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ABSTRACT

A six-channel lightweight, portable and computer-controlled stimulator for the functional activation of paraplegic
patients is described. To enable programming of the various functions, the stimulator was designed to work in a remote-
control mode hosted by an IBM PC or compatible computer, in addition to its normally used local mode. The stimulus
parameters, including current intensity, stimulus frequency and pulse width, are individually adjustable and
programmable for each channel. The power source is 12 V.500m Ak™', from 10 rechargeable nickel cadmium batteries,
with a run time of 1.5 for a load of 200mA in four channels. Various training programmes for the activation of
paraplegics in the sitting, standing and walking positions are described. The final design of the stimulator is based on
experience gained from 25 patients, treated and evaluated during the course of development. Ongoing work including
clinical, biomechanical and physiological studies is carried out to evaluate performance of the activated patients and to
optimize stimulation.
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INTRODUCTION lator. The range of parameters was 100mA for
. . 10-500 ws for pulse width and 0.5-50 Hz for

The activation of the muscles of the legs of paraplegic current, 7

patients by functional electrical stimu%ation (FES), to frequency. Jaeger et al.” reported on a two-channel

voltage output stimulator with a range of up to 400 us
for pulse width and 2-30 Hz for frequency. Borges
et al® reported on a multi-channel current output
stimulator. The ranges this group used were
1-255us for pulse width and 4-200Hz for
frequency. Bogataj et al.? developed a two-channel
stimulator with 50 mA current limit and 50-500 us
pulse width range. The frequency range was
5-120 Hz. Guttenberg et al.'® reported on a multi-
channel current output stimulator with similar charac-
teristics.

This paper describes a small and lightweight
portable stimulator developed by our group for the
functional activation of paralysed muscles. Tge stimu-
lator was designed for both clinical and laboratory
use.

restren?hen their atrophied muscles and to regain
the ability to stand and to walk, is a major achieve-
ment in the rehabilitation of paraplegics. Our group
has worked on the development of sophisticated but
simple-to-use stimulation apparatus, in parallel with
the treatment of paraplegic patients, in a carefully
planned training programme'. We use external
stimulation, i.e. by means of surface electrodes. This
requires relative{ high stimulation intensities;
however, despite this drawback, it has several merits,
the major one being that it is non-invasive and
harmless, allows easy attachment and removal of the
electrodes and can be readily learnt by the patient.
The stimulator developed is portable and micro-
processor controlled. 4

The first reported portable external stimulator
system was designed for the mobilization of hemi-
plegic patients in a laboratory environment by Kralj et BACKGROUND AND METHODS
al?. From this stimulator, a four-channel apparatus

was developed for usage for the mobilization of The stimulator was designed to serve paraplegic
paraplegics®5. Several external stimulators have patients as a primary tool for mu§cle restrengthening
since been reported, differing from each other in the and for the generation of standing and reciprocate

walking. Previous work has shown that at least four

number of output channels, stimulation character- Ol

istics and input—output options. Belikan et al.® channels are required for reciprocate walking

reported on an eight-channel current output stimu- Two of these channels are for stimulating the quad-
riceps muscles, which are responsible for knee exten-
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some patients, stimulation of the gluteus maximus
muscles for hip extension may also be necessary,
requiring two additional electrodes. A six-channel
stimulator was thus designed in which the intensities,
rates and sequences of the pulse trains generated
could be varied. To enable programming of the
various stimulator functions, the stimulator was
designed to work also in a remote-control mode
hosted by an IBM PC.

The final design of the personal stimulator des-
cribed in this study was based on experience gained
from 25 treated and evaluated paraplegic patients for
the functional activation of their paralysed muscles.
Activation was carried out using laboratory stimu-
lators, based on earlier versions of the present device.
To allow optimization of the stimulator design,
evaluation methods were developed, as described
below.

Clinical evaluation

A procedure for the careful selection of paraplegics
suitable for activation by FES was used before the
actual training. The training procedures included:
1) optimization of the location of the electrodes;
2) usage of the various activation modes of the
apparatus, for muscle strengthening in the sitting
position, followed by supported standing and
walking! (a general protocol which we developed
was adapted to each patient individually); and (3)
biomechanical and physiological studies, aimed at the
optimization of the stimulation parameters.

