encontradas ao longo do programa, pois diferentes protocolos de treinamento



foram acompanhados de resultados diferentes. Esses achados apoiam a ideia de que o
ciclismo assistido por FES pode ajudar os indivíduos com LME a recuperar a massa
magra e reduzir a massa gorda quando associado a programas adequados de treinamento e
nutrição. Alterações positivas na DMO foram encontradas na região lombar. Entretanto,
uma diminuição significativa foi observada na região de interesse do fêmur, sugerindo
cautela em afirmar que a modalidade melhora a saúde óssea nos membros inferiores em
indivíduos com LME.

Palavras-chave: Estimulação Elétrica Funcional, FES-cycling, Estimulação Elétrica
Neuromuscular, Estudo de Caso, Aprendizado por Reforço.



Abstract
Traumatic Spinal Cord Injury (SCI) can result in complete or incomplete paralysis of
all motor and sensory functions below the level of injury. Reduced physical activity and
mobility can cause changes in metabolic functions and body composition. To minimize
the consequences of inactivity, Functional Electrical Stimulation (FES) can benefit these
individuals in rehabilitation programs or as assistive technology, where electrically-evoked
muscle contractions are used to perform functional activities. For instance, FES-cycling
allows SCI-individuals with little or no voluntary leg movement to pedal a stationary
machine or a recumbent tricycle. Although the benefits of this technology are well known,
this resource may be inaccessible mainly in emerging countries like Brazil. In this regard,
it would be advantageous for our community to have access to an entire open-source FES
platform that could be explored in different functional activities contexts. This work aims
to address the development of an open-source high-power capacity electrical stimulation
device and all the necessary aspects to implement a FES-cycling system for individuals
with SCI. The device features a constant current topology able to create biphasic pulses
with amplitude, width, and frequency up to 150mA, 1000µs, and 100Hz, respectively. A
mobile application was developed to define and modify the stimulation parameters of up to
eight different channels. The main contribution of this work, however, is the introduction
of a novel Reinforcement Learning (RL) control algorithm for real-time adaptation of the
FES-cycling stimulation patterns. The designed algorithm features a decayed-epsilon-greedy
strategy to adjust the injected electrical charge necessary to evoke muscle contractions.
To track and control the predefined pedaling cadence, a PI controller was used in parallel
to modulate the current amplitude of the stimulation channels. The global controller
performance was evaluated under different RL settings and explored in different cycling
scenarios. Overground and stationary FES-cycling sessions were performed by a volunteer
with complete paraplegia (AIS A, T8) which was able to cycle overground for distances
of more than 4.5km. The results evidenced that the algorithm was able to learn and
modify the stimulation pattern according to the predefined policy while being able to
track predefined pedaling cadences. Finally, this work evaluated the effects of different
assisted cycling training on Bone Mineral Density (BMD) and body composition over two
years. Although a 9.8% increase in lean mass legs was observed at the end of the protocol,
the result did not reflect changes found throughout the program, as different training
protocols presented different results. These findings support the idea that FES-assisted
cycling can assist SCI-individuals to regain lean mass and reduce fat mass when associated
with adequate training and nutrition programs. Positive changes in BMD were found in
the lumbar region. However, a significant decrease was observed in the femur region of
interest, suggesting caution in stating that the modality improves bone health in the lower
limbs.
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1 Introduction

1.1 Context and Relevance
Spinal Cord Injury (SCI) refers to damage to the spinal cord resulting from trauma,

disease or degeneration. SCI can result from a traumatic event in the spine that fractures,
dislocates or compresses one or more vertebrae (Alizadeh; Dyck; Karimi-Abdolrezaee,
2019). Traumatic SCI can temporarily or permanently interrupt the neurological functions
at the distal level of the injury (Varma et al., 2013).

In the United States, the incidence of traumatic SCI is approximately 40 cases
per million individuals (approx. 12,500 new cases per year), which implies a substantial
economic impact of more than US$4 billion annually (Gorgey et al., 2014; Varma et
al., 2013). In Brazil, epidemiological studies report difficulty in obtaining data on SCI
incidence. The estimate varies from 16-26 (Botelho et al., 2014) to 40-50 (Nascimento et
al., 2017) new cases for every million inhabitants per year. Worldwide, between 250,000
and 500,000 people suffer a spinal cord injury annually. Trauma is the result of automobile
collisions (38%), falls (30%), violence (13%), incidents in sports activities (9%), and
surgical procedures (5%) (Bennett J, M Das J, Emmady PD, 2022; Nas, 2015).

In 1973, the American Spinal Injury Association (ASIA) was created to improve
the treatment of SCI-individuals based on the facilitated exchange of research results,
data, and best practices among professionals (Roberts; Leonard; Cepela, 2017). The ASIA
International Standards for Neurological Classification of Spinal Cord Injury (ISNCSCI)
exam can be used to score the motor and sensory impairment following SCI (Betz et al.,
2019; Roberts; Leonard; Cepela, 2017). This classification relates motor, sensory and
reflexive abilities to the neurological level of injury, in addition to being partial or complete.
The ASIA Impairment Scale (AIS) classifies the individual’s functional impairment as:

• AIS A: Complete. No sensory or motor functions are preserved in the sacral
segments of S4-S5;

• AIS B: Sensory incomplete. There is a motor deficit without sensory loss
below the neurological level, including the sacral segments of S4-S5 (light touch, pin
sensation, or deep anal pressure at S4-S5); no motor function preserved from three
levels below the motor level in each half of the body;

• AIS C: Motor incomplete. The motor function is preserved below the neurological
level and more than half of its muscles have strength lower than 3/5 of the Medical
Research Council (MRC) scale;
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Figure 1 – Body motor and sensory regions with the respective neurological injury level.
SCI can result in complete or partial loss of functions below the level of the
injury.

• AIS D: Motor incomplete. Motor function is preserved below the neurological
level and at least half of the muscles below the level have strength greater than 3/5
(MRC);

• AIS E: Normal. Sensory and motor functions in all segments are preserved.

Figure 1 illustrates the motor and sensory regions associated with their respective
spinal cord segment.

Lesions that affect the cervical segment usually result in quadriplegia. Patients
with C3 or higher lesions need ventilatory support and C4 can spontaneously control
breathing. C5 injury results in some control of the shoulder and elbow flexion; however,
there is no control in the hand or wrist. The transfer in these cases is totally dependent.
People with a C6 lesion have some control of the wrist but not of the hands. Despite
the need for support in the transfer, these patients have some independence in activities
related to nutrition, care and hygiene, in addition to dressing their upper body. Elbow
extension at the C7 level and finger flexor muscle strength at the C8 level are sufficient,
which results in greater independence in daily and transfer activities.
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Thoracic segment injuries result in paraplegia. At levels T1 to T8, despite hand
control, trunk control is ineffective. T9 to T12 injuries allow greater control of the trunk
and abdominal muscles, resulting in good balance in the sitting position. Injuries to the
lumbar and sacral regions result in paralysis and loss of sensation in the lower extremities,
in addition to the possibility of loss of bowel and bladder control and sexual dysfunction.
The sensory-motor functional capacity of individuals affected by SCI is, therefore, strongly
influenced by the level of the lesion and is aggravated if the lesion is complete (Nas, 2015).

Events after SCI are divided into immediate (first 2 hours), acute (2 to 48 hours),
sub-acute (48 hours to 14 days), intermediate (14 days to 6 months) and chronic (from the
6th month) (Ahuja et al., 2017). Some therapeutic goals are beneficial in certain phases of
SCI, as they target the events that occur in this phase. For instance, early rehabilitation
in the acute and subacute phases can prevent joint contractures, minimize the loss of
muscle strength, maintain functional capacity and relieve pain. The primary objective in
this case is to minimize long-term complications. Passive and isometric exercises must be
performed intensively. It is also essential to maintain BMD and the normal functioning
of the respiratory and digestive systems. To avoid pressure ulcers, the patient’s position
should be changed every 2 to 3 hours (Siddiqui; Khazaei; Fehlings, 2015).

In the chronic phase, independence may be the primary objective to be attained
by patients with SCI, regardless of whether the injury is partial or complete. However,
this ability depends on numerous factors such as the level of injury, degree of spinal cord
impairment, age, weight, motivation, spasticity and functional capacity of the patient.
Rehabilitation composed of functional exercises, occupational therapy and the use of
orthoses are suggested to restore or improve the abilities needed for daily living according
to the potential of each individual (Varma et al., 2013).

Moreover, within one year after the trauma, more than fifty percent of patients
with complete SCI develop osteoporosis and the long-term follow-up indicates an increase
in the prevalence rate to more than eighty percent (Varacallo M, Davis DD, Pizzutillo
P, 2022). The decline in BMD increases the occurrence of fractures and leads to severe
consequences, from skin lesions to lower limb amputation and premature death (Morse et
al., 2019; Champs et al., 2019). The risk for various complications is aggravated by the
neurological level and extent of the injury, in addition to the lifetime costs of care and the
impact on psychological and social behaviors (Fattal et al., 2017).

Due to functional impairment and a sedentary lifestyle, the metabolic functions and
body composition are altered, leading to a significant loss of lean mass and accumulation
of fat mass (Sezer, 2015). Long-term problems also include respiratory, cardiovascular,
urinary and intestinal complications (including neurogenic bladder or neurogenic bowel
and urinary tract infections), spasticity, pain syndromes, autonomic dysreflexia, deep
vein thrombosis and pressure ulcers. This scenario favors the increase in morbidity and
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mortality (Bennett J, M Das J, Emmady PD, 2022).

Therefore, rehabilitation and other treatment approaches are encouraged to improve
the patient’s functional level and reduce the consequences of SCI. Neuromuscular Electrical
Stimulation (NMES) and Functional Electrical Stimulation (FES) may also be considered
to evoke muscle contractions and overcome the lack of volitional limb motor activity.
These technologies use surface or implanted electrodes to apply low-current Electrical
Stimulation (ES) pulses over a muscle belly or nerve trunk to evoke muscle contractions.
NMES aims to restore nerve and muscle metabolism that are dysfunctional (Maffiuletti,
2010). FES induces coordinated muscle contractions to assist in the reproduction of
functional movements both independent or associated with body-machine devices to be
explored in rehabilitation, sports and leisure (Scheer et al., 2021; Peckham; Knutson,
2005).

Cycling is one of the most researched modalities among the different assisted
exercises. In general terms, FES-cycling coordinates the electrically-evoked contraction
of specific muscles within limited ranges of the pedaling cycle that allows individuals
with impaired voluntary leg movement to pedal a recumbent tricycle or ergometer. FES
associated with the pedaling activity triggers metabolically active muscle contractions in
a coordinated manner and in association with eventual natural (within the preservation
zone) and artificial (electrically-evoked contractions of the paralyzed muscles in the loss
zone) controls, which can be used in rehabilitation and also as assistive technology.

The difference to a conventional exercise or therapy is the possibility for the
individual to perform the task independently if a system adapted for the modality is
available (Bo et al., 2017; Fattal et al., 2021). Furthermore, compared to other activities
such as standing and walking, FES-cycling can minimize the risk of falls and bone fractures
- especially for individuals with SCI - as the exercise can be performed in a recumbent
position. Furthermore, it can be accomplished early in the rehabilitation process by
individuals with high levels of impairment.

The modality has evidenced several physiological and psychological benefits, in-
cluding positive impacts on pain, cardio-respiratory function, body composition and bone
metabolism (Gorgey et al., 2014; Scheer et al., 2021). FES-cycling is therefore a powerful
tool to maintain the health of the musculoskeletal system below the level of injury which
is an essential characteristic to prevent comorbidities and complications resulting from
muscle atrophy.
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1.2 Purpose and Contributions

1.2.1 Motivations

In the FES-cycling modality, a fixed baseline stimulation pattern is usually defined
from which pulse amplitude, width, frequency or even a combination of these parameters
are modified by a controller to track cadence, torque and power (Cousin; Duenas; Dixon,
2021; Sijobert et al., 2019). In addition to evaluating the performance of closed-loop
controller architectures and the cycling outcomes, these investigations reveal that the
choice of the strategy to be developed reflects a trade-off between what is expected from
the rehabilitation goals and the level of complexity from a technological point of view.

For instance, it can be argued that the first assesses whether the use of the technology
is aimed at therapeutic applications (cardiovascular conditioning and prevention of atrophy
through exercises) that may opt for greater simplicity of implementation in the clinic; or
related to more complex functional goals, including assistance in activities such as walking,
standing, cycling, etc. The second considers the development of technology itself, which
includes various sensors, the Electrical Stimulation (ES) unit itself, the implementation
of elaborate electronic instrumentation and, mainly, the time-consuming development
of complex control strategies and algorithms to deal with non-linearity and temporal
variability of muscle response.

On the one hand, simplifying the methods associated with the FES-cycling modality
can lead to a drastic reduction in the implementation time and reduce the complexity
of the stimulation pattern adjustment, which seems to be a common objective in recent
research. On the other hand, the complexity while developing the technology can increase
in the background. In any case, however, research possibilities are created to study of
novel methodologies that encourage the use of this technology.

In a recent work published by Sijobert et al. (2019), researchers introduced a novel
algorithm for the automatic detection of stimulation events in FES-cycling regardless
of alterations in the pilot seating position, which suggests a reduced time to optimize
the stimulation patterns. The study simplified the definition of the ES parameters while
providing a method that could be adapted to different users and devices. They used
Inertial Measurement Units (IMUs) to automatically detect the start and stop events of
muscle stimulation through a simple if-then algorithm and a relatively simple assembly
was employed for time optimization. Even though some adjustments of offset parameters
were necessary before the start of stimulation, the algorithm was successfully tested and
the participant was able to pedal in both stationary and non-stationary conditions.

The same research group proposed another approach using torque feedback to
automatically determine the optimal stimulation intervals for the muscles to be activated
during FES-cycling (Schmoll et al., 2021). By analyzing the difference between active (with
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stimulation) and passive (without stimulation) torques over a complete pedaling cycle, the
researchers demonstrated that it was possible to differentiate between the contribution
and resistance phases for a given muscle group. The algorithm automatically identified the
stimulation intervals for the participant’s left and right quadriceps and hamstring muscles.
Despite excellent results and reducing the system complexity, the stimulation pattern
obtained from the torque analysis was validated on a home trainer without any cycling
load during short periods. As this approach is based on net-torque produced on pedals, it
is expected that different load resistances may affect the cycling dynamics, which was not
validated in the experiment.

Learning control techniques such as Iterative Learning Control (ILC) and Repetitive
Learning Control (RLC) have also been suggested to automatically adapt the stimulation
pattern and improve the performance of tracking repetitive or periodic activities through
the use of knowledge obtained in previous interactions between the controller and the
system environment (Duenas et al., 2020; Duenas et al., 2020). Even though applied
to nonlinear systems, ILC is frequently designed assuming linear models and uses the
observed error from previous trials as information to modify the input signal for the
subsequent iterations to anticipate for repeated disturbances. However, it cannot perfectly
track the required action to be executed (Bristow; Tharayil; Alleyne, 2006).

ILC differs from RLC as the first is intended for discontinuous operation. The use
of the RLC technique for cadence tracking during stationary FES-cycling was investigated
by Duenas et al. (2016) and Duenas et al. (2020). The researchers explored the switching
of the stimulation pattern across different muscle groups based on the joint effectiveness
to produce torque while being assisted by an electrical motor in regions of the crank cycle
with low torque efficiency. Besides being designed to exploit the periodicity of the desired
cadence trajectory by learning from previous control inputs for each muscle group and
the electric motor, the controller used nonlinear models with parametric uncertainties in
the system and was implemented by a personal computer due to its complexity. However,
an essential feature of the ILC and RLC techniques is that the algorithm cannot exempt
itself from a mathematical model of the uncertainties that affect the system which, in
turn, could facilitate its implementation.

In this sense, Reinforcement Learning (RL) emerges as a reward-based machine
learning training method that may overcome the need for complex mathematical models
of the environment and its disturbances while being able to track repetitive activities. The
concept relies on a learner, a decision maker and a so-called agent, which assesses the state
of the environment by mapping it into actions and then evaluates a numerical reward
obtained from it as training information. In other words, the agent perceives the current
state of the environment and learn an optimal policy i.e., a stochastic rule by which the
agent selects actions as a function of states.
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A distinguishing feature of RL is to formalize the idea of a goal through a reward
signal sent from the environment to the agent as a response to the selected action at
a specific time. The objective is to maximize the notion of cumulative reward over a
particular period and not the immediate reward, which requires the creation of rules for
the agent to balance between exploring new actions and exploiting already known actions
(Sutton; Barto, 2018).

A recent study introduced a method using RL for real-time optimization of stimu-
lation patterns while monitoring the average cadence error during simulated FES-cycling
sessions (Wannawas; Subramanian; Faisal, 2021). The performance outcome obtained
with a musculoskeletal model simulation was compared to other controllers, such as PID
and Fuzzy Logic. Despite not being clear about how the controller would act on the pulse
parameters in real scenarios, a control algorithm was suggested to learn how to adapt the
electrical pulses of different leg muscles by evaluating the interactions with the system. It
was also proposed that the method could compensate for muscle fatigue and track desired
cadences. A considered drawback, however, was the large number of interactions and data
needed for training the agent. For example, the preliminary results reported the need for
an additional ten minutes to train the algorithm before obtaining satisfactory tracking
performance, limiting the investigation to be conducted in real-world cycling sessions.

