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FOREWORD

This proceedings of scientific papers relates to the scientific sessions which constitute a vital
programmatic component of the International Conference on Rehabilitation Engineering. ICRE-80 also
embraces workshops on issues of current concern, and instructional courses relevant to the provision of
fundamental knowledge in a variety of important sectors of rehabilitation endeavour. The Conference
includes an exhibition of both scientific and commercial efforts relating to the field, and as well, student
design and paper competitions.

The organizers of each of the programmatic components are to be lauded for their outstanding efforts in
reaching for and attaining the levels of excellence that have resulted from their energies. A perusal of this
proceedings will readily reflect the superb efforts of Dudley Childress and Bob Scott who have ensured the
high quality of scientific presentations through their careful and systematic organization. Each paper
submitted was reviewed by at least one of them and has been submitted for critical review to two external
reviewers in the field. A broad range of rehabilitation engineering topics has been collected together to
constitute three parallel scientific sessions at the conference. The international flavour is quite evident and
the level of maturity of rehabilitation engineering endeavour marked.

Feeling certain that this proceedings will be a valuable reference work for a number of years to come, we
wish all participants in the ICRE-80 “*Bonne conférence”.

Douglas A. Hobson Morris Milner
Program Co-Chairman Program Co-Chairman
Memphis, Tenn. USA Toronte, Ont. Canada
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EDITORS’ NOTE

The Proceedings of the International Conference on Rehabilitation Engineering 1980 are a
continuation of publications started by the Conference on Systems and Devices for the Disabled. Those
programs, which began in Boston in 1974 as an outgrowth of the Carnahan conferences, published
proceedings that have provided a valuable stimulant for technological development in rehabilitation. We
hope these proceedings will continue that tradition.

We want the papers to foster ferment within the field and believe the Proceedings should not only be a
place where logical concepts are extended but also a place where ideas that are daring and imaginative
can be presented. Some of these ideas may not be completely worked out and others may not even be
completely correct. Nevertheless, as Edward de Bono has observed in New Think:

“The need to be right at every stage and all the time is probably the biggest bar there is to
new ideas.”’

In this sense, we hope these papers will encourage ideas and that the Conference will be an effective
forum for lateral thinking, for constructive criticism, and for learning.

We wish to thank the Canadian Medical and Biological Engineering Society for publishing these
Proceedings. This is a significant contribution toward furthering the emergence of rehabilitation
engineering. Thanks are due of course to those who contributed papers, and to those who assisted in the
review process. Finally, we wish to record particular appreciation to Bonnie Collard and Dianne Hughes,
our secretaries, for many hours of extra work associated with these Proceedings.

We hope these Proceedings and the Scientific Program will be of value to the rehabilitation
community, and most of all that they will help enable disabled people 1o further realize their human
potential.

D.S. Childress
R.N. Scott

The Conference organizers, publishers, and Scientific Papers Committee are not responsible for statements or
opinions advanced by papers in these Proceedings, or for errors therein.
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TOWARD A BRAILLE COMMUNICATION AND INFORMATION SYSTEM

Avner Ben-Dor and Christopher Berg

Telesensory Systems, Inc.
3408 Hillview Avenue
Palo Alto, CA 94304

ABSTRACT

Braille code is central to effective communication
and information handling by blind people. With the
advent of dynamic braille displays, storage of
braille on magnetic media, and portable packaging,
tasks previously known to be onerous if not im-
possible for blind individuals can be accomplished
with efficiency and speed. As significant as these
improvements are, braille remains a closed system
which requires that written communication be pro-
cessed in some fashion by a sighted person.

Technologies now exist which make a low cost
general purpose braille communication system
feasible. The recent proliferation of the micro-
processor and associated software tools along with
non-volatile mass storage media have reduced the
cost of the system components to the point where
they can be incorporated into an affordable con-
sumer product. New technologies have changed the
ways in which public information is stored,
retrieved, and handled by sighted persons. Future
braille communication systems will be able to adapt
easily to public information networks, providing
fast and convenient data processing. Although
braille will remain a system used only by the
blind, the existing communication gap between the
sighted and the blind world will be eliminated.

BRAILLE -- A COMMUNICATION SYSTEM FOR THE BLIND

Developed during the last century, braille today
remains the primary mechanism for reading and
writing for the blind. The slate and the stylus or
mechanical braille writer are, for the blind, what
pen or pencil are for the sighted. Personal notes
and day to day writing are done using braille.
Braille is used on the job by most blind employees
where writing, reading, and any information hand-
1ing is required.

Braille 1is based on a code involving a six-dot
cell arranged in a 2 x 3 matrix. Various combi-
nations of dots are used to represent different
alphanumeric characters, symbols, and punctuation
marks. In 1959, standards for English-American
braille were compiled and adopted. Foreign
countries have adopted similar standards for
braille in other languages.

English-American braille exists in three basic forms.
These forms are referred to as "grades". Grade I

braille is essentially a symbol for symbol form,
where each print letter, number, symbol, or
punctuation mark corresponds to a particular
braille cell. Grade II braille employs approxi-
mately 200 "contractions" or abbreviations for
various words and letter combinations. Grade II
braille is by far the most common form of braille.
AT1 textbooks are produced in Grade II braille.
The Library of Congress produces books and peri-
odicals in Grade II braille for a population of
over 20,000 active braille readers. Grade III
uses a larger number of contractions than Grade 11,
and is thus a more "compact" form of braille. Use
of Grade III is not widespread, however, being
popular only among a small percentage of the most
proficient braille readers.

The production of braille material is essentially
a two-step process. The first step involves
translation from print text to braille code. The
second step concerns the actual embossing process.
The production cost of braille material is very
high. The average title produced by a large
braille printing house costs $44 per copy while
the average cost of a hand copied title is $80 per
copy. Because of the great expense involved, the
limited centralized production facilities and
equipment, and the need for specialized transcriber
skills, less than 5% of ink print materials is
made available in braille.

NEW TECHNOLOGIES FOR BRAILLE

During the past decade, technologies for "dynamic"
or "volatile" braille have been developed. The
dynamic braille display consists of a number of
braille cells with movable dots driven by electro-
mechanical actuators. The individual dots can be
raised or lowered to represent different characters,
and braille information can be read from a one-
line dynamic braille display by presenting each
line of braille characters in succession. Original
work in the development of a piezoelectric braille
display was conducted in France. Work has been
carried out in Germany, England, and the United
States on solenoid driven displays. The
VersaBraille™ system developed by Telesensory
Systems, Inc., and the Digicassette produced by
Elinfa both employ a 20-character dynamic braille
display using piezoelectric actuators.

Accompanying the development of the dynamic dis-
play is the new capability of using magnetic
storage media, such as cassette tapes, to store
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braille information. Standard cassettes can now
be used to drive dynamic braille displays. This
combination of dynamic display and magnetic
storage medium has commonly been referred to as
“paperless braille".

A skift from embossed paper braille to magnetically
stored dynamic braille brings about a dramatic
decrease in the cost of reproducing braille. For
example, a press braille title which currently has
an average cost of $44 per copy can be reproduced
on cassette for less than $9 per copy. While cost
reduction is a major advantage of this new tech-
nology, it is not the only one.

Perhaps the most important contribution of dynamic
braille technology is that it increases the ease
and efficiency of handling braille information for
blind people and thereby expands the usefulness of
braille as a form of information and communication.
Braille is transformed from a static, medium
constrained, often cumbersome system to one which
is dynamic and flexible. Electronic storage,
retrieval, and editing of braille information now
becomes possible, thereby making available to blind
people the kind of facilities that computer-based
word processing brings to sighted people. For
example, TSI's VersaBraille system enables the
b1ind user to write and store up to 400 pages of
braille on a standard C-60 cassette. Specific
pages, paragraphs, and even words can be accessed
automatically in a matter of seconds. Text can be
deleted and inserted without rebrailling the entire
text, the process normally involved when working
with paper braille.

Other technologies not directly associated with
braille can be easily adapted for such purposes.
Floppy discs and disc drives are now popular and
inexpensive. With such devices the user not only
utilizes non-volatile mass storage media but also
retrieves and stores information quickly. Along
with floppy discs and low cost microprocessors, the
variety of application programs for organizing
files, word processing, language translation and
control is increasing rapidly. The semiconductor
industry emphasizes the fact that during this
decade significant improvements in CMOS technology
will be made. With CMOS components, electronic
circuits can be designed to consume significantly
less power and consequently increase the portability
of the final product.

New technologies have already reshaped the entire
industrial market. More users today rely on com-
puter technologies for communication purposes.
Publishing houses are adapting compositor tapes as
a substitute for microfilm for the generation of
magazines, books, newsletters, etc. Public
services such as news, classified advertisements,
and electronic mail are available and increasing
in popularity.

THE BRAILLE COMMUNICATION GAP

A§ important as all the developed technologies
discussed previously are, braille remains a closed
system isolated from the mainstream of written
communication. Dynamic braille and magnetic
storage media, while reducing the cost of braille
information, do not solve the problem of trans-
lation, which accounts for a significant portion of
braille production costs. However, the fact that
braille can now be directly written and read from
a magnetic medium opens the possibility for an
intermediate process to be introduced to make
translation from written English to braille (or
vice versa) an automatic process.

Some dynamic braille systems, such as the
Digicassette and the VersaBraille, have the capa-
bility of translating print to braille, symbol for
symbol. The VersaBraille system, for example, has
a built-in Grade I braille translator which is bi-
directional. As Figure 1 illustrates, print text
can be entered using a standard keyboard or other
device. The keyboard transmits the print text
using ASCII code. The ASCII code enters the
VersaBraille input-output (I/0) port and is trans-
Tated into Grade I braille code which is displayed
or stored in the VersaBraille. Likewise, Grade I
braille code can be translated by the VersaBraille
into ASCII code which can then be sent to an
external device, such as a line printer, which
will produce printed text. Here, then, for the
first time, the translating process can be handled
at the personal level, independent of a human
transcriber.

Standard | _ _ ASCII Code _1/0 Port
Keyboard Sy

(Input) (Translation)

Braille Code

VersaBraille System
Print to Grade 1 Braille Translation

Braille Code| /0 Port ) ASCII Code 3 Line Printer

(Translation) (Output)

VersaBraille System
Grade I Braille to Print Translation

Figure 1. Print to Grade I Braille Translation
As previously mentioned, however, Grade II braille
is the form most commonly used. The translation to
and from Grade II braille is not a simple
character-for-character substitution process as it
is for Grade I. Use of the various contractions
is based on a combination of grammatical and
Tinguistic rules, context, and rules that have no
grounding in linguistics but, which through use,
have become standard convention. This complex
transcription process has traditionally been
handled by trained braille transcribers.



Since there are only 64 possible dot combinations
with a 2 x 3 dot matrix, some combinations are used
to represent a number of symbols. The contraction
for the word "his" provides a good example of this
problem. This three-dot contraction, when it stands
alone, represents the word "his". When it is the

first character of a character group, it represents::

opening double quotation marks. Preceded by a
particular character, it represents an opening
single quotation mark. Finally, taken in a numeri-
cal context, it represents the number "8". Depend-
ing on position and context, then, this single
contraction has four different meanings.

A word Tike "sweetheart" provides a further example
of some of the complexities of translation. The
word contains three possible contractions. Con-
tractions exist for the letter pairs "th", "ea",
and "ar". The "th" is not used because the "t" and
"h" belong to two different syllables. The "ea"
contraction is not used because when "ea" and "ar"
are both possible, the rule is that "ar" takes
precedence. Thus, of three possible contractions,
only one, "ar", is used in the correct Grade II
translation of the word "sweetheart".

The availability of large computer memories has
enabled a number of people to apply computer
technology to the task of Grade II braille trans-
lation. The pioneering work in this area was con-
ducted at MIT with the development of the DOTSYS
program. More recent programs include that of
Duxbury Systems, a modified DOTSYS program written
in FORTRAN; ASI Teleprocessing's system, written
in assembly language; and IBM's PL/I version.
These are large, table-driven programs, requiring
significant amounts of memory.

Existing Grade II translation software has been
developed with the needs of large, centralized,
press braille facilities in mind. Due to a lack of
established performance criteria, little is gener-
ally known about the comparative quality of the
existing programs. They are tailored or dedicated
to specific hardware configurations which are, in
turn, tied to press braille production systems. As
a result, translation programs generally require
Targe, expensive mainframe computers which are
economically justified by institutional producers
of braille but which are not affordable by smaller
production facilities, such as schools, or by users
of dynamic braille systems like the VersaBraille
system or Digicassette. Furthermore, since the
problem of translation has been approached with
braille production as the ultimate end, the pro-
grams have been constructed only to perform trans-
Tlation in one direction -- from print to braille.

The fact that existing Grade II translation pro-
grams have been developed for, and are tied to, the
process of press braille production also means that
it has not been necessary to consider speed a vital
element of the translation process. Consequently,
there has been no need for a high speed translation
program that translates as information is entered
or received without noticeable delay. However,
with the dynamic display, braille becomes an inter-
active code which can be used on-1ine to send and
monitor information. Whether or not braille can be
used in this way becomes dependent upon whether the
Grade II/print translation process can be handled
quickly enough.

Thus, in a number of ways, existing Grade II
braille translation software is not suitable for
use with dynamic braille systems and is therefore
deficient in helping to make braille a much more
interactive and powerful form of communication for
the blind. That existing software is generally
written for and depends on the capabilities of
large dedicated computer systems renders it un-
adaptable for small, personally affordable braille
systems. The high cost of the associated hardware
also Timits use of existing translation software
to large institutions where the cost of translation
is ancillary to the cost of braille production.
Furthermore, the uni-directional nature of this
software fails to meet the requirements that the
translation process operate in both directions --
from braille to print as well as from print to
braille.

It becomes apparent, then, that it is no longer
the cost of braille production but the cost of
braille translation which must be reduced before
braille can become a truly interactive communi-
cation medium and before the effective handling of
braille information is economically feasible at a
personal level.

BRIDGING THE COMMUNICATION GAP

A proposed Braille Communication System, when
implemented, should provide the means through which
the communication gap can be bridged. It is im-
portant to examine the entire problem and to pro-
pose the general network before implementing the
sub-system modules. This will insure some compati-
bility among products designed for braille users.
Listed below are the requirements for the system
modules which, when integrated, compose a basic
Braille Communication System. The description of
each module is left general enough to accommodate
many implementations.

Braille Terminal

The braille terminal should include a dynamic
braille display, braille keyboard, serial interface
port, and should be portable. Interfacing to and
from the terminal must be performed in ASCII, and
the translation from ASCII to braille and vice versa
should be done internally. An important element of
the braille terminal should be the ability to be
configured easily to a variety of data communi-
cation protocols.

