National Library

i

Bibliothaque nationale

of Canada du Canada
* Canadian Theses Division  Division des thdses canadiennes
Ottawa, Canada

. K1A ON4 51449

3

PERMISSION TO MICROFILM — AuTOﬂISATION DE MICROFILMER

. Pieue prlnf or type — Ecrire en lettres moulées ou dactylographier

Full Name of Author — Nom complet de I'auteur

N .
CHARLES ,  Dean
2nd_pame [st home
Date of Birth — Date de naissance r Country of Birth — Lieu de naissance
Mo 8 (737 Chroaos .
Permanent Address — Résidence fixe : . PR .
(583 Both He Emnvmy Tigan7 . '
Title of Thesis — Titre de la thdse -
Aovances IN  NEURR~  pyp  ELETTHO mYoGrAM 10 KECOKDINE
‘ NEURAL

TeCHnIQues o HPPUCHTUNS To  Powekel)  [HISTHESe S E

University — Université

PP

U-74-

Degree for which thesis was presented — Grade pbur lequel cette thése fut présentée

WS‘Q

Year this degree conferred — Année d'obtention de ce grade

/1787

Name of Supervisor — Nom du directeur de thase

p/l H, B Stein

’

Permission is hereby granted to the NATIONAL LIBRARY OF /
CANADA to microfilm this thesis and to lend or sell copies of
the film.

The author reserves other publication rights, and neither the
thesis nor extensive extracts from it may be printed or other-
wise reproduced without the author's written permission. .

L'autorisation est, par la présente, accordée & la BIBLIOTHE-
QUE NATIONALE DU CANADA de microfilmer cette thase et de
préter ou de'vendre des exemplaire® du film. 7

L'auteur se réserve les autres droits de publication; ni ia thése
ni de longs extraits de celle-ci ne doivent 8tre imprimés ou
autrement risproduits sans I'autorisation écrite de I'auteur.

Date

Mok 29

Signature .

N1 (477




. * Natlonal Library of Canadia nationsle du Canada
Coliections Development Branch Direction du développement des collections
*  Cansdisn Theses on Service des thises canadiennes
Microfiche Service sue microfiche :
NOTICE ot __AVIS

The quality of this microfiche is heavily dependent
upon the quality of the original thedis submitted for
microfilming. Every effort has been made to ensure
the highest quality of reproduction possible.

If pages are missing, contact the university which
granted the degree. _ v

Some pages may have indistinct print especially
if the original pages were typed with a8 poor typewriter
ribbon or if the university sent us a poor photocopy.”

Previously copyrighted materials (journal articles,
published tests, etc.) are not filmed. :

Reproduction in full or in part of this film is gov- -

emed by the Canadian Copyright Act, R.S.C. 1970,
c. C-30. Please read the authorization forms which
accompany this thesis.

THIS DISSERTATION
HAS BEEN MICROFILMED
EXACTLY AS RECEIVED

‘Ottawa, Canada
K1A ON4&'

Le qualité de cette microfiche dépend grandement de
la qualité de la thédse soumise au microfilmage. Nous
avops tout fait pour sssurer une qualité’supérieure
de reproduction.

S'il manque des pages, veuillez communiquer
avec |'universitéd qui a conféré le grade.

La qualité d'impression de certaines peges peut
laisser & désirer, surtout si les pages originales ont été
dactylographiées 3 I'side d'un ruban usé ou si 'univer-
sith nous a fait parvenir une photocopie de mauvaise
qualité. _ . ‘ ‘

Les doct;ménts qui font déjd I‘objet d'un droit
d‘auteur (articles de revue, examens publiés, etc.) ne
sont pas microfilmés.

La reproduction, méme partielle, de ce microfilm
est soumise & la Loi canadienne sur le droit d’suteur,
SRC 1970, c. C-30. Veuillez prendre connaissance des
formules d’autorisation qui accompagnent cette thése.

LA THESE A ETE
MICROFILMEE TELLE QUE
NOUS L'AVONS RECUE

I NL-339 (Rev. 8/80)



THE UNIVERSITY OF ALBERTA
ADVANCES IN NEURAL AND ELECTROMYOGRAPHIC_%ECORDING
TECHNIQUES AND APPLICATIONS TO POWERED PROSTHESES
by

@ Dean Charles

u A THESIS , |
SUBMITTED TO THE FACULTY OF GRADUATE STUDIES AND RESEARCH 7
IN PARTIAL FULFILMENT OF THE REQUIREMENTS FOR THE DEGREE =

OF Master of Science

Physiology

EDMONTON, ALBERTA
Spring, 1981




R s

e, e

e s e g

THE UNIVERSITY OF ALBERTA
RELEASE FORM

NAME OF AUTHOR Dean Charles

TITLE OF THFSIS = ADVANCES IN NEURAL AND ELECTROMYOGRAPHIC
- RECORDING TECHNIQUES AND APPLICATIONS TO
POWERED PROSTHESES
DEGREE FOR WHICH THESIS WAS PRESENTED  Master of Science
YEAR THIS DEGREE GRANTED Spring, 1981

Permission is hereby granted to THE UNIVERSITY OF
ALBERTA LIBRARY to reproduée single copies of this
thesis and to Ienq or sell such copies for private,
scholarly or scientific research purposes only.

The authon reserves other publication rights, and
neither the thesis nor extensive extracts fr?m it may

be printed or otherwise reproduced without the author’s

written permission.

----------------------

PERMANENT ADDRESS: -
[1S83 ¢obé Huve




UEIVEISY Ot Alderta ¢

THE UNIVERSITY OF ALBERTA - 3
* .
FACULTY OF GRADUATE STUDIES AND RESEARCH =

e
/ /

The undersigned certéfy that they have read, and
recommend to the Faculty of Graduate Studies and Research,

for acceptance, a thesis entitled ........ ; ...............

in partial fulfiiment of the requirements for the degree of

. Maeter' ‘of Science.

......... 5%5&(@«




ABSTRACT /_ ‘

New types of imp]aﬁtable electrode arrays abe descr ibed
which may be allowed to remain in.living animal tissue over
an extended period of time and which providaiuseful clinical
and experimental information without cadéing inflammation,
infectiion or rejection. The devices and methods descr1bed

- differ| from classical electrophysiolog1cal record1ng

techanues in that they provide long term stable behavioural
record1ngs in freely moving unanaes:;;t1zed subJects
Besides providing an opportunity to obtain data useful for
basic research, these devices provide a potentia} inter face
for obtaining signals for the control of poweredjértificial
limbs and a means for transmitting sensory or po#itional
~ feedback to the person wearing the artificié] lfﬁb. |
Different types of electrode arréysla desdribed bbthf
in construction and in implementation, including{the“earlier
regenerat ion electrode unit, and the more receﬁtjcuff
electrode units. The results of testing these cu€f
electrodes in mammals and eventually testing a single unit
in a human amputee are described. The author’s pfimary'
contributions to this area of the research have been in a
technical capacity, and thegoh’tributions made b indw'adual
members of the group will be described in the body of the
_ thesis. » "
The applicability of different recording,technidues and
djfferent tybes and configuﬁations_bf.electrodé arrays are

compared and evaluated with respect to basic research data

iv .
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coliectidgjas well ‘as potential and realized prosthetic use.

More"fﬁgn one cuff electrode assembly may be used at the

‘same time. in a single human or laborétory sUbject; and more

than_one type of electrode assembly may be usedkas>well.

Individue] or collective efements of any given electrode.
grray may be used fpr either recording or stfimulating, or‘
stimulating may be done .via one electrode array‘while .
recording is done from another. Thus one system may be used
to apply stimulation in one selected area ofl the nervous
system, while yet another dev1ce is used to jmonitor patterns
of act1v1ty in a different or related area gf the nervous
system. The usefulness of the deviees and techniques
described’is thus documented with respect tg setfing‘up

controlled situations of stimulating and record#ng the

activity of the peripheral nervous.system, particularly with

respect to inveetigating posture and locomOQion.

The deVices and procedures are described as deve loped
in more or less chronological order with the earlier devices
developed discussed first, and with the more recent cuff
electrodes d1scussed later Reasons for the earlier methods'
are given, as well as reasons why mammalian research has
focussed ‘more recently on the cuff electrode assembly.
Exper1ence has been gained with the clinical’ requirement; of
ambutees, and with problems that may be encountered’im -
future implantation procedures when applying the devices and ¢
methods described to the control of artificial limbs ona
larger number of amputees. Sihce the primary thrust of the &
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research is directed towaras eXplorjng'improved methods for
» the eontrol of aftificial limbs hathef&than the design or
construction of such limbs, a brief review of the most _
practical‘componenté‘commercially available for_the“h .
.construction of powered prostheses is given. Successful -
jittind:.and unsuccessful fittings are described, and some
of the }easons influgncing the outcome when using powered
prostheses are givgn. Clinical implementation of successful

modular techniques are discussed in some detail.

o
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FOREWORD
In the field of implantable electrodes, connections to the
huﬁan nervous system, electromybgraphic control systems and
prosfhefic applications in general, theories abound.
Practical, down-to-earth proof'of eerformance} however, is
much harder to find.'The literature is full of "good ideas,"
but a closer examination of the concepts presented often
discloses that despite the elegance or supposed

sophistication of the systems that are presented, no

'pat1ents have actually been fitted w1th complete,

funct1on1ng artificial arms and powered hands that could
provide valid benefits in daily living. Unfortunately, the
publicity and financial support these developments rece1ve
is frequently related more t?\the prestige and statys of
their devel than to the prosthetic usefulfess to the
patient. For example, the highly regarded journal,‘

"Electronics,” (Marion, L. 1979.) devotes ‘an entire page to

‘an artificial arm developed at the Il1linois Institute of

Technology in Ch1cago which has not been fitted on any
pat1ents in the field at the t1me of writing S1miliarly,
the "Boston Aam,“ developed by L1berty Mutua] Insurance
company 1e~actually famous throughout the "literature (Manh,
R.W., and Reimers, S.D., 1970 ) . Yet the nember of patients
actually wearing it and who are obtaining long?term benefits
from it remains‘a very different question to answer . '
Similiarly,ra1thoqgh the University of Utah has spent more
than 8.4 million dollars on its total bioengineering program

&
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(Teresi, D., 1978), and has been active in the field for
more than 14 years, its arm has never been used odtside ﬁhe
laboratory.

As of- December, 1950, 40 patients have been fitted with
multifunctional powered prostheﬁes at the University of
Alberta. Various control mefhodg and control sites have been
used and the powered prosthétic appliahces range in
complexity frbm simple single-hand openihg and‘closing
" functions all the way to bilateral high level fittings
incorporating three degrees of freedom on each side.
Fo]lqw;up studies have been done to assess the level of
fu£;fiona1 and cosmet&c-value to the patients and to
determine if the ﬁrostheses are providing any real benéfits.
The powered prosthetics program has been 1mplemented with
the assistance of prosthetists. working in an
already-existing conventional prosthetic‘facility. The
degree of success in the f{ttings ranges- from total patient
rejection of the prostheses, thApugh situations of moderate
to heavy use, with a number of patients expreséing an
enthusiastic appreciétion of the devices despite their
~limitations. Tﬁe level of funding which was necessary to
achieve these resuits was not as high as that which has been
required by many other institutions investigating these
fittings, and the myoelectric rehabilitation program may
represent an economic benefit if factors such as the

restoration of work forces are taken into-account.

viii



The many complex factors wh1ch are being leanngd iéouTJ

practical fitt1ngs in a myoe}ectric sitqption acc\air t1y.
por T

applicable to the control of . mohe sophisficat" X;
x,l' ;

ses
by future neural -implant- controls aﬁd«this 4
with the many - evolving approaches to ?hﬁs subjéé@ that we
have under taken over the years. Vﬁen we began this program
there were insufficient control sites available $or the
potential degrees of freedom a powered prosthesis ceuld
practically imolement. At the present stage of our pcogram,
we can control the opening and closing of a hand, pronation
and supination of a wrist, and flexion and extension of a
powered or body-operoted eibow on many patients who were
previously considered unsuitable candidates for prosthetic
fitting. Our present signal processing techniques aro more
succéssful in'rejecting interference than those uscd by Dr.
 H. Schmidl of'Budrio Italy, who has probably fitted the
_highest number of succeséful poﬁered prostheses in tﬁé
worr1d. (Schmidl, H. 1977.) Our choice of control sites and

| ourvreliability of signal processing from them have reached
a degree of sopoisfication that in many resoects surpasses
thoce available elsewhere. We have achieved an
interchangeability amongst components that would have been
thought impossible a few years ago, and we can demonstrate a
_more reliable control over the Boston Elbow using og;y one
muscle s1te_thanvthe original Boston circuitry could provide -.
with two. Some of the‘developments have been made
" independent ly, some are presently available to all

ix
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.was awarded United States Patent number 3955560. The
author’s responsibilities‘includéd the se1ection of

\

prosthetists on a cqmmE%Qiel basis. If.the proof of¢success

really is in the practjcai application, then it is my belief

that these results should bring credit to the University of

AN

Alberta, the Department of Rhysiology, and the team under

- the direction of Dr. R. B. Stein who have shown the clinical

feasibility of powered prostheses for myoelectric and neural
control. . I '
fdhe earlier regeneration electrode unit developed

jointly by Dr. R.B. Stein, Dean Charles, and Allan Mannard,

AN

.materials and procedures for construction of thé!b devices

and the actual fabrication of more than fifty of these
units. The author was also primarily responsible for the“

q§sign and construction, selection of commercially availah)ef

'biocompatibie materials and ordering thereof, and

implementation of these materials into the initial series of

cuff electrodes which are still in use in our laboratory.’
The author acknowledges that much of the materiaq which
is presented here has been previously published joidtfy with

Dr. R.B. Stein and other authors. The author was mainlyfﬂ

\

responsible for technical aspects of the developments, ‘and
these technical aspects are‘therefobe emphasized'iﬁ this
thesis. However, they are placed in the COQE’it of the
results relating to basic research'and clinical applications
which ‘have been carried out in collaboration with other ° A
mgmbers of - the group. |
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I. INTRODUCTION

A. Objective:

Interface for behavioural and sensory information.

If is desired to record from identified’fibers‘in the
peripheral nervous system during the free movement of the
‘subject. The direct information which may thereby beA’ .
obtained on the roles of the senSory and‘metef-neurons‘
associated with mammalian muscles requiree implantable
arrays of electrodes which are stable in position even
during movement. It is important that tﬁe means used for
obtaining these reeordingswbe reliable over a long term and
that the implant may continue givinq reliable recordings
wi thout {ﬁterfering with the normal motion of the animal or
causing undesirable problems ih biocompatibility with
tissues. It is also important that a means be brovided for -
two-way electrical a%cess to the electrode array, both -for
st1m§ﬂat1on and reco;d1ng specific channel s1gnals, and that
this electr1ca1 access to the 1nter1or of the animal past
‘the skin barr1er not cause problems with infect1on f\1s
desirable to record from as large a number of s1tes as
possible in order to 1dent1fy temporal and spat1a1 <
d1fferences in the neural s1gnals, and to maximize the

chances of obta1n1ng correlations between neural signals and

-
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the stimulus under observation. ?\

Possible solutions:

(A) Regeneration Electrode - cross-sectional (transverse)
Unit data * .
(B) Cuff Electrode Unit - longitudinal data-
3 . :

A brief‘description of.what thesé devices consist. of is as

follows.

&

1. Regeneration elegtrdﬂ‘. The Regeneration electrode
consists of a th%n wafer which has been provided with a
numberuof holes. A he}ve‘is séctioned, and phe
vregenerafion electrode is pTaced between the two cut
ends of the nerve so that fibres may grow th;;ugh it.

The channels are equ1pped with electrodes for record1ng

any signals the nerves may propagate.

2. Cuff Electréde unit. The cuff electrode consists of a
flexible silicone rubbef cuff a few cm in length. The
inside of tﬁis cuff is equipped with at least three
semicircular wire electrodes which pass down an.
insulated cable to the underside of an insulated socket

'mounted in the skin of an animal.
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Comparative’App]ications of Electrode %ypes.

Regeneration electrode:

The main advantage of the regeneration electrode is
that the data which is obtained is representative of the
cross-sectional activity in a bundle of fibres, and as such,
may be used to explore the questiohs related to the |
anatomical organization of fibres withiﬁ a bundle andgthe
spatial coding with respect to function and destination.
Longitudinal recording, such as that represented by cuff
recording cannot give this type of data, and hence cannot
provide information about the organization‘of,fibres within
a giveh bundle. A second advantage of the regeneration
electrode unit is.that the small size may permit it to be
used in auditory, visual, or higher central nervous system’ ,
applications.

The main disadvantage of fhe regeneration electrode‘is
that the signdls obtained from mammalian regeneration f”/
experiments using the preamplificaiion techniques that were
available at that time. (Mannard, A., Stein, R.B., and
Charles, D. 1974.), we-~ of insufficient amplitude for
clfnical applications wrich were accorded highest priority .

A second, and very important disadvantagé of the
regenenation'electrode, i that it requires transsection.of
the nerve, ahd by its presence in the path of the

“regenerating nerve bundle, blocks the majority of the fibres

from reaching their destination. Thus the normal actiVity of

|




the animal may be interfered with over long periods of time,
and it cannot be shown even in the amphibian experimental
series that the fibres which remain are giving recordings
whjch are representative of‘thbse which would be obtained‘if
the entire bundle were intact.

A third disaavantage of the regeneration electrode is
the requirement which it imposes .that the experimenter allow
sufficient time to elapse for the nerves to regenerate at
leasf as far as the electrode before recordings can be made.
Even then the recording situation cannot be expected to
remain stabléAas reinnervation fakes place and the nerves
eventually make contact.with their end organ. It cannot be
shown that tHe activity of the central nervous system and
its connections to the nerve which had beéh severed were not
‘ afg;cted by the operative précedureugnd hence it is
questionéble As to whether the signals being recorded are

representative of a normal situation.

Cuff electrode unit:

The cuff eiéq;rode unit which is currently being used
in a number of expériments in our laboratory has severai
advantageé over “the regeneration electfode for prosthefic
applications. It is easier than the regeneration electrode
to manufacture, and hence can be made available more readi]y
for aAlarger variety of experimental situations. It does not

require the severing of a nerve for installation. The

-




signals obtained from the present development of the cuff
' electrode are satisfactory for many measurement and
recording uses, and show premise of being useful in the _

control of prosthetic devices. \_fk"
This is not to say, however, that the cuff electrode is
the ultimate development in recording devices, or that it;
function and application are as remote from those of the
regeneration electrode as its current intensive use would
seem to indicate. In fact, the cuff electrode itseff has
limitations which can be seen by comparison with the
. regeneration electrode and the proposed scahnihg electrode.
The cuff electrode is conétructedrwith a series of
"C"-shaped conductive rings surrounding the ner&e bundle on
the outside of the bundle. Ae such, it is capable of
recording w1th a good signal-to-noise ratio the averaged sum
act1v1ty of a population of fibres and therefore it presents
VJtS highest recording sensitivity in synchronous firing
situations. While a synchronous volley of impulses in an
entire bundle of fibres is easy to accomplish in an
experimental situation using a stimulator, the normal
s1tuat1on in posture and locomot1on and volitional efferent
activity in part1cular, rarely presents a high degree of
synchronicity in impulses. Neural sxgnals represent1ng fine
details of movement or sensory feedback would be largely
swamped by a near synchronous burst in the same bundle, and
no degree of soph1st1cat1on in f11ter1ng would be practical

in resolving such a signal. If a low-level nonsynchronous




signal represented the individual finger movements, for
example, a great deal of valuable information could be lost

with respect to the control of a powered prosthesis.

[



‘B. Implantable Electrodes.

“Applications: = o . L . o '1_

1. Physiological experiments on motor controi.

a. Exploration of the roles of sensory fibres fsom
- mammalian muscles.

b. Investigation of the ahatomical'organization and
activity patterns of motor nerve fibres to mammalian
muscles. - _

c. Investigstion of the interplay of different patterns

of neural activity in neurons sUpplying_different

i
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muscle groups that inferrelate~in,the positioning of
the extremities in posture and locomotion.

d. Direct quantitative measurements of the synaptic
delays and propagation time latencies in gamma fibre-
activity with Eespect to alpha motoneurone activity,
in. order to answer questions still Outstandiﬁc on

load compensation and tremor in motor control.

o d
tH

| 2. Clinical applications.

The clinical appiication whiqg\has been selected to
test the usefulness of the implantable electrodes is the
provision of control signals for artificialvprosthetic

~ appliances powered by rechargeable battery packs. In this
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application, the improved selectivity of control sites

of fered py the implant as compared to traditional surface
E}M.G;’eIeCtrudes‘is”imﬁortant. It can“béxshown that the
implanted electrudes offer improved rejection of unwanted
signals compared to surface electrodes and by providing more:
independent channels of information, hayp{ihe potential to

X
offer the amputee.more degrees of freedon in the operation
. | \

of his powered prosthesis. The implanted devices can be made

to be less subject to external mechanical ‘shock and

amplitude instability due to positioning thsn surface E.M.G.

electrodes, and'since their'necdnuing'site is &hosen at‘the
time of implsnt,"they provide a signal of improved
reproducibiljty and stability, .
Although the initial application of these dgvisss is in
the field of prosthetics, they are by no means limited to
that application clinically. A whole snectrum of clinical
information gathering and data processing applications haue'
been suggested. (Mann, R.W., 19873.) For instance. the
‘electrodes may be used to gather informatioq on neunal
actiVity in chronic illnesses and rehabilitJtion medicine.
denervated muscles and prevention of muscular hypotrophy.
i Electrical stimulation through implantable devices has been
used to tlleviate ‘the drop foot condition in stroke. Urinary
bladder control, sphincter control, blood préssure control,
visual and auditory " prostheses, stimulatibn for pain
suppression, electroanesthesia, relief from contractive and

possible sensory fgsdback in upper‘extremiiy prostheses are:
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all potential applications~for impLJ;table devices.
(Reswick, J.B., 1973.)

Lo

A further list of clinical applications inclbdes the
following: 3 , _
The control of self-f;é&inb apparatus for the handicapped. | , t

&

The control of pogwygd wheelchairs.

The control of other tools and communication devices to

improve the 1ndependence and overall lifestyle of the
handicapped. e.g. Telephone dialers, entertainment channel
selection, book page turners, hospital bed angle adjustment

motor controls, typewriters, etc.

Concept of a multiple-channel implantable electrode unit. f - i

D1fferences from Classical glectrophysiological

»

Recordxng Techn1ques

B

¢
’
’ —
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Those who have been exposéd to the classical teéhniqués of

Gpeural recording, either 1ntrace11ular or extracellular.xw

‘ have often expressed difficulty 1n fully understanding that

et sy

the new techniques described yield a qualitatively different

- kind of information than the older-techniques; Whereas a
single microelectrode imbedded'in a cell may yteld ;
information concerning the membrane potentials of the cell,
and hence give valuable theoretical 1nformation regarding |

_the electrocﬂtmical function1ng of that cell, it ‘cannot giveo

- -
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infermation useful foc_neliab1y difecting the control of a

prosthesis. There are sewvéral explanations why this is so.

\ 1. Firstly, ths single cell pickup does not represent a
large enough statistical sampling of the neural
events relating to muscle tension.or velocity.

2. Secondly, it is sﬁbject to physical trauma and

‘movement, and since its position is critical, it
// cannot be used during the free movement of the .
subject for reliable data output.
3. Thirdly, a single pickup'gives no temporal or phase
information concerning the activity of other neural
locations that mey also be involved in the movement

or other parameter being monitored.

Understanding therimportance and potential imp]icqtions
of these new developments requiresothat full consideration
be given to‘the differences-between this approach to neural
recording and the classical approaches. The traditional
approach gives a train of impulses from a single site,
related only unto themselves with respect to freduency.
'amplitude and interspike interval patterns. These signa]e
conta1n little or no 1nformat1on as to the anatom1cal
distribution and spatial-temporal patterning of other

signals which may be equally important. It is the

interrelationship betqeen neural signals and their
allocation to different destinations which determines the
overall coordinated movement and posture Qf an animel, and

i
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single-unit recordings do not give information concerning
these interrelationships. While too little is Known about
the exact neural coding mechanisms at the present timg to
draw an exact analogy between the processing of digital data
in a.computer and the organization of neural signals,
nevertheless certain similiarities and differences are
obV%ous. The presence of large numbers of motor fibres all
involved in the accomplishment of a single smooth
co-ordinated movement, for example, indicates that the
neural organization in nature favorstreliability.‘The
failure 6f any single‘neuromuscular unit will not disturb
the. functioning of the entire system. Similiarly, the
accidental false firing of the sméllest neuromuscular units
will have little effect on the overall motor output of the
system. However, the same averaging effect which increases
the overall reliability of the natural system also increases
the difficulty of obtaining valid meaningful and
representational outputs from single units, with respect to
their being an accurate and reproducible analogue of real
motor activity. Cuff electrodes preserve average signal
components of a nerve. It is too early yet to make firm
distinctions about the degree to which electrode assemblies
éhould be designed for discreteness and to what degree they
should be designed to average the summed activity of entire
bundlies, but it seems reasonable at this t1me to assume that
it will depend upon the application. For instance, the

monitoring of neural data in which a high degree of fine



?etail is transmitted, such as the areas of vision and
audition qu require electrode assemblies which only
average the output of small numbers of neurons, and the
Regenerat1on Electrode Unit falls into this. category.
jInvest1gat1on of the degree of synchronicity of fibres
{f1r1ng w1th1n a bundle may also be amenable to exploration
w1th the Regeneration Electrode.

On the other hand, recording situations where a high

degree of parallel innervation is found, and in which the

) averaging effect an be Uéed to advantage, such as the

derivation of prosthetics control from the main muscle

groups of the upper extremities may well profit from the use

of an averaQIng type eiectrode The larger ring electrodes
of the implantable cuff assembly provide this type of
output, and although they may not transm1t information on
the cross- sectIOnal activity of the nerve bundle or
information on the phase components of a]l fibre swzes
within the bundle, the overa:l output may be}sat1sfactory

for prosthetic controls.

Information obtained;by single-channel classical

techniques.

12

Intracel]ular recording can give information approprjate to

the stﬁdies of membrane potential and neural

electrochemistry, inm the form of D.C. resting potentials and
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D.C. level and polarity shifts during depolarization and
repolarization. But thjs is like attempting to obtain
meaningful arifhmetic outputs from the output of only one
gate in a logic system. Not until the information present at
the other gates-is made available with their time and
ampljtude relationship to the gate under question does the
information have meaning. A single neuron may provide
information on pulse repetition rate, number of pQ1ses per
burst of activity, temporal patterning within the burst,
burst repetition rate, and changes in patterning with.
respect to time such as adaptation and aécomodatibn. It may
even provide data that can be correlated with physical

motion e}éewhere in the body, or with other neural events.

Informgtion obtained by multiple-channel techniques.
. S

The addition of each extra recording channel beyond the
_first channel of information has inplications far beyond the
duplication of the measurements possible in classica]_
electroph}siology.. Not only can ai] of these parameters be
measured independently or simultaneously on the new neural
source, but more importantly, an entfre set of compar{sons
can be made betWeen the various aspects of patterning within
the first neural signal and eachrof the pattérn components |
of }he new one. But an even mbre important piece of data is
afso obtained, of paramqunt‘éignificance, anQ-this>is the

difference in spatial distribution of the neural signals
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coded as to differencesHin their fopgraphical destinations
or muscle groups, and this may be correlated with
behavioural activity , as well as with each of the
parameters obtained from the first recording site.

The amount of new information obtained in such matrix
cor;elations is much more than would be expected by simply
adding the recording of one new channel, and it may be seen
that as more and more channels of recorded inforﬁation are
added, the total data picture presented becomés closer to an
analog of the patterning within the\subjeéts central nervous
system. That these patterns may be obtained selectively,
analyzed, and acted upon outside the body of the
fully-conscious} free]y-moving,unreStrained normal human
béing or tesi animal constitutes an entirely new type of )
Sehévioural neural recording, in which the data collected is
of a fundamentally different kind than iswusually obtained‘

in peripheral recordings.

Previous work leading up to the Regeneration Electrode Unit:

The concept of interfacing electronic apparatus and signal
processing equipment with the human nerVous system is nof
new, and the possibility of modifying or controlling the
mechanical output.of muscles via électrical stimulation must
trace its origin back to the earliest work of Galvani and

Volta. (Davies, 1968).
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W.B. Marks proposed the concept of the regeneration
electrode in the proceedings ofmthe Symposjum of Information
Processing in Stght Serisory Systems.(P.W.Nye, 1965.)

The possibility of the regeneration electrode discussed
here arose in d1scuss1ons between R. Llinas and Dr. R.B.

Stein at Boulder in 1969.

Brithey (1872), captured intact spinal root fibers in
narrow chahnels bearing electrodes. ‘
_Hugo Gernsback wrote extensively in his editorials in

the radio and electronics magazines of the 1940-1950 period

. of his firm belief that an area of great importance would

evolve at the interface between Medicine and E]ectronics,

and as a man of penetrating insight and brilliant

‘imagination, foretold in surprising detail many of the

exciting advances of today’s BiomedicalrEngineering. Some of
Gernsback’ s ideas were expanded upon by the author and

discuesed with Dr. R.B. Stein in October of 1968, and a plan

‘was\made at that time to proceed ‘towards the goal of a

multiple-channel implantable neural interface. The author

suggested a series of metal wires with only the,tips bared
inserted at verious deptos into a nerve bundie within an |
insulating tube, and that a proSthetics,contrOI application -
would be useful for evaluating the practicability of the/

multiple channel information theory. It was agreed to use

- prosthetic control as an evaluation, but Dr. Stein_fett that

the better approach for that stage of development was to

investigate the regenerat1on of nerves through enclosed‘ _
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bores, and if that approach proved feasible, to equip those

pores with recording electrodes and attempt to‘docﬁment_thé
presence of valid neural signals. Several differgnt |
approaches to thio end goaT weré begun Simuitaneously which.
included various methods of ach%eving Qery narrow diameter
holes in a variety of-insulofing, conducting, and
multi-layered materials. f ' |

Thé initial series of epoxy wafers, however, sihply
contained a oensely-spaced group of very fine channels, and
were used primariiy to test.the hypothesis that nherves would,
grow through such channeis.

A. Marks, (1969), demonstrated that cut nerve fibers
wouid regenerate into Teflon spongé,-continuoos-pore'Tefloh.
or afrays of 25 micron internal diameter gold cylinders
embedded in Teflon.‘Successful invasion of sciatic nebve
impjants'Was obtained, and axons were found to regenerate

into Teflon or gold-lined pores in implants p]aced'in the

sciatic nerves, the optic nerves, and the- 1ntertecta1 reg1on

of the bul]frog

This preliminary work was valuable, in thaf it

demonstrated that the 1mp1ants seem to get penetrated by the

axon,- but no photographs were publ1shed actua]ly-show1ng
nerve fibers 901ng r1ght through the channe]s and. cont1nu1ng

on past the 1mplant Also, it was not shown that the f1bres

‘tn question were still electr1cally exc1table s1nce no

electrical recordings were made Therefore, it could not be

 said that the fibres 1nlquest1on were-capable of full
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amplitude action potenttajs of normal waveshape, or that
their output would be useful in clinical prosthetic
applications even if external leads had been connected to
the embedded gold channels. In addition, nobinformation on
impedances, cross-talk, E.M.G. signal suppression, or
signal-to-noise measurements appear in theseé early papers.
It should also be noted that al] this early work was done on
non-mammalian spec1es -and 1t is Known that.the nervous
system of amph1b1ans shows a lack of selectivity
requirements in regeneration compared to mammals.
A similiar criticism\app]ies to the paper by R. Llinas,
(1973), which on casuat reading might appear to pre-empt our
1874 publieation in the journal Science (Mannard, Stein, and
Charles, 1974.) Llinas’ pub]ication ie entirely theoretical;
and although it is usefuﬂ'and valuable in that it calls on
the maJor sem1conductor manufacturers to show an interest in
the development of a monolithic record1ng e]ectrode Tt does
not demonstrate actual fibres penetrating a prototype and
giving useful e]ectr1ca1 signals. Work which has been done'
s1nce the publication of this paper shows that L1inas’
,estlmates of the optimal thickness of the wafer wou ld. have
to be mod1f1ed to include the superior inter ference
rejection capabilities of the three-ring'electrode
.configuration. and the new preamplifier matching techniquee

which have resulted in rel1ab1e long- term recordings in our

laboratory i
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A. Holz (1973), reports work done on regeneration
through small glass capillary tubes. When a

multiple-capillary body consisting of nineteen glass tubes

- each having an inside diameter of 80 microns and a total

length of 8 mm, was sewn between two stumps of a transsected
nerve and examined seventy days efter iﬁp]antetion with the
electron microscope, evidences of neural growth through the
tubes coUld‘be found. Holz. observed both young myeluﬂ@ted
and unmyelinated fibres, w1th most fibres being enveloped
merely by a diffose plasm edge, which he interpreted as
early stages of nyelination He did not, however, publish
photographs of these f1bres, nor was any proof shown of the
ability of the fibres to conduct an impulse. Although Holz

postulates that the regeneration of axons into

‘e]ectrically-contaoted capi]lariesvwould permit the

record1ng of nerve s1gnals .for the trainable control of all

: K1nds of art1f1c1a] limbs and organs, he does not state how_

this would be done, nor has he shown awareness of the
necess1t1es of 1mpedance matching, sh1e1d1ng from E M.G..
contam1natlon or max1m1zat1on of the signal via multipolar
~—electrode techn1ques ‘The paper is, however valuable, id
that 1t 1dent1f1es glass capillaries of the formuia he used

as not be1ng tox1c to regenerat1ng axons and this

f ‘1nformat1on will presumab]y be useful in future developments

-where the long-term stab111ty of glass and its resistance to

water permeability degradation may be an asset,in'electrode

-construction.
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" J.A. Hoffer, W.B. Marks, and W.Z. Rymer (1974),

described techniques for monitoring muscle afferent and

"efferent fibers from normal animals during unrestrained

movement. Nerve fiber bundles were captured in insulating
groove -electrodes containing one or two recording contacts.

