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Hybrid Assistive System—The Motor Neuroprosthesis

DEJAN POPOVIC, RAJKO TOMOVIC, anp LASZLO SCHWIRTLICH

Abstract—Two approaches are currently applied for motor rehabil-
itation of paralyzed humans: functional electrical stimulation (FES)
and mechanical bracing. Both assistive systems have limited applica-
tion due to several factors (indication, psycho, socio, and economic
status, state-of-the-art of technology, etc.). The combination of FES
and an externally powered and controlled brace is called a hybrid as-
sistive system (HAS). The HAS presented in this paper is a combina-
tion of multichannel surface FES and self-fitting modular orthosis
(SFMO). Energy expenditure and a reduction of force load on the up-
per extremities are criteria for the efficacy of HAS. The control system
of HAS is nonnumerical and based on artificial reflexes (AR).

INTRODUCTION

OBILITY of the severely handicapped (paraplegic,

quadriplegic, and similar) relies very much on
wheelchair propulsion that can restrict many of their ac-
tivities and social readaptation. Existing techniques for
gait restoration are still not widely used. External braces
are bulky and unpleasant for frequent daily fixing. They
are meant for low speed swing—to or swing—through gait
patterns involving upper extremities as power sources, as
well as supports for balance maintenance. Active external
skeletons [36], [14], [28] were never applied in the en-
vironment other then at research centers. Some of the de-
veloped systems should be considered for different appli-
cations like standing and walking training [36], or bracing
of muscular dystrophy patients [14]. In order to overcome
shortcomings of other exoskeletons, a self-fitting modular
orthosis (SFMO) was designed [26], [43]. Details on the
SFMO are described elsewhere [27]-[29].

Most of current research activities in gait restoration of
paralyzed patients is related to functional electrical stim-
ulation. FES provides or improves functional movements
of an abnormal neuromuscular system by the application
of electrical pulses to the efferent or afferent peripheral
nerve fibers. These pulses are supplied by either surface,
percutaneous, or implanted electrodes and they are exter-
nally controlled. In addition to immediate functional mo-
tor effects in some patients, FES may also improve voli-
tional motor control of the paretic extremity and reduce
spasticity even after electrical stimulation is discontinued.
In cases of clinically complete paralysis, no improvement
of volitional motor control can be expected, but daily
electrical stimulation increases the contractile force of the
hypotrophic muscle [49].
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External control is needed in all of active orthotic de-
vices. Dynamical analysis of limb motion was pioneered
by Bernstein [S51]. These results were used to determine
how external torque modulate joint torque and affect limb
trajectories. Such a method involves numerical control in
the process of gait synthesis. However, basic research re-
sults in neurophysiology point out the different nature of
control in man and animal. The simplest behavioral acts
are reflexes [10] that are elicited by particular types of
sensory stimuli. One of the best known is the patellar re-
flex where the primary afferent fibers from muscle spin-
dles act directly on motor neurons to produce brisk knee
extension [38]. Higher centers, such as the motor cortex
have executive control of the whole motor system [25].
Although such general ideas are widely accepted, the de-
tails and specific roles remain obscure. For example, the
role of even simplest spinal pathway, the monosynaptic
reflex remains controversial [52].

Artificial reflex (AR) control has influenced the devel-
opment of nonnumerical control methods. Nonnumerical
control of locomotion was proposed by Tomovic [21],
[41]. This nonnumerical approach has been developed into
the concept of artificial reflex (AR) control [45]. Devel-
opment of artificial intelligence (AI) methodology stim-
ulated the development of skill based expert systems [46]-
[48]. It is important to remark that in spite of the on-off
behavior of neurons human functional movements are
smooth. Consequently, at the lowest control level, AR
must deal with dynamical properties of the system. Some
of the existing methods [11], [12], [50], [13] may be in-
corporated efficiently in AR control.

The properties of skill-based expert systems controlling
assistive devices are the following:

e The control algorithm must fit the nonnumerical na-
ture of motor control in man.

® Expert systems can be easily organized in a hier-
archical structure.

e Expert system methods can be used for independent
scene analysis, motion planning, and motion execution.