Centralized Information Center

Given the relatively small number of braille read-
ers, any dissemination program of braille material
(either on paper or on cassettes) is extremely
expensive. Braille books, magazines, or even a
daily newspaper should not be mailed but rather
disseminated through the telecommunication network.
Requests for published material can be easily
automated. Requests will be made by the user who
utilizes his or her own braille terminal to scan
the 1ist of publications and to request the par-
ticular print copy (or portion of it) to be down-
loaded to a personal mass storage medium.

Similar inquiries can be made to a local or special
information center for news and services. UPI and



other news organizations already provide services to
owners of telecommunication equipment, and there is
no reason why the blind user should be excluded from
such an important service.

Non-Volatile Mass Storage Media

With the braille terminal, the need for a personal
mass storage medium is naturally questioned. As
described above, once the connection between the
user and the central information center is
completed, the braille material is accessed and can
be read directly. Although technically speaking
such interaction between the braille user and the
information center is possible, it most Tikely will
not be economically feasible. The reading process
is relatively slow and complicated. Tasks like
skimming through text, entering footnotes or
reviewing, are all tailored to the specific user or
to the type of text. Standardization of braille
terminals for complicated reading control functions
will be difficult and expensive. The connection
time should be minimal in order to serve a large
number of users simultaneously, and reduce system
load. This can be achieved with a non-volatile
mass storage medium (Iike cassettes or diskettes),
not necessarily portable. The selected book or
magazine can be downloaded at a very high speed,
and terminated immediately. Two hundred pages of
braille can be loaded within less than fifteen
minutes. Special rates for long distance data
communication are currently available and can re-
duce the braille dissemination process substantially.

Once the information is downloaded into the user's
mass storage facility, it can be revised and edited
at will.

Real-Time, Bi-directional Braille Translation

Translation from print (or ASCII) to braille is a
necessity if any written communication between the
blind world and the sighted is to be established.
With the central information center and the remote
data accessibility, braille can be easily dissemi-
nated. However, dependency on the manual tran-
scribing process is a barrier to wider dissemination
of information in braille (less than 5% of printed
material).

An automated braille translation process must be
part of the user's system. This will enable the
user to connect not only to the braille information
center but to any system or terminal not specially
configured to communicate in braille. Such an
automatic translation system will enable the user
to shop for his own communication needs in a more
general (and more competitive) market place. It is
essential for the automatic translation process to
be bi-directional and to operate in real time. If
the above two objectives are met, the braille
terminal will be identical to the conventional data
entry machines and the blind user will be able to
access standard computerized printed material (like
compositor tapes).

Not essential, but highly desirable, is to trans-
late printed material to and from Grade II braille
format. Since Grade II braille is the most common
form of braille today, it will be highly advan-
tageous for the blind user to be able to enter data
and read in the language which is normally used.
Grade II braille can also be read faster and

requires less storage capacity.
CONCLUSIONS

The evolution of braille technology in the past
decade has been very dramatic. Braille users
throughout the word can consider future braille
writing and reading as a convenient, fast, and
portable process. The remaining obstacles for
braille users are two: the slow and expensive
dissemination process and the need for a manual
transcribing process performed by a sighted
individual. A Braille Communication System, when
implemented, will remove the obstacles, and the
existing communication gap between braille and
printed material will thus be eliminated. More
development efforts by research and educational
institutions, manufacturers, and national organi-
zations should be directed toward the establishment
of the system concept and toward the definition of
communication standards.
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BRATILLE PROOFREADER FOR BLIND TYPEWRITER OPERATORS*
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ABSTRACT

The Electronic Braille proofreader enables a
blind person using conventional electric type-
writers to type and store a page of typed ma-—
terials in an electronic memory and display them
in modified Braille code for random or sequential
proofreading and correction without assistance
from the sighted.

The device, if perfected, can greatly en-—
hance the blind person's independence, self-con-
fidence, personal privacy, and open more job
opportunities for the blind.

A. INTRODUCTION

Blind persons using conventional typewriters
key punches, etc., have great difficulties in
proofreading their typed materials, printouts,
etc., unless they get help from the sighted. To
overcome this obstacle, Neou, etc., developed a
Braille Verifier (1) in which mechanical coding
bars were used to selectively energize the sole-
noids which raised the pins to form Braille cells
on an endless belt driven by the carriage. As
the Braille pin formations had to be erased to
make room for the next line, the machine was only
good for checking one line at a time.

The Braille proofreader described in this
paper is a second generation Braille Verifier (2).
It makes use of the latest electronic sensing and
coding technology to encode and store an entire
page of typed materials in an electronic memory
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+Now at National Institute for Occupational
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which can be called up by the blind operator to
show up in a Modified Braille Code at the Braille
Readout for random or sequential checking and
error correction. It can be designed to inter-
face with any electric typewriter, and if per-
fected and mass produced, may cost about $300 in
addition to the cost of the typewriter.

It should be remarked that the task of

PROCEEDINGS OF INTERNATIONAL CONFERENCE ON REHABILITATION ENGINEERING — TORONTO — 1980



proofreading of typed materials may as well be
accomplished by using the recently developed
Kurzweil Reading Machine (3) and the Optacon (4).
They are, unfortunately, too expensive to be with-
in the reach of the average blind person and his
employer.

B. MODIFIED BRAILLE CODE

To avoid having double cell representations
for numbers, capital letters, contractions, etc.,
in conventional Braille codey a Modified Braille
Code is proposed and used in the experimental
model. The new code has two more square-shaped
dots atop of the six conventional Braille dots:
the top left dot represents a small letter sign,
the top right dot (slightly larger) is a capital
letter sign, and the simultaneous appearance of
both dots signifies a number. For example, the
Braille cells for "d", "D", and "4" will appear
respectively as

e +¢ and o9
e ® e

s .

An opinion survey of the blind revealed that they
have no trouble in adapting themselves to the new
simplified one-cell representation for numbers
and capital letters.

C. SYSTEM DESIGN

The Braille proofreader consists of three
subsystems. The following is a brief description
of the organization and functions of their major
components.

(I) Mechanical Movements to Electric Signal
Encoders

The IBM Selectric I1 typewriter used in the
experimental design has under its keyboard six
interposers and one shift for rotating and tilt-
ing the typing head or element to position a de-
sired character (letter, number, or punctuation,
etc.) to face the paper. The seven bars are now
employed as coding mechanisms to convert the
motion of a typing bar into binary coded electric
pulses. TFor example, when key "d" is depressed,
the interposers on the coding bar 1,3,4 and 6 are
moved to close thelr respective circuits and
registers in the electronic memory as 1011010.
Various switches and printed circuits are also
installed in the typewriter to translate the
motions of space bar, backspace and return keys,
escapement, pitch selectors, etc., into electric
signals to be processed.

The location or address (line and letter
space positions) of a character on the paper can
be sensed and converted into electronic pulses
by means of photo-electric semsors and counters.
The passage of a light beam to reach the two
photo-transistors through a narrow opening in a
disc turned by the platen produces an electric
ﬁulse to be added to or subtracted from, the line
memory counter depending on the direction of
turning of the platen. For example, the 44th
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line on the paper will register as 101100 in the
line address memory. Similarly, photo-electriec
sensors mounted on the carrier sense the number
of passages of the light beam through the open-
ings spaced one letter space apart in a bar fixed
on the back of the typewriter. For example, the
23rd space in a line will register as 0010111 in
its space memory counter. As each character
stored in the memory has a unique line and a
unique space addresses, any character can be re-
called if its line and space positions are known.

(11) Central Processing Unit (CPU)

The CPU behind the typewriter in Fig. 1 re-
ceives the processes the seven bit signals from
the encoder and converts them into eight-bit
pulses in modified Braille Code to drive the dis-—
play unit. The major components in CPU are
(Fig. 2):

(1) Character Memory Boards. To store an
entire page of typed materials in seven bit code
(assuming 100 characters per line and 64 lines
per page), its memory boards have 56 Intel 2012
1K x 16 RAM'S, providing a storage capacity of
44800 bits.




(2) Memory Address Counters. The line and
letter space signals produced by the photo=
electric sensors are amplified before they enter
the two sets of binary counters (94 L 193): one
for the six~bit line address, and the other for
the seven-bit space address.

(3) Programmable Read Only Memory (PROM).
An Intel 8702A PROM chip is programmed to convert
the seven bit code in the memory into eight bit
modified Braille code.

(4) D.C. Amplifier. The 8 bit signals from
PROM are amplified before they go to drive the
selenoids at the Braille readout.

(5) Control Logic. The control circuits
make decisions on where and when the pulses
should go and be processed: it channels the count-
ing pulses to appropriate memory address counters,
decodes the request from the readout controllers
for selecting reading modes, commands the memory
to output its stored contents and selectively
energizes the solenoids, etc.

(6) Power Supplies. It converts the 110 VAC
into DC on three voltage levels: a 5 VDC at 3 amp
for TTL logic and memory, a -8 VDC at 200 ma for
PROM and the light sources for photoelectric
sensors, and a 7 VDC at 1.6 amp for driving the
solenoids.

(I11) Braille Readout and Readout Control.

The eight-pin Braille readout or display,
four orange-colored readout control buttons, and
a rocker switch are located at the right side of
the keyboard. The Braille Readout has eight
miniature solenocids (Electromechanisms SP-18 6
VDC). The depressing of one of the four Readout
control buttons sends a message to the CPU and
commands it to selectively output signals to drive
the solenoids. The energized solenoids raise
their respective steel pins (1/16 inch in diameter
and spaced at 3/32 inch apart) 3/64 inch above
the surface of the Braille Readout and form a pin
formation in modified Braille code.

The four readout control buttons give the
blind typist a choice of mode of reading: reading
forward (F), backward (B), starting from the page
top (T) and going to the mnext line at any point
(L). By pushing one of the four buttons one at a
time, the Braille pins fall and rise again to
form new Braille cells one at a time at the
operator's finger tip.

To inform the blind person of the whereabouts
on the paper of a character to be checked, Braille
displays are provided at the line and space
counters. The mechanical line counter near the
right platen knob turns with the platen and its
unit and tenth counting wheels have 10 Braille
markings on the surfaces and can be reset to 01
to coilncide with the first line typed. The loca-
tion of a character in a line on the paper can be
found by reading the Braille numbered markings on
a space counter opposite the position indicator

of the pitch scale. The Braille space counter
can be reset to read Ol at the left margin stop.

D. OPERATION

The blind typist can operate the typewriter
in a conventional way. However, to use the
Braille proofreading system, the following steps
must be taken before typing.

(1) Return the carrier to the left margin
stop and reset the line counting wheels to read
01 in Braille, corresponding to the first typed
line on the paper.

(2) Set the space counter to start at the
left margin stop.

(3) Depress the left side (for read-in) of
the rocker switch to link the typewriter to the
Braille Proofreader system.

(4) Press simultaneously all the four Read-
out Control buttons to erase the previously
stored contents from the memories.

The operator can now proceed to type. If
she/he wants to make a spot or random check on a
certain character in the middle or at the end of
typing, say the character occupying the 5th
letter space in the 43rd line, she/he

(1) depresses the right side (readout or
playback) of the rocker switch.

(2) turns the platen until the mechanical
line counter reads the number 43 in Braille.

(3) taps the space bar until the "position
indicator" sits opposite to the number 5 in
Braille on the space counter.

(4) pushes the readout control button F
(forward) to command the CPU to output the con-
tent in the memory and show up at the Braille
Readout.

If the character is found to be a mistake, the
operator can erase it in a conventional way and
after depressing the left side (read-in) of the
rocker switch, type in the correct character and
after the rocker switch is put back in the read-
out mode, check it out on the Braille Readout.
For proofreading the typed materials from the
beginning of the page, she/he depresses the
Braille Reader control button T (page top) and
then buttons F or B successively.

E. CONCLUSIONS

The prototype of the Braille proofreader has
successfully demonstrated its feasibility and
usefulness as an aid to facilitate the proof-
reading and error-correcting of the typed ma-
terials by the blind users without the assistance
of the sighted. The technology can readily be
applied to many other keyboard operated machines
for the benefit of the blind computer programm-
ers, clerks, writers, etc. The corrected ma-
terials stored in the memory may also be used to
drive an electric Braillewriter or a Braille com-
posing machine to simplify and speed up the pro-
duction and reproduction of Braille reading
materials.
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A BRAILLE TSPS TELEPHONE OPERATOR'S CONSOLE

George F. Dalrymple, Derek Rowell

Mechanical Engineering Department, M.I.T.
Harvard Medical School-M.|.T. Rehabilitation Engineering Center

Abstract

Microprocessor-controlled braille displays
have been added to telephone operator consoles.
These displays have enabled two blind operators to
work successfully in a TSPS facility with a minimum
of accommodation. The project is being extended
by American Telephone and Telegraph and several
operating companies.

INTRODUCT ION

Braille displays have been installed on two
Southwestern Bell telephone operator's consoles,
providing vocational opportunities for blind indi-
viduals as TSPS telephone operators. A TSPS
(Traffic Service Position System) operator handles
most operator-assisted calls (pay phone, collect,
hotel, credit card, etc.), but not directory as-
sistance calls.

The TSPS console has approximately 80 lights
or lighted keys (push button switches) and a 12
(soon to be upgraded to 14) digit numeric display
for calling and called telephone numbers, time and
charges for pay phone calls, and the time of day.
The braille display makes all the necessary infor-
mation immediately available to the blind opera-
tor. The information is grouped into a series of
messages, either in English or accepted telephone
industry mnemonics. The message displayed at any
given time contains the information that most re-
cently changed. The operator can override the
automatic message selection and request a display
of any information desired. An electronic
“'scratch pad'' allows the operator to take notes
and store any information which may be needed
later.

Two blind operators in Little Rock, Arkansas,
are using these braille displays, developed and
built at the Massachusetts Institute of Technol-
ogy. Both operators received rehabilitation
training at the Arkansas Enterprises for the Blind
and are now employed by Southwestern Bell Tele-
phone Company (SWB). They received on-site train-
as TSPS operators from regular SWB training per-
sonnel.

The performance of one of these operators is
rated as outstanding, while the other is rated as

satisfactory. Very little extra accommodation at
the working site has been necessary for either
operator.

ORIGIN OF THE PROJECT

At the 1974 Conference on Engineering Devices
in Rehabilitation, held in Boston, Massachusetts,
a paper on "An Electromechanical Numeric Braille
Display: A Familiar Tactile Representation of
Electrically Encoded Digital Signals'' was pre-
sented by an engineer from M.1.T.(1). It report-
ed on BRLCOM(2), an electronic multimeter with
braille output, which used a solenoid-driven
braille cell as the output display. These cells
were modular and used the standard braille spacing
so that they could be stacked to form braille
lines of any length. These cells had only four
dots. Initially, it appeared to be simpler to
make a four dot cell, since braille numbers use
only the upper four dots of a six dot braille
cell. The braille cells developed for use in
BRLCOM were developed under a grant from the E.
Matilda Ziegler Foundation.