Multiunit activity was observed from the dorsal roots of the

cat and from the fibial\nerve of the rabbit, and single

units were also resolved. The work was especially valuatle
in showing the feasibility of recopding from animals in ar
unrestrained normal condition,\and'also in demonstrating the
importance of a good blood supply to the neura] filament
when the fascicle is split. .This techn1que may prove
valuable in future work where it becomes necessary to obta1n

several control sites from a single nerve, or where it

becomes necessary to divide a nerve for other purposes, such

as the provision of positioh and velocity feedback from an

-f_eXternal prosthesis. In 1871, A. F. Marks demonstrated the

acceptance of ihplanted plastic structures by the brain of
the mature rat. Clean strips of porous and so]jﬁPTeflbn were
implanted into the minrain and pons of mature rats. Some 6f
these had’beén etched and coated with a variety of different
substﬁﬁgés, including Epoxylite, Epotek, Carbowax, énd

Paraffin. Bundles of fibres were fouhd to penétrate'asldeep

as 40 microns into a slot 6 microns'higﬁ and 80 microns

P

K3

long, and all tested implants éontaibed at least some axon

bundlés except the one coated with Carbowax.
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I11. REGENERATION ELECTRODE STUDIES. -

A. METHODS: Regeneration EJectrodes.

Experimental animals;/*QQopus.

Before any animal ekperiments were done, it was first:
necessary to establish somé me thod of'manufacturing /
implanfable electrode arrays and to determine the reabtion
" of the tissues to the materials évailable. Since this would .
require aliarge number of animals to be sg;bified after they
had been maintained over a period of months or even a year,
it was decided to do the initial experimédts in the
amphibian Xenopus Iaév{s. This animal is relatively
resistant to infecfion. shows good regenerative properties
and requires,é minimum of upkeep space.

No skin-mounted sockets were used in the amphibian
expériments, therefore the access to thetleads at the timev
of measurement was made by incisibn.,Foruconvenience in

| discussién, however, the regeneration electrode will be
discussed as‘a member of é class'of recording devices as if
the recording methqq used did not involve a skin incision,
but rather a p}ug—in socket simfliar to those employed in
cats. Many of the Cbmments'concerning optimum construction .
'and reliability of the devices apply equally well to both
" types of electrodes, especially in areas of biocompatibility

and cable insulation techniques.
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Implantable electrodes: Design requirements.

The design of any implantable electrode assembly consists of

three parts:

1. -The neural implant device proper.
2. -The implanted cable.
3. ~The external interface_socket. (when used).

There are a humber of intefacting problems to be solved
in the design of a satisféé%ory Regeneration Electrode Unit.
The implantable device must stay‘in/piacé”SH/fR;>nerve in
spite of repeated and extensive movement'of the animal over
a long period of time. The éxternal plug:fn gevice'must be
very effective in preventing the passage of bécteria into
the body, and must- also present no protrusions or ledges
which could catch on obJects and cause the traumatic
dislocation of the device. There must be a sufficient numbefi
of channels that the device can fulfill the purpose for
whfch it is intehded‘even tﬁbugh active and uséful"neurons_ :
may not grow back thraough a maJority of the channels Yet
.the cable of electrical conductors which coﬁnects the
Regenerat1on Electrode Unit termination W1t% the neural
_ channels to the eXternal]y-moqnted socket for accessibility
must not be excessively bulky. |

The device must stay in place on the nerve, yet must

not be a source of trauma to the nerve. It'must remain in

7
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place with sufficient stability that the neurones can
regenerate throdgh channels having a dependable position
during”the extended time required for their growth, and yet
thé rigidity of the device must not present a pressure such
that normal physiologicaﬁ'function of the nerve is impeded.
The cable of wires must have sufficient sfrength to
withstand the repéated‘flexingfencountered in the

| manufacture and surgical implantation of the system, and
must withstand chem%cdiiand mechanical attack by the living
system which surrounds it, and must present sufficieﬁt |

*isolation from the interfering signalg‘preéent in the body
that it can be uéeful. Yet it must not be so bulky with
cable'diameter and shielding that it would transmit the
torsional and longiﬁudinal strésseS'inevitable in
implantation procedures to the 6ppositevehd where the device'
is firmly securéd to the nerve. '

The devicg must be made of materials that are within

the practical rea]ization ofvequipment, time. energy, énd
funds available, yet it\must Withstand,an exfénded period. of
time, even yéarsr within a conductive, chemical]y‘cobrosive
environment, and}yef exhibit overall excellent long-term
velectrfballcharacteriétics. It must be non-toxic, non
reactive‘anq‘not damaging.to the nerve. In animal implants,
the exposed connector must withstand,mechanical abrasion as
thé animal rubs ‘its body agaiﬁst_meéhanicai.haZards

 encountered over a beriod of time of a yéar dr‘more. and

must withstand grooming.'liCKing. and scratching.



Meanwhile, the neural implant wafer of the Regenéfation

Electrode Unit is subject to a different set 6f perfor%ance

“and design‘tradeoff‘cohsiderations. The individual chénnels j>

through which the axons grow must have dimensions tﬁat:“w'*
fulfill often contradicting requirements. The channel must
not be so small that normal transport of metabolites and
oxygen is greatly 1mpeded, yet it must be small in order for
a satisfactory signal to be ob;;ined. The channel lepgnh
should not be so great that it interferes with the.p;bcéss
of regenerate growth i;self, yet'it must be long enough for
the development“of sufficient gignal amplitude. The
individual channels must be spaced sufficientiy far from

each other that mechanical strength of the device is

" obtained, yet‘thg device must not become bulky or exceed in

width the useful pickup area of the nerve. An'adequate
signalrisdlation must be preserved between channels, yet
there is no cénmgrcigny-avaﬂable shielding that wou1d

- permi't such'iéolation wi thout seriousfy increasing
mechanical bulk and stiffness. Shielding individual channel
open1ngs from each other would also add electrical
capacitance wh1ch would shunt an already very small signal
The des1rable qual1t1es‘of a low source impedance at the
sxte of neural generation and transmission must be weighed
in consideration against the equa11y~1mportant desirable -
quath of a h1gh initial signal anphtude One empirical
way to determine the values for such contradlctory tradeoff

considerations would be-to run q;ser1esAof implants_testing

o
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the electrical characte-‘stics resulting from a series of
graded hole diameters and lengths. Since the time, and
expen§é of such an extended series duplicating each set ofk
pérameters more than once to avoid error due to individual
fluctuations would preclude such an in-depth p;actical test,
anéther approach had to be devised. This alternative
approach based the practical construction of the devices on
a set of fheoretica]'and mathematical considerations which
had beeﬁ obtained from earlier experiments, and the
measuremgnts of the parameters obtained with a limited
series of devices made within the constraints imposed by
available resources. Not all of these pbtential variables
could cqnvenient]y be tested, and it seemed unwise to spend
‘a great deal of\tjme‘doing so, when the overlapping Qork
which was being dbne developing the nerve cuff techniques
seémed to hold so much promise. However, the early work on
the Regeneration Electrode Unit did provide a great deal of
information on finding materials that exhibit good tradeoffs
between their mechanical and electrical charécteristics and
their biocompatibility qualities.

- In thé early mamméiian implants, which were being
designed at the same time, the tyge of mounfing of the
socket, on thé head of the animal, and the’heaQy shielded

cable under the skin down to the nerve site, were undergoing

.re-evaluation.



25

Construction of a Typical Regeneration Electrode Unit.
The conducting cable as material for channel contacts.

The basic starting material for the cables of the very
earliest devices was formed by twisting together a group of
insulated silver wires each of which had a core diameter of
.003" (76 micrometers ) It is interesting to note/that the
present material of choice, platinum-iridium, wasiactually
tested first,-before silver. Had these initial tests been
continued, it is likely that an entire series of problems'
with lead breakage would have been avoided.
platinum-iridiom, however, is very much more expensive than
silver; and the budget for 6btaining this material did not

permit purchase of more than the initial sample, which was

i

Aunfortunate]xlnot stranded, and not of small diameter. In

the sofi, wef. thin delicate tissues of Xenopus, the stiff
springy solid platinum-iridium wire caused troubles. Even in
attempting to manufacture the units; the Teflon insulation
became abraded wh11e trying to handle the mater1al The
torsion of attemptwng to form the tw1sted part of the cable
transferred down each separate’w1re individually rather- than
as a greup, an::Eisplaced the fragile Teflon at' the clamping
point. When th prbblems were finally overcome,-and}a

successful device which*had passed all its electrical tests

was f1nally imptanted in a Xenopus, the high tors1on of the

~wires caused damage to the nerve, and eventually the spr1ngy
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material even worked it. way through the skin of the animal.
So, although the plétinym iridium material was recognized by
the author as being of greater resistance to breakage by
1ongifudina1 stresses, the much higher cost, excessive
springiness and difficulty in handljng madé the more ductile
silver wire the materi;1 of choice in the early amphibian
pilot series. The silQer wires did not corrode as rap{dly'in
the cooler amphibian environment as they did later in the
much warmer mammalian tissues, and so useful results were
obtained. On a later stage of manufacture of the
Regeneration Electrode Units, a return to platinum iridium
_wire'was used for a different réason. The additional ”
’st§ffness’of platinum iridium becomes an advantage when‘
ultrasonic bondﬁng-is used. Platinum-iridium‘wire ha§ proven
to be the most inert in mﬁﬁmalian situations. Ability to
accept solder is good, protection by epoxy and-Silastic in
combination appears to be effective for periods of Et least
two years, and, providing thaf the central fibre core
concept with external spiralling is uséd, resistance of the
leads to breakage is exceptionally good. The concept o; a
gradual tapering of diameter of the external Silastic
coating away from any solid object, such as the Regeneratioﬁ
Electrode, the Nerve Cuff Units, or the percutaneous
‘/connectof assembly at the skin interface helps avoid lead
breakage by distribu%ing the strains over a greater érea of
wire, and minimizes the sharp repeated bends at one sjngle

9 .
point along the wires which otherwise lead to wire breakage.
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Signal-to-noise considerations and channel dimensions.

Regeneration electrodes Qére,expécted to satisfy'the
requirements for an implantable array of electrodes that
remain in a fixed position relative to the nefve bundle
during movement of the animal. It was 6Sstu1ated that these
devices would give us at least initial information on thé
roles of sensory and motbr nerve fibres during locomotion.
By designihg an implant perfdrated withka series of
cylindrical channels, each channel/of which is provided with

an independent electrode wire, it was thought possible to

gﬁimulate and record selectively From smaller populations of’

fibres than was previously possible. In the extreme case,
with exceptionally narrow channels, it might even be
possible to record.from a single unit, providing that
sufficient vo]fage‘were developed in the device to permit
detection One of ‘the constraints on this procedure is that
the channel must be sufficiently long that the peak-to-peak
amplitude of the signal developed can be recorded over the
noise of the metal-to-tissue contacts and the preampl1f1er
noise of the individual channe] : R

The calculated peak-to-peak %mplitude of a triphasic
spike expected from a fibre in a channel of length L and
diameter D is approximately K(L/D)2 for small values of L
and D. (Constant'k,r;nges from 0.3 to 3 uv.) (Stein and
HWOng, 1971.) A typical value for channels 100 micrometers

wide and 700 micrometers longgwould be 15 to 150 uv.

e B0l
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(Mannard et al, Science, (1974).)

Channels produced by etching out silver wires.

In the final version of the Regeneration Electrode Units two
main methods of hanufacturing the devices were used. In one
systeﬁ, silver wires 25 micrometers in diameter were bonded
ultrasonically to specialfy prepared smooth flat surfaces of
77 micrometers platinum - iridium wire; supported'in a
section of rigidly-supported epoxy. (Epon 812, Ladd Research
Industries, -Burlington, Vermont.) These silver strands were
then firm]y'captured in place by re-embedding the aSSembly
in a fresh drop of epoxy. The twb paralfel side walls of the
droplet were then milled down to two flat faces separéted by
0.7 mm and parallel to the twisted wires. It was found to be
necessary to qomplete the twisting of the wireg prior-to the 5
encapsulation’in order to prevent transmission of torsional

- forces 'into the epoxy droplet. A 25% solution‘of.ferric |
nitrate in water was then used in an ultrasonic bath to
penetrate into and dissolve the §{1ver wires from their
channels, ie;ying the channels empty and.bare except for the
one‘sing]e'plétinum-iridium contact in the centrévof tﬁe

channel. ‘ o - _

Micro-drilled channels. B
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A second technique, which gave more immediate results
was to simply manufacture the Qnit out of the Jess}éxpensive
silver wires, and, after milling down the two perpendicular
faces, to drill a single hole through eéch wire using-100
micrometers bits. (Sphinx micro drills in a Swisso preCision
dri]l'press, Swiss Instruments, TorontOIOntarfo.) The
channels were then placed in a disti]led water bath and
cleaned ultrasonically to remove ahy débrié from the
dritling procedure. Each channel was then examined
micrOSCOpicafly, and its impedance measured. Any given unit
which contained more than a few leads having 1mpedéhces‘ _'
outside the range of 20 k ohms to 300 k ohms was discarded,
and the impedances of the various leads jh saline was
recorded for future comparisons. Leads having a impedance

lower than 20 k 6hms were assumed to have damaged

insu]ation,Awhilevleads'hgving impedance higher than 300 k -

ohms were assumed_to have blocked channels or holes that did

not contact'wire leads as planned.

Suhgicai implantation of reﬁenenation electrode units. .
1 | o | . - :

In a typical implantation: a~Xenost laevis would be
anesthetized by immersion in a 0.2 g/litre solution of
tricaine methanesulfonate, (Fraser,'Vancouver, British
Columbia. ) Each‘Unit_was secured into a snug-fitting notch
which had been cut into the side of a 3 mm length of

Ihtramedic PE 160 tubing.'A.double-IOOp suture, passed



through two larger holes drilled in the outside of the

device‘sepyed‘to retain the device in p]ace'in the stit
which had been made three-qUaEtersldf the.wéy\infd the
sciatic neEQe. (See Figure 1.) A 17 to 25 we~K period was
then allowed to elapse for possibie .rve fitors to

regenerate through the channels.
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“Electrode Unit -

| —=—Ties

.”/// . | \\“| Polyethylene Cuff

{\“\%Neﬁle—.' |

'v Fig; 1. Sketch of an idealized regeneratio.n electrode showing the

' method of implantafion. By means of a double-loop suture, the units
"were drawvn into slits extending about three—quarters t:hrough the
sciatic nerve, then tied to a 3—mm length of notched Intramedic PE 160
tubing that had. been cut end-to-end and fitted around the nerve. The

nerves ware ahant 1.5 mm in diameter.
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B. RESULTS: Regeneration Electrode Studies.
Histological confirmation of regeneration.

Hiétological examinatfbn by light microscopy showed
that bundles of axons had in fact penetrated the'devices. In
additioﬁ, electron miérographs were made of cross-sections
of the channels. Even in channels as narrow as 25
micrometérs, axons could be found. (Figure 2.) In 3 animals
a total of 17 channels were found identifiable by
microscopic examination. Of these; 8 contained ciear axon
- profiles ranging in number from 1 to 29 perﬁfhannel; When
axons were measured‘at their greatest diameter, out of a’
samb1e of 85 penetrating fibres, their diameters were found
to be from f to 14 micrometers, with 80 perceht betwéen 1
and 5 micrometers When examined qnder electron microscopy, )
mesaxons.simi]iar'to/those beﬂie&ed to characterize early
remyelination and patches of matérialyof increased
opéqueness to the electron beam were observed, but no clear
myelination Was observed. Under Higher magnification,

typical axoplésm could be seen with mitochondria,
microtubules, and neurofilaments. The 1ikelihood that these
'hepbesented functional‘axons of penetrating sensory and

motor fibres remained to be tested at that time by

electrophysiological studies.
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Fig. 2 Thin section through one of the channels remaining after
several 25-um strands were etched out of an epoxy wafer; scale mark,
5 um. The section had beep'fixed inlglutaraldehyde; postfixed with
osmium tetroxide, and stained with uranylvacetéte and lead citrace.
Flakes of epoxy torn off by tﬁe ultramicrotome obscure small rtiao
of the cross section. Note several irregulagly-shaped.axons, aree
of which are indicated by the arrows converging at the marker (ax).

Note the nucleus of what appears to be a Schwann céll, marked (n).

¢

4
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Recording from Implanted Regeneration Electrode Units.
Imbi‘lited animal: Impedance Measurements and solenoid

stretching of muscles.

Because a skin interface socket had not yet been
developed at the time of this early series, and since the
animals ﬁad too fragile a skin to'SUpport a socket, it wés'
necessary to re-anaesthetize each énimal. make a small
incision in the skin, and search.around for the free ends of
the bundle of wires connecting to the device. It Qas |
important to not tug or pull on the wires, and each lead had "
to be specially cleaned ar affixed securely to the wires
leading to the preampli < :r. ~’ffergntial recording waS'used
to help eliminate hum and noise as well as bther artifacts;
and it was sometimes necessary to fihd a lead which
exhibited impédanCe charagteristﬁcs and lack of neural
activity suitable to act as fndifferenf electrode for fhe
reference to the lead actually beiﬁg examined7 After
suitab]é leads had been selected, different ;ypes‘of new |
e;pefiment%] procedure could'be implemented. The response of
regenerated fibres to the Mechanfcal‘elongatipn of the
gastrocnemius muscle could be electrically recorded, ahd the
latencies of the neural action potentiais with respect to

the onset of solenoid-induced sfretch could be determined.
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Confirmation of Regenerated F iber Activity.

In1tia]ly, 29 afferent spikes recorded from two
d1fferent animals produced latencies ranging from 10 ‘to 80
msec, with a mean value of 38 msec. Takwng the onset of
stretch\as the time at wh1ch afferents f1re, for an average
conducgion d1stanee along the fibre of 50 mm, it may be seen
that the range of conduction velocities found covers the
rather large spectrum of from 0.6 to 6 m/ sec., or even
faster.‘Isolated'pheparations of regeneréted Xenopus sciatic
nerve eppeared to give conduction velocities of 5 to 15’m /
eec, whereas normal control nerve yields the much.faster
velocity of 15 to 40 m/ sec. It wasvpostulated that the
reaeon that the implant-penetrating fibhes seem to conduct
with the slower range~of velocities may be due to the lack
of myel1nat10n of the 1mplant penetratlng fibres at the time
of recording. Swngle sp1ke responses were observed in six
channels, bursts of two or three spikes from several
channels. and a burst ‘of eight spikes from one channel.
D1fferences in latehcy and ampl1tude of spikes permitted
separat1on of the act1vit1es of many of the axons, assisted
by d1fferences in the evoKed thréeshold under stimulation,
but not all of these variables mey be equally accessible
when recording from treely moving animals. One third of the
implant channels contained functionlng afferents Mottoh of
the animals causing shifting of the device with respect to

- the nerve, possible invasion by connective tissue, lead



_breAKage. or inadequate time for full reinnervation cou ‘d

account for many of the non- functional channels. If a total
noise level due to Johnson noise of 10 uV is postulated for
. an electrode of 100 Kilohm impedance at 20" C over a
bandwidth of 10 Hz to 20 KHz, an amplitude in the order of
100 uV would represent 10 times the noise level. Such
afferent potentials were observed. (See Figure 3 )
Triphasic in shape, 'the duration of the first phase
measured a mean of 2.1 msec in nine cases, ranging from 1. 2
to 3.0 msec. When the strength of the stimulating signal was
smoothly reduced. the spikes would exhibit all-or-none |
behaviour, strongly indicating single unit properties. Other
attributes which indicated single unit recording included
intermittentgcompléte-faiture’under repetitive stimulation,
and a jitter in latenc§ at near-threshold stimplation. Since
spike patterns recordeg’from'one»of the leads were not
-present on other channels, action‘potentiais originated
within the channels fra'n'f,j_bres penetrating the implant, and
not from fibres passing anound the periohery of the device.

o~
s

e

"Recordino from a freely-moving animal: Volitional signals.

t When signals were recorded from actively swimming
.animals recovered from anaesthetic , 1n.four channels of
‘three animals, bursts synchronous with swxmming movements

could be readily observed. Each burst consisted of 22 to 20
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Fig. 3;v)_(a) Upper trace: oReaponse of n ﬂingle aensory nerve fiber o :
' ' penetrating the inpltnt to. a brief muscle atretch.
'(e)\Second trnce down Time of applicatioh of above stretch. - i
(b) Action potential showa* in (a),'l‘ime scale expanded. = -
(c) Burst discharge recorﬁed fron a aingle 1mplant-penetreting o ;f
motor . nerve fiber in a freely-swinming animal. S . » ﬂﬁ

 (d)fI1ue course of a muscle twitch. (Computer avernged fron ’,"
- an unknown nunber of gastrocnemius notor units; stinulating
_'via the regeneration electrode neuroimplant )
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‘sp‘ikes. likely from singl@®units, having waveforms‘
resembl1ng those recorded from afferents. Also, the temporal
patterns of the bursts resembled those which are obta1ned
from motor unit potentials in normal unoperated Xenopt's.
This activity was not the seme as slower waves of variable
amplitude seen oe six occasions which méy have been due to
E.M.G. s1gnals located near the 1mplant site. The fact that
the propert1es of rany g1ven train of impulses was spec1f1c

to its own pair of channels also lends cred1b1l1ty to the

concept that the bursts were not or1g1nat1ng in muscles or%%ﬁ?
bundles of non-penetrating axons. By Keep1ng’careful track

of which'leads were ueedh and by stimulating througﬁlthe

same leads from which previous records had‘been made, it
‘could be shown that twitchfs‘woulp‘result et‘a given * ‘
stimelus amplitude. That these webe motof fibres rathe%%thah;
sensory became/apparent when attempts. to stimulate through
neighboring channels did'nof elicit twitches even though the
stimulus ampl1tu€§'was raised ten times over the 1n1t1al \

value.

Evaluation of Regeneration Electrode Implants in Mammals.

ExberimentS'deSigned to:eXplOre the value of regeheretion

' electrode units in mammals did not produce satisfactory
becordings from sensory or motor fibres. Presumably, this

~ was due to the higher conduction velocity and hepﬁﬁggooreg
' ' " o

¥
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spatial voltage gradieﬁts for a given-sized device infwarm
blooded animals, the smaller size of the regenerated ffbers.
“and the greeter proliferation of‘connecfive tissue in
mammals. It is possible that connective tissue blocked'the ;
holes before regeneration took place in tHe limited series
of experiments attempted in cats. Nevertheless, mamma 1 ian
nerve fibers can be shown h1stologlca11y, (Holz, 1974 ) \
(Stein et al, 1975.), to grow through such holes, alfhough
they show little or no-myelination.

‘The use of the regeneratior] electrode technique,
althdugh.it now appears to be almost of historical interest
only, stil]_sef a precedent by providing a starting point
for recordiﬁg from ihe”same fibers over a wider variety of
conditions, including movement' development conditioning,
growfh?ietimulation ~etc. It is to be expected that the
experience gained from these early exper1ments. as well as
many of the details, will be valuab]e in designing and
producjng‘a third generatien electrode device of the future,
such as a device designed to obtain not only croes-sectiOnal
sampling of fnfdrmation,‘and‘longitddinal information, bdt
-also improved volumetric and 'timing information. Although
the transverse'spatial erray»of electrode channels'in'fhe
. Neural Regeneration Electrode Unit offers the advantage of
_samp11ng d1s¢rete neural data from fibres of different
function within a large bundle, it suffers from several .
ma jor disadvanfeges, partieularly.when record1ng.from' o : ;
mamma ls . The7fow signel level due to the more rapid, a o ~

~ ‘_ . o ™
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A
ccchction‘velocity implicit in the higher-temperature
~mammalian environment is an important limitation, as is the
potential blocking of chanheie by connective tissue prior to
the successful penetration of the device by active axons.

But by far the mcst importaht single disadvantage of
the Regeneration Electnode Unit is the requirement that the
nerve be cut, thereby destroying the orderliness of its
peripheral connections and interfering with normal signal
filow in both ag¥ehent and efferent directions. Since the.
~trophic influences of the end organ connections are not
fully understood at this time, it cannot be determined to
what extent re-innervation via the Regenerat1on Electrode
Unit is representatwve of a normal phy51olog1cal s1tuat1on
It s h1gh]y un11kely that normal regeneration of fibres
wou id e*tr.occur, no matter how much time was permitted for .
re-innervation, because of the fact that such a high' |
percentage of the f1bres in tHe bundle would be blocked: by
the nonporous sections of the dev1ce

It was therefore decided to measure the gross'cverall
.activity wfthin a given nerve rather tﬁen‘specgfic
cross-sectional samples of actiQity as a more practical
‘$ution *o the problem of obtaining a funct_ionail neural
implant. Although this is the method of choice at the time
-of wrltlng, it is the auther's belief that elements derived
from both the cuff electrode and the. negeneration electrode
" could be 1ncorporated in recording devices in the future.

Specifically, the restricted extracellular space aﬁd I
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substanfial recording lengths of the cuff electrode mav be
- combined with the ability of the regeneration electrode to
differentiate specific activity.within diffeﬁeﬁt
cross-sectional samples of the overall fibre diameter.
Therefore, the description of the cuff electrode which
follows §hould not be taken to be a final optimal record{ng
deviée; but rather mere]y‘ohe‘step along the evolutioﬁ of a
more SOphisficéted,and discrete method of recordjng and
isolating specific signals from Witﬁin é-bundle. The véry
high level of uniformity and reproducibility of signals |
obtained from animals after implants lasging several yéar§
with the cuf% electrodes which we have developed has |
resulted in a focus of attention on this method to the
.exclusion of continuing research on other electrode geometry
variations which are possible. However, that very success
doeé‘not by any means fhdfcate thaf\the u]timaté'recordihg '

configurations have been achieved.

L[}
X
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" through cuffs of the type that existed prior to the cuffs

o under discussion.’

I111. CUFF ELECTRODE STUDIES.

. /
A. METHODS: Cuff Electrodes.

Cuffs had previously been used to fix recording
electrodes mechan1calLy in place near nerves, (DeLuca'and
Gilmore, 1976), giving a means of st1mulat1ng and recordtng.
signals prov1d1ng that no. 1nterfer1ng EuM G. signals were
preseA% But these cuffs lacked a wiring conflgurat1on that
would reject E.M.G. signals. They were either porous to the .
body. fluids and electrical interference f1e1ds or they were
totally sealed in such a way that the.nerve had to be cut to -
insert it through one end of a hollow tube. In a v1deotapeL
presentation g1ven by Deluca and G1Imore which the author

viewed in Boston Mass. in 1974. no clear neural signals

could be heard from rabb1t nerves wh1ch had been threaded

By the time that Regeneration Electrode Units had been
implanted in the f1rst 15 cats as of August 1974, the

methods of constructing the cables and vitreous carbon

t

percutaneous connector had been improved greatly, tb'the g
point that sidnal impedances and channel integrity were no“

longer dependent upon fortu1tous c1rcumstances to get

: dependable recordings. The maJor contr1but10n made by th1$

~ author to the cuff recordxng prOJect fol]ow1ng the .
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1mprovements in lead 1ntegrity was to design a cuff that

- could be opened down one side’ for- 1nsert1on of the nerve,-

and which therefore permitted a nerve to be used which had
not been cut. This was accomplished by Sewing wires in the
form of the letter "C" into the side of the interior surface

of hollow silastic tubing. and aligning the open parts of

- the "C" conf1gurat1ons along one long1tud1na1 line down the

s1de of the tube so that a slit could be made along that
side This fundamental and 1mportant contribution has not
been documented elsewhere and to the best of the author s
Knowledge it had never been used by any research team prior

to ours.

Advantages‘of the Cuff Electrode Conf iguration.
o o |

.For the purpose of control of artificial limb
prostheses and for the study of certatn aspects of

neuromuscular aot1vity dur1ng behav1our, it is des1rab1e to

record from a 1arger populat1on of cells than tradit1onal

single- un1t m1croelectrode stud1es have permitted For these

'_purposes, and for study1ng the spat1al coding, time

character1st1cs and correlation between various parameters

‘,of neural- actithy and muscle act1v1ty, the cuff electrode

‘presents great advantages The record1ngs made from it are

stable over Tong per1ods of t1me, the an1mals do not have to

be. anaesthetized before runn1ng an experiment, several

channels of data or 1ndependent stimulat1on are ava1lable at

s



- the same time, and often through a. 31ngle conven1ent o
connector In add1twon, lower 1mpedances than classical
m1croelectrode techn1ques permit ‘better control of ampl1f1er
blocking effects (caused by electrostat1c charges
'overload1ng the ‘front end of .the Grass p- 15 preamp, ) less
interference from 60 Hz and 120 Hz hum, rejection of
imgulses caused by static electricity and fur-rubbing
~artifacts and cable noise 'and better interchannel isolation
desp1te the use of mult1conductor cable that does not have -
‘1ndmv1dua1]yjsh1elded leads. In short, the cuff recording
technique via a percutaneous'connector is relat1ve1y~s1mple.{
kand stra1ghtforward compared to the alternat1ve of d
‘perform1ng a surg1cal procedure*each t1me data is to be

obtained.
Construction of Cuff Electrodes.

(Refer to Figure 4.,)

, In an optimmzed cuff, strand d wire. should. be used for.
flex1b111ty and increased surface area result1ng in a lower
1mpedance w1th respect to the nerve as compared w1th solld
w1re of s1m111ar d1ameter, as well as helptng avo1d
: mechan1cal deformation of the nerVe Sol1d platinum-irldium
wire of comparable strength is much too springy and ‘

| diff1cult to work w1th ‘The wire. (Medwvre Corp y Mt Vernon ;

'N.Y. part number 101r9/49T) is supplied with four’ coats of

a4, .

Teflongfor.1nsu1at1on In handl1ng the wire it is 1mportant nf :,dd

-

.7" .
S 1aN,
vt
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\ N insulated
o - wires to
Augat socket

wire silicone'rubber ' S
’ -
( -
Fig. 4

Consttuction of- a cuff electrode' A: End view showing 90° wire arcs.

'fB. Side view showing placement of electrode arcs and slit for nerve.‘

L
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to avoid abréding this insulation, which is ‘re_lati_vve‘ly

' "delicatg in comparison with the hard metal inside. Contact
with hard-surfaced tools or objects touching the wire
between ‘the time it leaves the spool and the time it is
encased in the final protective tubing is to be avoided, and
all surfaces.that contact the wire should idealiy. be goft. A
.brief exposuré“to'a small flame uﬁder Qery carefully
controlled conditions may be used by some operators to'
remove the Teflon coating, bﬁt a safer procedure.§5'to
remove the coating usfng s]ightfy-dulied forceps under a
binocular microscope using good illumination. Extreme care
should be taken to avoid causing even the sma]lesi
 indentation in the wiré beneath the insulation, as such an
indent will weaken the Qires and géuse them to break at that
point after imblantation. | |

~ Using a curved smalltdiaﬁéter needle the wire is
tﬁreéded into the inside of the silastic cuff in’a series of
short_afcs. Depending on the diameter of the tubihé..two,
three‘dr even four éhorf arcs may be used, and an éverage'
nUmbér of three QO' arcs forming a conducting ?ing anbund
,apbroximately 270'-of the inner wall.circumferenéé of tﬁe’
cuff was Uéed in host-casési The remaining 90° of -the cuff
wég reservedifdr_a longitudihal slit in the cuff to permit
insertion of thevﬁerye,ihto the cuff. A round section ofvrod
of diameter slightly smallef than the inside of the cuff was
then used to carefully press the wireséggainst inside walls

of the éuff.so‘as to prevent them from occluding its

| 4
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diameter . At least two coats of uhdi]utéd Dow Corning
medical grade Silastic were then applied to the outside of
the cuff to fix the wires permanently in place and provide

additional insulation. *

~ Insulation of Cuff Electrodes and Implant Signal Cable.
I

The combination of silicone rubber and Teflon has given the
best'fesults tp déte in preventing eXcéSsive chémical
cbrrosion, and maintaining éTectrical integnity. The Teflon
insulation on the wire with the Silastic applied externally
appear to act toggther‘to COntrol the water'ﬁermeability and
provide better biocompat{bility in the outer layers, and
relativeiy high resistance to water penetrating the actual
immediate vicinity of the wire itself. It should be noted
that the Dow Corning number 891‘medica4 grade Silastic type
A is by itself not a satisfactory b&r?ier against the
'péssage of moisture, but it does appear to slow down
circuTation of water arbuﬁd therépitical structures ehough
for afsecond.Jayer of insulation such as Teflon and/or epoxy—
;té complete the/insulating pro¢ess. The use of either .> L
material alone, ’howevér; is not»fecommended. A smooth outer
f1n1sh was provided to the cuff to discourage connect1ve
t1ssue\aéhes1ons by wrapp1ng Teflon tape around the cuff
.whxle the Sllast1c was st1]l in a ]1qu1d state, and then

rgmov1ng it after,the Si1;st1c had_cured.
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Cuff Ground Reference Electrode.

