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FES on the Wrist Joint’s 1-DOF Movement
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Abstract: The Feedback Error Learning (FEL) for
Functional Electrical Stimulation (FES) controller
was examined through computer simulation using a
musculoskeletal model. Dorsi and palmar flexions of
the wrist was controlled by stimulating the extensor
carpi radialis longus/brevis (ECR) and the flexor
carpi ulnaris (FCU). The computer simulation
results were similar to those of experiments
performed previously with a neurologically intact
subject. Furthermore, it was shown that the
Artificial Neural Network (ANN) trained with fast
movement could control the slower one. The
feasibility of the FES controller using the FEL was
also shown by the computer simulation. The model
simulation was considered to be a good method to
advance the FES research.

Introduction

Functional Electrical Stimulation (FES) is an
advancing technology for restoring paralyzed motor
functions caused by the spinal cord injury or the stroke.
One of the main subjects of FES study is to develop a
controller that restores movements precisely and stably.
Open-loop controllers usually used at clinical sites have
problems that they need initial and periodical
adjustments in stimulation patterns, which are
burdening both patients and medical staffs. The multi-
channel PID controller developed by our research group
[1] performed good tracking on 2-DOF movements of
the wrist joint stimulating four muscles. However, the
tracking error increased as the velocity of the desired
movement was high.

The Feedback Error Learning (FEL) [2] controller
was a hybrid regulator with a feedforward and a
feedback controller, which was supposed to make up for
their weak points each other. Our research group
showed the feasibility of the FES controller using FEL
through the experiments with an able bodied subject [3].
Further examinations of the FEL controller under
various conditions are desired for clinical application.
Computer simulation is considered to be preferable to
experiments with subjects for the examination since it is
difficult to perform a number of experiments with
subjects.

In this paper, the FES controller based on the FEL
was examined by using the musculoskeletal model

developed by our group [4]. The musculoskeletal model
could express different muscle properties easily, which
wasn’t possible by the forward dynamics model used in
the previous study [3]. First, learning and control ability
of a trained feedforward controller was tested applying
to a different subject model. Then the capability of the
FEL FES controller was examined in tracking periodic
movements with several different cycle periods.

Materials and Methods

Feedback Error Learning FES Controller: Figure 1
shows the diagram of the contro]l system. The FEL
controller consists of a feedforwad controller and a
feedback controller. In this study, the PID controller [1]
was used as a feedback controller. Three-layered
perceptron neural network shown in Figure 2 was used
as a feedforward controller. The number of neuron was

18 for the input layer, 18 for the hidden layer and 2 (the
number of muscles stimulated) for the output layer. The

Figure 1. The block diagram of the control system

Figure 2. 3-layered perceptron neural network for the
feedforward controller



inputs of the neural network were desired angle, angular
velocity and angular acceleration at the time ¢ to 1+5.
The output function of the neurons in the second and the
third layer was the sigmoid function whose output was
between 0 and 1. The neural network was trained by the
error back-propagation algorithm using the output of the
feedback controller as the error signal.

Computer Simulation: The musculoskeletal model
designed based on Hill-type model of muscle [4] was
used as the control object. Movements of the elbow, the
forearm and the wrist could be controlled by stimulating
15 muscles with the shoulder joint fixed at an arbitrary
angle of flexion/extension and rotation. The muscle
model had nonlinear length-force and velocity-force
relationships, recruitment characteristics and activation
dynamics. Nonlinear joint angle dependency of moment
arm and passive viscoelastic property were also
included into the model.

The wrist movement was controlled by the electrical
stimulation of the extensor carpi radialis
longus/brevis (ECR) and the flexor carpi ulnaris (FCU).
The desired trajectory was given by a sinusoidal angle
trajectory  with 30 degrees in peak-to-peak
amplitude (25 degrees in the palmar-flexion, 5 degrees
in dorsi-flexion). 6 cycles of the movement were
included in one control trial. Computer simulations
under the two conditions were performed in this study
as follows:

1. Muscle properties for control are different from
those for training

The cycle period of the desired trajectory was 2
seconds. Firstly the neural network was learned on the
musculoskeletal ~model  with  certatin  muscle
property (model A). Then the trained ANN was applied
to the control of a different musculoskeletal model
which had different properties in input-output
characteristic and step response (model B). Figure 3
shows the input-output characteristics and step response
of the muscles of the model A and the model B.

2. Cycle period of the desired trajectory for control
is different from it for training

Firstly the ANN was trained through the control of
tracking the sinusoidal angle trajectory with 2, 5 or 10
seconds in cycle period. Then the trained ANN was
applied to the control of tracking the trajectory with 2, 5
and 10 seconds in cycle periods.

Results

The control results of the first and the 24th trials are
shown in Figure 4. It is obvious that the control error
and delay seen in the first trial were reduced in the 24th
trial. The stimulation outputs of the controller were
mainly determined by the PID controller in the first trial
[Figure 4 (A) (b)], while they were determined by the
ANN in the 24th trial [Figure 4 (B) (b)]. The
feedforward controller constructed by learning of the
ANN enabled the controlling of fast movements with
less delay and error.

Figure 5 shows the changes in mean error and power
ratio when the neural network was trained with random
weights or the prerained weights as initial value. The

—ECR model A
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| ===ECR model B
40 e=== FCU model B
= 204
)
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(a) input-output characteristic
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(b) step response

Figure 3. Properties of muscles in the input-output
characteristic and the step response used for the ANN
training (model A) and for examination with a different
subject (model B)

error was small and the power ratio was high at the first
trial if the neural network was pretrained. Furthermore,
the mean error was reduced enough and better control
was achieved after a few iterations of training of the
pretrained ANN. On the other hand, about 40 iterations
were required for the training when the ANN training
was started with random weights.

Figure 6 shows the mean error obtained from the
control of tracking movements with different cycle
periods from those for training. Computer simulation for
the training was conducted 5 times changing the initial
values of the ANN’s weights. The graph shows the
mean value of the 5 results. The mean error was
smallest when the cycle period for control was same as
that for training. The ANN trained with fast movements
could also control the slower movements than the
movement for training with small mean error.

Discussion

The FES controller using the FEL was examined by
the musculoskeletal model. The computer simulation
could predict similar results to the experiment with a
neurologically intact subject [3]. That is, the mean error
and the delay were reduced after the training of the
ANN and the number of iterations required for training
of the ANN was reduced by the pretraining (Figure 5).