An engineer from New England Telephone (NET)
who also presented a paper at this conference(3)
asked if this technology could be used to provide
a braille display of numbers for blind TSPS opera-
tors. As a result of this discussion, an engineer
from the Massachusetts Commission for the Blind
and an engineer from M.I.T. visited a TSPS site in
Quincy, Massachusetts on May 28, 1974(4). Further
discussions over the summer led to an informal
proposal and a request to NET by M.I.T. to embark
on a joint project to equip a TSPS site for blind
operators. Unfortunately, this request came at a
time when NET had a surplus of operators and they
were unable to justify such a project.

SELECTION OF SOUTHWESTERN BELL AS THE INITIAL
INSTALLATION SITE

Subsequently, a training specialist at
Arkansas Enterprises for the Blind (AEB) had in-
terested Southwestern Bell Telephone Company (SWB)
in a project to employ blind TSPS operators.

When he received a commitment from SWB that a
blind operator would be hired and trained, he be-
gan the construction of a simulated TSPS console.
The various lamps would be sensed by a light
probe. Since this training specialist was aware
of BRLCOM, he felt it would solve the problem of
providing TSPS numeric data to a blind TSPS
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operator(5). At AEB's request, an M.I.T. engineer
visited both AEB and SWB in September, 1975, to
obtain technical information necessary to design
the interface between the BRLCOM numeric display
and the TSPS console and to develop a way to
transfer the lamp data to a remote display.

In the time intervening between the 1974 con-
ference and the first visit to AEB, the M.I.T.
engineer had redesigned the four-dot braille cell
into a simpler six dot full braille cell module
and was life testing several modules for use in a
paperless braille computer terminal. Twenty of
these cells were constructed under a second grant
from the E. Matilda Ziegler Foundation(6).

INITIAL AGREEMENT

SWB, AEB and M.I|.T. began negotiations to
reach an agreement on patents, liability and other
factors. The first cut of the agreement was un-
satisfactory and during the period that followed
there were several communications among the prin-
cipal parties and a delay of several months while
differences were discussed. Even before an agree-
ment was signed, it was decided that the construc-

tion would begin with support from several sources.

The braille modules would be those previously
built with support from the E. Matilda Ziegler
Foundation; additional components would be funded
by AEB; engineering and technical effort would be
provided by the Harvard-M.I|.T. Rehabilitation En-
gineering Center, supported by the Rehabilitation
Services Administration; and SWB would assist with
information and the commitment to provide employ-
ment for a blind TSPS operator.

DESIGN OF THE BRAILLE DISPLAY

While the various problems of the agreement
were being considered, two engineers at M.I.T.
approached the adaptation of the TSPS console for
use by the blind in two different ways. First,
they considered the problem as it was presented to
them, namely the addition of a braille numeric
display only. Secondly, the entire scope of the
problem was considered. At that time the develop-
ment of microcomputers had become sufficiently ad-
vanced to make their use economically and techno-
logically feasible and the decision was made to
use them, even if only in the employment of a
numeric display. However, the power of the micro-
computer is such that it didn't make sense to do
half a job, and the engineers therefore proceeded
to work on the complete task of providing almost
all information from the TSPS console to a blind
operator.

After studying some training material sent
from SWB, one of the engineers from M.l.T. went to
Little Rock in June, 1976 to obtain a better un-
derstanding of the operational aspects of the sys-
tem. It was a real introduction and included op-
erating a live board within one hour of first
arriving at the site, leaving the engineer emo-
tionally drained. At the time of this second
visit the hardware interface design was reviewed
with SWB engineering personnel. The information

10

gained in these two trips to Little Rock, supple-
mented by later telephone conversations with SWB
engineers and operators, provided the specifica-
tions for the system. During the time the hard-
ware was being designed and constructed, an M.I.T.
undergraduate student, working on a part-time
basis, wrote the control program for the micro-
processor (7).

INSTALLATION

The first unit was completed before the final
written agreement was worked out. On February 9,
1977, the three groups involved held an "implemen=
tation'' meeting, where the roles of each party in
the installation, training and ongoing use of the
equipment were determined. After the meeting, the
formal written agreement was speedily agreed upon
and signed.

The initial installation of equipment took
place during the week of March 14-18, 1977. The
system worked, although the numeric display data
was not properly received by the microprocessor.
The necessary changes were made, and one week
later the system was up and running. Shortly
after this, the first blind operator was trans-
ferred to the site from the "official board" (the
SWB PBX where she had been working), to begin
training.

TRAINING PROCEDURES

There are two major differences between
training provided for blind and sighted operators.
Since no training materials were available in
braille, it was decided that training for blind
operators would be done on a one-to-one basis,
with the instructor reading the material while the
blind trainee made braille notes for later study.
The normal ratio is one to six trainees per in-
structor. Instead of practicing on a simulated
console with paper tape and magnetic tape inputs,
the blind trainees used a ''directionalized" live
console under close supervision. A directional-
ized board allows the calls to be selected so that
the trainee services the kinds of calls recently
studied. The live board training was found to be
very effective and the time involved for this
phase of the training was essentially the same as
that for sighted trainees.

Most of the increased training time for blind
operators was due to the need to make accommoda-
tions for the Register. The Register is an ink-
print file at each operator position containing
emergency numbers, rate and routing information,
etc. Each operator brailled her own Register.
This facilitates its use, since they are responsi-
ble for its contents and organizational pattern.
The braille Register is contained in a 5000-card
Rolodex file.

OPERATION
During the early months of operation, Banks

or Perkins braille writers were used for taking
notes and remembering data. It finally occurred



to the M.|.T. developers that a braille 'scratch
pad" could be built into the system, using the
existing braille display, by adding a keyboard and
some computer memory and by modifying the micro-
processor's control program.

In early January of 1978 a second braille dis-
play was installed and the first unit was modified
to include the braille ''scratch pad'. In addition,
the microprocessor computer operating program was
updated to reflect features which had been added
to the TSPS system since the installation of the
first braille display. When installed, the second
system did not work initially because the TSPS
console to which it was connected had much more
electrical noise than the console for the first
braille display. The necessary design changes
were worked out and installed in both displays
during the first week of February, 1978.

The first blind operator hired at SWB was em-
ployed by them until May, 1978, at which time she
moved to another city. She later returned to
Little Rock and was rehired in May, 1979. While
working as a TSPS operator, her working time (the
average time spent per call), a measure of produc-
tivity, has been consistently much better than
average(8). In February, 1979, a second blind
operator was hired. Her performance has been at
or near the average level for sighted operators.
Both operators are currently employed.

THE PACIFIC BELL SYSTEM

At about the time the first M.l.T. system was
installed at SWB, another console for blind TSPS
operators was installed at a Pacific Bell (PB)
TSPS site in Mountain View, California(9). This
system, developed by Telesensory Systems, Inc.
(TS1) under support from the Sensory Aids Founda-
tion, both in Palo Alto, California, used voice
output to provide the TSPS status information and
numbers. Two such systems were in use for about
one year.

TECHNOLOGY TRANSFER

The success of the M.|.T./SWB program and the
similar program at Pacific Bell (PB) prompted
ATET to consider a follow-up program that would
result in a commercially available system and al-
low any of the ATET operating companies to employ
blind TSPS operators. A meeting was held in Palo
Alto in May, 1978, where personnel from ATET and
Bell Laboratories reviewed the results of the
M.1.T./SWB and TSI/PB programs with all parties
concerned. At that time a course of action lead-
ing to a commercially produced display for blind
TSPS operators was determined.

First, Bell Laboratories developed a TSPS/
TIPS (TSPS Information Processing System) inter-
face which could serve as a standard interface,
meeting all Bell System practices. Then ATET con-
tracted with TS| to develop a braille/audio dis-
play system, incorporating speech output similar
to that used previously by TSI for the "Talking
Calculator' and the "Talking Optacon''. The

braille output display will be the same as that in
their soon-to-be-released Versabraille. An M.I.T.
engineer participated in TSl's initial design
work, providing memorandums describing the re-
quirements for such a system based on his experi-
ence with the Little Rock Installation. The
M.1.T. engineer also outlined the message struc-
ture used in the Little Rock system and proposed a
message structure based on the longer, 20-cell
braille display to be used with the TSPS/TIPS dis-
play.

The present contract from AT&T was for three
units. The first will be delivered to Bell
Laboratories for testing and development of oper-
ating procedures. The other two will be installed
at an operating company for evaluation under con-
ditions of actual use.
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AN AUDITORY TECHNIQUE FOR VISUALIZATION OF
LINE-DRAWINGS BY THE BLIND

Robert Hanson and Andrew Sekey

Computer Systems Laboratory
University of California
Santa Barbara, CA 93106

Mapping Tinear (i.e. line-like) contours from a
two dimensional visual space into an auditory space
might be accomplished by letting the trajectory of
a moving sound source trace the contour. Motiva-
tion for exploring this possibility is provided by
the needs of the blind: while the printed word is
gradually becoming accessible to them via spoken~
output reading devices, no efficient method exists
for the auditory (or, for that matter, tactual)
presentation of even the simplest graphic images.
Yet a rapid mode of access to graphs and plots
would be of great value to blind scientists, engi-
neers, technicians etc. In exploratory experiments
subjects listened to auditory versions of oscillo-
scopic displays of triangular and sinusoidal pul-
ses. The traces were swept slowly, about 3-5 seconds
per sweep. Horizontal displacement was conveyed by
variations in the relative intensities of the
dichotic stimuli. Vertical displacement was trans-
lated, after exponentiation, into frequency vari-
ations of a veltage-controlled oscillator. Time
epochs (e.g. onset and termination of the displayed
pulse) were adjusted quite accurately by our blind
subject, and he could also distinguish fairly well
between triangular and sinusoidal pulses.

BACKGROUND

The differences between the ways our eyes and
our ears perceive the world have been the subject
of numerous studies. A good recent review is that
by Julesz and Hirsh [1]. Perhaps the most striking
contrast is, as they point out, that whereas the
basic currency of the visual experience is objects,
that of audition is events. In other words, our
eyes explore the space around us, which may be mo-
tionless, while our ears respond only to changes
over time (of instantaneous sound pressure, power
spectral distribution, etc.).

The motivation for bridging the gap between
these two modes of perception is greatest when we
consider those whom misfortune has deprived of one:
the blind and the deaf. Attempts to make the deaf
"'see" speech, undoubtedly the most important acous-
tic signal for humans, have so far not succeeded.
Visual inspection of a sound spectrogram conveys
much information to the trained eye, but not enough
to allow '"reading" it in real time.

Transformation in the reverse direction has
been more fruitful: mobility and reading aids for

the blind, based on acoustic codes, have been in
use for some time [2]. The main difficulty lies in
conveying a sense of space, a notion particularly
difficult to grasp for the congenitally blind,
Three strategems have been commonly employed. First,
time has been given the role of a pseudo-spatial
dimension. Thus progression say from left to right
was translated, via uniform motion, into variation
with time. Second, pitch has been allocated the
role of height, owing to its common association
with physical height. Third, stercophony has been
employed for the creation of images in space.

In order to clarify our terminology, we shall
now briefly characterize the various auditory
spaces that can be created and experienced.

ON AUDITORY SPACES

Space is something we have no direct experience
of; only its boundaries, or objects found within,
can be perceived. Its dimension is determined by
the minimum number of independent parameters re-
quired to specify the coordinates of a point in the
space.

We shall be using the term "auditory space"
somewhat as a metaphor, for one of its "dimensions"
(pitch) has no metric equivalent in our physical
space. Also, unlike in physical space where motion-
less "objects' are experientially meaningful, all
events in the acoustic space require the inclusion
of time as a dimension.

In the next subsections we shall review three
kinds of auditory space; the dimension of pitch
will be discussed in the section afterwards.

The ""Real" External Space

This denotes the space in which actual physical
sources of sound are located, i.e., the space of
our everyday experience., To map up this space we
would require, ideally, dimensionless "point sour-
ces'", which can only be approximated.

The auditory localization of sound sources in
the external space has been extensively studied
over severa! decades; a good review is given by
Mills [3]. It is well established that interaural
time and intensity differences provide the main
clues to the determination of azimuth, while range
(distance) is inferred from spectral characteris-
tics and the relations between direct and reflected
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sound components. Elevation determination requires
some head movement, while moving sound sources are
detected, in addition to their changing static para-
meters, by the Doppler effect they produce.

The "Illusory" External Space

The term "illusory", borrowed from Chowning [4],
should actually qualify the apparent sound source,
not the space. It refers to an experimental ar-
rangement in which four (or more) loudspeakers,
generating sound under computer control, create the
illusion of a well-focused sound source being "out
there". The listener, seated at the point of inter-
section of the lines connecting the diagonally op-
posed speaker pairs, has the distinct sensation of
the source, especially when it is moving. Elabor-
ate curves can be described by this phantom "tracer",
even including some elevation effects. The curves
are originally traced out by a light pen; the pro-
gram introduces artificial intensity differences,
reverberations and Doppler effects [5].

The Internal (Intracranial) Space

It was for long believed that a sound originat-
ing from a true external source or simulated by
loudspeakers is localized by the listener "out-of-
head" (OHL), while dichotic stimulation via ear-
phones inevitably results in in-head localization
(IHL). The latter is the subjective sensation that
the source of the sound is "inside one's head'", and
is frequently distinguished by the use of the term
"lateralization'. The space in which such intern-
ally localized images exist is thus inside the
cranium.

Recent work [6,7,8] indicate that both IHL and
OHL can be achieved by either earphone or loud-
speaker stimulation, and that the criteria deter-
mining whether sources are localized internally or
externally (or both at the same time), are complex.
Schemes have also been published [9], for '"ex-
ternalizing" the sound of conventional stereophonic
recordings when listened to via earphones. Some of
the older literature on the localization/lateraliza-
tion dichotomy must thus be treated with caution.

Lateralization appears to be influenced mainly
by interaural phase differences below 1500 Hz, while
at higher frequencies intensity differences take
over. However, time differences in slowly varying
envelopes of high frequency two-tone complexes can
be significant in lateralization.

THE ROLE OF PITCH

Although a universal "pitch scale' does not
exist, the "height" aspect of pitch has been agreed
upon well enough for sensory aids to exploit it. A
variety of reading devices have been reported dur-
ing the past 60 years or so, in which the vertical
coordinate of an alphanumeric character was mapped
into the pitch of a component tone in a chord.
These are known as the Optophone [10], the Visotoner
[11], the Lexiphone [12], the Stereotoner [13], etc.
The above devices were all essentially monaural, or
at least monophonic devices. (In the Stereotoner

higher pitched components are heard louder in one
ear while lower pitched ones in the other ear.
Whatever stereophonic effect is created bears no
relation to the horizontal scale on the paper.) In
all these direct translation devices users must
move a probe from left to right along the line, so
that the visual image of a character becomes trans-
lated to a time-varying pattern of chords. With the
gestalt of the character thus destroyed, readers
have difficulty in associating the code pattern
with the character. These pitch-based machines are
rapidly being displaced by the tactual Optacon and,
eventually, the speech output systems by Kurzweil
Computer Products Inc. and Telesensory Systems Inc.