“

In all cuffseexcept the very smallest, at least one
wireiwas sewn into the exposed back side of the cuff 180°
from the position provided for the slit. Tﬁese‘wires/did not
enter into the inside of the cuff, but were merely looped |
through ‘the th1ckness of the outer wall of the cuff for
- mechanical fixqt1on and bared throughout their length to
serve as grouné electrodes for the minimization of aftifacts
in future recording situations A'variety of cuff diﬁensions
and lengths were made up, and some s1xty odd devices were
constructed by the author 1nc1ud1ng the devices that served
to develop the opt1ma} wire and cable arrangement in earher~

series.
The Silicone Cuff.

Dow Corning "Silastic" (A trade name) tubing material: types
601 and 602 were selected for their relative biologiCal “
inertnéss'and-their proven cTinicaI recerd inkbiolegicai\-
situations, as well as the’dihensional stability and ease of
handling this material exﬁibjts..lnterpa1 diamefers from 1.0
to 3.4 mm and lengths from 1.5 to 5 cm were selected on the
basis of individual experimenfal éequirements and‘the
diameter of the nebve to be fitted; In general, the internal
diameter of the cuffs was selected to fit the nerve with

sufficient tightness to provide optimal recording = %



!
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situatione,*but—not~so tightly as to cut off the nerve’s

~circulatory supply. Experiments were done to determine if

the ends of the cuff should be tapered to permit the cuff to

bend with tHe nerve, but material of sufficient pliability

and th1nne55'was ;far

thls technlquerwaa;n 5;ﬁof valuable nerve length which

had to be uged;‘ ,f:g.electrode~spac1ng in order to

opt1m1ze the eleé‘ ;:arametibe Therefore, a'e1mpler

T
cyl1ndrl¢al design for the cuffs eventually was adopted,
although it is possible that a less abrupt terminating edge

to the cuff matertal.could be less traumatic to the nerve in

some future re‘design.
As’ the experimental series continued, the importance of
two factors relat1ng to optwmlz1ng the signals became clear.

One was the d;ameter of the cuff, which had to be as tlght,

“as possible wi thout. damaging the nerve. The other was that

the s¥it down the side of the cuff had to be restored to a

' mo1sture proof condition as nearly completely as possible

The presence of a poorly-fitting cuff, or leakage down all:
or a portlon of the S]lt greatly degraded the excellent

E M.G. reJect1on of wh1ch a well-made cuff is otherwise
capable Techn1ques were therefore developed for improving
the seal of the cuff, and. suture threads were often sewn’
rlght into the walls of the device for 1mprov1ng the extent
to whlch the cuff could be convenlently and efficiently

: sealed around the nerVe fo cuing lnsertion of the nerve

lnto the cuff A thln layer of Sil1cone was somettmes
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‘var1at1ons in fitting the pegfutaneous v1tr’
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applied over thefslit“in the cuff, and allowed as much - as

possible to cure before the cuff was re-inserted into the

* body cavity and allowed to contact the body fluids. In

general the minimum number of wires that can come from a

recording cuff is two. which are connected to form

4

three rings for reasons that will be descr ibed later &

given

However, the experimental nature of the ent1re prOJect made
it advisable to run each wire from a given ring ‘
independently in many'cases s$O that'sbecificrmeasureTents of .
nerve contact impedance énd differentiél'1nteractions could

be made. For that reason, many cuffs were provided with at

" least ‘three wires and sometimes‘a fourth for ground. The

max1mum number of w1res that could come from any given cuff,

‘array, or comb1nation of neural and E.M.G. pickup S1tes was

twe lve, 1n¢lud1ng the ground connect1on. due to the -
limitation imposed by the twelve pins on the Teflon _
integrated circuit socket which was used for all of these

exper1ments

' standardized skin interface socket .

' od

The socket, (Augat type 8058-1G51, Augat incorporated,

s sufficiently well

controlled during manufacture to el1minate chessive :;1

\

us ' carbon sk1n
e .
connector through wh1ch it was 1nserted It is readily ‘

available, fairly rugged, (except for an occaSIOnal R

N

°

;
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separation of two portions of the female contacts under

extremely‘prolonged and repetitive use with plugs of less

than‘optimum-diameter'lead'configurations.)'The mechanical

separation of contact components was not usually accompanied

by any.electrical=disturbances indicating that the 1nner
connector was relatively wel] secured in the Teflon |
surround and replac1ng the connector components usually
restored satisfactory serv1ce Although the Teflon surface
resists adhe518h to the ‘epoxy used to fix the socket in

# _
place because of a very slippery outer, surface. separation

of the socket from the percutaneous connector has not been;a L

problem in practice. Small grooves cut lateraily with a |
scalpel into the sides of the socket, and a'roughening of“
-the edges wnth emery cloth prior to. mounting the two units
together may have contributed to the ruggedness of the

combination by permitting a surface to which" the epoxy B

" could readily bond. The presence of an- inner ring undercut .

& ,

on the inner surface of the vitreous carbon ring also |
permitted a better bond with the epoxy V '

Construction of the reinforced spiral lead cable

N
AY

-

(Refer to Figureuagk e

‘ The three to twelve wires were generally completed at
- the: dhff end first, and then spiralled around a thin metal
“shaft of approximateiy 0.7 mm diameter. The windings were
done close wouod, and then stretched out to approximateiy |



]
stranded

/ plat inUl!I-iridium

v LTI /3\

temporary mandrel
¥

silicone sheagh

dacron ‘thre-ds

“~————cable to
electrode cuffs -

showipg soldered N
contacts »

uf *hple s:anded platinum-iridium wire wrapped around a mandrel, .
'“vﬁ&ch will ‘be withdrawn after wires are ‘formed. '

H#QOtection of the wires spiralled around 1ongitudinal dacron threads,
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4

two-thirds of what their straightﬂength would have been. A
group of three dacron fibres,,which were origina]ly dacron
model -airplane control cable chosen for its adVertised
' resistance to elongatton were'then 1atd‘in the centre, :é d .
the conductors loosely 5p1ra11ed around tpem mak1ng use of

the natural sptral left behind when the metal w1nd1ng

mandrel was remoyed. Siné% the author has turned over the /

fabrication of these devioes to Dr. T. Gordon, several

[}

improvements in the efftctency and uniformity of the
manufacture of the devices have been made, including a

' great]y improved method for winding the conducting wires5
.neatly on the central. fibres’ Using a olastié\jig for y
rotattng both ends of the,central f1bres at. the same rate of -
"speed, a much more unwform winding of the platinum ir1d1um
wires can be- ach1eved “In add1t1on, recent lmprovements by
both Dr. d A. Hoffer “and Dﬂ T. Gordon have resulted in a
perfectly smooth cyllndr1ca1 sheath surround1ng a cable of ° i
spirally wound re1nforced conductors wh1ch are embedded in a
virtually flaw- free cyl1ndér of silastic. Th1s procedure has*

p@fgery consmderable advantage over the simple appl%qﬁt1on

'&f!f”external surface to dlSCOUFaQe the device from bond1ng to

& i
/

’:7 ctf@e t1ssue which may pull on the nerve A short* . f N L

y

‘ sect1on of}s1licone tublng is. cut to- Iength and then placed

A 'l

for a few éeconds 1n so]vent ‘such as toluene to induce 1t togf
swerll fhe solvent and s1hcone tubing may rema'in in oonIact

'jfor‘up to several m1nutes.,depend1ng on the_amount.of

. . . . L .
5 . - Ve

W
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‘construct1on Only the exact port1on of wire which is to '

- expans1on and increase in flex1b111ty of the tubing

requ1red and then the leads are threaded through the l1mp

silicone tubing using a 15 cm long .010" stee] wire needle-
{

%}b/§u1de them throdgh. S1last1c type 891 Medical Adhesive
'Zlype "A" is then 1nnednateny injected for thq‘ent1re length

- -

- of the tublng us1ng a sﬁwinge and a blunt- endEd needle of a
,As1ze\wh1ch f1ts nggly 1ns1de the silastic tube. The

s1last1c wtﬁl ftow smooth]y around the 1nner cable, totally

¥

’ encas1ng 1t 1n“what will later become a smooth flexible,

"solxd core of cured medical grade'sfl1cone rubber. The metal

© ‘:‘ \

f t1p of the blunt ended needle does not present a problem in

injecting the’ 11qu1d silicone elastomer 1nto the silastic
tubing,'because the silastic tubing has eXpanded in a
longitudinal mode as well as’tranSOersely during its .

exposure to the toluehe. 'ence, it is considerably longer at

77this staée.of the manufacturing. process than it would

otherw1se be, and any trauma to the Teflon coating of the
wires occurs at a point where the Teflon will be later |
str1pped from the wires anyway Nhen %h' s1last1c has fully
cured, the outer tub:hg has been restored to a shorter_
length, and the protrqiing Teflon-covered wires can then be
prepared for use. /At the cuff eud of the bundle,) the wires
are allowed to retaIn the wavy shape that resu]ts from,

prev1ous sp1ralling This ensures that exces51ve tens1ons

will not _be deve oped adross the wires when the 5111cone _ S

ui

elastdher i8 aalowed‘tb‘Cure on the cuff at a later stage of‘»"
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serve as a conductive electrode portion is stripped of its

Teflon, and this portion varies with theflength of the wire, ?f

- sincq the cable extends from ~-- end of the cuff rather that f!

from its centre. The longest lead is the one which is '“ﬁ%ﬂk

furthest from the bundle, and the leads are trimmed l

progressively shorter as the nearer end of the cuff is

prepared,- always retaining enough extra slack in the wire. '

for the waviness that will ensure long life in the

implantation. After the wires at the cuff ‘end have;been'sewn

in place to form‘the‘tripte 90 degree arc ring}electrode

configurations, a'iayer of‘silastic is placed over the'cuff,}%J

and this may.be then nound with a layer of feflon tape to ;‘ "
'provide a 'smooth surface and a cuff with a‘ninimum outside "

o d1ameter ‘Dr. T. Gordon has found that hinimizing the - . :

,embedded length of the support bundle of d cron flbres does

not matertally reduce the strength or 11f2rcf the cuff and

that 1tnoffers an advantage in helping the cuff to F%s1st

warpage due to the differenhal tens1ons develﬁ%bed in the

cuff when the outer silastic layer cures. Running the dacron -

-~

/

f1bres the full length of the cuff as was done in previous.
designs causes a tendency for the cuff to ‘assume an |

“" N

arc- shaped deformat1on when the s1l1cone cures

Connections:to the Percutaneous Interface Socket.

: ,-»\.

f At the opposlte ehd of the bundle, individual. w1res are .
_carefutly separated and the ends prepared w1th equal

L

i T e e
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a

iengths, approxjmately 1.5 cm from the exit point of the
‘bundle. leflon was removed from approximately 4-nnuof each
lead, following which the wire was wrapped around the
terminal of an Augat 12-pin integrated circuit sooket
'(Augat‘éOSB-lGSi Attleboro Mass ') and soldered in place
using Ersin multlcore solder and a fine- tlpped iron (Wahl
Isot1p rechargeable ) A mixture of’ catalyzed Epon 812
mixture "B" was then prepared by combining 89 ml of NMA, wi}h

100 ml- of Epon 812 and 0.14 ml of DMP - 30 accelerator pégl m,ﬁh
f‘r" "

‘«‘.

10 grams of the combined NMA / Epon 812 mixture. ;he . 'erf,

& i
3-component epoxy was then very thoroughly mixed, and a’

small amount placed over the backs of the soldered terminals
of the Teflon socket. In instances Jﬁere dimensiq!?l |
tolerances of the socket{and carbon‘percqtaneous.éq!geotor>
resulted in a looserAfit. two applicattons of the patalyzed.,"
epoxy at separate times were required In other cases, a
s1ngle appl*cat1on resulted in full encapsulat1on of the

| term1nals Suff1c1ent epoxy was always appl1ed to completely
cover the solder joints, because the tin-lead metal content
of the soldered Jo1nts represents a serious potent1al for
future probliems and should be regarded as only a temporary
method of obtaining electrical connect1ons y:th integr1ty |
The epoxy layer slows down, but does not prevent the attack
: of the solder Jo1nts by body'¥1u1ds Cured s1l1cone rubber
elastomer is Known to permit mo1sture transp1rat1on and

~ epoxy. does so as well, but at a slower rate. lt is expected

that ceram1cseor glass may‘present a solut1on to th1s o




/
/
57 f
problem’ in ultra-high 'quality devices of the future, but it
will be important to locate matemals that can be fired in
place at tenperatures be low that wh1ch cause degrada&»ion of ) .1'
the Teflon. | ;
i
Finishing of completed cuff,, ec\:)\t‘“rode assemblies.
: o AT 1 ) .
The epoxy is cured by placing it in a thermostatically - ‘;
controlled oven at 70' C overni‘ght, and the second layer of - *

epoxy is mi"xed‘.' 'app]ied, and cured on a subsequent separate
appli'cat'ion using the same techni'ques: as the fir"st layer.
Finally, a thin coating of sﬂastic elastomer is applied to-

the entire r;far surface of the completed assenbly to seal

L P R

‘the coated leads mechanically to the connector"., and to help -
_ensure bioconpatvbihty of all surfaces exposéd to the = &-

't1ssues _ ,
In devices made in 1979 and 1980 Dr. T. .Gordon has been

STy i 23 h i A il T

l‘dlstributing the leads wi th radial synmetry from the centre

of tae dev1ce, and paymg spec1al attention to making the :

A bacK'portlon of the final connector assembly as thinas &
possﬁ:ﬁ% tc minimize the chances of the connector being

.
L i S RS e e e a2
. k P i

- pulled or thrust g&%f the tissues, either by
" non- s;qﬁ!!etr'cat f"orcei'actrmg on»the }eads causing the

Y \1“

,devmce to t1p, .or by ex;:esstvé’ bulk of th1ckness behind the

"’X.r L \ !

| .dgvice causihg Presgure ﬁ-om the under-lying tissues to f-orce -

u—..,.p-

the dev1ce out of the skin The thm - flat, synmetmcal

d1»stribut1on of the 'leads on the latest devices appears to

- g ST . : . .
. : . . ~ : 4
e ’ S : NS el
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be.an important factor in ﬁnsuring'their longevity in » .

'implanted situations.

Surgical implantation of the cuffs

These procedures were.done by DE. L. DaVis. Dr. T.
. Gordon, and Dr. R.B. Stein.-WheneQer}an experimental
procedure required that the nerve cuff remain in an animal
for more than two days, aseptic surgical techniques- were
used. fhe skin was first shaven clean of fur and the area
washed with soap and water.In some cases, rema1n1ng hair-was
removed w1th a dep1latory cream sucqﬁps "Neet." A
Qd1s1nfectant such as "Betadtne" was*&ZL]ﬁed to the'skin ',J

prior to mak1ng the f1rst 1ncis1on to improve the sterility

¥

- of the operatlng field. The dev1ce to be 1mplanted had
prev1ous]y been sterilized. The nerve ‘to be USed was

| dissected. freelof undertying tissues carefully with
attention to m1n1miz1ng damage to its blood supply. A
locat1on was chosen for the percutaneous connector that
offered easy access1b111ty and minlmal chances of damage. as
well as conven1ent placement with respect to the nerve.
‘Frequently th1s Qould be .a flat port1on of ‘the hip on the:
out51de of the an1ma} ‘A shannel was made from the - nerve to
the site of this connector”under‘the sktn and'the leads were
passedfthrough it,tbetnd careful to allowbsuffjctent lead
length and positioniné away fﬁom,joints so as to avoid

/
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future tension problems on the leads. If a cuff slit had not

been made previously, it could be made at this time, and the-

L A A L A L

two sides of the cuff would then be opened using either a

set'of forceps or suture threads which had been preViously

incohpOrated’For the purpose into the outside of the cuff

21 it

material. The nerve was then gently s1lid into. the cuff and
the edges of the cuff cahefully brought together'and sutured
at 3 mm intervals to positively and evenly close the slit to.
all *luids In the earl1est ser1es of an1mals, the cuffs had
been sealed$w1th s1l1cone The s1llcone prevented excessive
tlssue ingrowth into the %& edge of ‘the cuff,and also
' helped prevent E.M.G. s1gnal degradation in the early
[dev1ces. From ten to f1fteen minutes were allowed to elapse
‘ to snsure the-acetlc acid released during curing had * | . ;
; disslpated'.A few instances‘of‘nerve damage from' this cause

'were noted when initial mechanical closure was 1nsuffic1ent

N el e et e Wt 2

.or when silastic was forced through the slit under pressure./
‘and the s1last1c seal1ng procedure was dlscont1nued on later
'1mplants An 1ncxslon was made at the site for the

'-percutaneous connector, which was pushed out throuﬁﬁ-the

T R .
A feier €3 Byl

y incision as far -as the top rim holding the socket, The outep l"g
flange having the peripheral holes. remained below the skin | ;
.surfgpe and only the pon}ﬁonvholding the 12-pin Teflon
socket'phcthuded‘above the skin. | |
| The percutaneous connector was fastened in place w1th a
~ jsuture in order to hold it 1n place long enough for |

v connectnve tissue to penetrate the outer holes and.fixvthe ’

i
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device solidly in place 1n the skin. The question arises as .
to why the connector is not fastened firmly to something
3 soliqbsuch as a.bone or cartilaginou5'tissue. The answer to
- this question is~tha;2jtwwculd5be distinctly‘disedyantageous»_
‘o not have the connector float with the surface of the skin
when the skin is depressed. The tissue Bonding between the |
~ percutaneous connector and the skin can be disrupted by
differential movement between the skin and the ccﬁnector,
~and fastening the-connector to some firm underlying
structure WOuld only increase the relative motion between
the skin and the connector. , >" ;..
After all the cuffs had been placed around their
‘respectiye nerves, and sufficient'time had'eiabsed to permit

the dissipation of acetic acid from the silastic (,’13 this

° _ procedure was-in use,) the 1nc151ons were. sutured ci sed and-
the implantation procedure was then completed The total
time eiapsed from the 1nif1al incision to the final closure
for the 1mplantatﬁon of a s1ngle percutaneous connector with

-, a dev1ce_hav1ng three cuffs could be approx1mately two,

-

1

~ hours. ]
The time taken for a first 1mplantat10n 1n a human
subJect was approx1mately five hours because con51derable
attention was paid to the research aspects and A |
documentation.. It is likeiy that future implantations wi]l
‘be more efficient in th! use of the time that the patient is
under anaesthetic due to the fact that such extended

: documentation and explcratpry aspects will be less
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important. It is quite possible that the collection.of

: documentation'data, the posifioning of the electrodes, and \
actual implant of the device in future 1mp1ant operat1ons
may be streaml1ned to the po1nt where the patient need not

be in the operat1ng room for much more than an hour .

Al

Recording Methods: Cuffs.

RECORDING METHODS. - -

Recordings were made in both animal and human subjects
by simp]y 1nsert1ng a 12-pin plug connected to a flexible
1nsulated shlelded cable into the socket in the percutaneous

‘ connector

v “a

tand

Advantagesgof plug-in recording - ” ' , . Wy

No surg1ca1 1ntervent10n was necessary to obta1n
.electr1cal access for either 1nput or “output purposes to any
'aof the nerve cuffs or E.M.G. probe sites. -This procedure

y offers a cons1derable advantage over prev1ous recording
methods because record1ngs made US1ng this method may be :

| "1n1tiated and susta1ned w1th a subject in a fu]ly consc1ous‘

state,vqg even: wh11e he is moving. | S
'bmfmSumnumjnme.I

N
B
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In the oase of human subjects, verbal feedback to the
experimenter provides a unigue and valuabie source of
detailed ihformation concerning the thresholds of.‘
stimulation and qualitative differences in the stimulus
resulting from changes made in the stimulator parameters
such as pulse width, pulse frequency, and pulse ampiitude.
even though the subject may be walking or exercising. These
.subJect1ve differences may then be compared with the stimuli
observed by the subject when d1fferent channels of the
implanted device are used.'D1fferent_sites of neural
stimulation, or stimulation of different neryes gives rise
to qua]itatively diffebent subjective resﬁbnses effectively
opening up. new channels of information'flow.into the human
subject. Thus one channel of propr1ocept1ve feedback may be
used to 1nd1cate the hand . grwp pressure to the subJect
while yet another indeperidignt channel of feedback could be - |
used to make the subject aware of a totally different
funotion of his.prosthetjc appliance, such as the elbow
position’or the angle'of the wrist rotation. '

7

‘ Reoording volitional actiwﬁfy.

In the record1ng mode as opposed to the st1mulating

jon response of the nerve- f1bres obtained

' by record1ng ”om large numbers of nerve Qplls
I

51multaneous1y offers the advantage of averadgng out the

excessive var1ab1]1ty which would otherw1se character1se a

o Ui
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without the need to,sacrifice'an anima) after each

‘ repeatedly‘for consecutive experiments is valuable for

63

traditional recording of single cell activity. During actual
behavioural activity;\such as walking or excercising a

muscle group, the neural and E.M.G. activities can be

Vzcomparedu~1n§additionr~electricalwstimulation~can be applied . . .

at any phase of the walking or movement cycle that the

exper imenter wishes. The ease of’ recording with this plug;in

.farrangement‘contributes to thelhumane aspects of obtaindnb

largé‘\amounts'of research data from a single animal,

experiment is onc luded. The ability to use the-sameyay"

another reason because it permits the study of long-term

o aspects of neural growth and development ‘These $tudies may'

include regearch on the trophic aspects of nerves,tthe
regeneration of sensory or motor neurones degenerative or
disease 1nduced modifications of the nervous system, or
factors influencing spec1ficity of connection to end organs,
muscles,.and receptors. ' '

An additional advantage of the neural cuff and implant 3

; method is that it permits the same animal to serve as its

~own control data reference over long periods of time, and
factors which may influence the outcome of long -‘term or
trophic experiments such as diet variations climate or
temperature fluctuations or variations in the general healthv |
of the eXperimental animal populat4gn are largely cancelled

it »k

out. The ability to plug in' several: mdividual and
‘; separately connébted~percutaneous connector plugs into one
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single animal‘permtts the inVestigation of the influence of
the neural innervation on other internal organs as well. The

influence of the vagus nerve on Kidney function, and the -

‘associated imptications regarding high blood pressure and -

] cardiovascularyfunction’is an important example of a °

4

clinlcally-relevant'eaperimental procedure which the
nerve-cuff / percutaneous ‘connector technique could

facllitate.
Plugfin coninectors.

The standardizat1on of the recording cuff plugs in all -
experiments and with the human implant ‘as well throughout |
the series’ has permitted the easy interchangeability of the :
test - equipment and testing situation. One advantage of this
standardized techn1que is that a situation could otherwtse |
arise 1n wh1ch record1ngs were required and were delayed

due to unava1lab1l1ty of the connectors néeded A long term

5 exper1ment wh1ch may require a single an1mal's progress to

7be mon1tored over a period of several years ‘could easily be_

H/compromlsed if spec1al connectors were required and could

| fonly be obtatned from a single source. For this reason. ‘and- -£41

/

~the - 1nit1al tradeoff between component ava1lab1lity. ptn

connectlon densxty. second sourcxng, and long term insurance;ﬂ .

agamst the. thhdrawal of the connectors from the
4

marketplace a relatively slmple socket conftgurat1on has |

been chosen The project standard1zation has used the Augat,f |

A

2
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12-ptn socket type 8058-1G51. iAugat»Co%p., Kttleboro.‘Mass.
U.S.A) -

-Male connectors to fit this socket are difficult to
obtain, so several approaches have been tried to prov1de a
satisfabtory mating cable assembly In one approach leads
from a discardqd integrated c1rcu1t were 1nserted into a
female socket and 1ndiv1dually soldeﬁgé into the contacts
Each lead was . then trimmed to the correct length This
approach prov1des a plug which mates very satisfactorily '
wi th the socket, but which is time- consuming to construct
and which has rather fragile pins It provides ‘a plug which
gives minimal physical abuse, torque or pressure to the
socket during Tnsertion or removal. and gives excellent
low-resistance and low n01se electrical contacts In a
different approach a second female socket may be mounted in
‘tandem, by plugging it directly into the. master socket . This'
procedure gives an exceptionally tight fit and may protect
the original pins of the. implant socket from physical
damage It is possible that a commercial manufacturer of a

plug to fit these minﬁature integrated circuit sockets will

»'V; small linearly'orientgd devices. With relatiVii

R ¥

be become<available in the future ‘ ‘ .
One additional plug and socket combination that has i
been iﬁVestigated and is currently undergoing evaluation for
these dewces is- the ITT Cannon st.lbminiature socket #ype
type MDAi ess and the matching plug. MDA1- -9ps. These are 7;;

density but which are unfortunalely difficult

0




“are expensive.

External signal cab]es.from“animaﬂu
@ T ' A
‘ Several approaches are .possible with resgect to - = T 3,

S v ", \\

shieLded cables to connect the plug from the SUbJect to the

l

sw1tching box. In’ one, a s1ngle sh1eld covers* the entire
cable, with 12 ind1v1dual color coded wires 1nslde carrylng
stimulus signals to the ahimal and recording SIQnals back .
from the anlmal.uTh1s cable, type MS-12, bhas proven to<be -
‘flexible and durable and does hot eXer:\too hlgh a torque
on the connect1ng percutaneous connector So long as neural
_impedances “are considerably below 10° K ohms at 1 KHz. a .
. ) r:neglig‘ble crosstalk occurs between channels during . a t@
B | fsteady-state record1ng when u51ng an older style o
| preamplifier howeyer. wh1ch suffers from blocking and poor
& time- constants in 1ts design, (Lhe Grass P-15,) an . .
‘unacceptable’amount of crosstalk ha:'occurred with this
| cable when us1ng the stimulator duq‘ﬁaxrecord1ng of
;}  h1gher 1mpedance neural 519nals |
“;} A d1fferent type of recordxng cable may be constructed

1. Om three cables each of wh1ch contains four conductors

‘ v.,Uhale the conductors are'noﬁ separately shielded from each

Other, they are nevertheless shielded 1n groups-of four >~??v"
T Thus it would be possible in theory. to assign a given se‘t of -
.cables to all the functions that could reasonably bé '

ifexpected to be used for stimulatlon. and 2 set of separately i
’ Ty . N f~. 2 ; ‘v

¢ : . o 5 Qo . Sy . . J ‘g' 5
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shei Ided wires could always serve the function of recording.
Th1s asS1gnment of function before the COnstruction of the
dev1ce conld g1ve.much better stimulus-to- signal isolation
'; m tth is presently be1ng expertenced - \ ." ;:7
" one- in which each 1nd1v1dua1 wire ‘is separately shievﬁed and'
isolated from its neighbors, even at the levels of the plug
and connector For the highest-quality laooratory research
- and tecﬁn1cal measurements in eﬁl potent131 comb1nations of.
lead confwgurations, this is theJOn]y conftgurat fon that
‘would gtve comp]ete stlmulus to-sagna1 ?solat1on The ¥‘
| dgresent recording sttuatlon depends to*%.large extent on ‘the ~ '
% low source %ﬂpedance of the neural cuff electroéps to s ~t‘;
.the art1#acts plcked up capacata;1ve}y between the cable &"fq
conductors Natural]y, such an. i div1dually shielded cable '
would Qe st1ffer and less f:;i?§§§fthan the ones. presently
being used, and careful atteﬁ&ion wouﬂd have to be paid to
-tn; animal harness in order to avoid traumm to thd’skﬁn-
percutaneous connector 1nterface In order tq avoid . U
comprom1s1ng -the hlgh crosstalk rejection offered by the o
1ndividual cable sh1elds, it would be necessary to shteld o
each pin of the connecton independently, or to run each
xh‘output§w1re to an 1nd1v1dual percutaneous COnnector [es
‘not considered that this degree of signal 1solation is

' necessary at the present ttme./endztherefore this approach '

™y ;7’_‘- ‘ <)

»_‘has not\yet been tried . 3 . |
A reasodable compromise may be to install more than one

( LR ':_.'. EE ‘ T

F1nally, an ultvmate cable connectlon system woﬂdd be: .-
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percutanepus connect@\»per animal, and to assign all

@ .
stimﬁatihg functgons to one -connector, and all recording

| functions to Wer Thi# approach would probably -
, e“kninate mos the stimulator- 1nduced artifacts that 'may

4
cause problems in critical recording si tuationiwsuch as

Tow- outdﬂt ves. high mpedance cuff configurations, or

By

‘ smgle unit recording Whereas problefns due to st’rmulus

cording of ag

smgle sweep. i‘cross correlation and averam myﬁreve?l

artifact may not ﬁhpw bp-on a real t4

e 7

| d"‘“ b”te““a‘ v.c. of¥set problems 1md1ue1¥%ll¢win'g o

i 'stimulation, and otheg l‘bw l‘evel ard@facts .'.‘Jw ol
2 v _ g . L ﬁb
'h ' ’ .’ i : [ . ' 9‘ . ' l’ N . ‘ , " .
aﬁ%
| Signal switching matrix and;gas&ignnient of lead%
,9 | otk . R L T w_:.;“ I;%
H . ’ a A, v ) . o api¥ - o
R Neural‘,signafls available &t the twelve leads
kY . ',‘ BN . . s IS & ._v .

froﬂf Nsmgle percbﬁneous conne“" B
tow sw1tching matrix board where any single lead&ﬁy be

se]ected for indiv1dual examination of 51gnal content, any

¥

'rpair of two leads may be examined for differential signal

content, or any three Jdeads Jnay be used ﬁ‘or differential

T recyording with respect to a com'non reference Ground leads

may be chosen, to minimige artifacts, the cuff ground itself
. may be added or- left floating, and individual leads or pairs .