Biomechanical and physiological evaluation

The biomechanical parameters studied were weight-
bearing during standing, and the kinematics of the
stride in walking'!. The physiological parameters
included heart rate, pulmonary function, oxygen
consumption, blood flow and lactic acid levels!2-14,

More recently, the phenomenon of fatigue of the
activated muscle during FES was studied. It was
suggested that the leg of a paraplegic patient presents
a unique system where, under conditions of low
spasticity, the only active muscles are those which are
stimulated by FES. Thus, the legs of a paraplegic
patient can be analysed as a determinate system,
enabling the calculation of the force output within the
stimulated muscle. Dynamometers were, therefore,
designed and constructed for on-line monitoring
of the decaying muscle force output under both
isometric and isotonic conditions!% . The myoelec-
tric activity was measured by means of surface EMG
of the fatiguing muscle'’. The metabolic state of the
activated muscle was obtained by using non-invasive
P-31 magnetic resonance spectroscopy (MRS) of
the stimulated muscle, on a Gyrex 2T MRI instru-
ment'®!®. Each of the myoeléctric and metabolic
measurements was coupled with the measurement of
the muscle force output. In this way, correlations
between force and EMG, as well ‘as force and
metabolic state were obtained. These relationships
are used for the selection of the stimulus parameters,
stimulation procedures and activation programmes
which minimize muscle fatigue.
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STIMULATOR DESCRIPTION
Working conception

Stimulation is provided by means of a train of
monolphasic rectangular pulses. Operation of the
stimulator is either in a remote or a local mode. The
remote mode allows readjustment of all the stimulus
parameters, including current intensity, pulse width
and pulse frequency and the saving of these values in
the host computer. The local mode is basically a
preprogrammed mode and the current intensity is the
only parameter which can be altered, as required for
continuous readjustment in the process of muscle
fatigue'®. This mode is used for the actual running of
preprogrammed training exercises. Five basic exer-
cises as listed below have so far been incorporated:

L. Serial activation of the two legs in the sitting
{Josition. Activation of each leg consists of stimu-
ation of the quadriceps for knee extension,
followed by stimulation of the flexion reflex.

2. Alternate activation of the two legs in the stting
position, during which stimulation of the quad-
riceps of one leg is accompanied by the simul-
taneous activation of the flexion reflex of the
opposite leg.

In the above two exercises, timing of the activation,
including the time length of a complete cycle, as well
as the partial time length of each phase within the
cycle can be adjusted in the remote mode.

3. Synchronous activation of both legs: first the
quadriceps, followed by the flexion reflex.

4. Supported standing.

5. Reciprocate supported walking.

In the last three exercises, activation and timing are
manually controlled by the patient.

Running of the program starts with a muscle test
procedure, to set the initial required current intensity.
In this procedure, the operator (patient or therapist)
increases the current until the requested muscle
response is obtained. An upper limit of the current
intensity is also set in accordance with safety require-
ments, the patient’s condition and the exercise to be
performed. To achieve a smooth transition from
sitting to standing and vice versa, an ascending/
descending current ramp is used. The command
inputs are designed so that the patient is required to
make as little conscious effort as possible and the
switches are normally attached to the standing/
walking support. Walking commands are mage
through two switches mounted on the walker, whilst
both channel selector and current control are through
two miniature joysticks, one on each side, also
mounted on the walker.

Stimulator specifications

The stimulator is shown in Figure 7. It has six
individually controllable current-source channels.
The pulse trains in each channel consist of rectan-
gular monophasic pulses. The stimulus current
characteristics are: 0-400mA for intensity, with a
programmable upper limit, an adjustable frequency
of 10-50Hz and a range of 100-300us for pulse
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Figure 1 Six-channel portable stimulator: a, during exercise in the
sitting position; b, worn by a patient while walking

width, individualy adjustable for each channel. The
power source is 12 V500mAh™!, from 10 recharge-
able nickel cadmium batteries. The run time is 1.5h,
with a load of 200mA in four channels. The
stimulator’s gross dimensions are 154 X 85 X 60 mm,
and the total weight, including the batteries, is 850 g.

Hardware description

The stimulator has two piggyback boards: the micro-
board and the power driver board.

Computer-conirolled portable stimulalor: J. Minzly et al.

1. Microboard. The CPU chosen for the portable
stimulator is the Rockwell 65C02. The microboard
has a non-volatile RAM for storing individual
parameters. This memory can retain data almost
indefinitely without external power, although the
limiting factor is the shelf life of the lithium cell,
which is typically 10 years. Communication
between the stimulator and the host computer is
through a serial port, isolated by opto-couplers
within the stimulator, and a specially adapted
RS232 card installed in the IBM PC or com-
patible. This interface is designed so that the
stimulator continues to function even when the
host computer is accidentally powered off. An
8-character alpha-numeric LCD display provides
the user with data on the state of the stimulator.
For safety reasons, the battery voltage is monitored
when the stimulator is powered on and during
exercise run time. A blinking character on the
LCD display warns the patient when the battery
has weakened and that the stimulator should be
shut down within 5min. The front panel and the
function keys configuration of the present model
have been designed to incorporate the modifica-
tions indicated by the experience gained on the
previous models during five years of field testing.
A block diagram of the stimulation microboard is
shown in Figure 2.

2. Power driver board. The power driver consists of

one pulse transformer, a transformer driver and six
controlled current sources. The pulse transformer
is able to deliver pulses of 300xs with an
amplitude of 300V. léix LEDs on the keyboard
indicate which channels are activated. For safety
reasons, the connector accommodating the elec-
trodes is also used for connecting the battery
charger to the stimulator, making it impossible to
wire up a subject to the stimulator when the
batteries are being recharged. A block diagram of
the power driver board is shown in Figure 3.