Considering the aforementioned investigations, to reduce the FES-cycling imple-
mentation time by simplifying the design of electrical stimulation patterns and reducing
the complexity of control techniques, it seems advantageous to use learning methods that
reward desired behaviors of a particular agent that is capable of exploring different manners
to interact with the cycling environment aiming to improve the stimulation pattern and
consequently the cycling performance.

1.2.2 Contributions

In recent decades, a global effort has been witnessed on the development of novel
rehabilitation technologies to reproduce functional activities assisted by electrical stimula-
tion, including walking, grasping, rowing, transferring, standing and cycling (Schauer, 2017;
Ho et al., 2014). For instance, the FES-cycling modality, which allows individuals with SCI
to practice physical activities in the clinic or in a recreational way, has been extensively
researched. As a result, positive effects on health and fitness-related outcomes have been
demonstrated and a set of technical notes and research consolidated the potential behind
Functional Electrical Stimulation (Scheer et al., 2021). However, this technology is still
inaccessible to a large part of the population with SCI as the general price ranges from
$16, 000 to $30, 000 USD1.
1 https://www.anatomicalconcepts.com/articles/2017/03/28/2017-3-28-fes-cycling-system-cost

https://www.anatomicalconcepts.com/articles/2017/03/28/2017-3-28-fes-cycling-system-cost
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Given the high cost of these systems, especially for emerging countries, a relevant
question is how to democratize access to this technology, whether through direct access to
the final product or the development itself. Considering the first a public health issue, this
work was encouraged to offer an alternative through the latter, which is concerned with
creating an open-source FES platform. In addition to the benefit for individuals with SCI,
access to a whole Electrical Stimulation project would allow researchers, engineers and
even clinicians to develop their own applications not limited to commercial devices, which
can be fully modified according to their interests.

Regarding the application of FES-cycling, one of the major drawbacks of the
modality is the need for modifying the stimulation pattern (i.e., the stimulation intervals
within the pedaling cycle and the pulse parameters for each stimulation channel) and
the mechanical aspects of the tricycle or ergometer for each individual. The complexity
and time-consuming process of defining these parameters can discourage the use of this
technology for clinical or research purposes.

In this sense, it is hypothesized that the use of learning methods for the automatic
adjustment of stimulation parameters by the system itself would overcome the actual
limitations regarding the FES-cycling realization. Furthermore, by creating a method
for the modulation of the stimulation parameters based on previous interactions between
the system and the environment, interesting research possibilities are created, such as
optimizing the injection of electrical charge to delay the muscle fatigue process - a limitation
of the Electrical Stimulation technique - and to advance in new strategies in computer-
assisted technologies for individuals with SCI and other neurological impairments.

1.2.3 Objectives

The following objectives will be addressed in this work:

1. the development of an entire FES system and its validation with a SCI volunteer
during FES-cycling sessions;

2. the creation of a methodology to improve and simplify the definition process of the
stimulation parameters for the FES-cycling based on machine learning concepts;

3. the realization of a case report to document changes in Bone Mineral Density (BMD)
and body composition in a 38-year-old man with complete paraplegia during two
years of FES-cycling.

Regarding the validation of FES-cycling with a participant with SCI, the following
contributions are targeted:
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• validate the system capacity to track different pedaling cadences during FES-cycling
sessions;

• evaluate physiological aspects in response to two different intensity FES-cycling
training programs;

• evaluate the pedaling performance of FES-cycling, including distance, pedaling time,
average and maximum speed, and average and maximum power;

1.3 Organization of this D.Sc. Dissertation
This dissertation is organized into 6 chapters, following the structure presented

in Figure 2. Chapter 1 introduces the motivations and primary objectives of this D.Sc.
dissertation. Chapter 2 discusses the physiological aspects and mechanisms of Functional
Electrical Stimulation. Chapter 3 presents the HCFES device and cycling system projects.
Chapter 4 introduces a novel algorithm based on RL concepts designed to optimize the
stimulation pattern online during the cycling sessions. Chapter 5 details the 2-year FES-
cycling intervention protocol and the results obtained on Bone Mineral Density (BMD) and
body composition for a single participant with paraplegia. Finally, Chapter 6 summarizes
the main findings and the future developments of this work.
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Figure 2 – Structure of the D.Sc. dissertation.

1.4 List of Publications
The findings of this research have resulted in the publication of 2 journal papers,

one conference paper which became a book chapter and a Case Report has been submitted.
These publications are presented as follows:

1. Coelho-Magalhães, T.; Coste, C. A.; Resende-Martins, H. A Novel Functional Elec-
trical Stimulation-Induced Cycling Controller Using Reinforcement Learning to
Optimize Online Muscle Activation Pattern. Sensors, v. 22, n. 23, 2022. ISSN
1424-8220. https://www.mdpi.com/1424-8220/22/23/9126.

2. Coelho-Magalhães, T.; Fachin-Martins, E.; Silva, A.; Coste, C. A.; Resende-Martins,
H. Development of a High-Power Capacity Open Source Electrical Stimulation System
to Enhance Research into FES-Assisted Devices: Validation of FES Cycling. Sensors,
v. 22, n. 2, 2022. ISSN 1424-8220. https://www.mdpi.com/1424-8220/22/2/531.

3. Coelho-Magalhães, T.; Vilaça-Martins, A. F.; Araújo, P. A.; Resende-Martins, H.
Programmable Multichannel Neuromuscular Electrostimulation System: A Universal

https://www.mdpi.com/1424-8220/22/23/9126
https://www.mdpi.com/1424-8220/22/2/531
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Platform for Functional Electrical Stimulation. In: Bastos-Filho, T. F.; Caldeira,
E. M. de O.; Frizera-Neto, A. (Ed.). XXVII Brazilian Congress on Biomedical
Engineering. Cham: Springer International Publishing, 2022. p. 1371–1377. ISBN
978-3-030-70601-2.

4. Coelho-Magalhães, T.; Amaral, G. M.; Silva, P. E.; Resende-Martins, H. Effects on
Bone Mineral Density and Body Composition During 24 months of FES-assisted Cy-
cling: Case Report of a 38-year-old Male with Paraplegia. Case Report Submitted,
2022.

1.5 Supplementary materials
Experimental results and datasets are available as following:

• FES-cycling videos available at the project’s YouTube Channel

• HCFES project can be downloaded at: https://osf.io/pf3ru/

• Reinforcement Learning (RL) Project Files can be downloaded at: https://osf.io/fb87w/

• BMD and body composition (BC) data can be assessed at: https://osf.io/95xbs/

• MATLAB App to evaluate the tricycle configurations: GitHub link

https://www.youtube.com/channel/UCH_nL_YFQW_fOqiuBWj97UQ
https://osf.io/pf3ru/
https://osf.io/fb87w/
https://osf.io/pf3ru/
https://github.com/tiagocoelhoma/trikeParamCode


2 Electrical Stimulation

One of the main objectives of this work is to evaluate the implications of FES-
assisted cycling on the physical condition of a participant with SCI under different intensity
training programs. Therefore, it is necessary to study the mechanisms associated to the
Electrical Stimulation, the nervous system structures and the physiology related to the
musculoskeletal system.

This subsection presents a brief review of neuromuscular physiology and the
mechanisms required for muscle contraction. However, the specific structure of the muscle
fiber and the molecular basis of muscle contraction will not be addressed. The detailed
aspects were discussed in the author’s master’s dissertation (Coelho-Magalhães, Tiago,
2018). Unless otherwise noted, this section is based on the following references: (Bear;
Connors; Paradiso, 2015; Hall, 2015; Magee; Zachazewski; Quillen, 2007).

2.1 Neuromuscular Physiology
The nervous system is divided into the Central Nervous System (CNS), consisting

primarily of the brain and spinal cord; and Peripheral Nervous System (PNS), which
includes nerves, ganglia and nerve endings. The neuron is the primary functional unit
of this system and its structure is divided into the following fractions: soma, dendrites
and axon. The latter contains an excitable membrane that allows the transfer of action
potential (AP) throughout the nervous system.

More specifically, the resting potential of the axon membrane is negatively charged
in relation to the extracellular fluid (typically at -65mV); however, in response to commands
from the nervous system itself or to external stimuli (electrical, thermal or mechanical),
an influx of Na+ ions initiates the membrane depolarization. If this potential is raised
beyond a triggering threshold, an action potential is created. The spatially propagation of
the action potential along the axon is due to the influx of positive charges that depolarize
the membrane of adjacent segments to generate new action potentials. These are directed
to the CNS (afferent signals) and PNS (efferent signals).

The transfer of pulses throughout the nervous system occurs in electrical or chemical
synaptic transmissions. The later uses neurotransmitters to exchange information and
there is no physical contact between the presynaptic axon and the postsynaptic cells,
including other neurons and muscle, glandular and sensory cells. In relation to muscle
fibers, the region where the synapse occurs is called the neuromuscular junction, considered
very effective due to the high concentration of neurotransmitter receptors (also known as
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neuroreceptors) in the motor end plate.

The association between the skeletal muscle and the parts of the nervous system
that command it constitutes the somatic motor system, which is responsible for controlling
functions that are consciously influenced. Each muscle fiber is innervated by a branch
of lower motor neurons contained within the ventral horn of the spinal cord. The alpha
motor neuron innervates extrafusal muscle fibers to generate force; and gamma motor
neuron innervates intrafusal muscle fibers responsible for proprioception. The combined
motor neurons and all muscle fibers it innervates constitute a Motor Unit (MU).

The motor neurons (MNs) are further organized according to the spinal segment
to which they are associated, which are grouped according to the spinal roots: cervical
(C, 1 to 8); thoracic (T, 1 to 12); lumbar (L, 1 to 5); and sacral (S, 1 to 5). Somatic
motor neurons are not evenly distributed throughout the spinal cord. The ventral horns
of the C3-T1 and L1-S3 segments are relatively larger, as they act on a larger set of
muscle groups. The muscles that control the movement of the shoulder, elbow, pelvis, and
knee joints are called proximal muscles; of the hands, feet and digits are controlled by
the distal muscles; finally, muscles controlling the trunk movements are called axial
muscles.

The motor units can be classified according to the muscle fibers that compose
them, depending on their metabolism and corresponding action: (1) slow-twitch (type I)
fibers, which can sustain long contraction duration and are more fatigue resistant; and
(2) fast-twitch (type II) fibers, which creates powerful forces for shorter duration and
fatigue quickly. Type II fibers can be further subdivided into fast-twitch fatigue-resistant,
fast-twitch fatigue-intermediate, and fast-twitch fatigable fibers. It is important to mention,
however, that neuronal innervation is a determining factor in the muscular phenotype,
since the propagation speed of the action potential is related to the diameter and axon
type (whether myelinated and unmyelinated axons).

For an individual without neurological impairments to perform a voluntary muscle
contraction, the recruitment order of motor units follows the Henneman’s size principle,
where type I fibers (smaller), more fatigue-resistant, are recruited first than type II (larger)
fibers, which are more fatigable (Mendell, 2005). As adjacent fibers are recruited in synergy
during a muscle contraction - a phenomenon called spatial summation -, the force achieved
is influenced by the fibers activated. However, fast fibers, which fatigue more quickly,
exert more force when compared to slow ones. Thus, a compromise between the required
muscle force to be produced and duration of activity must be considered.

Furthermore, other limiting factors to the amount of force produced by a muscle
includes its initial length, which is related to the overlap of actin and myosin bridges;
the temporal summation phenomenon, which achieves sustained contractions (tetanic) by
increasing the stimulus frequency not to allow the tension in the muscle to relax between
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successive twitches; and, finally, the force-velocity relationship, which is also influenced by
fibers that constitute the musculature, which, in turn, impacts the performance achieved
during physical activities, since the force is decreased as the speed of the movement
increases. Therefore, in addition to the type of fiber to be recruited, the number of motor
units recruited, the length of the skeletal muscle, and the nature of the muscle contraction
are factors that affect the ability of an individual to perform a physical activity.

As will be discussed later in this chapter, the distribution of fast and slow fibers is
extremely relevant for the FES-cycling modality studied in this work, since the proportion
of fibers in SCI-individuals is altered as a result of muscle atrophy secondary to the injury
and greatly limits their capacity to perform the activity for a certain time, with greater or
lesser speed and under different load contexts. Physical training, therefore, must be well
defined and in accordance with the objectives to be achieved for a given volunteer. Still,
the performance of the activity is impacted by other factors, such as cardiopulmonary,
biomechanical, psychological, etc.

2.2 Electrical Stimulation
Neuromuscular Electrical Stimulation (NMES) is characterized by the use of elec-

trical pulses to artificially evoke the contraction of paretic or paralyzed muscles in order
to restore nerve and muscle metabolism that are dysfunctional. Functional Electrical
Stimulation (FES) induces electrically evoked muscle contractions in a coordinated manner
to assist in the reproduction of functional movements both independent or associated with
body-machine devices. In this case, to reproduce a functional movement, the electrically
evoked contractions of different muscles must be performed in synergy and synchronised
with the functional activity (Hamid; Hayek, 2008).

FES-cycling is a commonly researched technique which allows individuals with
little or no voluntary leg movement to pedal a stationary bicycle or tricycle (trike), usually
stationary (Scheer et al., 2021). Other activities and modalities are also studied, such
as rowing (Gibbons; Beaupre; Kazakia, 2016), walking (Coelho-Magalhães, Tiago, 2018),
standing balance (Rouhani et al., 2017) etc.

2.2.1 Functional Electrical Stimulation Mechanisms

An important feature regarding nerves and muscle fibers is their responsiveness
to electrical stimulation. Muscle contraction can be artificially evoked through electrical
pulses that are preferable applied over the motor point of the muscle of interest. This
location presents the muscle’s greatest excitability that is observed with the minimum
electrical stimulation intensity necessary to evoke a contraction (Moon et al., 2012), and
where the branch of the intramuscular motor nerve is connected to the muscle (Ragnarsson,
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2008). However, muscle contractions can be achieved in denervated muscles by applying
electrical pulses with much higher intensities, which may limit the application of the
electrical stimulation for rehabilitation purposes or as assistive technology (Boncompagni,
2012). In this work, the application of Functional Electrical Stimulation was addressed
only in situations where the peripheral nervous system remained intact.

To electrically evoke muscle contractions with this technology, electrical pulses
momentarily concentrate negative charges on one of the electrodes while the other is
deficient. As a result of the electric potential difference created, an ionic current is induced
under the surface electrodes positioned over the muscle of interest. Eventually, the induced
ionic current reach the excitable membrane of the peripheral nerve and action potentials
along the axons are triggered (Robinson; Robinson; Snyder-Mackler, 2008).

However, as the membrane depolarization process depends on the intensity of
the induced current, some factors greatly impact the efficiency of electrical stimulation,
namely: (1) the impedance of body tissues and the thickness of the subcutaneous fat layer,
since tissue conductivity is influenced by the water and ion content; (2) the stimulation
pulses parameters, including amplitude, pulse width and stimulation frequency; (3) the
size and electrodes positioning, in which the current density is related to the intensity of
the electric current per unit area of the electrode.

The influence of subcutaneous fat thickness during the application of NMES has
also been evaluated in combination with different configurations of surface electrodes,
suggesting that the current intensity required to reach the muscle activation threshold is
increased when larger surface electrode are used; when the distance between the stimulation
electrodes increases; and as the thickness of the adipose tissue increases due to its high
resistivity (Doheny et al., 2010). Nevertheless, the effect of the dimensions and distance
between electrodes is reduced as the fat layer becomes denser.

The electrical pulse parameters also have a great impact on the effectiveness of
the muscle contraction, in which it is of interest to reduce discomfort and maximize the
spatial recruitment of muscle fibers. To raise the depolarization level of the membrane cell
to the triggering threshold, a combination between the current amplitude and the pulse
duration is required to achieve the excitability response of a given tissue (Gorgey et al.,
2014). Furthermore, as the electrical pulses are repeated at a certain frequency, a tetanic
contraction is eventually developed.

In this case, a restriction imposed by the application of electrical stimulation is
related to the spatial recruitment of muscle fibers that are located closer to the electrodes.
If the pulse intensity is held constant, contractile activity is imposed on the same group
of motor units. As the intensity increases, deeper fibers can be recruited; however, a
transmission-propagation fault is observed in the surface fibers. Still, this pattern of
recruitment can cause an exaggerated metabolic cost that can anticipate muscle fatigue.
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2.2.2 Methodological Considerations

Maffiuletti (2010) described some important physiological and methodological
considerations for the use of Neuromuscular Electrical Stimulation (NMES). For instance,
the effectiveness of NMES is suggested to depend less on controllable external factors, such
as pulse parameters or electrode characteristics, but rather on the individual’s intrinsic
anatomical properties, which determine the muscle’s response to electrical stimuli. In fact,
there is no consensus on pulse parameterization to be used during NMES or FES sessions,
and the use of different format of electrodes have been reported (Ibitoye et al., 2016;
Scheer et al., 2021). Manipulating the intensity, frequency and waveform of the electrical
pulse can optimize the muscle tension produced and indirectly assess the effectiveness of
electrical stimulation, however (Rabello et al., 2020). Even so, such characteristics must
be observed individually, which supports the considerations described previously.

