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Currently, there are no exoskeletons with an integrated functional electrical stimulation (FES) system presented on a medical market
except for stationary systems.

The aim of the study was to develop FES system, which can be initially integrated in a lower limb exoskeleton to provide the best
compatibility and synchronization of the system operation with exoskeleton joints when a patient is moving.

Results. We have developed FES system and the approach to integrate it in an exoskeleton. FES provides for simultaneous work of
2-4 stimulation channels, each of which supports the setting of signal parameters (frequency, amplitude, duration). On-off stimulation time
depends on a walking cycle determined by the gait classification algorithm. The presence of synchronizing signals for the left and the right
sides provides FES coordinated operation in both lower limbs of a patient. The sphere of application of an exoskeleton with an integrated

FES is medical rehabilitation.
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Introduction

Primarily, a lower limb exoskeleton was being
developed as a device to replace missing motor
and supporting function of lower limbs in patients
with complete lower limb paralysis. Most existing
exoskeletons are designed just for this type of patients.

Currently, lower limb exoskeletons are being
developed and manufactured by several dozens of
companies worldwide. If the first exoskeleton models
made patients legs move and were designed for patients
with complete lower limb paralysis, further evolution of
exoskeletons was related to nosology expansion.

In our opinion, a true rehabilitation exoskeleton is to
be considered in case it can be used both for substitution
(prosthetic function) and function recovery. Recent
researches have shown that exoskeletons can be
effectively applied in various neurological and orthopedic
pathologies (cerebral stroke consequences, conditions
after locomotor system injuries, and some others) [1-
3]. In this case such exoskeleton capabilities are used
to provide normal walking patterns. If an exoskeleton

is equipped by a special system of recovering motor
activity, it will significantly improve rehabilitation
efficiency, as well as extend the application sphere.

For motion recovery, there has been developed
a special technology — a functional electrical
stimulation (FES). The technique consists in using a
therapy course by current pulses for an enforcement
action of a stimulated muscle. FES feature is that
muscle electrostimulation is possible providing during
movements (usually, cyclic), directly at the time when a
certain muscle should work at normal [4]. Muscles are
activated as a result of muscle motor point (i.e. preserved
lower motor neuron) stimulation. Electrical stimulation is
combined with performing target exercises [5, 6].

Most frequently, FES is used in patients with spinal
cord injury (complete or partial). A wide range of FES
systems is applied for patients to teach them uprising,
standing [7, 8], as well as a supporting system when
walking [9-11].

FES still remains the technology, which is technically
difficult to implement so far. However, it is the technique,
which combines well with the capabilites of a
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rehabilitation exoskeleton, since it helps perform dosing
cyclic motions when walking.

In recent years, there have been extensively carried
out the researches on fitting exoskeletons with FES
system [12-16], however, currently, there are a few
ready-made FES systems on a medical market that could
be used with exoskeletons. In addition to exoskeletons,
active orthosis with FES are being developed [17, 18]. In
fact, an orthosis is a part of an exoskeleton (as a rule, for
the knee joint).

The advantages of combined application of FES and
an exoskeleton are obvious, therefore, the work on fitting
exoskeletons with FES systems started when the latter
appeared. Prior to exoskeletons, their precursors were
equipped with FES: e.g., such systems as Locomat
(Hocoma, Switzerland) and its analogues, stationary
exoskeletons. The experience hailed a success, and
further work aimed at fitting portable systems, including
active orthoses, with FES.

However, meanwhile, only Ekso GT (Ekso Bionics,
USA) has a re-equipment option by FES system of an
outsourced manufacturer.

For this reason there has been designed an original
FES system to be used in rehabilitation exoskeletons.

The aim of the study was to develop functional
electrical stimulation system, which can be initially
integrated in a lower limb exoskeleton to provide the
best compatibility and synchronization of the system
operation with exoskeleton joints when a patient is
walking.

Materials and Methods

Based on integrated literature data and own expertise
of designing similar systems [19], we have developed a
concept of FES system suitable for being integrated in a
lower limb exoskeleton. The system includes 2 or 4 FES
channels, each channel being implemented
in the form of a printed-component board
(Figure 1). FES channels enable to deliver
a stimulating current to target patient’s
muscles using body electrodes connected to
an equipment connector. Each FES channel
has the following technical data of an output
signal:

stimulation pulse — U-shaped, with plumb
fronts;

current amplitude — 0-100 mA in
increments of 1 mA;
pulse frequency — 25-100 Hz in

increments of 1 Hz;

pulse duration — 2-500 ms in increments
of 1 ms (for a bidirectional signal the duration
is symmetrical).

CLINICAL MEDICINE

system output is connected to a measuring input of an
oscillograph. The functions of amplitude and frequency
measurements are used in an oscillograph.

Then we carried out a series of experiments to record
stimulating signals in a different variation of parameters
in minimum and maximum boundary limits.