Pitch and Internal Space

Three examples will now be given in which the
dimension of pitch was combined with the (horizont-
al) dimension of the internal auditory space in
order to create 2-dimensional effects.

Julesz and Levitt [14] tested the discriminabil-
ity of "spatial chords" — 5-tone chords presented
dichotically, with the internal location of the com-
ponent tones independently controlled by interaural
time delays. Chords were presented in pairs last-
ing 500 ms each, and one or more of the component
tones were shifted in subjective location between
members of the pair. Though none of the listeners
were able to detect the individual component and
its changed location, they succeeded well in dis-
cerning the changes on the basis of some overall
audible change in the chord. The "global proper-
ties" of the chord were thus altered via a change
in its '"geometric layout', even though its spectral
content was invariant.

The dimension of time was added to pitch and
lateral position by Fish [15 and 16], who employed
a flying-spot scanner or television camera to
raster-scan two-dimensional images. The scanner
output turned on and off a tone oscillator, whose
frequency was a (logarithmic) function of the height
of the scan line. The horizontal location of the
scanning spot was made to correspond, via (logari-
thmic) amplitude differences, to the lateral posi-
tion of the tone. Fairly good discrimination of
simple geometric patterns (up to six solid shapes
in a field) were reported.

Most relevant to our proposal is the acoustic
equivalent of the T.V. "Pong" game, named '"Paddle-
ball", and developed as part of a game package for
the blind by Telesensory Systems, Inc. [17]. In
this game both 'paddles" and ''ball" are created by
tones whose pitch corresponds to height. Left-
right motion of the ball is accomplished by inter-
aural intensity differences. Like in its video
counterpart, the ball moves in straight lines back
and forth, up and down; to "hit" it, the player
must move his paddle (easily identified by its
chopped tone) to the correct "pitch position" to
meet the arriving ball. The successful player must
thus aurally extrapolate the trajectory of the ball.

While in the "spatial chords" of Julesz and
Levitt [14] the potential for employing pitch as a
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vertical dimension was only implied, the technique
of Fish and the Paddleball game do so explicitly.
In a subsequent section we describe our preliminary
experiments in 'drawing' traces on the laterality-
pitch plane.

Finally, an important feature of pitch dis-
crimination should be noted. The hearing mechan-
ism, in common with physical instruments, cannot
reliably resolve small differences in frequency un-
less they are observed for a sufficiently long time.
This is reflected both in absolute pitch judgments
for short tonal bursts and in difference limens for
their frequency; comparable effects with tone
glides can no doubt be found.

Experimental evidence obtained by Sekey [18]
was interpreted as indicating that when the rate of
such temporal changes varies, the ear swiftly ad-
justs its "analyzing bandwidth" to the stimulus it
receives, or is expecting to receive. This may
account for the coexistence of very small JND's for
fundamental frequency and formants on the one hand,
and acute perception of temporal events (e.g., for-
mant transitions) on the other, albeit not at the
same instant of time.

RATIONALE FOR THE PROPOSED TECHNIQUE

Work previously described has shown that the
illusion of a moving '"point-like" sound source can
be created artificially via synthesized binaural
signals. The trajectory "traversed'" by such a
moving image will be referred to as a "sound path'.
The sound path is thus a trace in an intra- or ex-
tracranial auditory host space.

We hypothesize that by temporal integration of
binaural stimuli listeners could retain in short-
term memory entire sound paths, and perceive them
as gestalten. If so, a mapping from a two or three
dimensional (visual) space into the auditory space
could be accomplished by a moving sound source tra-
versing the contour to be mapped. Closed linear
(i.e., "line-like'") contours may be mapped via a
continuous, repeated passage by the source, while
open ones (e.g., oscilloscopic traces) require a
perceived or suppressed retrace path. For brevity,
the term "trace" will be used to designate both
closed contours and open traces.

The characteristics of the auditory host space
require further exploration: it may have a measur-
able extent, a lower limit of resolvable positional
differences, and perhaps also some characteristic
neurvature' or "shape'. Its coordinates, aximuth,
range and elevation (or altitude), may be substan-
tially "warped". Altitude, whose perception is ex=
pected to be limited, will be augmented by the para-
meter of pitch. Additional dimensions (e.g., modu-
lation, timbre) would be introduced if they were
found to enhance the rate of information transfer.

Our technique is still largely experimental,
combining passive listening with active control of
sound image movement by subjects. Some preliminary
experiments, aimed at exploring our working hypo-
thesis, are described in the next section.

14

EXPERIMENTAL RESULTS

We assembled the signal generating system shown
in Figure 1. in order to study the phenomenon of
tracing curves in the pitch — latitude plane. The
sweep output of the Wavetek 144 was set at a con-
veniently low rate, about 3-5 seconds per sweep.
The sweep was converted in subsequent stages of the
analog computer into gain functions for each ear.
Both linear and exponential variations [16] were
possible. Notwithstanding the logarithmic sensiti-
vity of the ear to volume, we found the linear var-
jation to yield a more uniform subjective velocity
from ear to ear.

WAVETEK 144
SIGHNAL

GENERATOR Sweep and

test waves

VCO signal
WaveTeEK 133 |
SIGNAL

GENERATOR 3
Audio signal

EAI TR-20
ANALOG
COMPUTER

OSCILLOSCOPE

4

HEADPHONES

Figure 1. Schematic diagram of the signal generating system

At a set point of each sweep, under potentio-
meter control, a triggered signal gemerator produced
a single pulse of adjustable duration. The pulsc
shapes employed were triangular and sinusoidal, in-
cluding skewing and arbitrary phase shifts. Thesec
pulses were exponentiated so that the logarithm of
the VCO control voltage was made proportional to
the pulse as seen on the screen. The exponentiated
pulses caused a proportional variation in the fre-
quency of the audio generator. Typical values for
a symmetric pulse were:

fmin =133 Hz; fo = 200 Hz; fmax

= 300 Hz.

The frequency was thus deviated by a factor of
1.5, or a Pythagorean fifth. This was kept fairly
constant, since the present instrumentation neces-
sitates lengthy calibration to ensure (logarithmic-
ally) symmetric frequency deviations.

Informal experiments were performed on one
blind subject, J. R. The following types of task
were given to him:

(1) Describe your impression of the waveform on
the screen.

(2) Shift the waveform so that it begins at a
specified point.

(3) Alter the width of the waveform so that it ex-
tends to a given proportion of the sweep.

(4) Determine if the wave displayed is a sinu-
soidal or triangular pulse.

(5) Adjust the skewed triangular wave until it
becomes symmetrical.

(6) Adjust the phase lock control (of a Hewlett-



Packard 3300A Oscillator) so that the single
sinusoidal pulse begins and terminates at any
one of 9 preassigned levels. (The frequency
equivalent of the levels ranged a musical

fifth above and below the center frequency. )

While these pilot experiments were intended only
to provide insight and suggest more formal tests,
the results were instructive and encouraging. The
following observations were made:

i) In tests involving horizontal coordinates,
our subject relied more on his sense of time
than on interaural space; however, his im-
pressively accurate performance (0-5% of the
screen width) deteriorated when one of the
earphones was removed.
Discrimination between triangular and sinu-
soidal pulses was almost faultless after the
first couple of trials.
Standard deviation in adjustments involving
the vertical direction (i.e., pitch) was 6-
% of the total range. This is fairly poor,
but was accomplished without training.
Subject preferred a scan time of 3-4 seconds;
he reported a sensation of the image "moving
around the head band of the earphones'.

i)

iii)

iv)

CONCLUSIONS

The significance of the proposed work lies in
the exploration, perhaps for the first time, of the
internal sound space as a host space for the stereo-
phonic, time-varying presentation of graphic images
to the blind. (Stereophonic hearing has been pre-
viously exploited for mobility aids [2]). At pre-
sent only two experimental projects are known to us
offering limited solutions to this type of problem.
One is an as yet unreported scheme by workers of
the Smith-Kettlewell Institute in which blind opera-
tors can explore a waveform displayed on an os-
cilloscope by moving a sliding contact back and
forth; the pitch of a (monophonic) tone corresponds
to the amplitude at each point. Good results have
been achieved in the discrimination amongst 8 dif-
ferent waveshapes. The other is a tactual device
named "sensory quill" [19], which produces raised
line drawings on stiff paper under manual or auto-
matic control.

Neither of these devices has the speed desir-
able for efficient interaction with an oscillo-
scope. Also, the former does not lend itself to
the creation of a spatial image, while the latter
is slow, bulky and uses costly paper.

We believe that our proposed technique could
thus represent a new departure in making an im-
portant class of graphic images, namely traces and
contours, accessible to the blind. Moreover, our
exploratory experiments will be sufficiently
general to open the way to other applications, for
non-blind users, such as audio diagnostic tools,
hearing tests, lcarning aids, etc.
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CLINICAL APPLICATION OF A DESKTOP COMPUTER-AIDED DIGITIZER SYSTEM
FOR THE ANALYSIS OF SPINAL DEFORMITIES

J. Koreska, Department of Medical Engineering (Dr.J. M. Smith,Director)

Hospital For Sick Children, Toronto, Canada

ABSTRACT

Analysis of spinal deformities using routine e
clinical methods is severely restricted in accur-
acy and reproducibility. Determination of the
true three-~dimensional geometry of an unstable and
deforming spine is not possible. The absence of an
accurate assessment of the actual spine geometry
and the lack of suitable criteriae for the pro-
phylactic management of a deforming spine often
results in a delayed decision on the orthopaedic
' treatment of the disorder. The problem as it
applies to non-ambulatory children with Duchenne
Muscular Dystrophy is being solved through the use
of a desktop computer-aided digitizer system. The
system performs a complete analysis of the three-
dimensional geometry of the spine from data digi-
tized off routine spine radiographic films.

THE PROBLEM

Clinical assessment and quantification of
spinal deformities (scoliosis) from routine radio-
graphic films (x-rays) is frought with limitations
of accuracy and reproducibility. This is partic-
ularly so in diseases which manifest themselves in
a severely unstable spine with deformation taking
place in several planes simultaneously. Such de-
formities are impossible to determine from the
single spine radiograph usually obtained for the
assessment of scoliosis.

Shortcomings like these, seriously compromise
the ability of the clinician to accurately assess
and diagnose the problem presented by a spine which
is unstable and deforming. Delaying clinical de-
cision on the course of treatment of an unstable
spine either by conservative means (external brac-
ing) or by surgical stabilization may have serious
consequences on the success of the clinical manage-
ment of the disorder.

A SOLUTION

The foregoing statements apply to the clinical
problem of scoliosis in general. This paper will
present a solution as it is being applied to a
particular example of spine instability, namely the
non-ambulatory victim of the Duchenne type of Musc-
ular Dystrophy (M.D.).

A portable desktop computer-aided digitizer
(Figure 1) is situated in the M.D. Clinic at The
Hospital For Sick Children. Antero-posterior and
Lateral x-ray films are placed, one at a time, on
the digitizer platen and a cursor is placed in

turn over twenty anatomical points on the spine
and pelvis on each x-ray view. The coordinates of
each of these points are sent to the computer and
stored for later use. The coordinates are then
used to establish a three-dimensional geometric
representattion of the spine. Three views (P-2,
Lateral and Apical) are then presented to the
clinician tcgether with a complete quantitative
analysis of the spine and pelvis in both two and
three-dimensional form (Figure 2). The whole pro-
cess takes a few minutes while the patient is
waiting to be seen.

RESULTS

Maximum curve

Among the quantitative results is an indica-
tion of the maximum spine curvature and the loca-
tion of the plane of maximum curvature in relation
to the P-A view. As an option, the P-A view may
be rotated at ten degree intervals through the
plane of maximum curvature and into the lateral
plane (Figure 3). For each ten degree interval
the curvature, curve limits and apex for that view
are calculated and labelled on the graphical pres-
entation.

Review of stored data

Another option which is available retrieves
digitized coordinates from x-rays taken during
previous clinic visits. Graphical presentation of
the previous spine curvatures may be superimposed
on each other (Figure 4) for direct comparison.
Any number of previous examinations may be re-
trieved for review. At the end of the review, a
summary report on the quantitative results of each
examination chosen for review is presented along
with a graphical representation of some of the
main parameters of clinical interest. (Figure 5)

Perspective plots

Additional options for graphical presentation
of a patient's file include perspective plotting
of P-A and Lateral views or Maximum and Minimum
planes of curvature either separately or simultan-
eously on the same perspective plot.(Figures 6
and 7)

Statistical analysis

Quantitative results for the latest analysis
for each patient are stored in a string data file.
Variables stored in this file may be analyzed
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statistically for the entire patient population on
file or for any sub-group of patients selected by
any number or combination of criteria defined in
terms of the variables being stored. Data points
for any two of the variables analyzed may be pre-—
sented on a scatter plot and a polynomial régress-
ion analysis may be performed on the data set
(Figure 8).

CONCLUDING REMARKS

The foregoing is an extremely brief descrip-
tion of a comprehensive analytical approach to the
problem of spine and pelvic instability in non-
ambulatory children with Duchenne M.D. The
approach was originally conceived in 1973, and im-
plemented as a research tool in 1975 for the M.D.
Clinic at The Hospital For Sick Children. In
April 1979, the system was implemented in the
Clinic and at the same time, any M.D. cliniec in
Canada (sponsored by the Muscular Dystrophy Assoc—
iation of Canada) was invited to participate by
submitting data on their patients and sharing in
the data base already established at The Hospital
For Sick Children. At the time of this writing
(February, 1980) the data base consists of 225
patients with orthopaedic followup ranging from
one to seven years.

Selected examples of the clinical signific-
ance of the approach just described will be pre-
sented and discussed.
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Figure l: The portable desktop computer-aided digitizer system.
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on the same graphical presentation.
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ABSTRACT

This paper presents a one year study on the
evolution of scoliosis in Friedreich ataxia pa-
tients. Fourteen boys and seven girls who had no
surgery at the time of this study are followed by
means of standardized spinal radiographs taken in
the Scoliosis Chariot or the Throne. Several
indices have been investigated such as the loca-
tion of the apex of the deformity, the length of
the spine and the kypho-scoliosis index, and
analysed in an attempt to define the biomechanical
requirements for better sitting posture. Preli-
minary results seem to indicate that Friedreich
ataxia would benefit from, a posterior lumbar sup-
port, low thoracic lateral supports and a slight
inclination of the seating system.

