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A test of fuzzy controller of cycle-to-cycle control for controlling three-joint movements of
swing phase of FES gait

1. Introduction

Fuzzy controller was shown to be effective in
implementing the cycle-to-cycle control for controlling
single-joint (knee joint) " and two-joint (knee and ankle
joints) movements > of FES-induced gait. By using the
qualitative knowledge about the controlled joint movements
and basic principles of control engineering, design of the
fuzzy controller was easy ». Therefore, the fuzzy controller
is more promising to realize practical controller for the
cycle-to-cycle control.

In the previous computer simulation studies ™, control
of the FES-induced gait was focused to lower joints of the
leg. For a subject who can generate voluntary movement of
hip joint, the two-joint control will be suitable. In the case of
a subject with absence of appropriate voluntary movement
of the hip joint, stimulations of the hip joint muscles have to
be controlled. In this study, we designed two fuzzy
controllers for controlling the hip joint movements in
addition to knee and ankle movements.

This paper describes a test of the fuzzy controller of the
cycle-to-cycle control in controlling three-joint movements
during swing phase of FES-induced gait using a
musculo-skeletal model. The model consisted of the hip,
knee, and ankle joints and six muscle groups around the
joints. The model was developed by improving the previous
model for two-joint control * by adding the hip joint. We
tested capability of the designed controllers in automatic
generation of stimulation burst duration through computer
simulation in a 200-cycle stimulation course. The test was
performed using a reference subject model and twenty
different subject models. Evaluation of the control capability
1s presented and discussed.

2. Methods
2.1. Cycle-to-cycle control for three-joint movements

In the cycle-to-cycle control, stimulation burst duration is
regulated, while amplitude, pulse width, and frequency of
stimulation pulse are fixed. The stimulation burst duration of
each muscle is regulated so that the joint angle can reach a
certain target joint angle, such as a maximum joint angle of
normal gait. The regulation of the stimulation burst duration
is based on the error of the previous cycles. In order to
implement the cycle-to-cycle control as a closed-loop
control scheme, stimulation schedule of each muscle and a
set of certain target joint angles are required. We constructed
the stimulation schedule based on joint movement during
swing phase and muscle function to generate relevant joint
movement as shown in Fig. 1. Each muscle was stimulated
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Fig. 1. Stimulation schedule. *: the beginning of stimulation
(maximum hip extension angle, maximum knee extension angle,
and maximum ankle dorsiflexion angle at the end of stance phase).
Control objective: 1: 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.

to induce the joint movement reaching the control objective.
Stimulations of the iliopsoas (iliopsoas 1), the hamstrings
(biceps femoris short and long), the quadriceps (vastus and
rectus femoris), the gastrocnemius medialis, and the tibialis
anterior (TA1) 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 (iliopsoas 2) was stimulated
again to keep hip flexion and reach the target of hip joint
angle at initial contact. The tibialis anterior (TA 2) and the
soleus were also stimulated simultaneously to reach the
target of ankle joint angle at initial contact. Values of the
target joint angles obtained from analysis of normal subjects
gait data are shown in Table 1. Beginnings of the muscle
stimulation were at the maximum hip extension, maximum

Table 1. Target joint angles

Hip joint max. flexion initial contact
32.4° 29.3°
Knez joint max. flexion max. extension
69.0° 3.6°
Ankle joint max. max. initial contact
plantar flexion dorsiflexion
-16.4° 4.9° -0.3°
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knee extension and maximum ankle dorsiflexion angles at
the end of stance phase. In our result of the gait analysis,
occurrence of those maximum joint angles in a cycle of gait
varied among subjects. In order to facilitate the computer
simulation, we assumed these maximum joint angles were
occurred simultaneously.

2.2. Fuzzy controller for the cycle-to-cycle control

We designed seven fuzzy controllers for controlling of the
hip, knee, and ankle joint movements of swing phase (see
Table 2). Five controllers for the knee and ankle joint
muscles were the previously designed controllers for
two-joint control ¥. In this study, two controllers for the
iliopsoas muscle were designed for controlling hip flexion.

The controlled variable was the stimulation burst duration
of a current cycle (TB[n]) of each muscle. Based on the
mechanism of the cycle-to-cycle control, measured outputs
of the controlled musculo-skeletal system, such as the
maximum joint angles of swing phase and joint angles at
initial contact of the previous cycle were delivered as
feedback signal. Input of the fuzzy controller for each
muscle is shown in Table 2. The controllers for the iliopsoas,
the hamstrings, and the quadriceps were designed i
single-input single-output (SISO) controllers. The input for
the SISO controller was the ‘error’. The ‘error” was defined
as the difference between the target and measured joint
angles. The controllers for the quadriceps, the soleus, and
the tibialis anterior were in 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 difference
between obtained maximum knee flexion angle of current
cycle and the target of maximum knee extension angle. The
desired range of ankle dorsiflexion angle was defined as
difference between obtained maximum ankle plantar flexion
angle of current cycle and the target of maximum ankle
dorsiflexion angle. The desired range of ankle angle range at
initial contact was defined as difference between obtained
maximum ankle dorsiflexion of current cycle and the target
of ankle joint angle at initial contact.

