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Short Paper

A Test of Stimulation Schedules for the Cycle-to-Cycle Control of Multi-joint
Movements in Swing Phase of FES-induced Hemiplegic Gait

Achmad Arifin' ', Takashi Watanabe’, Makoto Yoshizawa , Nozomu Hoshimiya3
IGq:acluate School of Engineering, Tohoku University
‘Information Synergy Center, Tohoku University
‘Tohoku Gakuin University

Abstract  This paper described a computer simulation test of six different stimulation schedules for the cycle-to-cycle control of swing
phase of functional electrical stimulation (FES) induced hemiplegic gait. The stimulation schedules were evaluated in controlling the hip,
the knee and the ankle joint movements on the point of view of acceptable quality of the gait that was similar to the natural gait pattern.
Five stimulation schedules were knowledge-based stimulation schedules and one stimulation schedule was an EMG-based stimulation
schedule. Two acceptable stimulation schedules were found by the evaluation. Results of this study showed that combination of the timing
pattern of muscle activation and knowledge of joint movements and muscle function is necessary in design of stimulation schedule for FES
gait. Co-activation of the ilopsoas, the hamstrings and the vastus muscle at the beginning of swing phase and that of the tibialis anterior and
the soleus at the end of swing phase were found to be effective in controlling swing phase. The knowledge-based generation of stimulation
schedule would be effective and necessary in clinical application.

Key Words: FES, Cycle-to-cycle control, Hemiplegic gait, Stimulation schedule

1. Introduction electrical stimulation (FES) l'a). Since implementation of the
The cycle-to-cycle control is a control method of FES gait that multi-joint control is essential for practical use of the cycle-to-
regulates stimulation burst duration of stimulation pulses of a cycle control, we have implemented the cycle-to-cycle control
current cycle of gait based on the performance of previous cycles, in fuzzy controllers and have found that it would be effective in
whereas pulse width, amplitude and frequency are fixed. The controlling multi-joint movements during swing phase of FES
target joint angles are some important points of the joint angle gait 3). A test of the quality of FES-induced gait would be required
during a particular gait phase (e.g., maximum joint angles and in the next stage for practical application of the cycle-to-cycle
joint angles at initial contact). In this method, parameter of the control.
stimulation pulses that has direct relationship to the achievement In the cycle-to-cycle control, sequence of the muscle
of the target joint angle is the stimulation burst duration. Fixing of stimulation is arranged in a stimulation schedule, which is relevant
the amplitude, the pulse width and the frequency of the stimulation to quality of the FES gait. In our previous studies, the stimulation
pulses is aimed to generate a stable muscle force. By regulating schedule was created based on knowledge of joint movements
the stimulation burst duration, the controlled joint angle is affected during a particular gait phase and muscle functions. As the other
to reach the target joint angle. Since the trajectory-based control method of creating stimulation schedule, the EMG pattern can be
method does not show effectiveness in generating smooth joint used. In this paper, in order to test the concept of design of the
angle trajectories, the cycle-to-cycle control is expected to be an stimulation schedule, we tested six different stimulation schedules
alternative. for the cycle-to-cycle control for multi-joint control of swing
The cycle-to-cycle control showed capability to realize target phase of FES-induced hemiplegic gait including an EMG-based
joint angle in single-joint control of gait induced by functional stimulation schedule. The other five stimulation schedules that

were knowledge-based stimulation schedules were included in

order to test effectiveness of the knowledge used in the design
Received Mar 3, 2005 ; Accepted Sep 28, 2005
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of the previous stimulation schedule. The test was performed in
computer simulation using an electrically stimulated musculo-

comparing the estimated joint angle trajectories of FES control to
measured trajectories of the normal gait.
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Fig.1 Six different stimulation schedules for multi-joint control. *:
beginning of stimulation {maximum hip extension angle, maximum
knee extension angle, and maximum ankle dorsiflexion angle at
the end of stance phase). Control objective: I: maximum ankle
plantar flexion angle, 2: maximum knee flexion angle, 3: maximum
hip flexion angle, 4: maximum ankle dorsiflexion angle, and 5:
maximum knee extension angle and hip and ankle angles at initial
contact. The underlined muscle name and filled stimulation timing in
the stimulation schedules B-E are the points to be tested according
to the stimulation schedule A. See text in detail.