Anyway, it is necessary to find a set of parameters that are commonly associated
with the effects sought by the application of electrical stimulation aimed at neuromus-
cular activity. Typically, to improve functional capacity or increase muscle size, NMES
parameters include relatively short biphasic pulses (0.2− 0.6ms) delivered at a frequency
of 30-50Hz at the current amplitude tolerated by the volunteer. Even when the intensity
is the maximum tolerable, the force generated as a result of the contraction evoked by
electrical stimulation is generally low when compared to the maximum force generating
capacity of the muscle (<50%), and decreases rapidly as muscle fatigue occurs (Blazevich
et al., 2021).

Specifically, for the FES-assisted cycling modality, the most recent review evaluated
92 studies and summarized the characteristics of stimulation pulses mentioned in recent
intervention protocols, such as amplitude 140(0-180)mA, frequency of 35(20-60)Hz, and
pulse width of 300(200-500)µs; where the parameter is reported as the median and
interquartile range in parentheses (Scheer et al., 2021). The fact that there is no agreement
between the stimulation parameters may be associated with the different protocols and
different objectives of the studies. In any case, a common interest is maximizing the
efficiency of stimuli and promoting the delay of muscle fatigue.

Several approaches to offset the rapid muscle fatigue during FES exercises for
individuals with SCI have been investigated and were summarized in a recent systematic
review (Ibitoye et al., 2016). Methods included the modification of stimulation patterns,
the optimization of electrode positioning, improvement of exercise protocols and the
development of biofeedback-controlled stimulation. The researchers concluded that, despite
the numerous possibilities and potential results, the effective management of fatigue during
FES-evoked muscle contractions is still limited, since most studies have not demonstrated
clinical relevance because they have not been sufficiently researched to support definitive
conclusions. Furthermore, it seems to exist a lack of consensus regarding the results of the
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proposed techniques.

For instance, in the mentioned review, eighteen studies investigated the effectiveness
of the optimization of stimulation patterns suggesting that the modification of the frequency
of different stimulation trains delays the effect of muscle fatigue. Some of these studies
reported that alternating constant frequency trains with closely spaced doublet stimulation
pulse trains indicated greater improvements in fatigue. Other works, however, found no
significant results unless the patterns were used along with other techniques. One of the
studies evaluated the effect of modulating the pulse width during FES-cycling sessions
and also reported not to be able to significantly influence the muscle fatigability if the
frequency is kept constant (Gorgey et al., 2014).

Regarding the electrode placement, the adequate positioning over the motor points
of the muscle of interest is necessary for the ideal recruitment of muscle fibers. It was
suggested to use electrode arrays to recruit motor units more selectively and obtain more
efficient motor control, which would also impact the muscle fatigue. However, the use of
arrays or systems that multiplex electrodes is almost not used outside of an experimental
environment and some studies have not identified significant differences in fatigue resistance
for configurations different from those used in conventional stimulation (Schmoll et al.,
2021).

Another ES characteristic while evoking muscle contractions considers the waveform
and the balance of charges between the phases of the pulse. Greater stimulation efficiency
can be achieved with symmetrical pulses compared to asymmetrical pulses (Rabello et
al., 2020). The symmetrical rectangular shape is suggested as ideal, as it overcomes the
problem of nerve fiber membrane accommodation; in addition, the pulse must evenly
distribute the charges at the electrode locations during the stimulation period, in order to
avoid any damage to body tissues as a result of electrochemical imbalance.

Finally, it is possible to avoid sudden contractions through a trapezoidal stimulation
profile, where the pulses gradually increase the amplitude value until reaching the nominal
value (ramping up), remain activated for the period of interest, and subsequently decrease
in amplitude until total deactivation (ramping down) (Melo et al., 2015).

2.2.3 Limitations

Although FES-cycling has been studied for decades and its positive outcomes amply
demonstrated, the application of this exercise modality is limited due to reduced efficiency
in terms of output power and endurance, as the non-selective responsiveness of electrically
evoked contractions favors the early onset of muscle fatigue.

An important characteristic during voluntary contractions refers to the MUs being
activated asynchronously and under different frequency patterns, making it possible to
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develop controlled contractions at relatively low frequencies. Also, during sustained
contractions, a switching process of MUs allows motor units that were not activated
previously to be recruited in replacement of those already activated. These characteristics
ensure the reduction of muscle fatigue and promote greater efficiency in performing routine
activities (Hamid; Hayek, 2008). However, unlike the voluntary contraction process,
neuromuscular or functional electrical stimulation does not respect the Henneman’s size
principle and activates motor neurons in a non-selective, spatially fixed and temporally
synchronous pattern, leading to a reverse recruitment order process that fatigues muscles
more rapidly (Jubeau et al., 2007; Gregory; Bickel, 2005).

In addition to the non-physiological aspects of MU recruitment, the excitability of
motor neurons decreases as they are electrically stimulated and the failure of excitation-
contraction coupling results in reduced torque when performing functional activities
(Peckham; Knutson, 2005). Furthermore, muscle atrophy due to chronic diseases, paralysis
and inactivity can alter the proportion of slow-twitch type I to fast-twitch type II fibers,
which leads to greater muscle fatigue (Ibitoye et al., 2016). These characteristics accelerate
the muscle fatigue process and reduce the time of physical exercise, restricting the health
benefits to these individuals and reducing the interest in the practice of this modality for
outdoor leisure.

Specifically for the FES-cycling modality, other aspects can limit the effectiveness
of electrical stimulation, which can be translated into the power produced during exercise.
In addition to the eventual inefficiency of neuromuscular muscle activation, factors such
as muscle atrophy due to chronic diseases, paralysis and disuse, in addition to the degree
of spasticity, can result in greater muscle fatigue and reduced exercise session duration.
Consequently, the benefits offered by the modality are limited and the use of this modality
for leisure activities outside the clinic is restricted (Ragnarsson et al., 2008).

Another inherent characteristic inherent to the electrical stimulation application
during the assisted activity is the non-linearity and time-variability of the muscle response
that highlights the need for modifying the pulse parameters to adjust the stimulation
intensity in order to improve the evoked response in the face of the excitation-contraction
coupling failure and muscle fatigue. Regarding the FES-cycling modality, in addition to
correctly determine the intervals within the pedaling cycle in which each muscle is recruited,
it is therefore necessary to dynamically modulate the pulse parameters (amplitude, width
and frequency) to create a synergistic contraction between the different muscle groups, in
such a way as to maximize the torque efficiency exerted on the pedals and delay muscle
fatigue. In this scenario, the use of open-loop architectures is very limited and the need
for closed-loop control strategies emerges (Melo et al., 2015).

In response to these restrictions and in addition to promoting synchronicity with
functional activities, electrical stimulation systems are therefore encouraged to be designed
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with a closed-loop architecture, which improves stimulus efficiency, as pulse parameters
(frequency, pulse width and intensity) can be dynamically changed (Melo et al., 2015;
Cousin; Duenas; Dixon, 2021). Furthermore, given the need for higher energy pulses, as
deeper fibers are required for contraction, the stimulation system must have a high power
capacity in order to develop functional activities for longer periods and allow less responsive
individuals to stimulation to initiate functional activities assisted by FES (Guimarães et
al., 2016; Bellman et al., 2017).



3 FES-cycling System

3.1 Introduction
The literature suggests Functional Electrical Stimulation (FES) systems to have

their pulse parameters (frequency, width and amplitude) undergoing changes dynamically,
especially the reduce the rapid muscle fatigue and maximize muscle tension during FES-
assisted exercises (Ibitoye et al., 2016; Fattal et al., 2018; Maffiuletti, 2010). Furthermore,
many functional activities require distinct muscle groups to be activated synergistically to
assist in the reproduction of the functional movement. For FES-cycling, different combina-
tions of muscle groups can be electrically evoked to perform the pedaling activity. Among
these strategies, stimulation of the quadriceps, hamstrings, tibialis anterior, gastrocnemius
and gluteus muscles is considered (Guimarães et al., 2016; Coste; Wolf, 2018; Galea et al.,
2013; Ibitoye et al., 2016). These characteristics emphasize the need for the ES systems to
have multiple channels and to able to modulate the electrical stimulation pulses according
to the physiological and functional needs (Bellman et al., 2016).

Considering the need for the technological development of FES-assisted devices, a
miniaturized Programmable Electrical Stimulation System was conceptualized during the
author’s master’s studies aiming to create a device to be explored in FES-assisted activities
and for Neuromuscular Electrical Stimulation (NMES) purposes (Coelho-Magalhães, Tiago,
2018). The device was designed to be connected to various sensors and to perform different
stimulation strategies to meet the current research needs on FES-assisted activities,
including cycling and walking. During the course of that research, a constant-current ES
topology for a prototype with a 3-channel architecture was first developed. Later, in the
current work, the topology was improved and the ES evolved into an 8-channel system,
which was validated in FES-assisted cycling sessions with a person with paraplegia.

Even though the theoretical detailing of the system is necessary and of great
scientific value, one of the main contributions of this work is not restricted to presenting
the system’s topology and architectures itself, but making the entire FES-cycling system an
open-source project, including hardware, firmware, software and mechanical designs that
will allow other researchers to study and modify the design for any purpose. Information
on how to download the project files are available in Appendix B.

This section aims to present the proprietary 8-channel High-Capacity Functional
Electrical Stimulation (HCFES) system developed and discuss its validation during FES-
cycling sessions with a participant with complete paraplegia. A discussion on the cadence
tracking algorithm is explored. Some mechanical aspects of the tricycle (trike) used during
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the experiments are also documented.

To facilitate the documentation of the intervention protocol and to better discuss
the impact on BMD and body composition (BC) obtained with the volunteer as result of
2 years of cycling sessions, the case report will be addressed separately in Chapter 5.

3.2 Material and methods

3.2.1 Proprietary Electrical Stimulation System

3.2.1.1 Hardware

Figure 3 illustrates the proposed architecture for the 8-channel HCFES system.

Figure 3 – Proprietary 8-channel HCFES system architecture consisted by a Digital Con-
trol Unit (DCU), a Communication Unit (CU), Power Supply Unit (PSU),
Sensor Interface Unit (SIU) and Stimulation Unit (SU)

The Digital Control Unit (DCU) is responsible for the HCFES system resource
management and is based on an ARM®Cortex-M7 Microcontroller Unit (MCU) that
features high processing capacity and low power consumption. These characteristics
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meet the requirements for data processing, sensor interfacing, communication and power
consumption of the proposed ES system.

The MCU communicates with an external 12-bit Digital to Analog Converter (DAC)
through a Serial Peripheral Interface (SPI). The DAC Intergrated Circuit (IC) can output
four independent analog voltage signals (see DACx in Figure 3) which are used as reference
for the current source ES output circuit. By varying the DAC output signals over time
for each of the output channels, the amplitude of the stimulation pulses can therefore be
modulated. Furthermore, different pulse waveform can be created if needed.

The DCU can also be connected to different type of sensors, including encoders
and IMUs. Finally, data can be sent to an external platform through the Bluetooth
communication interface for online and offline data processing.

Figure 4 – (a) Voltage-current converter with controlled gain and (b) Wilson current-
mirror. The operational amplifier (IC3) in association with Q6 and R16
converts the external DAC output voltage signal (DAC_CH12) into a current
signal (iREF ); the Wilson current mirror controls the iL current amplitude to
remain constant regardless of impedance variations.

The Stimulation Unit (SU) presents distributed power flow through independent
constant-current sources associated with the different stimulation channels. Each stim-
ulation output consists of a voltage-current converter, a Wilson current mirror and an
H-bridge circuit (Figure 4). The output signals generated from the external DAC feed the
SU and are converted into reference currents (iREF ) for the Wilson current mirror, which
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in turn guarantees the maintenance of the amplitude of the electrical stimulation pulse
current (iL) against the expected load variations during ES application.

Figure 5 – H-bridge circuit and circuitry for activating channels A and B of one of the four
independent output channels. The net IC_HV_12 corresponds to the output
current signal of the Wilson current-mirror (see Figure 4). Two independent
solid-state relays can be activated but not simultaneously. Capacitors C10,
C11, C100 and C101 are optional.

Figure 5 presents the H-bridge and output circuitry of channel one. The output
circuit of the other channels are equivalent. The proposed topology employs four power
MOSFETs controlled by high performance half-bridge driver integrated circuits that allows
the pulse current to flow through the load in both directions to generate biphasic pulses.
It is important to highlight that there are four multiplexed stimulation outputs which
allow eight channels to be created (see Figure 3). The multiplexing feature is performed
by independent solid-state relays (LH1522AAC) and its associated circuitry. The two
multiplexed channels of each output circuit cannot be activated simultaneously, however.

The Power Supply Unit (PSU) DC/DC converter provides the high-output voltage
necessary to achieve pulse amplitudes up to 150mA. A 50W DC/DC module A50-120Y
(American Power Design®, Windham, NH, USA)2 was employed in the latest ES system
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project. The small size, wide input, and excellent regulation of this converter suited the
project high performance requirements.

The Sensor Interface Unit (SIU) can be programmed to process data from open-
closed mechanical switches, Force Sensitive Resistors (FSR), Inertial Measurement Unit
(IMU), Electrical Impedance Myography (EIM) and Electromyography (EMG) modules.
In regard to FES-assisted cycling, IMUs can be employed as an alternative to the encoders
as they can describe body orientation and detect events associated to joint angles. This
feature facilitates installation and eliminates mechanical modifications required for systems
using encoders (Sijobert et al., 2019).

Finally, the electrical schematics and the Printed Circuit Board (PCB) lay-out of
the HCFES project was developed using the Altium Designer software v18.1.3 (Altium
Limited, San Diego, CA, USA).

3.2.1.2 Firmware and Software Interface

The firmware architecture was designed to meet the real-time requirements and
to make the most of hardware resources. Firmware libraries were created for the ES
management and for the functions of the peripheral units, which can also be used in future
applications. For this experiment, a custom firmware was developed in the STM32Cube
Integrated Development Environment (IDE) v1.8.0 (STMicroelectronics, Geneva, Switzer-
land).

An Android mobile application (app) was developed in the Android Studio software
platform (v4.1.3) to set and modify the pulse parameters of the stimulation channels
during cycling sessions. The app was designed to collect and save data for offline processing
which includes the configuration for each channel (ON/OFF, start angle, finish angle,
frequency, pulse width and amplitude); also, timestamp, cadence reference value, actual
angle and actual speed.

The HCFES can operate in three different modes which are selected through the
app: (1) Manual, (2) Automatic and (3) Control. In the Manual mode, the ES pulses
are fired with the predefined parameters (amplitude, width and frequency) only and are
independent of the configured stimulation range. The pulse parameters can be manually
updated at any time, however. This operation mode is mainly for NMES purposes. For
Automatic operation, pulses are triggered according to the stimulation range of each channel
and no automatic modulation of parameters is performed unless changed manually. This
operating mode is suitable for cycling sessions where a manual control of the stimulation
pulse parameters is preffered. The third mode (Control) is intended for FES-cycling for
applications in which the cadence-tracking feature is activated and the ES are modulated
2 A50 Series 50.0 Watt: https://www.apowerdesign.com/products/A/A50/

https://www.apowerdesign.com/products/A/A50/
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by a controller.

The app was also designed to exchange data with the HCFES system via Bluetooth
(@10Hz) during cycling sessions. The collected information is saved in a local database for
posterior processing.

3.2.1.3 Cadence Tracking Control Strategy

In the Control operating mode, the current amplitude was modulated by a
Proportional-Integral (PI) controller with the intention of tracking a predefined cadence.
The amplitude was limited to 100mA. Its diagram is illustrated in Figure 6. The cadence
error was calculated as the difference between the desired crank angular velocity (reference
value) and the measured crank angular velocity.

Figure 6 – The control strategy implemented for FES-cycling cadence tracking.

The control algorithm increases or decreases the pulse amplitude simultaneously
for all channels starting from initial preset values and was executed by the MCU at 10Hz.
This approach was defined to maintain a constant relationship between the activation
parameters of each channel/muscle. Although frequency and pulse width are held constant
by the controller algorithm, it is possible to change these parameters manually and for
each channel individually through the mobile application even during operation.

Even though the FES-cycling is a nonlinear time-varying system due to the physio-
logical aspects of the rider, a PI controller was employed and the parameters were heuristic
defined. The proportional gain was empirically adjusted to Kp = 0.45k1, where k1 was
set to a constant value corresponding to 1mA at the controller output. The integral gain
was adjusted to reach a minimum error in the steady state and was finally defined as
Ki = 0.34k1.

The stimulation control output signal (pulse amplitude) is composed of a portion
proportional (mp(n)) to the sampled cadence error e(n) and another proportional to the
integral (mi(n)) of the sampled cadence error as defined in Equation 3.1:

ux(n) = px(θ) · [mp(n) + mi(n)], n ∈ Z (3.1)
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where ux(n) is the control signal for muscle x = {V L + RF, V M, HAM}; θ is the crankset
position; and px(θ) represents the phase control defined as:

px(θ) =

1, θstart
x ⩽ θ ⩽ θend

x

0, otherwise
(3.2)

where θend
x − θstart

x correspond to the stimulation interval of muscle x. The portion
proportional to the cadence error can be written as:

mp(n) = Kp · e(n), n ∈ Z (3.3)

and the portion proportional to the integral of the cadence error can be approximately
written as

mi(n) = mi(n− 1) + Ki · e(n− 1), n ∈ Z (3.4)

In order to evaluate the controller performance, a methodology for cadence tracking
was proposed. A predefined cadence sequence was set starting at 25rpm for 60 seconds,
then rising to 38rpm for 30 seconds, rising again to 42rpm and maintaining for 60 seconds.
Then, down to 38rpm for 30 seconds and finishing at 25rpm for 60 additional seconds. A
one-sample Wilcoxon signed-rank test was performed to determine whether the median of
the whole pedaling cycle was equal to each of the cadences defined in the protocol.

