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Abstract—In current functional neuromuscular stimulation

systems (FNS), control and feedback signals are usually
provided by external sensors and switches, which pose

problems such as donning and calibration time, cosmesis, and

mechanical vulnerability . Artificial sensors are difficult to

build and are insufficiently biocompatible and reliable for

implantation . With the advent of methods for electrical

interfacing with nerves and muscles, natural sensors are being

considered as an alternative source of feedback and command
signals for FNS . Decision making methods for higher level
control can perform equally well with natural or artificial

sensors . Recording nerve cuff electrodes have been developed

and tested in animals and demonstrated to be feasible in
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humans for control of dorsiflexion in foot-drop and grasp in
quadriplegia. Electromyographic signals, being one thousand

times larger than electroneurograms, are easier to measure but

have not been able to provide reliable indicators (e .g., of
muscle fatigue) that would be useful in FNS systems . Animal
studies have shown that information about the shape and

movement of arm trajectories can be extracted from brain

cortical activity, suggesting that FNS may ultimately be

directly controllable from the central nervous system.

Key words : FES, FNS, feedback control, functional electrical

stimulation, functional neuromuscular stimulation, natural
sensors, neural recording.

INTRODUCTION

Injuries to the spinal cord or some areas of the

brain can cause permanent loss of sensation and

voluntary motor function. Currently, regeneration of
affected central neurons and restoration of functionally

appropriate synaptic connections is not possible . How-
ever, even when connections with the damaged control

centers are lost, the peripheral nerves and muscles can

remain viable indefinitely . This makes possible the
partial restoration of voluntary motor functions using

functional neuromuscular stimulation (FNS), also called

functional electrical stimulation (FES), of paralyzed

muscles or their nerves, an approach that has been under
development for the past 3 decades.

Current FNS systems provide a means for muscle

activation that is controlled by external command

signals and that involves very limited feedback . Control
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and feedback signals are usually provided by external

sensors and switches, which pose problems such as,

donning and calibration time, cosmesis, and mechanical
vulnerability . Implanted sensors and means for convey-

ing their data to external controllers have proven

difficult to build with sufficient long-term biocompat-

ibility and reliability . With the advent of methods for

electrical interfacing with nerves and muscles (1), the

various natural sensors having the potential to provide

feedback and command signals are a realistic alternative

(2) . Feedback can be provided by signals recorded

either from nerves (electroneurograms, ENG) or from

muscles (electromyograms, EMG), as shown in Figure
1 . Control signal sources can be derived from the brain,

spinal cord, peripheral nerves, or muscles . This paper

explores the possibilities for using direct recordings of

nerve, muscle, and cortical signals for controlling FNS.

Natural Signals for Use in Feedback Systems

Open-loop FNS systems tend to overstimulate in
order to ensure that muscles are sufficiently activated,

but this leads to premature fatigue . If sensory feedback

were available to adjust stimulation levels, both energy

consumption and muscle fatigue would be reduced, and

the safety margin could be increased . Feedback could

also help alleviate the cognitive burden of open-loop

systems, where users have to be closely aware of the

level of system operation and must be ready to
recognize emerging problems (e .g ., slipping of grasped
objects) . Furthermore, feedback could increase the
functional range, making system use possible under a

wider variety of conditions (e .g ., smooth and rough

walking surfaces) . The more varied the set of opera-

tional circumstances, the more important it is to have

feedback that can correct for external or internal

perturbations that affect the performance of a task.

Feedback is used very little in current FNS

systems. Attempts to use force-sensing resistors in FNS

walking systems have slowed the gait, and programmed

time delays have been used instead (3) . Based on
normal EMG data and adjusted through trial-and-error,

complex patterns of multiple muscle activation are

preprogrammed to substitute for the natural generation
of muscle activation patterns (4,5).

Feedback signals applicable to FNS systems may

be either nerve or muscle signals from natural sensors,

or electrical signals from artificial sensors . Among

natural sensors, single neurons have not at present been

demonstrated to provide reliable long-term recordings.

However, ENG signals recorded from whole nerves

with cuff electrodes (see later sections for details)

showed greater shape regularity (Figure 2) than EMG

signals in cats walking on a treadmill (6) . A single

nerve fiber can transmit 2—3 bits of information in 1

second. As the number of fibers increases, the informa-

tion increases as the square root of the number (7) . To

study the effect of synaptic transmission on information

processing, nerve impulses recorded from muscle

spindle sensory fibers in response to length changes

were filtered as would occur in transmission to

motoneurons, or as might be done in an FNS system

(8,9) . As predicted, the filtered signals became progres-

sively cleaner as the number of sensory fibers was

increased . (Figure 3) . Thus, large populations of

sensory units are needed to achieve acceptable signal-

to-noise ratios.