2. Methods
2.1 Stimulation Schedule

Fig.1 shows the six stimulation schedules for the cycle-to-cycle
control that were tested in this paper. Beginnings of the muscle
stimulation were at the maximum hip extension, maximum knee
extension or maximum ankle dorsiflexion angles at the end of
stance phase. In normal gait, those maximum joint angles usually
occur at different time in a cycle of gait. In order to facilitate the
computer simulation, we assumed these maximum joint angles
occurred simultaneously.

The stimulation schedule A was designed in the previous
study 3). Stimulation of the iliopsoas, the hasmtrings (the
biceps femoris long head and the biceps femoris short head)
and the quadriceps (the rectus femoris and the vastus muscles)
was to produce the joint movements reaching the targets of
maximum hip flexion angle, maximum knee flexion angle, and
maximum knee extension angle, respectively. Stimulation of
the gastrocnemius medialis and the tibialis anterior muscles
was to produce ankle joint movements reaching the targets
of maximum ankle plantar flexion angle and maximum
ankle dorsiflexion angle, respectively. The stimulation of the
hamstrings formed co-activation of the biceps femoris long
head and the iliopsoas, which was aimed to avoid excessive hip
flexion at the beginning of swing phase. In order to keep the hip
joint in flexion and reaching the target of hip joint angle at initial
contact, the iliopsoas was stimulated again after the hip joint
reached the target maximum hip flexion angle. The co-activation
of the tibialis anterior and the soleus was to prevent unstable
movements of the ankle joint at the end of swing phase.

The following five stimulation schedules were designed in
order to test design concept in the stimulation schedule A. In the
stimulation schedule B, the hamstrings were stimulated after the
ankle joint angle reached the target of maximum plantar flexion,
in order to reduce excessive knee flexion caused by simultaneous
stimulation of the hamstrings and the gastrocnemius medialis as
seen in movement developed by the stimulation schedule A Y
We also omitted the co-activation of the tibialis anterior and the
soleus in order to test the significance of that. The stimulation
C was aimed at testing of effect of omitting the stimulation of
the gastrocnemius medialis at the beginning of control on knee
flexion. Effect of the co-activation of the vastus muscles with
the hamstrings in the knee flexion at the beginning of swing
phase was tested in the stimulation schedule D. The stimulation
schedule E was to test effect of the stimulation schedule D when
the stimulation of the soleus substituted for the gastrocnemius
medialis in inducing the ankle plantar flexion. Possibility of using
stimulation schedule based on EMG data  was tested in the
stimulation schedule F.
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2.2 Computer Simulation

We designed musculo-skeletal model for hemiplegic FES gait. The
model consisted of the electrically stimulated muscle model K and
the skeletal system model. The skeletal system model consisted
of a paralysed leg and a normal leg. The paralysed leg model was
activated by the electrically stimulated muscle. Movements of the
normal leg model were simulated using the joint angle trajectories
measured from a normal subject. Parameters values of musculo-
skeletal mode!l were obtained from literature ”.

Computer simulation test of the designed stimulation schedules
was performed using a set of fuzzy controllers " In this test, the
cycle-to-cycle control was initiated with zero burst durations of
stimulation pulses for 200-cycles stimulation courses of swing
gait. The burst duration of the vastus muscles at the beginning
of control of stimulation (co-activation with the hamstings) of
the stimulation schedule D was determined by a ratio of it to
the stimulation burst duration of the hamstrings. We tested the
stimulation schedule D using five different burst durations of the
stimulation of the vastus muscles: 0.1, 0.2, 0.3, 0.4 and 0.5 of the
burst duration ratio. The controlled joint angles of each stimulation
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Fig.2 Trajectories of the controlled joint angles of each stimulation
schedule generated by model simulation. The measured joint angle
trajectories of the normal gait are also shown in each figure. Hip
flexion, knee flexion and ankle dorsiflexion are towards positive
angles. Hip extension, knee extension and ankle plantar fiexion are
shown by negative values.
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schedule were obtained under the condition that all the controlled
joint angles reached the target joint angles (the well-controlled
gait). In case the well-controlled gait could not be reached, the
joint angles were obtained in the 200th cycle.

The controlled joint angle trajectories were evaluated by
comparing them to the joint angle trajectories of the normal gait.
Criteria of evaluation of the stimulation schedules were root-mean-
squared (RMS) error, stride length and minimum foot clearance.
The RMS error was the RMS value of difference between the
controlled joint angle generated in computer simulation and the
joint angle measured from normal subjects. The stride length was
defined as distance of horizontal displacement of the heel from the
beginning of the swing gait to the end of that. The minimum foot
clearance was defined as the minimum height of the toe during the

swing phase.