INTRODUCTION

The management of scoliosis affecting Fried-
reich ataxia patient has been so far limited to

body braces and back surgery (Geoffroy et al.1976).

The sparsity of this type of neurological disorder
makes it difficult to carry out an adequate clini-
cal and analytical study; thus, little is known

about the disease itself as well as its management.

Recent studies by Barbeau et al. (1976,1979) have
shed new light mostly on the biochemical aspects
of the etiology of this pathology. Concurrently
with Barbeau's studies, a research programme on
the etiology and management of scoliosis in Fried-
reich ataxia was initiated at Ste Justine's Hospi-
tal where patients are regularly seen in the Neu-
ro-Muscular Clinics. In an attempt to determine
the requirements for a better sitting posture, the
need was felt to investigate the progression of
scoliosis from the early onset when the patients
are still ambulantory to the time when they are
wheelchair-bound with severe structural deforma-
tion of the spine.

The report presents the preliminary results
of the first year study on the evolution of sco-
liosis in fourteen boys and seven girls. Thirteen
scoliosis-related parameters are extracted from
forty-seven standardized spinal radiographs of

patients diagnosed as having Friedreich ataxia and
having not undergone any back surgery vet.

METHOD

An important consideration in the study of sco-
liosis by means of radiographs is the accuracy of
the measurement method. Traditionmally, the ante-
ro-posterior spinal radiographs are taken with the
patient either in standing or in supine position.
If additional lateral radiographs are taken, they
are viewed separately. The physician and the chi-
ropractician quantify a tri-dimensional or spatial
deformity of the spine from its projection in a
single plane, namely that of the radiograph. It
has been shown (McNeice and Dawson, 1976) that
the currently accepted technique of obtaining an-
tero-posterior and lateral radiographs leads to
inconsistent measurement in scoliosis.

In this study, standardized spinal radiogra-
phies were obtained by means of the Scoliosis Cha-
riot shown in Fig. 1 and the Throne shown in Fig.2
for ambulant and non-ambulant patients respective-
1y,

The Chariot, designed by McNeice and Dawson
(1976), consists of a booth positiomed in such a
way that when the patient stands in it, he is in
a true lateral position to the X-ray tube. The
first spinal radiograph is taken; subsequently,
the Chariot is rotated through 90° and positioned
so that the patient now stands relatively to the
X-ray tube in a true antero-posterior position
in which the second radiograph is taken.

The Throne, designed by Koreska et al. (1978a),
consists of a seat on which the patient is placed
with his back resting against two referenced plexi-
glass rods and with the side of his pelvis leaning
against the lateral support of the Throne. Ante-
ro-posterior and lateral radiographs are taken
by positioning the Throne accordingly against the
X-ray cassette.

Utilising these radiographs, the centroid of
each vertebra between the 7th cervical and the lst
sacral as well as the reference scales are located
and then traced on an overlay transparent sheet
of paper. These tracings are sent to the Depart-
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ment of Civil Engineering, Univewsity of Waterloo
Ontario, where they are digitized. The informa-
tion is fed into a computer programme which gene-
rates a graphical display of the spine and compu-
tes several tri-dimensional indices (Koreska et al.
1978 b). This information is mailed to Montreal
for clinical analysis.

PRELIMINARY RESULTS AND DISCUSSION

Although thirteen scoliosis-related parameters
are included in the computer analysis of the stan-
dardized radiographs, four of them, namely, the
spinal deformity angle, the location of the apex
of the scoliosis, the length of the spine and the
kypho-scoliosis index, pertain particularly to
the seating definition. The remaining omnes pro-
vide mostly useful information on the etiology
of the scoliosis.

The spinal deformity angle is measured by means
of the Cobb method (Cobb, 1948). Table I presents
the average values of spinal deformities classi-
fied in four age groups consisting each of a five
year interval. These results seem to show the
existence of a transition region between the age
groups I and II where the Cobb angle increases
by 1087 and 1677 for girls and boys respectively.
Between the age groups II and III a less marked
second transition is noticed, both in the girls
and the boys where the Cobb angle increases res-
pectively by 157 and 50%. A slight decrease in
the spinal deformity in the following age group
may be explained by the small number of observa-
tions for that age group. None of these increases
observed in the deformity is related to a substan-
tial growth spurt as evidenced by the absence
abrupt changes in the true length of the lumbar
thoracic and thoracic lumbar spine shown in Fig.3.

The apex of the scoliosis shown in Table II,
seems to be shifting towards the low region of
the thoracic spine as the spinal deformity increa-
ses. TFor the girls, the location of the apex
changes from T8 to L3 with a transition from T8
to T10 at approximately the age of ten, followed
by a stable period between the ages of 10 to 20,
where the apex is situated at the T10 level.

For the boys, the apex changes from T6 to T8-T9
where it seems to stabilize. The most noticeable
transition of T6 to T9 occurs again between groups
E. atid EL.

To restrain the progression of scoliosis in
non-ambulant patients, lateral support at the T9
level should be useful.

For this study, the lumbar kypho-scoliosis index
(KS1) (Raso, 1977), is a measure of the lordosis
where as the thoracie KSI emphazizes the degree
of kyphosis. As shown in Fig. 4, both indices
increase between the age of 6 and 8, and then re-
main fairly stable until the age of 17.

. tant.

After, the lumbar SKI value decreases by 757%
while the thoracic KSI remains approximately cons-
This represents a loss in the lumbar lor-
dosis towards a more kyphotic posture, probably
as a result of the sitting posture assumed by the
non-ambulant patient.

Since the scoliosis encountered in Friedreich's
ataxia is paralytic, the evolution of lumbar lor-
dosis in a kyphosis is to be expected, resulting
in an increased scoliosis and permanent structu-
ral deformation of the spine.

The use of a posterior lumbar support in an
inclined seat such as the Hospital for Sick Chil-
dren Spinal Support System (Koreska et al. 1975),
may delay the progression of the scoliosis.

SUMMARY

From the preliminary results an attempt to de-
fine the sitting requirements of Friedreich ataxia
patients could be summarized as follows: (i) a
posterior lumbar support (ii) lateral support at
the low throacic level, approximately at T9 and
(iii) a slight inclination of the seating system.
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TABLE I
Average Spinal Deformities
(Cobb angle) Fig. 1 The "Scoliosis Chariot"
Age Group Boys Girls Total
I (5-10) 9 13 11
IT (10-15) 24 217 25
III (15-20) 36 31 34
v (20-25) 30 22 28
TABLE IT

Average Tocation of the Apex of the Spinal

Deformity
Age prou Boys Girls Total
I ( 5-10) T6 T8 T7
II  (10-15) T9 T10 T9
IIT (15-20) T9 T10 T9 Fig. 2 The "Throme"
IV  (20-25) T8 T3 T10
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1. ABSTRACT

The present paper deals with the correction
of lateral deformation (or bending) of the spine
(referred to as Scoliosis) from an engineering
perspective.

FPirst we present a short description of the
conventional method for the treatment of severe
scoliosis. In the process of adjustment of the
deformed spinal column, it gives rise to, on the
one hand, a high flexure stress, and, on the
other hand, a residual deformation (or curvature)
that cannot be eliminated. Our mechanical analy-
sis points out the cause of these shortcomings.

Then, from this mechanical analysis, a con-
cept is developed for an adjustment (or a dis-
traction of the spine} process which will enable
a complete correction (of the deformation) with
only a slight flexural stress on the spinal
column.

Aspects of construction of a device or proto-
type development (to some extent theoretical and
vet quite rigorous and detailed) based on the
concepts developed in the paper are briefly intro-
duced. These designs could, if subjected to fur-
ther systematic development, eventually lead to
the replacement of the conventional adjustment
procedure and instrumentation system.

2 INTRODUCTION

Concerning the stabilization of the adjusted
spinal column by the conventional mode of treat-
ment, the main points of criticism are the lack
of mobility in the sagital plane (in bending the
spine forward), inability of the spine to rotate
about its axis, and the excessive size of the
implanted metal parts. Therefore, in this paper,
we will first outline the shortcomings of the
conventional method by means of mechanical analy-
sis and from this we will develop a concept for
adjustment and complete correction of a deformed
spinal column.

Ba DESCRIPTION OF THE CONVENTIONAL TREATMENT
METHOD

The following review is in a way based on
the papers of P.R. Harrington (1-2).

In contrast to Kyphosis (posterior spinal de-
formation) and Lordosis (spinal deformation in an
anterior direction), traction devices, massage of
the musculature of the back, and other medicome-

chanical methods, surgical intervention is ne-
cessary in the case of Scoliosis when a certain
degree of severity is reached. The degree of a
scoliosis is determined by the Harrington Factor,
which is the ratio of the angle of deformation
(in degrees) and the number of vertebrae in the
deformed area (equal to 67/7 or 11 in Figure 1).
Surgical intervention becomes necessary when the
Harrington Factor is in excess of the value 5.

5

.

Fig. 1: Determination of
) the Harrington
‘ Factor
i Example: Angle of
A deformation: ¥ =67°
4 Number of affected
vertrebrae: 6

Resulting Harring-
ton Factor:67/6=11

The following description of the steps of
the surgical operation will concern the mechani-
cal aspects of adjustment (distraction) and
stabilization of the spinal column.

First the spine is exposed (laid open) from
the posterior side, over the entire deformed area.

Then the transverse processes of the upper-
most and the lowermost vertebrae affected by the
deformation are sufficiently exposed (or laid
open, i.e., freed of overlaying tissue) on the
concave side of the deformation, so that the
clamp jaw (or the hook clamp, clamp jaw) of the
"distraction force device" can be placed around
these processes. The distraction force applica-
tion device essentially consists of a threaded
rod and two gripping arms. These gripping arms,
one stationary and the other adjustable, accept
the hook clamps.

When the hook clamps are connected to the
distraction device, and placed around the trans-
verse processes, the adjustment nut on the rod is
turned, thereby moving the adjustable clamp jaw
and pulling apart the two jaws of the clamp un-
til the spinal column is largely corrected.

(Fig. 2). wWith that, the adjustment procedure
is complete.
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Fig. 2: Spine corrected hy
application of the
distraction force
device.

The now essentially adjusted spine remains
to be stabilized. This is carried out in four
steps:

First step: The compression system is applied to
the convex side of the deformation. This system

is a highly flexible threaded rod with a number of
hooks. The hooks are placed around the transverse
processes, in the manner shown in Figure 3, and
tightened against the transverse processes with
the nuts on the threaded rod. This makes possible
a slight additional correction.

Fig. 3: Compression system,
consisting of a
flexible threaded rod
with hooks attached to
it; the hooks are
tightened against the
transverse processes
with the help of the
nuts of the threaded
flexible rod.

Second Step: Circular vertebral segments of 12.7mm
in diameter are then cut out from the vertebrae.
This is done with a special oscillating hole saw.
The holes thus produced in the bedy of the verte-
brae are then filled with pieces from the pelvic
bone, such that a lateral rotation of the verte-
brae in relation to each other is prevented by

the inserted pieces of bone.

Third Step: The distraction force device is re-
placed by the distraction rod. The distraction rod
is a rod on the upper end of which are lathed heli-
cal threads, which taper in a conical fashion. In
one of these threads and at the lower end of the
distraction rod are hooks (or clamps) which are
placed around the transverse processes.

Fourth Step: In the last step of stabilizatioen,
long, thin strips (Ea. 2x5 mm in diameter) are
peeled from the ilium of the patient and laid on
the spine to fuse with it. The interspaces between
the ilium strips and the spine are filled with

fusion mass.

The mechanical phase of the operation is
‘finished at this stage, and the incision is then
closed in this state,

3% ANALYSIS OF THE MECHANICS OF THE CONVENTIONAL
METHOD OF TREATMENT, AND THE REQUIREMENTS FOR
AN IMPROVED METHOD

The following peints in the conventional

method warrant criticism:

1. A complete adjustment is not possible with
the distraction force. The residual angle
of deformation with the conventional
method amounts to approximately 15° to 35°.

2. When adjusting small angles of deformation
the stress on the spine is wvery high.

3. Freedom of spine motion in all directions
is almost completely prevented with the
stabilized spine.

4. The patient must wear a cast and a corset
for a very long period (almost a year) .

5. The implanted metal components (the dis-
traction rod and compression system) take
up too much space.

An improved method must meet the following

requirements:

1. For the adjustment and correction proce-
dure, an apparatus must be constructed
which achieves maximal correction, while
subjecting the spine to minimal stress.

2. For the stabilization, a solution (tech-
nigue/device) must be found which:

a. Completely or at least maximally cor-
rects (adjusts) the scoliosis while
guaranteeing almost complete mobility
of the spine.

b. is completely functicnal upon healing
of the operation incision, thereby
making a cast or corset unnecessary.

c. entails small sized components of all
the stabilizing metal parts.

A concept for such an improved solution to
the problem is developed step by step, from the
associated mechanical analysis, in sections (3.3)
and (3.4).

3.1 A Mechanical Analog Model of the Spine

If one wishes to describe and analyze real-
life (i.e., problems that exist in real terms, in
this case in the body) problems of skeletal dis-
orders in mechanical terms, it is necessary to
replace or simulate the individual components and
phases of the real problem by means of basic me-
chanics elements, in such a manner that the origi-
nal essential relationships are completely re-
tained. With the laterally deformed spine, this is
done by (i) considering the individual vertebrae
as short rigid beams and (ii) the ligaments and
the discs between the vertebrae as torsion springs,
which are assumed to be in an untrained state in
the deformed state of the spine.
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Figure 4 juxtaposes the real problem and its mecha- Now when the deformed spinal column is pulled
nical replacement model. apart with the distraction force (F) this corres-
ponds, in the mechanical simulation model, to the
tension force F applied at both its ends. Figure 5
(a=c) shows the pretreatment configuration in
part a, the adjusted configuration in part b, and
the quantitative wvariation of the bending factors
upon application of the distraction force. For
clarity, the torsion springs representing the liga-
mentous and disc connections of the vertebral
joints are numbered consecutively in Figure 5 a-c.

"Puﬂ =i divt

Wiz it =i

before treatment
Fig. 4: Mechanical substitute model of the lateral-

ly deformed spine. The deformation forces
are represented by torsional springs.

--t-.:(LPIu-A?:ﬂ)
' e

e

3.2 Description of the mechanics of the con-
ventional adjustment procedure

£‘P| -af)
F

after treatment

In the description of the mechanics of the
adjustment with the conventional distraction force
technigue and later with the improved concept, the
following case data (or study) will be employed Fig. 6: Pretreatment and distracted configurations

for examplifiying the description: (i) the deformed of a typical segment joining notes i and

portion consists of 7 vertebrae of equal length itl.

