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RESUMO

A estimulacédo elétrica é uma técnica promissora para realdib motora em casos de leséo
medular. A saturacdo do estimulador também é um requisporitante no projeto de sistemas
de controle aplicados a estimulacao elétrica. A negligédaisaturacdo do atuador pode con-
duzir a resultados de controle indesejados, que evidesagdeitos de fadiga muscular. Pela
primeira vez é proposto um controlador chaveado sujeitduiagio para membro inferior es-
timulado eletricamente. O modelo dindmico de extensdo dobre inferior &€ n&do linear e
incerto. O sistema descrito por modelos fuzzy Takagi-Sogemperando dentro de uma regiéo
de operacgdo no espaco de estados é considerado nestedraklaln disto, falha do atuador,
incerteza de ativagcdo muscular, e ndo idealidades mussula@is como fadiga, espasmos e
tremor foram considerados em trés niveis de severidade. n@ot® chaveado é comparado
com a compensacao distribuida paralela. Simulagfes denmo&hores resultados do contro-
lador chaveado lidando com incertezas paramétricas deaplBor outro lado, um desafio dos
sistemas de controle para estimulacéo elétrica funcionarétorar a dinamica do torque em
contragbes musculares. Em aplicagdes de contragdo isat@nédir o torque € algo dificil. A
novidade neste estudo é a proposta de um novo modelo nan toge variaveis de estado sédo
posicao angular, velocidade angular e aceleracéo anfldate novo modelo a variavel torque
é substituida adequadamente pela aceleracdo angulaiogE@gaerimentais listam os paramet-
ros correspondentes a 24 individuos (20 saudaveis e 4 pgreqs) para o modelo linearizado
usando abordagem de identificacdo caixa cinza.

Palavras-chave:Estimulacéo elétrica. Paraplégicos. Modelos fuzzy Talagjeno. Desigual-
dades matriciais lineares. Controle chaveado.



ABSTRACT

Electrical stimulation is a promising technique for motehabilitation in cases of spinal cord
injury. Stimulator saturation is important in the contrgktem designs applied to electrical
stimulation. The negligence of the actuator saturatiomédlectrical stimulation can lead to
unwanted control results, which evidences the musculaguateffects. For the first time a
switched controller subject to actuator saturation focteleally stimulated lower limb is pro-
posed. The dynamic limb extension model is nonlinear anémiai. The uncertain nonlinear
system described by Takagi-Sugeno fuzzy models operatitingyvan operating region in the
state space is considered in this study. In addition, faulié actuator, muscle activation uncer-
tainty, and muscular non-idealities, such as fatigue,magaand tremor were considered at three
three severity levels. The switched controller is compaogghrallel distributed compensation
technigue. Simulations denote better results of the settcdontroller by dealing with paramet-
ric uncertainties. On the other hand, a challenge for FE&absystems is to monitor torque
in muscle contractions. In isotonic contraction appli@asi, measuring torque is difficult. The
novelty in this study is the proposal of a new nonlinear mpaébse state variables are angular
position, angular velocity and angular acceleration. Is ttew model the torque variable is
replaced by the angular acceleration. Experimental tessthe parameters corresponding to 24
individuals (20 healthy and 4 paraplegic) for the lineadineodel using gray box identification
approach.

Key words: Electrical stimulation. Paraplegics. Takagi-Sugeno yurodels. Linear matrix
inequalities. Switched control.
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1 INTRODUCTION

This chapter describes the problem treated and brieflydaotres the proposal, motivation,
objectives and thesis outline.

1.1 Context of the problem

Spinal cord injury has a significant incidence in the worlgpplation. The lesion may
result in a partial or total obstruction of the sensory andanoonnections below the level of
the lesion. With this, the central nervous system ceasesce&ve the sensory-motor signals
referring to the parts of the body below the level of the lasi®araplegic individuals begin
to live under different limitations of locomotion and chasgn their daily activities. Simple
activities for healthy individuals become complex and pdifor paraplegics. In this sense, the
use of functional electrical stimulation has the potertalestore the movement of paralyzed
limbs, offering both therapeutic and functional benefits.

Results in the area of motor rehabilitation with electrisimulation show a promising
future of this technique. Different approaches by reseaschave concentrated efforts in intra-
muscular and surface stimulation, neuro technologicalamig, and hybrid mechanisms aided
by robotic systems to enable that paraplegic individual& &gain.

One strand of this field is the study of controllers using atefelectrical stimulation. Re-
cent works in this area of closed-loop control highlights thallenges related to muscle delay;
to high frequency switching in the control signal, also edlthattering; to modulation param-
eters; to the parametric uncertainties of the plant; gfrateto compensate muscular fatigue,
among others.

However, the effect of the actuator saturation is also aromant requirement in the sys-
tem control design applied to electrical stimulation. Tlegligence of the actuator saturation
in electrical stimulation can lead to unwanted control hssiwcausing a overstimulation that
evidences the effects of muscular fatigue.

By the author’s knowledge, for the first time, a switched colier for the lower limb is pro-
posed considering the saturation and fault of the eledinugation actuator and analysis under



1.2 Objectives 20

non-ideal muscular conditions (fatigue, spasm and trembie dynamic model of the lower
limb extension is nonlinear and uncertain. An exact detionpby the Takagi-Sugeno fuzzy
model of the plant, operating within a region of operatiocasisidered in the control design.
A comparative analysis between the switched and para##iiblited compensation controllers
is presented. Due to the uncertainties of the plant, thdlpbdsstributed compensation (PDC)
performance is compromised, because it is dependent omtielédge of membership func-
tions. Results obtained by simulation emphasize the be&irpgance of the switched control
law in non-ideal conditions, treated as parametric unceies.

In this study, the idea is to design several feedback gagisgbonly one gain used at a
time, chosen based on a switching law that depends on tleevgtetor of the controlled system.
A schema that represents the use of the switched controbigrsim the Figure 1.

A challenging problem is to measure muscle torque dynamicsgeneral, the variable
of muscle torque state is estimated through strategies thmrcontrol signal or from state
observers. Therefore, measuring torque becomes a congdkxespecially for isotonic con-
tractions.

The novelty in this study refers to a new nonlinear dynamideho The proposed model
presents the state variables: angular position, velaaitgl,acceleration. Therefore, the torque
state variable is replaced by angular acceleration, whachbe measured easily by accelerom-
eters, for example. In addition, the nonlinear plant is dbed by fuzzy TS models and the
LMIs-based control design is presented. LMIs are convexsttamts to solve optimization
problems with convex objective functions. The LMI congttaican easily be solved efficiently
using specific softwares. In recent years, this method has tédely used among control
engineers because a wide variety of control problems caarbaufated as LMIs.

1.2 Objectives
1.2.1 General

This doctoral thesis proposes application of the switctwedrol subject to actuator satura-
tion and a new dynamic model for electrically stimulateddéoWwmbs.

1.2.2 Specific

e Research and investigate the state-of-the-art on clasgudontrol techniques in knee
joint applications using electrical stimulation.

e Perform the control system design by parallel distributatgensation and switched law
via LMI’s.



1.2 Objectives 21

Figure 1 - Electrical stimulation system of the lower limIssng switched controller subject to
actuator saturation.
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e Simulate the two control techniques for different opem@gpoints of the lower limb under
isometric conditions, considering healthy and paraplegicziduals.

e Analyze and compare the controlled system results by ingestturation and fault in the
actuator using torque-based model.

e Develop and test different levels to non-ideal muscle domak (fatigue, spasms and
tremor).

¢ To highlight the results obtained from switched control lawelation to parametric un-
certainties.

e Measure and compare the RMS error between the PDC and sditcmérollers for the
time interval corresponding to the transient and steadtest

¢ Propose a new dynamic model applied to electrically stitedldgower limbs.
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e Describe by TS fuzzy models and design PDC and switchedaarimg the new pro-
posed model.

e Perform experiments with healthy and paraplegic indivisaad state-space identifica-
tion of the electrically stimulated lower limb using gragxbapproach.

1.3 Justification

The life expectancy of individuals with spinal cord injury llower than the average of
healthy people. In this sense, efforts have been made sthéss individuals have facilitated
access to physiotherapy activities for muscular stremgtigeusing electrical stimulation with
a closed-loop control system. In addition to granting tpetdic and/or functional benefits
to individuals with spinal cord injury, the main objectivethat these individuals are socially
inserted, offering expectation and quality of life.