“of leads may be selected to be ﬁsed as stimulator _
electrodes l’he versatihty and coﬁ@enienoe that’ this matrix

‘. offers largely offsets thr drawbacks a&ocia.ted wi th having

such a large area of low level ‘lﬁigh"-inpedance signal ‘_

‘ . - ‘. _. Ral o o.'q
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’ obtain experience,with the tradeoffs. and coripromises that>

o
3\.- . ng

'-j_electréde oonfiguraq&t“ions will be
use. of telemetry devices, because fhe

longer be ac&&sible for ready ihterchangeabilﬁy It weuld ’

™
are neggssary whem, 1181ement1ng a more rigidly controlled

AP A a 69
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conductors exposed: to potential electrostatic and

ei‘gctromagnetic inter;ferent:e fields In particularly

difficult recording sﬂmations. the input siqnal leads n}g
-.'.”be run directly to their own prean‘plifier bypassing the
_matrix and - permitting anangoved Signal to- noise ratio to

»’\- at 3

. ""be obtained , : "‘,". A'_ o ‘&“',d -

? I' "V

- Future standardiiation of themf_imula-t;ing and recording o

% make . optimum

Sl al wires will.no
i o

A
appear ’m,be yaluable at the prese\r?t t’lll‘l%: 'thsrefore to
B )

F 3

E) .
" The ideal recording situation is difficult to obtain,']
because of contradictory requ1rements wi th respect to~ o

equ1pment mounting, shielding. A C. Power supp”ly safety

considerations, room shielding. and ground loop prevention».

| A shielded room has metal walls and fixtures standard

: [,equipment munting calls for the metal frame of all

. ’»g,__?':equipment to be fastened to the rack munting frame, and
A.C. power requirements set up a. oo:nnon ground connection
tween ail power-operated equipment throagh' the t}lfl‘d pin.‘

'.’-

.
. -

v
o ‘
@1\,_ )

L

standardization of the stimulatl“ng and recording o~i,,rcuits
Y . ,
: than has previously been the case. .. (g . o :
”“"‘.Groundi nsiderations and Hum B - . ” }
& ] ’ - -.j> | ' ‘. s -. i ‘ » i
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of the A.C. power outlets. The »w1ring whigch prov1des
e inside condui'fa’in

this commoi: ground connection 11
close proximity to heavy gauge wiring which may be carrying
a substantial%A c. current A magnetic field capable of
1n(roducing several milllvolts of noise and A.C. 60 Hz and
120 Hz~ hum is 1nduced into this ground cable at very low )
1mpedances Thus the third gounding wire does not in fact

A
present a qu1et reference potential for the connected

tequ1pment as is conmonly supposed lgetber, it behaves as an -

»

exceptionqily low inpedanceeA C. genera&hr, capable of "
forcmg substantial A.C. currents to flow between equ1pmef

P ‘
which is theoretically dependent upon it for a qu1et groundt

-’

1 "_prq;ﬂfm to some exltent by the use‘of balanced floatmg

, 1soLation transformers which unfortuna?ely introduce

4

problemg of sufi‘1c1ent magmtude to preclude their use as '5

is conmon]y assum'ed that. silrp]y mounting the equipment on a

metal rack. strkidly w{\h heavy duty bolts will provvde a
0“ RS

-conmon grounchng s tuation which presents»a M ow ~enough o

inpedance to nu'lhfy the deleterious ef#ects of the A‘.-C‘

.power Hne ground induced hum loop Unforfunately, the low

it may be duplicated many times in a’ practical recording

"setup, causes—-substantial currents to flow between chass)is

'gwhich are. nomina'lly at the same ground potentia] The lower E

" the urpedance of the . reoordmg equipment preanplifier

e, . _,

oy

. CO“ﬁeCUOh .Professional audio recording studios avoid this o

‘standard‘ coupling int rfaces in neurophysmlogical Work It R
o

g

] P

rd

-irrpedance of the 1nterfer1ng ground loop and t‘he fact t‘hat-»/j -
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inputs, and the larger the shared conmon ground 1oop
resistance is with respect to the input stages, the more | ;,L'
B _;.ser.ious this problem becomes . Frequently, the response to
“the appe'arance of hum on‘ an oscilloscope trace is sinpiy to
add more gtounds to a prepara’tion which may already be ‘
redundantiﬁlth them.- Simply eliminating grounds is not the
answer either, because of the rfecessi ty of maintaining o Y
gadequate prevention of both eiectrostatic radiated - | E

1nterference and eiectromagneticaliy coupled mterference

; . WN - . . | -
9 @blutions to Groundmg. P[oblems ' ; ' :

_ﬁ 'é, . -

“a « i,
LN,

The correct }pproach is to res&ict ghe grounding ‘

x

ooﬁnections specifically to the stages involved in, the

s1gna1 transmission. For exanpie. the only ground to the
preparation should be obtained t(hrough exactly the same
gr%d connection that prov1des. the reference for the
emitters of the input t«ran51stors 1n the prearmhfier” and
| consequentiy the same ground that provides the - reference for
¢ the power supp]y of that same stage It s unfortunate that
- this second requirement is inplicit in\he first because
the presence of the power supp]y ground for the b.C. |
e Pr T of th'e“ in-itiai prseam;lriaﬁ\ier stage usually
mplies a connection somevhere to the chassis of the o

equipment housing that power suppfy

. :. ,'A”:"_ .




-

-

Neural Impedance Matching and Com@bn-Mode*Rejection.

b o
3 : .
. - e
LXK}

Textbooks frequently adv1se that neural preampl1f1gﬂa§

?9

have as h1gh an input 1mpedance as possible. Except for } %
noise considerations, this statement has value‘xﬁﬁcause e ;
'shuntwng 1mbalance caused by lower impedance 1nputs on a - e

slgnal from an unbalanced source meedance, is more ser1ous o

than the shunrggg caused by a n?bher 1mpedahce preahpJ

¥

. - .
LW

—Howeverg;the preamp11f1er foading 1mpedance is seldom the

dom1nant cause of sfgnaT imbalance - 1n a real record1ng

: ,T‘tly. the SIQnals actually present at -
*’ﬂ‘ > PN e : .
. the d1fferent1ai 1nputs alneady Wﬁﬁpﬂﬂ]fferent ampl1tudes.,'f

tand&1nterfer1ng slgnnls be1ng propagated through the tissues :
W may have differ1ng phase and amplitude characterist1cs
. , depend1ng on the1r relat1ve attenuat1on by: those tissues. ;
. \\5 Hence, the 1nput 1mpedance of the preamplifier is not the T
| main source of erronf Only 1f the 1nterfering 51gnals'
obta1ned from the two d1fferent1a1 inputs can be. made towj
have 1deﬁ¥1cal ampl1tudes and 6hase relationsh1ps at the
.fpo1nt in the preampl1f1er c1rcuft\§rer they are compared ,-_ t
_can tbe common mode rejectlon charactertsttcs of the ; 3_“7 ? ~\
different1al conf1gurat1on have optimum.value Theﬁe 1s g;?;b‘
) oﬁten.gh%assamptwon implicit'1ﬁ§:he'textbook explanatton of
the action of the different1al preampﬁifler Ehat the mere
.ffprov1sion of aasuff1sient1y h1gh enough input impedance w111

automatréal%y ensure. a ‘condi tion of qual amp]1tude s1gnals-.. o

-'and equal phase slgnals at the two inputs In antmal

-
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vrecord1ngs that 1s se]dom the case. In fact, the recommended
ft"’ hwgh 1mpedance préamp]1f1er may actually be one of the main
. sources of a ppor sagnal to-noise ratio wheh try1ng to
frecord neural s1gnals in thegmworovo}t{range from
predoﬂbnantly low 1mpedagce sources

Rl

¢:’«hji‘l“ .

G 2 e *” v L e

A 4 PRES

Neural Impedance Match1ng and Signaf;Io:Notse,ra@io.
. BT i L o, ;

/ N g ‘ o ' - ¥ ,,. i o 5 4 ) v, v . oo 4 N

. ¥, R — - 'a.- L) . . S v - -,

‘“leer experiments‘done by the author and Dr Stein

ol

" Hamhond ggknsforgerstiype 585 D and 585 F have shown
wihe value of 1mproving~the s1gnal td no1se ratxo of neural K
record1ng prepaﬁat10hs by hdjasting the lnput 1noedance of |
o the record1ng equ1pment to an thvmal level for the "
- ,rpart1cu1ar preparation be1ng measored In contrast to the.
K textbookwrecommendat16n of highest possible 1nout 1mpedanﬁes
b “for neurophy51ologxcal work, these Tow- 1mpedance
transformers have already permtﬁﬁed the record1ng of many
’s1gna4s which could not otherw1se have been/isolated from
,backgrodhd artifacts and E.M.G. These transformens are
'”normally emptbyed in professional audio work, and the

- i“initfal Samples‘had been ud?ﬂ by the -author for elimlnating

hum and Roise in’ mus1c re¢ording 51tuations There exists an .
optimum tnput 1mpedance for - the input stage connected to any

given preparation with, respect to maximiz1ng the . '; lf .

: T;f signal to~no1se ratio. The mismatch" which results when'

éhese transformecs are used to Optimtse any given nerve cuff:.

ff_', preparatxon for signal'-to-noise ratlo at a givegh

P . . . N

Q. .

o (}}
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_céntre-band frequency also introduces a bandpass filterino

. . . . s
effect which has both beneficial and dehterious results.

Transformers and Neural Cuff Recordings.

.T-. ) " '\"
@" v Low frequency attenuatnon resu]ts from the interactmn
of the transformer with the essentially capacitative

electrode-saline interface. H1gh frequency attenuatton'“

13

resu]ts from load1ng thg#Preampl1f1er secondary w1th ‘the’
'}eamp11f1er stage and its’ e

SN
A .
il

u e

3
P

. protect1on bypass capac1tors

- input capacitance of .

' “associated shielding ar :
In add1tvon. the transformer '€ own' internal. w1nd1ng
hcapac1tahce 1oids the secondary due to the h1gh number of
turns requ1red to achteve a high- 1mpedance ‘and a cond1t1on
of m1d band resonance jn the transformer is a11owed to.
develop a moderate]y high Q due to the h1gh res1stance at
» the source or across the seCondary It is important to not
i‘oi ,attempt to 1ntroduce th1s damp1ng artificxally. because the

N

31gnal is Jfﬁuady at a very low Tevel,” and addif}onal losses Y'.
‘ cannot be tolerated v A = j,’ . '
;)_‘:‘.. It is. unfortunate that high frequency components of the
s1gnal are lost by the transformer ‘SO early in the recordtng
| -‘process because the presence of high. frequency components
- :early in the chain of 51gnal preceﬁstng equ1pment is |
gvgenerally cons1dered advantageous to perm1t m°derate rolloff
uof Qﬂgh frequency noise developq;kﬁn the cﬁain at a. 1ater J BEE

".“,po1nt Magnetlc record1ng techn1ques are particujarly bad }n ,-7:f

Y ‘S— L,
. .”z,,.,-& B
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this respeCt{ and even F.M, recording machines introduce a:
considerable amount of noise due to the modulation'often |

incurred from tape scrape and Sp&é{l rregularity

The low- frequency cutoff of the entire recording

ghannel, and consequently, the tilt of square waves used'toﬁig_

0

test very low frequency information loss, increases as

%

“tumulative errors are‘encountered throUghout»the recording-

system. The bestyway to ensure against éxcessive cumulative
Joﬁﬁfrequency'phase Shift_eaﬁors is to design the entire
‘recording chain~so that it/can handle,D.C. levels One

it

:\;unfortunate problem with a fully D.C. -coupledihpproach is

"w,_that the electrode-tissue interface can ifjeqt substant1al

- ahounts of D.C. offset, which can add to errors incurred
froniother‘sources of D.C. drift, such as‘temperature,
differentials across balanCed differentlal amplifier .
semiconductor Junctions, and power,supply instabilities.
. Nevertheless, D.C. coupl1ng 4s ltkely a worthwh1le goal‘
because it presents the possib1l1ty of eventual - e

>~

low- frequency phase.integrity.
A
When using the transformer, the D C. resistance of the

pr1mary shunts out. the slgnal more and more as the frequency
" of the s1gnal decreagES due to- the-eSsentially capaéﬁtat1ve .
v'?.nature of the. eleotrode salxne 1nterface. Thus. very Tow
'frequency offset and block1ng effects are ellmxnated along ‘;:éf
} w1th the D.C. potent1al developed &t the - electrodos -
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The transformer helps to accomplish implementation of a

true differential 1nput situation by a mechanism which has
2not been previously discussed. The very low impedahce-of:the
primary forces current flow under the 1n£luence of the

» heural 51gnal Thus the current differences across the

£

‘primary are substantially responsible for the induction of _,m.f_

the voltage recorded across the secondary, and therefone

each differentiai input t devel a current with respect

to 'the other ane before al- i&ordw In a
traditional high impedanc .dzbrding Situation each inﬁﬂ%"
is independently voltagevsen51tive with resbect to a ed&mon'
ground point in addition to the differential sensitiv1ty .
possessed w1th respect to the other 1nput High level |

| common mode 51gnals can still pass unimpeded by Causing ‘
overload of one or more of the stagéi df‘pﬂﬁhmpllficatibn

and upsetting,the common mode rejection characteristics df\

¢ ' ' )

: Rgcoraiﬂg'Cuﬁg?COhfjgurat*On”and'COﬁNOﬁ‘ModevRejectionr}gi o
o SO R N i T ST U U O VRN

i . . . . _ S - )
+ ’ . . < . . B T 4 . "J-"‘ ) Lty
. . . . .

- e The cuffs commoniy used are~frequentiy connected in a
~configuration in which the two end rings are connected to

/
each other, and the centre ring i used prihmrily for the

: Signal record1QF w1th respect to the other two ‘S0 far~asf77?

~

the tissue interface is concerned the impedance to. groun&tztgffff

H

- .

.A{'

|
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~ then,. the: tiSSUes inside and outside thg cuff will probably

77

of the two outside rings is considerably lower than that of )

the inside rifg.. One reason for this is the parallel |

' &pnnection -which exposes a greater metallic surface are

varea to the body fluids The second reason is that the cuff

contains neural and connective tissues. whicb present a mueh”

higher A.C. impedance than saline does Thus ‘the present t?
configuration of the cuffs contains an intrinsic source oﬁ
Ldifferential 1mbalance ‘which can best be q!plt with by .. TH;_[_,r\“,
utilizing a Jow- impedance or current flo@‘ﬁdﬁe of f ?/'j:

(s

- preamplification'input, as‘ =

<

voltage gradient methods‘ _
W

. The problem’ is compounded by the fact tha"i

n‘a‘real

recording situation, any two or more . rings within a. ‘x}
.-»mlti-ring Zuff may be selected at . the switching@rix to‘ - \ﬁ_
~ be in parallel Additional factors in the reconding o @\ v ‘
; s1tuation may also contribute to artifacts The interferiné |

e end of the utf and also loWer | 3{-'

,.source may be closer t;.l,
7731n impedance with respect to one end of _ cuff than it is

i <\‘f the centre electrode wereiexqctly centeped o |
..electrically, that problem houid be minimii&d ‘But even "«

- ;fupresent 8 substantially difﬁ;rent signal'level to one input wjlggi
han to‘the other If the P amplifier uses ground as a ' )

reference in any way, even vie stray capacitative or :?

re31stive coupling1 then'a,situation of pqtential E M G

5[”]Qinterference results The E M G source is invariably closer ?;5?“

St
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to one end of the cuff than’ to the other. the resistivity of‘
the nerve and connective tissues provides less than perfect
cancellation due to- diameQer variations and 2 variation in
f1t of the nerve may exist along the inside wall of the ‘_*3"
' cuff The walls of any ‘practical cuff cannot be perfectiy j‘
straight and parallel and of con'pletely uniform diameter ‘
throughout the entine length of the cuff The centre _
electrode aannot ‘be. placed exactly in the mxddge,“and there
is no way ‘to ensure. that even the best possi le placement oF
.the cuff will remain electricallywba}&pced,as connestive »‘
& ‘fﬂ‘ : tissue-grows“around one.pr both ends of the cuff '
; S ot S e 5
'Transformer Secondary Loadingﬁanc-Efficiency. ‘7[“f'z
o "It is important to connect the transfgrmer to a o » “l
lpreamplifier having a high 1nput impedance. Dtherwise fl ‘_" |
loading of the secondarj will occur The resultant loading ;;“;(.
. -may cauSe a loss in signal amplitude and-a loss’ of high ﬁ?'&g.r_
| ﬂfrequency“components as well A general rule of thumb which i ?
| jhas been employed ln many of the preﬁﬂminary experimehts:was jﬂ,
.Trﬂto use a transformer hav1né a secondary impedance nomﬂhal)y ‘
?*Lf“u j:of 100 K ohms'cOhhected to a preamplifier whose 1nput ;f ,""_"
o "‘a:’._"-!mpedance was at- least 10 M ohms and preferably 100 ohms s

resistance will be reflected'back to the prepapation thrf*“~
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the primary. to the det‘riment of the signal to noise ratio

One reason why trsnsformers appear to be. efficient is‘

o,

3 that they are not being forced into ® flat frequency

>
?;

a response mode of. operation by tl'ie apphcation of matching

~load resistances ss is the‘ase in professional audio .

5,'?- recording gpplic: ions bpt'rather are being encouraged to :
Siouith ‘

o&erate in an NG rdan'ped nqie in \Ohich their own ,winding j‘_ >

i%uctance g‘r_.g;c‘ paci\ange fsults in a inildly c,esonant R

_:%idr?ame{oost wilth low and high frequency rollgi‘?s 1 ’

.o e . o ,...'.« . . T -", RN R o

e \} E T 4 R EE L L LA

J formers" and Filtering at F‘requen'cy E-x’tremeﬂs‘ F T D

. ) N ) N - \\ * .'\ | . . %’ o i \\ ’._ , - ‘,‘\\‘_
! &i-sqline interi‘#e has e explored thoroudhiy

bY R°b‘"°°n '(1968) and Poinik (1974) 4 ;which the conpiex SxE

inpodance characteristics d‘f a metai intpianted n a livmg
vbody can*be predicted In generai even for the very highest

-"* artifact mextai to-tissue‘poiarization of'fsets__ and gal*‘a

4“" h . 7‘7"'»,.'_.
10.”'*
~
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and second order filtering are used, artifacts generated by
one of these factors could overload one or mére stages’of
amplification and cause severe clipping, dynamic recovery
probiems, blocking, or gain_nonlinearity in the A.C. signal
measurements of interest. Hence, in contrast to the high
frequency rolloff controls which should ideally be Idcated
later on in the signal progegssing chain to attenuaté any
high frequency hiss or noise ‘that may have been introduced,
it is generai]y considered good practice to rid the signal
of its stray D.C. components as early in the signal’
processing chain as possjble. A recent trend in professional
audio ;ecdbdﬁng circles is to make this D.C. rejection at
the input the exclusive source of D.C. rejection, and so far
as is practical within the constraints imposed by
teﬁperature and power supply drift, to extehd the other time
constants of the éi}%ii recording chain downwards as cEOse
to D.C. as possible. It is important to the preservaf}on of
gain calibration reproducibility that the gain must remain
stable in spite of fluctuations in operating points of the
amplification devices caused by D.C. signal coupling and

offset.

B. RESULTS: Cuff Electrode Studies.

Between November 1974 and February 1976, a total of 11
devices containing 25 cuffs were implanted on 55 hindlimb
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nerves in 26 cats. The nerves used included the tibial nerve
below the exit of fhe éalf muséle nerves, the common
peroneal, the superficiél branch of.thg peroneal, the
sciatic nerve below the hamstrings,and the sural nerves. Up
to four cuffs were placed on different nerves wifhin a
single animal and a single cuff was used on up to ten
different cat nerves.

Figure 6 illustrates changeswobserved via light
microscopic examination when a cross section of lateral
gastrocnemius-soleus which had‘a cuff on it for over nine
months is compared with a control section from the
comparable nerve on the opposite'side of the same animal.
One may observe a reduction in denSity of the largest |
diameter f{bres. An independent counting of surviving fibre
diameters and the plotting of their distribution on a
histogram confirmed this reduction in fibre density.

The small reducfion in numbers of the largest diameter
fibres may have resulted from a compression of the nerve by
the cuff and surrounding connective tissue, since it would
appear that the largest diametzr “ibres are those which are
most sensitive to compression.

In earlier implants a 5% incidencé of nerve blggkage
was observed. this has been improved in the more recént
implants by redesigning the cuffs tb have greater
flexibility, slightly looser fits, and by providing them
with highly flexible leads which present a smooth slippery

surface to the surrounding connective tissues.



Pig. 6.

Light microscopy sections stained with methylene blue.
Cross-sections taken from nerves (to lateral gastrocnemius
and soleus muscles) which had been enclosed in a cuff for
over nine months. and the corresponding nerve taken from the
tontralateral side of the same animal for comparison. Note
the somewhat Tower density of nerve fibres in the
experimental nerve. o '
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The implanted cuffs never caused infecticns and
careful exam:nation for signs of inflammation or irritation

showed only a few isolated examples\of abnbrmal myelin

growth or polymorphonuclear leucocytes 1n/1he nerve under
examination by electron microscopy . the skin interface was
acceptable in most instances, with cohnective tissue growing

readily through the 2.5 mm holes provided in the flange of

the most recent percutaneous connectors Previous vitreous
carbon percutaneous connectors had ?nly been provided with
1.5 mm holes, and the tissue did not adhere as well as in
the later devices. The improved methods for the construction
of the leads resulteq in no bre;kages in the 24 lead groupss

constructed for this studyl This resistance to lead breakage -

‘was probably due to the helical windings of .

multiple-stranded platinum-iridium wire ardund central
supporting fibres, as well as the wavy path followed by the
leads within the body of the cuff itself

'Ccmpound action potentials: Monophasic.

A classical compound action potential which ‘is

essential]y monophasic except for a brief period of negative ;7 '

after- hyperpolarization is shown in Figure 7. This type of»
recording can be obtained by.tying off a nerve, cutting the
nerve, and then placing the end in'a sealed cuff. A R
~different cuff located proximally to the recorddnq cgff‘muy
then be used for stimulation. One electrode was gcndra?ly
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Fig.7. )
Compound action potentials recorded from cuffs -onophnically.

. (With rupect to a cut end in a cuff having one cnd mlul.) The
electrode apacingn for the above traces from left to right rupectivcly

were 5cm, 3'cm, and 1 ca.
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located near the cut end of the nerve, whlle:others were
spaced at intervals within the cuff at v;}ying distances | .
away from the point of ligation. The amplitude of the

compound action potential with this arrangggent was =
relatively independent of electrode spacing providing that

the spacing was greater than 1 cm.

The spacing between the stimulating and recording .
electroges and the particular nerves chosen.for stimulating
and recording inflq§n¢ed both amplfitude and time course of
the action poténﬁfals. Small sigﬁals. in the range of 4 to 8
millivolts resulted from stimulating the sciatic nerve while
recording from the tibial nerve. Larger signals, however,
were obtained from stimulating the sciatic nerve proximal to
the g;int of hamstring emergence and recording. more
d1stally\ These signals routinely produced agtion potent1a1;
of 10 millivolts or more.

The 22852/319"3‘5 in this case result at least in part'
from the lack of dispersion in time of the action potentials
due‘to'the shorter distance between recordjng and _
stimulating electrodes and also by'the fact that a tighter
fitting cuff could safely be applied to the larger nerves
without the danger of cau51ngydamage to them.

Compouhd action potentials: Biphasic.

Rather than using a cut nerve, two electrodes may be

placed on an intact nerve and connected for recording. A
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- different wavefo;m will be observed which is characterized
by being the-dlfferehtial sum of two monophasic action

. potentipl pickup points. The new wavetorm may be termed

: "B#ﬁhasic " This waveform may be up to twice as larbe as the
monophaslc waveform and is affected strongly by the
distance between the electrodes, because the difference
amplitude approaches the first differential of the action
potential waveform. For very.short distances between the
recording electrodes. some cancellation takes place. As the
distance is increased within limits, the amplitude
1ncreases. Meesqrements'made on a living preparation agree |
well wlth theoretical predictions with respect to amp11tude
-~ and waveform. The dependence on the interelectrode spacing
distances of this type of recording configuration is shown

in Figure 8.
Compound action ‘potentials: Triphasic. o

By.recording from one central electrode with respect to
two other electrodes spaced parallel and equally on either
side of the central.electrode, potentials termed Triphasic
may be recorded Normally, the centre electrode is placed
mldway between the two end electrodes in a cuff
configuration, and equal spacing may be used for recording )
from a cut nerve in a sealed cuff. In designing 2 cuff for a

. specific nerve recording application, several'factors'must'

be taken into account because the amp1itude depends strongly

B
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4 mV

I msec ‘

1

Fig.8.

Compound action potentiq}a ré;grged from a nerve within a cuff
using two electrodes placed on an intact nerve. (Biphasic recording.)
The higher amplitude potential is recorded with an interelectrode
épacing of 3 cm. The lower amplitude potential is recorded with an
interelectrode spacing of 1 cm. -
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on the electrode spacings. For-short nerve'exposures the
advantages of good E.M.G. rejection when ;eeding th; signal'
into & classical balanced differential {;put can only be.
obtained at the expense of loss of signal amplitude. As the
j spacings between electodgs are increased, the triphasic :

pofentials recopdéé approach approximately 1.5 times the

potential of the monophasic‘signals. The increase with - -
distance is approximately proportional to the:sduare of tﬁe
distance for short interelectrode spacin&s.

' The recording configﬁration in which the two end
rings of a cuff are shorted to each other can give \
information about the direction a neural 1mpulse 1$
trave]lihg,if absolute pﬁase integrity is preserved . ‘
throughdut the recording channel. An inadvertent phaée
reversal woﬁlld ref#t in a potential misinterpreﬁa'tionﬁof
signal direction.

N

------------------ >

' It is proposed that the terms Monopolar, Bipolar, and
Tripolar be distinguished from the terms Monophasic,
Biphasic, and Triphasic by the following criterion:

The monopolar, bipolar and tripolar terms may be used
to describe the recording electrode configuration, while the
terms monophasic, biphasic,. and triphasic could be reserved
to describe the time colrse. Signals obtained would present
respectively one peak, two peaks, and three peaks of
amplitude with respect to time. Using this criterion, a
monopolar recording would be one made with a single pickup -
point referred to a remotely located and truly indifferent
electrode. A bipolar recording would be one made with two
electrodes, and a tripolar recording would be one made with
three electrodes. In this paper, the terms will be used
interchangeably as they were in previously publishad work..
However it is felt that a reduction 'in ambiguity may be
-afforded by a future implementation of more specific
terminology: : :



Triphasic neural amplitudes as a fbnctfon of R

intérelectrode spacing changes are shown in Figure §.

The frédﬁéﬁcy'ébéétfﬁm"bfm§igﬁéTﬁwﬁbtiTh§a“T§ ifféﬁfédw“m‘""ww

by the choice of recofding electrode configuration. The

relative amplitude of the higher fréguency components of the
" composite neural éignal as compared to the Jower frequency

components increases when the change is made from monophasic

)

to biphasic. An {ncrease is observed when going’ from

biphasic to triphasic. This effect is due to the progressivo.}

cancellation of the lower frequency components by the
differential recording configuration caused by thein broader
spéq;al wave length diétribution within the nerve bundle
Shorter wavelength action pptentials may be recorded more
'sglectively:by the relatively closer-spaced electrodes. The
dispersion increases along the bundle the further anay from
the stimulating site the recording is taken. When the
spectral content of various nenral recording situations,fs
compared, it may be noted thaﬁ a maximal spectral peak
observed for neural signals elicited by the stimulator .is
found at approximately 1 KHz. The spectral contpnt of nerves
darrying volitional signals having a wider diSpéfsfbn and
greater randomness within the bundle may be higher, say at 2
KHz for example '

B
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Pig. 9. N |
o Conpound action potcntialc recorded fro- an mtnct nerve within a
cuff hnvi.ng thres electrodes. The two oocu' clectrodu are conncctod to
each other, and the oi.;nal is recorded d:l.ffcuntully between th. centre
_piclmp olucuoﬁ and the two outude ones. The hrzolt. :l.tude of
' signal rcpteum:a an htctduttodc mcing of 5 cu. The ndi.u- siu
-uplitmlc of siml is racord.d with utculeetrodc spacing of 3 ca.
The sasllest potmthl of all is ueotdul wir.h an intcrdocttodc -pccing
“of only 1 cm. lloto tb: urkod dcpcndmca cf thc tti.phn:lc pounthh
on nlectroda sp.c:l.nc ' ' SR S
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Stability of the“Nequjysignals'oven 1dhger time
periods. |

-

VoA

By applying a stimuius to one cuff and recording in
the tripolar configuration through a different cuff, the
stability of the neura] signals was studied over 3 6 month
period. Figure 10 illustrates the stability of action
potentials both with respect to latency and amplitude in an
~ experimental animal 15 which signsls were recorded from.ihe'
sural nerve.while stimulating the sciatic nerve, and vice

)

_versa.
Figure 11 A illustrates .the E.M.G. s1gnals a.esent at

the centre of a typical cuff on a tibial nerve when

recording with respect to an external ground electrode o

the outside of the cuff. From 10 to 30 millivolts of

‘compound action potential of muscle or1gin can be observed

occuring later in time than .the associated neural signal.

The delays are due to the neuromuscular transmission and. the;f

delays associated with the propagation of the contraci&on

within the muscle group.’ : - , v’kéf
when the surrounding muscles were carefully denervated

a clean neural signal could be observed, of approximately
one- third the amplitude that the E.M.G. signals had
exhibited. Since the E.M.G. signals charncteristica]ly arise o

from muscle membranes which have a higher capacitance than

[ U E S

neural membranes and a greater volume through which the /\d'“ ,

ectivity must propagate; their longer lastjng-potentials ‘are
. ' . . * . i ) :(’ )
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readil?ﬂredbgniiable when compared to the shorter time

course of the neural potentials %

Figure 11 B illustrates a recording having a poor ratio

- of neural to E.M.G. signals. This was made using two leads

A'*in a bipolar configuration within a cuff on an intact tibial

- nerve, The relatively close spacing of the leads results in

'some cancellation of signal, and the increase in E.M.G.

picKup may be accounted for by the positioning of the

ﬂectrodes in a linear spacing rather than essentially.

o
A l

parallel and saparated by an. insulating surface as they were
in the first instance.

r Figure 11 C illustrates the remarkable improvement that
'can be obtainad with the use of three electrodes inside the
irecording cuffTwIn this case, the recording is made from the
centre one with repect to the two outside ends, after the
two’ outsqdexends are connected in parallel with each other.

LR 'Y

A veryfﬁuch 1mproved ratio of neural signal to E.M.G.-

>

»}dfdnalrresults,xuith the neural signal- predominating. and

3

| the E M.G. signal Sppressed almost completely. This

”1connection gives such excellent rejection of obtside

1nterferenceathat neu?%l recordings of 'good stability and-
.full;‘su1thble tor: detailed analysis were con51stently .
obtained ewen from animals walking on a motor- driven
treadmillﬂ The room;in.which these recordings were made
containez_two digital computers, fluorescent lighting, -

. unshieldéd power wiring and other serious'sources of |

eleciromagnetic and electrostatic interference. In addition,

-
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Muscles innervated Muscles denervated

10 mV f’\/\
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Smsec
| -

Fig. 11A (Top) Monopolar recording with respect to cuff ground
Fig. 11B (Centre) Bipolar recording. Two leads in cuff on tibial.
Fig. 11C (Bottom) Tripolt( recording, note improved signal.
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the animal’'s own fur represented a signiffcant source of
high-voltage static electricity impulse discharge. -
Nevertheless, useful recordings could b;\ghde, illustrating
the power of the three-electrode cuff configuration for

rejecting interference.

Single Unit Recordings.

In order to explore the contributions from different
types and sizes of fibres io the combound action potentials
discussed, an arrangement was made to :ecord single fibres.

Figure 12 shows a relatively long portion of a tibial
nerve (5ecm.), which was inserted in a cuff having mu]tipie
electrodes. In this example, three separate preamplifiers
could be connected to provide simultaneous moqopolar.
bipolar, and tripolarvrecordings from the-same nerve.
On-line averaging was‘ﬁsed to improve the signal-to-noise
ratio of the outputs of thgse preamplifiers. A Tektronix
(Mode1 5403,) storage oscilloscope was used to visually
identify the presence of an all-or-none neural signal.
Stimulus rates of 20-30 per second were employed and the use
of averaging at several.different SFimulus intensities was
employed to chgdk that the waveforms were of the correct
shape and invariability. By recording from the roots instead

- of the peripheral ends of the nerves, back stimulation was
» used in some cases. An all—qr—nohe criferion for the

identjfféation of single units was used. Noise obscured the
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M—~cuff preamps  triphasic
nerve
Fig. 12.

Cuff .electrode arrangement for recording simultaneous monopolar,
bipolar, and tripolar signals from the intact tibial nerve. Single-
unit neural recordx\ngs may be obtained from this configuration using
on-line signal averaging techniques.
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positiQe corroboratibnvof this criterion in some cases
particularly where very small fibres with slow conduction
velocities and slow auplitudes were encountered. The spacing
of the electrodes in the earlier cut-nerve experiments was
approximately 2 cm. 108 single units were identified from
sciatic, tibial, and sural nerves by the stimulation of
individual dorsal root filiaments. .
Figure 13 illustrates the peak-to-peak amplitudes of a

number of units with respect to conduction velocities. The
closeness of the slopes to the value 2 for all three methods
of recording implies that the amplitude of the action
potential increases approximately as the square of the
conduction velocity of the fibres. In five experiments using
the tibial nerve, the mean + / -'S.D. of the s lopes were
measured as follows: |

1. Monopolar:

2. Bipolar: 2.12 +/- 0.417

3. Tripolar: 1.7 +/- 0.122

Excep£‘for larger amplitudes from the sural nerve and
smaller amplitudes from the sciatic nerve, the results were
similiar on other nerves.- The contributions to volitional
actividy come mainly from the larger fibres becausesof the
relationship be tween fibre\diaméter and conduction velocity.
~ Although the slope on a log-log plot did not differ
significantly from the value "2" for monopolar or'bipofar
recording configurétions; the departure from }hé“second :
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- o \b.'\\ - " N
Monophasic S, Biphasic Triphasic

Action potential amplitude ( uV)

§ -

i | :
0 - . 30 0 10 0 - 10 10 % 100
Conduction velocity ( m/sec) ’

]

Fig. 13. , _
_The peak-to-peak amplitudes of action potentials from single

sensory‘fibres are plotted{as a function of the donduction velocities
‘of the fibres. The method\ used 1s that described in ‘the preceeding
“1llus fation. .The best fitt\ing straight lines in the sense,of_lgast'
mean ¥quare deviations have been .drawn on double logaritimic scales. '
The slopes are all near the value of two, which implies that the

- amplitude increases approximately as the square of the conduction
velocity of the aénsory fibres. All sensory fibres shown were isolated

in one acute experiment,
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power. relationship in the trigolar record\ng configuration
may be accounted for by the fact that a 2 if spacing between
the e]ectrode,rings,cannot‘provide a_sufficjent length for
the signals to‘deylop their maximum value. §Jower conducting
fibres approach the maximum amplitudes with Qhorter
interelectrode spacings than do the faster cobducting
fibres. \ . |
For most.monopolar recordings the amplitude V may be

given by the following equation. ' -

e Vi (a/d)e.