3. Results
The trajectories of the controlled joint angles of each stimulation
schedule obtained from the computer simulations are shown in

Fig.2 comparing to the joint angles measured from the normal

Normal gait pattern

NAAA S LA

FES gait pattern

AAAL LN

>

SRV NN
AN L AN
PANA L L DA
NAAA T NN

AMMLLL

Fig.3 Stick picture of the controlled gait pattern generated by each stimulation
schedule. The biack leg in the simulated FES gait is the controlled
paralyzed swing leg and the grey leg is the normal stance leg.
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Table | Performance evaluation of stimulation schedule

Stimulation RMS error (deg) Stride Min foot Timing of
hedul - - length clearance min foot

Hip Koee  Ankle  Towl (em) (cm) clearance (%)
angle  angle  angle

A 9.7 229 74 40.0 1203 20 59.4

B 193 6.8 11 372 1203 -6.1 9.0

C &1 24.1 8.0 402 120.3 0.1 39.6

D 10.2 9.4 8.6 382 1207 22 381

E 6.2 16.7 10.3 332 193 0.3 62.1

4 274 28.5 12.2 68.1 67.3 -6.9 13.1

gait. Time was normalized to the duration of the swing gait.
Result of performance evaluation of the stimulation schedules was
summarized in Table 1. Stick pictures shown in Fig.3 represents
pattern of the FES-induced gait of each stimulation schedule and
the normal gait.

Stimulation of the hamstrings and the gastrocnemius medialis
in the stimulation schedule A caused beginning of knee flexion
earlier than the normal gait in the normalized time. However, the
stick picture in Fig.3 shows that the controlled gait pattern was not
absolutely different from the normal gait pattern. The stimulation
schedule B resulted in the gait pattern that was different from the
normal gait (Fig.3). The stimulation schedule C caused longer
stimulation of the hamstrings resulting in an early flexion of the
knee joint as shown in Fig.2 (c). Additionally, the target joint angle
of the maximum ankle plantar flexion was not realized as shown
in Fig.2 (c) and the minimum foot clearance was very small (Table
1). In case of stimulation schedule D, when the burst duration was
greater than 0.3, the number of cycle required to reach the well-
controlled gait increased. In case the burst duration ratio was 0.3
(Fig.2 (d)), the RMS error of the knee joint angle was smaller
than that of the stimulation schedule A (Table 1). The stimulation
of the soleus to induce ankle plantar flexion at the beginning of
swing phase of the stimulation schedule E resulted in very small
minimum foot clearance (Table 1). The stimulation schedule F
resulted in beginning of flexion of the hip joint earlier than the
normal gait. The knee could not reach the target of maximum knee
flexion angle (Fig.2 (f)). The gait pattern was obviously different
from the normal gait pattern (Fig.3).

4. Discussion

Considering the values of evaluation criteria, the stimulation
schedule D is preferable to other stimulation schedules. The
stimulation schedule A may also be accepted in clinical use.
The total RMS errors of both stimulation schedules were not
significantly different. The values of minimum foot clearance of
the both stimulation schedules were close to the average value
of the normal gait (2.I9cm)7). If the controlled joint angles that
are highly similar to the angles of the normal gait are desirable,
modulation of stimulation pulse intensity is considered to be
an alternative. Although the gait patterns of the stimulation
schedules C and E in Fig.3 were not so far from the normal gait

pattern, these stimulation schedules should not be used in clinical
application because the values of the minimum foot clearance
were very small. Control of FES-induced gait is not a single-
solution problem. Assessment of the controlled FES gait on the
point of view of the quality of the gait performed in this study is
one of method in evaluating the design of the stimulation schedule
for FES gait control. Two acceptable stimulation schedules were
found by the evaluation. Appropriate stimulation schedule for each
patient should be determined in clinical tests.

Combination of the information of timing pattern of muscle
activation and the knowledge about joint movements and muscle
function will be necessary in design of the stimulation schedule
for FES gait. Although the stimulation schedule F was based
on timing pattern of the EMG, the gait pattern generated by the
stimulation schedule F was far from the normal gait pattern. The
timing patterns of several muscles can be easily captured from
EMG. However, in current state of the cycle-to-cycle control,
the electrical stimulation was in fixed intensity. Furthermore, the
EMG-based stimulation schedule requires several corrections.
Kobetic and Marsolais * reported that an initial stimulation pattern
based on the EMG pattern could not generate appropriate joint
angle trajectories. The stimulation pattern was refined through
several manual corrections during experiment. The manual
correction of the stimulation pattern during the experiment would
be burden to the patient. Although a final stimulation pattern of
one patient can be generated, the manual correction is required
when it is applied to other patient.

