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Abstract – One-degree of freedom haptic interface is
proposed for peroneal electrical stimulator. Single channel
of functional electrical stimulation (FES) provokes ankle
dorsiflexion during walking. FES amplitude is manually
controlled by a lever built into the crutch handle. The
measured ankle joint angle provides the feedback
information, presented to the user as a force feedback
applied to the control lever.
As the first step in the development of a complex
micromechatronic device, a simulated testing environment
was provided. A computer model, comprising dynamic ankle
foot characteristics, as well as properties of the agonistic
and antagonistic muscle groups, substitutes the ankle joint.
The model includes fatiguing of the electrically stimulated
muscles.
A group of six healthy persons was involved in testing of the
proposed haptic interface. It was demonstrated that fatiguing
of ankle dorsiflexors, stimulated by intermittent pulse trains,
can be efficiently overcome by the voluntary control of the
peroneal brace through the haptic interface.
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1. Introduction

Walking is one of the most important human activities.
Most spinal cord injured (SCI) humans are deprived of this
advantage. In some cases their locomotion is disturbed or they
are not able to walk at all. With the assistance of crutches and
functional electrical stimulation (FES), standing and simple
gait were restored [2].

In case of SCI a visualisation is needed to control walking
because of lack of sensory feedback. This means that human
vision is the only useful feedback. However, it is primarily
intended for observing the surroundings. The simplest
voluntary command sensor, independent of human vision, is
the heel switch introduced to aid walking in hemiplegic
patients [3]. The switch is located in the sole of the shoe of the
paralysed leg. When the patient is voluntarily raising the heel
of the affected leg, the heel switch triggers the stimulator,
causing the dorsiflexion of the foot during the swing phase of
walking. The provided sensory information is not time
independent. There is a time delay between triggering of the
heel switch and FES of the paralysed muscles.

A major issue associated with FES of a paralysed muscle

is the decay with time of the muscle force as a result of fatigue.
In electrically induced contractions, muscle fatigue is
essentially peripheral and it presents severe problem,
particularly in those cases where sensory feedback, that
indicates fatigue, is absent [5].

Telemanipulators having a direct contact with the
environment are usually guided and controlled by so-called
haptic interfaces. These are the interfaces between the force
issued by the robot end-effector on the environment and the
proportional counteracting force in the steering unit. The
described principle has also been used in this study. The ankle
angle presents a desired output information which is reflected
as a counteracting torque and includes the information about
the muscle fatigue.

The purpose of the paper is to present an improved FES
system with a special lever, built into the handle of the crutch,
compared with the same system containing a pushbutton
instead [4]. One of the main goals was to include a one-degree
of freedom haptic interface. Instead of a real lower extremity,
a biomechanical model [1] of the human ankle was used. For
control purposes an experimental hardware controlled by
personal computer was provided.

2. Methodology

A haptic interface can be implemented into the FES
orthosis (figure 1). It consists of the following parts:

(1) control unit including electrical stimulator
(2) stimulation electrodes
(3) control lever with electromotor
(4) goniometer

The control lever is built in the handle of the crutch and is
connected with electromotor directly or through a gearbox [1].
By changing the control lever rotation angle, the user defines
the amplitude of FES. The measured angle represents the
input information for the control unit, where the corresponding
FES amplitude is computed. The stimulator, integrated into
the control unit, uses the computed data and stimulates the
dorsiflexor group of muscles through surface stimulation
electrodes. As a result an ankle dorsiflexion is caused and the
goniometer, placed in the ankle joint, measures the ankle
angle. The angle is a reference input to the controller and is
reflected as a counteracting torque at the control lever. The



torque is caused by the electromotor built into the handle of
the crutch.

Fig. 1. Haptic interface implemented in FES orthosis.

In a preliminary study some of the system parts have been
replaced by a hardware or software generated model. For the
purpose of variable amplitude FES triggering and haptic
feedback, an experimental hardware unit was built (figure 2).
This unit was an attempt of substitution of the control lever
and the crutch. Functionally, it was identical but much bigger
in size. The biomechanical model of the human ankle replaces
the human lower extremity and was software generated. The
control unit was software generated as well. An experimental
hardware unit replaced the crutch handle, while the control
lever retained its function. In proportion to the lever angular
position, the amplitude of FES was varied. The electrical
stimulator was presented as a software impulse generator,
serving as input into the biomechanical model of the human
ankle. The output of the model was the ankle joint angle. A
carefully designed controller, calculating the control voltage

appurtenant to the ankle angle, provided counteracting torque
to the control lever.

Biomechanical model

The ankle joint model includes several independent
subsystems such us two antagonistic muscle groups and the
joint characteristics. The ankle joint muscles are considered to
be divided in two different muscle groups, performing the
opposite task; agonistic group of muscles which performs the
dorsal foot flexion and antagonistic group of muscles
performing the plantar foot flexion.

Muscle group characteristics are presented as viscous
damping B1(B2), inner rotary moment of inertia J1(J2) and
elasticity k1(k2). These parameters appear together in series.
Foot moment of inertia J3, joint elasticity k3 and joint viscous
damping B3 supplement the model in conditions of free
movement. The moment of inertia of the foot was calculated
using a prism. The following equations can be written to
describe the ankle musculoskeletal system (1):
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The agonist moment generator is denoted by Tiso (1). It
acts only in the direction of muscle contraction. The moment
generator Tiso is not linearly proportional to the stimulating
voltage Ust. Two nonlinearities are incorporated, the threshold
stimulation voltage Utr and the saturation voltage Usat .