Hybrid assistive system (HAS) represents a combina-
tion of functional electrical stimulation (FES) and a self-
fitting modular orthosis (SFMO) controlled by artificial
reflexes (AR) (Fig. 1). Such a HAS may be interpreted as
an external neuroprosthesis for gait restoration of severely
handicapped. HAS was firstly suggested by Tomovic [42]
long before the rehabilitation technology was able to meet
the requirements. Development of an active SFMO, spe-
cifically its modularity and the cybernetic actuators, was
intended to integrate FES and an active mechanical brace.
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Fig. 1. Functional model of the HAS. Voluntary control of locomotion is
presented by direct vertical path. The direct path is disrupted by the le-
sion. HAS model involves two assistive devices working in parallel. The
left side relates to functional electrical stimulation acting as functional
nerve stimulation (FNS) and as functional muscle stimulation (FMS).
The right side pertains to active external skeleton (SFMO). Direct inter-
vention of the patient is presented by the line connecting cortex and the
controller box. It is realized by switch control or prescribed body move-
ments. Both closed loops, the FES, and the active brace use artificial
sensors such as force, velocity, and position transducers.

The first HAS application was reported during a clinical
evaluation of the SFMO [29]. The group working with
Andrews (Strathclyde University, Glasgow) has accepted
the idea of hybrid assistive systems [1], [2] with nonnu-
merical control. The first stage of this work was similar
to our preliminary control method for gait synthesis, i.e.,
the application of finite state control {44]. The parallel
application of external skeleton brace and FES has been
tested in other centers as well [24]. Encouraging recent
results related to HAS have been presented by the Strath-
clyde Group [3]-[5]. They differ from our approach in
two basic ways: use of braces without actuators and the
development of example based-systems. Their approach
is rather an extension of FES then a parallel application
of two assistive systems. The work with implanted elec-
trodes and a brace performed in Cleveland VA Center [35],
[20] is a new step in HAS applications.

MobEL OF THE HYBRID ASSISTIVE SYSTEM

Application of FES for gait restoration was firstly de-
veloped in Ljubljana, Yugoslavia [16], [17], [8]. Cur-
rently, it is in clinical application in several rehabilitation
centers throughout the world [23], [19], [4] and limited
home use.

For disabilities involving several muscle groups, pre-
programmed multichannel stimulator has been developed
[17], [8], 91, [19], [15], [22], [23].

Based on experience with different types of braces, we
decided to use as an active external skeleton SFMO [26],
[29]. The biomechanical model of the SFMO [26], [27]
involves partially active external skeleton, soft interface,
and the modular design. The model and a complete par-
aplegic with SFMO are presented in Fig. 2.
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Main features of the SFMO are as follows:

® Self adjusting of the brace to the body through tele-
scopic elements.

e Soft interface by special trousers. A favorable pres-
sure and force distribution exists due to surface interface.

e The device is unilateral.

e Weight of the brace is reduced compared to most
other devices.

® Modular construction allows independent application
of any of six joints. Left and right side are not connected
except in the cases when trunk stabilization is needed.

® Motion is obtained by special motor units. Units are
dislocated from the joints (cable operated). Motor units
are controlling stiffness of the joint from loose (free) to
rigid (locked) state, and joint motion (flexion-extension).
The operation of actuators is explained elsewhere [35].

The clinical experience has proved that the SFMO can
be used as a brace under valid orthotic principles [39],
[40], [30]-[32].

The crucial issue in the development of such a complex
system is the control, which, in our case, is based on ar-
tificial reflexes.

The term artificial reflex as used in this context has no
ambition to be equivalent of its counterpart in neural net-
works. Nonetheless, it reflects some rudimentary features
of reflex loop reactions in the nature. The term is used in
the following way:

¢ Externally powered and controlled joint is activated
by artificial proprioceptive and exteroceptive sensors.

o Input to the joint controller is used for recognition of
sensory patterns. Patterns are recognized by nonnumeri-
cal, logical expressions.

® Recognized sensory patterns are directly matched to
one of the actuator states: loose and locked states, flexion,
and extension.

The pattern matching operator (rules) is derived by
knowledge capturing using gait records.

Expert system for movement control consists of follow-
ing blocks: data acquisition, database, general rule base.

Knowledge base includes the database, formed by scan-
ning system input and prehistory of the system, working
and general rulebase.