The relative size of EMGs (order of mV) and

ENGs (order of pV) suggests that EMG might be a

better natural signal (10) . However, ENGs are generated

by many more fibers, leading to a more favorable
signal-to-noise ratio . Later sections of this paper deal in

greater detail with the properties of both ENG and EMG

signals for use in control and feedback.

Incorporating Natural Signals into

Higher Level Control

To implement higher level control, one can use

threshold crossings as criteria for deciding what to

stimulate and when to change the level of stimulation.

Functional movements can be broken into sets of states,

and thresholds can be assigned to mark boundaries
between states.

When designing FNS systems for specific func-

tions, it is important to consider whether natural or
artificial sensors are better . Neural signals have proper-

ties that are useful for control. For slip detection (in

grasp or in ambulation), natural cutaneous sensors seem
to be ideal (6,11,12) . For other functions, they may not

be as specific as other natural sensors ; for example,

muscle spindle signals contain a mixture of length and

velocity information that depends on fusimotor tone and

may monitor joint angles more closely.

Natural sensors may be more reliable than artificial

ones, but a drawback is that their signals can only be

obtained by invasive recording systems . On the other

hand, the issue of cosmesis plays an important role in

the choice of a sensor ; on this basis, fully implanted

systems are preferred . Contrary to common thinking,

perhaps, the least important characteristic is linearity:

well-behaved and repeatable sensory signals are not
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Figure 1.

Schematic diagram of central and peripheral nervous system components involved in the control of voluntary movements.

A. Voluntary action is initiated in various brain areas with the precentral cortex (I) being a primary output source . Cortical motor neurons

project along the spinal cord (2) and synapse at various levels of the cord . Peripheral motor neurons have cell bodies in the spinal cord (3) and

axons along the spinal roots and peripheral nerves (4) that terminate in neuromuscular synapses in various limb muscles (5) . Sensory feedback

arises from a variety of receptors, including cutaneous receptors in the fingertips (6) . Sensory information is transmitted centrally along

afferent nerve fibers (7) that project directly or indirectly onto the motor neurons (3) to produce spinal reflexes . Sensory cells also send

ascending branches along the spinal cord (8) that, via relay neurons, project to various sensory areas of cortex, in particular the postcentral

cortex (9) . Connections among various areas of cortex and subcortical structures (brain stem, cerebellum, basal ganglia) participate in motor

control loops . The control of voluntary movements includes sensory feedback from cutaneous afferents, proprioceptive afferents from muscles

and joints, and visual, auditory, and vestibular sensory feedback.

B. Lesions of the spinal cord may destroy the axons that carry both descending and ascending information and thus permanently disconnect the

body from the brain . This paper considers a variety of methods of interfacing with the central and neuromuscular systems that may be used to

restore the voluntary use of paralyzed limbs and reestablish some sensation or perception . The diagram illustrates the recording of cell activity

in the motor cortex (1) . This signal is telemetered (2) across the skin and fed to an FES controller (3) that is programmed to detect command

signals from it . The controller provides the moment-to-moment amounts of stimulation to various muscles as output (4) that is telemetered to

appropriate motor nerves or intramuscular electrodes (5) . Touch and position information that is generated by cutaneous or proprioceptive

receptors travels along large sensory axons and can be recorded with nerve cuff electrodes (6), fed back to the controller and used for

closed-loop control of FES . Additional or alternative sensory signals may be obtained with external (7) or indwelling transducers (e .g .,

goniometers, accelerometers . Hall effect transducers) . The controller may also substitute sensory feedback (8) to appropriate areas of the

sensory cortex with microstimulation (9) to provide the user a form of sensation about the ongoing movement or motor task . In these regards,

the FES controller replaces both the integrative and the communicative functions of the spinal cord .
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Figure 2.

Signals were recorded from the tibial (Tib) and superficial peroneal

(SP) nerves and the medial gastrocnemius (MG) and tibialis anterior

(TA) muscles while a cat was walking on a treadmill . Note the

greater reproducibility of the neural (ENG) signals than of the

muscular (EMG) signals from step to step . Thresholds were set

(dotted lines) to determine state changes that could be used to trigger

stimulation for FNS, as explained in the original article by Popovic

and colleagues (47) © 1995 IEEE.

necessarily linear, and control systems for higher level

control do not require linearity.