3.2.1.4 Bench Tests

Detailed bench tests to assess the capacity and performance of the 3-channel system
have been discussed in the author’s master’s dissertation (Coelho-Magalhães, Tiago, 2018).
As the topology was already validated, the author understood there was no need for repeat
the following bench tests: load variation, linearity and waveform variation. Still, the
maximum current intensity, channel independence and ES triggering tests were performed.
The pulse measurement was obtained as the potential difference over a 500Ω load using
the oscilloscope’s mathematical subtraction operation (M = ch1 − ch2).

In addition, a typical trapezoidal waveform with a ramping up and ramping down
pattern was implemented via firmware to prevent sudden contractions and to achieve
more physiological evoked responses. Both the rise and fall ramps represent fixed (but
adjustable) percentages of the configured stimulation range. The pulse pattern was
measured and validated using the Logic Pro 16 logic analyzer (Saleae, San Francisco, CA,
US) at 1.56MS/s (samples per second).

3.2.2 Trike and Biomechanical Aspects

Recent research has discussed the methodology and stimulation protocols required
for FES-assisted cycling, including the mechanical specifications of the tricycle (trike)
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(Guimarães et al., 2016; Fattal et al., 2018; Metani et al., 2017). Based on these works,
a recumbent tadpole tricycle (Trike Full Suspension, Arttrike, Porto Alegre, RS, Brazil)
with two front wheel and one rear wheels was selected for the project. Tadpole trikes
offer greater stability when compared to delta-shaped tricycles (one front wheel and two
rear wheels). To support the legs, a pedal with calf support was used that maintains the
ankle joint at 90◦ (HASE® Bikers, Waltrop, Germany) and restrict the leg movement to
the sagittal plane. A foam layer protected the legs from calf support direct contact. The
tricycle and its main components are shown in Figure 7.

Figure 7 – Trike and its main components: (1) encoder, (2) calf support, (3) surface
electrodes, (4) proprietary pacing system, (5) speed sensor, (6) training roller.

The cycling sessions were supposed to happen fixed on a passive cycling trainer
(GTSM1, São Paulo, SP, Brazil) or overground. When stationary, a passive magnetic
training stand allowed the configuration of different cycling loads to adjust the pedaling
resistance to the incremental training program. Also, the gear ratio of the trike was
empolyed for the same purposes. The disturbance brought by the load variation and
gear ratio variations is a condition of fundamental importance for the study of control
techniques, which would require the modulation of the ES pulse parameters to overcome
the muscle fatigue and track desired cadences in different scenarios.

Although a specific application for FES-cycling is addressed in this work, the system
can be connected to different sensors, such as the Inertial Measurement Unit (IMU), which
would allow the development of other studies, such as the identification of events for the
gait (Coelho-Magalhães, Tiago, 2018). In this work, despite the possibility of using IMUs,
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which would allow the identification of events in the FES-cycling modality (Guillou et al.,
2021; Sijobert et al., 2019) an encoder was used to determine the cycling angle and a belt
transmission technique was employed to measure the crank angle. Figure 8 illustrates the
designed mechanism, including the mechanical drawings of each part. Two pulleys of the
same size (Figure 8.3 and Figure 8.4) were connected by a timing belt (model Schneider
2048 MXL-80256 06) where a driver pulley was associated with the trike crank and a driven
pulley was integrated into a rotary incremental encoder (model LPD3806-360BM-G5-24C).
The driver pulley had a rectangular span for zero-crossing detection (Figure 8.2).

Figure 8 – Belt drive technique to measure crank angle. Crankset positioned at 0◦. (1)
Encoder support part; (2) 0◦ detector module; (3) driven pulley associated
with the encoder; (4) drive pulley associated with the main shaft.

The stimulation phase for each of the muscles selected in the pedaling cycle is
defined based on the individual’s biomechanics in relation to the crank. The mechanical
optimization of the trike is, therefore, essential for obtaining an adequate cadence and
for maximizing the power produced by the muscular contraction, and this procedure
must be performed for each individual individually. If the biomechanical settings are
not in agreement, the coordination of leg extension and flexion will not result in an
efficient pedaling, which is suggested as one of the factors that most impact the low power
production during the FES-cycling exercises for SCI-individuals (Ragnarsson et al., 2008).
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The tricycle used in the project allows the modification of the distance between
the crank and the cyclist. In this sense, it was of interest to evaluate the most appropriate
distance for the volunteer in respect to his biomechanical characteristics, i.e., extension
and flexion limits, which may be limited due to spasticity.

Raven and Freudenstein methods were used to determine the equations of a four-bar
mechanism and assess the amplitude of the variables of interest (Mata et al., 2016). Knee
(θknee) and hip (θhip) angle variations were calculated according to volunteer’s biomechanics
settings and to determine the most suitable length between the crank and the hip of
the volunteer. The procedure used to determine the respective angles is presented in
Appendix A and a MATLAB application using the App Designer (MATLAB R2016a) was
created for a dynamical analysis of the possible mechanical configurations of the tryke in
respect to the volunteer biomechanics.

3.2.3 Experimental Setup

One participant (38 years, male) with complete Spinal Cord Injury (AIS A, T8)
was recruited for this study and signed a written informed consent. Patient history and
physical assessment data are detailed in Chapter 5. The research was approved by the
UFMG local Ethical Committee (CAAE: 30989620.6.0000.5149, Ethical Approval number
4.190.128) in agreement with the Declaration of Helsinki.

Vastus medialis (VM), vastus lateralis and rectus femoris (VL+RF), and hamstrings
(HAM) muscles were stimulated during pedaling sessions. Rectangular self-adhesive surface
electrodes (9x5cm, Arktus®, Santa Tereza do Oeste, PR, Brazil) were used as following
settings: (1) an electrode positioned 3cm above the upper edge of the patella on the distal
motor point of the VM muscle; and another electrode on the proximal motor point of the
same muscle; (2) an electrode positioned 3cm above the upper edge of the patella on the
distal motor point of the VL muscle and another electrode on the proximal motor point
of the RF muscle; (3) one electrode placed 5cm above the popliteal fossa and the other
15-20cm above the popliteal fossa for the HAM stimulation. For a illustrated view of the
electrode positioning, refer to Figure 9.

Rectangular and symmetrical biphasic pulses with amplitude limited to 100mA,
pulse width of 500µs-600µs, and frequency at 35Hz were employed during the sessions. In
order to evaluate the cycling performance, the initial pulse amplitude parameters were
defined for the left side as RF+VL=50mA, VM=30mA, and HAM=40mA; for the right
side: acRF+VL=45mA, acVM=25mA, and acHAM=35mA.

The stimulation pattern for muscle activation is presented in Figure 10. Right and
left hamstring (HAM) are shown as the blue grids; right and left vastus medialis (VM)
as the horizontal and vertical blue lines respectively; and vastus lateralis (VL) + rectus
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Figure 9 – Electrode positioning: (1) vastus lateralis (VL) + rectus femoris (RF); (2)
vastus medialis (VM); (3) hamstring (HAM).

femoris (RF) as the dotted squares. Zero angle is when the crank arm is positioned
horizontally, the right leg extended.

Figure 10 – Final stimulation profiles showing the start and end angles for each muscle
within a pedaling cycle.
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3.3 Results

3.3.1 Hardware

This subsection presents the 4-layer layout of the PCB (Figure 11) and the 3D
visualization (Figure 12) of the High-Capacity Functional Electrical Stimulation (HCFES)
system that was developed in this work. Board dimensions are 10.6x18.5cm.

Figure 11 – Top view of the developed Printed Circuit Board.

Figure 12 – 3D visualization of the developed Printed Circuit Board.

The scheme for measuring the biphasic ES pulses generated by the HCFES is
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demonstrated in Figure 12. The oscilloscope is configured for the MATH mode (ch1 -
ch2 ).

(a) Biphasic rectangular pulse at 500µs and 55mA

(b) Pulses @35Hz and 55mA.

Figure 12 – HCFES in manual mode generating biphasic ES pulses. 1) HCFES system; 2)
differential measurement over a 500Ω load; 3) Oscilloscope screen; 4) Android
app.
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Figure 13 shows the power capacity of the HCFES device to reach pulse amplitudes
of up to 150mA, pulse widths of up to 1000µ, at frequencies of up to 100Hz.

Figure 13 – Biphasic pulse waveform at a frequency of 100Hz, width of 1000µ and current
amplitude of 150mA for a load of 500Ω. The mark on the right highlights the
amplitude and frequency measurements and the mark below, in the center,
the oscilloscope’s time/div setting.

Figure 14 illustrates the pulses being triggered in synchronism with the cycling
activity for three different channels simultaneously and at different frequencies. The
ramping up/down stimulation pattern is also demonstrated.

Figure 14 – Triggering of biphasic and rectangular pulses in different segments of the
pedaling cycle. Channel 1 (upper) is at a frequency of 50Hz; channel 2 (middle)
at 45Hz; channel 3 (lower) at 40Hz. The ascent and descent ramps were
implemented via firmware to promote a contraction with more physiological
and less sudden characteristics.



3.3. Results 54

The measurements performed in Figure 14 evidences that the specified DC/DC con-
verter supported the demand for the three channels stimulating simultaneously configured
with different parameters of frequency, current intensity and pulse width.

3.3.2 Mobile Application

The mobile application (Android) developed to interface the HCFES is shown in
Figure 15.

Figure 15 – Proprietary mobile application developed for system configuration. (a) Main
screen displaying real-time data and parameters for Manual, Automatic and
Control modes; (b) Channel screen for parameter configuration (channel 1).

The main interface gives the option to select the muscle groups needed for cycling
along with the start and end angles at which they are activated, i.e., the stimulation
interval. The app allows the pulse parameters to be set and modified online during cycling
sessions. There are buttons available for global parameters adjustment in the main screen
to increase or decrease current amplitude, pulse width and reference cadence (Figure 15.a).
Individual channel interfaces configures the parameters for right and left sides (Figure 15.b).
Three different modes of operation can be selected through the application (see Operating
Mode in Figure 15.a): (1) Manual, for NMES; (2) Automatic, for FES-assisted cycling
with automatic triggering of stimulation pulses but without any automatic modulation of
parameters unless changed manually; (3) Control, for FES-cycling with cadence-tracking
feature activated.
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When using automatic mode, parameters are changed manually by adjusting the
global parameters (increase/decrease in amplitude and pulse width) or individually, as
each channel has an individual screen to set parameters for the right and left sides. In
control mode, parameters are automatically adjusted so that the pedaling cadence tracks
the set reference value (setpoint). The main interface allows instant adjustment of pulse
parameters manually during the session and, if the control mode is selected, the reference
cadence can be set and changed.

Figure 16 illustrates the database created which includes time, reference cadence
(setpoint), current angle (angle), current cadence (speed), the state of each channel
(chXY state) , start (chXY startangle) and end (chXY finishangle) angle of stimulation,
trigger frequency (chXY freq), pulse width (chXY pw) and amplitude (chXY amp). In the
parameter nomenclature, “X” corresponds to the channel number, where X = {1, 2, 3, 4};
and “Y” indicates whether the leg is left or right, where Y = {l, r}.

3.3.3 Cadence Tracking and Performance Results

Cadence tracking results are illustrated in Figure 17. A moving-average filter with
a window size of 20 was used for a better visual inspection. The cadence control strategy
evidenced that the system was able to follow the predefined cadences. For 25rpm, the
measured reference was 24.84± 2.5 (p = 0.060); for 38rpm, the measured reference was
37.86 ± 2.23 (p = 0.002); and for 42rpm, the measured reference was 41.93 ± 2.34 (p
= 0.208). An online video is available for demonstration3.

Regarding functional outcomes, the volunteer’s pedaling performance increased
from approximately 20 seconds to 45 minutes after the 5th month on the cycling trainer. In
this period, in his best performance, he covered 5,349m with an average speed of 7.1Km/h
and a maximum speed of 8.0km/h. Since the experiments were started, pedaling time
and distance were evaluated as primary functional parameters which are related to the
load imposed on the pedaling. An improvement in distance and pedaling duration was
observed after the cadence control was implemented. The functional and performance
results, however, will be better addressed in Chapter 5.
3 Cadence-tracking protocol: https://youtu.be/6cgDhPWPzII

https://youtu.be/6cgDhPWPzII
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Figure 16 – Database from a FES-cycling session.

Figure 17 – Cadence tracking protocol. In the first graph, the dashed lines around the
reference cadence correspond to ±1rpm. Variation in pulse amplitude for the
three muscles of the right lower limb are shown in the second graph.
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3.4 Discussion
Engineering research needs instrumented devices to support new developments

and allow an accurate assessment of the functional modalities being performed. For
the different researches that make use of FES, it is necessary devices with high power
capacity and that allow the study and development of new functionalities. Often, however,
researchers struggle to develop their own FES systems or find it difficult to implement
their systems using commercial devices, which can limit the implementation of advanced
control strategies and the possibility of connecting different types of sensors. In this
sense, the results obtained from the development of the HCFES presented, including
hardware, firmware and software, make it possible to overcome limitations imposed on the
implementation of advanced control strategies, the possibility of connecting different types
of sensors, and assisting actions that require greater power from the stimulation devices.

In addition to the electrical capabilities of the system, one of the objectives of this
work is the creation of a methodology to improve the definition of stimulation parameters
for the FES-cycling activity through Reinforcement Learning (RL) techniques. As will be
presented in Chapter 4, this was only possible because of the high processing capacity of
the Digital Control Unit (DCU) which was able to embed relatively-complex algorithms,
including machine learning techniques.

Regarding the physiological and methodological aspects of the use of electrical
stimulation, it is well known that its effectiveness depends less on controllable external
factors, such as pulse parameters or the characteristics of the electrodes, and more on
the individual’s intrinsic anatomical and physiological properties, which determine the
muscle response to electrical stimuli (Maffiuletti, 2010). As the FES cycling system was
evaluated with only one volunteer, it is necessary to apply this methodology to other
individuals to address which factors lead to a longer pedaling time: whether in fact they are
technical aspects or whether they are more related to the responsiveness of the participant.
Nevertheless, the proprietary FES cycling system and the methodologies implemented to
improve functional electrical stimulation efficiency evidenced the possibility of maximizing
pedaling duration for a given individual through control techniques.

The presented methodology proposed the variation of the pulse amplitude while
keeping the frequency and pulse width constant. Another study addressed a similar
strategy of cadence tracking using pulse width modulation instead but evidenced larger
cadence oscillation and cadence error compared to our findings (Fonseca et al., 2017). It is
unclear, however, whether the results obtained were better due to the way the parameters
were varied or whether this was due to other factors, such as trike mechanics, stimulation
system performance, individual responsiveness, or the implementation of system control.

A limitation of this study is that the training roller did not allow the consistent



3.5. Conclusion 58

setting of the resistance to the pedaling. However, the protocol took place incrementally;
that is, as the volunteer managed to pedal at a certain difficulty level, the roller resistance
(or the gear ratio) was increased manually through mechanical adjustments to improve
the functional aspects (distance) and encourage improvement for the volunteer. Thus, it
would be difficult for other researchers to compare the results with the results obtained in
this study.

Another constraint is related to the adjustments of the mechanical parameters of
the tricycle, which were made for one person only. It was necessary to adapt a commercial
trike for the project and it was not possible to modify the seat inclination and crank
height. This condition restricted the achievement of the best biomechanical configuration.
If other volunteers had participated in the experiment, the mechanical adjustments would
have to be carried out individually, which would have demanded a relative effort to define
the best FES pulse parametrization (i.e., the stimulation range of each angle).

3.5 Conclusion
This chapter presented all necessary aspects to implement an adaptive FES-cycling

system and brought more information about the high-capacity stimulation system previ-
ously addressed in another context (Coelho-Magalhães, Tiago, 2018). The High-Capacity
Functional Electrical Stimulation (HCFES) system was able to generate biphasic electrical
pulses with amplitude, width and frequency up to 150mA, 1000µs, and 100Hz, respectively.
The system was able to implement controlling strategies and allowed a participant with
complete paraplegia to pedal both stationary and non-stationary.



4 Stimulation Pattern Definition

4.1 Introduction
In the FES-cycling modality, whereas a fixed baseline stimulation pattern is usually

defined so that a controller can modulate the pulse parameters, this chapter introduces a
new algorithm in which a Reinforcement Learning (RL) agent was designed to continuously
learn through its interaction with the cycling environment how to optimize the stimulation
parameters according to pre-programmed policies while tracking a reference cadence.

Through an online quantitative analysis of the cycling cadence error and its
relationship with the electrical charge injected to maintain the pedaling movement, the
agent modifies the baseline stimulation pattern while a Proportional-Integral (PI) controller
modulates the current amplitude to track a pedaling cadence. For the agent to act in
the environment and to balance between exploring novel actions and exploiting the
most rewarding actions, the proposed RL algorithm is based on a decayed-epsilon-greedy
strategy associated with a finite Markov Decision Process (MDP), which is used for
modeling sequential decision problems.