General rulebase has three subsets of rules: regular,
hazard, and mode rules. The term rule corresponds to the
reflex activity of externally controlled electrical stimula-
tion or brace. Rules are stored in memory in arbitrary or-
der (Fig. 3).

““Firing’’ of a rule from the normal rule base changes
the actuator state (locking, unlocking, extension, or flex-
ion).

Mode base consists of rules defining the gait mode. Fir-
ing of a rule from the mode base transfers the correspond-
ing subset of rules from the general rule base to the work-
ing memory (Fig. 4).

The rule in our case is a Boolean expression. The left
side is a sensory pattern, and the output acts upon FES or
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Fig. 2. Biomechanical model of the SFMO. T, are externally powered
torques provided by Cybernetic Actuators (CA), coefficients of visco-
elastic interface forces between the brace and body are ¢. The application
of the SFMO is presented in T10/11 complete paraplegic (‘*Dr. Miroslav
Zotovic’’ Rehabilitation Institute, Belgrade).
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Fig. 3. Schematic presentation of control algorithm.
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Fig. 4. General rulebase.

cybernetic actuators controlling the brace, or upon the
working base organization. For example, a mode rule has
the form

If
the pressure existing in the left sole is bigger then the one
in the right sole,

and
the pressure on metatarsal area of the left sole is bigger
then the pressure in the heel area of the left shoe sole,
and
the left knee angle is close to 180°,
and
the left shank is close to the vertical line,
then
the intention for gait initiation with the right leg is rec-
ognized.

If the previous standing was on flat ground, the regular
database in RAM will be filled with the set of rules for
ground level walking. Consequently, the right leg flexor
reflex will be initiated, and the CA on the brace of the
right leg will be in free state.

Formal expression for above action reads as follows:

(p' = p" = do)(ph — pi — do)
(@, — 180° — dy)(a — do) = X = 1.

Symbols used in the above expression are p for pressure,
! for left, r for right, ¢ for toe, h for heel, ¢, for knee
angle, d, for ADC increment.

The set of rules for this type of HAS is not closed. The
study of gait performance of paralyzed patients may be
obtained by iterative procedure. Iteration means ‘‘trials
and errors’’ method. The term “‘error’’ refers to efficacy
and quality of the gait. Sensors used in the HAS are force
transducers located in the insoles of each shoe at toe and
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heel zones, knee angle potentiometer, and a pendulum
type potentiometer for shank displacement from the ver-
tical line. The input vector has eight components. Soft-
ware provides information about angular velocities, and
also process force information providing information
about center of pressure displacement during stance phase.
The searching procedure (Sensory Acquisition and Mo-
tion execution) is 20 ms in the current version of the por-
table ucomputer. The number of rules is limited with
unique representation within existing sensory information
basis. The knowledge system has been tested with 96 rules
for A/K (above/knee) prosthesis. The control for HAS op-
erates with only 23 rules, comprising level walking, ramp
climbing, backward walking, standing up, sitting down,
and turning around. Clearly the set of rules depends on
the type of motor deficiency and HAS technology.

Artificial intelligence systems are capable of learning.
This feature has not been included in the system. Efforts
to use machine learning for different type of HAS have
been reported [5], [6]. Current experience points out in-
dividual needs of each patient require special program-
ming. Such programming is straightforward by the use of
a PC computer and may be achieved on line [29].

EXPERIMENTAL WORK AND RESULTS

Among a number of options (paraplegic, quadriparetic,
incomplete quadriplegic, paraparetic) for HAS applica-
tion the preference was given to an incomplete quadri-
plegic patient. The evaluation has been carried out in the
Rehabilitation Institute ‘‘Dr. Miroslav Zotovic’ in Bel-
grade. The incomplete lesion was selected because such
a patient is able to ambulate either with FES or brace or
HAS. The use of HAS was compared with FES and
SFMO.

Energy consumption and ground force reactions were
used as objective criterions for comparison of the system.
In addition, gait mode, maximal speed, maximal slope,
maximal length of functional use were compared.