The co-activation of the iliopsoas, the hamstrings and the vastus
muscles was found to be effective in controlling swing phase.
Although change of timing of the stimulation of the hamstrings
in the stimulation schedule B improved the knee joint angle
trajectory, the omitted co-activation of the biceps femoris long
head and the iliopsoas at the beginning of the swing control caused
excessive hip flexion as seen in Fig.2 (b). The co-activation of the
vastus muscles and the hamstrings in the stimulation schedule D
could improve knee joint angle trajectory as seen in decreasing
of the RMS error. The stimulation of the gastrocnemius medialis
induced the ankle joint reaching the target of the maximum ankle
plantar flexion angle. However, significance of the gastrocnemius
stimulation in swing phase control is not clear yet. The results
showed that absence of the gastrocnemius medialis stimulation
and replacement of the gastrocnemius medialis stimulation with
the soleus generated the trajectory of the ankle joint that was not
significantly different from the normal gait trajectory. The absence
of the gastrocnemius medialis stimulation would not become
a severe problem in swing phase control. The co-activation of
the tibialis anterior and the soleus was found to be effective in
controlling the ankle joint at the end of the swing phase because it
increased the ankle joint stiffness. Without the co-activation of the
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tibialis anterior and the soleus in the stimulation schedules B and F,
the ankle joint angle was influenced by the hip and the knee joint
movements as seen in Figs 2 (b) and 2 (f), respectively.

Generation of the stimulation schedule for the cycle-to-cycle
control based on qualitative knowledge about the joint movements
and muscle functions is easier than the generation of stimulation
pattern through an optimization method. Yamaguchi and Zajac
Y generated stimulation pattern for FES gait by a dynamic
optimization method. The optimized stimulation pattern was
tested through a computer simulation. The joint angle trajectories
generated by the optimized stimulation pattern was claimed to be
similar to the joint angle trajectories of the normal gait. However,
because of the complexity of the skeletal system model, the
optimization method for generation of the stimulation pattern for
FES gait was difficult. Additionally, the optimized stimulation
pattern would be impractical for implementing closed-loop control.
In the point of view of the simplicity of design and practicality in
the closed-loop control scheme, the knowledge based stimulation
schedule in this study is preferable.

5. Conclusions

We tested six different stimulation schedules for the cycle-to-
cycle control of swing phase of FES-induced hemiplegic gait in
the point of view of the quality of gait by computer simulation.
The acceptable stimulation schedules were found by considering
the evaluation criteria. The results showed that combination of
the information of timing pattern of muscle activation and the
knowledge about joint movements and muscle function would
be necessary in design of the stimulation schedule for FES gait.
The co-activation of the iliopsoas, the hamstrings and the vastus
muscles at the beginning of swing phase and that of the tibialis
anterior and the soleus at the end of swing phase were found to be
effective in swing phase control. Future study will be addressed
to clinical test of the acceptable stimulation schedules concluded
from the present study.
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1. Introduction

Human movements are produced by contractions of muscles that develop enough forces to move limbs
against the external loads. The normal muscle function requires intact connections among the CNS (central
nervous system), the spinal cord, and the muscle. Damage of the brain or spinal cord injury (SCI) interrupts the
command signal to reach the muscle. People with brain damage or SCI may have loss of motor control resulting
in loss of the functional movements in daily life such as standing, locomotion, and reaching.

In a person with paralysis, the loss of command signal from the CNS can be substituted by an artificial
electrical stimulation on the peripheral nervous system or the muscle. This electrical stimulation acts in the same
way as electrical impulse from the CNS, resulting in muscle contractions and causing movements or sensations.
This method is called Functional Electrical Stimulation (FES), and its aim is to provide muscular contraction
and produce a functionality of useful movement [1].

FES is an effective method for the restoration of paralyzed motor functions. Current clinical FES system in
Japan has adopted open-loop control that uses multichannel stimulation data. The stimulation data are created
from electromyogram (EMGQ) signal measured from neurologically intact subjects. This method is an effective
and practical method for clinical applications. The multichannel open-loop control system, however, is desired
to be improved in stability and safety of FES induced motions.