It was hypothesized that a non-stationary baseline stimulation pattern would be
more efficient in adjusting the amount of injected electrical charge to the time-varying
characteristics of the musculature, greatly influencing stimulation cost during the assisted
session. Therefore, from a quick definition of the initial configuration of the stimulation
pattern, it is of interest to assess if the agent would be able to learn to act in the
environment aiming to increase the accumulated reward received over time based on a
user-defined policy and simultaneously being capable of tracking a preset pedaling cadence.

The performance of the global control strategy proposed was evaluated in two
different RL settings and explored in different cycling scenarios. Overground FES-assisted
cycling sessions were performed by a participant with SCI (AIS A, T8).

4.2 Materials and Methods

4.2.1 Participant

One participant (38 years, male) with complete Spinal Cord Injury (AIS A, T8)
was recruited for this study and signed a written informed consent. Patient history and
physical assessment data are detailed in Chapter 5. The research was approved by the
UFMG local Ethical Committee (CAAE: 30989620.6.0000.5149, Ethical Approval number
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4.190.128) in agreement with the Declaration of Helsinki.

4.2.2 Trike Settings

Non-stationary FES-cycling sessions were performed overground on a recumbent
tadpole tricycle (Arttrike, Porto Alegre, RS, Brazil). The original crankset was replaced
by a power-meter crank (2INPOWER, Rotor Bike Components, Madrid, Spain). Orthotic
calf support (HASE® Bikes, Waltrop, Germany) was fixed to the pedals to keep the ankle
joint at 90° and restrict the leg movement to the sagittal plane. Crank angle was evaluated
through an incremental encoder (model LPD3806-360BM-G5-24C). Data processing and
statistical analysis were performed in MATLAB R2021a (MathWorks, Natick, MA, USA).

4.2.3 Electrical Stimulation

Vastus medialis (VM), vastus lateralis and rectus femoris (VL+RF), and hamstrings
(HAM) muscles were stimulated during pedaling sessions.

Rectangular self-adhesive surface electrodes (9x5cm, Arktus®, Brazil) were used as
following settings: (1) an electrode positioned 3cm above the upper edge of the patella on
the distal motor point of the VM muscle; and another electrode on the proximal motor
point of the same muscle; (2) an electrode positioned 3cm above the upper edge of the
patella on the distal motor point of the VL muscle and another electrode on the proximal
motor point of the RF muscle; (3) one electrode placed 5cm above the popliteal fossa and
the other 15-20cm above the popliteal fossa for the HAM stimulation. For an illustrated
view of the electrode positioning, refer to Figure 24 in Chapter 5.

Rectangular and symmetrical biphasic pulses with amplitude limited to 100mA,
pulse width of 450µs-600µs, and frequency at 35Hz were employed during the sessions. A
PI controller modulated the pulse amplitude to track a cadence of 35rpm chosen to allow
the volunteer to cycle for a minimum of 30 minutes and produce an average power greater
than 10W.

4.2.4 Data acquisition

The mobile application (Android app) presented in Chapter 3 was modified to
include the Enhanced mode, which enables the RL algorithm during FES-cycling sessions
(Figure 18). All app functionalities previously described were maintained. Crank-angle,
cadence and power were also measured by the power meter. Data was transmitted via
Bluetooth to a personal computer at a sample rate of 50Hz and processed by the software
ROTOR INpower Software 2.5 (Madrid, Spain).
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Figure 18 – Proprietary mobile application developed for system configuration with the
Enhanced mode selected.

4.2.5 Reinforcement Learning Algorithm

In a particular state, the agent acts on the environment for a limited period and
expects to receive a numerical reward. At the beginning of every interaction, the agent
may choose a different action at a predefined exploratory percentage rate (ϵ, epsilon).
These actions have an impact on the environment, which observation, in turn, leads to
a new state. The algorithm was implemented in such a way that, at a given state, the
RL agent may execute a random action to change the baseline stimulation pattern. The
selected action may increase or decrease the amplitude and/or pulse width parameters
by a predefined value. In this work, however, the pulse frequency and the start and stop
angles at which the muscles are stimulated were kept constant.

Within a predefined number of interactions, that is, a sub-sequence of the whole
interaction process named episodes, the agent randomly chooses between exploring new
actions (increasing/decreasing current amplitude and/or pulse width) or exploiting past
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actions that have given the highest reward, called greedy actions, to change the stimulation
pattern temporarily. The agent then evaluates the rewards received by the temporary
implementation of the modifying action on the cycling environment. At the end of every
episode, the amplitude and pulse width parameters of each channel is maintained or
updated (increased/decreased) according to the greedy action that the agent has learned
to be the most rewarding and a new episode starts from this new baseline setting. At this
point, to eventually decrease the exploration rate, the epsilon parameter is then multiplied
by a decay factor, justifying the decayed-epsilon-greedy strategy.

Let D3 = {−0.5, 0, +1} be a predefined numerical set and the pulse parameters
width and amplitude be the variables ω and α respectively. Let also be the set of six
stimulation channels used in the pedaling cycle (VL+RF, VM and HAM; left and right
limbs). The set from which the agent can select one possible action is A = {(α, ω) : α, ω ∈
D3}, i.e., the set of all the possible combinations between the two stimulation parameters
the agent could modify, totaling nine different actions available independently for each
channel. To learn which is the most rewarding action within a specific period, the need
for exploring different non-greedy actions is created.

In this sense, the ϵ-greedy with a decaying rate dr ∈ [0, 1] method was implemented
to balance exploration and exploitation. As mentioned earlier, at the end of each episode,
the ϵ parameter, which represents the percentage of time the agent will choose to explore
new actions, is multiplied by a decaying factor (dr), suggesting that, over time, the agent
would be able to find the optimal pattern and the need for exploring changes in these
pulse parameters would decrease. These settings depend on how often it is wanted the
agent to change the stimulation pattern to improve it.

Finally, a set of rules was defined as action selection criteria for the agent to follow,
including: 1) not exceeding a predefined range of values for the pulse parameters; and 2)
not reducing the pulse width when the current amplitude, the variable on which the PI
controller acts, is at its maximum value. Increasing the pulse width was allowed in this
scenario, however. The process of tuning parameters in the proposed algorithm depends on
the project objectives. They can be modified to explore different RL approaches associated
with FES-assisted activities and different strategies for policy and reward implementation.

Figure 19 presents the global control strategy with the agent–environment inter-
action scheme and the PI-controller. The possible actions for the agent for modifying
independently both the amplitude and pulse width of the individual channels are also
evidenced by the following representation: 0, no change; +1, increase in one step the pulse
parameter; -0.5, decrease in one-half step. The steps were defined in the firmware. At a
state St, the RL agent selects one of the possible actions for each channel, respecting the
predefined rules. The chosen action may change a particular channel’s pulse amplitude
and/or width. In parallel, the control contribution from the PI controller for cadence
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Figure 19 – The global control strategy with the agent–environment interaction scheme
and the PI-controller.

tracking. Signals Ac and Pc represent the amplitude and pulse width output of the general
controller. The interaction dynamics is based on the following description:

1. The agent interacts with the environment at a sequence of discrete time steps,
t = 0, 1, 2, ... for each of the enabled stimulation channels simultaneously. For
a specific time-step t, the agent perceives a state vector St ∈ R2 consisting of
crank angle θ, and average pedaling cadence error e(θ̇); and chooses one action
for each channel, At,c ∈ A, which is multiplied by the predefined constants ka and
kw. For instance, suppose at time-step t channel 2 has the baseline parameters:
a2 = 45mA, w2 = 500µs and f2 = 35Hz. Let’s consider the constants ka = 1(mA)
and kw = 20(µs). If the agent randomly selects the action #5 ({1, -0.5), see
Figure 19), in the subsequent interaction, the channel 2 parameters would be set to
46mA (45mA + 1 · 1mA) and 490µs (500µs− 0.5 · 20µs). Notice that, even if it was
not used here, the frequency could also have been included in the algorithm. In this
case, considering three variables to be changed (n = 3), the set of possible actions
(3n) would be 27. Also, it would be possible to choose the frequency parameter
instead of amplitude or width. These possibilities, among the possible inclusion of
other parameters (for instance, the stimulation ranges), make the algorithm flexible
to suit the purposes defined in many research and application contexts.

2. The algorithm features a set of rules to which the agent must obey when choosing
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actions. In this case, limit values have been set for each of the parameters (α, ω)
and were defined in the firmware. For example, for the pulse width starting from
the baseline at 500µs and throughout the cycling session, if the default limiting for
the width parameter was set to +100µs and −50µs, any chosen action that exceeds
600µs or is below 450µs would be refused and the agent would have to select another
one. It is important to emphasize that the agent performs this whole procedure for
each channel independently and at every time step.

3. Each interaction impacts the cycling environment and, from its observation, it is
possible to compute a predefined expected reward. In this work, the expected reward
was proposed to be defined as described in equation Equation 4.1.

Rt+1,c(θ̇, θ) =

| P
2
c

√
Ac − Pc

2√
Ma − Ac | e(θ̇)−1, θstart

c ⩽ θ ⩽ θend
c

0, otherwise
(4.1)

where Pc = ( wc+ωc·kw) ·104; Ac = ( ac+αc·ka+uc) ·103; Pc = Pc,max+Pc,min−Pc−Pk

(the maximum and minimum values are defined by firmware and Pk was set to 100
in the experiment, which was tuned observing the cycling performance); Ma is the
maximum amplitude defined at 100mA; θ is the actual angle within the pedaling
cycle and θ̇ is the pedaling cadence; e(θ̇) is defined as the result of a simple moving
average cadence error with window size set to 10; and θstart

c and θend
c correspond to

the stimulation interval for the stimulation of channel c. Notice that the rewards
are inversely proportional to the cadence error as the agent was designed to exploit
actions that promote the lowest cadence error. The reward dynamics which relate

Figure 20 – Reward curves relating amplitude and pulse width prioritization.

the pulse charge (i.e. the product of pulse width, amplitude and frequency) is
demonstrated in Figure 20.
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Notice that there is an inversion in the numerical reward obtained for each pulse
width employed to improve the stimulation cost and efficiency. At lower amplitudes,
narrower pulse widths return higher rewards as it is preferable to decrease the
stimulation cost; at higher amplitudes, the agent is expected to perceive greater
rewards as the pulse width increases. Although a constant value for the cadence
error was assumed to plot the graph, the rewards obtained are also dependent on
the variable value of the cadence error (see Equation 4.1). The reward signal can be
defined in different ways and, in this work, it was determined by practical observation
of the algorithm performance on the track. After testing some settings and to prevent
the pulse amplitude from saturating quickly, it was decided to give greater rewards
for larger pulse widths when the amplitude is above half of its range to prioritize
the increase of the electrical stimulation pulse charge to sustain muscle contractions
longer and, below half of its range value, the rewards are greater for narrower pulse
widths aiming to prioritize the stimulation cost.

4. For the agent to decide which action is best, the value of taking each action must be
calculated. With the knowledge of the rewards of each chosen action, it is possible to
estimate the action values, i.e. the expected return for using action At in a particular
state St. For instance, let’s define the expectation of Rt given the selection of action
At for any of the possible actions as:

q(a) .= E[ Rt | At = a ] ∀ a ∈ A (4.2)

The sample-average method was implemented for estimating the action values as
defined in Equation 4.3:

Qnac +1 = 1
nac

nac∑
n=1

Ri = Qnac
+ 1

nac

[ Rnac
−Qnac

] (4.3)

where nac represents the counter of every action for the specific channel. Considering
the RL concepts presented by Sutton and Barto (2018), we can think of these
estimations as NewEstimate← OldEstimate + StepSize[Reward−OldEstimate].

5. By maintaining estimates of the action values, it is possible to determine the actions
whose estimated values are the greatest (greedy actions). In RL algorithms, the
agent is exploiting its current knowledge of the values of the actions when selecting
these greedy-actions. If instead the agent randomly selects one of the non-greedy
actions, it is exploring because the estimates of the non-greedy action’s value can
be improved. The simple decayed-epsilon-greedy method was implemented in the
proposed algorithm to balance exploration and exploitation. This artifice is necessary
since exploitation allows to maximize the expected reward in one step, but exploration
can yield the greatest total reward in the long run. At every time-step, a random
number is created and compared to a predefined epsilon parameter ϵ ∈ [0, 1], which
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refers to the probability of the agent choosing to explore instead of exploiting
greedy actions. Different configurations for the ϵ and decaying-rate parameters can
be defined to evaluate the best configuration for the FES-cycling activity. It is
hypothesized that a more exploratory characteristic of the agent can be beneficial for
prolonged periods for the FES-assisted cycling activity, as it would learn to adapt
the parameters to the real state of the muscle.

6. The algorithm predicts that the interactions between the agent and the environ-
ment are broken into sub-sequences, called episodes. This is because the baseline
parameters must also be changed to find the best stimulation pattern between all
channels used. At the end of each episode, the agent chooses the action that returned
the greatest action-value and changes the stimulation parameters baseline for all
channels. The next episode starts evaluating the agent-environment interaction from
this new scenario, independent from the previous one. The user-defined parameter ϵ

is also reduced at the end of each episode.

7. Finally, to track the desired pedaling cadence, the pulse amplitude of each channel
is modulated simultaneously by a PI controller over the instantaneous baseline
stimulation pattern which is constantly modified by the RL agent. The controller
was described in Chapter 3. Thus, even though the agent is responsible for optimizing
the stimulation pattern, the PI controller modulates the pulse amplitude for cadence
tracking.

At this stage, it was not intended to compare between the controller performances
but rather to demonstrate that the agent has the ability to learn a predefined policy and
that this new approach has some potential to be applied to assisted modalities in order
to: 1) overcome the time-consuming problem of stimulation pattern definition; and 2)
achieve more efficiency in terms of the injected electrical charge and consequently delay
muscle fatigue. Stimulation cost and reward over time, pedaling distance, average speed
and power generated on pedals were evaluated.

4.2.6 Intervention Protocol

Three scenarios where considered for the controller:

i PI control without the PI algorithm enabled;

ii PI control with the PI algorithm parameters ϵ = 0.6 and dr = 0.99 (60%@.99);

iii PI control with the PI algorithm parameters ϵ = 0.4 and dr = 0.99 (40%@.99);

Each of these three scenarios were evaluated in two different gear ratios for the
tricycle, M1 and M2, with the latter being heavier. In all 6 possible scenarios, all
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stimulation channels started at parameters set to 45mA and 50mA for the right and left
leg, respectively, pulse width to 500µs and frequency to 35Hz. The range for the pulse
parameters were set to ∆a = 10mA and ∆ω = 100µs The parameter Pc,max was therefore
set to 600µs; however, Pc,min was set to 450µs. The step size for each variable was defined
as a = 2mA and ω = 20µs. The agent was supposed to interact with the environment for
a predefined period of 5s before choosing an action once again. Each episode lasted for
45s before decreasing ϵ and modifying the baseline parameters with each channel’s greedy
action.

Before the start of each cycling session, the tricycle tires were calibrated and the
same electrode placement was respected to ensure similarity between the experiments.
The participant was installed on the tricycle to pedal on an official outdoor athletics track.
A 3-minute passive cycling on a stationary bike stand (without stimulation) was performed
before and after each session. When starting the cycling session, the experimenter only
helped the pedal to come out of inertia. The session was limited to sixty minutes and, in
case of exceeding that time, until completing the current lap. If the volunteer could not
complete the established time and could no longer pedal, the session would last until the
tricycle stopped. No human intervention was allowed during the session other than the
provision of water at the volunteer’s request while maintaining pedaling.

4.3 Results
An external link for the application firmware and software is available in Sup-

plementary Materials (Section 1.5). Algorithm 1 presents the main idea behind the
implemented decayed-epsilon-greedy firmware strategy.
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Algorithm 1 Reinforcement Learning Algorithm

Input: e(θ̇), θ

error ←| e(θ̇) | ▷ average cadence error
counter ← counter + 1 ▷ increment @10Hz

for c← 0 to nChannels− 1 do ▷ for every enabled channel
if counter % 50 is > 0 then ▷ observes the state for 5s

if θ is within channelc range then
a← actionc ▷ ...for the selected action
calculate reward ▷ obtained from Eq. 1

end if
else

if counter < maxInteractions then ▷ choose new action after 5s
r ← randomNumber
if r < ϵ then

actionc ← between 0 and 8 ▷ choose a random action
if actionc decrements Pwidth when Pamp is Max then

actionc ← 0 ▷ do not change parameters
else if actionc exceeds any parameter’s limit then

actionc ← argmax(qc)
end if

else
actionc ← argmax(qc) ▷ choose the greedy action

end if
stimultationParamc + (actionc) ▷ parameters altered temporally
nc,a ← nc,a + 1 ▷ action counters incremented

else ▷ Episode end: update Baseline...
actionc ← argmax(qc) ▷ ...with greedy action
stimultationParamc ← stimultationParamc + actionc

for j ← 0 to 8 do
qc,j ← 0 ▷ estimate values are re-initiated
nc,j ← 0 ▷ action counters are re-initiated

end for
end if

end if
end for
if counter = maxIterations then ▷ End of episode: update ϵ and reset counter

ϵ← ϵ · dr ▷ decaying rate dr ∈ [0, 1]
counter ← 0

end if

Table 1 presents the cycling results obtained from each session configuration and
includes distance covered, time duration, average speed and average power. Both the
proposed controller (which includes the RL algorithm) and the PI-only controller allowed
the participant to perform overground cycling.