(Where "Vi" is the i‘!racellularly recorded actfon
..~ potential, "a" is the fibre diameter, and "d" is the

internal diameter of the cuff. )

.1f the peak to peak amplitude of the intracelfalar
action potential were assumed to be 120 mV, "a" measured
in miérometers. and "d" in millimeters, the equation
becomes

V= 0.12.(a/d)2 Microvolts.-

For example, the pre@icted amplitude for a fibre of 10
micrometers in diameter having a conduction velocity of
approximately 60 meters per seconﬂ in a cuff with a diameter
of 2.6 mm would be 1.78 microvolts. A 5 micrometers diameter
fibre having a conduction velocity of 30 m/sec would give an
amplitUdé of 0.44 microvolts. |

_ Comparison of these values with a straight line of best
<!“¥1t'apgiied to the data of Figpre'13 results in values of

1.8 microvolts and 0.43 microvolts respectively, showing an
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excellent agreement of the practicél measurements with those

that had been predicted.

e . i e g

Consideration of the theoretical minimum noise level
which could be expected at any given value of impedance
implies that easy detection of a single unit would require
an’ampfitude of at least double the noise value. The
inferenée is that single units ip the tibial nerve for
example would require diameters of at least.10 micrometers
to be detected; but with a fine nerve such as the sural
nerve, fibres having conduction ve]ocitieé less than 20
m/sec might be detected. The implications for prosthetic
applications are that smaller-diameter fibres and cuffs
might prng applicable for discrete prosthetic control
applfcations, such as individual dibit control. Finer _
operation of the prosthetic devices could result from such p .§
applications. | ;

Cuffs 0.9 mm in diameter could be predicted to gfve
signals almost 9 times larger thah‘cuffs with 2.6 mm
intérnal diameter. Whe~ working with nerves this fine,
'howevér, it is necessary .» use extreme care to ensure that
there is no mechanical trzuma to tﬁe nerve. Ducker and Hayes
recommendvcuffs 40% larger han the nerve to be used in
clinical nerve resuturing operatiors. Tighter fitting cuffs
may result in the loss of larger fibres, It may be assumed
that fprtheg\jmprovements in the design of nerve cuffs will
result in less trauma to the nerves. ;
" One method by which this might be accomplished would be |

L . :
;
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to make the cuffs from lighter, thinner and more flexible
‘material. The nerve could have increaséd frequm to move
within the cuff by making the conducting surfaces part of a.
flat deposit on the inside of the cuff rather than as tight
~wires which can stretch across the diameter of the cuff and
cut into the edgé of the nerve. Even finer stranded wire
could be used, and further improvements to the cabling
method used to prevent breakage will help prevent tugging on
the nerve. The coreless spiral wire configuration originally
used by Hoffer without a central wire support may also be
useful in fabricating cuffs for the smallest most delicate
nerves, since “this method produces a connecting cable of
superior ductility and flexibility as well as a desired
degree of limpness wh%ch the standard caSles do not pbssess.
) It Qould also appear that theuabsence of nerve block is
very much a Function of the skill and experience of the
surgéon doing the implant procedure. The MOst‘rapid !
impﬂantétion technique is not necessarily the most geﬁtle or
careful one. Uberating procedures are subject to ongoing
revision. Modificafions in operéting technique are based on
the outcome of implant operations with regard to the
Afﬁnctibnality of the nerve and the longeVity of the
implanted devices.

Futuré telemetry and other transcutaneous coupling
techniques:wfll presumably still require that the neural
cuff be connected to the transponder capsule via a flexible

connection. Similiar constraints on cuff tightness, sealing

-
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{

- methods, suture techniques and methods of holding the
implant at the desired location will presumably still apply.
Therefore, experience gained.in these areas in the present

experiménts will still have value when the vitreous carbon

connector is no longer used exclusively.

Impedance Measurements.

By repeating a standardized impedance measurement
technique at intervals over a period of several monfhs. it
was possible to monitor changes in the condition of the

nerve and the(@lectrode itself, as well as certain other
physiological changes such as the growth of connective

tissue, the preéence of shunting fluid, or the displacement

c

of the.electrode.

~

The impedance of all leads was routinely measured at a

frequency of 1000 Hz to check for continuity, shorts, wire

breakage and leakage.
Certain electrodes were selected individually and in

COmbinations to study the effects of frequency on 5mpedan¢e

variations. For example, two otherwise identical cuffs were -

compared for impedance variation as a function of wire

‘material. Figure 14 shows the impedance of 75 micrometers

platindm-iridium and silver wires three to four weeks after

implantation in a cuff around the sciatic‘nerve.-The.

recordings were hade between the central electrode and the
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B

Impedance and phase shift introduced by silver (+) and by

platinum-iridium electrodes (o) after three to four weeks of

tiﬁe in cuff implanted around cat sciatic nerve. Impedance and
phase shift are plotted as a function of frequency from 10 Hz to
10 k Hz. Solid line curves are predictions from the simple model
R -~ C circuit shownvin inset where R = 2.2 k ohms, C = 0,51

microfarads.
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two end electrodes connected in parallel.

‘ The .effective resistivity increases in the first few
weeks affer implantation to values of 200 to 250
ohm-centimeters with either silver or'platinum;iridium
electrodes. This increase may be due to the réplacement of
fluid in the cuff by connective tissue rather than to any
propertiés ;;soc1ated with the electrodes themselves.

Changes in low-frequency impedance are shown in Figure
15. These are different between s11ver electrodes and

plat1num'irid1um electrodes. They are probably a funct1on of

the electrode material properties. The impedance of silver

remained constant or increased over a period of_time; likely

due to a formation of evér-incﬁéasing thicknesses of silver
chloride. The impedance of the‘platinum-iﬁidium electrodes
on the other hand declined slowly over a few months and then
stabilized at a value appéoximately.ZS% lower than its
obiginal value. The cause fqr_this may be the gradual
increase in thg effective surface area of the wire
electrodes due to a roughening effect caused by |
platinization. After a few months, (typically two to four
months), the silver electrode wires became brittle and
disintegrated. On rémoving them for examination from the
animals, . they were found to be white and powdery in texture
and the remaining wire easii& fractured 'into tiny sections
.at the sligﬁtest touch. ’ . \

One . very important fact which may be drawn from this
observation is that the external silicone tubing, the
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Magni tude oﬁ the impedance of electrodes at a low frequency,
(10 Hz) and at a relatively high frequency (1000 Hz) as a
function of time after the implantation of the devices. The
impedance of some of the devices were measured prior to
jimplantation -at 1000 Hz in physiological saline. The
impedances were measured between an electrode in the centre
of the cuff with respect to the two end electrodes tied
together. Metals and nerves are jdentified as follows:

1. Silver, tibial nerve:"ST" j '

2. Silver, sciatic nerve:"SS" ,

3. Silver, lateral gastrocnemius-soleus nerve: "sL*"

4. Platinum-Iridium sciatic nerves: "PS"
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internal‘silicome'coating. and the Teflon insulation were
insufficient to prevent the passage of chemically.active
substances across_the insulation. It is known that Dow
Corning Medical Adhesive (Type "A") liberetes‘acetic acid
while it is curing, and that water is absorbed from the
atmosphere during this pr@cess. Although the material is
generally thought of as being biocompatible, it is.not'a
good insulator, since it permits the passage of Body fluids.
It is not a good bartier to the passage of ions which may
react chemtcally with the wire surface. It should be noted
that Teflon coating of the thickness encountered on the
wires used is also 1nsufficient to theroughly«lsolete the
h1ghly reactive body fluids. Future implant 1mprovements

could implement an 1ncreased thickness of this layer There:

mdy be other materials having better chemical and moisture

resistance than the two tested to date. The severe corrosion

encounted with silver that was presumebly well-protected
illustrates %he necessity of having absélutely‘perfect
hermetic seals in any future telemetry 1mplant devices

" Once the chemical susceptibility of silver wires had
been established,. all subsequent electrode assemblies }
1ntended for long- term 1mplant use were made from the
platinun-irldiun alloy 10% lridium, 90% platinum, (Medwire’
part number 101r/49T stranded. ) |
_ The electrical impedance properties of the
platinum-irldium alloy electrodes were studied over a period.
of five montﬂﬁ. during uhich impedances of electrodes in

L 4

e
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eight cuffs were assessed | ‘
' .Figure 16 shows the changes in 1mpedance plotted as a

fuhct\onhof time over a per1od of 150 days as well as
standard error of the mean at 10 Hz ahd 1 KHz., The use of
sciatic cuffs of a standard length and diameter}pefmitted a
‘calculaticn of the besisfivity of the tissues, which ranged
from 200 ohm-cm to 250 ohm-cm. The 1 KHz impedance of the
electrode—tissue interfaces increased approximaie1y 30% zn
the first two months following implantation, ;and began to
gradually decrease'elong an approximately parabolic curve in
the two months that followed. The later decline was not ‘seen -

"as clearly in a variety of sme]ler cat nerves stqdiéd, and
- also was not:observed in mouse/ﬁecves simijiarly studied.
The impedance‘of all electrodes af'10Hz was exceptionally
stable, 1nd1cat1ng a very low chem1cal change 1n the surface
-of the platinum- 1r1d1um material under b1olog1cal
conditions. .

Since all of these recordings had been msdé with intact
ndrmel:nerves, it‘was of interest to explore what impedance
va§1at1ons could be observed when severed nerves were used
as would be the case when these: techn1ques were appl1ed to
‘prosthet1c control applications in amputees.lFor this
purpose, cuffs 5 cm in length were placed on the postericr
‘tibial nerves of cats. The nerves‘weFe cut, and the
‘d1fference 1n 1mpedance between any two leads at 1 Hz was
Yset as a crtter1on for the monitoring of any possibie

£

changes in t1ssue res1st1vity The impedance changes over a
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Fig. 16. _A. Changesngn impedance of eight platinum-iridium electrodes
implanted on sciatic dérves of cats. The symbols give the means and the
standard errors of the mean (shown by the vertical extent marks in "A").

The changes in impedance are plotted at 10 Hz and at 1 KHz for 150 days.

B. Changes in 1mpedancé at 1 KHz of three electrode units implanted on

nerves in mice. (Small sample does not permit statistical analysis.)

C. Changes in impedance at 1KHz of ten electrode units (Pt-Ir) impanted
on branches of sciatic nerves in cats. No statistical analysis or curve

fitfing because of the wide vatietf of smaller nerves used.
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pér%éd/Gf fiye months following implantation are shown in
Figure/17. A |

The cut end of the nerve in each instance was next to
electrode "A". Wiyhin two days from the time of cutting the
nerve, a marKked change occurred in the first éentimeter of
the nerve, poséibly due to the swelling of the nerve caused
by blockage of axoplasmic transport next to the ligature. A
less-marked increase in impedance occurred the further away
from the cut thé measurements were taken. This change-became
neg]fgible a few centimeters from the cut end. In the two
weeks that fb]]owed, a marked decrease in fmpedance was
'observed, particularly in the first centimeter. This
observation is consistent with the histological obseEvation
that a cut nervé first degenerates back to fhe fiESt node of
Ranvier. 4

#ithin threé weeks aAsmaller increase in impedance was

>>' often observed, followed by,alslbw and gradual decline of
impedance as fibres gradually decreased in diameter.

A less prénounced change in impedance further from the
cut end was»attributed to an ingrowth of connective tissue
similiar to that observed when recording from intact nerves.
This was manifested as a Slow increase in impedénce
measurements. The reason for the slow decline .in cat sciatié
nerve impédance after two or three months of implantation
however, is less clear. One possibility is that some nefve
fibres degenerat;ted, resulting in replacement of high

impedance tissues such as myelin with tissues of lower
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Impedance changes over time at varying -distances from the sealed end
of a cuff containing a cut tibial nerve; ' The d;fferences in impedance
| betweéh-any two leads adjacent to one another at 1 Hz gave a measure of
the resistance 6f the tissue within the cuff,vmeasu;ed in ohms x 103
per centimetre.. Initial-cﬁnnges are most pronounced clogest to the
cut end which is placed inside the sealed end of the cuff. (Curve 1.).
Later rise in 1mpedaﬂces due to connective tissue ingrowth is more
»proﬁounced towards the open end of the cuff (Curves 3 to 5.).

-
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impedance or fluid. In nerve cuffs which had been,fi&ted in
accordance with the recommgﬁdations of Ducker and Hayes
(1968), at’a‘size'40%.1arger in diamefer than -the peripheral
nerves to be fitted, a later decling¢fn impedance was less
obvious or absent. Those sciatic hérves which exhibited the
impedance decline had filled thé cuffs relatively tightly.
The impedance decline and inferred degeneration was of a
small degree, however, and not of sufficient\magnitude to -
preclude their use in either clinical or research studies.

The changes associated with the §urfacé effects on the
metal of the electrodes themselves, and thei} chemical
interaction with the tissues is best understood in terms of
a model of the interface. The model adopted offers the
simﬁﬁgst theoretical approximation that can exg]agﬁ the
behaviour of the metal-tissue interface. L |

Figure 18-shows a model circuit in which the complex -
impedance of the metal-tissue interface is reduced to }ts 
simplest resistive and capacitatiye components.'The J
resistance R is due to the fluid and tissue within the cuff
because the resistance of the metal wires is negiiqib1e_by
coﬁparison.wD.C. wire resistances were routinely'measured}at
less'than\io,ohms. The capacitance C may be considered to be
‘due to the well-known double layer formation at the v
electrode-fluid.ipterface,‘which has been extensivély
;studied by physical chémists./(Bockrfs, J. and Reddy, A.
1970.)

-
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Fig. 18

‘Schematic diagram of the simpleat'circuit which may be used to /
model the complex impedance of the metal-tissue interface in terms
cf only its resistive and capacitative components., The capacitance
"C" is due primarily to ‘the double layer which forms at the hetal-
‘.fluid—tisaue interface as explored by’ Bockris and Reddy. Reaistance S
ngle is only significant with non-polarizable electrodes such as
chlorided silver wires. Capacitance cl is due to stray capacitances
- to ground ‘in the‘coanecting leads, the neural cuff and ‘the preamp.
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In a situation where the electrodes are rendered
non-polarisable by a surface coating such as silver‘chloride
in the case of silver wires, ‘then the resistance Rt is also
a factor in the model circuit. This resistance acts to limit
the impedance at low frequencjes to a finite value. An
~unch]orided silver wire or a ﬁoncorroded platinum-iridium
wire is a polarizable electrode which does not pass small
D.C. cUrrents. For voltages in the range of’biological
signals, the impedance becomes very'high as the frequency
~ approaches zero. Over thé frequency range from 10 Hz to
10,000 Hz this resistance did not become a'factor in the
éxperimental procedures used. / | '

As the recording equipment is imbroved iﬁ low- frequency
response and as interest is'exte;ded to examihe wider ranges
of electrode impedances it ié likely that this initial model
will be expanded. Nonlinearity can oécur at higher Voltages,
such as are‘gncountered during stimulation, and e1éctEo1yt§c
po]arizatibn éffects probably take place; With:some
possibility of metél jions being released at the surface of
the electrdde. How these t;ace materials affect the
physiological function of normal tissues orfthe more
sensitive regrowth of regeneratiﬁg neurons is a field for
future study. It is likely that electrolytic rectiffcation
or polarization effeétﬁ introduce considerable distortion of
waveforms at very low frequencies or at higher voltage 

levels and tests have not yet been done to determine whether

these are a funct}on of different electrode materials or -
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different surface treatments of the wires, such as
platinized or electrodeposited surfaqes. The direct current
produced by metal to tissue contact has also not been
explored for its effect on tissue regeneration or normal
function in the present studies. The use of any dissimiliar
metals can cause appréciable current flow in tissues whfch
until recently have been considered fo be of negligible
physiological consequence. It has been shown however that
even very minute currents in;luence tissue'development to.a
surprising degree. (Marino et al, 1977.)

The only physical lécation in the present imp1ant
series where dissimiliar metals are encounfered is on the
interior sgrface'of the Tefloﬁ socket where the

Vp]atinum-ibidium wires are fastened to the brass and gold
plated pins with tin-lead solder. It is assumed that the
fﬁl relat1ve]y thick layer of epoxy and silastic that has been
appl1ed over th1s surface is sufficient to prevent any
substantial ionic effects. There is, however, no hard and
fast proof that such a condition actually exists outside of
'a casual examination of the connections ;ollowing extended
implant periods. As the socket bulk and thickness are"
réduced,.tq‘help eliminate percutaneous long-term
displacement, the protective layers'may become thin enough
for ionic currents to be generated that influence neural
;régéneration. The presénce of the epoxy\and silastic
S insulation would serve to\pro]ong this effect and‘extend the

electromotive capabilities of the buried dissimiliar metals
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over a period of years. Visual inspeetion ef the terminals
discloses no corrosion, but the possibility should not be
discounted nevertheless. |

The sfgnals coup1ed into the platinum—iridium wire by
the capacitative interface of the double-layer function "C"
are already limited in their ultimate low frequency response
by the time constant formed by the preamplifier or . |
‘transformer input resistance. o

Since the biological preparation is inherently
capacitatively coupled by the physical and chemical
characteristics of the,sa]ine-electrode interface, further
capacitative coupling into the preamplifer causes little
degradation of the signal,.providing‘that sufficiently long
time constants are employed. Up to 22 microfarads of
capacitanee into an input impedanee of one megohm have been
used. This Idng a time constant preserves low-frequency
detail in‘the signals being recorded, yet passes only a
small amount of the movement artifact.

The stray shunt capaeifance to ground and to other
leads in the electrode assembly and cable is interpreted as
a sum and represented by eapacifor C1 of the theoretical
mode1.71n practice, tHis capacitance is not negligible and
'is detected as an influence which decreases the upper
frequency components of  the recorded signaTs. It may be seen
as a capacitative'reactanee;Whieh is measurable on the

Hewleﬁt-PaCKard Vector -Impedance Meter (Model 4800A.). The

instrument also registers.a change in high -frequency phase
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angle which becomes 5pparent using frequencies in the
vicinity of 10 KHz. The absolute values of this c;pacitance
are difficult to measure, in part because the high frequency
phase angle measurements of the instrument are sensitive to
the stray capaéftances to ground of either or both of its
inputs.
. Instructions provided With the Hewlett-Packard Mode
‘4%90 Impedance Meter leave no doubt that measurements made
of small capacitances at high frequéncies with this unit
should be done only with a preparation which is truly
isolated from all ground surfaces in both a resistive and
capacitative sense. Practical considerations of data .
collection make this criterion difficult to acﬁieve'on ;
day-to-day basis, but it repfesents one area of
instrumentation which hoids promise for future ihprovement.

The extent to.which the éctual'preparations deviated
.from the- theoretical capacitative coupling could be inferred
from the fact that thé phase ang]e‘would frequently be in
the vicinity of 70 degrees, as i]lusfrated in Figure'14. A
true cépacitqr would give a phase lag of 80 degrees. The
departure ‘of the impedance from a linear function at very
Tow frequencies.is also an indication that the physical
chemistry of the electrode-fluid interface is- in effect in
the experimental situafiohf’ Q

The magnitude of these low frequency nonlinearities
- was, howéver, not considered suffiéiént to prevent using low

'fréquency'impedance changes over long periods of time as an
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indication of electrode and tissue changes.

The model circuit predicts constant impedance as
frequency is increased and a phase angle approaching“zero.
The practical experimental measurements give a chahaingf‘
impedance as frequency is increased, and a phase not “
approaching zero. '1T§xtnechan1sms postulated to account for
the difference include the effects of stray capacity and the
Warburg impedance. (Pollak, V. 1974).

The Warburg impedance would exhibit a constant phase
lag of 45 degrees. Metal needle electrodes generally exhibit
a decrease in impedance v.s. frequency which results in a
s lope o%'-1/2 on log-log plots; The dependence of impedance
on frequency was not as steep in the present'series as it
would be with wife electrodes possibly ceceuse of the
increased surface area exposed in the present electrodes.
This would result in a larger effective coupling capacitance
C1. Tissue and fluid filling the cuff are the major sources
of measurable impedance at a frequency_of 1 KHz,’whereae‘the |
changes in impedance at 10 Hz allow a measurement of the |
.propert1es of the metal electrode surface itself. The values
calculated for the impedance of the t1ssues agrees well with

those previcusly obtained by Tasaki. (Tasaki, 1. 1964.)



\\3 IV. PROSTHETIC APPLICATIONS.

A. IMPLANTABLE PROSTHETIC CONTROL DEVICES

X

Neural considerations: Survival and Impu1se‘anduction.

The concept of providing neuroelectric control for a
powered prosthesis is related to studies on long-term
trophic interactions between nerve and muscle because
~ prosthetic applications redbirg that. the nerve survive and
conduct useful impulses. Three important'questioné arise
when a nerve is severed, as would be the case in an

~

amputation.

!

1. When nerve cells are deprived of their end ohgan,\qQ

they survive?

2. Is this survival more or less indefinite over a period

~of years ? -

A
-

\ S
| N
e 1
3. If nerves survive, do they retain the Tbility to conduct

action potentials?

3, Are action potentials actually generated and transmitted
‘down nerves even'though,no end ordans may have been
’present'fbr many years? ' )

, . ; ‘:.-/‘

" 418
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5. Do these action potentials exist during phases of

voluntary movement when they wou ld norma]ly be expected

to occur?

Although many studies have been done using other
techniques, only one cher-study prevtously had approached
the problem from the direct and unambiguous method of
chronic recording. (DeLuca and Gilmore, 1976.)" '

A wide dispafity of opinion existed in the literature.
PRanson (1906), has stated that-nerVe fibres survive axotomy
for many years.

Studies quoted in Sunderland (1972), show variations in
survival from 6% to 83%. This wide a range indicates wide
differences of opinion on the matter. ’ ,—

As recently as 1972, Ernst Guttman stated that in the
absence of regeneration,fthe nerve eeII atrophies entireiy
and is replaced by neuroglial cells, (Gettmah, E. 1972.)

More agreement exists regarding the - second questhont
the ability of'nerve cells to éonduct aftef‘axdtomy‘where
cond1t1ons ex1st for thelr surv1val In cut nerves ending in
neuromas,_the conduct:on veloc1t1es prox1mal to the point of
section are reduced to 50% to 80% of the previous control
values by 300 days following axotomy. (Cragg &.Thomas, o
1961. ) " ' ’

Methods which allowed individual anima]s~to be
mon1tored for activity dur1ng that time were not used in -

" that study, ‘and the scatter1ng of data obtained suggests
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- Fig. 19 .
Photograph of teflon 12-pin socket :Ln vi.treoua carbon: percutaneous
connector, having flexible cables reinforced with dacron to three nerve:

cuffs of different sﬁxes, and one unreinforced flexible cable to an E. M. G. .

probe, (Bottom. ) ‘This device iay be uned to uplote queations basic to

neuromuscular connections a&d eventually to lnwcr questionl basic to the =

.jcontrol of powered proatheses fron neuul and/or E.M.G. :Inplant:s. ,

o
;
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that the cuff }ecording method may be o% considerable value
during “future studies of that type. |

‘ " The answer to the question of whether amputated nerves
continue to fire with signals that would normally be present
dur ing movements in which they oreviously participated is
the most interesting and pertinent one with respect to .
neural. control of prosthetic appliances.

\Mendell. Munson, and Scott;(1976), have described a
drop ranging from 94% to 70% in the connection between
muscle spindle pr1mary afferent fibres and motoneurons
within 1 to 2 months follow1ng axotomy. "

Purves. (Purves, D. 1976.) found that following the
cutt1ng of post ganglionic fibres a 70% ‘1oss of synapt1c
“connections occured so that even a supramax1mal st1mu1at1on
to the preganglionic nerve would not activate more than a
guarter of the ganglion cells. If a relatively large number .

‘of connect1ons were requ1red to remain 1ntact for the

co-ordinated activation of e]ectrically powered and neurally

controlled prosthet1c devices, 1t is possible that enough
control would be lost to render theaprocedure 1mpractical
Thus studies were done and still continue in our
laboratory to answer some of these- pert1nent questions
Figure 19 111ustrates three nerve cuffs of d1fferent sizes__”‘
designed to fit around d1fferent_per1pheral nerves, and ohe
’ ﬁuﬁjﬁ. probe. Each nerve cuff is fitted with three ring
electrodes as_previouSly described.

An%hals'were anaesthetizedwwith‘Fiuotnane and -
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‘1 Stimulate LGS nerve

2° Record neural compound

potential at
sciatic cuff

3 Record extensor EMG .A ,_J_LV-

\ \\ 4 Record extensor v
\ twitch tension /\IF\ |

Fig. 20. S )
asuring nerve and muscle activity in chronic

Methods for me
animals. In the example shown nerve cuffs were implanted on
the sciatic and lateral gastrocnemius-soleus nerves. An

E.M.G. probe was implanted on the ankle extensors. Tension

was measured when required with a special boot.

2
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individual nerves were stimg/ated while other nerves and
muscles were monitored for the purposes of recordings.

In Figure 20 the lateral gastrocnemius-soleus nerve was
stimuiated and the latency and amplitude of the compound
action potent1a1 was recorded from the sciatic nerve.
Simultaneous record1ngs were made of the E.M. G. from the
muscles of the ankle extensors as well as a monitoring of
the neural signals associated with the movement. These same
nerves could also be mbhitored while the animal walked in a
normal manner. Thus sensory and motor impulses from all |
fibres inkthe-nerve could be obtained under actual
volitional activity originating from higher centres, as the
animal performed the reproducible task of walkingvon.av.
treadmill. ﬂ |

Figure 21 shows the separation of sensory from motor

_components obta1ned by the use of cross- correlat1on
techniques. Two sets of electrodes in one cuff could be used
for record1ng, or two separate cuffs could be compared for :
the time of arrival of signals. Sensory 1mpulses conducting
in a given direction with velocity "v.” will arrive at one

set of electrodes a short time N

\
N\

(Delta t = l/v) ' SN

before arrival at the second set of electrodes (Where 1 =

5

the distance between the central electrodes in each set).
.Motor impulses, on the other hand, conduct in the
opposite direction and will arrive at the second set of - x

electrodes first.‘The'cross-correlation method reveals two p,
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Power Spectrd
Spectral >
Analysis
Amplifiers At = 4
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Fig. 21.

Using two sets of recording eléctrodes and spectral
analysis, sensory nerve impulses conducting from left to -
right .can be distinguished from motor nerve impulses '
conducting from right to left. The amount of each type of
activity during a behavioural task can be measured from the
peaks in the cross-correlation function shown on the right.

Hz
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. positive peaks on either side of the origin coﬁrespohding to
, motor and sensory information. The cross correlation
function was calculated via the method of spectral analysis
described by Frencﬁ‘and Holden. (French, A.S. and Holden,

A.V., 1971.)

/

Electrical studies on pressure-induced nerve block. -

The éonvenienCe énd reproducibility of thg recordihgs
obtainéd via the percutaneous connecior téchniqUe led to a
routine-of regular monitoring ofrneurai activity in all
animals underging implant. The evoked éompound action
potentials Qnder anaesthesia could be sfddied‘ﬁith the
;reproducibility'affordéd by electrical stimu]atién; orlfrue
V_behayiourai / volitional éfgnals could be studied as the
animal walkeé on a treadmill. In many animals the values
remained uséfu] and steady following implantation. In some,
‘trauma to fhe nérvé during surgery or tension on the devicé_,
due to movements of the limb resulted in a pressure block of
neural activity;. ’ | | |

Sometimes nerve block would recéver;ﬁ%ontaneously;/an&,
at other tﬁm;s surgical proéedures.wéré undértaken to
determine thg cause of‘tbe trauma and inSofar as bossible-
relieve the pressure. { o
| The‘ffne'detailéiof the récovéry~6r.de¢1jne of the
neural potentials could be followéd‘thréﬁbhout'the months,

and the effects of the;5urgica1 interventions %O'reiieve' *
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_CompOundfneural'botentialf(upper,pért) andftwitch fensian’ 

(lower part) recorded after a nerve block on a common .

. peroneal nerve. The full time course of the changes-in.the |

- nerve could be studied even during the period when
-‘neuromuscular transmission was blocked. Ordinates are
logaritbmic. e o
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pressure block could be studied and compared. Surgical
intervention usually did notfchangé“tﬁe”time>00urse'of the
recovery with'respect,to electrical potentials obtained but

it did increase the final amplituge:

Table 1
shows resultstin 14 nerves studted. The surgical
“revjsione of the Fessure situation resulted in.a 62%
attainment'of th original control va1ues whereas tmp]ants
that were not revised only recovered,oh the'average to 38%
of thevcohtroj; The exponehtia1 Shape of the/recovery.curvesd
| permitted an_extéapolation-to be made to predict‘the.final
amplitudeS'to‘be expected. Even when the amo1itude'of the
compound act1on potent1a1 did not recover ful]y. as in-
Figure 22, . the ten51on frequently recovered to control
.'-vatues This result may be due to the 1nnervat1on of all
ava1lable muscle fibres by those motorneurons which were
successful 1n regenerat1ng back as: far. as the muscle
Some nerves were cut ‘and 11gated u1th a section .h‘
removed d1sta1 to the 11gat1on to hinde: regenerat1on When
’these nerves were mon1tored with cuff electrodes, the»
,changes follow1ng the cut- and lrgatvon could be observed
'ﬂLatency lncreased about 30% as shown in F1gure 23, . and the
- amplitude of the compound act1on potentials decreased to -
about a quarter of control values. An exponentiai curve
fitted these anpl1tude changes wvth a time constaﬁt of

: about 45 days Ind1v1dual nerves monitored for over.a-year'

Ci
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. TABLE 1

Comparison of amplitude receyery in nerves fitted with cuff electrodes.
Amplitudes are compared between seven nerves in which a subsequent use of
surgical intervention attempted to releive pressure block or other trauma,

- and seven nerve implants in which this was not - -ne.