The human movements induced by FES require the appropriate control method that can restore the desired
functional movements. However, controlling the FES-induced human movements is difficult and complex due
to the non-linearity of neuro-muscular system response, variability of response of the stimulated muscle,
significant time delay, and muscle fatigue.

Research work on development of FES controller or control method is usually performed with neurologically
intact subjects and/or motor disabled patients in order to examine the controller or the control method. However,
the burden to the subjects and low reproducibility are common problems of these FES studies.

In our research group, a musculoskeletal model of the upper limb was constructed for the purpose of using in
FES research work. Fig.1 shows the outline of the musculoskeletal model. The muscle model consists of the Hill
type contractile element and a passive viscoelastic element. Nonlinear characteristics such as recruitment
property, length-force relationship, velocity-force relationship and moment arm were described in the model.
This model was examined by comparing computer simulation results of closed-loop control of the wrist joint
with those on neurologically intact subjects. The simulation results were found to be similar to experimental
results in many ways.

The problems on developing FES controller can be partially solved by using a musculoskeletal model. We are
developing the computer simulation tool including musculoskeletal model. especially for development of more
effective controller for upper limb movement.

2. Problems in current computer simulation study

The musculoskeletal model constructed in our group can be useful tool to study FES control method.
However, it is necessary to set parameter values of muscle properties, joint characteristics and experimental
conditions for numerical computation. Using the musculoskeletal model, activation torque and viscoelastic
torque are calculated, and then the motion cquation is solved. Only the numerical data that indicate joint angles
as response to stimulation are obtained by the current simulation system. Therefore it is required to plot a graph
of joint angles as the function of time or stimulation intensity. Parameters of the musculoskeletal model and FES
controller are modified based on simulation results. Then, the computer simulation program is run again. This is
inetficient and laborious work.

Additionally, the current simulation system has motion equation for only 4 degrees of freedom of movement.
It simulates flexion/extension of the clbow joint, pronation/supination of the forearm, radial/ulnar flexion and
palmar/dorsi flexion of the wrist joint. But it makes no account of internal/external rotation of the humerus,
flexion/extension and adduction/abduction of the shoulder joint. There is no problem for simulation in case of
control of 2 degrees of freedom of movement for wrist joint. However, the motion equation for 7 degrees of
freedom of movement is required if it is needed to simulate control of movement including the clbow joint.
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4, Development of computer simulation tools

In order to overcome above problems, we improved computer simulation program by including GUI
(graphical user interface) and the motion equation for 7 degrees of freedom of movement. This simulation tool
can simulate movement of shoulder joint and it doesn’t outputs only numerical data, but also graphic views.
Fig.2 indicates an example of the screen image of simulation tool. As shown in this figure, the simulation tool
solves the motion equation drawing graphs of joint angles as the function of stimulation intensity. Therefore we
can get image of joint angle trajectory easily. Additionally, mode! parameter values can be changed easily by
using the developed GUI in real-time. This function makes it easy to perform various conditions of model
simulation eliminating repeated trials for manual parameter tuning.

Furthermore, this simulation tool was modified to calculate angles of rotation of the humerus, extension/
flexion and adduction/abduction of the shoulder joint by using motion equation for 7 degrees of freedom of
movement. It is very important to study control method of movement of multi degrees of freedom including
movement of the elbow joint.

S. Future directions

Using the previous musculoskeletal model, applications of the feedback error learning (FEL) and fuzzy
control to FES control have also been discussed [2][3]. These controllers will be examined to develop a
controller for 4 degrees of freedom of movements in computer simulations with the developed simulation tool.
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Design of Fuzzy Controller of the Cycle-to-Cycle Control for Swing
Phase of Hemiplegic Gait Induced by FES

SUMMARY  The goal of this study was to design a practical fuzzy con-
troller of the cycle-to-cycle control for multi-joint movements of swing
phase of functional electrical stimulation (FES) induced gait. First, we
designed three fuzzy controllers (a fixed fuzzy controller, a fuzzy con-
troller with parameter adjustment based on the gradient descent method,
and a fuzzy controller with parameter adjustment based on a fuzzy model)
and two PID controllers (a fixed PID and an adaptive PID controllers) for
controlling two-joint (knee and ankle) movements. Control capabilities of
the designed controllers were tested in automatic generation of stimula-
tion burst duration and in compensation of muscle fatigue through com-
puter simulations using a musculo-skeletal model. The fuzzy controllers
showed better responses than the PID controllers in the both control capa-
bilities. The parameter adjustment based on the fuzzy model was shown to
be effective when oscillating response was caused due to the inter-subject
variability. Based on these results, we designed the fuzzy controller with
the parameter adjustment realized using the fuzzy model for controlling
three-joint (hip, knee, and ankle) movements. The controlled gait pattern
obtained by computer simulation was not significantly different from the
normal gait pattern and it could be qualitatively accepted in clinical FES
gait control. The fuzzy controller designed for the cycle-to-cycle control
for multi-joint movements during the swing phase of the FES gait was ex-
pected to be examined clinically.