A case history can be presented of an patient, male, 24,
traumatic injury two years prior to treatment, C5/C6 in-
complete lesion, abdominal musculature well preserved,
poor arm and hand control, arm muscles week (antigrav-
itation tasks are hardly possible or impossible), no sen-
sations and volitional control in lower extremities (com-
plete functional lesion above the waist), extension spasms,
extremely eager to regain walking and standing. The pa-
tient was trained to stand and walk in parallel bars, with
the walker or under elbow crutches. He was trained to use
each component of the system independently with equal
personal acceptance in order to obtain objective compar-
ison.

The SFMO consisted of two active modules (knee
mechanisms) and two ankle joints with spring mecha-
nisms for dorsal flexion. FES system consisted of a six-
channel surface stimulator. Stimulation of gluteus medius
m., quariceps m. and peroneal n. on both sides was ap-
plied. The on-off stimulation was used. Each channel was

set to appropriate parameters (/, T, f ). Maximal current
was limited to 140 mA, maximal duration = 0.5 ms, fre-
quency range 20-45 Hz. The sensory feedback was im-
plemented by a Bourns potentiometer, a pendulum
damped potentiometer (Humprey, San Diego) and Inter-
link force transducers (resistive Wheatstone bridge). Hand
support (walker and crutches) were equipped with strain
gauge transducers and switches. Sensory information from
walker/crutches was performance assessment, not for
control purposes. Controller was based on INTEL 8085
pprocessor, ADC 0816 CCN AD converter, D8155, 32
kbytes ROM memory, 6116 chip with 2 kbytes RAM
memory with serial and parallel communication with Intel
IV development system, 8 MHz clock, and power stage.
CA used for powered knee is based on prosthetic CA ac-
tuator described in details elsewhere [29]. The knee joint
is remotely actuated by a flexible push-pull cable.

Programming is done by the use of Intel assembler [53].
The Intel IV system is used for on line adaptation of pa-
rameters. Experimental analysis (TV system, goniometric
system) was combined with computer simulation of the
SFMO model.

Prior to gait analysis, the muscle fatigue resistance and
maximal joint torques were measured. The test was per-
formed in order to determine the length of the use of the
FES system in functional range. Fig. 5 presents the en-
durance test performed in an incomplete C5/C6 patient.
Quadriceps m. stimulation with monophasic constant cur-
rent (I = 100 mA, pulse width T = 250 us, frequency f
= 20 Hz) is used for knee extension.

Flexion reflex during standing in parallel bars was es-
timated in the following way. Ipsilateral peroneal n.
(flexion reflex, f = 20 Hz, T = 300 us, [ = 45 mA) was
stimulated and the contralateral leg was braced with
SFMO. Stimulation parameters were selected according
results published by Ljubljana REC group [18].

The flexion reflex deteriorates with the time. After 10
min stimulation (5 s stimulation, 5 s relaxation) move-
ment loses its functionality. Maximal length of effective
stimulation is limited to 10 min. Ambulation tests in par-
allel bars have confirmed the same result. First 10 min of
gait correspond to normal flexion-extension synergy.

An important indicator of gait efficiency is velocity.
Speaking of normal walking, we are usually referring to
a velocity between 1 and 1.5 m/s. Average maximal
speed was recorded from then tests:

vsimo = 0.6 m/s  vpgs = 0.45 m/s vyas = 0.66 m/s
The angle range for slope walking is in range of
aspmo = (—4°,4°) apes = (—7°,5°)
ayas = (=7°, 5°).

The oxygen consumption is normalized to energy con-
sumption of a healthy subject, biomechanically similar to
our patient (male, same height, similar mass distribution,
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Fig. 5. Angle versus time in incomplete C5/C6 quadriplegic; (a) isoki-
netic knee extension, (b) isokinetic knee flexion, (c) isomorphic knee
extension. In extension initial angle is 90°, in flexion initial angle is
180°. The test was performed during regular every day stimulation pro-
cedure. Maximal torque in isometric stimulation (shank in vertical po-
sition, knee angle 90°) is presented. Mean value from ten trials is pre-
sented.

same weight, 23 years). Using ¥y = 1 as a normal value,
we got (Vo = 7.9 mg/kg/min) the results tabulated in
Table I.

As seen energy consumption decreases when HAS is
applied. This statement is qualitative because only a sin-
gle patient was examined and the results depend on the
type of impairment. All the measurements were done in
laboratory conditions; muscle fatigue is estimated to be
the same at the beginning of each task. Measurements are
performed in separate sessions.