The numerical values used in Eq. 1 are the following [7]:
k1 = 3 mN/rad, J1 = 0.0245 mNs2/rad, B1 = 0.17 mNs/rad, k2

= 3 mN/rad, J2 = 0.0245 mNs2/rad, B2 = 0.17 mNs/rad, k3 =
13 mN/rad, J3 = 0.024 mNs2/rad, B3 = 2.7 mNs/rad.

The fatigue is the inability of a muscle or muscle group to
perform the required force, regardless of what type of work is
in progress. Muscular fatigue is a time-dependent process that
may take place gradually or abruptly [5]. The fatigue can also
be considered as a protective mechanism of the body to

Fig. 2. An experimental set-up.
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prevent the permanent muscle injuries.
The emphasis of this study is on paralysed muscles

activated by FES. If the comparison with voluntary activated
normal muscle fatigue is made, important differences can be
noticed [5].

Artificially stimulated muscles fatigue more rapidly then
when voluntary activated. The problem of rapid fatigue of
electrically stimulated muscles can be reduced by muscle
retraining, choosing the appropriate stimulation frequency,
and using the sequential stimulation and closed-loop control
of stimulation.

Choosing the appropriate pattern of stimulation can reduce
fatigue index (figure 3). For the purpose of simulating the
paraplegic gait, a pattern of interrupted FES was used (trains
of electrical stimuli of 1s duration were followed by 1s pause).
A fatigue modelling was done previously by experimental
measurements of various parameters [5]. The coefficients for
the equation (2) were adopted according to the chosen
stimulation pattern (figure 4).
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A model of muscle fatiguing was integrated into the
musculoskeletal model. The inner moment generator Tiso is a
time-reducing input to the musculoskeletal model. The time-
reducing function is actually the model of muscular fatigue.

Fig.3. Model of muscular fatigue satisfactorily describes the time-
course of real fatigue.

Testing environment

A personal computer Pentium  with data acquisition
board AD512 from Humusoft s.r.o. was applied in the
investigation. As a programming tool Matlab  with Simulink
toolbox from The MathWorks Inc. was used. The program
uses block programming with built-in mathematical functions
and makes us possible to implement the control and
communication via C written S-functions. The complete
musculoskeletal model including muscular fatigue was
realised using block diagrams.

The lever of haptic interface system is directly connected
to the electromotor providing a counteracting torque. An
optical incremental encoder is used for position feedback. The
encoder output is standard output form of A, B impulses,
phase shifted for π/2, and index signal R, which defines the
home position of control lever. These output signals are
converted into parallel 12-bit signal by external hardware.

3. Results
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Fig 4. The effect of muscular fatigue on the ankle diagram (a) When
including the visual feedback and haptic interface in experimental set-
up, the effect of muscular fatigue can be overcome by increasing the
stimulation amplitude (b). Using haptic interface as the only
feedback, successful control of ankle angle was achieved (c).

Testing of the haptic interface experimental set-up was
performed in six unskilled users. Their task was to actuate
repeatedly the control lever, as they would perform during
walking. The simulated gait was divided into two phases. The
first phase was swing phase when the dorsiflexors were
electrically stimulated for the duration of approximately one-
second, and the second phase was stance phase when the same
duration was used for muscle relaxation. These events of the



virtual walking were assessed by the computer and displayed
on a screen. The duration of each test was five minutes.

The first test presents the influence of fatiguing of
electrically stimulated muscles (figure 4a). A constant
amplitude train of pulses was applied to the simulated ankle
dorsiflexors. At this point we wanted to show the problem of
fatigue of the presently used stimulation patterns in the drop-
foot applications.

The second test included the visual feedback as a time
course of the simulated ankle angle on the computer display,
while the haptic interface was simultaneously providing the
counteracting torque. The displayed diagram comprised the
desired peak value of the ankle joint angle (the line in figure
4b). One of the subject’s goals was to maintain the maximal
value of the ankle angle constant (10° of ankle dorsiflexion).
The inherent muscular fatigue was the obstructive factor,
decreasing the ankle angle. This test was considered as
training for using the haptic interface without visual feedback.

The third test was a real evaluation of the haptic interface.
A walking subject should be able to control the ankle joint
dorsiflexion and use the haptic interface information without
any other feedback. A two-hour of training made for our
subjects possible to control the ankle angle within a range of
±2° [1].

4. Conclusions

The haptic interface can be used for elimination of
muscular fatigue influence on FES in gait of spinal cord
injured persons. The muscular fatigue decreases the effect of
FES without user's knowledge. In our case the user was aware
of the fatigue and was able to increase the FES to reduce the
fatigue influence.

In this paper the idea of the use of haptic interface was
presented on the example of the ankle joint FES control. The
haptic interface could be applied in several other applications.
One of them is FES assisted hand grasping [6]. Here, a control
lever attached to the shoulder provides the hand control. In
this case the haptic interface could be applied to the grasping
force.

The use of the haptic interface is helpful not only when
dealing with the fatigue of the electrically stimulated muscles.
It can also diminish the variability in responses of stimulated
muscles caused by inaccurate positioning of surface electrodes
in daily donning. Furthermore, the haptic interface can be
found useful when walking over uneven terrain.
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