key words: cycle-to-cycle control, FES-induced gait, multi-joint control,
fuzzy controller, adaptive fuzzy controller

1. Introduction

Functional electrical stimulation (FES) has been utilized to
restore gait in patient with impairment of the central nervous
system caused by the spinal cord injury or the stroke[1],
[2]. The human gait is a complex task, therefore FES-
induced gait requires appropriate control methods. The con-
trol methods used in FES involve open-loop and closed-
loop controls. The previous experimental researches [3],[4]
showed limitation of the open-loop control to compensate
muscle fatigue. A trajectory-based closed-loop control for
the knee joint angle of paraplegic gait had poor tracking and
oscillating responses, and could not reach full knee exten-
sion angle in some trials [5]. Capability of tracking a target
joint angle is still not clear.

The cycle-to-cycle control was expected to be an alter-
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native to the trajectory-based closed-loop FES gait control.
Its capability to realize the target joint angle had been shown
in experimental test of controlling maximum knee extension
angle [6] or hip joint angle range [7] using a proportional-
integral-derivative (PID) controller. However, these exper-
imental tests were performed in single-joint control. The
cycle-to-cycle control should be implemented for control-
ling multi-joint movements in clinical use. Because there is
a lack of method of determination of parameter values of the
PID controller of the cycle-to-cycle control, implementation
of the cycle-to-cycle control for multi-joint movements us-
ing the PID controller is difficult.

We proposed fuzzy controller to realize the cycle-to-
cycle control. The fuzzy controller was shown to be supe-
rior to the PID controller in controlling the knee joint move-
ments of swing phase of FES gait[8]. The fuzzy control
scheme had been shown to be effective in developing nonlin-
ear controllers [9]. Using the fuzzy controller, system iden-
tification to determine the controller parameter values could
be eliminated and design procedure was simplified. In or-
der to develop a practical cycle-to-cycle control, the fuzzy
controller has to be realized for controlling the multi-joint
movements.

In this paper, we designed the fuzzy controller of
the cycle-to-cycle control for multi-joint movements of the
swing phase of FES gait. First, we designed three differ-
ent fuzzy controllers (a fixed fuzzy controller, a fuzzy con-
troller with parameter adjustment based on gradient descent
method, and a fuzzy controller with parameter adjustment
based on a fuzzy model) and two PID controllers (a fixed
PID controller and an adaptive PID controller) for control-
ling two-joint (knee and ankle) movements. They were ex-
amined through computer simulations with the aim of ex-
ploring the control capability of the designed controllers in
the basic structure of the lower limbs. Based on these re-
sults, we realized the cycle-to-cycle control for three-joint
(hip, knee, and ankle) movements. The swing phase with
the three-joint movements controlled by the designed con-
trollers was evaluated in the computer simulations compar-
ing to the measured joint angle trajectories of the normal
gait.

2. Framework of the Cycle-to-Cycle Control

Gait is one of the cyclic movements. Each gait cycle is di-
vided into the stance phase and the swing phase. In a cer-

Copyright © 2006 The Institute of Electronics, Information and Communication Engineers



1526

tain sub-phase of the gait, the joint movements reach certain
joint angles (e.g., maximum knee flexion angle of swing
phase, maximum ankle dorsifelxion angle of swing phase,
ankle joint angle at initial contact). In the cycle-to-cycle
control, stimulation burst duration, T B, is regulated, while
pulse amplitude, pulse width, and frequency of stimulation
pulse are fixed. Each muscle is stimulated by single burst of
electrical pulses to produce relevant joint movement reach-
ing a target joint angle. The controlled joint angle of the
previous cycle is fedback to the controller. Regulation of
the stimulation burst duration of the current cycle of gait is
based on difference between the target joint angle and the
controlled joint angle of the previous cycle.