Arguably, rehabilitation systems using closed-loop cantan improve performance and
achieve desired movements with safety and reliability. Elsv, some challenges must be
overcome to allow a wide reach of this technology, among thenhighlight:

e Nonlinear musculoskeletal system and parametric uncertaities in control system
design: the great challenge of this area corresponds to the systerg benlinear and
endowed with uncertain parameters make the control task ownplex. More advanced
control techniques have been employed in recent years. Wgge a contribution to
literature using a switched controller for regulation ilmypeEment under uncertain and
non-ideal conditions of the lower limb.

¢ Difficulty in monitoring and designing control systems basd on muscular variables:
numerous mathematical models propose state variablearthditfficult to measure. One
contribution of this thesis is to establish an improved niddesed on measurable state
variables of kinematics and which implicitly contemplatithe lower limb muscle dy-
namics.

e Model parameter variability in a larger individuals number : the statistical analysis
of parametric variability under electrical stimulation diifferent situations for a larger
number of individuals is a gap in the literature. In this wosle investigate the parameter
variability from 24 individuals considering the new modebposed.

1.4 Thesis outline

This work is organized as follows. Chapter 2 establishessthge-of-the-art on the sub-
ject of closed-loop control for electrical stimulation afder limbs, focusing on studies of the
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knee joint. It presents the basic principles for understanthe area of electrical stimula-
tion. It shows a systematic methodology for the literat@ngew. It discusses and exposes the
control techniques already investigated. It then revéaséchnical characteristics of the ex-
perimental studies regarding the modulation type, stitouland its output topology, electrode
dimension, stimulation parameters, performance indekéscking and regulation in isomet-
ric contractions. Finally, the levels of spinal cord injuttye benefits and limitations of the FES
closed-loop systems are indicated.

Chapter 3 introduces the switched controller and the réigulgoroblem at an operating
point subject to the non-ideal muscle condition (fatiggassns and tremor), as well as fault and
saturation of the actuator. The torque-based model is atedifor healthy and paraplegic indi-
viduals. LMIs conditions are established for the systemgerate using switched control law
in a region of operation and subject to symmetric saturafidgre performance of the switched
controller is compared to technique proposed by Gaino €2@all7). Simulated results attest
minor RMS error using switched controller applied to regjola considering non-idealities in
the muscular model.

Chapter 4 emphasizes the new dynamic model for electriséilyulated lower limb. The
design of the acceleration-based model is presented froenerig system of state space equa-
tions, whose states variables relate kinematics of movearahmuscle torque dynamics. A
description by TS fuzzy models of the nonlinear system igiteet. From this model, fuzzy
controllers via PDC are designed to a region of operatiorsicening healthy and paraplegics
individuals.

Chapter 5 shows the experimental apparatus for lower lifdxrecal stimulation. It then
details the protocol of motor-point identification, andheal specifications of the tests. Ex-
perimental results are obtained from 24 individuals (2dthgand 4 paraplegics) and the pa-
rameters of the state space model are listed by gray box agipro

Finally, the main conclusion of this work and some future kgaaire in the Chapter 6.
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6 GENERAL CONCLUSION

In this thesis, the state-of-the-art on closed-loop cdsystems applied to knee joint reha-
bilitation using superficial electrical stimulation wenepented.

The knee joint control system using electrical stimulatias treated as an uncertain non-
linear system. In the control design, LMIs conditions caaisied the TS fuzzy modeling to
a state-space operation region was performed. The switb@dol subject to actuator satu-
ration was compared to Gaino et al. (2017). The performafhtieese were evaluated under
non ideal conditions of the muscle (fatigue, spasms anddreand fault in the actuator. Re-
membering that the fuzzy control law is dependent on the neeshipp functions. When the
system has uncertainties, the fuzzy controller is inadiegioa this problem. On the other hand,
the switched-control law has proved to be an interestingaggh because it does not depend
on the membership functions. Using the switched contro} {@gvobtained better results than
the combination of the control gains by the membership fonst because it chooses a state-
feedback controller gain belonging to a given set of gainat minimizes the time derivative
of Lyapunov function, and reduces the control signal. Havean unwanted effect is that the
control signal is susceptible to a high frequency switclahtipe controller gains. This problem
can be overcome by using the soft minimum, proposed in (AL¥ES., 2016).

In addition, a new dynamic model of electrically stimulateder limbs was proposed. The
advantage of this model is to obtain the kinematics and masdynamics represented in state
space through the variables angular position, angularcitgland acceleration. Therefore, in
this new representation the torque variable has been explacacceleration. A TS fuzzy mod-
eling of this plant was shown, as well as the parallel disted compensation control design
considering an operating region.

Finally, an experimental arrangement was set up to idepafameters of the linearized
model. The gray-box identification approach was performeshfthird-order transfer function.
The muscular behavior was investigated in three tests afythiem response to the step signal,
load disturbance and analysis on different days. A wellrdefibehavior of parametric variation
was observed in the presence of muscle fatigue.

6.1 Future works

The research field is broad and promising, it is possible atgdesting to investigate: LMIs
conditions for switched control design considering acuaubject to saturation and delay;
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LMIs conditions for asymmetric saturation and/or null coamt (e.g. PWM control signal);
data-driven TS fuzzy local models; real-time system to nomnuscle fatigue in isotonic and
isometric contractions; an electrical stimulator basedamplitude modulation and isolated
channels; a electrical stimulator that monitors the curflemw into or out of the electrode, and
adjusts the voltage output of the power supply to maintaiarestant current; and a new hybrid
system for lower and upper limb rehabilitation.

6.2 Scientific publications

In this study, the following contributions are proposeddorpals:

1) NUNES, W. R. B. M.; ALVES, U. N. L. T.; SANCHES, M. A. A.; MACADO, E. R. M.
D.; CARDIM, R.; TEIXEIRA, M. C. M.; CARVALHO, A. A. A New Acceleration-Based Model
Applied to Electrically Stimulated Lower LimbSubmission to Journal of Biomechanics.

2) NUNES, W. R. B. M.; ALVES, U. N. L. T.; SANCHES, M. A. A,; TEIEIRA, M.C. M,;
CARVALHO, A. A. Isometric Contraction Improvement of Electrically Stiaeld Lower Limb
under Non-Ideal Conditions Using Switched Controller @gbjo Saturation Submission to
IET Control Theory.

3) NUNES, W. R. B. M.; SANCHES, M. A. A,; TEIXEIRA, M. C. M.; CARALHO, A.
A. Closed-Loop Control Techniques Applied to Motor Rehadiibin of the Knee Joint Using
Electrical Stimulation: A Survey of the State-of-the-AndA-uture PerspectivesSubmission
to Medical Engineering & Physics.

4) TEODORO, R. G.; NUNES, W. R. B. M.; ARAUJO, R. A.; SANCHES,. M. A;;
TEIXEIRA, M. C. M.; CARVALHO, A. A. Robust and Switched Control Design for Electri-
cally Stimulated Lower Limbs: a Linear Model Analysis in Hegp and Spinal Cord Injured
Subjects Submission to Control Engineering Practice.

5) NUNES, W. R. B. M.; KRUEGER, E.; BRONIERA JR, P.; SANCHES, M A.; TEIX-
EIRA, M. C. M.; CARVALHO, A. A. EEG-Based Brain-Controlled Functional Electrical Stim-
ulation for Lower Limbs Rehabilitation: Advances and Pexdjves Submission to Annals of
Biomedical Engineering.

And the following contributions were accepted in confeesic

6) ARCOLEZI, H. H.; NUNES, W. R. B. M.; NAHUIS, S. L. C.; SANCHE M. A. A;
TEIXEIRA, M. C. M.; CARVALHO, A. A. A RISE-based Controller Fine-tuned by an Im-
proved Genetic Algorithm for Human Lower Limb Rehabiltatvia Neuromuscular Electrical
Stimulation In: INTERNATIONAL CONFERENCE ON CONTROL, DECISION AND IN-
FORMATION TECHNOLOGIES - CODIT, 6th., 2019, Paris, Fran&eoceedings [...] Paris:
IEEE, 20109.



6.2 Scientific publications 107

7) BRONIERA JUNIOR, P.; NUNES, W. R. B. M.; LAZZARETTI, A. ENOHAMA,
P.; CARVALHO, A. A. de; KRUEGER, E.; TEIXEIRA, M. C. MClassifier for motor im-
agery during parametric functional electrical stimulatirequencies on the quadriceps muscle
In: INTERNATIONAL IEEE/EMBS CONFERENCE ON NEURAL ENGINEERIG (NER),
9th., 2019, San Francisco, CA, USRroceedings [...] San Francisco: IEEE EMBS, 2019. pp.
526-529.

