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Control of FES Cycling Considering Muscle Fatigue
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ABSTRACT

The purpose of this work is to develop the FES controller that can cope with the muscle fatigue which is one of the
most important problems of current FES (Functional Electrical Stimulation). The feasibility of the proposed FES
controller was evaluated by simulation. We used a fitness function to describe the effect of muscle fatigue and recovery
process. The FES control system was developed based on the biological neuronal system. Specifically, we used PD
(Proportional and Derivative) and GC (Gravity Compensation) control, which was described by the neuronal feedback
structure. It was possible to control of multiple joints and muscles by using the phase-based PD and GC control method
and the static optimization. As a result, the proposed FES control system could maintain the cycling motion in spite of
the muscle fatigue. It is expected that the proposed FES controller will play an important role in the rehabilitation of SCI

patient.
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Fig. 2 The block diagram of the purposed control system
(p: the goal angle, @ : joint angle, & : joint
angular velocity, i: joint number, j: phase number)
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Fig. 3 Neuro-musculo-skeletal system
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fit(¢) . fitness of muscle
Sfitmin : the minimum fitness

s(¢) : stimulation intensity
Ty : time constant for fatigue

T\ : time constant for recovery
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Fig. 4 Muscle model
Hamstrings: muscle group of biceps femoris,
semitendinous, and semimembranosus, Vasti:
muscle group of vastus lateralis, vastus medialis
and vastus intermedius
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Fig. 6 Phases of cycling motion
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i : joint number, j : phase number
feed : feedback signal to the nervous system

k,c : proportional and derivative coefficients
(k,c>0)

#,0: joint angle and angular velocity -

p: goal position

INV,(0,0,0) : inverse dynamics calculating the joint
torque as output with zero angular acceleration,
zero angular velocity and current angle vector
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Fig. 7 Muscle force with and without fatigue
(solid: without fatigue, dashed: with fatigue)
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Fig. 8 Fitness, stimulation intensity and force of vasti

and hamstrings of right leg
(solid: muscle force, dashed: activation state)
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Fig. 10 Crank Velocity and Knee Moment pattern
(TR: Transition Area, Ext: extension moment,
Flex: flexion moment)
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