Y Revision No Revision
Number of nerves: 7 B R |
Initial amplitudes:  1.88 | | 2.27

(geometric means in mV)

Minimum amplitudes, mV: .0.08 : ‘ . : 0.09
Percentage of initial . . : ‘
~value beforesblock: = = 4% (%) Y 4 (*)
Lastvmeasured values, mV:  -1.17 ‘ . 0.87
Last measured values expressed N\ ;
as percentage ‘of initial value & )
-ebefore blockage.» , "'622‘ : - 38% (*)
Projected recovery'value; nv: 1.90 o t, " 1.15

expressed'as pereentage'of .
initial vlues before block: 101X : , © 51X (*)

T

’ (Values that were significantly different from the initial values before
block are mdicated by (%) with P<0 001. ) '
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showed no further substantial dec]ine.}_:>‘_ A
This result proves.that cut nerves do, in fact survive
and retain the abi]tty to conduct action potentials for long
~ periods.of time even when they are not al[owed‘to regenerate
to suitable end organs. » N i
The implications of this finding for prosthetic
research are that}a_great-improvehent coutd be made in the
- naturalness and usefu1ness of oresent powered prosthetic
.appliances. This is assuming, of course, that the answers to.
the other questions‘raised are positive. A
Nerves ‘were cut clean]y and then resutured. to their
d1stal stumps to 1m1tate the s1tuat1on thph frequently
occurs 1n surg1ca1 nerve repair procedures For a
comparative procedure other nerves were cut and sutured
1nto the fascia of nearby muscle which had Just been.
denervated FOIIOW1ng the nerve-to-nerve sutures both
motorneurones and sensory - fxbnes gnew back and eventually .
re1nnervated the1r own appropr1ate end organs. '

' As shown in Figure 24, the results could be fttted with
dtwo exponent1al curves. The decay of amp]1tudes recorded had;
:the ‘same time constant as if the nerves had been tied but an
aadd1t1onal exponent1al reco;ery process may be seen
extend1ng over a period of three to four months. The-proCess'
tookklonger'than'recoVery from a nerVehblock and the -
ampl1tudes obtained later in recording were not usually as
mgh | | S

Measurements of ampl1tude and latency d1d not . show any

2
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Mean latency to peak and anplitbde of éoupound actioi
potentials for three ligated nerves which were followed for
over 200 days after axotomy. The decline in amplitude is

fitted with a single exponential with a time -constant of 45

days and a final value-one-fourth of the control value

" before axotomy.
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significant differences between thé results of nerve-nerve
resUthring and nervé-muééle'SUtuEihé} Both précedUres>‘A

resulted in a recovery of compoUnd action potentials and an

improvement in conduction velocity. Figure 25 , illustrates
the comparison between compound action potentials obtained
via synchronous‘stimu]atibn under anaesthesia, with the
ésynchronoUs volitional nerve impulses which were 6btéined :
during walking on the treadmill. |
The asynchronous activity wa§ much smaller'in
amplitude}xmeasuring in microvolts rathgr than the
millivolts\fhét.are obtained under the more artificial
conditions of the synchfonous vq)leys elicited by the
stimulator. In order to ob.. 'n comparable units for both
volitional and non-volit .nal neural activity, it was
necessary to multiply the yalues of the compouhd aciién
vpotentials by themselvés. This gave the units of mv? shown
in Figure 25. This.procedure waS'implemenféd because the
hotor potentia]sﬂqbtaihed by theAcross-cobrelation technique
are in uV.2 due’tb having been obtaineg'from'two sets of .
electrodes and correlated.: | | | | |
, - The compound action potentials elicited by the .
rst1mulé¥9r decllned as shown in F1gure 25 for ligated nerves-
and recovered after the re- sutur1ng of the nerve. Volit onal
..... ,“w";uagilyilywjollowedwa~srmi}aar,pattgrn. ‘but: w1thwjmpqqul§”h””
: diffefenées The motor signals tended to decline more | o

rapidly durxng the first month than d1d evoked potent'als :
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recovered afterwards The ligated peroneal nerve example

111ustrates this phenomenon Even though ‘the evoKed LT

potent1a1s continued to decline, the motor act1v1ty first
declined rapidly then actually recovered
| *  This rapid 1n1tia1 decrease in motor activtty is
consistent with the concept that synaptic contacts are lost
from motorneurones due to chromatolytic reactions following
neural damage. | _ |
‘ Improved per formance of the motor signals at 150 days
suggests that some physiolog1ca1 process is taking place
more or less simultaneously throdghout the affected neural
populétion and that the observed 1moroVement may be due to a
partial return of these synaptic contacts to a functioning
state. | ‘ ‘ |

. Another possib111ty is that the 1ack of discriminat1on
in the evoKed potentfals results in the inclus1on of both
sensory and motor fibres in the 1mpulse populat1on By 150
days, sensory activ1ty conponentsvmay stiH be missing from
. the evoked potential recordings, as- indicated by the fact
that at 30 days sensory act1vity could not be found ControT
record1ngs from motor vol1tiona1 ‘potentials do not depend on
this component for. their ampl1tude,.and hence are not valid
as an indicstor of its ;bsence_when sensory;reinnervation
does not occur. ' o

One may 1nfer that nerve sect1on may have more severe P

‘effects’ on sensory fibres than on motor fibres In other

experimental studxes, (Gordon Hoffer. dhamandas._and Steinr '

- .
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| ‘Comparison o'f.j conpound a’ction-potén‘tiais {Upper _trade,é i'.n

mV2.) and asynchronous motor activity, (Lower traces in-
mjcrovolits?) from cats walking on a treadmill. Motor -

~activity was measur& using the cross-correlation technique
between two.sets of electrodéis and. the. compound.action -
potentials measured at the same two sets of electrodes were

. multiplied for comparison. Note 'thét‘-, the motor: activity-
~ declines more than the compound a

ion potentials in the

first month, but declines less (or recovers more) at later .

... times (100-200 days). A transformer with a turns ratio of =
7 1:20 'was used during walking as described in the text. The
- values in the .lower traces have not been corrected for the = -
~amplitude difference introduced by the transformer, - Ve
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1980), the sp1na1 cord had been exposed: for the recording of-
raction potent1als in both dorsal and ventraJ roots dur1ng
the stimulation of per1pheral nerves on both sides ¢ f the
body. It was noted thaf dorsal root values were reduced from
2.5 to 10 timee'that of the ventral root values when the
same nerve on the contralateral side was used as a control

during stimulation.
Implantation in a human amputee. - : .

The fact that results obtained up to this time
indicated a positiye answer to 511 three questions asked
earlier with respeet.to the va]idity.and usefulness of
neural impulSeS and long'term nerve functien following
.-axotomy suggested that information be obtained from iﬁ
clinical tryal in a human amputee. S1nce one important area
of powered presthetic'imprqvements deals with questions;bf
sensory feedbeck, these areas are ofgppramount concern even :
though they do not easily lend themselves to numerical
quantification. J | , |

The first pat1ent to be selected for.neural / E.M. G
_1mp1ants was a 63 year old Caucasian who, durxng the second = .
wor 1d war,  had susta1ned a short left below-elbow
amputatxon, The rema1ning extremity showed no evidence of
neu;omata and had a well-healed nen adherent painless‘scar

/

t1ssue cover1ng Prox1ma1 port1ons of the muscle s; lg,\f
. NI



-Were found to be available and functional. Since thet

the artificial-hand to a new angle.
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present and strong. Flexor carpi ulnaris and flexor carpi

radialis were present but-weak. Minimal pronation or

.supination of the extremity was possible although the range

of motion of the elbow was normal.
Portions of pronator teres and supinator muscles were

examined by needle E.M.G. tests by Dr. R.G. Lee and these

~original amputation the subject had worn a number of

different prosthetic appliances including a conventional
cosmetic "onKing hand," which offered litt]e}functional
value and was difficult to use. | |

The patient had been fitted. in '1974 with an Otto Bock
Myoelectr1c hand in M1nneap0115 This hand had the

convenf\ona] single degree of freedom, in that it could be

- opened’ and closed, but no active wrist rot&tion existed.

,Adjustmeht of the hand angle had to be made by the
patient stopping whatever work he was doing, gripping the

aftificial’hand with his real hand, and actively twisting

The hand'funetiened,reasonably well in many body

4positions"but the short extremity of fered poor skin contact

and a completely rellable prosthes1s did not appear possible

~with reasonable degrees of comfort Although pronator and

‘supinator muscles could be found. and were more or less

?unctiohal the‘bosition and depth"of these muscles within
the extremity and their very low signa] outputs made their

L)

use 1mpract1ca1 for controlling a wrist rotation un1t .

,/ l
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Discussions with the patient were initiated, and he
expressed an interest in the wrist control function. The
pros and cons of the procedure were fully discussed with the
patient before proceeding and he was also encouraged to
examine in detail the results of the animal experiments in
order to provide him with a maximel amount of information on
which to make’his deciéion. The risks of the operation were
explained to him, and the possibility was also mentioned
that the implant could offer him little or no long-term
‘value. |

The petienf elected to proceed with the operative
~option, which took place at the University of Alberta
'Hospwtal on October 19, 1877. )
| The device to be implanted and the operat1ve procedure
had botéﬁbeen approved by the ethics comm1ttee of the
Un1vers1ty of Alberta Hospital.

The operat1on inc luded many stimulation tests des1gned
to ensure pos1t1ve 1dent1f1cat1on of the muscle groups
1nvolved and 1nc1uded a number of features ‘for research
- purposes and documentatlon purposes as wel] The operat1on
'Hifted a total of 5 and one- half hours, which could probably
be sho: tered in future operat1ons (The length of- time wh1ch
an older patient is kept under anaesthetlc should, of '
course, be minimized, and it is expecteo that this time will
"be improved on future implants). f | |

The full documentat1on however. served a useful

. purpose in th1s case, because this operat1on set a

AN
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precedent, being the first time a fully functiona]
multiple-degree of freedom prosthetic ‘appliance had ever
been successfully controlled by‘a long-term {mplant.

One grdup, (Tucker, F.R., and Peteleski, N. 1877.) had
previously implanted one electrode assembly in one muscle of

a human patient with a limited success.)

The implanted device used at the University of Alberte
by_the present team included four E.M.G. probes which were
individually sutured to the fascia of the muscles used. (See
Figure 26.) The bellies of the long wrist flexors and
extensors pren}}or teEes and supinator were chosen for two |
. of these eTee}Fedes.

Stimulation tests were done to provide accufate
conf1rmat1on that these sites were active and 1ndependent
The later connect1on to the wrist_extensor muscles prov1ded
the function of opening the hand, and the later connection
to the wrist flexor muscles was assigned to the function of

[~

closing the hand.

‘In pracfice, these assignments were easily changed. and

were tested in various combinations to provide optimum
funct1on and easy learn1ng A total of four E.M.G. probes
were thus implanted and fortunately all of them_provfded
ﬁsefu]ISignals at a later date. In future implants, it would
probably be wise to locate and provide a signel output for
any- additional potential sites as well. ‘Some of the sites

chosen were marginal for certain control applications, and -

-
LY Loy
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(%

Fis- 26.

The 1n1tial device implanted in a human subject for exploration of
the practical aspects -of powered prosthetic control and sensory feedback.
Four E.M.G. probes are shown, and a single nerve cuff with suture threads
protruding from either: side of the cuff. Five flexible cables connect
the implants to the rear terminals of the Augat 12-pin teflon socket in

the centre of the pereutaneous connector. In previous devices that ‘had

been constructed by the author, the connecting leads had been distributed'

radially at equal angles around the connector to equalize skin tensions

and provide additional support for the device.
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additional sites may have provided more secure control.
Additional control sites would forestall the possibility
that a patient would undergo a risky, painful, and"
inconvenient surgical event and yet obtein only marginal

improvement in prosthetic” function because of device

malfunction, misplacement, 1ater migration of electrode

position, crosstalk, insulation breakdown, or other
- N l .

unfereeen eventuality, The projected 1life of implants isjhot
Known, and it would be good planning to allow for any
possible redundant chanhelé of informafion'that couldlbe
found. | |

Four sites were needed, and in the initial implant

patient, four wereefound, and all were functional. The use
o!@imp]anted'electrodes in this situation meant thet'direct

~ skin contact was not necessary for control of the |
pfoethesis. so it could theoretically be‘made”more~
comfcrtable,'as well as offering potential improvements in

operat1on whenever the hand is used above the body or at .
v .

unusual angles

nerve cuff was p]aced on the ulnar nerve just d1stal to the

last. fUnctional motor branch (F]exor carpi ulnaris)

neuroma could be . clearly seen during the~operation but no
connection from the nerve to the skin could be found The
nerve d1stal to this branch was dissected free from muscle

. and deep t1ssues, as was the_neuroma.

J

" In addition to the'implantatien of the E.M.G prdbes; a

Cor e ik s
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‘The nerve cuff had been constructed w1th a 1ongwtud1nal
s1it which was opened For the insertion of the‘herve by
pu111ng on suture threads which were. imbedded 1n\the cuff.
When this cuff was in place, the threads were tied around it
to provide a good mechanical closure'for.the cuff which -
would help to isotate.the neural signa]s from contamination
by nearby E.M.G. activity.

One purpose of the nerve cuff was to test the
feasibility of using graded electrical stimulation in the
prosthesis to proVide the amputee with prdprtOCeptive
'infermation about the gnipping fonce,‘velodity,-ob pdsition-
of the hand. | | |

A second purpose of the nerve cuff wasito expiore the

possibility that future electrica]ly?pdwered prosthesesv

might be controlled by signals obtained from such amputated o

nerves. Electrical stimulation of skin has been eXptored
before by several groups, (Scott 1977,) (Clippinger 1974.)
Others havedtried using nerves with implanted electrodes.,

(Mann and Reimers 1970) (ResWick et af'1975)’ The numbervof

amputees tested was small however, and on]y rarely had the SN

1mp1ant for neural stimulation been tested over any
reasonably long period of t1me )

The skin connector used for the human 1mp1ant
experwment was ‘a 10 mm h1gh concentrwe ring of Pyroltte |

carbbn, (General Atomwc) which was fabricated w1th an

external flange of 25 mm diameter. having 12 holes through .:“

~the rim to allow subcutaneous connect1ve t1ssue to grow °

BN

'
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.through the holes and anchor the connector in place. To
insert this skin connector, a sma11 circular incision was

made on the lateral surface of the upper arm between the

flexor -and extensor compartments Part of the skin connector

was pushed through this circular incision, and sutured in
| place with only the top part protruding, using a purse
string suture. The larger-diameter outér flange of the
connector remainea beneath the surface of the skin in
subcutaneous tissue.. No post-operatiye problems were
encounteneo. The amputee'recovered rapidly from the

operation with minimal trauma, the skin healed well around

the percutaneous connector and the edema and swelling of the

‘extremity proceeded to abate normally'over a period of a few
weeks . - ‘ | | | |
,lTraining end measurement prooedures were initiated as
soon after the operation as possible. 'A pair of Otto Bock
E.M.G. meters were used to offer visible indication of
independent activity of each of the four muScleS' Four large
open scale analog meter needles: 1nd1cated the muscle
: act1v1ty by deflecting to the r1ght when the pat1ent
act1vated the muscles. The amputee reported m1n1mal
-ld1fficu1ty in act1vat1ng the des1red muscles, even: though
- some of these muscles had not been used 1n funct1onal
act1v1t1es for more than th1rty'years. The fitting of the
prosthesws is. ‘as shown in Figure 27. |
The signals obtained on the E.M. G meters ranged from

- 40 m1crovoltsvon the wrist.flexors to over 100 microvolts on
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FPig. 27.

A short below-elbow amputee in whom E.M.G. probes and a
neural probe were implanted in Oct. 1977. The condition of
the extremity is shown as of February 1978. in photo A. Note
that  the skin has healed around the percutaneous interface -
button. B. Shows the prosthesis on the patient. Note that:
the prosthesis is plugged into the skin connector on the

- patients arm. C. Detailed view of the prosthesis wired by
the author. Note.individual adjustments for the sensitivity
for hand opening, hand closing, wrist supination, and wrist
pronation. The module PCL-1 is located inside the prosthesis
out of sight. : : ® _ .
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the wrist extensors. Actual.values in eXcess of those
readwly measureable on the E.M.G. meter or requ1red for the
operatlon of the myoelectric signal processing modules were
obtained.

The impedances measured from the implanted electrodes
was a desirably Tow 1 K or 2 K ohms at 1 KHz. This impedance
remalned constant with the passage of time. By compar1$on
| ord1nary sur face electrodes commonly used to control
electr1c hands vary w1dely in the1r impedance and slgnal

levels depending on air temperature, skin temperature,
humidity, moisture content of the-skin presence of skin
graft tissue, mechan1cal pressure pos1t1on1ng accuracy,
corrosion of the electrode surfaces, and variation in the
load1ng effects of the 1nternal components of the electrode‘
c1rcu1try The steady ampl1tude output offers advantages in:
both laboratory measurements of the cond1t1on of the 1mplant
and also g1ves a more predwctable control over the
artificial prosthesls '

' The stability of signal ampl1tudes obtaxned when the
arm is held at extreme angles away from the body or over the
head is. much better than that obtalned with trad1t1onal
‘surface electrodes The 1mportance of this stabllity is
1ncre€fjd when us1ng multiple- threshold control circuitry,
because these advanced signal process1ng techn1ques functlon
best when accurately pred1ctable amplitude and t1me
d1scrim1natlons can be attained Th1s stabxlity will also

l1mprove the success rate of the patlent’s subJectlve

R i s oo
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threshold discriminations during learning the operation of
multiple-threshold controls and will probably increase
patient satisfaction with his prosthetic devices.

The progress of the patient’s learning was an important

factor in assessing,the operatioh of the iﬁplant. On //
different days the emouht of crosstalk observed on the
meters showed'variations.hlhis apparent crosstalk could be
'seeh to arise within the patient’s own nervous system.rather
than from any electrical deficiency in the implant. A
surface maximal stjmulation,of.the ulnar nerve gave rise to
| excellent-signals from the muséles it supplied (Over 200
' ﬁicrovolts) while s1multaneously less than 10 microvolts
could be observed on the other E.M.G. electrodes

Since some of these muscles are normally used in
‘combination with the others their co-activation is to be e
expected. »The learnlng process requlred a conscious effort o
to act1vate them separately, and the fact that the patient
- could learn to do so is an- 1mportant aspect of this
procedure Each muscle could be act1vated to g1ve at least
twice the de51red s1gnal on its own channel to that produced
on any of the other three channels This retlo was more»then
suff1c1ent to allow for sett1ng the thresholds of the |
switching 01rcu1try to discriminate in favor of the desxred "
- prosthetic movements.

" The prosthes1s 1tself was f1tted to the amputee in.

Uanuary of .1978. It 1n1t1ally contained a 6 volt Otto Bock |
hand‘typed8E17,'an Otto Bock wrist rotator type 10512-6, andf”
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four standard Otto Bock Preamplifier type myoelectrodes.
An interruption in the initial testing of the device
occurred when it was discovered-that the newer version of

the Otto Bock electr--ls_(Type 13E67=G, ) was unreliable when

~ driven by very ].n 7ioe\sources. This fault was

eventually t#ﬁbedt

pattern ofﬁth:

. The ava11ab111ty'$ﬁ/four d1screte control signals in

the first human. Tong- term implant patlent necessitated
certa1n Jnnov;t1ons in the actual prosthesis 1tself. The
4OrQer of priority for the degrees of freedom provided tor‘en
upper extremity amputee is as follows: (Dependent of

course. upon ‘the level of the amputatvon )

FirstvPFiority: Hand opening and closing

R—y
.

| 2.é Second Priority: Wrist rotation, pronetion and .

' g;pination' ' . ‘
3.? Third Pr1or1ty Powered elbow flexion and extens1on
a. ?Fourth Pr1or1ty Humera rotat1on |
5. %f1fth Priority: Wrist flexion and extension or arm

extension.

Since- the patient already possessed fair abil1ty to
1nplement most. funct1ons bf the last three movments due to
_1the lTevel of his: amputationLyghe-next level of prosthet1c

improvement to be. 1nvestigatéd was the wrist rotation

function.

T e Tl X,
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The wrist rotation un}t'ds supplied ffom the Otto Bock
| factory does not contain any power switchipg circuitry. The
reason for this omission is that it was .riginally‘intended
to be opeﬁated:ﬁy a relétively ;}mple ieéhahical rotary

SWitiP assembly.

_PCL-13Pow§r Control and Logjc'Module.
The author developed‘the first of a series of Prostheticaily
oriented mpdular'components'specifically’for the patient
under diécussion; The wodule containé én amplffier}anq
“switching aqrangement’@hich is capable of bi-diregfjonal
control of prosthetic'motors,:andiwhich.also incorpoﬁatég a
type of logic circuitry to be déscribéd later. This module‘
was revised and improved several times, until a standahd,'
commercially available‘versidn resulted which offers severgf‘.
featureé of coﬁQeniencé.and\reliabflfty‘with respect to
prosthetic appliances. '

.The amputee made use ‘of his proéthesi; until vaembér
~ of 1878. By thatvtimé, the percutaneous'skin conneétqr had
begun to tilt at an angle to the surface of the skin, and .
the fﬁange of the carbon button was starting to protrude
through'fhe sKin. The‘Schutaneous tissue had become tﬁinnér
~and slightly necrotwc and thi.r1sk of sk1n 1nfection became‘
‘an 1mportant cons1derat1on A potent1a1 infection was

averted by dec1d1ng to” remove the percutaneous connector R

R 1 4 e
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The leads and cuffs were left in place because they were not -

causing any problems. A‘test was done to determine

_bacteriological activity, and no deep infection was present.

Only the normal skin bacterig on the surface inclyding »

staphylococcus epidermidis eould be cultured. NevePtheless
the removal of the connector at this time was ‘a prudent and

| necessary step taken ‘to -avoid potential complicatiDhS¢ and

was undoubtedly the correct decision to make at the time. it

should be notedithat all elegtrioal connectors and
Asubcutaneous cables were functioning perfectly up to that

: time and showed every Sign of oontinu1ng to do so fOr the'
indefinite future. : S “ﬁ \

"~ Although detractors of the technique would cal ita
failure bedause of the limited time: that. the 1mplant
prOYlded functional assistance to the patient, several
important points'should be hoted;-

. : fé' “ R : B
1. The infprmation provided by the implant technique
| jcould not have been obtained in any other way

Verbal information regarding sensory feedbacK and
, 'subjective observations on the ease of control of
B {the prostheses does nOt apply to animal experiments

‘-',,QIQO*& ‘ . . .
2. The nerve cuff 1llustrated the viability of 8 nerve

LT "Q

o ‘f{_?thirty years, nd demonstrated conclusiVely that the e

:;. nerve uas still a]ive

- which had been isolated from its end. organ6 for over

AT - -
. T .

<
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3. The ability to stimulate the nerve of the patient
Wh1le using the E.M.G. sites for simultaneous
control of a multiple- channel prosthet1c device
proves beyond a shadow of a doubt that the troubles
with pos‘tive feedback that has been observed by
other workers who have aftempted to.combine these
funct1ons is largely caused by poor parameters of

* design and not by any intrinsic 1ncompat1b1]1ty

gipetween E.M.G. control and neural g}1mu]ation.

ik ) -

v .

Sensory feeciaadk from powered prostheses.

Sensory'feedbacK‘étimulation,is an exceptional1y

. de51rab1e feature to incorporate in future powered

';Ehem1nd1ng the pat1ent to leaﬁn to regard the

’ﬁj, s a_true pOPtlon of the‘body,;a valid and real

a@ﬁﬁc\ated muscles could be el1cwted us1ng electrical nerve
stJmulat1on even when pulses of 6 volts at 10 m1crosecond

d&fation were app11ed -in bursts.

1‘

The amputeé reported that the sensation evoked by thls

gstimulabion was localized to the ulnar aspect of his phantom'

_;]1mblin a region under his fourth and ftfth flngers and that ha;;

'"%%L~the sensation was one of scratchine or strokwng, although '@f
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e
not identical to that normally perceived by others. These
subjectively reported sensations correﬁate-very we11 with
the anatomical area served by the nerve st1mu1ated '

The amputee s subJect1ve 1mpress1on of the separatlon
-of impulses fused at the relatively low rates of 10 to 20
per second. Higher ratesﬂand amp1itudes caused the sensation
to fade quickly. If reasonabie input voltages were to be
maintained,-tt was'necéésary to apply the stimulus in a
non-conttnuous fashion to maintain perceptiori. .

The experiﬁental situation did not afford enough time
to do a serious explorat1on of the effects 6$’different
patterns of burst actwviby, dtfferent forms of modulation df
"the stimulus’ bursts or of other parameters designed to

el1c1t different1a1 psychophys1cal sensations The author

“finds such exper1ments to be extremely fn;erest1ng and the

‘ qua11t1es of sensory: percept1on and the direct mapping of -

_these parameters from a neura] viewpoint is a rich and
- fascénating field fQP future investigation. B ;;ﬁ
u%ﬁcgwtgaﬁf one’ COnsiders themposs]b1]itIes inherent Hmtﬁﬁng

gfe

7_o apply various stﬂmulus patterns to a serjes of

A*,.

v petectrodes within a cuff or to apply phase encoded}
qﬁ§ormation to a series of cuffs, -the excitement of - 4
uncovering’some of the more puzzling aspects of the

L qua11t1es of sensory perception becomes apparent .

i’

Tﬁe init1al laboratory exper1ments done with the -

57‘,_' co- operation of this patient aﬁe important in exploring the
vatue%of sensory stimulation applfed directly via 1mplanted

?’ ' S
- l: . . . A k
JLE o>

o
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nerve cuff while the amputee|actually wore a
~.fully-functional multiple degree of freedom prosthe: is. The

o ,/ma1n reason forznot 1ncorporat1ng the sensory stimulation

J(r

- .adqi‘ dev1ce into the profthetac arm was the abignce of a

r*‘ . sufficient nuﬁber ofoetectr1caf commutatInb slip rings at
Z?', the connectiohgﬁnto the hand, a situation which requirés

e 0 e

S ‘improvedwcommuhlcatmons with Otto Bock in Germany to
resolve Thg §t1mu1ator circuitry worked perfectly, and an
'opportun1ty was provided to te;t«two alternatxve modes of

,!, ' operat%onv

W Two modes of. operat1on of the sensory feedback

stimulator

In one'mode of operation, it nae decided that simplicity and
,‘ready adaptabilitv’to off—the-sheIf unmodified hands would
take or1mary cons1derat1on Otherwise, there wodld be a
necesswty to have a removal of the’hqu coverina glove.
removal of the 1nternal hand cover, removal of the‘cosmet1c
“éxternal glove,\removp] of the heavy-duty internal hand
ﬁprotective covering, mechan1c;l modrf1cation of the f1nger
vgr1p lever arm,’and bond1ng of paired straﬁn gage
transducers to/the fanger metal lever '

Such an approach? which does not use standard '

oy i
'@ offwkhe shedif ands , {tis one which has been favored by. Scott AT
: "v-‘.i ” : ‘A';.‘-
(1977) and has beenﬁinvest1gated by other researchers as ¢ N
, H. 1977, ) L A

well, (Schmid_
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That procedUre requires one of three alternative V’
metgods to get the grip force ~ressure transducer signals: i
out of the hand, and all of them have serious disadvantagn%lk

rfor a large- scale prosthetics program

1. First, it is possible to run a wire from the |
transducer directly through the hand glove and
shell. This is consmetical]y unsfghtly, and it'

precliudes using a wrist rotator, because the wire

will be sﬁ?ared off

1%

‘y

2. Secondly, it is possible to remove the
motor - sw1tching electronics from the hand and use
two of the four slip rings Just f r the motor

’ The motor electronics then’ gﬁd extra weight and
bulk out51de the hand. Nevertheless this dﬁpreach
- is probably the only One that ns posg?Ble at the

fpreSent time

e

3. Thirdly, it may be possible to transmit the finger

+

pressure S1gnals out of the hand’by telemetry,
either electromagnetically or by radio such that the

hand may rotate 1ndefinitely without snagging any

w1res.»

.. P
: . . Lo e
N K}

Thg’latter procedure may be the mos t practica] in the

Y
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i}

transmitter,could be made as one'small»integral package and
draw its power from circuits already in the hand.
| The second mode of operation of the sensory feedbaCk
stimdlator involved'no changes to the off-the-shelf standard B
| Otto BocK hand. Th1s is a very de51rab1e attr1bute because :
hospital staff and space cannot be tied up waiting for
component modifications to be made. . 2}. {*\t-‘ .

m.
-

In this second mode, the current drain of the handl.ﬁﬁ{ﬂ" :
‘ s ?' '1 ., 1.:.. .
motor was used as an indicator of finger grip pressure, al ‘

the pulse frequency was modulatediby thevchange.1n notom, e
current. The system would have to be modified to reject T
changes in current when the hand was held open against the
resistance of the glove, and 1t would have to d1¢ferent1ate
between an open1ng mode and a closing mode._but 5!!¥bally-it
functioned as designed This series of sensory feedback-‘ |
experiments resulted in the development of a circuit

su1table for neural stimulation studies from a portable
battery- operated power - source The commercxal version of the
circuit is ST-4, a neural st1mulator developed fourth in a |
series of limited-production modules. The more.1mportant of .
these modules for the present prosthetic USes will be~"

described in. detail’ The modules not Eescrfbed 1n detail are
su1table for laboratory exper1ments rather than prosthet1c

-~

- applications. .

‘@% o y
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‘2
B. MODULES FOR PROSTHETIC USE.
\

Modules Designed by Author.

.. PCL-1: TC-2: TRI- 3: ST-4: QT’5 QT 5B: E M. G System

S VII:

TABLE 2: MODULES DEVELOPED BY AUTHOR

A |
As of August, 1980, seven commerc1a11y produced systems

related to prosthet1cs andvphysxological research have beenQ

designed by’ the author. These ‘are presently being

manufactured commerc1ally by Leaf Electron1cs Ltd ) and the

fwrst three modules have been re1eased in quantity for use

o

on. ppttents in blinical app11catlons

5

;s v - . ' ) . 1 . . . ) ) v
. . ‘. N A‘
/'*’

" 1”“;BCL 1 Poygr Gontrol and Logic Module providing
| ‘1 oontrol and Tow standby power'

con;umptwon Fff motors 1n.prosthet1c appliances

whioh"are to be run qy électron1c signal controls

&.
P . i ﬂ? b.
*h.i L e *A!F(
% v 3 ' ’

O ' o
¥, ¥, *TC-2 Touch Contgpl with two outputs. Produces a,
‘Vstandardized ‘control- signal on either of two outputs
vwhen touched by the skin. The skin of the shouider

i
NP

\._'."6."}1.;:.‘\, .' .
oy

AL
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-
v

. shrug movement may be used, the. movement of a

phocomelic digit may be used, or any other moveable
part of the body ava1ab]e for control purposes. TC-2
is sufficientiy'senSitive that skin of poor .
conductivity may often be used, such as skin that‘

has been'grafted;

.
-

*TRI-3 Tri- state E.M.G. preamp11f1er and controller g

To be used for allowing a single muscle control‘sxte
to generate the three conditions of

a.  "A"=OFF, -

b. "B"=Low level / proportggpal range, »

c. "C“'H1gh Leve] / dig1tal@control range. (Withw
. . " 3.

log1c suppre551on of level "B"). Perm1ts the use'

t'of additv¥onal degrees of freedom in amputees
‘where ‘only a 11mited nufber of dOntrol swtes are

, avaitable._ e ‘ |
| | a v

s
/

. *5T-4 Sensory feedback st1mulator N Researon
application only at present) For stud1es of sensory
.feedback in prosthet1c appl1oat1ons, and also for
stud1es of neural growth regenerat1on, troph1c
actlons andfnequmuscular spec1fic1ty experiments

i

. *QT=5 (A) Low noise preamplifier optimised for

preparations‘haVing'tmpedances in the{range of 100k

to_HOO_RVOHms per input. Differential‘inpUts,»High

SOy,
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‘stability and good freedom from blocking and D.C.

offset effects.

k 6._,*0T 5 (B) Ultra Low- n01se preampl1f1er optim1zed for
neural or E.M. G pheparat1ons of low 1mpedance,
typ1cally below 10K ohms per input. Differential
inputs, noise leve] approaching the theoret1ca1

}m1n1mum.‘Excellent R.F. rejectijon and freedom from

tg-

blocking or D.C. offset bias.

7;'.*SYSTEM VII An-E. ﬁ%ﬁ system of 4 1ndependent

"channels des19ned.for moving subject applicat1ons
euph as athleticsi»physical.edpcatfon. or

# ' rehabilitation medicine. | |
'AnAi11QsIration of the first three modules (which are
'lpreetheticafly-ohiented ) is shown in Figure 28. The
' rema1n1ng four moduIes are intended for research |
”appligat1ons at the present time, but are be1ng developed as

potent1al cl1n1ca1.devices for future use.
o A

A.’ B :

" PCL-1, Power control and logic module.
e |
This module is a small, totally encapSUIeted‘ahd insulated
vcircuzt wh1ch conta1ns act1ve power bridge circuitry and
Wsignal routing logic. It 1ncorporates two. sets of Otto- Bock

rcompat1ble input pins, each of wh1ch has the necessary
, J

A .
B

:
3
:
3
"
{

¢
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B
A B .
LEAF ELECTRONICS Y0
mi-3 llq f’ OL MOODWL
) g@-
Fig. 28. )

Three of the modules invented by the author and produced for the
last three years in.commercial quantities are illustrated actual size.
fﬁl PCL-1 (Power control and logic module.) Is used to drive electric

motors typically in wrist rotators and elbow units, humeral rotators, etc.‘

B: TC-2 (Touch control module. ) Is used to derive on-off control

signals from simple skin cdhtact at very low battery current dtains

C' TRI-3 (Tristate myoelectric control module.) Is used to obtain the
appropriate signals for operating more than one control function from a
single muscle site, thereby adding more potential degrees of freedom.
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ground, battery voltage, and signal input leads in the
correct order to ensure complete compatibility with
off-the-shelf components A standard TTL logic level input

may be applied to either of the 1nputs, or alternatively,

each of the inputs may be overdriven by signals as large as |
the battery voltage, without damage to the module. 3

Alternatively, a proportional control voltage may be. '#
applied to either of the inputs, and this proportional ' ‘
control voltage may be pulse-width or amplitude modulated as ‘ E'

deSired If proportional control is chosen. it need not be

applied to both inputs : BN %

The circu1t is stable and prov1des predictable outputs '%

even if*completely different types of transducers are used %

‘;at different inputs. Thus one input could be driven by the §

'output of a Bock Myoelectrode assembly, another input could g

be driven by fhe output of a Tri- State control device (To be Ry §
described later) -or even by the output of a touch control

unit or an 1llum1nated light dependent resistor |

Logic functions of PCL-1

T e A A AR

~ DOne of the inputs to PCL-1 is termed "Priority." As
this term implies, a signal applied to this input, from any }
source itakes precedence over the signal applied to the

other input no matter how strong the signal to the other -

input -may happen to»be For instance, in the first human

~1mplant patient one muscle was much easwer to activate than ,
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-the other one and coactivation was fbeqUently e problem The
logic circuitry of PCL-1 made 1t relat1vely easy to m1n1m1ze
the effects of th1s coactivation, by asswgn1ng the pr1or1ty
to the weaker and ' less-frequently actlvated muscle thereby"
maximizing the patient's’oﬁpbrtunities of generating'
correctly assigned signals to operate the intended

prosthetic/movement.