8) NUNES, W. R. B. M.; TEODORO, R. G.; de ARAUJO, R. A.; SANCHHS. A. A;;
TEIXEIRA, M. C. M.; CARVALHO, A. A. Switched Controller Applied to Functional Elec-
trical Stimulation of Lower Limbs under Fatigue Conditiores Linear Analysis In: XXVI
BRAZILIAN CONGRESS ON BIOMEDICAL ENGINEERING. IFMBE Proaalings, vol 70/1.
Springer, Singapore, 201Proceedings [...] Heidelberg: IFMBE, 2019. pp 383-390.

9) TEODORO, R. G.; NUNES, W. R. B. M.; ARAUJO, R. A.; SANCHES, M. A.; TEIX-
EIRA, M. C. M.; CARVALHO, A. A. Polytopic Uncertainties Identification for Electrically
Stimulated Lower LimbsIn: BRAZILIAN CONGRESS ON BIOMEDICAL ENGINEER-
ING. IFMBE Proceedings, vol 70/1. Springer, Singapore,2®roceedings [...] Heidelberg:
IFMBE, 2019. pp 337-342.

10) NUNES, W. R. B. M.; TEODORO, R. G.; ARAUJO, R. A.; SANCHER, A. A,
TEIXEIRA, M. C. M.; CARVALHO, A. A. Robust and Switched Control Design for Elec-
trical Stimulation of Lower Limbs: a linear analysidn: CONGRESSO BRASILEIRO DE
AUTOMATICA - CBA, 2018, Natal.Anais [...]. Natal: SBA, 2018.

11) NUNES, W. R. B. M.; BRONIERA JR, P.; KRUEGER, E.; CARVALH®. A. Com-
mon Spatial Pattern apresenta 18% a mais de acuracia que éabemo em Imagética Mo-
tora de membros superioreth: CONGRESSO BRASILEIRO DE ELETROMIOGRAFIA E
CINESIOLOGIA-COBEC E SIMPOSIO DE ENGENHARIA BIOMEDICA-SE, 2017, Uber-
landia.Anais [...]. Uberlandia: SBEB, 2017.

12) BRONIERA JR, P.; NUNES, W. R. B. M.; KRUEGER, E.; GAINO,;RCOVACIC,
M. R.; TEIXEIRA, M. C. M.; CARVALHO, A. A. Andlise Comparativa da Classificacao de
Sinais de Eletroencefalografia no Dominio do Tempo UtiltaRedes PMC e RBHn: CON-
GRESSO BRASILEIRO DE ELETROMIOGRAFIA E CINESIOLOGIA-COREE SIMPO-
SIO DE ENGENHARIA BIOMEDICA-SEB, 2017, Uberlandi@nais [...]. Uberlandia: SBEB,
2017.

13) NUNES, W. R. B. M.; BEBETO, M. A. L.; ASSUNCAOQ, E.; TEIXEIR M. C. M_;
CARVALHO, A. A. Sintese de Controlador Robusto via LMI para o Helicopteio@GF. In:
CONFERENCIA BRASILEIRA DE DINAMICA, CONTROLE E APLICACOESINCON,
2017, Sao José do Rio Pretnais [...]. IBILCE: SBMAC, 2017.

14) NUNES, W. R. B. M.; GAINO, R.; COVACIC, M.R.; BRONIERA JR,; TEIXEIRA,



6.2 Scientific publications 108

M. C. M.; CARVALHO, A. A. Predicéo via Redes Neurais Atrtificiais da Curva de Recruta-
mento Muscular com Estimulacao Elétrica Funcional dos Memlinferiores In: CONFER-
ENCIA BRASILEIRA DE DINAMICA, CONTROLE E APLICACOES-DINCQ\N, 2017, S&o
José do Rio PretdAnais [...]. IBILCE: SBMAC, 2017.

15) BRONIERA JR, P.; NUNES, W. R. B. M.; KRUEGER, E.; GAINO,;REOVACIC,
M. R.; TEIXEIRA, M. C. M.; CARVALHO, A. A. Estudo Comparativentre Redes Perceptron
Multicamadas (PMC) e Redes de Funcdes de Base Radial (RB&agzlassificacdo de Sinais
Eletroencefalograficos no Dominio do Tempo. In: SIMPOSIO MBJROENGENHARIA,
IV, 2017, MacaibaAnais [...]. CEPS Anita Garibaldi: ISD, 2017.



109

BIBLIOGRAPHY

ABBAS, J. J.; TRIOLO, R. J.; JJ, A.; RJ, T. Experimental ewion of an adaptive feedforward
controller for use in functional neuromuscular stimulatgystemslEEE Transactions on
Rehabilitation Engineering, Pistacaway, v. 5, n. 1, p. 12—-22, 1997.

AJOUDANI, A.; ERFANIAN, A. Neuro-Sliding Mode Control of Kee-Joint Angle with
Quadriceps Electrical Stimulation. In: ANNUAL CONFERENCHE- THE INTERNATIONAL
FES SOCIETY, 11th., 2006, Sendd@roceedings [...] Sendai: Tohoku University Graduate
School of Medicine, 2006. p. 26—28.

AJOUDANI, A.; ERFANIAN, A. A Neuro-Sliding Mode Control Wit Adaptive Modeling
of Uncertainty for Control of Movement in Paralyzed Limbsitgs Functional Electrical
Stimulation.|IEEE Transactions on Biomedical Engineering Pistacaway, v. 56, n. 7, p.
1771-1780, 2009.

ALIBEJI, N.; KIRSCH, N.; DICIANNO, B. E.; SHARMA, N. A Modifiel Dynamic Surface
Controller for Delayed Neuromuscular Electrical Stimidat [EEE/ASME Transactions on
Mechatronics, Pistacaway, v. 22, n. 4, p. 1755-1764, 2017.

ALVES, U. N. L. T. Controle chaveado e chaveado suave de sistemas nao linearesrtos
via modelos fuzzy T-S2017. 107 p. Tese (Doutorado em Engenharia Elétrica) —&ada
de Engenharia, Universidade Estadual Paulista, 2017.

ALVES, U. N. L. T.; TEIXEIRA, M. C. M.; OLIVEIRA, D. R.; CARDIM, R.; ASSUNCAO,
E.; SOUZA, W. A. Smoothing switched control laws for uncartaonlinear systems subject
to actuator saturatiomnternational Journal of Adaptive Control and Signal Processing
Oxford, v. 30, n. 8-10, p. 1408-1433, 2016.

ANDREWS, B.; GIBBONS, R.; WHEELER, G. Development of Fucial Electrical
Stimulation Rowing: The Rowstim SerieArtificial Organs , Hoboken, v. 41, n. 11, p.
E203-E212, 2017.

BELLMAN, M. J.; CHENG, T. H.; DOWNEY, R. J.; HASS, C. J.; DIXONV. E. Switched
Control of Cadence during Stationary Cycling Induced bydtiamal Electrical Stimulation.
IEEE Transactions on Neural Systems and Rehabilitation Engneering, Pistacaway, v. 24,
n. 12, p. 1373-1383, 2016.

BENAHMED, S.; KERMIA, O.; TADJINE, M. The use of the principlbf feedback scheduling
for enhancing the real-time paraplegic knee responseNRERNATIONAL CONFERENCE
ON SYSTEMS AND CONTROL, 3rd., 2013, AlgierBroceedings [...] Algiers: IEEE, 2013.
p. 995-1000.

BENAHMED, S.; TADJINE, M.; KERMIA, O. Adaptive super twistg controller: In search
of a universal controller for the paraplegic knee movemsimgiFES. In: INTERNATIONAL



BIBLIOGRAPHY 110

CONFERENCE ON ELECTRICAL ENGINEERING (ICEE), 5th., 2017¢@merdes.
Proceedings [...] Boumerdes: IEEE, 2017. p. 1-6.

BENZAOUIA, A.; MESQUINE, F.; BENHAYOUN, M.; SCHULTE, H.; GBRG, S.
Stabilization of positive constrained T-S fuzzy systemgplcation to a Buck converter.
Journal of the Franklin Institute , Oxford, v. 351, n. 8, p. 4111-4123, 2014.