4.3. Results 69

Table 1 – Performance results for 6 different control techniques, using or not the RL
algorithm. For the PI+RL format, “60%; @.99” means the agent is exploring
new actions 60% of the time and decaying this percentage to 99% at the end of
every episode. The “40%; @.99” format, in turn, represents a 40% exploratory
rate, meaning the agent may choose to exploit actions most of the time instead
of exploring new actions

session format RL setting gear ratio distance (m) duration Avg. Vel.
(km/h)

Avg. Power
(W)

1 only PI NA M1 4676 1:04:59 4.3 10.73±1.81
2 PI + RL 60%;@.99 M1 4682 1:05:27 4.2 10.47±1.89
3 PI + RL 40%;@.99 M1 4688 1:02:22 4.5 11.53±1.87
4 only PI NA M2 2931 0:37:46 4.6 12.18±2.84
5 PI + RL 60%;@.99 M2 3773 0:46:35 4.8 12.90±3.02
6 PI + RL 40%;@.99 M2 3844 0:51:54 4.4 11.33±3.17

Figure 21 – Algorithm performance for M1 (left plots) and M2 (right plots) settings
for PI-only, 60% exploration rate and 40% exploration rate configurations.
The results presented in subplots are divided into: 1) cadence tracking; 2)
modulation of amplitude and pulse width; 3) injected electrical charge. for
the six cycling sessions. During the session “M1 : P1 + RL : 60%; @.99“ the
application closed unexpectedly, however, without affecting the interpretation
of the data

Figure 21 shows the algorithm performance obtained during the six different sessions,
divided into M1 (left plots) and M2 (right plots) gear ratio settings. The subplots are
divided into: 1) cadence tracking; 2) the sum of the instantaneous amplitude and pulse
width of the six stimulation channels; 3) the sum of the injected electrical charge of the
six stimulation channels.

In M1 scenario, despite the "@40%.99" curve being shorter in the plot, it presented
a better average speed (4.5km/h) and managed to cover a greater distance (4688m) in
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less time (1h02min22s). The "@60%.99" setting has achieved equivalent cycling results
compared to the PI-only, being, respectively, 4682m−4676m; 1h05min27s−1h04min59s;
4.2km/h − 4.3km/h; and 10.47 ± 1.89W − 10.73 ± 1.81W . It will be interesting in the
future to analyze the influence of cadence and gear ratio on cycling performance. So far,
however, while the M2 setup is heavier for the rider, the results obtained with the RL
suggest a better adaptation to the cycling scenario compared to the PI-only format.

In both M1 and M2 scenarios, the algorithm was able to keep track of the preset
pedaling cadence of 35rpm at least until amplitude saturation. For the M1 setting, the
best result was obtained when the algorithm was configured to a 40% exploration rate,
in which the controller was able to track the setpoint cadence for the whole session. As
the tracking results when the RL algorithm was enabled are very similar to the PI-only
configuration for the @60%.99 setting, it can be stated that the algorithm allowed for
cadence tracking as designed and the modulation of the stimulation pattern by the RL
agent did not negatively impact pedaling performance. It can be also suggested that the
pedaling cadence error is more affected when the exploratory rate is higher (i.e. 60%) as
the agent is supposed to explore new actions more frequently.

The plot of the second line shows the variation of pulse amplitude and width
during the sessions. For the PI-only setting, the pulse width was maintained constant
as the controller modulated only the pulse amplitude. It can be noted that the cadence
tracking starts to be affected when the amplitude saturates at 100mA for any of the
different scenarios. However, specially for the M2 configuration, the increase of pulse width
performed by the agent suggests that the time at which saturation occurred was delayed,
as a consequence of the defined policy for his interaction with the cycling environment.

The plots at the bottom show the sum of the injected electrical charge over time
for the M1 and M2 settings, considering all channels enabled at that moment. For better
visualization, a simple moving average with window size of 100 was employed. During
M2 sessions, it can be noted that the electrical charge reaches higher values more quickly
because this scenario is heavier for cycling, however, due to the increase in pulse width
performed by the agent, it is observed that the amplitude took longer to reach 100mA

compared to PI-only configuration. However, the PI-only controller led to overall lower
charge injection. In this work, the electrical charge employed has a direct relationship
with the policy defined for the agent to learn. Therefore, as it was defined for larger pulse
widths to be more rewarding when the pulse amplitude is above half of its range, then the
stimulation cost will be higher for heavier cycling scenarios.

Figure 22 shows the accumulated reward over time obtained by the agent during
cycling sessions based on different exploratory rates and the accumulated absolute value
of cadence error over time sampled at 10Hz. It can be seen that the agent is capable of
increasing the accumulated reward received by interacting with the environment. However,
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Figure 22 – Reward over time during cycling sessions and the accumulated absolute value
of cadence error. The agent’s ability to explore different actions over time to
increase the reward received can be interpreted as its ability to learn the best
action for the time-varying scenario of FES-cycling. Data obtained from the
Android App with sample frequency @10Hz

when the pulse amplitude saturates and the cadence error increases as the controller
cannot track the cadence efficiently, the rewards received start to decrease. At this stage,
the agent is not able to identify which action is best to implement anymore. During the
session “M1 : P1 + RL : 60%; @.99“ the application closed unexpectedly, however, without
affecting the interpretation of the data. The session duration seems to be shorter compared
to Table 1 due to the eventual loss of packets between the mobile and the stimulation
system.

4.4 Discussion
A novel algorithm for optimizing the pulse parameters of six different channels

based on Reinforcement Learning (RL) concepts was developed for simplifying the control
techniques and adjustment of the stimulation parameters to the time-varying characteristics
of the non-linearity and time-variability of the muscle dynamics under electric-evoked
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contractions. A general controller was designed to track a reference cadence and was
constituted by a PI-controller acting over a non-stationary stimulation pattern modified
by a RL agent with a decayed-epsilon-greedy strategy. The agent was designed to interact
with the cycling environment according to a predefined policy and was supposed to learn
to modulate the electrical charge applied to the stimulated muscle groups in order to
adjust the injected electrical charge. The performance of the proposed algorithm was
evaluated during real cycling experiments.

Figure 21 presents the results for cadence tracking obtained in the six different
explored configurations. For the M1 gear ratio, the controller was able to track the 35
rpm cadence longer if compared to the M2 format as it is less difficult for the rider to
cycle. The policy for the agent to learn is associated with the injected electrical charge and
the cadence error. When the sessions started, it was observed that the agent prioritized
increasing the pulse width. Specially for the M2 setting, this feature delayed the amplitude
saturation, resulting in a longer capacity of the algorithm to track the predefined cadence.
Indirectly, this feature can positively affect pedaling performance by increasing the average
speed and session time.

For instance, for the M2 gear ratio configuration, in which the difficulty for pedaling
was greater and it was eventually expected more electrical charge to continue to evoke
contractions during the sessions, the RL results suggest a better performance of covered
distance and time. When the RL algorithm was enabled, the distance covered by the
cyclist was 31% longer (3733m for the @60%.99 and 3844m for the @40%.99 scenarios)
compared to sessions where only PI control was used (2931m). However, it cannot be stated
that the PI-only configuration had a worse performance because it was performed some
weeks before testing the RL+PI algorithm as a baseline reference and not for comparison
purposes. The volunteer may have presented a better result due to the training. Therefore,
it is essential to emphasize that the main objective was not to compare the controller
performances at this stage but instead demonstrate that this new approach has some
potential to be applied to FES-assisted modalities.

The experiments evidenced that the agent correctly learned how to accumulate the
received reward. As the goal of the agent is to maximize this quantity over time and not
the immediate reward, which justifies the exploratory feature of the algorithm, the agent
was supposed to choose to explore novel actions more often when higher exploratory rates
were defined. Figure 22 evidences a higher reward accumulated for the 60%- exploration
rate during the sessions in the M1 scenario until he was able to track the predefined
cadence. For M2, the most exploratory setting returned more reward to the agent in
the long term if compared to the 40%-exploration rate as supposed. It can also be
seen that, by incrementing the pulse width, , the amplitude took longer to saturate
(Figure 21), supporting the hypothesis that the agent was able to learn the policy. For
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session configuration “M1 : P1 + RL : 60%; @.99“, a loss of data transfer between the
mobile application and the FES system affected the final curve plotting.

Notice that the rewards received by the agent are still related to the pedaling
cadence error. In this case, when the amplitude parameters saturate, resulting in the PI
controller’s inability to guarantee the cadence tracking, a decay in the accumulation of
the reward received over time is noticed. This characteristic can be seen in Figure 22
when the accumulated reward curves start to decrease, mainly for the M2 configuration.
Also, considering that the agent takes time interacting with the environment to learn
how to modify parameters, if the reward relationship favored a decrease in pulse width, it
would be expected that the amplitude would be increased by the controller to continue
tracking the cadence. If the amplitude parameter saturates (considering the amplitude
as the stimulation control output signal), the cadence error would tend to increase since
the controller would not be able to track the cadence anymore. Thus, as the rewards
received by the agent are linked to the cadence error, there would be no guarantee for him
to estimate the action-values correctly. Therefore, the agent would not be able to recover
his capacity to modulate the stimulation pattern precisely.

When comparing the two gear ratio configurations, it can be noticed from Figure 21
that the electrical charge spent during M1 sessions is lower as the output power produced
(Table 1), a characteristic consistent with the difficulty of the movement being less than in
M2. In the case of lesser pedaling difficulty (scenario M1), where a lower stimulated cost
is expected, the configuration with the PI controller proved to be as efficient. The M2
pedaling arrangement seemed more efficient as the pedaling performance has shown better
distance covered and session-duration results.

However, the electrical charge is higher for the two gear ratio configurations when
using the RL algorithm. This feat was expected and it is justified because the reward
dynamics were defined here to favor greater pulse widths for greater amplitudes. From
practical observation of the difficulty for our pilot to cycle on the track, it required greater
pulse intensities. In this sense, an essential requirement of the algorithm is the definition
of the relationship of rewards to the electrical charge used for pedaling since the agent
will prioritize the rules defined for such an experiment. The rewards relationship can
therefore be modified to prioritize the reduction of the accumulated electrical charge
depending on the experiment to be performed. This feature opens a pathway to study
new interaction-reward dynamics in the future.

For the proposed controller, it was also necessary to evaluate different parameter
settings for the RL algorithm (number of interactions, episode duration, exploration rate,
time evaluating rewards, step size for pulse width and amplitude, etc.) and policies for the
reward-interaction dynamic between the agent and the environment, which is part of the
process of tuning the algorithm. Also, in addition to the algorithm parameters, the more
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actions the agent has available to evaluate, the longer it takes to learn. In this sense, the
time it takes the agent to learn the policy is related to the algorithm settings and to the
number of actions available for him to learn. As muscle fatigue is yet a limitation to the
use of electrical stimulation to assist functional activities and consequently a limitation to
the session duration, depending on how much the volunteer can pedal, the agent will not
have enough time to learn. Therefore, it is necessary to balance the time to learn and the
possible cycling capacity in terms of duration for the volunteer.

To overcome this drawback, a better approach would be to use mathematical models
to simulate a priori different combinations of parameters, as well as the agent’s exploration
and exploitation characteristics to learn the policy. In (Wannawas; Subramanian; Faisal,
2021), researchers suggested the RL controller be trained to learn a defined stimulation
strategy to cycle at the desired cadences in simulation before evaluating the performance
in the real world. They developed a deep RL algorithm to control the stimulation of
different leg muscles during FES-cycling sessions and demonstrated the ability of the agent
to learn from its iterations with the system. They trained the agent and compared the
results to other controlling methods (Proportional Integral Derivative (PID) and Fuzzy
Logic Control) using a musculoskeletal model. The results suggested that the proposed
method was able to compensate for muscle fatigue and track desired cadences. Unlike the
work cited, in which the RL algorithm was used to track cadence, our approach employed
a PI control strategy to track a predefined cadence and the RL agent was responsible to
adjust the baseline stimulation pattern. The accumulation of the two functions by the
agent will be studied in future works.

The researchers also conducted a simulation study in which a trained RL controller
was transferred to another model with moderately different seat position. Besides potential
results, the researchers found that the RL controller required some additional minutes of
interaction before producing good tracking performance. Unlike this approach, however,
it was demonstrated the possibilities of a control method using reinforcement learning
concepts during real overground cycling sessions in being able to track desired cycling
cadences. In addition to evaluating the performance of the algorithm in three different
control strategies, no additional training was needed. Also, parameter adjustment could
be done independently for each session, adjusting for the physiological characteristics of
that moment. It was also demonstrated the agent’s accumulative reward over time, which
permits the understanding of his learning capacity. This feature was not demonstrated
elsewhere.

In Sijobert et al. (2019), despite the positive results and the advantage of simplifying
the FES-cycling implementation, the study evaluated pedaling using only the quadriceps
muscle and for one single participant. Also, given that the researchers chose to let the
participant control the intensity manually and therefore no automatic control of cadence
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was implemented, the electrical charge may not have been optimally efficient during cycling
sessions, which impacts on the stimulation cost, a definition of the ratio of the total charge
rate to the mechanical work rate (Hunt et al., 2012). Furthermore, the researchers stated
that the accuracy and precision of real-time interpretation algorithms are needed to ensure
reliability and the accuracy and precision are needed to be assessed (Guillou et al., 2021),
which could limit its applicability given the complexity of analysis.

In (Schmoll et al., 2021), researchers presented an algorithm to automatically detect
stimulation intervals by evaluating the torque measured by a commercial crank power
meter installed on an instrumented tricycle and using IMUs. In our work, it was used
an incremental encoder that limited the continuous calculation of the pedaling cadence
since it is a device that generates discrete data. Instead of modifying the parameters
based on cadence, an approach in which the power or torque exerted on the pedals can be
used to evaluate the agent seems to be more adequate. Furthermore, it was hypothesize
that the use of IMUs could improve the performance of the agent as more data would be
available for cadence assessment. In this sense, the time needed for the agent to learn the
policy could be reduced and the evaluation of different reference cadences could be better
explored.

Besides the presented method being also able to produce pedaling, it was addressed
an automatic adaptation of the muscle activation pattern online during the session, a
feature that would favor the modulation of parameters to the time-varying conditions
of the muscle state. Another approach for this method would be inclusion of the torque
evaluation exerted on pedals for the definition of the initial stimulation pattern (including
the stimulation interval) that is yet to be studied in future works.

4.5 Conclusion
As stated initially, the search for methods that facilitate the definition of stimulation

patterns seems to be a common objective of recent studies. The method proposed in
this work presented exploratory results that suggest the possibility of using reinforcement
learning methods to control and adjust the stimulation parameters in order to track a
desired cadence. The maintenance of the average pedaling cadence throughout the sessions
and the increase in the average distance covered by the volunteer indicate the possibility
of delaying muscle fatigue using the proposed algorithm.

Three different control configurations were presented, each one being evaluated in
two contexts of pedaling difficulty by a volunteer with spinal cord injury. In all cases where
the RL algorithm was enabled, the participant could cycle at least equivalently than when
only the PI controller was operating. According to the interaction-reward relationship
established, it was possible to demonstrate that the agent can learn to increase its rewards
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over time. In this study, it is suggested that such a method may favor an increase in
pedaling endurance which, in turn, increases the amount of accumulated electrical charge
spent during the sessions. However, if the interaction-reward relationship is altered to
suit the purposes of greater electrical efficiency, the agent may also learn to reduce the
stimulation cost.

In this sense, this study suggests that a RL algorithm can generate a positive
impact on the efficiency of electrical stimuli during FES-assisted cycling sessions since
the electrical charge spent to maintain a predefined cadence can be therefore reduced.
However, different reward strategies must be evaluated together with the policies created
for the agent.



5 Effects on body composition and bone min-
eral density during 2 years of FES-cycling:
case report of a 38-year-old male with para-
plegia

5.1 Introduction
This section presents a single-participant case report aiming to assess changes in

Bone Mineral Density (BMD) and body composition (BC) in a 38-year-old man with
complete Spinal Cord Injury (SCI) during a 2-year period of cycling sessions assisted by
Functional Electrical Stimulation (FES-cycling).

Stationary and non-stationary FES-cycling sessions were performed on a recumbent
tricycle 3 times a week concomitantly with strengthening sessions NMES twice a week
until completing a period of 24 months. Two training protocols with different intensities
were evaluated. BMD and body composition, including body fat percentage, fat mass and
lean mass were evaluated using the Dual-Energy X-Ray Absorptiometry (DXA) test every
3 months.

The main objective was to assess the impact of two different cycling training
programs on muscle atrophy, body composition and bone metabolism. The secondary
objectives were to document: 1) pedaling performance in both stationary and non-
stationary scenarios; 2) peak-torque during Maximal Evoked Contraction (MEC); 3)
evaluation of health status, disability, quality of life; and 4) lessons learned during the
research.

Although not specifically an article, this section was written following the CARE
(CAse REport) guidelines for case reports (Riley et al., 2017). The contextualization for
the case report was provided in Chapter 1. A detailed discussion of relevant studies is
presented in this chapter, however.