External sensors have been used in the develop-

ment of control systems for walking at the University of

5 Sacssds

Figure 3.

Responses of primary muscle spindle sensory fibers (Ia) to a 4 mm

"ramp and hold" stretch of the muscle in which they lie. The nerve
impulses from each fiber were filtered, as would occur in synaptic

transmission, to model the response of a motoneuron to these inputs.

Responses are shown for populations of 3, 12, and 50 sensory fibers

when the spindles had no fusimotor sensitization (passive) or when

static (y s) and dynamic (y=) fusimotor motoneurons were stimu-

lated . Note the reduction of "noise" when more sensory fibers are

included . Reprinted with permission from Vincent (9).

Alberta . One subject was a 7-year-old girl with paraple-

gia who was fitted with an FNS system that used

force-sensing resistors (FSR) in shoe insoles, and

inclinometers at the hip to sense flexion, extension,

abduction, and adduction . In the search for signals with

reasonable predictive value, an analysis was made of

when the FSR signals crossed various thresholds,

relative to the subject's hand-switch triggering and to

the gait phases . This is illustrated in Figure 4 for a
single FSR under the patient's left heel . A threshold was

set (dotted line) and pulses were generated at the times

of crossing the threshold . These times were compared to

the times when the patient had voluntarily pressed a
switch to take a step with the right foot . Both missing
pulses (false negatives) and extra pulses (false positives)

were observed, as well as variable delays . Use of

additional sensors could improve the situation, but the

combination of sensors and thresholds would have to be

"hand-crafted" for each patient.

Machine learning techniques offer the opportunity

to automate and improve this process . In the technique

of inductive learning (13), one "training" set of data is

used to derive the decision rules and then a second

"test" set is used to determine the ability to generalize

to new data . Inductive learning was very well able to

reduce the number of false negatives and positives to

low levels, and to reproduce the timing of the patient

3 la's

12 la's

50 la's
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Figure 4.

Use of force-sensitive resistors (FSR) under the left heel and the

times of crossing a threshold (Th) to predict the times when a

paraplegic patient closed a hand switch to trigger stimulation of a

step . Note the lack of reproducibility of the signal from step to step

which leads to missing pulses, extra pulses, and time delays ' .

pushing the hand switch (14) . Another advantage of

inductive learning is that it derives a decision tree that

can indicate the relative importance of various sensors,

which may not correspond with the relative importance

of sensors assumed in the simple threshold system when

using hand-crafted rules.
Another method for making higher level decisions

is the adaptive logic network (ALN) . This is a type of

neural network, but it does not involve the probability

calculations of the back-propagation algorithm used in

traditional neural nets . Rather, it uses binary gates

leading to very quick operation once the rule tree is

derived. The ALN method was compared to inductive

learning and hand-crafted rules in a 43-year-old woman

with a unilateral percutaneous FNS system . Timing of

signals from FSRs was compared to desired times of

stimulation, as indicated by voluntary triggering with a

hand switch. The ALN performed well and had some

advantages and disadvantages compared to the other

methods (14).
In general, function can be improved further when

restriction rules are imposed. These provide general

limits ; for example, that the stimulation period must be

between a minimum and a maximum value and the
period between successive stimulations must be more

than a minimum amount . The ALN with restriction

' R Dai, A Kostov, and RB Stein, unpublished data .

rules has now been successfully used to control the

stimulation for the above-mentioned patient on-line in

the laboratory (15).
Although these decision-making methods have

been tested with externally placed artificial sensors,

clearly they will be transferable to natural sensors when

they are implemented . Of the three examples given

handcrafted rules, inductive learning, and ALN—the

method that performed best combined machine learning,

such as the ALN, with restriction rules . Machine

learning offers the flexibility and quick generation of

rules without the trial-and-error searches required to

set up handcrafted rules, while the restriction rules

allow the inclusion of features that will ensure safe

operation.