BO, A. P. L.; FONSECA, L. O. da; GUIMARAES, J. A.; FACHIN-MARNS, E.; PAREDES,
M. E. G.; BRINDEIRO, G. A.; SOUSA, A. C. C. de; DORADO, M. C. RAMOS, F. M.
Cycling with Spinal Cord Injury: A Novel System for Cyclingdihg Electrical Stimulation
for Individuals with Paraplegia, and Preparation for Cyiat 2016.IEEE Robotics &
Automation Magazine, Pistacaway, v. 24, n. 4, p. 58-65, 2017.

BO, A. P. L.; LOPES, A. C. G.; FONSECA, L. O. da; OCHOA-DIAZ,;®AZEVEDO-
COSTE, C.; FACHIN-MARTINS, EExperimental Results and Design Considerations for
FES-Assisted Transfer for People with Spinal Cord Injury. Heidelberg: Springer, 2019.
939-943 p.

BOYD, S. P.; El Ghaoui, L.; FERON, E.; BALAKRISHNAN, \Linear matrix inequalities
in system and control theory. Philadelphia: SIAM, 1994. 193 p.

CAO, Y.-Y.; LIN, Z. Robust stability analysis and fuzzy-sttuling control for nonlinear
systems subject to actuator saturatiBfEE Transactions on Fuzzy SystemsPistacaway,
v.11,n.1, p. 57-67, 2003.

CHANG, G.-C.; LUH, J.-J.; LIAO, G.-D.; LAI, J.-S.; CHENG, &.; KUO, B.-L.; KUO,
T.-S. K. A neuro-control system for the knee joint positiemtrol with quadriceps stimulation.
IEEE Transactions on Rehabilitation Engineering Pistacaway, v. 5, n. 1, p. 2-11, 1997.

CHEN, Y.-J.; TANAKA, M.; TANAKA, K.; WANG, H. O. Nonconvex shbilization criterion
for polynomial fuzzy systems. In: IEERecision and Control (CDC), 2013 IEEE 52nd
Annual Conference on [S.1.], 2013. p. 7415-7419.

CHENG, T. H.; WANG, Q.; KAMALAPURKAR, R.; DINH, H. T.; BELLMAN, M.; DIXON,
W. E. Identification-Based Closed-Loop NMES Limb TrackinghnAmplitude-Modulated
Control Input.IEEE Transactions on Cybernetics Pistacaway, v. 46, n. 7, p. 1679-1690,
2016.

CHENGWEI, G.; QIAN, J. Optimized Proportional-Integrakfivative Control Strategies
and Simulation for Lower Limb Functional Electrical Stimatibn. In: INTERNATIONAL
CONFERENCE ON INFORMATION AND COMPUTING, 4th., 2011, PhuKsland.
Proceedings [...] Phuket Island: IEEE, 2011. p. 420-423.

COOPER, E. B.; BUNCH, W. H.; CAMPA, J. F. Effects of chronicrhan neuromuscular
stimulation.Surgical forum, Philadelphia, v. 24, p. 477-9, 1973.

COOPER, G.; SHERET, I.; MCMILLIAN, L.; SILIVERDIS, K.; SHAN.; HODGINS, D.;
KENNEY, L.; HOWARD, D. Journal of Biomechanics Oxford, v. 42, n. 16, p. 2678-2685,
2009.

COVACIC, M.; TEIXEIRA, M. C. M.; ASSUNCAQ, E.; GAINO, R. LMlbased algorithm



BIBLIOGRAPHY 111

for strictly positive real systems with static output feadk. Systems & Control Letters,
Amsterdam, v. 61, n. 4, p. 521-527, 2012.

DEJNABADI, H.; JOLLES, B. M.; CASANOVA, E.; FUA, P.; AMINIAN K. Estimation and
visualization of sagittal kinematics of lower limbs oriatibn using body-fixed sensol&EE
Transactions on Biomedical EngineeringPistacaway, v. 53, n. 7, p. 1385-1393, 2006.

DING, J.; WEXLER, A. S.; BINDER-MACLEOD, S. A. A mathematikcanodel that predicts
the force-frequency relationship of human skeletal muddlescle and Nerve Hoboken,
V. 26, n. 4, p. 477-485, 2002.

DING, J.; WEXLER, A. S.; BINDER-MACLEOD, S. A. Mathematicatodels for fatigue
minimization during functional electrical stimulatiodournal of Electromyography and
Kinesiology, London, v. 13, n. 6, p. 575-588, 2003.

DORGAN, S.; O'MALLEY, M. A nonlinear mathematical model ofegtrically stimulated
skeletal muscldEEE Transactions on Rehabilitation Engineering Pistacaway, v. 5, n. 2, p.
179-194, 1997.

DOWNEY, R. J.; BELLMAN, M. J.; KAWAI, H.; GREGORY, C. M.; DIXON, W. E.
Comparing the Induced Muscle Fatigue Between AsynchroaadsSynchronous Electrical
Stimulation in Able-Bodied and Spinal Cord Injured Popigias. [IEEE Transactions on
Neural Systems and Rehabilitation EngineeringPistacaway, v. 23, n. 6, p. 964-972, 2015.

DOWNEY, R. J.; CHENG, T. H.; BELLMAN, M. J.; DIXON, W. E. CloskLoop
Asynchronous Neuromuscular Electrical Stimulation PngeFunctional Movements in the
Lower Body.IEEE Transactions on Neural Systems and Rehabilitation Enmpeering,
Pistacaway, v. 23, n. 6, p. 1117-1127, 2015.

DOWNEY, R. J.; CHENG, T.-H.; BELLMAN, M. J.; DIXON, W. E. Swihed Tracking
Control of the Lower Limb During Asynchronous Neuromuscugectrical Stimulation:
Theory and Experiment$EEE Transactions on Cybernetics Pistacaway, v. 47, n. 5, p.
1251-1262, 2017.

EFBERG, J.; LOFBERG, J. Yalmip: A toolbox for modeling andiopzation in matlab. In:
IEEE INTERNATIONAL SYMPOSIUM ON COMPUTER AIDED CONTROL SYBEMS
DESIGN, 2004., TaipeiProceedings [...] Taipei: IEEE, 2004. p. 284-2809.

ERAIFEJ, J.; CLARK, W.; FRANCE, B.; DESANDO, S.; MOORE, D.feétiveness of
upper limb functional electrical stimulation after strdke the improvement of activities of
daily living and motor function: a systematic review and aaahalysisSystematic reviews
London, v. 6, n. 1, p. 40, 2017.

FARIA, U. d. C.Implementacao de um sistema de geragao de marcha para pactes com
lesbes medulares2006. 222 p. Tese (Doutorado em Engenharia Elétrica) —|&ade de
Engenharia, Universidade Estadual Paulista, 2006.

FAVRE, J.; JOLLES, B. M.; AISSAOUI, R.; AMINIAN, K. Ambulatty measurement of 3D
knee joint angleJournal of Biomechanics Oxford, v. 41, n. 5, p. 1029-1035, 2008.

FERRANTE, S.; PEDROCCHI, A.; IANNO, M.; De Momi, E.; FERRAR] M.; FERRIGNO,



BIBLIOGRAPHY 112

G. Functional electrical stimulation controlled by artidilcneural networks: Pilot experiments
with simple movements are promising for rehabilitation laggtions.Functional Neurology,
Rome, v. 19, n. 4, p. 243-252, 2004.

FERRARIN, M.; PALAZZO, F.; RIENER, R.; QUINTERN, J. Modelased control of FES
induced single joint movement&EE Transactions on Neural Systems and Rehabilitation
Engineering, Pistacaway, v. 9, n. 3, p. 245-257, 2001.

FERRARIN, M.; PEDOTTI, A. The relationship between elezdfistimulus and joint torque:
a dynamic modelEEE Transactions on Rehabilitation Engineering, Pistacaway, v. 8, n. 3,
p. 342-352, 2000.

FRANKEN, H.; VELTINK, P.; TIISMANS, R.; NIJMEIJER, H.; BOOIVH. Identification
of passive knee joint and shank dynamics in paraplegicgugiadriceps stimulatiohEEE
Transactions on Rehabilitation Engineering Pistacaway, v. 1, n. 3, p. 154-164, 1993.

FRANKLIN, B. An account of the effects of electricity in pdyic casesPhilosophical
Transactions, London, v. 50, p. 481-483, 1757.

FREY LAW, L.; SHIELDS, R. Mathematical models of human pgegld muscle after
long-term trainingJournal of Biomechanics Oxford, v. 40, n. 12, p. 2587-2595, 2007.