5.2 Narrative

5.2.1 Patient Information

A 38-year-old male 13 years post T8 complete SCI classified as AIS grade A in the
ISNCSCI, commonly referred to as the ASIA exam (Betz et al., 2019), participated in
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the 2-year study. The experiments were approved by a local ethical committee (CAAE:
30989620.6.0000.5149, Approval number: 4.190.128) and began during the pandemic crises
of COVID-19 on September 2020 after obtaining the written informed consent of the
volunteer.

According to a medical evaluation, the volunteer did not presented potential risk of
fractures during the activity (T-score< −2, 5) or had any clinical contraindication for ES.
He presented unrestricted joint movement and had no cardiovascular problems, epilepsy,
or had lower limb fractures in the 12 months prior to the start of the protocol. Finally, he
was not associate to other FES-assisted activities for the lower limbs outside the protocol
of this research and had never used FES prior to his inclusion.

The volunteer’s Bone Mass Index (BMI) was estimated at 21.8kg/m2 (height 177cm
and weight 68.2kg). He participated fully in the social and work activities of his daily life
and used to practice regular physical activity despite being a smoker, including weight
lifting at least three times a week, adapted boxing and physical therapy sessions two
times a week. Cholecalciferol (vitamin D3) 7000-IU/week was prescribed to him by a
medical doctor in the beginning of the program. He was also asked to follow a nutritional
prescription, however, the diet was not monitored despite being necessary.

During the first FES cycling sessions, the participant reported subjective discomfort
in the abdominal region and headache. At the same instant, the session was stopped. It
was hypothesized that this episode could be associated with autonomic dysreflexia, which
is a consequence of a dysregulation of the autonomic nervous system that can lead to a
life-threatening hypertensive event when there is a noxious stimulus below the level of
spinal cord injury. An episode of autonomic dysreflexia may represent mild discomfort and
headache, associated with an acute increase (>20-30mmHg) in blood pressure (Allen KJ,
Leslie SW, 2022). Although the volunteer was classified as T8 and autonomic dysreflexia
is associated with injuries above T6 and unlikely to occur below T10, blood pressure was
constantly measured to ensure that the application of FES during exercise did not pose
any risk to the volunteer. He was also taken for evaluation by two physicians who found
no problems to continue with the assisted cycling sessions.

Studies have already mentioned that discomfort perceived by individuals with
neurological disabilities may be associated with stimulation parameters (Naaman; Stein;
Thomas, 2000), although there is no consensus on the current characteristics (pulse width,
frequency and amplitude) (Scheer et al., 2021; Ibitoye et al., 2016; Barss et al., 2018).
Initially, the system was configured to 50Hz pulse-frequency and after the report of the
volunteer, although subjective, the parameter was changed to 35Hz to minimize the
perception of discomfort.

In the sixth month of the intervention protocol, the volunteer underwent surgery
for testicular torsion and had to stop sessions for approximately 3 weeks. No other event
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related to pain or similar to what was reported by the volunteer occurred during the
training program. However, the volunteer also suffered the consequences of the COVID-19
health crisis in which, for this study specifically, the temporary closure of fitness centers
and recreational spaces, as well as the distancing of family and friends, may have resulted
in a physical and mental impact on him.

5.2.2 Intervention Protocol

Figure 23 illustrates the time line of the study design. The 2-year intervention
protocol was based on the protocol published by Fattal et al. (2018) and was divided into a
pre-cycling phase and two different intensity training programs. Details about each phase
are described below.

Figure 23 – Time line of the study design. P1 corresponds to the pre-cycling phase. TP1
and TP2 are the FES-cycling training programs. DXA Measurements M0-M8
are indicated.

Pre-cycling phase (P1): in the first month, the volunteer performed isometric
NMES home-sessions to adapt and strengthen the lower limbs muscles prior to the FES-
cycling intervention. Sessions lasted 30 minutes approximately and were performed 3 times
a week. During each session, the volunteer remained in a sitting position and performed
two 15-minute subsections to evoke contractions of the: 1) vastus lateralis (VL) and rectus
femoris (RF) muscles; 2) hamstring (HAM) and vastus medialis (VM) muscles. Surface
electrodes were placed as illustrated in Figure 24 respecting the configuration described in
subsubsection 5.2.2.2.

An ES system with the same topology as the FES-cycling sessions was used.
Biphasic rectangular electrical pulses were delivered at a sequence of 10s-ON/10s-OFF,
alternating between the left and right sides, including a 0.5s ramping up and down in
every train of pulses. The pulse parameters were set to 500µs width, 30Hz frequency and
current amplitude initially adjusted to produce a muscle contraction of at least 3/5 on the
quality of the evoked muscle contraction scale (Segers et al., 2014). The amplitude was
automatically increased by 1mA after 5 series of pulses.
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Figure 24 – Electrode Positioning over the anterior (a) and posterior (b) compartments of
the thigh. Rectangular self-adhesive surface electrodes were used as indicated
to evoke muscle contractions of the: 1) vastus medialis (VM), 2) vastus
lateralis (VL)+rectus femoris (RF), and 3) hamstring (HAM).

FES-cycling training program (TP): the volunteer underwent FES-cycling sessions
3 times a week and maintained P1 NMES strengthening sessions alternately twice a week.
FES-cycling sessions were performed in two incremental intensity training programs, TP1
and TP2, with maximum pedaling duration limited to 45 and 30 minutes, respectively. To
increase the training intensity, the gear ratio of the tricycle and the magnetic resistance of
the trainer were manually adjusted according to the expected pedaling time. In TP2, the
pedaling difficulty was changed to require the volunteer to start the cycling session with a
stimulation intensity demand corresponding to 60− 70% of the pulse amplitude necessary
to reach the MEC measured (see subsubsection 5.2.2.1). As the pedaling cadence decreased
due to muscle fatigue, the resistance was manually adjusted to allow the volunteer to
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continue pedaling throughout the session. It was expected that different outcomes on bone
mineral density and body composition could be achieved with these two different intensity
protocols.

Before starting each session, the tricycle tires were calibrated and the same electrode
placement was respected. A 3-minute of passive cycling (i.e., without stimulation, manu-
ally) on a stationary bike trainer stand was performed. Shortly thereafter, FES-cycling
was initiated with the researcher just helping the pedal to come out of inertia. While
maintaining pedaling, no human intervention was allowed other than the provision of water
at the request of the volunteer. When fatigue interrupted pedaling, cycling was stopped
and restarted after 5-10 minutes, twice more, at most. When the session finished, another
3 minutes of passive pedaling was repeated. Total distance, time, maximum and average
speed were measured through a commercial speedometer (model SD-568AE, Sunding,
DongGuan, China). Incremental load adjustments were made mainly by changing the
bicycle’s gear ratio and eventually by modifying the trainer magnetic resistance.

The reference pedaling cadence was adjusted mainly between 35 to 42rpm via
the developed mobile application described in subsubsection 3.2.1.2. The stimulation
parameters were also set by the same app. Pulse width was set to 500 − 600µs and
frequency was adjusted to 35Hz to promote greater comfort to the volunteer. Finally, pulse
amplitude was modulated by a Proportional-Integral (PI) controller and was limited to
100mA. The final stimulation pattern, the proprietary constant current topology electrical
stimulation device, the mobile application interface, some mechanical aspects of the tricycle,
the calf support orthoses to stabilize the volunteer’s legs and the whole FES-cycling system
were described in Chapter 3.

Most sessions were performed stationary and after the 12th month, FES-cycling
sessions were eventually held on an athletics track (non-stationary) at the Sports Training
Center of the Federal University of Minas Gerais (CTE-UFMG). Since the experiments
were started, pedaling time and distance were evaluated as primary functional parameters
which are related to the load imposed on pedaling. Eventually, it was evaluated how long
the volunteer could cycle on the track even if exceeding the session time limit. Finally,
although the protocol did not aim to verify if the volunteer could meet the competition
requirements of the Cybathlon 2016 (make 742m in less than 480s (Coste; Wolf, 2018)),
his performance in running two laps around an athletics track (800m) was evaluated once.

5.2.2.1 Assessments

Measurements of calcified tissue in target regions of the body were established by
the World Health Organization (WHO) to be performed via DXA scan tests (Varacallo
M, Davis DD, Pizzutillo P, 2022), although considering it as the gold standard is still
suggested as premature (Scafoglieri; Clarys, 2018). Even so, this technique is widely
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adopted in the scientific literature and is recommended in the official position statement
of the International Society of Clinical Densitometry (ISCD) (Morse et al., 2019).

In this work, Bone Mineral Density (BMD) and body composition (BC) measure-
ments were assessed through the DXA scan test using the Lunar iDXA System (GE
Healthcare, software: 14.10, model ME+210584) approximately every 3 months. Body
composition assessed Fat Mass (FM), Lean Mass (LM) and fat mass ratio of arms, legs,
trunk, android, gynoid and total body regions. BMD measurements of the Femur To-
tal (FT), Femoral Neck (FN), pelvis and lumbar spine (LS, first to fourth lumbar vertebrae
L1-L4) were evaluated. BMD was expressed as g/cm2 and as T-score, which represents the
Standard Deviation (SD) from the mean in a healthy, young, and compatible population.
The least significant change with 95% confidence interval is 0.022g/cm2 for the spine and
0.033g/cm2 for the total femur. Variations below these values, in absolute terms, were not
considered statistically significant. Results of previous exams were reanalyzed in order to
optimize sequential densitometric monitoring.

A first evaluation was taken before the pre-cycling phase and corresponds to baseline
values used for comparison with the subsequent assessments. A final measurement was
taken after 24 months. All scans were performed by a medical doctor in accordance with
the manufacturer’s guidelines. Figure 25 illustrates the volunteer under the DXA test scan
for the assessment of the LS region of interest.

The current amplitude of the high-intensity training program TP2 was based on
the pulse intensity required to reach the Maximal Evoked Contraction (MEC) during knee
extension and flexion, which was assessed in the 18th month. Isometric peak-torque for the
right leg was assessed on an isokinetic dynamometer (Biodex System 4 Pro, Biodex Medical
Systems, NY, United States) under stimulation parameters at frequency of 30Hz and pulse
width of 500µs; pulse trains of 10s and followed by a rest interval of 10s; similar to the
P1 NMES sessions. The amplitude was increased in 10mA steps, from 50mA to 100mA.
The volunteer was positioned on the Biodex backrest inclined at 85o and the equipment
belts were used for stabilization. The dynamometer axis of rotation was aligned with the
lateral femoral condyle, indicating the anatomical joint axis of the knee of the leg under
evaluation. The fixation of the lower limbs to the active arm of the dynamometer was
performed 3cm above the lateral malleolus as illustrated in Figure 26. Knee extension and
flexion were assessed individually. For the first, rectus femoris (RF), vastus lateralis (VL)
and vastus medialis (VM) muscles were electrically evoked; for the later, hamstring (HAM)
was stimulated. The stimulation programs were applied and peak torques were measured
at a 90o position (0o corresponds to full extension) for both (extension and flexion) tests.
ES electrodes were positioned following the same configuration adopted in the training
protocol (see subsubsection 5.2.2.2). The procedure was repeated in the 24th month to
evaluate any peak-evoked torque changes.
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Figure 25 – Dual-Energy X-Ray Absorptiometry (DXA) scan test for the Lumbar Spine
(LS) BMD assessment.

5.2.2.2 Electrode Positioning

For all protocol phases (P1, TP1 and TP2) and for MEC evaluation, rectangular
self-adhesive surface electrodes (9x5cm, Arktus®, Santa Tereza do Oeste, Brazil) were
placed as illustrated in Figure 24 and are described as follows:

• vastus medialis (VM): one electrode 3cm above the upper edge of the patella on the
distal motor point and another electrode on the proximal motor point of the same
muscle;

• vastus lateralis (VL) + rectus femoris (RF): a electrode positioned 3cm above the
upper edge of the patella on the distal motor point of the VL muscle and another
electrode on the proximal motor point of the RF muscle;

• hamstring (HAM): one electrode placed 5cm above the popliteal fossa and the other
15-20cm above the popliteal fossa.
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Figure 26 – Volunteer positioned on the Biodex during the MEC extension evaluation. 1)
ES system; 2) electrode positioning; 3) lower limb fixation

5.3 Clinical Findings
A complete data assessment regarding changes in BMD obtained during the program

intervention is presented in Table 2.

Table 2 – Changes in Bone Mineral Density.

M0 M1 M2 M3 M4 M5 M6 M7 M8
38.3y 38.5y 38.9y 39.2y 39.4y 39.6y 39.9y 40.1y 40.3y

Bone Mineral
Density (g/cm2)

Total Body 1054 1050 1043 1040 1042 1049 1039 1038 1033

Lumbar spine

L1 1299 1397 1363 1353 1452 1444 1396 1350 1416
L2 1452 1524 1470 1539 1508 1455 1491 1477 1442
L3 1486 1593 1521 1575 1574 1502 1528 1503 1526
L4 1360 1408 1385 1383 1406 1343 1370 1328 1362

L1-L4 1400 1480 1436 1463 1477 1432 1445 1412 1435
Pelvis 0.788 0.783 0.791 0.764 0.797 0.788 0.790 0.781 0.738
Femur Total R 0.751 0.770 0.748 0.742 0.758 0.731 0.727 0.724 0.697
Femoral Neck R 0.727 0.728 0.713 0.699 0.706 0.694 0.679 0.685 0.662
Legs 0.877 0.878 0.862 0.858 0.860 0.848 0.847 0.845 0.838

T-score

Total Body -1.4 -1.5 -1.6 -1.6 -1.6 -1.5 -1.6 -1.6 -1.7
Femoral Neck R -2.5 -2.3 -2.5 -2.5 -2.4 -2.6 -2.6 -2.7 -2.9
Femur total R -2.6 -2.6 -2.7 -2.8 -2.7 -2.8 -2.9 -2.9 -3.0
Lumbar Spine L1-L4 1.5 2.2 1.8 2.0 2.1 1.8 1.9 1.6 1.8

BMD decreased in all regions of interest, with the exception of the lumbar spine.
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An increase of 0.035g/cm2 (or 2.5%) was observed in the L1-L4 BMD and T-score
progressed from +1.5 to +1.8 if compared to the baseline reference values. However, the
maximum variation registered during the intervention was +0.080g/cm2 and maximum T-
score registerd was +2.2. Conversely, BMD decreased 0.039g/cm2 (−4.44%), 0.065g/cm2

(−8.9%), 0.054g/cm2 (−7.2%) and 0.050g/cm2 (−6.34%) in the legs, total femur, femoral
neck and pelvis, respectively. T-score changed from −2.5 to −2.9 in the femoral neck and
from −2.6 to −3.0 in the total femur. The total body BMD decreased by 0.021g/cm2 and
T-score changed from −1.4 to −1.7 over the whole period.

Regarding body composition, in the first 18 months (P1+TP1), the volunteer lost
17.08%, 24.44%, 21.79% and 18.66% of fat and the fat mass ratio decrease by 4.1%, 4.8%,
5.00%, 3.3% in legs, android, gynoid and total body regions, respectively. In absolute
terms, the volunteer lost 1013g, 391g, 570g and 3443g of fat in the same regions. This
scenario was accompanied by a slightly increase in lean mass in legs (249g) and gynoid
(32g) regions. Total body lean mass decreased by 1704g mainly because of the arms
(-920g).

From the 18th to the 24th month (TP2), lean mass in legs, android, gynoid and
total body regions increased by 1072g, 204g, 251g and 2368g respectively. It was also
observed an overall increase of 387g, 490g, 291g and 2914g of fat mass in the same regions.
Over the 24-month–study, there was a 9.78% increase lean mass and a 10.57% decrease in
legs fat mass. Figure 27 highlights the body composition trend in a nutshell.

Figure 27 – Measurements of lean mass and fat mass for arms (a), trunk (b), gynoid (c),
android (d), legs (e) and total body (f) regions during the 2-year protocol.
The highlighted area corresponds to the TP2 protocol phase.

A complete data assessment regarding changes in BMD and body composition
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during the 2-year intervention program and other results including health, disability and
quality of life reports can be assessed in Appendix C for documentation purposes.

MEC was achieved at 90mA for both extension and flexion and did not change
significantly at 100mA. Extension peak torque increased from 41.3N.m to 55.7N.m (34, 9%)
between the 18th and 24th months but flexion slightly decreased from 19.5N.m to 18.6N.m
(4, 6%).

Regarding the performance results, maximum pedaling duration increased dramat-
ically from the 2nd to the 7th months, being for each month respectively (in minutes):
0.71 ± 0.18; 1.17 ± 1.57; 8.00 ± 6.21; 6.38 ± 2.29 (volunteer surgery); 39.13 ± 8.30; and
45.00 ± 0.33. In this period, the volunteer covered on the training stand a distance of
5349m at an average speed of 7.1 km/h and a maximum speed of 8.0 km/h in his best
result. On the athletics track, the volunteer manage to complete 11 laps (approx. 4688m)
at an average speed of 4.5km/h in 62 minutes (in the 23th month). He also completed the
distance requirements for the Cybathlon FES Bike Race in 495s even though the trike
was not optimized for competition (weight and tyres), had not started ramp laps and had
not trained for this activity. The mark reached suggests the possibility of a positive result
in the competition.

5.4 Discussion
The main objective of this single-participant case report was to assess changes in

BC and BMD in a 38-year-old man with complete SCI (AIS A, T8) during a 24-month
period of FES-cycling. The main physiological variables were periodically evaluated via
Dual-Energy X-Ray Absorptiometry (DXA) scan test, which provides a practical means
to quantify both whole-body and regional changes in body composition associated with
SCI (Morse et al., 2019). In this work, additional measurements including the ultrasound
assessment of lower limb muscle mass and V O2 could not be performed due to the restricted
access to the UFMG laboratories during the COVID-19 pandemic.