'Indicators fpr‘field reliability.
The PCL-1 module incorporates two 1idht-emittihg diodes: one _
red LED and one green LED. When one inpuikfs activated, with
motor power applied in one direction, the red LED becomes
i]lumihated. When the pblarity is reversed by applying a
s1gnal to the other 1nput fhe green LED is illuminated.
These 1nd1cators s1mp11f7‘the use of the dev1ce by
prosthet1c and nursrng perse nel who need-not have any

‘knowledge of electr1c1ty.qr-electronics to. make full use of

" the devices.
| oy B
Compatibility considerations.

In,addition to the two sete‘ef dttofBocK compatfble‘

three- pin inple, the PCL-1 contains a fdur-ein output and
, power connector whlch is fully compat1bl§§wibh all Otto Bock
wrlst rotators and their associated connectg% cords This

means that no add1t1onel wiring 1s-necessary to quprporate ﬁ

4

'
’
.S
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the_PCL*f into a prosthesis., It simply plugs into the

|

connector provided for the original Bock rotary switch to

"provide all the advantages of electrOnically—controrled

~operation for -the wrist rotator or elbow motor.

The PCL-1.module may be operated safisfactorfly by any

" voltage from 6 to 18 volts so that a separate stock is not

- needed for 12 volt hands or for compat1b111ty with tﬂé

. _piggthes1s.caﬁ be degjgned?jn such acway‘that if confl1ct1ng

~and is much afre reliable than the original electronii:

Var?\ty V111age 12 volt elbow un1ts or the Boston arm 12
volt elbow un1t It has been tested in the Boston Arm

supplied with the Boston Arm Also, ‘it occupies muchdless

space in the prosthes1s and offers full e]ectr1cal

1nsulatiQn in place of the prev1ous exposed wialng
S1nce the appl1cat1on of ghe PCL 1 module to the _
orig1nal humbn 1mp1ant pat1ent -more than 109 of these

modules have been commerc1a11y manufactured and an

<1ncreas1ng number of them are be1ng spec1fied for use at

such-1nstitut1ons as the Saskatchewan Council for Cr1ppled E
Chfidren\andedults, The OntarioﬂCentre for Crippled - K f
Children, The Nationa{ Research Council offCanada; the

Winnipeg Rehabilitation Centre, "and by independent

fprosthet1sts in Canada and the United States.

- The PCL- 1 is currently undergoing tests: to determine

1ts su1tabil1ty in appIﬂcat1ons for‘@uadraplegics and other.

wheelchawr patlenis ";?ﬂ_f.n a54¢‘\ S

—An a6d1t1onal beneflt of the: togic: circu1try is that a

A RO Al 1 ity
. J e i




or simultaneous signals arrive at the prosthesis for any

e 167

reason whatsovever, that the elbow motor will automatica]iy

. go into the extend mode, making it easier to remove the

. c]othes from the patient and d1sentangle the prosth351s fOr

examination and adjustment. The logic circuitry also _
protects the modular components themselves from damage due

to incorrect signals.

The necessity of removing the percutaneous sKin -

connector and hence rendering the implant non-functional

“could have left both the patient andithe.researoh’team in an

“awkward position. The justification for the use of the - o

: poss1ble

) tephmuue that the add1 tvonal degree of freedom was not
. worth the risk pauw,ggnd time lost represented by a five

1mplant procedure was that a valuable wr1st rotation _
function would be prov1ded to the pat1ent This additional
degree of freedom does in fact improve the usefulness of the
prosthesis in many pat1ents because it elwmlnates the -

neoesséty of releasing‘both hands from the task being = -

~ accomplished, graSping the electric hand with the real hand
, and performing an inconVenient manUal wrist rotattonn o . 7;,',‘

ﬁmﬁwement In most cases, the amputee would just rather not

be bothered with the extra trouble. and therefore uses the

,electr1c hand for fewer tasKs than would otherwise be _ ' f:”'f’

It could be argued by detractors of the 1mplant

and one half hour operat1on under general anaesthesia

L o
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2 addition. previously existing’ multiple state mypelectric o

| '»*-;‘;"only anplitude is used as s parameter of thr ld criterion_“'.

. removal of the implant The initial qghction to this

‘system indicated *that the patient had signal levels which
- werne too low, too unreliable. and had too much crosstalk for
systems because the Schmidl system of nultiple level

: characteristics of the relay. and could not be adjusted to

-discrimination threshold as the criterion of the multiple '

v o . 162

together with the recovery time needed from the. operation.
Initially, it appeared that the new degree of freedom

would have to be withdrawn from the patient after less than
twelve months of benefit had been obtained The author |
suggested that a multiple level myoelectric system could:
provide ‘the additional degrees of freedom even.following the

suggestion was that it would not work. Previous experience | o
_obtained with systems deve‘Bbed by Dr. H. Schmid] (1977)
us1ng a multiple level E. M.G. control. and also experience

which had been obtained using the Otto Bock single state

&

this - system to ever be of value'

The cr1tic1sm would be vaiid for ‘these existing

myoelectric control depended upon<electromagnetic relays for :

two extremely important parameters of operation. hysteresis
“and time delay -These parameters were. fixed by the = | f;e

suit- the 1ndiv1dual requirements of ‘the patient e,

controds depended exclusively upon an amplitude o

state~output. v‘_i;_«]f,,? :.i5 -i-i.’,‘?r~

One obdection tota myoelectric control tem'in whiéh ,;

: , L,




- is highly variable for reasons whichhhave already been
r’discussed When the available range of myoelectric signal

i . N PTE

is that the myoeiectrtp signal obtained from skin eiectrodes

&

'from a single site is. div1ded into severel th;eshold levels
-fin order to provide*hultiple control signalﬂi this )F

'/ _variubility can cause a greater unreliability of prosthetic o

. - function than a singie threshold controi device A

consideration of the parhmeters of e muitipie level controi

. device will iliustrete some of the problems that mustibe
"'ttsoived before adequate. prosthetic control can be obtained

v

, fmproVed<Myoelectric Contnoliers: Requirements. __—
-1 The device must function with a‘wide range of: skin f,.
v contact conditions. including dry skin conditions
. of iow humidity and dr ess such as are encountered J

"

during winters in Albet ﬁ co e T
2. The device must not maifunctidn when grossiy e 4Q
L unbaianced conditjons exist at the input connections
to the skin electrodes. and must present a true ilg’f
balenced differéntiai input impedance to the E M G
control signa]s in‘brder to prevent changes in 127--73;‘

| function when the skin electrode is instalred in an\ o

Y

invertéd orientetion, and aiso to permit mhximum
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%rtifacts It mus
'the skin or cause the e}
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a

N
sources of interference encoun'te'req‘.Qaily.
\rr: Y £
" The devlce must reject radio -frequency signals -

Q-
megahertz and must not malfunction even i

covering a rénge from 20 KHz to seveqal hugg{ed;i; -
t

he

‘ presence of radar signals ‘or mlcrowave signals. It

must not rectify these s1gnals or demodulate them in

Cu M

S any. way. yet it must be capable ‘of being controlled :
... by skin and lmplant derlved £.M.G., sfgrals in ghe '

10's - 100'; of mlcrovoﬁts and’ lcw mill’wolt ranges '

"l. »j;}

"f‘?t . S IS b N

T& device must not’ create or anpllfy -gny /,‘ Loy

electrolytic or metal -$o- skln 1nterface movement

¢ inject Jenkage current into

', trcdeposltlon of even

,minute amounts of ﬁtal. at ~the skinﬁlnterface.

”'S‘lmlllerf‘y.b_,sc‘ine_perpons have excellent to““""‘ ;
,,ectrcdes\_'which conslst cf anheavy gold P ’““f": e

r " .

“because patients dlffer greatly in theiﬂ*sensitivity

;to traces of forelgn metals in the surfece of the

“skin. 1t has been. found that some persons tolerate
statnless steel electrodes excellently. whiTe ctners

brgak out 1n a rash: vlvhere they are. present

ever brass, whl le otherszdof;[not

hd

3 -

"

* L .
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' filtering aracter\astics in ‘the later control
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( ' /

“ l‘ . t‘

< or*modvﬂat‘e pulses of "high rrsetime as in. the

-9 .
situat ated by thyristors. ’

) ““‘ sil-icbn cqitrolled rectifiers, and light dinmers and

?
o

l;ld#stl‘la] apparatus This condition ac't‘[la'lly
r 3 s a con'bination of tulo* rejection

- char,acteristics;. that 4qF ‘A.F. (Audio Frequency) K 5

| gangvelvrej'é'c‘{i"'nf'and th'at o'f" R %,Badio «Frequency)
Crede T A

,range 'i'ejection The situation is ~ofhma ,LL-,,;;;

‘ "ﬁw h._ m

however , and so frequently misunderst‘b@q&,m e

prosthetic applications th it isaenﬂ%si{q[d here

'.,;with a. separate category Thi’s rejection»may" Sé '

.-"
L1

e
: accoﬂplished in a prost@?eti‘c coi‘itro"l device by

S carefu,l attentaon to the .stages to avoid R Frﬁs

) Jad

th Optimally designed

The dewce must riot consume an mordinate amount of
standby supply current The hanca,motor may draw up
to several hundred mA durmg operation. (Typically
$200 to 500 ‘mh “depending upon accuracy of~ the clutch

| adjustment ) The wrist rotator may draw an- - S
additional 100, to 306 mA during operati’lgj;z'{sf},jhf'”

| reasonable iF bandwidth and sensn tivity tradeoff

- characteristics #’0 taKen into cons‘ideration that

| the m'tis’ate control updu‘le may dra\w a standby
- current fn the range of 1 or- 2 a. e
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" 7. The device should perrmt the amputee to exercise a

positive and roproduc1b1e control over each of its

:"‘

' ‘output levels This 1s not such an easy reqmr nt 'Q'A
as a casudl. cons&deration might lead- the reader to
believe. L8 us cons‘irder',_{ g verious ranges of
: Operat“ion_“;-ﬁ_;eqoence.' vt | .

| (.)““No OPERATIDN F sw» *E\/éu“ OFf e -_-\r" '
. ,{he pat1en; does n&t deswre ‘any mo\vement Tpe‘. +&7‘
U&,’ Rrostheses mst?remaiu*’inmobﬂe despite, | e

VR "low level changesf in the ba%%grounﬂ E. M 65’ SR L

. W%‘ ; mihor 1r::tgérference crosstaﬂk frdh"‘other mc'scle LR
S groups. -and mdvemenot art‘lfact BRI Loop P
‘e R ' . . %h\ o ‘ R ) a ‘v-t s . @‘ IR
. ,\ } . . , e, . ’:" .&\ . B ., R v ' i
BT “*b. (*) SECOND LEVEL OPER P
ens Jwge e L |
E ' Typicaﬁy a Hand closing operation. this, |
movement must be elicited with rena&nty It

z Proportional <

usuaHy is represented by a 1ow-1evel volittona'l,'.j"g'
E.M.G. signal obtained by a consc?ous moderate

' contrachon of the control muscle
a_'c,..;.;m THIRD LEVEL OPERATION =fs'uppress‘é's other -

j._’”_f‘cutput Ct . o
’,»;,-Iyptcany a hand opening operation, this




e

e 87
IO Q )
the first levﬁl »

should be inserteq -gllgﬁr

operat1on and "the se ond’ level operat1on in .
g.order to clearly separate them and increase the ,
"ease with which the patient can identify and '\

‘:separate these functions.

It wlll be shown that this deadband ¢an be

R

'”implemented as: a time- doma1n function rather ':;,

_than as an amplitude fdnctlon fof’the purpose of
mprovlng contrq.l oveg the&lhple threshold

»

. levels.. - T . ¥
: ' - B S .

o ' ' ""' . ’ . *
5 A caré*ul‘qpnsideraflon of 'the three states of the

' mult1pﬂs level . con}roller w1ll reveal sevenal 1nterest1ng

facts Let us suppose that a pattent waﬁted to open his hand
T O

_and leave it in the “open pos1tlon w1thout any contlnu1ng g}

t‘effort.-A htgh level E.M.G.. signal obtalned by a stnong

Amuscle contraction wo&%d place the output in the category

-

(C) above ,—\ _ o |
Let us’ now suppose that the patient /glaxesth1s muscle .

in order to. leave the hand in an open, pdéitibh If. the\t

mult1state controller is sensltive only té changes 1n - {f

_amplitude and has no=tine dependent funct1ons,‘the hand

wtll close as the E. M G >sxgnal decreases and passes through

‘the zone represented by cond1tion (B)
B Th1s situation wlll happen even if the multistate

controller contawns a deadband between state‘B and C..

(.‘

‘Therefore it is clear that the multistate control dev1ce

. 7l
-

! B

BRE? : ) .
. “ . i I

. ~,‘:‘i$ .
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“'. ~ typically quitesevere when a muscle is held in its higher

Bt time to crosS range (B) when retur‘&id’lg te‘o a quiescent

168 .

mus t contain a means for hold'ing the output at level (C)
long enough to give the patient time to relax his muscle and
return to either state (A) or (B) as desired. It is
inportantvthat this holding .,function should not mpose any
timé de while the patient is attenpting to reach level
(C) or a slowness of operation. would be noticed in the hand
#.;’funct'ion. The variability of 'the E..M.G. signa’l enve'lope is

tension p051tion and fatigue may. cause the anphtude of the

- L
‘G to randomly move in and out of the threshold ranges.
hus the holciing funct‘bn inwmented to give the auputee )

# e .
condition serves an additional va'luable function, in that it,_;,;‘: o

prevents JerKy movement of *the prosthesis _gue to the A\ s
| eXCesswe variabihty of the E. M.G. signal i '.
y .' It can be seen tha:{ a smppe anplification system is

1Lﬁcsufficient to inp1ement the 'desired functions because it
is inportant that no signal be present at the ldw leve'l
) output represented ‘by (B) during a strong muscle contraction
intended to produce level cr. . \;' C

| Therefore, a system of iogic must be inplemented within'

2, tw.tutgte cont‘roll"er tc suppress any output at level

(B) while }evel (C) 1s in effect It is desirgb‘le to hold .
this suppression active even after level LC) 1s no longer Q
activated so 'that the patient can—open his hand a controlled
moderate amount and still return to lgvel (A) which is the

eduivalent of "OFF".W'IthOUt any further hand opening '

&
". ool
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; b
-+ In the event that,proportional control_capabilities are‘
‘desired for future improvements in prosthetic control aggg
accuracy and naturalness of movement‘ additional faotorsll RN
must be taken into consideration. It is importdh&-not’to i
waste any of the available range of E M G signals, since
most patients find that the level of concentration reguired 5
to operate thet: prosthetic dedﬂbe is already quite, high »ig;wﬂ
m_and ole'a simple contrblling protocoﬂ 1s acceptable | e
It is therefore natbral 1n operation and reduces the !

”ngue of the patient'to asS1gn the‘

: ;G ntrarning time and f
"}: ; proportional range t-'the low levelusyM .G. fbnctions between
(A) and (B) The smoothing filteﬁgg:hdch must be employed to
:reduce the effectS‘of E.M.G. variability then can be fe '-'ﬁ

employed for an additional function to provide a smoothly

\\\ controllable variable range for the speed of the prosthesis ,¥~

in one direction of 1ts operation

g L —
This control system ig simjliar in concept to that
'recommendEd by Dr. H. Schmidl (1977) who has pointed out
’that full proportional control n be implemented

'symmetrically on both directions of e movement to still B2

be oF vaTue Proportionality over Pinger closing may well be,
.of céhstderable value when a,fiﬁﬁér\hahd or elbow becomes |
available, particularly when sensory,feedback is also used

to control the degree of finger pressure or veloc1ty Thus..
the movemqu di the arm towards the face must be. controlled

: €
B with some precisiop, while the movement ‘of the arm- away from

the face may-not need quite so much sophistication of

-

',\_ . . . 0 . :
. . i . t Sl o . P



‘~control . ,
) ) ' Proporttonal1ty with respect to wr1st rotation, and

factors of. prmrity and speed are areas for future

mvest‘igation which have ngt l;been exammed systematu:ally in

.y the pnsent study : o
A uﬁﬁfi 4 ‘ t ?“_; - r' P ,j R ‘
Comglat ibility T IR IR
L - I v ..‘ ‘ . o _’ . w t;

&<
2
.

¥

’tﬁg’ present deh\{ery system for prosthehc apphances
'ludes peop,l&“who sp!ciaﬁze 1n mapy d1fferent f1e1ds The
" chntcal prosthet1st thé orthopedtc surgeon, the research -
team, the occuphtvon‘ai therapist nursmg and’ hosp1ta1 | . .
_staft‘. suppliers of raw coqpon\ents,-all have their own
- viewpomts and parhcuiar funct1ons It is iuportant withm\

e ~

9 i " -
« R4 \.‘

such a system that a11 new research qongonents be

;.'., .
.

_ upwards con'patable from preex1st1ng prosthetic devices,

o, particular]y with those wh1ch hive been standardized and are
"ava'alab‘le on. the market There is no Justiﬁcation for ~ }

keeping a pahent wa1t‘ing in a hosptta1 bed while research

is done on a totaHy new mconpatible device. Bilateral

“ ‘anpute?s ‘are part1cular1y wgependent upon otherx"people for
_._'_thetr bastc needs.i and the ready ava1lab1hty of '

) ,-»‘}standardized modularized‘ interchangeable conponents greatly

‘;-'f-:decreases the: tme required for. successful fittmgs Since

B the Otto Bock system is the only comnercwlly avaﬂable

s &powered proathetic system using mdulamzed conponents, 1t

N
'was mandatory that any new developments be conpatable wtth

-

= 't.\'.

- [ V.3
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BocK components on a simple plug in replacement bas1s, and
preferably be compatable with other dibsthet1c componepts
available in both experjmental and commercial stages of
deve lopment. \ o -

‘a;. : ‘ ‘ '
TRI-3: a commerciatly-available multistate E.M.G.

At
controller.

o TRI-3 Descriigtpn
. yr.

_TRI 3 is a mult1p1e channel

The Tristate mo

~

prosthet1c controller whicH meets the criteria outlined §n
}“the preceedfhg sect1on descr1b1ng the deswrable qualities
'for such a un1t Module TRI-3 has been manufactured Jnd
d1str1buted by Leaf Electronvcs Ltd. of 11804 124 Street

uEdmonton Alberta for approximatelj‘three years, As of . duTy

- 198Q more than. one hundred,of these modules have been »
fconstructed and tested. and have been used by a number of -
pPOsthet$§%§ in the field A contwnuing progr;h‘has been "y"
1mp1emented of . seeking 1nformation from prosthet1sts using :
‘; these modules and 1ncorporat1ng 1mprovements in their N
des1gn and function as a result of the experlences ‘of .
(2 workers in the f1eld These modules havé’been fitted by Mr

_7dohn Arseneault Mr Tony Vaanryaarde, The Worker' s

uh‘Compensatlon Board The National Research Counc1l The

. Sa&katqhewan CQUNCT] for Cr1ppﬂed Childrgn and Adultsf The ’

_“' N . \ B
'Ontarxo Cr1ppled Chfldren s-Centre, Mr. thliam Sauter,,and R
,‘(‘\J -“ :, o w _

. ’ ) . .
> - o T . v v
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otherlprosthetists’and‘prosthetic centres in Canada and the
United States. | ’
The amputee is f1tted w1th- a\?et o'f two input
electrodes that share a common gro nd-connection. This
rdev1ce is held over the muscle of interest by the prosthetﬁa'
shell fitting. Good -skin contact is essential.,and the -
'5prosthetic appliance will not function proper 1y withou: a
W proper fit. Many worKers ln the field have ‘emphasized the
X n1mportance of the need for)h fit that is superior to that
s dkxt required for normal prosthetic appl1ances The electrode
’él§f assembly of choice is usually an empty Otto Beock electrode
5:\”? ‘shell wh1ch fits conven1ently into a clrculq; open1ng in the
e '1nner shell of the prosthesws BocK part numbers 13E76 and
‘13E77 prov1de the fronts and backs of these electrodes, and
L are held together with screws having Bock part number 501
| S57=M7X8. Mr. William Sauter frequently Chooses stainless h
. steel electrodes 1n conJunctdon wlth the multistate
controllers used at hls lnstltution and reports good | i /'
results. The part1cular materials of . wh1ch the‘electrodes ‘
‘are made are not. critical to the operation of the TRf/3 .
. multistate controller 50 long as patlent comfort 1£ |
.'*. Provided f' ‘“'.Qt = ~fy - : \'” “’ﬁlh
A Standard Otto.Bock empty electrode shells: may be
: adapted for convenient use with TRI 3 by. soldering on a
standard 13E46 300 electrode ‘cablé ﬁTthdthe.}hree l1near,

inl1ne pin connector at the end of: the _able<that plugs into

the TRI 3 module (Addltional details are’: jvallable 1n the
LT -;.-* S | e

Sy
[

J
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Sensitivity

A Even though the patient may have appreciable.scat . -

<

tissue and'moderate to severe muscle damage, sufficienr’“"' g

.signal'iS'usually present”to‘activateAthe TRI-3 unit. Early

_wversions of the TRI-3 module had sensitivity down to the

L.

‘and sometimes Caused proil

“the correct settings on th

microvolt range. but it was discoveréd from field ¥
application that this hig“ X! sensit ty was_ rarely needed

Yk s t dﬁ,@ulty in obtaining o
';&sitiv1ty -and . balance con;r%fs‘

Tt

- of the deVice The control ranges have been expanded to more

useful angles of rotation in subsequent 1mproved versions of

1
the deVice Nevertheless, the development of sens1tivity ‘
beyond that which was prev1ously ‘available has permitted thel S

“.

fitting of the module in cases wheréﬁ?ven¢s¢hglerstate Otto

Bock electrodes would not. be considered to give adequate 1”\“*,

U

'3‘control function gs Judged by readings obtainedsbn the chk T

E.M.G. meter S L S K

 The- signals ﬁptained from the patient s skin-are passed g
through a special proprietary filtering c1rcu1t which s 'fu:iJV

_ exceptionally effective in. the elimination of 60Hz and 120 G

"Hz hum components while sfﬁll retaining a high amount of

'electromyographic information Additional filtering rejectsi.»nd

R. F., V. H F QMJ, T V ;,5Dd microwave signals 1ncluding S
those generated by citizens band radio and other S

N -‘U~ . N . . Y . N " ) : )

ine
.
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reqhired for correct operation ‘of. both 6 :,:

" the full battery. voltagé’is available from;_f/l
: outpul termed output " (B)" above S SR
‘ This'ﬁiltered. smoothed D. C signal is proportionallto"7

g out’put reaches the thresholi:i of the Bock hand

lfhand function to continue operating until the voltage drops

A | ﬂ :“ o C174

~

transmitters, and another filtering circuit eliminates the

effects of movement artifact and skin to- electrode ‘noise -

Qfluctuations The 51gnal is then passed through a

sensitivity control\and amplified before being rectified

with a controlled amount of deadband to provide additional s

rejection of artifacts The output signal obtained from the
first level output is leveﬂ shifted to” ccomodate the«range
12 volt Otto

Bock hands as well as the range reqUireU? 2
proportional control "and, future pulse- w@ﬂ&&ﬁfroportional o
control applicatfons A sggﬁal range ﬁr4 w * D

g

the effort exerted in the voluntary muscle‘con . tion a
may be set’ to cover any portion of the mdicle@contraction\t
range with the sensit&yity and balance controls. The 3
presenge of the controlled deadband Eéqapn ensures that ﬁj
batteny current will not be wasted by minor involuntary

1S le contractiohs or incidentac noise of a non voluntary !
nature When the signal from this ftrst Lgvel output is. fed
to an Btto Pook hand whioh 1s normally controlled by an f_
all-or none signal the hand is triggered into the closing

mode the first time the D. F sdgnal level from the Tow level

- e
"&re.' "' ‘

. T

L ._.‘ ~.,” R T o

present analog o

‘ ‘A -
'A'Oz

‘;j;fThe hysteresis normally present 1n the hand causes this ;2

" X -

l
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tme wh1le Mtom bui 1t c1rcu1try is designed
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belo\v the hand hysteresis threshold 'or until it 1s shut-off
by the mternal logic of the TRI -3, { whichever happens
flrst) | ; S ' o
Once a 31gnal has been applied to one input of a Bock N :
hand. 1t must be removed before the other signal can taKe o

effect. Thus a s1gnal which directs the Bock hand to close i

| will cause contlnumg closing so ldhg as it is present even
though a simultaneous sxgnal may be telling tl@ hand to open
at the other hand input. Only. when thgfp‘rior swnal is" 1
mterrupted can the second one take ggfect and the/n 1t w;ll
: remam,'m effect until it is in” tukn 1nterruﬁted These

actions are an 1ntrmsic feature of the. logd*c insvde the
Otto BocK hand, and the output levels and timing f'f
considerahons of the TRI- 3 mpdule are conpatible with them
The w1de range of output. levels *and sgnsit'lvity ; _j...; '
adjustments afforded by the TRI- 3 module permits it to be | /
apphed 1n many other s1(tuat1ons than just the Qperation_ f;rr. ,*";
the BocK hand. It may be fed to circmtry acceptlng T
proportiooal mput such as the PCL 1 for opératlon of

7 ‘ .
‘wrist rotators or elbow - motors huneral rotators “or. robbtic.’l'j‘.

manil?*ulator motors wheelcl‘i\‘an drwes etc This genqral 1
g S
- apphcabz lity means that the*umt may be*“s”tocked in reserve SR

for general purposes rather than tymg Hp valuable hospttal

Threshold d1scr1minatlon mprovement
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function is m the area of speed Some patients tau:lain o
“that it is “toor slow However. when it is speeded up, '

%2 propor'tioh&l\ control will become essential, because finer

| control over agmpping speod and force will be noodod |

" 1f the module were 'de sensmve only to auplitude

- changes.w.the patient would expericncp difficul-ty in e

“ “?aaequately judging the E. we. lg\kls to be raached A centre

j%madbmd between levetg "R ang O 18"provided by other :_‘_;j.;,___

L3 workers to atiminate this potontial problua ‘Mvdr. this |

‘ wastes some of thg valuatﬂe E.lr G prbportion&l range ‘hich | -

j _' incrqaﬂnqu iuportant for futer hmdl md Q‘lbou

| ' 1ves Thecefore to mintuin ocup.tfbﬂity uith

_: “  ' future de”lopmnts. a dﬂ‘&rent mtr’ of assisting tﬂe
anputoe to- delineata Uvii clesirod voluntary mvmts whs

| developed. This mtbod debends upon ad differentiation of the

' E l G 'control siqnal envolope and c(ioes not wast/e a. part of

the E h Gr control nnqe available R .

w,ﬁ_a An .nputee has control :r the rate of oni

:. \

e,

e signaTs as wen as partial

guduany, or 1t may alsa/be mude in t

{

discringinations in nﬁclq contracti

\,_._M, .

controned_by at least som ﬂsubjacts thad' ”he'absoluta ﬂue
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control functions which depend for their discrimination

exclusively on multiple level amplitude judgements at high
levels of muscle tension. The rate of muscle tightening,
hoWever, is a néturaL and easily-learned task. Patients are .
asked to gradu;lly increase muscle tension until the hand
begins to close. ‘

Next, they are asked to suddenly tighten up the same
muscle and observe the hand open. The sudden tightening |
creates a faster increagéﬁin E.M.G. amplitude, and the
amplitude reached is invariably higher than that reached
with the gradual signal. The TRI-3 module has been provided
with circuitry capable of reacting to the changes in E.M.G.
envelope@rate, and the higher level output is able to easily
latch into an “ON" state when a signal having these
subjective qualities is present; This task appears easier
for many subjects to learn than to ask them to identify
multiple amplitude bands of device operation, and it
presqrveé the full range of available E.M.G. control

-éignals.' | _ _ ‘

Once the higher’level output has been energized, a
hysteresis feature within the module_latches‘it into the
output .state "C" wh{ch‘suppresses any output at level “"B”
and eliminates the possfblity*df faulty motor operation. The
hysteresis simply means that thé E.M.G. signal must fall )
below a predeterm}ned threshold both in amplitude‘and 1n,:he
. time domain before either the "OFF" state or the "LOW

LEVEL/PROPORTIONAL' state are permitted to take effect. The

N
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presence of this hysteresis also fendsgto help smooth out
variability in the muscle tension in the high level state
and compensate to‘some extent for the effects of muscle
’fatigue. |

~ The time cons}ants are chosen in sucﬁua way that it is
possible for the amputee to go directly to the higher level
without generating an effective output on the lower level. A
casual inspection of the system would make it appear that it
is. necessary to go through the lower level when entering or
leaving the higher level. In fact, this is not the case, and
the patient can easily enter the high level state or leave

it without activating the movement associated with the lower

level output.

4

When the lowest level state "A" or "OFF" is reeched,
the various capacifors responsible for the time constants
involved are discharged 1mmediately so that the'patient can
"instantly initiate a new cycle without having the resfduei

effects of the previous actione influence the operation.
Cross-connection operation of two TRI-3 modules.

The TRI-3 multiple state controller was originelly
developed with the concept of increasing the umber of
degrees of freedom by free1ng up additional muscle contro]
sites from their previous ass1gnment of individual *
open-close functions. The original application used one of

the two available muscles for hand opening and closing, and
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the other one to control the wrist rotation in both
directions. This connectjon, while easy to describe and
simple to connect, is not a natural control mode so far as
the patient is concerned. It is instead desirable to arrange

the control cdnnections so that a more natura and

easily-learned situation prevails. .
. Fortunately, the compatible wiring arrangement permits
.simple.re-connectioh‘of the modules, and a connection such
as that shown in Figure 29 solves the problem of natural
control of more than-one degree of freedom. | v

. .

Low level gradual-onset contractions ofbthe wrist
sAtensor and supinator muscﬁes cause wrist supination.vLow'
level contractions of the wrisf flexor and prqhator muscles
cause wrist pronation.’

High level rapid-onset contractions of the same muscles:
cause hand opening and closing, and unwantsd movement of the
wrist rotator is prevented by the logic and hysteresis
features in the TRI-3 module. This configuration was first
applied by Dr. R.B. Stein, and it has proven to be of great
value in fitting patients who had previously been fitted
with a myoelectric prosthesis and who wished to add the
advantages of a wrist rotator at a Jater date. The upgrading
of the original powered prosthesis £ould therefore be
accompl1shed with minimai re- training.

The subjective effect of the cross-connection
configursiiqh;is pleasipg to thelamputee because the ‘hand

: ST :
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E.M.G. site E—— TRI-3.

Skin electrodes

output driver

| PCL-1

\\\\
E.M.G. site |—2— S| TRI-3  Hi out
¥ 2 2 Lo out_____t__a//,
Skin electrodes Signal processing Prosthetic
-modules devices

B

(A1l connections shown are made without soldq’lng using standard

Otto Bock plug-in prosthetic iInterconnection cables. Directions
and assignments of function may be made in the field at will,)

\

Fig. 29

Cross-connection operation of two TRI-3 modules.

180

Low levels of

E.M.G. from different muscle sites rotate wrist in either direction.

High levels of E.M.G. from those sites open and close the hand.
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functions remain substantially as they Wwere before. Ihg-
patient reports that the degree of control remains much as

it was with the previous single-state electrodes, but that a

new funi&ion has been added to the lower E.M.G ranges.

-The new connection appears to %ncrease the overatl
responsiveness and function of the prosthesis, because now
moderate. gentle contractions of the wrist pronators or
supinators accodeYQh the sa urpose for which they were
originally biologically inte:z;;. The psychological |
advantages of thé‘effect of natural body image extension
into th.e. powered ‘linb are quite noticeable in most patients.
They 1onrporate these advantages into their prosthetic
managemen t w{th a minimum disruptioh of their normal |
activitigs hecause very little additional training is .
required. ' 2_

Example of a successful high-level fitting.

Mr. M.C., a 34 year old farm operator, suffered a
partial fd?equarter amputation on the léft.sidq with
retention of most of the scapula but with larde arehs of
skin grafting. and a r1ght above- elbow amputation as the :
result of a farm accident involv1ng a hay baler in September
1976. Originally fitted with a cable-controlled mechanical
elbow and hook on the right side, he was not fitted on the
left side by conventional means bechuse the high level and
bilateral nature of the amputation would not have provided

useful - function. A surface E.M.G. examination was unable ‘to

-

Can
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disciose.any useful sigha]s from bicep# on the right side,

but did show suitable signals from tr{ceps and from:a smal;wih
remaining portion of coraco-brachialis: To £it his right.
srde myoelectr1cally, 1t 'was determined that three jo1nts
representing elbow wrist and hand would have to be N
.controlled from only two muscle sites.