GAHINET, P.; NEMIROVSKII, A.; LAUB, A. J.; CHILALI, M. The LMI control toolbox.
In: IEEE CONFERENCE ON DECISION AND CONTROL, 33, 1994, Lakedha Vista.
Proceedings [...] Lake Buena Vista: IEEE, 1994. v. 3, p. 2038-2041.

GAINO, R. Controle de Movimentos de Pacientes Paraplégicos Utilizalo Modelos Fuzzy
T-S. 2009. 180 p. Tese (Doutorado em Engenharia Elétrica) —|&ade de Engenharia,
Universidade Estadual Paulista, 2009.

GAINO, R.; COVACIC, M. R.; TEIXEIRA, M. C. M.; CARDIM, R;; ASSJN(;AO, E.;
CARVALHO, A. A. de; SANCHES, M. A. A. Electrical stimulatiotracking control for
paraplegic patients using T-S fuzzy modélszzy Sets and SystemsaAmsterdam, v. 314, p.
1-23, 2017.

GOBBO, M.; MAFFIULETTI, N. A.; ORIZIO, C.; MINETTO, M. A. Mugle motor point
identification is essential for optimizing neuromusculi@ceical stimulation uselournal of
NeuroEngineering and Rehabilitation London, v. 11, n. 1, p. 17, 2014.

GORGEY, A. S.; BLACK, C. D.; ELDER, C. P.; DUDLEY, G. A. Effestof Electrical
Stimulation Parameters on Fatigue in Skeletal Mustbeirnal of Orthopaedic & Sports
Physical Therapy, Alexandria, v. 39, n. 9, p. 684—-692, 2009.

HA, K. H.; MURRAY, S. A.; GOLDFARB, M. An Approach for the Coapative Control of
FES with a Powered Exoskeleton during Level Walking for Besswith ParaplegidEEE
Transactions on Neural Systems and Rehabilitation Enginegeng, Pistacaway, v. 24, n. 4, p.
455-466, 2016.

HATWELL, M.; ODERKERK, B.; SACHER, C.; INBAR, G. The developent of a model
reference adaptive controller to control the knee jointarigplegicsIEEE Transactions on
Automatic Control, Pistacaway, v. 36, n. 6, p. 683-691, 1991.



BIBLIOGRAPHY 113

HU, T.; LIN, Z.; CHEN, B. M. An Analysis and Design Method foirear Systems Subject to
Actuator Saturation and Disturban@aitomatica, Oxford, v. 38, p. 351-359, 2002.

IANNO, M.; FERRARIN, M.; PEDROCCHI, A.; FERRIGNO, G. A newadaptive
control system for knee joint movements during quadricdestecal stimulation. In:
ANNUAL CONFERENCE OF THE INTERNATIONAL FUNCTIONAL ELECTRCAL
STIMULATION SOCIETY (IFESS2002), 7th., 2002, Ljubljan@roceedings [...] Ljubljana:
IFESS, 2002.

IBRAHIM, B. K. K.; TOKHI, M.; HUQ, M.; GHAROONI, S. Fuzzy logt based cycle-to-cycle
control of FES-induced swinging motion. In: INTERNATIONACONFERENCE ON
ELECTRICAL, CONTROL AND COMPUTER ENGINEERING (INECCE), 1.s2011,
PahangProceedings [...] Pahang: IEEE, 2011. p. 60—-64.

IBRAHIM, B. S. K. K.; TOKHI, M. O.; HUQ, M. S.; GHAROONI, S. C. Mtural trajectory
based FES-induced swinging motion control. In: INTERNANEL CONFERENCE ON
MECHATRONICS (ICOM), 4th., 2011, Kuala LumpuProceedings [...] Kuala Lumpur:
IEEE, 2011. p. 1-5.

IBRAHIM, B. S. K. K.; TOKHI, M. O.; HUQ, M. S.; GHAROONI, S. C. @timized Fuzzy
Control For Natural Trajectory Based Fes- Swinging Motibmternational Journal of
Integrated Engineering, Batu Pahat, v. 3, n. 1, p. 17-23, 2011.

JEZERNIK, S.; INDERBITZIN, P.; KELLER, T.; RIENER, R. A noVsliding mode controller
for functional electrical stimulation. In: IFAC WORLD CONRESS ON AUTOMATIC
CONTROL, 15th., 2002, BarcelonBroceedings [...] Barcelona: IFAC, 2002. v. 5, p. 2—6.

JEZERNIK, S.; RIENER, R. A computer simulation of tuned Plidacontinuous sliding
mode FES control. In: INTERNATIONAL BIOMECHATRONICS WORKSOP, 1999, 1999,
Twente.Proceedings [...] Twente: IBW, 1999. p. 37-41.

JEZERNIK, S.; WASSINK, R. G. V.; KELLER, T. Sliding mode cled-loop control of
FES: controlling the shank movemetEEE Transactions on Biomedical Engineering
Pistacaway, v. 51, n. 2, p. 263-272, 2004.

JOVIC, J.; Azevedo Coste, C.; FRAISSE, P.; HENKOUS, S.; FALTC. Coordinating Upper
and Lower Body During FES-Assisted Transfers in Persong Bftinal Cord Injury in Order
to Reduce Arm Supporbeuromodulation: Technology at the Neural Interface Hoboken,
v.18,n. 8, p. 736-743, 2015.

JOVIC, J.; LENGAGNE, S.; FRAISSE, P.; AZEVEDO-COSTE, C. lagp of functional
electrical stimulation of lower limbs during sitting pivseinsfer motion for paraplegic people.
International Journal of Advanced Robotic SystemsLondon, v. 10, 2013.

JUNQUEIRA, M. V. N. Eletroestimulador funcional de oito canais com malha de
realimentagéo utilizando Controlador Digital. 2013. 105 p. Dissertagdo (Mestrado em
Engenharia Elétrica) — Faculdade de Engenharia, Univadsi&Estadual Paulista, 2013.

KANTROWITZ, A. Electronic physiologic aids New York, USA, 1960. 4-5 p.

KARAFYLLIS, I.; MALISOFF, M.; QUEIROZ, M. de; KRSTIC, M.; YANG, R. A new



BIBLIOGRAPHY 114

tracking controller for neuromuscular electrical stintida under input delays: Case study in
prediction. In: AMERICAN CONTROL CONFERENCE, 2014, 2014riand.Proceedings
[...]. Portland: IEEE, 2014. p. 4186-4191.

KIRSCH, N.; ALIBEJI, N.; SHARMA, N. Nonlinear model predige control of functional
electrical stimulationControl Engineering Practice, Oxford, v. 58, p. 319-331, 2017.

KLUG, M.; CASTELAN, E. B.; LEITE, V. J.; SILVA, L. F. Fuzzy dyamic output feedback
control through nonlinear Takagi-Sugeno mod€&lszzy Sets and SystemsAmsterdam,
V. 263, p. 92-111, 2015.

KOBRAVI, H. R.; ERFANIAN, A. A decentralized adaptive fuzzgbust strategy for control
of upright standing posture in paraplegia using functicglattrical stimulationMedical
Engineering and PhysicsLondon, v. 34, n. 1, p. 28-37, 2012.

KOIKE, Y.; GONZALEZ, J.; GOMEZ, J.; YU, W. Implementing Fekdck Error Learning for
FES control. In: INTERNATIONAL CONFERENCE ON BIOMEDICAL ESINEERING
AND INFORMATICS (BMEI), 4th., 2011, ShanghaProceedings [...] Shanghai: IEEE,
2011. p. 1324-1328.

KOZAN, R. F. Controle da Posicédo da Perna de Pessoas Higidas Utilizandonu
Controlador PID. 2012. 96 p. Dissertacao (Mestrado em Engenharia ElétricBaculdade
de Engenharia, Universidade Estadual Paulista, 2012.

KOZAN, R. F. Sistema de Estimulacéo Elétrica Funcional para Controle ddPosicéo da
Perna Utilizando Controlador LQG/LTR . 2016. 144 p. Tese (Doutorado em Engenharia
Elétrica) — Faculdade de Engenharia, Universidade Esté&duadista, 2016.

KRUEGER, E.; POPOM@-MANESKI, L.; NOHAMA, P. Mechanomyography-Based
Wearable Monitor of Quasi-lsometric Muscle Fatigue for Bratleural ProstheseAutificial
Organs, Hoboken, v. 42, n. 2, p. 208-218, 2018.