As FES-assisted activities imply the use of electrical pulses to evoke muscle con-
traction, tension is exerted on the bones and adaptive bone remodeling is expected to be
stimulated. Previous work has found a positive effect on bone parameters in the distal
femur with active loading after a 12-month training period on a FES-assisted bicycle
(Frotzler et al., 2008), although some studies have found no statistically significant change
in BMD (Fattal et al., 2018) or if they reported improvement in BMD, it was not detailed
in relation to body segments (Dolbow et al., 2014).

In this study, the decrease found in total femur BMD exceeded the least significant
change, indicating a high risk of fracture and suggesting the initiation of recovery treatment.
According to a medical evaluation, however, the volunteer could continue performing cycling
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activities as the risks of fractures and joint sprains were minimized by the use of calf
support orthoses described in Chapter 3. Although the assessment of increments in lumbar
spine BMD is considered less relevant in the field of SCI and despite being within the
normal range for a reference population composed of healthy, age-adjusted individuals
(Morse et al., 2019), the findings suggest a relevant outcome in this region which was not
reported previously.

Even though mineral density gains have been suggested in the literature, the results
obtained during the 2-year intervention program indicated that FES-cycling alone may
not be sufficient to improve BMD or to replace mechanical and/or vibrational loading
therapies for the lower limbs. Therapies like mechanical loading are suggested to support
reversing the osteoporotic process induced by SCI in long bones of the lower extremity as
the stress imposed generates changes in bone size, shape and density, which stimulates the
bone modeling by formation and resorption (Akkawi; Zmerly, 2018; Frost, 2003).

Individuals with SCI are also at high risk of obesity as a result of low levels of
physical activity and the imbalance between energy expenditure and diet (Raguindin et al.,
2021). The first 18-month results suggested that longer training sessions have a significant
impact on fat loss, especially in the lower limbs. A considerable fat mass ratio decrease
in all corporal regions was observed, supporting the results presented by Dolbow et al.
(2014). In the 6-month TP2 phase, there was an increase in the fat ratio differently from
Fattal et al. (2021), in which sessions were also limited to 30min. However, the results of
both studies may have been influenced by the absence of a controlled nutritional diet.

Although other physiological variables such V O2 and ultrasound of the lower limbs
would complement the study, the findings obtained from this case report suggested a strong
possibility to be compared with other literature studies. It is important to highlighted
that unlike the aforementioned studies which performed one DXA scan before and another
after the end of the intervention protocol, this study assessed BMD and body composition
periodically, which allowed a consistent analysis of the results obtained from different
intensity training programs.

It is therefore suggested that more frequent assessments may better indicate the
impact of FES-cycling on body composition. For example, the gain in muscle mass in the
legs throughout the period was consistent with the case studies cited, but the periodic
evaluation evidenced an oscillation not previously reported and allowed to observe the
effect of the different proposed training. Finally, the results regarding BMD support that
areal measurements by DXA in persons with a traumatic SCI at the distal femur, but not
the lumbar spine, are substantially lower than that of the general population of similar
age and gender (Morse et al., 2019).
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5.5 Conclusion
It is concluded that 2 years of FES-cycling in a SCI volunteer increased BMD in

the lumbar spine, but not in the femur region of interest. The BMD decrease in the femur
zone suggests caution in the hypotheses that FES-cycling can improve the BMD of lower
limbs in this population. However, body composition findings support that FES-cycling
can restore muscle mass, improve evoked force and decrease fat mass if associated with
adequate training and reinforced by a controlled nutrition program.

5.6 Patient Perspective
The volunteer had expectations to try new assistive technologies and participate

in a study in an institution of the grandeur of the Federal University of Minas Gerais
(UFMG), which were all met. He reported having had no difficulties in participating in the
study, except for the period of isolation to which he was submitted due to the COVID-19
pandemic. He also mentioned that the results obtained had a positive impact on his health
and that he would participate again in similar studies. He highlights the gain in muscle
lean mass and improvement in his quality of life as being positive, with no negative points.
In general, he is grateful for the opportunity to have participated as a volunteer, that he
thought the project was sensational, and that he tried to do his best believing that it
would motivate other people with disabilities. Finally, he thinks that having participated
in the project can somehow immortalize him, because other future generations will study
this subject and will also feel inspired to help people with reduced mobility.

5.7 Lessons Learned from the Author
Based on a better view after 2 years of a intervention protocol following a volunteer

with complete SCI and based on the experience I have acquired during the research, despite
several limitations imposed by the COVID-19 pandemic, I would have included in the
project the analysis of: 1) the quadriceps tendon using Magnetic Resonance Imaging (MRI)
to minimize the risk of joint sprains; 2) ultrasound of the lower limbs for a more frequent
analysis of the muscle response to the training program; 3) a chest strap heart-rate
monitor to measure and document the heart rate of during cycling sessions. I would also
have included a controlled nutritional diet accompanied by a questionnaire to assess the
volunteer’s adherence to the proposed diet in order to reduce the biased results brought
by inadequate food intake.

There was a great learning experience in having to work without the support of a
multidisciplinary team (in large part due to the study having started during the critical
period of the pandemic), however, the contributions of professionals from other areas
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(nutrition, physiotherapy, physical education) could have greatly enriched the research.
Furthermore, with the assistance of other researchers and professionals, more volunteers
could have participated in the study.

Anyway, from a personal point of view, the results obtained during this research
were very enriching, in several aspects. Figure 28 illustrates the author and the volunteer
in one of the non-stationary sessions being performed at CTE-UFMG.

Figure 28 – This picture needs no caption.



6 Summary and Research Perspectives

Although Functional Electrical Stimulation (FES) assisted exercises have great
potential to improve the functional level of individuals with Spinal Cord Injury and increase
their quality of life, numerous challenges are still observed, such as the complexity of
implementation or even the inaccessibility to FES-assisted technologies.

The present D.Sc. dissertation discussed all aspects necessary to implement an
adaptive FES-cycling system and opened the design of an High-Capacity Functional
Electrical Stimulation (HCFES) system to the entire scientific community. Firmware,
hardware and software are available for download and different Functional Electrical
Stimulation strategies can be implemented in the clinic or for research purposes using this
project.

In addition to evaluate the HCFES electrical stimulation capabilities, it was demon-
strated the system’s high computational capacity as it was able to embed relatively-complex
machine learning algorithms to improve the definition of stimulation parameters for the
FES-cycling exercise modality. The feature introduced by this D.Sc. dissertation has a
potential to overcome the complexity and time-consuming process of defining the stimula-
tion parameters that discourage the use of FES-assisted exercices for clinical or research
purposes.

The method proposed in this work also demonstrated the possibility of using
reinforcement learning methods to control and adjust the stimulation parameters in order
to track desired cadences. It was also suggested that the proposed algorithm can generate
a positive impact on the efficiency of electrical stimuli during FES-cycling sessions since
the electrical charge spent to maintain a predefined cadence can be reduced. This feature
opens a pathway to study the use of machine learning algoithms in FES-assisted modalities
in the future.

Future work will address the use of RL methods in the development of novel
control strategies to improve the pedaling endurance by reducing the onset muscle fatigue
occurrence. It is of interest to evaluate how a more efficient stimulation cost as consequence
of the dynamic change of the baseline stimulation pattern can delay the muscle fatigue
and increase the cycling performance.

The High-Capacity Functional Electrical Stimulation (HCFES) system’s applica-
bility was also validated with a volunteer with complete paraplegia and an intervention
program of two years was performed. Body composition and BMD were accessed frequently
and the obtained findings support that FES-cycling can restore muscle mass, improve
evoked force and decrease fat mass if associated with adequate training and reinforced by
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a controlled nutrition program.

Further randomized controlled studies should investigate if there is causality re-
lationship between FES-cycling training, increase in BMD and controlled nutritional
diet.
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APPENDIX A – Tricycle Vector Diagram

First of all, in the case of a four-bar linkage system, the Grashof condition must be
respected. It states that the sum of the shortest and longest link of a planar quadrilateral
link must be less than or equal to the sum of the two remaining links so that the shorter
link can rotate completely with respect to a neighboring link. Therefore, from Figure 29:

r1 + r2 < r3 + r4 (A.1)

Figure 29 – Vector diagram of the trike with reference to the right leg.

The analysis of the mechanism position is given by the vector equation of the
system by Raven’s method:

r⃗1 + r⃗2 − r⃗3 − r⃗4 = 0 (A.2)

r1
iθ1 + r2

iθ2 − r3
iθ3 − r4

iθ4 = 0 (A.3)

Converting the equation to trigonometric form and isolating r3
iθ3 :

r1(cos θ1 + i sin θ1) + r2(cos θ2 + i sin θ2)− r4(cos θ4 + i sin θ4)

= r3(cos θ3 + i sin θ3)
(A.4)

Building the system and equations into real and imaginary parts and applying Freuden-
stein’s method, we obtain:r1 cos θ1 + r2 cos θ2 − r4 cos θ4 = r3 cos θ3

r1 sin θ1 + r2 sin θ2 − r4 sin θ4 = r3 sin θ3
(A.5)
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Raising the two equations to the second power and adding the terms:

r3
2 = r1

2 + r2
2 + r4

2 + 2r1r2 cos (θ2 − θ1)

−2r1r4(cos θ1 cos θ4 + sin θ1 sin θ4)− 2r2r4(cos θ2 cos θ4 + sin θ2 sin θ4)
(A.6)

Dividing by 2r2r4, we get:

0 = r1
2 + r2

2 − r3
2 + r4

2

2r2r4
+ r1

r4
cos (θ2 − θ1)

−r1

r2
(cos θ1 cos θ4 + sin θ1 sin θ4)− (cos θ2 cos θ4 + sin θ2 sin θ4)

(A.7)

Simply put, the following terms will be used:
k1 = r1

r2

k2 = r1
r4

k3 = r12+r22−r32+r42

2r2r4

(A.8)

From A.8, we simplify equation A.7:

0 = k3 + k2 cos (θ2 − θ1)

−k1(cos θ1 cos θ4 + sin θ1 sin θ4)− (cos θ2 cos θ4 + sin θ2 sin θ4)
(A.9)

We replace cos θ4 and sin θ4 by its expressions in terms of the tangent of half an angle in
A.9:

0 = k3 + k2 cos (θ2 − θ1)− k1(cos θ1
1− tan2 θ4

2
1 + tan2 θ4

2
+ sin θ1

2 tan θ4
2

1 + tan2 θ4
2

)

−(cos θ2
1− tan2 θ4

2
1 + tan2 θ4

2
+ sin θ2

2 tan θ4
2

1 + tan2 θ4
2

)
(A.10)

Then the denominators are removed and the terms are grouped together:

0 = (k3 + k2 cos (θ2 − θ1) + k1 cos θ1 + cos θ2) tan2 θ4

2
−(2 sin θ2 + 2k1 sin θ1) tan θ4

2 + (k3 + k2 cos (θ2 − θ1)− k1 cos θ1 − cos θ2)
(A.11)

The coefficients are again renamed:
A = k3 + k2 cos (θ2 − θ1) + k1 cos θ1 + cos θ2

B = −2 sin θ2 − 2k1 sin θ1

C = k3 + k2 cos (θ2 − θ1)− k1 cos θ1 − cos θ2

(A.12)

Equation A.11 can be rewritten as:

A tan2 θ4

2 + B tan θ4

2 + C = 0 (A.13)
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Which allows us to find the value of θ4:

θ4 = 2 tan−1 −B ±
√

B2 − 4AC

2A
(A.14)

to determine the hip angle θhip:

θhip = θ4 − θtorso (A.15)

where θtorso corresponds to the inclination of the subject’s trunk on the tricycle. In the
same way, but isolating θ4 in the equation A.5, we relate:

k4 = r1
r2

k5 = r1
r3

k6 = r12+r22+r32−r42

2r2r3

(A.16)

We determine the coefficients:
D = k6 + k5 cos (θ2 − θ1) + k4 cos θ1 + cos θ2

E = −2 sin θ2 − 2k4 sin θ1

F = k6 + k5 cos (θ2 − θ1)− k4 cos θ1 − cos θ2

(A.17)

Which allows us to find the value of θ3:

θ3 = 2 tan−1 −E ±
√

E2 − 4DF

2D
(A.18)

And finally determine θknee:

θknee = 180 + θ4 − θ3 − tan−1 r5

r6
(A.19)

The MATLAB application developed to evaluate the joint angles and its relationship to
the distance between the crank and the rider is illustrated in Figure 30.
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Figure 30 – MATLAB Application developed for the evaluation of tricycle configurations
in relation to the volunteer’s biomechanics. See Supplementary Materials
(Section 1.5)



APPENDIX B – HCFES Schematics

The HCFES project can be downloaded at: https://osf.io/pf3ru/. Schematics are
presented in sequence.

https://osf.io/pf3ru/
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APPENDIX C – DXA Measurements

BMD and BC data can be assessed at: https://osf.io/95xbs/. Optimized data is
presented below:

Table 3 – Body composition: Fat mass ratio (%)

age 38.3y 38.6y 38.9y 39.2y 39.4y 39.6y 39.9y 40.1y 40.3y
total 28.1 27.9 25.9 26.2 27.3 25.1 24.8 26.9 27.3
amrs 15.6 14.8 16.0 14.9 15.6 14.0 14.0 15.8 15.3
total legs 30.5 28.9 26.9 27.3 27.9 26.2 26.4 28.4 26.4
leg left 30.5 29.3 27.4 28.3 28.0 26.6 27.2 28.4 27.5
leg right 30.6 28.5 26.5 26.3 27.8 25.9 25.4 28.4 25.2
android 31.7 33.1 29.0 30.0 31.9 27.8 26.9 30.9 32.7
gynoid 30.6 27.9 28.0 27.0 26.4 27.0 25.6 26.9 27.3

Table 4 – Body composition: Fat mass (g)
age 38.3y 38.6y 38.9y 39.2y 39.4y 39.6y 39.9y 40.1y 40.3y
total 18456 18229 17201 16971 17353 16017 15013 17084 17927
amrs 1384 1356 1397 1301 1343 1170 1067 1311 1266
total legs 5932 5612 5465 5303 5155 4954 4919 5370 5305
leg left 2997 2878 2791 2765 2572 2607 2600 2675 2778
leg right 2935 2734 2674 2538 2583 2347 2319 2696 2528
android 1600 1642 1516 1524 1586 1349 1209 1513 1699
gynoid 2616 2419 2526 2302 2136 2301 2046 2213 2337

Table 5 – Body composition: Lean mass (g)
age 38.3y 38.6y 38.9y 39.2y 39.4y 39.6y 39.9y 40.1y 40.3y
total 47169 47206 49267 47893 46226 47746 45465 46380 47833
amrs 7474 7785 7310 7412 7272 7194 6554 6982 7008
total legs 13495 13797 14811 14098 13310 13933 13744 13539 14815
leg left 6843 6930 7398 6994 6605 7206 6946 6742 7308
leg right 6652 6866 7413 7103 6705 6727 6797 6797 7507
android 3452 3318 3708 3561 3391 3499 3291 3381 3495
gynoid 5930 6247 6505 6234 5970 6210 5962 6023 6213

Table 6 – Body composition: Total mass (Kg)

age 38.3y 38.6y 38.9y 39.2y 39.4y 39.6y 39.9y 40.1y 40.3y
total 68.2 68.0 69.0 67.4 66.2 66.3 63.0 66.0 68.3
amrs 9.3 9.6 9.2 9.2 9.1 8.8 8.0 8.7 8.7
total legs 20.2 20.2 21.0 20.1 19.2 19.6 19.4 19.6 20.8
leg left 10.2 10.1 10.6 10.1 9.5 10.2 9.9 9.8 10.4
leg right 9.9 10.1 10.4 10.0 9.6 9.4 9.5 9.8 10.4
android 5.1 5.0 5.3 5.2 5.1 4.9 4.6 5.0 5.3
gynoid 8.8 8.9 9.3 8.7 8.3 8.7 8.2 8.4 8.7

https://osf.io/pf3ru/
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Table 7 – Bone Mineral Density (g/cm2)
M0 M1 M2 M3 M4 M5 M6 M7 M8
38.3y 38.6y 38.9y 39.2y 39.4y 39.6y 39.9y 40.1y 40.3y

Total body 1054 1050 1043 1040 1042 1049 1039 1038 1033

Lumbar spine

L1 1299 1397 1363 1353 1452 1444 1396 1350 1416
L2 1452 1524 1470 1539 1508 1455 1491 1477 1442
L3 1486 1593 1521 1575 1574 1502 1528 1503 1526
L4 1360 1408 1385 1383 1406 1343 1370 1328 1362
L1-L4 1400 1480 1436 1463 1477 1432 1445 1412 1435

Pelvis 0.788 0.783 0.791 0.764 0.797 0.788 0.790 0.781 0.738
Femoral neck R 0.751 0.770 0.748 0.742 0.758 0.731 0.727 0.724 0.697
Femur (total) R 0.727 0.728 0.713 0.699 0.706 0.694 0.679 0.685 0.662
Legs 0.877 0.878 0.862 0.858 0.860 0.848 0.847 0.845 0.838
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