(1), (ii) all of the vertebrae are in their de-

formed or pretreatment configuration, inclined to Figure 6 defines the pretreatment and distrac-
one another at the (curvature)d.,, (iii), the ted conficurations of a typical segment joining
elasticity of the ligaments simulating torsion nodes i an i + 1. From geometry consideration, we
sprirgs, will be assumed to follow the Hooke's law, have (ffDm Figs. 6) |

with a rotational stiffness factor D. Lo o= dpy ~(Feaf) s ~(dia %) + AT (1)

i [ = ¢
docti =k =fFPei -0 Y:'H) 2&-:"{"-[-&(”‘*9?."-1 (2)
From equations (1) and (2), we have

(da'l.” "'GL"'-"' r(d,,_'..; -d'.,‘ﬂ} = {A Pt'-H +Af'.‘- ) ("5)

From equilibrium consideration, we have

Frlaimdi = Dol + AT t4)
. Maeiraty) (%)
E i SRS e e

.

It is seen from egquations (5) and (3) that

(1) if corrections are small (i.e., if aP,afiw
are small) and the distracted configuration (re-
presented byd&) is not to be appreciably straigh-
tened (i.e., if d& is large), then a small value
of the distraction force (F) is nceded,

(ii) if we want straightening up of the spine
(i.e.dﬂ- small) and even the distracted spinal
curvature (o< &4 ) small, and if the ini-
tial curvature (oli-i =% iy ) was appreciable, then
a large value of the distraction force (F) is re-
quired (according to equations 3 and 5),

(iii) if the spine is not too curved to begin with
(i.e., if the initial curvature eier - &< is
small), then a small distraction force (F) is re-
quired to decrease the curvature of to straighten
the spine; this is because the numerator of the

Fig. 5: Deformed spinal column term in equation (5), namely&i}+,~d}q)+@d-,~d5fd
a) before adjustment will be small relative to the denominator db
b) upon application of the distraction
force

c) progression of bending factor caused
by the forces F ({(qualitative).
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The above analysis shows that the distraction tech~ It is seen, from eguations (6) and (3), that
nique requires a high value of the distraction it is possible to achieve a major correction of the
force of the initial curvature is high, f.e. of spine without applying a large force.

the scoliotic spine is grossly deformed. Hence
since the spine can only stand a limited value of
F, a complete correction can never be achieved by
this technique.

Figure 8 illustrates the variation of the non-
dimensional force per unit initial curvature
E€/D(di-1-d s} with the final configuration para-
meter angle oy . it is seen that with the new
system the magnitude of the applied F can be main-

3.3 Description of the mechanics analog of : g A
2 9 tained finitely small even for small o,

an alternative improved concept for the
correction procedure

The essential difference in the improved con-
cept (to be presented here), in comparison with
the distraction force concept, is that the forces
applied to the spine are no longer limited to the
direction of the axis of the body, but are applied
transversly to it as well. In the direction of the
body axis; a guided force is applied to each end
of the deformed spinal segment that the ends can
only move in the direction of the body's axis;
additionally, as shown schematically in Figure
7 a-c) transverse forces are also applied. To-
gether, the guided axial force and the transverse
forces are intended to produce a near uniform ro- Fig. B: Variation of the non-dimensional force per
tation of all the vertebral joints. unit initial curvature over the final con-
figuration parameter angle
a) Longitudinal forces (Harrington system)
b) Lateral forces (new system)

3.4 Description of the mechanics of the
device for the improved concept for
stabilization of the corrected spine

We assume that the inter-vertebral disc and
ligaments are represented by linear bilateral
springs (shown in Figure 9) , each at a distance
a from the center of the vertebra. Then if C de-
notes the elasticity of each of the two linear
springs, we can relate the equivalent point ro-
tational stiffness D to the composite disc-liga-
ment elasticity C (as depicted in Figure h

DF =C(al)(ze) )
§ = go &b (€)

Fig. 7: Deformed spine clagi) clagd

a) before adjustment

b) under the stress of the lateral forces
F

c) progression of bending factor caused

by the forces F (qualitative) .

For explanation, reference is again made to
the example depicted in Figures (5 and 6) . Here
too, the starting position (pretreatment configura-
tion) is a deformed spine with the curvature angle
f; between the individual vertebrae. In this case,

Fig. 9: kepresentation of the inter-vertebral disc
and ligaments by linear bilateral springs
in the deformed (a) and corrected states(b)
a) Deformed scolictic state, where the

spring forces are Zero.
b) The effect of the spring forces is to
produce a deviatory moment on each ver-

Ed e $; 5D s Powy a s f?) [g) tebiélt?odyttizding to return to the

scoliotic sta .

a complete adjustment is achieved at the very point
when the following relation holds; for the applied
transverse force F,
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This relation expresses the equivalent tor-
sional stiffness of the inter-vertebral joint in
terms of the disc elasticity. The equivalent tor-
sional moment D:¥;has a tendency to make the spine
return to its scoliotic state.

Hence, the need for spinal stabilization (in the
corrected configuration) is to connect the two
vertebrae in such a way that the corrected state
is maintained. For this purpose, bilateral heli-
cal springs (with the spring stiffness A ) are
fastened to each of the transverse processes in
such a way that their strain (resulting from the
prestrain in the disc) will, upon their insertion,
infact provide the restoring moment (D-fgequation 7)
to retain the spine in the corrected configuration.
(Figure 10).

Fig. 10: Schematics of the adjusted state (a) and
the spring balanced final state after
fixation (b).

{a) Adjustment causes a deviatory moment
on the vertebrae (due to the spring
resistance force) of amoung D - ¥

(b) The helical springs (of the device)
mounted at interval b from the cen-
tral axis compensate for the deviatory
moment D- P, due to the disc spring
deformation™ (shown in part a).

If the undeformed length of the inserted
helical spring equals its length in the corrected
spinal configuration, then the restoring moment
(My) exerted by the inserted helical spring

M, = (26)[A(= 20

equals the deviatory moment D-f . caused by the de-
formation of the disc springs die to the correc-
tion, so that

D-f=zbralf - 2acaly (9)
vielding
rAmC 2 (1)

wherein (i) a = disc radius/2, (ii) b is based on
the transverse process size.

From equation (#0) it can be seen that theore-
tically an appropriate spring stiffness can be
selected. However, additional criteria need be in-
voked, such as:

1. small construction size

2. kink-proof springs

3. goed stabilization of the spine in the

adjusted position (even in cases of subse-
guent change in the ligature resilience)
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In comparison to the conventional rigid sta-
bilization (by means of the distraction rod), well
dimensioned flexible-dynamic stabilization affor-
ded by the hinged springs possesses the following
advantages:
1. nearly complete freedom of motion of for-
ward inclination of the upper body (since
a hinged spring can easily be twisted)

2. limited but still sufficient lateral free-
dom of motion of the upper body

3. almost unlimited rotatability of the upper

body on its axis
4. good absorption of shocks (e.g., when jump-
ing or stepping hard on the ground)

4. CONSTRUCTION

According to the mechanical analysis for an
improvement of the spinal adjustment procedure,
and for its stabilization all necessary mechani-
cal apparatus and devices were developed, includ-
ing:

1. Adjustment/correction apparatus to be

used during the surgical procedure.

2. The spring-loaded stabilization device

for individual vertebrae as an implant.

The detailed designs cannot be developed
here and, therefore, only a photograph of the
modular prototype stabilization device is shown
from a lateral view (Figure 11).

S

i

Fig. 11: Lateral view of the prototype modular
fixation device, depicting the springs
and the fixation mode.
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MULTI-PATIENT ENVIRONMENTAL CONTROL SYSTEM IN A SPINAL INJURIES UNIT:
A PRELIMINARY EVALUATION

R. Jonesl, A. Beanz, B. Woods! 5 i Tait}.

Medical Physics Department, Christchurch Hospital, Christchurch.
’Spinal Injuries Unit, Burwood Hospital, Christchurch.

A multi-patient environmental control
system (ECS) has been developed and installed
in a new 30-bed Spinal Injuries Unit. The
system provides inbuilt continuous monitoring
and control over 14 bedheads from a micro-
processor based central control unit. Two
interface systems were required to cater for
acute and non—acute phases of a tetraplegic's
stay in hospital. A review of the first 10
months of clinical operation indicates that
tetraplegics needing the system derive very
definite benefits from it but that total
numbers are well below the maximum ECS
capacity.

INTRODUCTLON

Electronic environmental control systems are
well established in their role of providing the
severely physically disabled with a means to
control certain functions in their immediate
environment (1). The advent of microprocessors
has further stimulated the development of more
powerful and versatile environmental control
equipment (2). However most of these systems have
been designed specifically for the home or work
situation and are consequently less than ideal
when implemented in a hospital environment where
a different set of requirements exist.

The building of a new Spinal Injuries Unit
provided an excellent opportunity to overcome
the inherent disadvantages which would otherwise
be met with the continued use of commercially
available modular environmental control units.

A multi-patient environmental control system (ECS)
was developed and in-built as an integral part
of the overall Spinal Injuries Unit (3,4).

The $1.5 million 30-bed Unit was commissioned
in April 1979, and caters for the southern half
of New Zealand's population. It has full
facilities for accepting and treating spinal
injury patients from the acute phase following
their accident through to the medical, surgical,

and longterm rehabilitation phases of their stay
in hospital.

SYSTEM DESCRIPTION

System Qutline
The ECS has been designed around a modified stand-

ard communication system, providing each patient
with the facilities: nursecall (including inter—
comm to central nurse station), emergency nurse-—
call, light, radio/television channel and volume,
and power outlets. All functions can be operated
either directly from the bedhead panel and its
handset controller or from one of a variety of
possible single switch tetraplegic inputs used

in conjunction with an overhead scanning/selection
display panel (Fig.l).

0f a total 31 bedhead units, including one in
Bio-engineering Laboratory, 15 have been set up
for both tetraplegic and paraplegic control. The
remainder have been allocated for paraplegic
manual control only, but have in-built capacity for
easy conversion at some later date if found
desirable.

All automated tetraplegic bedheads are
monitored and controlled from a single central
contral system based around a National SC/MP
Microprocessor System. The link between this and
the bedheads is provided through a multi-wire bus
cable with suitable interface electronics at both
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Fig.1. Overhead display panel.
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ends. As well as being able to remotely control
all bedhead functions, the central control system
continually senses all switches on bedhead panels
and handsets to ensure that the correct states of
patient facilities are indicated on overhead
displays.

All tetraplegic bedhead panels have an
additional switch allowing 'manual operation only'
to be selected which allows remote microprocessor
control of facilities to be explicitly disconnect—
ed in the event of a control system fault. This
system safeguard is further enhanced by a "watch-
dog" in each bedhead unit which in the event of
the microprocessor shutting down for any one of
a variety of reasons reverts the bedhead to manual
operation. This automatically switches the
tetraplegic switch into the nursecall circuit.

The overall system is conveniently subdivi-
ded into three sections: patient interfaces, system
hardware, system software. These have been
described in detail elsewhere (3), with the
following descriptions highlighting only the main
features.

Patient Interfaces and Operation

Experimentation with a variety of approaches has
led to the belief that two types of general
interface systems are necessary to optimally
provide for most patient/nursing requirement. The

Eig, 2,

Chin-switch and overhead sliding support
gantry for overhead display and mirrors.
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two systems correspond closely with the acute and
non-acute phases of a patient's medical treatment
programme rather than with the actual level of
cervical spinal cord lesion.

Acute phase - The high level tetraplegic is
immobilized by paralysis in all limbs to varying
degrees, and by cervical traction for six weeks.
During this phase a chin-operated switch has
proved the most effective tetraplegic interface
(Fig. 2). The assembly mounts upon the turning
frame of an electric turning bed and therefore
requires little if any adjustment during two hourly
turns. It can be quickly swung up out of the
patient's way for meals, physiotherapy, etc. An
orthopaedic frame and moving gantry is set up above
the bed for the fixing of the overhead visual
display as well as a double mirror system.

Non-acute phase — The acute phase generally
ends after the six weeks of cervical traction is
completed. The increased mobility and increasing
return of residual function means that most of the
previous apparatus is superfluous and a simple
pressure switch proves sufficient for most
tetraplegics at this stage.

Once the appropriate patient interface is
selected and fitted to patient, .a two wire cable
from the interface microswitch is plugged into a
miniature phone socket on the handset controller
itself. All services which are available to
paraplegics, and some lower level tetraplegics,
via the handset and/or bedhead panel then become
available to the high level tetraplegic.

Selection of functions specified on the over-
head display panel is accomplished by operating the
interface switch permitting automatic stepping
through functions at a rate of one per 1.6 s.
Stepping is indicated by the lighting up of the
respective LED and an accompanying audio beep
emitted from a small loudspeaker mounted behind
the display panel. The stepping mode used is that
of starting at the top left corner and moving along
each horizontal row in turn. On reaching the
desired function, the switch is released and a
confirmation period of 1.2 s. is given within which
a further activation of the switch will turn the
function 'On' if %0ff' and 'Off' if 'On'. If a
wrong selection is made the absence of further
action will cause the selection system to reset.
All functions in the On-state are indicated by
their respective LED's remaining on.

An exception to the above is necessary for
volume control. After patient has selected
Volume Up or Volume Down, he activates switch
again, holding it until desired sound level is
reached. A second exception is required for
activation of the emergency nursecall. Normal
activation of the nursecall function results in a
1.5 s long tone burst, and the lighting up of room
indicator lights at several annunciator panels
strategically located around the Spinal Unit. 1In
this condition the handset loudspeaker/microphone
is automatically connected into the nurse-patient
intercomm circuit allowing a nurse to converse
directly with the patient from the main nurse
station console. Where urgent attention is required



required, the emergency nursecall can be activated
by effectively calling the nurse twice in quick
succession. The microprocessor on detecting this
sequence of events proceeds to alternately activate
and cancel the nursecall alarm system at a rate of
0.4 Hz. The resulting series of tone bursts are of
course very effective in achieving the required
urgent attention.

System Hardware
A schematic of the electrical hardware used to
implement the multipatient ECS is shown in Fig.3.
At the heart of the system is a National SC/MP II
Microprocessor. This achieves direct control over
all functions at each bedhead by means of a 150 m
screened ll-wire bus running under the floor of
the Spinal Unit wards with feeders to each of the
bedheads .

The 9-bit Ward Address Bus can be subdivided
into two sections:

(1) 6-bit Bedhead Address Bus allowing up to 64
bedheads to be selected.
(ii) 2-bit Bedhead Function Bus allowing the 4

functional units of each bedhead to be select-
ed — Bedhead Sense, Bedhead Action, Overhead
Display, Volume Control.