Sensory Feedback from Cutaneous Receptors

to Improve Control of FNS

Application to Foot-drop
When natural sensory feedback in FNS is consid-

ered in the hand, fingers, or sole of the foot, the cuta-

neous mechanoreceptors in the glabrous skin are the

sensors of primary importance . These are of four types,

classified as either slow- or fast-adapting (adaptation is

the property of decreasing response when a mechanical

stimulus of constant amplitude is repeated) and small or

large field (16) . If a recording method is to be clinically

applicable, the ENG sources must be stable and
invariant over time and the recording electrodes must be

robust.
A whole-nerve cuff electrode that monitors the

summed activity of all the axons that innervate an area

of skin avoids the problems of specificity of location of

the stimulus, and drift and fragility of electrodes that

record from only a small number of axons . Whole nerve

cuff electrodes are robust and have an excellent record

of safety and stability when correctly built and installed

(17-21) . The ENG, recorded with the nerve cuff,

reflects both the recruitment of mechanoreceptors and

changes in the firing patterns of active receptors

responding to changing mechanical stimuli (22).

In animal studies, it was found that 1) the nerve

signal carried detailed information related to the force

applied perpendicularly on the cat footpad ; 2) it was

possible to record it during electrical stimulation of

nearby muscles ; and 3) the signal could be used for

feedback (11,22,23) . The next question asked was

whether such methods could be used in humans.

In a case study conducted at Aalborg University in
Denmark, in a 35-year-old man with spastic hemiplegia

Th1
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and foot-drop, the sural nerve on the affected leg was

instrumented with a tripolar nerve recording electrode

(24) . The sural nerve is a long, purely cutaneous nerve,

about 2 mm in diameter (ID), that innervates the side of

the foot . It is superficial and easy to instrument . It was

judged a good choice for a first test in humans because

if damage to the nerve occurred, this would not leave
the individual at a great disadvantage. In fact, the sural

nerve is often harvested for nerve grafting in surgical
repairs of the upper limb. The cuff was implanted

during a simple neurosurgical procedure performed
under local anesthesia . Care was taken to place the cuff

so that it was neither pulled nor twisted by the leadout
wires .

The recording cuff (3 cm long, 2 .5 mm ID) was

made of silicone tubing and contained three circumfer-
ential metal electrodes (Figure 5) . For a detailed review

of the nerve cuff electrode technique see Hoffer (21).

The insulating cuff resolves the small action currents
generated by nerve fibers by constraining the current to

Figure 5.

Schematic diagram of a tripolar nerve cuff recording electrode . The

insulating nerve cuff (NC) is made of flexible silicone tubing . Three

multistrand stainless-steel wire electrodes (E) are deinsulated and
sewn circumferentially to the inside wall . At the points where the

wires go through the wall, they are covered with a drop (D) of
silicone . Their insulated leads (IL) are gathered in a short length of
silicone tubing (T) and run subcutaneously as a cable (C) toward the

exit-point in the skin . A silicone sheet flap (F) adhered over the cuff
opening ensures a tight seal . Several sutures (S) attached to the

outside of the cuff are pulled apart to open the cuff and are
individually tied to close the cuff tightly after the nerve is placed

inside . Figure from Hoffer (21) is used with permission of Human
Press, Totowa, NJ.

flow within a long narrow resistive path . The 3-cm

length (large compared to stimulation cuffs) is near

optimal for recording from large afferent axons (21,25),

allowing differential recording from a center electrode

with respect to two end electrodes . Lead wires were

percutaneous, with no special connector to the external

electronic device (Figure 6).

The nerve signals were on the order of microvolts
(10) . When muscles were stimulated, artifacts domi-

nated the recorded signal as both the electrical stimulus

(order of volts) and the compound evoked muscle
response (order of millivolts) were picked up . High-pass

filtering and bin integration synchronized with the

stimulation (10,23) eliminated most of the artifacts and
produced ENGs that contained information about foot-

floor contact that was adequate for stimulation control.

Figure 6.

Apparatus and electrode placement for portable footdrop orthosis.

Reprinted from Haugland and Sinijarr (10) with permission from

IEEE Trans Rehabil Eng © 1995 ISLE .

Innervation area

of the sural nerve



151

HOFFER et al . Neural Signals in FNS

Perpendicular and lateral forces (up to about 8 N),

recorded together with nerve activity, showed features

that were essentially similar to analogous recordings in

cats (22,24) . When a force step was applied, there was a

brief spike of activity that settled back to slightly more

than baseline level . That is, there was a slight DC

component during maintained force, as in the cat data.