Output of the fuzzy controller, ATB[n], regulated
stimulation burst duration of a current cycle using control
algorithm shown in (1),

TB[n] =TB[n-1]+ ATB[n] ¢
where TB[n] is the stimulation burst duration for cusrent
cycle and TB[n-l] is the stimulation burst duration of

previous cycle.

Table 2. Input of fuzzy controlier

Muscle Controller Input
Controller
Iliopsoas 1 errorfn-1] of max hip flexion angle
Tliopsoas 2 error[n-1] of hip flexion angle at initial contact
Hamstrings errorin-1] of max knee flexion angle
Quadriceps 1. error[n-1] of max knee extension angle
2. desired range [n] of knee extension angle

Gastroc. med. errorn-1] of max ankle plantar flexion angle

Tibialis anterior 1. error{n-1] of max ankle dorsiflexion angle

2. desired range [n] of ankle dorsiflexion angle
Soleus + TA 1. error{n-1] of ankle angle at initial contact

2. desired range [n} of ankle angle at initial contact

2.3. Electrically stimulated musculo-skeletal model

Stimulated muscles of the lower limb and geometric
diagram of skeletal model are shown in Fig. 2. The model
consisted of three joints: the hip, knee, and ankle, and three
segments: the thigh, shank, and foot. Meanings of the
notations in the Fig. 2(b) are as following, / is length of the
segment, a is distance from the joint to the center of the
segment, and @ is the joint angle. Subscripts of 1, 2, and 3
represent the hip, knee, and ankle joint, respectively. Motion
equation in (2) was derived from the skeletal model in Fig.
2(b) using the Lagrangian function,

é\ 91 (3!
ég +C éz +G =1 (2)
és 93 T3

where M is an inertial matnix, C is a coriolis vector, G is a
gravitational vector, and 7, T, and 7; are torque of the hip,
knee, and ankle joint, respectively.

Electrically stimulated musculo-skeletal model was
developed based on literature ¥. The electrically stimulated
musculo-skeletal model is illustrated iri Fig. 3. Stimulation
intensity (s) of each muscle was set 1.0 in normalized scale.
Equation of recruitment curve in (4) represents relationship
between recruited muscle fibers u, and the stimulation
intensity s.

u(s)=0.5tanh(15(s ~0.5))+0.5 (@

Activation dynamics represents normalized active state of
the muscle expressed using a first order differential equation
5 ;

m (5).

da 1

da _ L
dt

y

(u—-a+-=u~-a-u-aj) )

Active state of the muscle was determined by integrating the
activation dynamics equation in (5). Active muscle force
was calculated as multiplication of four factors: active state
of the muscle, force-length relationship, force-velocity
relationship, and maximum muscle force. Skeletal dynamics
was expressed as second order differential equation of
motion equation in (2). Passive joint torques exerted by the

Bicep Femoris

Long —p
H i <4— Vastus
Bicep Femoris
Short
Gastrocnemius
Medialis — Tibialis

Soleus — % Anterior

(@

Fig. 2. (2) Stimulated muscle groups and (b) Skeletal system model
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Fig. 3. Block diagram of the electrically stimulated musculo-skeletal model

passive joint structures (damping and elasticity torques)
acting across the joint were modeled as a damper and a
nonlinear spring as in the literature ®. We modified some
model constants of the passive joint torques to obtain
appropriate joint dynamics during passive pendulum test.
Parameters values of musculo-skeletal model were taken
from literature .

2.3. Computer simulation test

Computer simulation to test capability of the designed
fuzzy controllers was performed using the electrically
stimulated musculo-skeletal model described in section 2.2.
The joint movements elicited by the electrical stimulation of
the muscles were calculated by integrating the motion
equation (fourth order Runge-Kutta) with 10 ps integration
time step. The maximum joint angles were detected when
signs of the joint angular velocities were changed.

The computer simulation test of the control capability was
automatic generation of stimulation burst durations. In this
test, the burst durations of stimulation pulses were initiated
with zero burst durations in 200-cycles stimulation courses
of swing gait. Each controlled joint angle reached the target
of joint angle, when absolute error was less than or equal
to A0, In this study, A@ was set as average value of
intra-subject standard deviations of the target of joint angle
resulted from the gait analysis as shown in Table 3. The test
was performed in a reference subject model and twenty
different subject models. Twenty different subject models
were expressed by changing values of maximum muscle
force, mass of thigh, the shank, and the foot, and/or length of
the thigh, the shank and the foot of the musculo-skeletal
mode].