A set of certain target joint angles and a stimulation
schedule are required to realize the cycle-to-cycle control.
We performed an experiment to measure the hip, knee and
ankle joint angles during level gait. Five healthy subjects
(males, 24+2.9 years old, 170.2+4.5cm, 60.6+5.4 kg) par-
ticipated in the experiment. Purpose of the experiment was
explained to each subject and subject’s consent was ob-
tained. Three goniometers (M180, Penny & Giles, UK)
were used to measure the hip, knee, and ankle joint angles of
right leg of the subject. Two force sensitive resistors (FSRs)
were attached to the heel and the toe of the foot to detect the
stance and the swing phases. The subjects were instructed
to perform five trials of level gait with comfortable speed. A
trial of gait consisted of seven gait cycles. The output signals
of the goniometers and the FSRs were recorded into the data
cartridge using RTD-145 (TEAC, Japan) and digitized by
an A/D converter (AT-MIO-16E-10, National Instruments)
with 1 kHz of sampling frequency. Data processing was per-
formed using MATLAB version 6.5 Release 13. The data of
FSRs were low-pass filtered using fourth order, zero phase
lag, Butterworth digital filter with cut-off frequency of 1 Hz.
Data of the joint angles were smoothed using the fourth or-
der, the zero phase lag, the Butterworth digital filter with
20Hz of cut-off frequency. Gait analysis of the data col-
lected from the experiment was performed to determine the
target joint angles. Parameter Ag was also determined in or-
der to evaluate whether the target joint angle was reached or
not. The controlled joint angle reached the target when the
absolute error was less than or equal to A8 as illustrated in
Fig. 1. Values of A8 of each controlled joint angle was set
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by average value of intra-subject standard deviation of each
target joint angle from the gait analysis. Values of the target
joint angles and the A# are shown in Table 1.

We developed the stimulation schedule to develope the
joint movements of the swing phase as shown in Fig.2,
which was designed based on the knowledge about the joint
movements during swing phase and muscle functions to pro-
duce the relevant joint movements {10]. Stimulations of the
iliopsoas, the biceps femoris short head (BFSH) and the
biceps femoris long head (BFLH), the vastus muscles and
the rectus femoris, the gastrocnemius medialis, and the tib-
ialis anterior were controlled to induce the joint movements
reaching the following target joint angles: maximum hip
flexion angle, maximum knee flexion angle, maximum knee
extension angle, maximum ankle plantar flexion angle, and
maximum ankle dorsiflexion angle, respectively. After the
hip joint reached the target maximum hip flexion angle, the
iliopsoas was stimulated again to keep hip flexion and to
reach the target of hip joint angle at initial contact. The tib-
ialis anterior and the soleus were stimulated simultaneously
to reach the target of ankle joint angle at initial contact. Be-
ginnings of the muscle stimulation were at the maximum
hip extension, maximum knee extension and maximum an-

Table1  Target joint angle and AG.
Joint Angle Target AG
Hip max. flexion 32.4° | 20°
initial contact 29.3° | 2.8°
Knee max. flexion 69.0° | 1.9°
max. extension 36° | 2.7°
Ankle | max. plantar flexion | —16.4° | 3.4°
max. dorsiflexion 49° | 1.3°
initial contact -0.3° | 1.3°
Control objective
* 1 234 S
Soleus : FA T e
Tibialis Anterior : s I |
Gastroc med — Poob
Rectus Femoris :  E——
Vastus A —
BFLH  oa— P
Tliopsoas  BU—— N S— :
) 20 40 60 80 160
: % of cycle :
Stance Phase Swing Phase

BFLH: Biceps Femoris Long Head
BFSH: Biceps Femoris Short Head

Fig.2 The stimulation schedule. *: the beginning of the stimulation (the
maximum hip extension angle, the maximum knee extension angle of the
end of the stance phase, and the maximum ankle dorsiflexion angle of the
end of the stance phase). The control objective: 1: the maximum ankle
plantar flexion angle, 2: the maximum knee flexion angle, 3: the maximum
hip flexion angle, 4: the maximum ankle dorsiflexion angle, and 5: the
maximum knee extension angle and the hip and the ankle angles at initial
contact.
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kle dorsiflexion angles at the end of stance phase. In our
result of the gait analysis, timing of those maximum joint
angles in a cycle of gait varied among subjects. In order to
facilitate the computer simulation, we assumed these maxi-
mum joint angles were occurred simultaneously.