When the force was removed, there was an "off"

response, caused by the mechanoreceptors responding to

the change in force . Frequency content of the raw neural
signal was principally between 500 Hz and 2 kHz,

making it possible to reject EMG contamination and

60-cycle hum by high-pass filtering . ENG amplitude

varied linearly with the slope of the force application in

Nls (10) . There was also slip information as in the cat

data, suggesting that slip detection may be feasible

using neural signals (11).
It was hypothesized that by detecting heel contact

and lift, the ENG could be used to distinguish between

stance and swing phase and thereby provide a feedback

signal for an FNS foot-drop system. In the test setup,

ENG was translated into a stimulator control signal

(Figure 7) . The stimulator supplied impulses to surface
electrodes and also produced synchronization signals to

assist in filtering the EMG artifacts . The amplifier

produced a noisy signal (contaminated with thermal

noise, muscle signals, and artifacts) which was then

high-pass filtered, rectified, and bin integrated (26) in

synchrony with the stimulation signal . The bin inte-

grated signal, which was a mostly noise-free nerve

signal, was passed into a peak detector, which indicated

heel strike . In simultaneous recordings of rectified ENG

and heel switch signals during gait, it was more difficult

to see where stance ended and swing started than where

stance began. Since only heel contact could be deter-

mined reliably, a timer was used to estimate heel-off.

The FNS foot-drop system, using ENG feedback

signals, functioned equally well with the user barefoot

and wearing shoes (Figure 8) ; it worked best during a

fast and secure gait . The rate of failures was higher

when the gait was slow . Failure was defined as either a

false positive heel detection (ankle dorsiflexors stimu-

lated when not necessary) or a false negative heel

detection (dorsiflexors not stimulated when required).

To make such a system functional for everyday use, it

will be necessary to eliminate the percutaneous wires,

reduce the size and power consumption of both the

stimulator and the control unit, and refine the signal

processing to remove residual EMG . While the sural

nerve provides useful signals, it innervates only the

Figure 7.

Block diagram of portable foot-drop orthosis . Reprinted from

Haugland and Sinkja r, 1995 (10) with permission from IEEE Trans

Rehabil Eng © 1995 IEEE.

Barefoot

	

shoes & socks

Figure 8.

Data from walking barefoot and with shoes and socks Reprinted

from Sinkjcrr et al . (48).

dorsolateral portion of the foot . The group in Aalborg

recently placed a nerve cuff on the tibial nerve,

innervating the sole of the foot, of an MS patient with

foot-drop. This also provided a consistent "heel-

contact" signal during walking (27).

Application to Grasp

Demonstration that natural sensory feedback can

be used to control paralyzed leg muscles has led to

exploration of its feasibility for controlling grasping at

Aalborg University . The innervation density of cutane-

ous mechanoreceptors in the fingertips ranges from 10

Heel contact
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to 140 units/cm2 and their receptive field areas range

from 11 to 101 mm2. If ENG could be extracted

reliably, hand grasp could be controlled in an FNS hand

system. To test this, a 2-cm long cuff electrode of the

type described above was installed circumferentially

around the radial branch of the palmar digital nerve in a

subject with quadriplegia . The cuff lead wires were

routed subcutaneously over the wrist to the dorsum of

the forearm where they exited and terminated in a 3-pin

connector . The palmar digital nerve innervates the
lateral part of the second finger.

Reductions in the nerve signal amplitude were

observed within a few days after cuff implantation . A

surface electrode was used to stimulate supramaximally

and a compound action potential was recorded with the

cuff electrode . The amplitude of ENG dropped from

110 pV at day 1 to about 60 pV at day 11, and then

slowly rose to above 110 pV after 4 months . The

observed changes in amplitude were not reflected in the

conduction velocity of the nerve signals, which makes

the interpretation difficult . However, the nerve may

have experienced changes shortly after implantation,

similar to those observed in animals (28).
Studies in Sweden by Johanssen and Westling

(29,30) showed that the intact nervous system uses slip

information to trigger increases in grip force . In animal

studies in Canada, Haugland and Hoffer determined that

the ENG contains slip information that can be identified
(11) . Working together with R . Riso of Case Western

Reserve University, the Aalborg group studied the nerve
signal in the implanted human subject when an object

was moved along the skin (31) . They recorded rectified
and filtered nerve signals during slipping with suede

and sandpaper surfaces. Excursion remained constant
and velocity varied from 5 to 25 m/s . When the object

was slid along the skin there was a velocity-dependent
response. Suede and sandpaper caused similar patterns

of ENG burst responses as a function of velocity, but
with different amplitudes . Both the ON and OFF res-

ponses of the receptors were detected when the finger
was touched . Microslips, where the held object did not

move, were also detectable . Applying percutaneous elec-

trodes developed at Case Western Reserve for stimulat-

ing the hand muscles, it was recently demonstrated in

this subject that the neural signal can indeed be useful

in slip control of a neuroprosthetic system (32).