LI, M.; MENG, W.; HU, J.; LUO, Q. Adaptive Sliding Mode Controf Functional Electrical
Stimulation (FES) for Tracking Knee Joint Movement. In: IRRNATIONAL SYMPOSIUM
ON COMPUTATIONAL INTELLIGENCE AND DESIGN (ISCID), 10th., @17, Hangzhou.
Proceedings [...]Hangzhou: IEEE, 2017. p. 346-349.

LONGLONG, C.; GUANGJU, Z.; BAIKUN, W.; LINLIN, H.; HONGZHI,Q.; DONG, M.
Radial basis function neural network-based PID model facfional electrical stimulation
system control. In: ANNUAL INTERNATIONAL CONFERENCE OF THEEEE EMBS,
31st., 2009, MinneapolisProceedings [...] Minneapolis: IEEE, 2009. p. 3481-3484.

LUINGE, H. J.; VELTINK, P. H. Measuring orientation of hum&éody segments using
miniature gyroscopes and acceleromet&tsdical and Biological Engineering and
Computing, Heidelberg, v. 43, n. 2, p. 273-282, 2005.

LYNCH, C. L. Closed-Loop Control of Electrically Stimulated Skeletal Muscle
Contractions. 2011. 131 p. Tese (Doutorado em Engenharia Elétrica) — eusiity of
Toronto, 2011.

LYNCH, C. L.; GRAHAM, G. M.; POPOVIC, M. R. A generic model otal-world



BIBLIOGRAPHY 115

non-ideal behaviour of FES-induced muscle contractiomauftion tool.Journal of Neural
Engineering, Bristol, v. 8, n. 4, 2011.

LYNCH, C. L.; GRAHAM, G. M.; POPQVIC, M. R. Including Nonidé&ehavior in
Simulations of Functional Electrical Stimulation Applimms. v. 35, n. 3, p. 267-269, 2011.

LYNCH, C. L.; POPOVIC, M. R. Functional Electrical Stimuian. IEEE Control Systems
v. 28, n. 2, p. 40-50, 2008.

LYNCH, C. L.; POPQOVIC, M. R. A comparison of closed-loop caitalgorithms for
regulating electrically stimulated knee movements invidiials with spinal cord injurlEEE
Transactions on Neural Systems and Rehabilitation Enginegeng, Pistacaway, v. 20, n. 4, p.
539-548, 2012.

MARION, M. S.; WEXLER, A. S.; HULL, M. L. Predicting fatigue uting electrically
stimulated non-isometric contractioMuscle & Nerve, Hoboken, v. 41, n. 6, p. 857-867,
2010.

MCDANIEL, J.; LOMBARDO, L. M.; FOGLYANO, K. M.; MARASCO, P. D; TRIOLO,
R. J. Setting the pace: Insights and advancements gaindel pveparing for an FES bike race.
Journal of NeuroEngineering and Rehabilitation, London, v. 14, n. 1, p. 1-8, 2017.

MILLER, L.; MCFADYEN, A.; LORD, A. C.; HUNTER, R.; PAUL, L.; FAFFERTY, D.;
BOWERS, R.; MATTISON, P. Functional Electrical Stimulatiéor Foot Drop in Multiple
Sclerosis: A Systematic Review and Meta-Analysis of the&fbn Gait Speedrchives of
Physical Medicine and Rehabilitation Maryland Heights, v. 98, n. 7, p. 1435-1452, 2017.

MIURA, N.; WATANABE, T.; SUGIMOTO, S.; SEKI, K.; KANAI, H. Fuzzy FES controller
using cycle-to-cycle control for repetitive movement itirag in motor rehabilitation.
Experimental tests with wireless systedournal of Medical Engineering & Technology,
Abingdon, v. 35, n. 6-7, p. 314-321, 2011.

MOHAMMED, S.; FRAISSE, P.; GUIRAUD, D.; POIGNET, P.; El Maksud, H. Robust
control law strategy based on high order sliding mode: tdaarmuscle control. In: IEEE/RSJ
INTERNATIONAL CONFERENCE ON INTELLIGENT ROBOTS AND SYSTEM, 2005,
Edmonton.Proceedings [...] Edmonton: IEEE, 2005. p. 2644—2649.

MOHAMMED, S.; POIGNET, P.; FRAISSE, P.; GUIRAUD, D. Lowemntibs movement
restoration using input-output feedback linearizatiod arodel predictive control. In:
IEEE/RSJ INTERNATIONAL CONFERENCE ON INTELLIGENT ROBOTSMD
SYSTEMS, 2007, San Diegd?roceedings [...] San Diego: IEEE, 2007. p. 1945-1950.

MOHAMMED, S.; POIGNET, P.; FRAISSE, P.; GUIRAUD, D. Towardwer limbs
movement restoration with input-output feedback linestran and model predictive control
through functional electrical stimulatio@ontrol Engineering Practice, Oxford, v. 20, n. 2,
p. 182-195, 2012.

MOHAMMED, S.; POIGNET, P.; GUIRAUD, D. Closed Loop Nonlinellodel Predictive
Control Applied On Paralyzed Muscles To Restore Lower LifRbactions. In: IEEE/RSJ
INTERNATIONAL CONFERENCE ON INTELLIGENT ROBOTS AND SYSTEM, 2006,
Beijing. Proceedings [...] Beijing: IEEE, 2006. p. 259-264.



BIBLIOGRAPHY 116

OBUZ, S.; DOWNEY, R. J.; KLOTZ, J. R.; DIXON, W. E. Unknown tervarying input
delay compensation for neuromuscular electrical stinmain: IEEE CONFERENCE ON
CONTROL APPLICATIONS (CCA), 2015, Sydnelroceedings [...] Sydney: IEEE, 2015.
p. 365-370.

OLIVEIRA, D. R. de; TEIXEIRA, M. C. M.; ALVES, U. N. L. T.; SOUA, W. A. de;
ASSUNCAO, E.; CARDIM, R. On local Hoo switched controllersign for uncertain T-S
fuzzy systems subject to actuator saturation with unknowmbership functiong:uzzy Sets
and SystemsAmsterdam, v. 1, p. 1-26, 2017.

PEDROCCHI, A.; FERRANTE, S.; De Momi, E.; FERRIGNO, G. Ermoapping
controller: a closed loop neuroprosthesis controlled hifi@al neural networksJournal of
NeuroEngineering and Rehabilitation London, v. 3, n. 1, p. 25, 2006.

PERUMAL, R.; WEXLER, A. S.; BINDER-MACLEOD, S. A. Mathematal model that
predicts lower leg motion in response to electrical stiriata Journal of Biomechanics
Oxford, v. 39, n. 15, p. 2826-2836, 2006.

PRADO, T. A.Implementacédo de um controlador PID embarcado para o contrte em
malha fechada de um estimulador neuromuscular funcional2009. 77 p. Dissertacao
(Mestrado em Engenharia Elétrica) — Faculdade de EngenpHaniversidade Estadual
Paulista, 2009.

PREVIDI, F. Identification of black-box nonlinear models fower limb movement control
using functional electrical stimulatioontrol Engineering Practice, Oxford, v. 10, n. 1, p.
91-99, 2002.

PREVIDI, F.; CARPANZANO, E. Design of a gain scheduling aatier for knee-joint angle
control by using functional electrical stimulatidieEE Transactions on Control Systems
Technology, Pistacaway, v. 11, n. 3, p. 310-324, 2003.

PREVIDI, F.; CARPANZANO, E.; CIRILLO, C. Application of a ga scheduling control
strategy to artificial stimulation of the quadriceps mustte IEEE. Control Conference
(ECC), 1999 European [S.l.], 1999. p. 2000-2005.

RAGNARSSON, K. T. Functional electrical stimulation afsginal cord injury: current use,
therapeutic effects and future directioSginal cord, London, v. 46, n. 4, p. 255-274, 2008.

RIENER, R.; FUHR, T. Patient-driven control of FES-suppdrstanding up: a simulation
study.IEEE Transactions on Rehabilitation Engineering Pistacaway, v. 6, n. 2, p. 113-124,
1998.

RIENER, R.; QUINTERN, J.; SCHMIDT, G. Biomechanical modéltbe human knee
evaluated by neuromuscular stimulatidournal of Biomechanics Oxford, v. 29, n. 9, p.
1157-1167, 1996.

RIESS, J.; ABBAS, J. Adaptive neural network control of aychovements using functional
neuromuscular stimulatiohEEE Transactions on Rehabilitation Engineering Pistacaway,
v.8,n. 1, p. 42-52, 2000.