The microprocessor selects the relevant
bedhead unit and function requiring servicing by
having the corresponding 8-bit Ward Address number
on the 8-bit data bus and enabling this into the
Bus Interface Buffer Latth by placing 1FFF on its
own l6-bit address bus. This activates the
desired Bedhead Receiver permitting serial data to
be read out to (SOUT) or read in from (SIN) Bed-
head Controller registers as desired. All serial
data is transmitted at a rate of 6700 baud by means
of a software generated clock (SC/MP Flag FO set to
1 and 0 in successive operations). This clock rate
is maximal in terms of allowing sufficient time
for successive SIN or SOUT bits to settle on the
ward bus to achieve a zero transmission error rate.

Each complete bedhead controller physically
comprises a bedhead and an adiacent bedhead inter-

face unit. The interface unit contains the bus
Bedhead Receiver and Volume Control boards while
the bedhead unit contains the Bedhead Sense and
Bedhead Action functional units as well as electri-
cal interfacing to standard bedhead facilities.

System Software

The microprocessor program is based around a ward
service loop in which each of the 15 automated
bedheads is monitored and/or serviced in turn at a
rate of approximately 6.7 times per second. As
each bedhead is scanned, data is read from its
Sense Register and compared with the stored
previous version to determine whether any manual
switch changes, including that from the patient
interface, have occurred, If no change is detect-
ed, the microprocessor pulses the bedhead's watch-
dog and moves cnto the next bedhead. If a change
is detected, various subroutines are called to
initiate appropriate action including updating of
the overhead visual display.

CLINICAL EVALUATION

During the first ten months of clinical oper-
ation in the Spinal Injuries Unit, the superior
features of the inbuilt multi-patient ECS have been
well proven when compared with the prevously used
single-patient modular alternative. These features
are: virtual elimination of a proliferation of
various appliances which can cause an unsafe and
unhygienic nurse/patient environment; elimination
of difficulties foreseen in interfacing to stand-
ard manually operated hospital communication
systems; minimisation of setting up requirements.

The tetraplegics who made use of the ECS
facilities were found to benefit in several ways:

(i) Reduction of helplessness-induced anxiety
by being able to operate the nursecall system.
(ii)Regaining of some independence and confidence
by being able to control a variety of functions
from a single switch input.
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Fig.3 Schematic of ECS hardware.
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(iii) Increase in motivation for self-rehabilitat-

ion with the realization that there are other ways
in which certain activites can be carried out.

(iv)Relief from the boredom of absolutely nothing

to do by being able to practice at optimal control
of the ECS.

A total of 17 acute tetraplegics were admit-

ted to the Unit during the initial clinical period

of mid-April 1979 to mid-February 1980 (Table 1).
This group consisted of 15 males and 2 females,

a mean age of 23 years (range = 18-45 years), and
an etiological distribution of 5 rugby, 5 fall,

4 motor-cycle, 2 motor-vehicle, and 1 diving
accident. Of the total 17 acute tetraplegic
admissions, 9 had the ECS facilities set up for
them including 3 with sufficient arm function in
the acute stage to bypass a need for the more
elaborate chin-switch interface. Further use of

the ECS was also made by 3 high-level tetraplegics

re—admitted for routine checkups.

Eight of the 17 acute tetraplegic admissions

did not utilize the ECS. They had definite upper

1limb involvement but their lesions were either in-

complete or sufficiently low level that they were

capable of operating the standard handset control-

ler without having to resort to a special inter-
face.

Overall several general conclusions have
been reached regarding patient usage of the ECS:

1.The benefits gained by tetraplegics from the ECS

are most evident but are largely limited to the
acute phase of treatment. Once out of cervical
traction, usually about six weeks after admiss-
ion, the need for ECS facilities drops signifi-
cantly. This is primarily due to increased
mobility in terms of upright position in bed

or wheel-chair which helps effective arm

ECS Usage Or thopaedic Patient Sub-
Category Injury1 Number Total
Chin & C4/5 1
Pressure C5 # 1
Switches- c5&6 1
C5/6 2
c6/7 1 6
Pressure Cc5/6 1
switch only- c6/7 1
CCcC 1 3
Not required- c5# 1
ce i 2
coa7# 1
c7i 1
ccc 3 8
Total acute tetraplegic admissions = 17

TABLE 1.
Analysis of acute tetraplegic admissions and
ECS usage during first 10 months of operation
in Spinal Injuries Unit.

(C = cervical; / = dislocation;# = fracture;
CCC = cervical central cord)

1Al though the orthopaedic diagnosis is usually
quite definitive, it can only be used as a

general guide to the actual acute and long-term
levels of meurological function.
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2.

3.

4.

function through a greater enabling of gravity
return. The frequent gradual return of an extra
spinal level of function following resolution of
oedema in the spinal cord superior to the lesion
also contributes to the decreased need for ECS.
It is considered that as a general rule if a
tetraplegic has good C6 function - that is,

good wrist extension - he should have no eventual
need for ECS facilities, either in the Unit or
after discharge. However they may benefit from
the ECS if restricted to bed for any reason and if
they have difficulty with forearm extension.

From a nursing point of view, the ECS does have
potential as a time saver where staff shortages
are evident. It is recognized however that the
workings of the chin-switch interface are not
fully appreciated by many .of the nurzing staff
which often leads to less than optimal use of
system.

Overall the ECS is far from being utilized to its
maximum capacity but most of this can be attri-
buted to a significant drop in recent numbers of
high level spinal injury admissions. This
gratifying situation appears to be at least part-
ly due to a substantial decline in serious road
accidents in New Zealand over the last year or
so. Increased enforcement of the 80 kph open-
road speed limit and anti-drinking driver
campaigns are obviously significant factors
leading to this trend.
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MICRODEC: A MICROPROCESSOR-BASED ENVIRONMENTAL CONTROL SYSTEM
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C.W. Heckathorne, J.A. Doubler, D.S5. Childress, Ph.D

Rehabilitation Engineering Program
Northwestern University Medical School
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ABSTRACT

A microprocessor-based environmental control
system for severely disabled people has been
developed which can be operated by two switches
and can control up to sixteen devices and asingle
telephone. Coded signals are transmitted over the
power mains to receiver modules at each peripheral
device. Commercially available receivers are
utilized to simplify installation, increase port-
ability, and decrease total system cost. Micro-
processor design was incorporated to enhance
flexibility and to provide complete user control
over all functions of the system.

INTRODUCTION

This paper describes a microprocessor-based
environmental control system for severely disabl-
ed people that has been developed in our labora-
tory. The system can be operated with any
arrangement of two switches, touch, pressure or
pneumatic, and can control up to sixteen periph-
eral devices and a single telephone. Remote
operation via a radio link is also possible.

Device control is effected by transmitting
coded signals over the power mains to receiver
modules located at each peripheral device. The
receiver modules decode the signals and selec-
tively control peripheral operation. The concept
of ""remote' operation by transmission of signals
over the power mains is not new, having been used
in intercom systems for some years. We first
became interested in this concept of peripheral
control several years ago (Doubler et al [1]),
describing it as ''distributed" control. Based
on this concept, we have selected the acronym
"MicroDEC" (MicroProcessor—based Distributed
Environmental Control) to specify the system
described here.

DESIGN CONCEPTS

The present form of the MicroDEC system is
the result of several fundamental design criteria.
From our previous work with environmental control
systems, we knew that direct connection to
peripheral devices by wires had many disadvan-
tages. These include (1) difficulty of instal-
lation, (2) unsightly, cluttered appearance and
(3) decreased portability and flexibility.

Distributed control eliminates wires, thus
simplifying installation and making movement

of a peripheral device from one location to
another as simple as unplugging it and its
receiver from one wall socket and plugging them
into another. Because of its modular nature,
distributed control also has the potential to be
more cost effective since users could purchase
just the right number of receiver modules to
meet their requirements and install them without
assistance. |If desired, they could start with
just a few, reducing initial system cost, and
add more later as their needs increase or as
funds become available.

It was felt that the utilization of micro-
processor technology held the best promise for
the development of a practical system that
effectively meets the needs of a large group
of disabled people. Choosing a microprocessor
as the basic control element in the system
simplified hardware design and reduced expense
by placing many of the system functions under
software control. This approach also makes the
system more resistant to hardware obsolesence.
Implementing software control allowed us to in-
clude several user programmable features which
enable individuals to easily configure the system
to meet their specific and changing needs.

Finally, in designing the MicroDEC system
we tried to use commercially available components
whenever possible. Because the market for
assistive devices for severely disabled people
is relatively small, it is difficult to attract
larger manufacturers who possess the facilities
and technical expertise to develop, mass produce
and service low-cost, reliable devices. Thus
the construction and distribution of assistive
devices is generally performed by small specializ-
ed companies. Utilizing components that are
already in distribution significantly reduces
manufacturing costs and simplifies construction.

SYSTEM HARDWARE

The basic MicroDEC system consists of the
MicroDEC control unit with appropriate switch
inputs (touch, pressure, pneumatic, etc.) and
several receiver modules. The receiver modules
used are commercially available products, part
of the BSR X-10 Home Control System. These com-
ponents are shown in Fig. 1 together with the
BSR system command console.

The core of the MicroDEC control unit is a
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Fig. 1 MicroDEC control unit, BSR receiver
modules and BSR system command console.

custom designed single-board microcomputer based
on the Motorola M6802 microprocessor. The M6802
is a version of the 6800 microprocessor having

128 bytes of on-board RAM and an on-board clock.
The program controlling system operation is stored
on a single 2K EPROM. Two parallel ports are
used, one for transmitting information to an eight
character, seven-segment LED display, and the
other for user input and device and telephone
control output. A commercially available tele-
phone coupler (FCC approved) is utilized in the
system, allowing the use of any telephone with

a standard connector. Accommodations have been
made for the use of a commercially available radio
transmitter/receiver system when remote operation
is desired (e.g. from a wheelchair or bed). The
receiver is mounted within the control unit.

A custom designed circuit was developed for
implementing device control by transmission of
coded signals over the power mains. This circuit
and the software driver provide digitally modu-
lated 120kHz control signals that are directly
compatible with the BSR X-10 Home Control System
receiver modules. First available at the end of
1978, the BSR system itself consists of a push-
button activated command console and three
different types of receiver modules: an appliance
module for controlling 110 volt electrical
appliances (e.g. radio, fan) a lamp module provid-
ing on/off and dimmer control of incandescent
lamps and a wall switch module providing similar
lighting control. We have developed a switching
unit that makes it possible to contrel self-
powered devices, such as a page turner, and a
control unit that allows operation of multi-input
devices, such as a hospital bed or TV. Both of
these units are used in conjunction with a BSR
appliance module.

The MicroDEC control unit is designed to
augment the BSR system without interfering with
it in any way. No modification of any BSR
component is necessary; the MicroDEC control
unit acts solely as an interface for a disabled
person. It does not restrict the use of control-
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Fig. 2 Close-up of MicroDEC control unit display.

led devices by other people, who can simply use
the BSR command console. The BSR command console
is not necessary for MicroDEC operation although
it is recommended for use (by attendants, etc.)
in conjunction with the MicroDEC unit.

SYSTEM OPERATION

The MicroDEC system utilizes a scanning
method of operation requiring two switch closure
input signals, one for advancing the device scan
and the other for selecting or activating the
specified control function. There are three
basic functional modes of operation: (1) device
control, (2) telephone control and (3) user pro-
gramming.

A picture of the system display by which
the user monitors system operation is shown in
Fig. 2. Each peripheral device being controlled
is assigned a number that corresponds to the
thumbwheel switch setting of its receiver module.
The numbers are displayed sequentially in the
left-most position of the system display as the
user scans through the possible selections. When
the user selects the number of the peripheral to
be activated, a cursor appears that can be
advanced from left to right across the display,
pointing to the possible control functions.
Selecting a control function causes the appropri-
ate control signal to be transmitted, activating
the desired peripheral advice. Dimmer control of
lamps and an all-on/all-off feature (capabilities
included in the BSR system) are also provided.

In addition to the peripheral device numbers,
selections are presented to the user in the basic
scanning sequence that allow branching to the
telephone control and user programming modes.
These selections appear on the display as the
seven-segment equivalents of the words ''CALL" and
DIAL" (telephone control) and ''CODE" (user pro-
gramming) . The telephone control selections,
however, are presented in the basic scanning
sequence only if the user has programmed their
inclusion. When specified for display, the



telephone selections are always presented after
device number 2 in the basic scanning sequence.

By selecting CALL, the user can enter and
save in system memory a telephone number contain-
ing a maximum of 13 digits. Only one telephone
number can be saved at a time. When CALL is
first selected, the previously stored number is
displayed, shifted right to left across the dis-
play. |If a new number is desired, activating
the appropriate switch clears the old number and
begins an automatic scanning of digits in the
right-most position of the display. New selections
are stored in system memory and displayed. The
user can halt the number building at any time,
at which point the entire new number is displayed
momentarily before the system returns to the
basic scanning sequence.

To dial the stored number or answer an
incoming call, the user selects DIAL, which is
presented after CALL in the scanning sequence.
Selecting DIAL opens the telephone line. By
activating the proper switch, the stored number
can then be dialed or the user can return to
the device control mode with the telephone line
closed (on-hook) or open (off-hook) .

The user programming mode of operation can
be entered by activating the CODE selection,
which is presented after the final device number
in the scanning sequence. In the user program-
ming mode, five options coded as letters of the
alphabet (A through E) are presented in scanning
sequence in the left-most position of the display.
Option A allows an audio tone accompanying device
and function selections to be turned on or off.
Option B allows the user to set the automatic
scan when building telephone numbers. With option
C the number of devices included in the basic
scanning sequence can be set to any number from
1 through 16. Option D allows the addition or
removal of the telephone selections from the
scanning sequence. Finally, option E determines
the mode of operation of each peripheral device
in the scanning sequence (i.e. momentary or on/off
control).

CONCLUS | ONS

We are presently finalizing the MicroDEC
system hardware. Present plans call for the
development of a system that can be controlled
using a single switch input. No hardware
changes will be needed to implement this new
system, only new software.

Three prototype systems have been placed
in the homes of severely disabled persons and
several more systems are being constructed for
field evaluation. We hope that the MicroDEC
system will become a commercially available
system in the near future. We feel it has the
potential to be a practical and cost effective
means of significantly improving the ability
of disabled people to control devices and
appliances in their environment.
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C2E2: A MICRO-COMPUTER SYSTEM TO AID THE SEVERELY PHYSICALLY DISABLED
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This paper describes the conceptualiza-
tion, design and development of a micro-pro-
cessor based device to be used by the severely
physically disabled for purposes of environ-
mental control, communications, education and
entertainment. The ""C2E2 SYSTEM,'" developed by
the Bio-Medical Engineering Group at the Uni-
versity of Alabama in Birmingham's Medical
Rehabilitation Research and Training Center,
(RT-19), is a cost-effective alternative to
the majority of commercially available envi-
ronmental control systems for the physically
handicapped which are, without exception, of
limited flexibility and considerable expense.