Software description

Stimulator system software. The stimulation program
contained in the EPROM of the portable stimulator
is written in Assembly lan?uage. The stimulation
program is run in a two-level process:

1. interrupt level for the activation of the selected
channels;

9. local or remote mode levels. The local mode is for
reading the function keys, and updating the
display and the parameter array. The remote
mode polls the serial port, updates the communi-
cation buffer and the parameter array.

Laboratory system sofiware. The stimulation program in
the IBM PC is written in C language. This software
controls all the stimulator functions in the remote
mode. In this mode the stimulator keyboard is
disabled. The communication protocol is bidirec-
tional between the stimulator and the host computer
and it operates as follows. The computer transmits a
byte and waits for an acknowledgement message
from the stimulator. Upon receiving a positive
acknowledgement, the computer is able to transmit
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Figure 3 Block diagram of the stimulator driver board

the next byte. A negative acknowledgement message
warns the operator (therapist, in this case) of the
existence of a fault and the program is consequently
aborted. The validity of the data is checked in the
stimulatory for parity error or framing error. Depend-
ing on the data status, the stimulator responds with
positive or negative acknowledgement messages. This
communication protocol prevents the disruption of
stimulator operation. Exercise selection is structured
on a menu format. In all the exercises, the therapist is
able to program the stimulator functions, such as
stimulation frequency, channel pulse width and
pattern timing. This feature allows the therapist to set
and save the optimal parameters for each patient.
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RESULTS AND DISCUSSION
Muscle performance

The following results demonstrate the torque and
force obtained when the quadriceps muscles of
paraplegics were isometrically stimulated. Recruit-
ment of the muscle was shown to follow a sigmoidal
curve. In well-trained muscles, the threshold current
was found to be approximately 30mA, after which
the force developed within the muscle varied almost
linearly with the stimulation current, until levelling-
off of ti:e recruitment curve occurred. At this stage the
maximal force was achieved and the corresponding
current intensity was 150mA approximately. It




——r

Table 1 Peak torques at the knee joint and maximal quadriceps
tendon forces for trained muscles in isometric stimulation (SEM in
parentheses)

Knee angle
0° 30° 60° 90°

Peak torque 225 (4.5 40.5(9.0) 720(21)  60.4(15.7)
(N—m)
Quadriceps 560 (120) 820 (200) 1520 (410) 1420 (360)

tendon force

N)

should be noted that, in less trained muscles, the
maximal achievable force was found to be reduced
and in these cases generally more current was
required to recruit the muscle. Typical peak torques at
the knee joint and maximal quadriceps tendon forces
for trained muscles are given in 7able 7, for various
knee flexion angles.

Our results for paraplegic patients activated lfaly FES
indicated a maximum torque at 60° knee flexion
angle. This is slightly greater than for healthy
subjects during maximum voluntary contractions, in
whom the peak torques were reported at 50° of knee
flexion?. In isokinetic measurements of quadriceps
torque of electrically stimulated normal subjects, the
knee angles of peak torques were reported to be in the
same range as that obtained in this study: 55°2'; 65°22;
and 60°%3,

The quadriceps tendon forces obtained in our
study were of the order of 1.5kN. This is considerably
lower than the forces reported for normal subjects
(8 kN)*“.

When the quadriceps muscles were continuously
stimulated at a constant intensity, a force decay was
obtained exhibiting a double exponential curve. The
early part was an acute decay and the latter part was
an asymptotic curve reaching low and functionless
values at the end of 3min maximal stimulation,
approximately 120 mA. For functional purposes, only
the first section is the more significant. Comparative
trials, conducted to identify the stimulation parameter
values at which fatigue is minimized, revealed that
frequency and pulse width should preferably be set at
20 Hz and 250 us respectively.

Clinical outcome

The clinical outcome of 25 paraplegic patients who
were activated with the stimulation described in this
study is shown in Figure 4. After the muscle-
strengthening phase of the training procedure (lasting
three weeks on average), 17 patients were able to
stand up and maintain the standing position. Of these
patients, 12 reached the ability of reciprocate walking
using one of the following supports: parallel bars (6
atients), a walker (5 patients), or forearm crutches
fone patient). Typical results were 15min for conti-
nuous standing time and over 60 metres for supported
walking. Nine of these patients are already equipped
with our stimulating apparatus for home use. In those
{)atients, the apparatus is reset periodically in the
aboratory, during the course of their training, and the
parameter ranges are readjusted as required in
accordance with their progress.
Although the developmental status of the apparatus

Computer-controlled portable stimulator: J. Minzly et al.
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Figure 4 Clinical outcome of 25 paraplegic patients activated with
FES

is considered complete, the experience still being
accumulated will serve for the future introduction of
improvements and modifications.
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