Dr. H. Schmidl<of Vigorso di Budrio,‘ltaly made-the
suggestion that a cable-operated elbew_be reteined. A Hosmer
outside locking elbow, (well-known Within the prosthetic’
industry,) was used with a mechanical excursion multiplier
td reduce the range of,shoplder movement needed for a full
.range of elbow angle. Dr. Schmidl also was Kkind enough to
.provide evaluation samples of a mltiple-s‘tate‘E.M.G.
control circuit in which a smalI-ahptitude E.M.G. signal
controls one prostheticlmovement‘and 4 larger E.M.G: signal
energizesla relay to provide centrol of. a(different
movement . Circuits which use ohe'muscle to control two
movements have also been developed independently bj Scott
(1977) and others.

The pati®&nt was trained'tojuse‘cdraco-brachialis at low
" levels of contraction to close a hand, and.higher'levels of
E.M.G. from the same muscle to open the hand. Similiarly,
low and h\gh levels of" cod?ractwon in triceps prov1ded
[pronatlon and supination-of the wrist rotator. The amputee
kuses h1s myoelectr1c prosthesis for many da11y act1v1ties
and has worked as a supervisor on a road asphalt crew. He

has driven e tractor successfully with his myoelectric

r“



prosthesis end hes\done various tasks of different Kinds \
daily in connection with the farming Community. He is
presently employed by the Alberta Department of Agriculture

as a lecturer on farm safety o

His left s1de was, initially fitted with a

. mon-functional prosthes1s for cosmetic purposes and for

balancing the weight'on the two'sides of the body. The’
provision of Balance, even by a passive prosthesis is a
recommended procedure because.it gelbs prevent curvature of ©
the spine.

In November of 1978 the patient returned to the
University of Alberta to be fitted*with an electric elbow,
electric wrisf rotator and an electric hand which were to be .

control]ed by a combination of myocelectric tristate devices

“and skin-contact touch control gevicés. By that time, the

new TRI-3-E.M.G. modules were available, which were
incorporated into the design of his new prosthesis. The

medial portion of the deltoid muscle is used to provide

signals to TRI-3 to open and close the myoelectric hand. The.

right side, which had been fitted with the tri-state ' =
components cbtained. from Dr. Schmidl in Italy, performed |

satisfactorily and the patient reported that he was pleased .
with the prosthesis in general terms, but that he was able |
to discern ‘a difference in operation between the two sides

when he was in the presence: of sfrong interfering electr1cai |

fields. The side fitted wit@ the myoelectric coritrals ¥rom

Italy was susceptible/fg’ﬁgg)interference. whereas the‘s#deﬁl
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fitted with the more recently developed TRI-3 modules was ;
r not affected by inter ference. Dr. Schmidl recommends the Qse
of metal scqeening or conductive graphite betwéen the -
taminations éf the prosthesis to guard against such
interference, and that shielding had not been brovided in
' ‘the ;;nstruction of the prosthesis, because of the cost and
incohvenience associated with the additional time and effort
involved. Thus, even though the lower E.M.G. signals on:the
left\side necessitated much higher gain sensitivity settings
than the Schmidl-equipped side,‘the interference rejection
capab11ities of the newer modules were Héticeably superior.
After the patientlhad been fitted for several months, some
problems‘developed with the relays, which are frequently a
source of problems in other electronic circuits. The patient
freqqgntly attended-~ghurch services, where the quiet
© ’ env??onment rendered the c1icking of the relays
objéctionable, and he appreciated the quieter operation of

¥ ~
.~ the side which had been fitted with totally solid state

. )
devices.

This patient offeréd an_exbellent oppor tunity for us to
test the hypothesis that touch control andvE.M.G. control
could be used together in the same prosthesis without
interference. It had been suggested that the minute skin
currents\which flow when skin-contact touch control is used
might be bicked up aslundesirable tfansients by the
sensitive preamplifierélin the TRI-3 E.M.G. control unit. In

fact, no such interference effects were observed, even under
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worst-case conditions. The tqych control devices and the
TR1-3 devices operate completely independently of each other
at.all times. . '

One problem which did develop as a resuilt of the cold:
Canadian winters has not been fully resolved to date.
Certain considerations of comfort and clothing convenience
caused the amputee‘to leave the touch contact area of his
prosthesis access to the outside air. Moiéture condensed on
the metal contacts, and the skin froze to them when the |

~ patient touched the céntacts to control the prosthesis. The
skin areas involved had been grafted, and were fragile as
well as being insensitive to feeling, so the amputee was
unaware that he was hurting himself while trying to operate
the prosthesis. The delicate skin grafts took a long time to
heal, and the‘FpOSthesis was not used in that partfcular
mode for several months.

The fact that fhi; patient has been fitted successfully
for over two years'ks of Ndvember 1980 indicates that sévere

P

bilateral high leve putees can be fitted with success,

[}

even though factors ¢ tivation and fitting
appropriateness play a QAESFéiole in the'eveﬁtual'outcome of
the‘prdcedure. Statistically, comp[ex hiqh level aﬁputée
fittings have at present a low rate of aécéptance, and the
reasons for this trend will be discussed later. The presence
of at least one functioning successful patient however,
indicates that the procedure is not without merit. Thq

patient comes in t6 our prosthetic centre.at intervals for

L2



minor repairs and adjustments, and the condition of the
prostheses when inspected at these times'indicates that he
is obtaining practiéal use from'it, -and that'iflis not in
sfqrage . The fact that the hands and wrist rotatbrswhaveﬂrﬁlw
wheat chaff ana farm dust in them, and that the elbow was
worn out from extended use, indicates strongly that his
prosthesis is a valuable, functioning part of his daily |
life, and that he is experiencing continuing.long-term
benefits from it that an ordinary noﬁ-poweﬁéd unit could nbt
give. His dependency on other people to do Uaily living
tasks has been considerably reduced from his former -

totally dependent state, and he frequently relates anecdotes
r;mich illustrate ﬁow completely the prosthesis is

incorporated into his perception of self and daily routine.,

o
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Example of an unsucces§4ul high- )evel fittiﬁy» \

tﬁgsuited‘from T

D

farm accident with a hay baler Bungs:were Kfﬁb incurred, *

causing scar tissue with poor ccnductivity The amputee
required skin grafts, which interfered severely with the
range of motion available from his remaining exf?bmity. An
earlier ccnventional nechanical prosthesis which had been
fitted previously required operation by movemert of his
sound side, due to the limited range of motion available on
the amputated side. The interaction between the two sides
created an undesirable limitation on usefulness of the |
prosthesis and hindered the range of movement of his good
side. | | ' |
| In October 1978 he was referred to us for evaluation of
a posskﬂe powered prosthetic fitting. This evaluation
disclOsedfthe presence of large areas of skin graft, high
} electrical resistance of the grafted skin, and serious
ttenuation of the myoelectric signals in the skin grafted
areas. It was noted that the skin grafted areas were not
strong enoUgh.to withstand the repeated abrasion that would
be required for operation of conventional mechanical |
pressure switches, and it was decided to try skin contact
touch control to obtain the necessary control signals.

} Skin contact points were installed within the shell of
the shoulder. portion of the prosthesis. which function as

P
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follows: RN s

A central circular contact, (see Figure 30 ) is >

2

_provided with an insulated support so that it protrudes
slightly above the average, level of the inside surfece of
the prosthetic shell. This contact is made of conductive
metal and is the first contact made by the skin of the
shoulder when the humerus is moved towards it. The contact
{s wired through one side of the TC-2 touch control module
which is connected so that the hand will open.

A further movement of the “shoulder towards this
electrode assembly causes the skin to indent slightly and
permits the surrounding skin to’'make additiona* contact with
a circular metal ring which is set slightly further back
from the'primary'central electrode and insulated from it;
When this second contact is made, the Secondtinputjof‘TG;Q
is activated and a new signal is sent to the hand causing it
to open. It does not matter that the skin is continuing to
touch the firstncontact. because an auxijliary togic\circuit
inserted between the hand and the TC-2 outputs dire%ts the
appropriate signals to the cdrrect inputslot the hand and
overcomes the effects df.the hand’'s built-in prior?ty '
circuits. When the TC-2 is used in conjunction w1th any of
the other functions, such as the wrist rotator or the elbow )
motor, this logic function is provided autometically by the
priority circuit in the PCL-1 Power Control and Logic‘.
module. o ’ - . \ f, A

In patient M.0.C., three basic degrees of Freedom were
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Fig. 3.

Schematic diagram of components une&_ to,ob’tain_ three degrees of
freedom with-high' léveijylnmputees not having gi)od E.M.G. s‘ignals'.

" A: The humerus ia moved forvnrd cnun:lng the skin to contact: the

ﬁinner electrode. Further forward movement causes the’ skin to be a
mll anonnt stretched and indented, touch:l.ng the. outer concentric
electrode as well, ‘ﬁnis second contact is connected so as to cancel

' ‘the effect of the first one via a priority/logic circuit. If non-
-priority is connected to the "close" function of the hand, "a-slow nkin '
withdrnval will not cause the hand to drop an acquired object. . s

L The. humerus is nbdncted (nvny from the body.) The skin confacta

.nuhber 2 (non-priot:l.ty) first, tp pronate the wrist and vith further
aotion contacts nh-bcr 1 (priority) to ‘supinate the wrist. / ’

' Ea ' ¢
C: The humerus ny “be retrncted (backward novaent) to opernte the
electricnuy ’overed elbow ‘The skin contacts nunber 2 (non-priority)«

firnt to flu thn elbow nnd with further notion, number 1 to extend it
. . ) h T
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!~3needeé. These included opening and c‘psing the hand,
pronating and sup1nat1ng the wrist, and flexing and |
extend1ng the elbow. When. the "OFF" gtate is included as a
-valid cond1t1on for each of these three degrees of freedom,

\flt can be seen that a total of nine possibie c1rcu1t states -

;')'are needed. Applying these requirements to the available

,range of motjohqof the remaining portion of the empytee's'

extremity reveets the need to use this range of motion very'

efficient]y“ Ah;examination of the range of motion aveilable

:showed that sma]l degrees of protract1on, ret;act1on and

“abduction of the humerus were available at the

EE t*iscapulo humehal joint. These three movements must be

v asswgned»to a to?al of nine possible circuit states af

_vdescr1bed above Therefore, the two- level concentric skin

vcontact elecﬁ?ode was chosen for gach of the sites, and-

- ythese three electrode assemblies were positioned as
carefully as the mechan1cal constr%ct1on of the prosthesis
? would altow. to permit the patient ?elatrvely easy control

ggoveh@the arm and hand movements.

Amputee M 0. C ‘Underwent a surg1ca} release procedure
to 1mpreve his ab111t¥ to control the prosthes1s by
1ncreas1ng h1s range\of humera 1 mot1on It was noted that he
‘touched the oDntact points inadvertently, and that his
postureéehd“body position interacted with his control
functions.nSometimes merely sitting down would cause

\ suffiéqent shiftfng of the prosthesis en his body that false

S triggering wou 1d occur, due to unintentional contact with

L

‘-\:} w‘;i‘ . ¢ ’ >
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the control sites. The contact sites were moved during
several re-evaluation sessions, but it became apparent that
this patient did not obtain much’ benefit from his
prosthesis. In a c]iwical setting, he sometimes stated that
he used it often, but the wear and tear on the prosthesis.

was\minimal, and carefg] interviews revealed that he was not

using it as often as he said.
Factors influencing successful / unsuccessful outcome.

~ There are many factors that caqyjnfluence the outcome of a
prosthetic fitting, and these factors are only partially
unders tood at present. Techn1callcons1derat1ons play an
important role, but so do many other.féqtors which are not
of a technical nature. Somet imes the prosthesis: functions
mechanically and electrically perfectly, and yet is not

really suitable for th: patient. !

Some of the factors influencing the outcome jinglude:

1. Limitations of powered brosthetic appliances
available. | o

2. Suitabildty 6f patient to the tecﬁniques presently
possible. '

3. Bilateral or unilateral amputee?

4. The motivation of the patient.

(8,

The employment of the patient.
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6. The patient’'s lifestyle: Active, sedentary.
7. The level of the amputation.
8. Th§ patient’s expectations and "set" prior to

assesment . i .

8. History of previous fittings: Discarded unpowered

T~

10. Presence of complicating factors: Neurological, Séar

prosthesis?

tissue, metastases, health problems, distance from

treatment centre, etc.

&

HLman aspects are frequently underrated in clinical
evaluations, and attention is too often directed solely to
fhe technical aspects of the prosthesis; Nevertheless,
several factors stand out regarding the shortcomings of the
hands ‘and elbows available. Powered bréstheses are still
bulky and inconvenient to use. They require too mﬁch effort

://\\\ =

and motivation to even put them on, and continuing v
\\ J/

concentration to operate them, particularly while the
patient is learning to operate them. The amount ‘of benefit
.an amputee actually obtains is in no small part a function
of his level of motivation. He can learn to use the
prosthesis in many lifé situations onlyvif he tries it out
in these real situations. He may have to use imagimation and
accept outside help to train him to see new ways of

manipulating objects and making use of accessory tools to

interact with his environment. Unilateral amputees often
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would just rather not be botkered. They will use the real
hand with tactile sensation to hold and manipulate objects
whenever possible, and tend to relegate the prosthetic hand
. to the role of a positionable vise or clamp, of even a
merely.cosmetic aiq and psychological boost .

The powered hand is often capable of more use, but the
patient never tries that capability because habit patterns
have already displaced theAmotivation tg'try. Acceptance of
a powered prosthesis is a complex situation, involving
tradeoffs in areas of cosmetic value, positioning and
grasping speed,.strength, and limitatidﬁé'implicit in the-
grip of the hand and glove. More than- anything else, the
outcome is often decided by the patient’s true (and
sometimes hidden) value judge&ents and opinions towards the
device. The prosthesis may have a reasonable range of
movements, and an accebtable -(if weak),\range of power, and
be within the patient’s ability to contrql it, and yet still
be rejected. -

Factors of appearance may play a more important role
than was previously assumed. A surprisihg numbeh of .
patients, (-in fact, almost all of them), are genuinely
concerned about the appearance of their cosmetic gler.
Orig}nally considered a minor point, of much less concern
than funct<on or fit, interviews that have been done with
the patients by the occupational therapist and -during |

follow-up assessments have revealed that the shortcomings of

the cosmetic glove are in fact real, and of sufficient
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importance to many patients that the dirty glove is by
itselﬁsgrounds for rejection of the prosthesis. This fact :
) alone should indicate the 1mportance of the appearance of
 the prosthesis to the amputee population that for one reason
or another.heventually use myoelectric prostheses. ‘ \
A'fully-functionaf prosthesis which causes an unsightly

bump on the shoulder or back.(because space has been left

inside it so that shoulder movement can operate touch

control points), is often rejected solely because of 1ts'
unsightliness. The patient may not actually say that he or

she is not using'thé prosthégis because it "Makes me look

like a hunchback," but in reality, that is the opinion held.
' Training -and occupational therapy session may help the-

patient to get somewhat more value out of a prosthesis than

he did when it was first f1tted but a really effect1ve

_approach to the problem of : post prosthetic care would

require an intensive 1nterd1sc1p]inary team communicat16n |

and intensive interaction which is impractical in an //é
‘essentially research-oriented situatiop. A'rigorous protocol

of powered prosthetic ,training would ﬁdeally be augmented by
feedback of technical details to the design teamvso that

changes in the prosthesis could be implemented before the
Patient had been discouraged by negative eXperiences?

Some negative eiperience is }mplicit in any prosthetic

prdgrgm howeveq: no m;?terlhow weil structured it may be,

and special pre-fitting instruction given to patients to

-.avoid excessive expectation levels and motivate them
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have some value in 1nd1cat1ng important areas
additional research and development Cfiifff
s t
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realistically may result in a higher rate of acceptance.

Many phocomelics may never accept a prosthesis at alt.
no matter how well it works, because they have already
learned highly-effective technlques of manipulatinghthe1r
environment since birth. Some use their feet others grasp
objects - closer to the body than non- phocomellcs do, while
others have deve loped compensatory techniques of
manipulating their environhent by involving the heip of
other people.

Others are rightfully proud of their accompl1shments

with their present phocomelic digvts Many phocomelics

appear to be especwally discouraged by the lack of tactile
sensation in prosthetic hands, and miss the ability to feel
shape, size, texture, and temperature of objects using an
art1f1c1al limb. It acts more as a barrier between them and
their environment than as as extension of body image.

These statements should- not be taken to mean that
powered prosthetic appl1ances are of no value to any and all
phocomelics or amelia patients, or that they never will be
deve loped to that\p01nt Instead, these statements are
intended to represent initial observations, and hopefully

Theré may be still other factor Cause one high

level bilateral amputee to routinely use h1s prosthesis on a

regular day to-day basis, while yet another who may not be
as severely handicapped, rejects his completely.

TT—— L ELRARE 0 R £ 0™ gt
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* Some high-level bilateral ampuﬁees may derive enough

benefit from a carefully;designed pgwered prosthesié to
master the drawbacks, if the device &ffers sufficient
pract{cality to become a tool.wherebifhe.achieves a measure
of independence. ' \ a

The unilateral amputee can manipu?ate his environment
with his souna side. The bi]atéral mus: qepend upon his
prosfheéis orlcall for outside aid. properly-fitted,

well-motivated bilateral can achieve some measure of

. independence with a powered prosthesis. More research needs

to be done to determine why this situation applies to so few’
cases. It seems likelfthat signals obtained from nerves

will have a greater dedree of separation, discreteness of

_s{gnal content, and. freedom from crosstalk than could be

obtained by skin or subddtanequ§ E.M:G. recordings. The
number of control sites ayailable with present day E.M.G.
controlled prostheses is still limited, and these control
sites decrease in number the higher the level of the
amputation. Unfortunately, the_hiéheﬁ the level of the
,tatioh, the more acute the need for additional control
| é;'becomes, because higher level‘amputees require more

powered joint movements or degrees of.ffeedom.

The situation which existed in _the early 1870's was

-that prosthetists could not find enough control sites to

justify additional degrees of freedom in powered prostheses.
In 1980, it would appear that a lack of suitable

hardware is becoming a potential bottleneck dith respect to

A
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these new prosthetic deve lopments .

In many patients examined recently, control sites
sufficient to accomodate most of the important degrees of
freedom can be found, and the likelihood is that implants

,
Yoe

would extend this range even further. Unfortunately, the

- powered hanos. wrist rotators, elbow joints, and other

motor -driven prostheses currently available are freduently

"not strong enough and accurate enough to really give the

- patient a’ substantial enough tmprovement in his lifestyle to

justify the additional weight, d1scomfort. concentration and
effort that they require. A significant 1mprovement in
hardware design now appears appropriate ahd necessary, as we
approach a situation 1n which. the control sites are no
longer the limiting factor. '

| Only one‘company in the wor 1d presentty suppties
modular 1nterchangeable prosthetic components, and that firm
is the Otto Bock 0rthoped1c Industry of Duderstadt Germany .
The company has a relatively conservat1ve policy regardﬂng
development and implementation of powered prosthetic
components, partty}because these componentgﬁrepre;ent only ‘a
small portion of th wide range of lower 1imb and other
prosthetic appliances ¢ manufactUres,.and‘partly because
experience has shown tha* the field of powered‘prosthetice
best evolves by the protess of gradual'improvement and

modification to already-existing deviees~+ﬂtorder to provide

- time for adequate feedback to be obtaiped from worKers in

the field An apparent company policy also is .to 1mplement

\,
\
N
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commercial realization of prosthetic innovatigns only from
developments generated with%n its own internal organization.
It is possible, however, that a policy of lopg-term,,
'detai1ed, and reliably repeated communications with this
company might result‘in useful improvements being made on
the present modular components. Certainly it would be a
waste of money and tfme to attempt to des{gn electric hands,
elbows, and wrist rotators of greater wversatility, power,
and speed than those already on the market. Di?ficult
machining probliems, material ava{lability problems, and the
problems of component éccuracy and reproducibility over long
periods of time make this potential project much more
coﬁplex and expensive than it wopld initally appear at éiﬂ
first glancef,A much more prodﬁctive approach would be to
" work closely with&thejpresént sdppliers’of the prosthetic
| ‘equipment andAattempt to convince them that sufficient .
control site improvements have been»made‘that by the. time
they iﬁtroduce better hands on the market, the coptrol site
procedurés.woqldvbéyready for them. It is not likely that
the firm of Otto Bock,;eceives regular newslzf the depth and
importance of the'deve]opments beingldoﬁe in our.1abor;tory
or of the impiications for,future'dqyelophent at that firm.
It is instead likely, that -the news that reaches them
second-hand is neither reliable, unbiased; or'cemplete; and
that they‘are only made aware at irregular intérvals of the
S& ‘direction of oué researchk Full ihterchange and co-operation

with them may materially assist the Tong-téfm success of




| e

199

this project. if their apparent reticence and
conservativeness continues to be a major impedimeﬁt in the
development of a neura]ly-controlled prostheses, it would be
very unfortunate, becadﬁe the firm of Otto Bock has shown
what may well be the best approach to date in dealing with
the problems of interchangeability and field-repair

practicality in powered prbstheses.

Below-Elbow Amputees.

Below-elbow amputees appear t0~ha¥?_a much higher
acceptance rate for powered prbstheses. Good-cosmetic value
offsets the social stigma associated with a hook, and the
utilify of the grasp_and position functions may offset the |
discomfort asioéiated w{*h\}he weight and bulk of a ' ~\,

Qprosthesis.

Powered Prostheses and'the Prosthetist.

One frequently hears: i& good fit is essential for N °
myoelectrics,” - which may be easier said than done. The fit 3)
13 - ./
for myoelectric devices as compared to conventional -t

prostheses, is much more demanding on the prosthetist. More
patience and accuracy are required; as well as more
revisions than with standard prostheses. Wrapping the

extremity with an incorrect pressure or ‘angle while taking
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an impression is frequently a cause of poor electrode
contact at a later stage. Many aspects of myoelectric
.fitting are a true craft in themselves, not'replacing“the
need for expertise in other areas of conventional fitting,
but rather requiring from the prosthetist new attitudes and
techniques compatible with the di;ferent requirements. A
common misconception is that the prosthetist requires
complex and intensive training in electricity or
electronics. Although a rudiimentary familiarity with such
components as switches, batteries, and insulation is an
asset, It is not electronic Knowledge that the
powered-préstﬁetfc specialist requires, but rather

experience and good judgement,}and an awareness of the

limitations and appropriateness of the available c

) ' \
as well as attention to deffails of fit and comfor

that_are
central to the art of good myoelectric fittings. |
spec1alxzed train1ng offered by Otto Bock in Minneapolis,

M1nn U.S.A. , emphasizes the processing of lamination

mater1als for good fit, and the interconnection of the

modular components. The .prosthetist must balance the tight

fit needed’ for goad electrode-to-skin contact against the - ™
bequirement for patient‘comfort. The importance.of a good

fit is emphasized again and égain by -the leading myoelectric
prosthetists, including Mr. William Sauter of’the Oﬁtarfo
.Centre for Crippled Children, and Dr. H. Schmidl of Vigorso

di Budrio in Italy. Craftsmansh1p at every stage of a

fitting is a valuable goal, and the pride'of the prosthetist
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in his work can often make the difference between a

successful and an unsuccessful fitting, particularly when -
‘the motivation of the patient is marginal.

One area which is frequently overlooked in powered .
prosthetic fittings is the area of oersonality
relationships. Frequently comsidered as areas of marginal
importance in clinical situations, the fact remains that
good interpersonal relationships between the patient and the
prosthetist and othernmembers of the team can have a decided
“influence on the outcome. Factors.- which may be involved here
include the motivation of the prosthetist to do revisions
when requested by the patient, and the possibilities that a .
patient may be malingering‘and projecting frustration or
discontent on the prosthetist, or‘may never be satisfied
with any fitting.

These situations are not'easy to resolve, and may
interfere with the patient receiving proper service to his
unit. Sometimes theaonly way to resolve personality- based |
problems is simply to rearrange the assignments of patients’
and prosthetists. The acceptance or rejection of a |
prosthesis is not a hard and fast mechanical or
technological problem. Instead it involves meshing of -
personatities, motivations, and emotions. One frequently
believes that a sensitiv1ty to these factors exists when in
fact that sensitivity may stand improvement Prosthetists,
patients and other members of a team are human beings, and
sensitivity to tnoir viewpoints ‘may make a large difference

b
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in the final outcome. There are patients‘who will not be
satisfied with anything less. than a replacement of their
original bﬁqlogica} arm or hand. When differences_pf opinion
arise as to the cause for non-acCeptaHCe of a prosthesis.
objecfive measurements help to resolve the problem. r 1

One technique which helps to resolve differences of
opinion regarding fit and adequate skin-to-electrode contact
is to measure. the E.MrG. levels. To‘do this with the
prosthesis in place, which ishthe“p%ly valid measurement,
the E.M.G. meier may be used.‘wﬁen it is provided witﬁ,a”
relatively simple modification. By adding a socket to
accomodate’ the same connector that the electrodes in the
prosthesis use, the E.M.G. signal may be moqitored wrile the
prdsthesis exerts its-hprm&l weight and pressure on the
tissues within fhe_extremity. The patient may be asked to.
move the eXtremifyrto different positions, such as; behind
his baek over his head, etc. The signals obtained from the
E.M.G. meter may be compared with the visual examination of
the sk1n 1ndent marK and any apparent looseness or play in
the socket, and the patient may be asked specific questionsv
‘regarding any pressure points or irritation. This procedure
is of great value in resoiving prdblems of fit.

‘Tests for comfort of fit are more subjective than the
sk1n E M.G. measurement techn1que Transparent -materials may
be tr1ed, but a final prosthesis wpuld not‘use them because
they are not cdsmetically acceptadie to many patients. Holes

can be drilled in the prosthesis to see how clos® the skin

/
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is to touch points or E.M.G. electrodes, or the arm may be
removed from the prosthesis after an extended time has '
passed and the skin-examined for'the(depth and color of them.
characteristic mark left behind by\the Ctto Bock electrode
‘assembly. After some experience, it is possible to Judge

skin electrode presgure with fair accuracy from these
markings. Red marks, irritation. rashes or swelling of the
skKin can indicate other problems and these can include
allergy to the material used as well as excessive pressure .
or rubbing Caused by a poor fit. Patients have an extremely
wide ranges of shapes and sizes of extremity, and some are
very much more difficult to fit than others The problems
.encountered in obtaining a 'good myoelectric fit are not
insurmountable in most cases however, and should not be’
cited as excuses for not doing myoelectric fittings by those\
who are opposed to myqpl@ctric control programs. The
residual muscle groups in the presently existing amputee
pophlation represent a valuable source of control 51tes
which should not be wasted Amputations done in a hospital
- setting in future may include a protocol designed to

.minimiZe muscle trauma. Neuromuscular connections should be
retained ‘and as many independent muscle groups as possible
should be retained functioning in the extremity The value
of these muscle groups for control functions may only be

discovered several years after the amputation.
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TABLE 3: TABLE OF PROSTHETIC OPTIONS.
a, ' IS

Y
o

In general the foilowing protocol has been a useful
éaide to choose component combinations that offer value to
the amputee. Rather than a rigid unalteraSle.scheme, it is
offefed‘as an intérjm guiae to potential powered prosthetic

fittings while the research progresses.’

1. SHORT BELOW-ELBOW

a. Myoelectric hand alone: Two Bock electrodes on
Forearh.

b. Myoelectric hand and)wrist rotator:
Tristate control if space available permits.
One tristate electrode on wrist flexors and one’ on

extensors.

2. MID-FOREARM BELOW ELBOW

" a. Hand and Wrist with Tristate control |

b.§ Wr1st controlied by Bock rotary switch, Two-site
Bock‘electrodes for cohtrol of hand open / close.
Choice of.(a) or (b) influenced by amount of space
available and by the amount of residual pronation /

supination.
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3. LONG BELOW ELBOW WRIST DISARTICULATION.

a. Bock Myoelectric control hand fitted with
split-socket control of rotation using the 1imited
range of pronation / supination remaining‘\

b. Dorrance powered hook, (Not testéd;) . Use depends
on patient’s requirements for natural appearance,
occupational requirements for ruggedness or
simplicity, etc. 7

c. Future powered hook. Not yet commercially released
by Otto Bock.

Presently-available powered hooks are slow and.bf

limited use.

-~

4. LONG TO MEDIUM ABOVE-ELBOW

~a.v Cable-controlled conventiopal eibow.plus Tristate .
control of both hand and wrist. Uses
"gross-connection" mode of TRI-3 interconnect
providing 1ow.]eveI’E.M.G. signals to control wrist
ﬁovements, high level E.M.G. signals control hand

opening;plosing function.

b. Cable-controlled conQentional e]bow plus two-site
two-state Bock control of hand opening and closing.
- ¢. Cable-controlled convgntional’elbpw pluss}gg]e
tristate control of hand opening and closing when
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muscle sites cannot be easily differentiated.
d. Toqu-control.or switch control of hand alone when

signal levels are low.

5. SHORT ABOVE-ELBOW OR NEAR-FOREQUARTER AMPUTATION.

~

L4

a. Depends upon the control available. Scar tissue may
o prohibit use of myoelectric control if muscles have
been almost completely removed. Deltoid or pectoral
musc les méy still be used in some cases even for
TRI-3 control.'Othér muscles have not ygt been
explored thoroughly by this team yet. Schmidl
believes there are many unused muscies to tap.

b. Touch control: Depends onkthe range of motion
remaining at the humerus. Depends-on the ability of
the prosthetist to construct-an
aesthetica]l&-aéceptable housing which stijl permfts
accurate touch cont-ol. Shoulder hump must'be as
Emall and unobtrusive as-possib]é. especially wit~
female patients or patients who are

appearance-conscious.

Neural Implants: Wider Implications.

Even when the usefulness of these new dévelopments for the

handicapped has been described, there are still those who do
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not compreRend the full scope of these developments and what
they~imp1y. The recording and stimulation of entire
behavioural pattqrns from the peripheral nervous system may
develop eventually into an entirely new image by man of
himself and his relationship to society. Neural signals are
the stuff that dreams are made of. The fabric woven on
Sherrington’s magic loom is made of the. threads of millions
upon millions of tiny neural impulses. Movement, posture,
locomotion, speech, sight, hearing, and thought itself are
all mediated through neural impulses.

Adequate safeguards égainst tﬁe abuée of devices
arising out of tﬁese developments will only come about
through commuhication, education, and informed discussion.
Few investigators are aware or admit thét an area‘of
important potential abuse may eventually develop, and the
author is unaware of any conference dealing specifically
with these concerns. Many individuals believe that
scientific publications are an improper forum 'in which to -
discuss the mor?ﬁ and ethical respohsibilities of those who
develop innovatiqns'fhat may one day have far-reaching
social consequences. Yet the specific publications which
déal with these matters do not have és'wide a readership as
technical journals do, and it is not customary to include
these issues in most publicatfons or seminars. In a world
which suffers from many problems includfng growing
population, shrinkfhg food and natural resources,

artificially inflated economic values and precarious
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individual civil libertiés, it is of utmost }mportance that
direct neural connections shall nevetr be used for situations
in.which the dignity, privécy, freedom or individuality of

the subject is abused. The author.joined with Dr. R.B. Stein .
as co -inventor of the first implantable multi-channel

neural device to publiSh a statement setting a precedent for

responsible use of these devices.
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POSTSCRIPT

"'Many human bei ngs throughout the world are
" finding relief from pain through_electrical |
stimulat ion; th'ein'hear'ts are , they are able
to walk more freely without crutches or canes, they
are receiving respiratory support, they are ahle to
conthol the el iminat ionYof wastes, they achieve |
fmpnoved upper extremity function, their muscles are
strengthened and Vkept in a healthy state,
contractures are relleved, thelr blood pressure Is
kept under control, :they, are anaesthetized, and
-what is somewhat frightening to oPntemplate;- in -
some cases their behaviour and personalitles are
altered. f_ _
~ The future holds no limits. The blind will see,
_the deaf will hear, the paralyzed will walk and use
their arms. Cer-tain lvy, impalired sensory and motor-
systems in manvwfll be aided by a wide variety of
electnical stimulat ion systems To what degnee the
pleasune centers, and the centers of wl ll r-eachl ng
into the very substance of personal Ity and -
behav iour, will be manipulated by means of
electnical stlmulation and for. what pur'poses raises
’issues which will challenge the monal fiber of
mankind In a way that even the atomic bomb has not

appr-oached
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-JAMES B.RESWICK, SC.D.

Professor‘of Bimedical Engineering and community'medicineu
University of SoutherA.California. Director, Rehabjlitation
Engineering Center, Rancho Los Amigos, California.

| {Quoted verbatim from NEURAL ORGANIZATION AND ITS RELEV?&CE
TO PROSTHETICS. ) Sympos1a spec1al1sts, 1973. Ed1ted by

William S. Fields, M.D.,
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