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 NONLINEAR SYSTEMS
 ADAPTIVE CONTROL / EXTREMUM SEEKING
 SLIDING MODE CONTROL
 TIME DELAYS
 PDEs
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MOTIVATION
STROKE DISEASE IN THE WORLD



11

MOTIVATION

FES/NMES  – AUTOMATED PHYSIOTHERAPY

Impact in social life / Depression

Traditional Physioterapy

 motor disorder
 spasticity



12

APPLICATION TO FUNCTIONAL ELECTRICAL 
STIMULATION (FES)

Definition (Wikipedia):
FES is a technique that uses low energy electrical
pulses to artificially generate body movements in
individuals who have been paralyzed due to injury to
the central nervous system. More specifically, FES can
be used to generate muscle contraction in otherwise
paralyzed limbs to produce functions such as grasping,
walking, bladder voiding and standing …

Human‐in‐the‐loop!

(NMES – Neuromuscular Electrical 
Stimulation) 
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ASSISTIVE ROBOTICS FOR STROKE PATIENTS 

– Motor disorder

– Spasticity (hypertonia)

– Physiotherapy

Rehabilitation

– Passive or active movement

– Closed-loop feedback aids patients’ recovery

– Design control laws for NMES
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ELECTRODES AND ELECTRICAL SIGNAL 

(Pulse Amplitude Modulation) (Flexion and Extension 

for Upper limbs)
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MATERIALS AND METHODS 

Instrumentation

– Goniometer to obtain the elbow angle

– Programmable NMES (to avoid discomfort to the patient)

– Interface and control code developed using LabVIEW 12.0

Mechanical Apparatus and Experimental Setup

– a single degree of freedom



16

MATERIALS AND METHODS 

Volunteers
– Healthy volunteers

– Stroke Patients 

– Focus on upper limbs

– Extension and flexion movements

– Four sets of movements up to 45º

(measured angle y)



17

EXPERIMENTS WITH STROKE PATIENT WITHOUT STIMULATION
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EXPERIMENTS WITH STROKE WITH PID CONTROLLER

PID WITH FIXED GAINS
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FIXED GAINS – BAD TUNE
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CHALLENGES FOR MODELING AND ACTUATION 
– Different kinds of lesion (parametric/relative degree
uncertainties)

– Patient response changes over time (time-varying system)

– Saturation, dead-zone and fatigue (nonlinear phenomena)

– Gravity action (disturbances for upperward movements)

– Hybrid bidirectional actuator (biceps and triceps)

–Time delays (small but present)
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CONTROL OBJECTIVES 

● To apply Extremum Seeking algorithms to adapt
the PID gains in order to achieve robustness for
different patients

● Previous Works:

– Simple PI controller (demands a long process of tuning)

– Filtered Sliding Mode Control + Time-scaling technique (time
dilation of the system responses, Padé approximations,
singular perturbation theory)

– Combination of both...
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PREVIOUS WORK WITH STROKE PATIENTS
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ADAPTIVE CONTROL STRATEGY 

Which Controller? Adaptive Control!
– Conventional Adaptive Control (control parametrization)

– Model Reference Adaptive Control (delays/relative degree 
obstacles)

– PID with Extremum Seeking for adaptation

Automatic controller tuning: adaptation
– May solve the huge gap between healthy volunteers and 
stroke patients



24

PROPOSED CONTROLLER (PID + ES) 



Standard ES for Quadratic Map:

Hessian H > 0: Minimization
Hessian H < 0: Maximization

Dither Signals:   

Averaging System: (Hessian H > 0 and K < 0)

Estimation error tends to 

BASICS OF DETERMINISTIC EXTREMUM SEEKING

(by using Averaging Theorem)



BASICS OF DETERMINISTIC EXTREMUM SEEKING

SIMULATION
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BASICS OF STOCHASTIC EXTREMUM SEEKING
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BASICS OF STOCHASTIC EXTREMUM SEEKING
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STOCHASTIC PERTURBATION

BASICS OF STOCHASTIC EXTREMUM SEEKING
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0

If has a minimum at 

BASICS OF STOCHASTIC EXTREMUM SEEKING
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BASICS OF STOCHASTIC EXTREMUM SEEKING
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BASICS OF STOCHASTIC EXTREMUM SEEKING
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0 0

BASICS OF STOCHASTIC EXTREMUM SEEKING
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BASICS OF STOCHASTIC EXTREMUM SEEKING
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BASICS OF STOCHASTIC EXTREMUM SEEKING

SIMULATION
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PROPOSED CONTROLLER (PID + ES) 
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DETERMINISTIC versus STOCHASTIC EXTREMUM SEEKING



EXPERIMENTAL RESULTS
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EXPERIMENTAL RESULTS
PATIENT 1



Paulo PazBusca Extremal Determinística e Estocástica Aplicada à Estimulação Elétrica Neuromuscular em Pacientes com AVC

EXPERIMENTAL RESULTS
PATIENT 2



Paulo PazBusca Extremal Determinística e Estocástica Aplicada à Estimulação Elétrica Neuromuscular em Pacientes com AVC

EXPERIMENTAL RESULTS
PATIENT 3
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EXPERIMENTAL RESULTS
PATIENT 4



Paulo PazBusca Extremal Determinística e Estocástica Aplicada à Estimulação Elétrica Neuromuscular em Pacientes com AVC

EXPERIMENTAL RESULTS
HEALTHY VOLUNTEER 1
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EXPERIMENTAL RESULTS
HEALTHY VOLUNTEER 2
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EXPERIMENTAL RESULTS
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CONTRALATERAL MOVEMENT

PATIENT 5
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CONTRALATERAL MOVEMENT



Paulo PazBusca Extremal Determinística e Estocástica Aplicada à Estimulação Elétrica Neuromuscular em Pacientes com AVC

EXPERIMENTAL RESULTS OF 4 STROKE PATIENTS 
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EXPERIMENTAL RESULTS OF 4 STROKE PATIENTS 



REAL EXPERIMENT WITH STROKE PATIENT
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CONCLUSION

 Stochastic Extremum Seeking-based PID is a self-tuning, fatigue resistant control
method for NMES-based therapies.

 In spite of the nonlinearities and time-varying properties of the NMES process, 
it was satisfactorily approached by the proposed adaptive PID controller via 
stochastic ES.

 Good tracking performance can be achieved after reduced number of the
algorithm iteractions.

 According to our experiments, the proposed adaptive control approach 
had presented good performance results to reach the target angle.
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TALKS AND PUBLICATIONS
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