SANCHES, M. A. A.Sistema Eletrénico para Geracdo e Avaliacdo de Movimentos



BIBLIOGRAPHY 117

em Paraplégicos2013. 186 p. Tese (Doutorado em Engenharia Elétrica) —|&ade de
Engenharia, Universidade Estadual Paulista, 2013.

SANCHES, M. A. A.; GAINO, R.; KOZAN, R. F.; TEIXEIRA, M. C. M.CARVALHO, A. A.
de; COVACIC, M. R.; ALVES, C. A.; URBAN, M. F. R.; JUNQUEIRA, W. N.; CARDIM,
R.; ASSUNCAO, E.; Gentilho Junior, E. Digital controllersign considering hardware
constraints: application in a paraplegic pati€tayvista Brasileira de Engenharia Biomédica
Rio de Janeiro, v. 30, n. 3, p. 232-241, 2014.

SANTOS, E. d. L. dos; GELAIN, M. C.; KRUEGER, E.; NOGUEIRA-NB, G. N,;
NOHAMA, P. Artificial motor control for electrically stimaited upper limbs of plegic or
paretic peopleResearch on Biomedical EngineeringRio de Janeiro, v. 32, n. 2, p. 199-211,
2016.

SANTOS, N. M. dos; GAINO, R.; COVACIC, M. R.; TEIXEIRA, M. C. M CARVALHO,
A. A. de; ASSUNCAO, E.; CARDIM, R.; SANCHES, M. A. A. Robust 6ol of the Knee
Joint Angle of Paraplegic Patients considering Norm-B@ehdncertaintiedMathematical
Problems in Engineering New York, v. 2015, p. 1-8, 2015.

SCHAUER, T.; HOLDERBAUM, W.; HUNT, K. J. Sliding-mode comwtrof knee-joint
angle: experimental results. In: ANNUAL CONFERENCE OF THTERNATIONAL
FUNCTIONAL ELECTRICAL STIMULATION SOCIETY (IFESS 2002), th., 2002,

Ljubljana. Proceedings [...] Ljubljana: [s.n.], 2002. p. 316—-318.

SCHAUER, T.; HUNT, K. J. Linear Controller Design for the §la Limb Movement of
ParaplegicslIFAC Proceedings Volumes Elsevier, v. 33, n. 3, p. 7-12, 2000.

SCHAUER, T.; NEGARD, N. O.; PREVIDI, F.; HUNT, K. J.; FRASERI. H.; FERCHLAND,
E.; RAISCH, J. Online identification and nonlinear contrbkloe electrically stimulated
quadriceps muscl€ontrol Engineering Practice, Oxford, v. 13, n. 9, p. 1207-1219, 2005.

SEEL, T.; RAISCH, J.; SCHAUER, T. IMU-Based Joint Angle Maemment for Gait
Analysis.Sensors Basel, v. 14, n. 4, p. 6891-6909, 2014.

SHARMA, N.; GREGORY, C. M.; DIXON, W. E. Predictor-Based Cpansation for
Electromechanical Delay During Neuromuscular Electr&ainulation.|IEEE Transactions
on Neural Systems and Rehabilitation EngineeringPistacaway, v. 19, n. 6, p. 601-611,
2011.

SHARMA, N.; GREGORY, C. M.; JOHNSON, M.; DIXON, W. E. Closddep neural
network-based NMES control for human limb trackitgEE Transactions on Control
Systems TechnologyPistacaway, v. 20, n. 3, p. 712-725, 2012.

SHARMA, N.; KIRSCH, N. A.; ALIBEJI, N. A.; DIXON, W. E. A Non-Linear Control
Method to Compensate for Muscle Fatigue during Neuromasdtiectrical Stimulation.
Frontiers in Robotics and Al, Laussane, v. 4, p. 68, 2017.

SHARMA, N.; MUSHAHWAR, V.; STEIN, R. Dynamic optimizationfdFES and
orthosis-based walking using simple mod®sEE Transactions on Neural Systems and
Rehabilitation Engineering, Pistacaway, v. 22, n. 1, p. 114-126, 2014.



BIBLIOGRAPHY 118

SHARMA, N.; PATRE, P. M.; GREGORY, C. M.; DIXON, W. E. Nonliae Control of NMES:
Incorporating Fatigue and Calcium Dynamics. In: ASME 2000NAMIC SYSTEMS AND
CONTROL CONFERENCE, 2009, Hollywood?roceedings [...] Hollywood: ASME, 2009.
p. 705-712.

SHARMA, N.; STEGATH, K.; GREGORY, C.; DIXON, W. Nonlinear Niwomuscular
Electrical Stimulation Tracking Control of a Human LimEEE Transactions on Neural
Systems and Rehabilitation EngineeringPistacaway, v. 17, n. 6, p. 576-584, 2009.

SILVA, T. I. da. Implementacéo de um Sistema para Geracéo e Avaliacdo de Mawentos
em Pacientes Hemiplégica2007. 197 p. Tese (Doutorado em Engenharia Elétrica) —
Faculdade de Engenharia, Universidade Estadual Paaia,

SOUZA, D. C. de; GAIOTTO, M. d. C.; Nogueira Neto, G. N.; CASDRM. C. F. de;
NOHAMA, P.; SOUZA, D. C. de; GAIOTTO, M. d. C.; Nogueira Net@, N.; CASTRO, M.
C. F. de; NOHAMA, P. Power amplifier circuits for functiondéetrical stimulation systems.
Research on Biomedical EngineeringRio de Janeiro, v. 33, n. 2, p. 144-155, 2017.

SOUZA, W. A. D.; TEIXEIRA, M.; SANTIM, M.; CARDIM, R.; ASSUNGAO, E. On
switched control design of linear time-invariant systenigypolytopic uncertainties.
Mathematical Problems in Engineering New York, v. 2013, 2013.

SOUZA, W. A. D.; TEIXEIRA, M. C. M.; CARDIM, R.; ASSUNCAO, E. @ Switched
Regulator Design of Uncertain Nonlinear Systems Using gakaigeno Fuzzy Model$EEE
Transactions on Fuzzy SystemdPistacaway, v. 22, n. 6, p. 1720-1727, 2014.

STEGATH, K.; SHARMA, N.; GREGORY, C. M.; DIXON, W. E. Nonlire tracking control
of a human limb via neuromuscular electrical stimulation. AMERICAN CONTROL
CONFERENCEE, 2008, Seattl®roceedings [...] Seattle: IEEE, 2008. p. 1941-1946.

STEIN, R.; ZEHR, E.; LEBIEDOWSKA, M.; POPOQVIC, D.; SCHEINER.; CHIZECK, H.
Estimating mechanical parameters of leg segments in ishgals with and without physical
disabilities.IEEE Transactions on Rehabilitation Engineering Pistacaway, v. 4, n. 3, p.
201-211, 1996.

STURM, J. F. Using sedumi 1.02, a matlab toolbox for optiri@aover symmetric cones.
Optimization methods and software Abingdon, v. 11, n. 1-4, p. 625-653, 1999.

SUN, Z.; BAO, X.; SHARMA, N. Lyapunov-based Model Predi&iZontrol of an Input
Delayed Functional Electrical SimulatiolrAC-PapersOnLine, Elsevier, v. 51, n. 34, p.
290-295, 2019.

TANAKA, K.; IKEDA, T.; WANG, H. O. Fuzzy regulators and fuzzgbservers: relaxed
stability conditions and Imi-based desigHsEE Transactions on Fuzzy SystemsPistacaway,
V. 6, n. 2, p. 250-265, 1998.

TANAKA, K.; WANG, H. O. Fuzzy Control Systems Design and Analysis:A Linear Matrix
Inequality Approach. New York: John Wiley & Sons, 2001.

TANIGUCHI, T.; TANAKA, K.; OHTAKE, H.; WANG, H. O. Model congruction, rule
reduction, and robust compensation for generalized fortaladgi-sugeno fuzzy systems.



BIBLIOGRAPHY 119

IEEE Transactions on Fuzzy SystemgsPistacaway, v. 9, n. 4, p. 525-538, 2001.

TEIXEIRA, M. C. M.; DEAECTO, G. S.; GAINO, R.; ASSUNCAO, E.;ARVALHO, A. A ;
FARIAS, U. C. Design of a Fuzzy Takagi-Sugeno Controller &mythe Joint Knee Angle of
Paraplegic Patients. In: Neural Information Processi@®MIP). Lecture Notes in Computer
Science, 13th., 2006, Hong Kongroceedings |[...] Heidelberg: Springer, 2006. v. 4234, p.
118-126.