EMG Signals for Control of FNS

The EMG signal provides an indicator of muscle

state that is easy to measure, suggesting that it would be

a potentially useful signal for command and control of

FNS systems . The simplicity of surface measurement of

EMG offers a great contrast to the invasiveness of the

nerve cuff sensors described above . However, the
unreliability of the EMG signals that result leads to a

pessimistic prediction for the method's use in practical

FNS systems.

The EMG is the summation of activity of many
individual motor unit action potentials . The EMG that is

produced through voluntary muscle contraction is the

summation of signals from asynchronous motor units
and is stochastic . The information content of this signal

is reflected in its frequency properties and amplitude
distribution. By contrast, the EMG recorded from
electrically activated muscles is the summation of

signals from synchronous motor units and resembles a
giant motor unit action potential . Thus, measurement
and processing are different in voluntary and

stimulation-evoked EMG . Characteristics of the pro-

cessed EMG signal are determined primarily by the

design and placement of the recording electrodes and

secondarily by the distribution of active muscle fibers,

amplifier and filter circuits (33) . Therefore, the proper-

ties of any particular investigator's EMG signal will be
unique.

Stimulus artifact is a very important problem when

using EMG for feedback signals in an FNS system.

There is electrical activity of large amplitude coming

from stimulus electrodes, especially surface electrodes.

The EMG is much smaller in amplitude and is buried

into the artifact . The artifact is grossly affected by the

design of the stimulator output stage and the EMG input
stage . One method of reducing the artifact is to short the

stimulation output after the useful part of the stimulator

pulse (34) . For this method to work properly, a

stimulator with capacitor-coupled output must be used.

With transformer coupled output, the output inductance

combines with the skin capacitance and causes a ringing

which can lengthen the stimulus artifact (35).

In processing EMG, one must pay attention to the

particular processing blocks and their order . If the

amplifier contains a preliminary high gain stage, as is

normally used for voluntary EMG processing, the

artifact will saturate the amplifier . Instead, good success

has been achieved using an initial DC-coupled buffering

stage with gain=l . An appropriate combination of gains,

slew rate limiting, and blanking does an adequate job of
eliminating the artifact, as is shown in Figure 9.
Because so much adjustment of amplifier parameters is

needed from individual to individual to obtain a clean



153

HOFFER et al . Neural Signals in FNS

tprocessi~i ~<<,nal

	

With slew rate limiter

With slew rate limiter,

stim shorting, blanking

electrodes to stimulate nearby muscles.

nit prrn1t lr'n from N.C. Chesler. EMG as an indicator
~uin~ I n tided standing of paraplegics (Master's

I Department of Mechanical Engineering,

il .

	

I . pre s c t)H t n author is pessimistic about how
1 ,1,,

	

VIG c .111 I~r in FNS systems.
m ii I of thenc problems do not exist with implanted

I (I Ai 111 ~ t i m u l ; ~ 1111,1 electrodes and implanted EMG
I,

	

l . ele(lliulun because the artifacts are much
io m ;tIIt

	

10r e at~il~lc . Solomonow (36) reduced artifact
s, i n, l 1 I v >> h l air t o the EMG amplifiers during the

~tinuilu

	

luuke.
I i u .c EMG

	

a control signal source, one must
Hid ;[ pi ()hcrty of 1 MG that changes with muscle state.

O11,

	

i .nihilily is l„ use averaged EMG amplitude as a

n t, () I muscle force . There is a trade-off between
h„v i o v of the EMG spikes are averaged and the
11, (lnrn~ v response desired in the final signal ; the more

I \1( i r( averaged, the farther apart are the time steps
at 1 1 i1 1 there will be knowledge of the signal . But, a
cleans ~innal will re ,,ult.
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contort( of the 1 , , 11 .11, which changes with muscle
f,ttimue . A spectral power estimate can be obtained by
a ti c ra i n the EM( spikes and taking the fast Fourier

tr,tt),sform (FFT) of the result . The mean or median

frequency can then be used for a control signal . Most of

the EMG power occurs at frequencies below 300 Hz,

with peaks around 100 Hz. Contrast that with ENG

signals where the power occurs in the kHz range .