HAS provides wider variety of gait modes compared to
its components.

The real advantage of HAS over FES is due to the fact
that the brace is applied in standing and stance phase. Ex-
tensor muscles are activated only in order to produce
movement, not to stabilize specific position. Theoreti-
cally, HAS use is not limited in time. Muscle fatigue does
not play major role. Practically, HAS use is limited with
dizziness of patient and overall fatigue. The dizziness ap-
pearing in high thoracic and cervical lesions is due to the
lack of blood pressure control in paralysis. Even when
this mechanism is intact the blood supply of brain seems
to be below the physiological once the patient is standing.
This phenomenon is more prominent during quiet stand-
ing than when patient is active (walking, hand/arm activ-
ity). Energy expenditure is still almost double compared
to consumption in normal gait. Slow walking is the main
reason for low efficiency.

Ground reaction forces (Kistler force platform) and arm
forces with strain gauges in under elbow crutches were
also recorded. The gait speed was v = 0.45 m/s (Fig.
6). Arm forces for different velocities with HAS was ob-
served and force decrease with velocity increase was no-
ticed. This is due to D’Alembert (inertial) forces. Slow
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TABLE I
NORMALIZED ENERGY CONSUMPTION OF PARAPLEGIC PATIENT WALKING
WITH AN ASSISTIVE SYSTEM. HAS—HYBRID ASSISTIVE SYSTEM; FES—
FUNCTIONAL ELECTRICAL STIMULATION; SFMO-—SELF-FITTING MODULAR
ORTHOSIS; V—ENERGY CONSUMPTION OF PARAPLEGIC PATIENT, V,—
ENERGY CONSUMPTION OF NORMAL SUBJECT

SFMO FES HAS

V/Vo 3.6 2.4 1.9 | ground level, v = 0.4 m/s
3.9 2.5 1.9 | slope, -4, v = 0.3 m/s
4.7 4.0 2.9 slope , +4°, v =0.3 m/s
3.9 / 1.7 ground level, v = 0.6 m/s
/ / 1.6 ground level, v = 0.66 m/s

walking is a quasi-static event; normal and fast gait are
dynamical phenomena (Fig. 7).

Ground reaction forces on arms and legs are practically
equal in swing to or swing through gait [Fig. 6(a)]. Hor-
izontal forces are very low. When walking with six chan-
nel FES, arm reactions are much smaller then with the
use of external skeleton. However, the peak value is rather
remarkable. The peak is due to the transfer of the body
weight from ipsilateral to contralateral limb. The sum of
both arm reactions is presented [Fig. 6(b)]. The use of
HAS reduces slightly the hand forces. The speed such ob-
tained is not adequate. Inertial forces are still not large
enough in this range of accelerations and velocities. Fig.
7 presents the improvement of arm forces while increas-
ing the gait speed. The step is longer, flexion phase is
shorter, duration of stimulation is just 32 percent of gait
cycle. It is necessary to point out that this gait is far be-
hind the pattern which may be compared with normal lo-
comotion. Balance is poor, gait speed is limited, arms are
used as power generators, etc.

CONCLUSION

Gait restoration is an important task in the rehabilitation
process. Nonetheless, only a certain number of highly
motivated paralyzed will use orthotic systems instead of
wheelchair. Neuroprosthetics may become a crucial tool
in abandoning sitting mobility and regaining bipedal ac-
tivities. The hybrid assistive system (HAS) was designed
to provide additional power to externally controlled mus-
cle actions when needed.

Application of nonnumerical control has proved to be
an efficient method for gait restoration. Essential features
of the approach are as follows:

® Great evolutionary potential since it relies on the
knowledge transfer from man to machine. Development
of learning capabilities and better understanding of neu-
rophysiological mechanisms will definitely improve mo-
bility control.

® Implant stimulation technique can be also integrated
into HAS using the same control concept.

In conclusion one can assert that HAS is a new step in
the development of neuroprostheses for locomotion and
manipulation. HAS improves mobility and feeling of
safety of the handicapped. SFMO and cybernetic actua-
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tors are essential contributions to HAS as a neuropros-
thesis.

Artificial reflex control has also added new quality to
existing assistive systems.
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