3. Musculo-Skeletal Model for FES Gait

We developed the electrically stimulated musculo-skeletal
model for FES gait based on Eom et al.[11]. Values of
the musculo-skeletal model parameters were obtained from
Ogihara et al. [12]. The joint movements were considered as
the movements of a multiple pendulum. The motion equa-
tion was derived from the model using the Lagrange func-
tion as shown in Eq. (1),

Mé+CO+G =1 (1)

where 6, 6, 8 are vectors of the Jjoint angle, the joint angular
velocity, and the joint angular acceleration, M is the inertial
matrix, C is the coriolis vector, G is the gravitational vector,
and 7 is vector of the joint torque. The model for the three-
joint movements consisted of the paralyzed and the normal
legs. In this study, the joint angles of the normal leg were
simulated using the values of joint angles measured from
the normal subject. The joint movements developed by the
electrical stimulation of the muscles were calculated by in-
tegrating the motion equation in Eq. (1) by the fourth order
Runge-Kutta method with 10 s integration time step.

In order to test the capabilities of the designed con-
trollers in controlling different subjects, we created twenty
different subject models. The twenty different subject mod-
els were expressed by changing values of maximum muscle
forces (50%-150%), mass of the thigh, the shank, and the
foot (50%-150%), and/or length of the thigh, the shank, and
the foot (75%-125%) of a reference subject model.

4. Computer Simulation Test in Two-Joint Control

The stimulated muscles in the two-joint control were the
BFSH, the vastus muscles, the gastorocnemius medialis, the
tibialis anterior, and the soleus. The sequence of the stim-
ulation of the muscles was based on the stimulation sched-
ule shown in Fig.2. We designed the three different fuzzy
controllers, controller A was a fixed parameter fuzzy con-
troller, controller B was a fuzzy controller with the gradient
descent based parameter adjustment and controller C was a
{uzzy controller with fuzzy model parameter adjustment and
oscillation detection. A PID controller (controller D) and an
adaptive PID controller (controller E) were also designed.
Concrete descriptions of the design of the fuzzy and the PID
controllers are given in the following subsections.

4.1 Design of Fuzzy Controller

Algorithm of regulation of the stimulation burst duration,
T'B, by the fuzzy controller is shown in Eq. (2),
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TB[n] =TB[n—- 1]+ AT B[n] (2)

where T B[n] is the stimulation burst duration for the cur-
rent cycle, TB{n — 1] is the stimulation burst duration of the
previous cycle, and AT B[#] is the output of the fuzzy con-
troller. The fuzzy controllers were designed through five de-
sign steps: (i) selection of controller inputs, (ii) assignment
of the fuzzy membership functions, (iii) design of the fuzzy
rules, (iv) assignment of fuzzy inference and deffuzification,
and (v) design of parameter adjustment.

4.1.1 Selection of Controller Inputs

The inputs for the BFSH, the gastrocnemius medialis, and
the iliopsoas controllers were the errors. These controllers
were designed as single-input single-output (SISO) con-
trollers. The error was defined as the difference between
the target and measured joint angles. The controllers for the
vastus muscels, the soleus, and the tibialis anterior were de-
signed as multi-input single-output (MISO) controllers. The
inputs of these controllers were error and desired range of
joint angle. The desired range of the knee extension angle
was defined as the difference between the obtained maxi-
mum knee flexion angle of the current cycle and the target
maximum knee extension angle. The desired range of the
ankle dorsiflexion angle was defined as the difference be-
tween the obtained maximum ankle plantar flexion angle of
the current cycle and the target maximum ankle dorsiflex-
ion angle. The desired range of the ankle angle at the initial
contact was defined as the difference between the obtained
maximum ankle dorsiflexion of the current cycle and the tar-
get ankle joint angle at the initial contact.

4.1.2  Assignment of Fuzzy Membership Functions

Input membership functions were expressed as triangular
and trapezoidal fuzzy sets. Output membership function
was expressed in the fuzzy singletons. The fuzzy linguistic
terms of the input and output variables are shown in Table 2.
The values of parameters of the fuzzy membership func-
tions were assigned and refined through preliminary com-
puter simulation.

Table2  Fuzzy linguistic term.
Input Output S: small
desired | error | ATB* M: medium
range L: large
S NL NL2 NL2: negative large 2
M NM NL1 NLI1: negative large 1
L NS NL NL: negative large
Z NM NM: negative medium
PS NS NS: negative small
PM Z Z: zero
PL PS PS: positive small
PM PM: positive medium
PL PL: positive large
PLI PLI: positive large 1
PL2 PL2: positive large 2