The EMG has been used in FNS research in a

variety of ways . Hoshimiya et al . (4) used multichannel

EMG in nondisabled subjects to synthesize patterns for

open-loop FNS stimulation . Solomonow et al . (36)

stimulated muscles isometrically with nerve cuff elec-

trodes and used EMG as a force feedback signal . They

were able to vary recruitment through a high frequency

nerve conduction blocking technique and demonstrated

that the EMG-force relation depended on recruitment

strategy in stimulated muscle in the same way it does in

voluntary muscle . Graupe et al . (37) have used EMG to

control step, stand, and sit in FNS-aided gait by sensing

shoulder muscle EMG voluntarily generated by the

subject . In addition, they used EMG monitoring to

provide signals that compensated for fatigue in
quadriceps during FNS-aided standing (37).

EMG as a fatigue indicator was tested in a study at

MIT using surface electrodes to stimulate the

quadriceps muscle isometrically (35) . In 20 nondisabled

subjects and 3 subjects with complete spinal cord injury

at C6 to T10 levels, isometric knee torque and

quadriceps EMG were monitored in response to stimu-

lation. Examination of amplitude and frequency mea-

sures of the EMG signal was inconclusive . In some

trials, the selected measures tracked force well, but in
others there was little or no correlation . Possible reasons

for such variable results include the contaminating

influence of voluntary contraction and insufficient

sampling of motor units with the EMG electrode due to

size and position of the electrode.

EMG signals are relatively easy to measure,

particularly in surface electrode systems, but the rela-

tionship between EMG and force is complex . After a

fatiguing contraction, the EMG recovers before force

and its utility as a practical indicator in FNS systems

may be limited . This study only looked at isometric

systems . Once the muscle starts to move, EMG-force

relations change, making EMG use very protocol-

specific . The situation is more hopeful with implanted

EMG electrodes. Perhaps, use of EMG as a binary

(on-off) rather than proportional signal would be more

practical . It is concluded that use of the EMG signal as

a reliable force/fatigue indicator is an open research

question.

Relation Between Motor Control and Signals from

Brain Cortex

Up to this point, only natural signals from the

muscles or the peripheral nervous system have been

considered. In this section, the relation between cerebral

'ew rit<< Hinter,

shortini
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cortical activity and arm movement is explored. Be-

cause signals from single motor cortex units are

processed in the central nervous system before they

contribute to controlling muscle, the type of information

available from these units may be very different from

what is observed in the peripheral nervous system.

Arm movements were examined in search of

relationships between the kinematics and the goal of the

movement . For example, consider the differences be-

tween moving your arm and hand to pick up a glass of

water, and moving them to swat a fly. It is thought that

the cerebral cortex is important in imparting the

behavioral aspects of these movements.

Monkeys were studied who had been trained to

make arm movements . In the initial studies, single unit

cortical activity was recorded while the monkeys moved

a handle in one of eight directions uniformly distributed

around a 6-cm circle (center-out task) . The average

discharge rate of the cortical neuron during the reaction

and movement time was plotted against movement

velocity and direction . For any particular neuron a peak

discharge rate was found in a preferred direction, a

minimal rate in the opposite direction, and graded rates

in between (38,39).

For a neuroprosthetic device, the ideal would be to

record a cortical signal, interpret the direction of arm

movement from it, and use that to control the device.

However, single unit recordings present problems : near

the peak discharge rate, small changes in discharge rate

occur with large changes in direction . Furthermore, the

discharge rate is an ambiguous function with a single

cell's discharge rate coding for more than one direction

of movement . The most fundamental finding is that the

discharge rate is a broad tuning function, covering all

directions of movement . Each cell is generally active for

all movements . This has been found almost everywhere

in the central nervous system. In a population of cells,

all cells can be active for most movements; thus,

parameter coding is almost always coarse . When one

considers more than one cell, they may each have

different preferred directions, and thus slightly different

tuning functions . The combination of discharge rates

can give a better prediction because the effects of

ambiguous and coarse coding will be reduced . The more

units added, the better the prediction can be.

An algorithm called the population vector algo-

rithm is used . Cells in the motor cortex have different

preferred directions (detailed by their tuning functions),

which are found to be uniformly distributed across the

spatial domain. In a computer-based process, a unit

vector is laid down in the

cell . The magnitude of the

firing rate to obtain the con

population vector . The sun

population vector that ca

movement direction, with

movement speed.

This method was

Georgopoulos and colleaguc
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movement . This was reprot
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There was also good col iiondence between finger

speed and length of the poll ion vector . The popula-

tion vector preceded the corresponding portion of the

movement by 120 msec (45) . This suggests that the

population vector might make a good control signal.