3. Results

In the stimulation course of the reference subject model,
because the stimulation burst duration was initiated with
zero duration, the controlled joint angles could not reach the
target joint angles at the beginning of stimulation. By
regulating the stimulation burst durations, all of the
controlled joint angles reached their targets after a few
cycles. Criterion for control performance in automatic
generation of stimulation burst duration was settling index
and minimum foot clearance. The settling index was defined
as the number of cycles that were required to reach the target
of joint angle with absolute error that was less than or equal
to AG. Minimum foot clearance was defined as minimum

Table 3. Value of 48 of target of joint angle

Hip joint max. flexion initial contact
2.0° 2.8°
Kancee jont max. flexion max. extension
1.9° 2.7
Ankle joint max. max. initial contact
plantar flexion dorsiflexion
3.4° 1.3° 1.3°

distance between the toe of the foot model to the floor
during swing. The minimum foot clearance was obtained by
averaging its values of five cycles after all the controlled
joint angles reached their targets (well controlled gait). The
well controlled gait was reached when all the controlled
joint angles reached their targets.

An example of trajectories of the controlled joint angles of
the reference subject at steady state gait compared to the
trajectories of human gait measured from normal subjects is
shown in Fig. 4. During swing phase, movement of the toe
reached minimum position (minimum foot clearance) as
shown in Fig. 5. In the reference subject, when all the
controlled joint angles reached the targets, the average of the
minimum foot clearance was 2.99 cm.

In computer simulations of the twenty different subject
models, all the controlled joint angles could be controlled to
reach their targets. We observed vanations of the settling
indexes and the minimum foot clearance among the different
subject models. The averages of the settling indexes of the
controlled joint angles of all the subjects are shown in Table
4. The minimum foot clearance ranged from 2.32 to 3.60 cm.
The average was 2.85%0.26 cm. The average of the
occurrence of the minimum foot clearance was at 60.8% of
the controlled gait cycle.

4. Discussions

The designed fuzzy controllers could regulate the
stimulation burst durations of the muscles so that the
controlled joint angles reached their targets in a few cycles
of swing gait. This control ability was shown in the
reference subject model and all different subject models.
Therefore, the fuzzy controller could compensate
inter-subject variability response of the electrical stimulation.
However, the fuzzy controller has to be tested more in other
control capability, i.e., in muscle fatigue compensation. The
trajectories of the controlled joint angles, in some parts,
were different from the human normal gait trajectories. The
controlled knee joint flexed faster than those of the human
normal gait. This is because the joint angles were not
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Table 4. Averages of settling indexes of three-joint control (cycles)

Hip joint max. flexion initial contact
9+3 8+3
Knee joint max. flexion max. extension
542 6£3
Ankle joint max. max. initial contact
plantar flexion dorsiflexion
3xl 543 743

controlled to follow the trajectories of the normal gait
continuously. Additionally, the stimulation intensity was
maximum intensity and fixed. In separate computer
simulation, lower stimulation intensities of the hamstrings
resulted in slower knee flexion. However, the trajectory was
still different from the normal gait trajectories. When the
stimulation intensity was 0.475, the knee flexion could not
reach the target of maximum knee flexion angle. In the
cycle-to-cycle control, the achievements of such the
maximurn joint angles are more essential to ensure a
successful swing in the FES-induced gait. However,
modulations of stimulation intensity or frequency are
required to generate more natural joint movements.
Therefore, proper modulation methods of stimulation
intensity or frequency for the cycle-to-cycle control have to
be studied.

During swing phase, sufficient hip flexion and ankle
dorsiflexion angles are important to ensure enough foot

clearance. The stimulations of the iliopsoas and the tiabials
anterior to induce hip flexion and ankle dorsiflexion resulted
in enough foot clearance in all subjects model. The average
of minimum foot clearance of all the subject models
resembled those of the normal gait (2.1940.66) cm ®. The
minimum foot clearance of the controlled swing phase in
this study occurred 10% earlier than in the normal gait ®.

Second stimulation of the iliopsoas induced the hip
flexion to reach the target of the hip joint angle at initial
contact. We performed separate computer simulation without
the second stimulation of the iliopsoas. We found the hip
joint abruptly extended at the end of swing phase. Therefore
second stimulation of the iliopsoas was effective to control
hip flexion angle at the end of the swing phase.

5. Conclusions

The fuzzy controllers of the cycle-to-cycle control for
three-joint movements of swing phase FES-induced gait
were shown to be effective in automatic generation of
stimulation burst durations. The stimulation of the iliopsoas
and the tibialis anterior performed in this study was effective
to generate enough foot clearance. Second stimulation of the
iliopsoas was effective to control the hip flexion angle at the
end of swing phase.
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Abstract

In this paper, effectiveness of using musculoskeletal model simulation in development of functional

electrical stimulation (FES) control method was discussed. The developed musculoskeletal model included
nonlinear length-force and velocity-force relationships, nonlinear recruitment characteristics, activation dynamics,
joint angle dependency of moment arm and nonlinear passive viscoelastic property. The model was examined in the
multichannel closed-loop FES control of the 2-DOF of movement of the wrist joint comparing to experimental
results with a neurologically intact subject. A new controller using feedback error learning was also examined in
computer simulation. Model simulations showed similar results as the experimental one under the same condition
after model parameters adjustment. The developed musculoskeletal model was found to be reasonable for using in
FES research work. Model simulation on studying FES control would be effective.
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