To test the capability of reaching effective stimulation
current, we added a ballast load (resistance: 270 Ohm)
to FES electrodes. A visual inspection of the assembling
correctness was followed by power supply, a series
of experiments being carried out to check effective
simulation current at different voltage amplitude,
oscillating frequency, and width of a stimulation pulse.

Figure 1. Appearance of channel board of functional
electrical stimulation of muscles:

1 — UART-interface control connector; 2 — socket outlet
to connect body electrodes to FES system; 3 — FES board
power connector; 4 — a connector to wire up body electrodes
to electromyographic activity recording system

An experimental setup for FES channel
testing was assembled (Figure 2).

FES system board is connected to
a computer through a USB-port, and a
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Figure 2. Appearance of an experimental unit to test FES system:

1 — oscillograph; 2 — FES system board; 3 — converter board of
interface USB/UART with built-in power supply; 4 — trunk lines to connect
oscillograph input and FES board output
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Results

The Table presents experimental measurement
findings.

The experimental findings have shown that the
measured parameters are within a tolerance range for
the parameters.

The oscillograph recorded FES pulse form and
sequence. Figure 3 shows the result of the channel
operation at pre-set parameters: amplitude, 90 V; pulse
repetition frequency, 100 Hz; pulse width, 500 ps.

Plumb signal front complies with the requirement of

Stimulating signal characteristics acquired during FES testing

quickest possible repolarization and enables to make a
maximum clinical effect.

To check FES system operation, it was integrated in
exoskeleton structure designed before [20]. Electrical
stimulation was achieved by means of special skin
electrodes. Electrodes depending on a patient's
clinical status can be also placed at the fixation areas
of exoskeleton cuffs, which can cause -electrodes
damage. Cables connected to the electrodes can also
be damaged by the cuffs. Moreover, the cables guiding
to distant devices can be damaged exoskeleton while
in drive operation. Another considerable cause of
the necessity to integrate FES system
in an exoskeleton is the requirement of
implied real-time FES synchronization

Parameters Experiment number
2 3 4 5 6
Amplitude (V) 88.16 88.63 88.16 8847 30.07 302
Frequency (Hz) 25 25 100 100 25 25
Pulse width (us) 20 5004 201 5051 196 499.6
Stimulation electric
current (mA) 242 245 240 244 250 250

with exoskeleton movements to a high

7 8 precision. Figure 4 shows an electric
stimulation scheme.

304 3015 Electrical stimulation support system

100 100 includes several one-duct banks (powered

201  502.1 by 2—4 stimulation channels) and software
controlling the stimulation process. FES

U0 249 blocks are mounted on an exoskeleton

B Amp:
[ -

8847 v
505.1 ps

Figure 3. Oscillogram of pulse burst at amplitude, 90 V; pulse repetition

frequency, 100 Hz; pulse width, 500 ps

frame adjacent to the attachment point of
electrodes to fix possible leakage, reduce
electromagnetic interference in stimulation
and shorten the cable length.

The software under the control of
Linux operating system on a single-board
computer of the exoskeleton provides a
stimulation control system. Stimulation
control is provided as follows. Classification
algorithm determines gait phases according
to electromyography findings and transmits
a synchronization signal to the stimulation
control module. The synchronization signal
is a key signal for all FES channels of one
side (left or right). Thus, there are separate
synchronization signals for a walking
cycle of the right and the left lower limb.
A synchronization signal determines the
walking cycle beginning moment of the leg.
The programming of each FES channel
provides the setting of the following

On-board computer

parameters:
pulse frequency;

Stimulation control module

Gait phase classification
algorithm

pulse amplitude;
duration of a single pulse;
starting work time relating to

the

Y
Serial interface UART driver

beginning of a walking cycle;
finishing work time relating to the
beginning of a walking cycle.

Y
FES: channel 1, ..., channel N

Figure 4. Stimulation control system implementation scheme
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The first three parameters determine
the intensity of the effect and are adjusted
considering patient's sensations during
channel test run. The intensity should be
such there was a visible contraction of a
stimulated muscle, though in the limits
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of tolerable pain sensations. The last two parameters
determine time schedule of the channel operation.
Time schedule of the channel operation for a stimulated
muscle is adjusted according to the program of
muscular stimulation in accordance with the data
published before [19].

FES channels are switched on-off-on an operator’s
command. After switching, FES channels work
automatically according to pre-set parameters and a
synchronization signal.

Conclusion

The expansion of exoskeleton application sphere
suggests both: walking simulation as locomotion, i.e.,
function replacement, and also the recovery of lost
capabilities to walk. In addition, the use of an auxiliary
drive is not always enough. In order to enhance a
rehabilitation effect, exoskeletons are equipped with
an additional FES system that significantly improves
a clinical effect. However, there are no exoskeleton
models with an integrated FES system, and the use of
external systems is limited.

We have suggested the solution consisting in
developing an original FES system designed for
integration in an exoskeleton. Technical implementation
of the solution seems to be promising and requires its
further improvement.
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