TEODORO, R. GControle da posi¢cao angular da perna de voluntarios higidos com
lesdo medular utilizando estimulagéo elétrica funcional éécnicas de controle robusto e
chaveado 2018. 198 p. Tese (Doutorado em Engenharia Elétrica) —&ade de Engenharia,
Universidade Estadual Paulista, 2018.

WAGNER, F. B.; MIGNARDOT, J.-B.; LE GOFF-MIGNARDOT, C. G.; EMESMAEKER,
R.; KOMI, S.; CAPOGROSSO, M.; ROWALD, A.; SEANEZ, |.; CABANVI.; PIRONDINI,
E.; VAT, M.; MCCRACKEN, L. A.; HEIMGARTNER, R.; FODOR, I|.; WARIN, A.;
SEGUIN, P.; PAOLES, E.; VAN DEN KEYBUS, K.; EBERLE, G.; SCHWUH, B.;
PRALONG, E.; BECCE, F.; PRIOR, J.; BUSE, N.; BUSCHMAN, R.; NEELD, E.;
KUSTER, N.; CARDA, S.; ZITZEWITZ, J. von; DELATTRE, V.; DENBON, T.; LAMBERT,
H.; MINASSIAN, K.; BLOCH, J.; COURTINE, G. Targeted neurcteology restores walking
in humans with spinal cord injuriNature, London, v. 563, n. 7729, p. 65-71, 2018.

WANG, L.-X.; MENDEL, J. M. Fuzzy basis functions, universgbproximation, and
orthogonal least-squares learnihgEE Transactions on Neural Networks Pistacaway, v. 3,
n.5, p. 807-814, 1992.

WANG, Q.; SHARMA, N.; JOHNSON, M.; DIXON, W. E. Adaptive invee optimal
Neuromuscular Electrical Stimulation. In: IEEE INTERNAINAL SYMPOSIUM ON
INTELLIGENT CONTROL, 2010, Yokoham&roceedings [...] Yokohama: IEEE, 2010. p.
1287-1292.

WANG, Q.; SHARMA, N.; JOHNSON, M.; DIXON, W. E. Asymptotic ¢nal control
of neuromuscular electrical stimulation. In: IEEE CONFEREE ON DECISION AND
CONTROL (CDC), 49th., 2010, Atlant®roceedings [...] Atlanta: IEEE, 2010. p. 839-844.

WANG, Q.; SHARMA, N.; JOHNSON, M.; GREGORY, C. M.; DIXON, W..EAdaptive
Inverse Optimal Neuromuscular Electrical StimulatidBEE Transactions on Cybernetics
Pistacaway, v. 43, n. 6, p. 1710-1718, 2013.

WATERS, R. L.; MCNEAL, D. R.; PERRY, J. Experimental correct of footdrop by
electrical stimulation of the peroneal nerdeurnal of Bone and Joint Surgery, Needham,
v.57,n. 8, p. 1047-1054, 1975.

WESTERBLAD, H.; BRUTON, J. D.; ALLEN, D. G.; LANNERGREN, J.uactional
significance of Ca 2+ in long-lasting fatigue of skeletal slasEuropean Journal of Applied
Physiology, Heidelberg, v. 83, n. 2-3, p. 166—-174, 2000.

WIESENER, C.; AXELGAARD, J.; HORTON, R.; NIEDEGGEN, A.; SGYER, T. Func-
tional electrical stimulation assisted swimming for paegpcs. In: ANNUAL CONFERENCE
OF THE INTERNATIONAL FUNCTIONAL ELECTRICAL STIMULATION SOCIETY,



BIBLIOGRAPHY 120

22nd., 2018, NottwilProceedings [...] Nottwil: IFESS, 2018. p. 1-4.

WU, L.; WU, Q.; ZHANG, Q.; XIONG, C. Electrically induced jot movement control
with iterative learning algorithm. In: INTERNATIONAL CONERENCE ON ADVANCED
ROBOTICS AND MECHATRONICS (ICARM), 2nd., 2017, HefdProceedings [...] Hefei:
IEEE, 2017. p. 426-430.

YANG, R.; QUEIROZ, M. de. Adaptive control of the nonlineagparameterized limb
dynamics with application to neuromuscular electricainsiation. In: AMERICAN
CONTROL CONFERENCE (ACC), 2016, Bostdrroceedings [...] Boston: IEEE, 2016. p.
4883-4888.

YANG, R.; QUEIROZ, M. de. Robust Adaptive Control of the Nmdarly Parameterized
Human Shank Dynamics for Electrical Stimulation Applicat.Journal of Dynamic
Systems, Measurement, and ControINew York, v. 140, n. 8, p. 081019, 2018.

ZHOU, B. Analysis and design of discrete-time linear systevith nested actuator saturations.
Systems & Control Letters, Amsterdam, v. 62, n. 10, p. 871-879, 2013.



	INTRODUCTION
	Context of the problem
	Objectives
	General
	Specific

	Justification
	Thesis outline

	CLOSED-LOOP CONTROL TECHNIQUES APPLIED TO MOTOR REHABILITATION OF THE KNEE JOINT USING ELECTRICAL STIMULATION: A SURVEY OF THE STATE-OF-THE-ART AND FUTURE PERSPECTIVES
	Introduction
	Basic principles of electrical stimulation
	What happens when an electric stimulus is applied to the muscle?
	What is the difference between natural and artificial neural activation?
	Which fibers are recruited during electrical stimulation and what does this influence?
	What is the importance and purpose of modeling?
	What is the difference between open-loop and closed-loop?
	What should be considered in modeling?

	Literature review methodology
	Identification and control techniques for the knee joint using FES
	Identification techniques
	Closed-loop control techniques
	Specifications for experimental validation
	Controller performance indexes
	Level and time of spinal cord injury
	Benefits of FES
	Limitations of closed-loop FES systems
	Fatigue
	Spasticity
	Number of volunteers

	Perspectives

	Conclusion

	ISOMETRIC CONTRACTION IMPROVEMENT FOR ELECTRICAL STIMULATION UNDER NON-IDEAL CONDITIONS USING SWITCHED CONTROLLER SUBJECT TO ACTUATOR SATURATION
	Introduction
	Nonlinear dynamic model for leg extension using electrical stimulation
	TS fuzzy models
	TS fuzzy representation of the knee joint

	Switched control design subject to actuator saturation
	Example: paraplegic individual P1

	Results and discussion
	Ideal conditions
	Non-ideal conditions
	Fault in the actuator and parametric uncertainty in the muscle recruitment
	Muscle fatigue, tremor and spasms

	Critical analysis
	Switched controller perfomance: advantages and limitations
	Complementing the design procedure proposed by Gaino2017c

	Future works

	Conclusions

	A NEW ACCELERATION-BASED MODEL APPLIED TO ELECTRICALLY STIMULATED LOWER LIMBS
	Introduction
	Acceleration-based proposed model
	Example: knee joint

	TS fuzzy representation
	TS fuzzy models for acceleration-based knee joint model

	TS fuzzy control design
	TS fuzzy controller
	Stabilization and constraints in the control design
	Decay rate
	Input constraint
	Operation region

	Controller for acceleration-based knee joint model

	Conclusion

	STATE-SPACE MODEL IDENTIFICATION FOR ELECTRICALLY STIMULATED LOWER LIMB USING GRAY-BOX APPROACH
	Introduction
	Dynamic Model of the Lower Limb Motion Evoked by Electrical Stimulation
	Linearized State-Space System

	Materials and Methods
	Subjects
	Inclusion criteria
	Exclusion criteria

	Plataform
	Experimental Setup
	Assay A: identification based on step signal
	Assay B: load disturbance
	Assay C: one-day interval after repetitive tests
	System identification procedure

	Results and Discussion
	Identification based on step signal
	Load disturbance
	One-day interval after repetitive tests using step signal
	Limitations

	Conclusion

	GENERAL CONCLUSION
	Future works
	Scientific publications

	 BIBLIOGRAPHY            
	 APPENDIX A - GAINS AND POSITIVE DEFINITE SYMMETRIC MATRIX FOR ACCELERATION-BASED MODEL
	 APPENDIX B - STATE-SPACE MODEL IDENTIFICATION FOR ELECTRICALLY STIMULATED LOWER LIMB