When the population vectors recorded during the

drawing of these figures were placed tip to tail, the

overall shape was a close match to the finger's

trajectory . Thus, the shape of the movement trajectory

could be extracted from the cortical activity (45).

In new studies, researchers at Arizona State

University and we (ABS) are planning to record

instantaneous population vectors from many units si-
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multaneously, and process them through an artificial

neural network, which uses a Kohonen feature map to

extract trajectory information . In future studies, we plan

to use this procedure as a test in animals operating a
robotic arm to reach food. Ultimately, these methods

may be applicable to control of prosthetic systems,

including FNS systems, by human subjects.

DISCUSSION

Many sensors will be required in FNS systems

designed to provide complex motor functions such as
walking or grasping. If such systems are to be practical,

they will ultimately need to be implanted . Implanted
systems involve constraints on data transmission in and

out of the body, leading to a need for internal signal
processing. Sensors and signal processing need to be
sufficiently robust (self-tuning, largely pre-set) so that

they can be greatly miniaturized . External components
will have to involve minimal donning time.

The main sensory modalities used in normal motor

control are touch (cutaneous receptors), position

(proprioceptors, mostly muscle spindles), and activation

(efference copy from the motor neurons themselves by

the Renshaw cells which send a signal back into the
nervous system to tell the system how much effort is

going into the muscles) . We often speak of the need for
indicators of force and fatigue, but there is no clearly

identifiable biological process corresponding to either.

There are, of course, the Golgi tendon organs ; but these
sensors of force in muscle are not used for the types of

force feedback we normally think of, and are not

consciously accessible as a sense of muscle force.

This discussion will concentrate then on the

modalities of touch, position, and activation . They may
be used in three types of control : 1) State-based control,
such as, in switching from one part of a motor program

to another or making a pre-programmed response to a

perturbation ; 2) Continuous regulation, by mediating

adjustments to unexpected but slowly changing condi-

tions of load or muscle fatigue ; and 3) Command
signals, by initiating the next muscle activation se-

quence on the basis of volitional control (See Table 1).
Touch is used biologically for state switching, and

may be most useful in prosthetic systems, as was
described above (10,24) . Touch feedback indicates

when a contact has been made or broken, but is not very

good for continuous regulation of motor variables . State
switching may also come from position sensors or from

Table 1
Potential value of natural sensory modalities in three types
of control.

State-based Regulation Command

Touch (cutaneous) ++
Position (proprioception) + + ++
Activation ++ +

(efference copy)

Force

Fatigue 2

Scale : — (not valuable), + (somewhat valuable), ++ (very valuable).

the natural proprioceptors . If you have clever state-
switching algorithms, as (RBS) described above, you

can make use of complex, noisy information.

For continuous regulation, one usually thinks about
using proprioception . But there may be a much larger

need for the use of activation signals, particularly in
prosthetic systems . One of the biggest problems that all

FNS systems have is that the recruitment curves for
activation of muscle are very steep . Another major
problem is that the recruitment curves shift with

changes in the position of the limb and electrodes . It
would be very useful if EMG signals could provide a

moment-to-moment indication of where you are on the

recruitment curve, to resolve these very serious prob-
lems in control of open loop systems.

For command channels, signals thus far have

generally originated from externally mounted position
sensors. There has been a long-standing interest in

obtaining command signals from the remaining muscles

under voluntary control . The field of myoelectric con-
trol has been a frustrating area for many of the reasons

mentioned above (WKD) . It remains to be shown
whether EMG will be useful in neuroprosthetic systems.

FNS systems employing a large number of widely

distributed sources of command and feedback signals

would seem to imply that extensive surgery was

necessary to implant and maintain large numbers of

long flexible leads among them . An alternative ap-

proach that is being developed is an implanted

microstimulator that can be injected into muscles and

can receive power and data from the outside by
radiotelemetry (46) . The next generation device under

development will also sense and send data out . When
multiple devices are used, there will be many opportuni-

ties for synergistic interactions . For example, devices

may need to communicate with one another ; one device
may monitor EMG produced in response to another's
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muscle stimulation ; relative positions between devices 12.

may provide joint angle information. We may find

ourselves with abundant data, but not necessarily from

modalities that have traditionally been used for

servocontrol . In these cases, intelligent logic or neural

network methods may be required to combine signals
and so obtain the control variable that is needed at any

given time.

Ultimately, these advanced approaches for control

of FNS must be proven to be reliable over the

long-term, safe, cosmetically acceptable, simple to 15.

operate and cost effective .

16.

13.

14.
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