Due to improved medical-rehabilitation
practices, there has been an ironic increase
in the number of persons with severe disabili-
ties in recent years; more people are surviving
accidents and disease. Consequently, an ever-
increasing number of persons with functional
disabilities can look forward to ''mear normal'
life spans, but must face abounding obstacles
to daily living.

The ability to perform various activities
of daily living, ar ' the associated quality of
life experienced by persons with little or no
muscular control, is enhanced, somewhat, by the
availability of assistive devices which enable
them to '"interface' with their physical and
social environment. To an extent, some of the
specific needs of the physically disabled have
been met by devices such as electrically powered
wheelchairs, page turners, ''hands-free'' tele-
phones, specialized eating utensils and writing
equipment, some of which may be activated and/or
controlled by movement of the head, teeth, eyes
and respired air. Along similar lines, a few
coordinated interface systems have been devel-
oped, but they have generally been single or
limited purpose units (such as communication
substitutes or environmental control systems)
which enable the severely physically disabled
party to operate a limited number of household
appliances or in some applications simple busi-
ness machines. Experience has shown, however,
that such equipment is expensive, limited in
capability and utility as well as freqguently
being unreliable (1,2,3,4,5,6,7,8).

In recent years, rapid strides achieved in
the area of computer technology have resulted in
significant changes occurring in this emerging
field which are now playing an increasingly

important role in the lives of many handicapped
individuals (6,9).

To fully understand the nature of the
approach we have employed, a distinction between
"small computer' hardware terminology must be
made. The two major terms are mini-computer and
micro-computer.

A "mini-computer' is a device/system of
relatively small size. ''Minis'' are frequently
found in research laboratories and dedicated to
a specific task, quite often being supported by
a staff of one or two personnel. Mini-computing
systems range in price from $10,000 to $100,000.
Numerous attempts to utilize mini-computers as
aids to the physically disabled have been charac-
terized by the necessary development of sophis-
ticated and costly custom-built interface mech-
anisms.

A "micro-computer' is appreciably smaller in
size than the mini-computer counterpart. Typi-
cally, a micro-computer will occupy a single
printed circuit board and is sometimes identified
by the term '"SBC,' meaning Single Board Computer.
These devices are highly flexible in their appli-
cations, quite portable and moderately priced,
costing from several hundred to a few thousand
dollars.

Unlike mini-computer software, micro-comput-
er software is easily supported by a single in-
dividual. |In addition, the extraordinary popu-

larity of the micro-computer has resulted in a
highly competitive market situation which has
witnessed (1) improvements in the quality and
capability of commercially available units, (2)
significant reduction in hardware and software
costs and (3) the development of a national net-
work of service/maintenance organizations.

The advantages of the micro-computer - for
application in the realm of the physically dis-
abled - is readily apparent. Low cost, high
quality "off-the-shelf' hardware and software
are quickly gaining popularity over one-of-a-
kind, custom-built devices.

Finally, a description of micro-computer
systems would be partially incomplete without
specification of its most basic component - the
micro-processor - which is a single '"chip'' con-
trolling software and executing instructions
dictated by that software.

C2E2:

T In 1979, the Bio-Medical Engineering Group
of the Medical Rehabilitation Research and Train-
ing Center (RT-19) at the University of Alabama
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in Birmingham received a modest grant enabling
them to pursue a micro-computer project with the
following objectives:

(1) To develop and demonstrate the useful-
ness and economic feasibility of micro-
computer system applications for pur-
poses of communication, environmental
control, computer aided instruction
(CAl) and entertainment for persons with
severely disabling conditions.

(2) To disseminate system information and
otherwise promote, encourage and stimu-
late further applications and expanded
utility via the development of addition-
al software and hardware.

(3) To solicit, evaluate and disseminate
software and hardware designs created
expressly for use by the severely
physically disabled.

The first objective and associated tasks
addressed the design, construction and demonstra-
tion of a low-cost multi-purpose micro-computer
based system to be used by a severely physically
disabled population.

Achievement of the objective required an
accurate assessment of target population needs,
interests and desires followed by the development
of an appropriate system capable of meeting these
requisites.

Examples of applications we identified in-
cluded (1) the composition and production of
written communication, (2) the storage and re-
trieval of information, (3) the operation of
common household electrical appliances and (4)
the provision of computer assisted instruction
for personal and vocational purposes.

The second objective was designed to assure
comprehensive dissemination of information about
the project. The strategy we selected required
activity at two levels: (1) the rehabilitation
community, potential users, independent micro-
computer hobbyists and (2) manufacturers of micro-
computers and peripheral equipment. An intensive
effort has been made to demonstrate and report on
the model system at both levels. Obviously, the
ultimate value of the research endeavor is de-
pendent, in large part, upon the degree of aware-
ness and interest the developers are able to
create in the user and manufacturing communities.

The third objective was designed to stimulate
enhancement and refinement of the model system by
providing an effective and efficient medium of
information exchange among a widely diverse group
of users, hobbyists and manufacturers. |In part,
our interest in participating in this Conference
is reflected in Objectives 2 and 3.

Suffice it to say, after defining the overall
objectives, careful consideration was given to
establishing specific criteria for the C2E2
System. Ultimately, the following specifications
were set out:

(1) The system must be software programmable
in a widely used computer language to

accomplish multiple functions without
attendant hardware changes;

(2) The system must be composed of readily
available plug compatible components
and backed by a dependable and easily

accessible service organization. Custom
hardware must be held to a strict mini-
mum;

(3) The system must be capable of accepting
varied inputs, including voice commands,
switch closure, and joystick for system
control.

The current system utilizes an Apple 11
Computer, which satisfied the array of performance
criteria we established. The only piece of custom
hardware is a '"black box' containing a small
logic-card and relays to control the television
and telephone system. For convenience the head-
set, joystick and switch inputs were also relo-
cated in the "black box' which is of low cost and
design simple enough to be well within the capa-
bilities of the novice electrophile (Figure 1).

The present system performs the following
tasks: (1) answers the telephone; (2) dials the
telephone from a stored directory; (3) function-
ally operates a television receiver; (4) turns
appliances on/off; (5) prepares typewritten
material using an associated video display for
editing and correcting prior to hard copying; (6)
provides entertainment through challenging game
programs; (7) educates and instructs the user on
a variety of topics such as math, vocabulary,
etc.; (8) enables the user to compose and gener-
ate; and (9) provides access to other computer
systems via the switched-telephone network
(Figure 2).

System control is achieved through a number
of selection menus. The master control menu is
"brought up' from a cold start situation without
operator intervention. Menu selection is accom-
plished using operator directed voice input. |If
the user is non-vocal, command sequences may be
initiated by switch closures at an appropriate
time, word-board-style, by locating a ''cursor' or
command point with the joystick controller.

Video output is ''composite video' allowing
placement of additional monitors to check system
activities if desired. A "hard wired" television
screen provides continuous monitoring of system
status and operation; an additional remote control
color television set operates independently of the
system monitor for entertainment or provision of
color displays and graphics at the discretion of
the operator. Audible system alarms and the
generation of computer-synthesized music is pro-
vided through a speaker. A more advanced music
generation system is being developed using a
commercially available synthesizer which will plug
into one of the expansion slots.

The present model system operates in a fast
but somewhat limited "integer' BASIC language.

An advanced system is in preparation which will
use a more powerful '"floating point' BASIC.
Sophisticated languages such as FORTRAN, PASCAL
and COBOL are available, but BASIC is the easiest
language for ''new users."

The Apple |l was selected for the C2E2 for
a variety of reasons: (1) it is in national dis-
tribution because of its popularity with computer
hobbyists; (2) it is backed by a reliable service
organization; (3) it is programmable in BASIC;

{4) it has excellent software capabilities from
many varied sources; (5) it is readily expandable
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""on-board'' both in memory size and 1/0 capabil-
ity; (6) it possesses numerous built-in features
which are normally available only as '"add-ons'' in
other systems we evaluated and considered; (7)

it is well designed from a human engineering
standpoint coupled with being attractive, light-
weight and rugged; and (8) it is reasonably priced
considering its many standard features. There are
other micro-computer systems which would serve
equally well, however, our group selected the
Apple |1 as the '"best-buy' on a ''dollar-for=-dol=-
lar' basis.

When first proposed, this project was criti-
cized as ''being grossly underestimated in scale
and feasibility'" by reviewers. Happily, we can
report this was not the case. In fact, the ini-
tial model system was developed at considerably
less expense than our original, modest projec-
tions. We were, as a result of the cost-savings
realized, able to markedly enhance and improve
the system without additional grant support from
the funding agency.

To summarize, the commitment of stable manu-
facturing firms to the production of home micro-
computers, along with interest and support from
computer hobbyists, indicates there will be a con-
siderable amount of independent effort to further
expand the possible applications of C2E2 along
with development of imaginative software designed
specifically for use by physically disabled per-
sons.

C2E2 will enable severely physically handi-
capped persons to address many of their physical
needs and perform numerous activities of daily
Tiving with minimal assistance from family mem-
bers or attendants. Having control over one's
environment, even in a limited manner, promotes a
sense of independence, self-esteem and well-being.
Thus, utilization of this and similar devices for
environmental control, communication, entertain-
ment and education will address numerous physical
and psychological needs of severely disabled
individuals.
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TOTAL ARM PROSTHESIS DRIVEN BY 12 MICRO-MOTORS, POCKETABLE MICRCCOMPUTER AND VOICE AND
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Abstract A control system of electrical
prosthesis of total arm has developed for
vietims of a shoulder amputation or Tha-
lidomide tragedy. We introduced a micro-
computer for co-operative controlled ele-
ctrical prosthesis of total arm and the
development of practical electrical pros-
thesis of total arm was made miniaturi-
zing the control system to pocketable
gize.

As a result, this electrical prosthesis
involves 12 motors, which enable pre-
arrange degrees of freedom required by
handicapped persons to make easily daily
movement correctly and safely. As the
command devieces which reduce operative
work of handicapped persons, we utilized
a voice controller with the voecal humming
signal and a look-sight controller which
makes the automatical movements of pros-
thesis to the wvisual direction.

Introduction
Qur research group, supported finan-
ciglly by The Science and Technical Agency
and the Ministry of Health, has been work-
ing for 12 years to develop & microcomput-
er controlled total arm prosthesis system
that will permit persons who have lost
their arms through disease or accident to
perform basiec daily movements, controlling
the arm by humming. We have finished the
technical development and have begun field
tests with handicapped persons.
The results so far achieved in this
research are;
18 The design and machining of all
mechanical parts has been completed.
ii) The testing of all mechanical parts
has been completed.
Based on a movement analysis of the
human arm, a general numerical formu-
la has been developed, which allows
a mierocomputer to control the 12
motors in the artificial arm to
simulate the movements of human arm.
iv) A new pocketable microcomputer,
voice command device and look-sight
command device have been designed
and fabricated.
V) To permit digital servo-control of
the arm by the microcomputer, a
micromotor unit (composed of an

)

optical shaft encoder, a micro-core-
less motor, and a reduction gear box)
was developed.

The formulas (above iii) were imple-
mented in software to control arm
movements.

Our research group includes both
engineering and medical personel. The
engineering part includes researchers
from 5 universities of engineering facul-
ties and about 30 industrial companies,
while the medical researchers ccme from 4
universities medical departments and 5
rehabilitation centers. In all, about
100 researchers are participating in this
project.

1. The Electrical Prosthesis of Total
Arm with 12 Motors.

The electrical prosthesis of total
arm was developed following these
principal conditions:

A. 12 degrees of freedom utilized to the
electrical prosthesis.

3 in the shoulder as horizontal adduction
-abduction, flexion-extension and exter-
nal-internal rotation, 2 in the elbow as
flexion-extension, forearm pro-supination,
2 in the wrist extension-flexion, radial--
flexion and ulnar-extension and 5 in all
fingers to obtain the degrees of freedom
required by the prosthesis to handle
essential daily tasks.

B. Weight reduction.

This was accomplished by using carbon
fiber chiefly as the parts of structure
and duralumin in the torgue transmission
parts:.

The proportion of motor and gear-box was
designed to be less than 60 %---the total
weight of the prosthesis.

The interface circuits were lightened by
hybrid formation using microcomputer in
order to manage the controls of the 12
motors.

As a result, the physically handicapped
persons became able to carry on their
equipments.

C. Reduction of power consumption.
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i) The driving motor paower source.

The reduction of power consumption and the
continuation of moter's life were insured
by introducing pulse drive system.

ii) Computer and interface circuits.

Tnterface circuits are composed of C-MOS
TC 8085 family of microcomputer was used
for computer hardware. However, the power
source will be reduced by changing to Lhe
microcomputer of C-MQOS type. Ni-Cd batte-
ries are used as the power sources.

D. Simple operation.

One of the difficult problems in designing
and operating multi-freedom prosthesis is
to avoid imposing a burden on the persons
weine 1ls Therelfore, the operation mode
uses both the voice controller and look-
sight controller whieh act according te
the movements of visual direction.

E. Safety and reliability.

Since the multi-freedom prosthesis has a
movement zone simulating the natural arm,
in some cases, the prosthesis can become
harmful to its operater. From this point,

i) A 1limit switeh for the limitation of
movements of each freedom was provided.
ii) A eurrent limiter in power amplifier
was provided.

iii) A function which steops directly
before the 1limit of movement was added to
the software programming of movement.

iv) Also should the output pulses from
shaft-encoder be not feedback by outer
load on exceeding the threshold the total
arm returns to its original position.

v) The improvement of electrical relia-
bility by hybrid formation of computer and
interface cireuwits.

vi) The controller of prosthesis can be
used in anocther ways. When the handicaped
persons are regenerated, they can use ik
by their microcomputers as a controller of
the machine tool if they work to handle
the numerical coentrolled machine tool.
And then, the man-machine system between
the eleetrical prostheisis and numerical
controlled machine tool can be formed.

2. Total System.

Fig. 1 shows the block diagram of the
system which enables the signal to be
transmitted to total system. In additicng
a microcomputer was developed as the cont-
rol system based on the conditiens of the
facility of multi-freedom control as well
as system reliability and system conser-
vation. There are three classes of inst-
ruments for the items and measuring the
microcomputer system as table 1.

Table 1

I. Driving of micromotor; limit of move-
ment zone, 1limit of allowable load in the
hand artificial sensing of grasping move-
ment are indluded. And position, speed

current limiter, position sensor, preusure
sensor slip sensor and touch sensor are
setted.

Tl Controlling of movements; As a comma-
nd devices, voice and look-sight controll-
er and mechanical switch are equipped.
Controlling items by voice controller are;
start, stop, pause, restart, right, leflt,
forward, back, under the left, under the
rights over Ghe Left; Bwer thdé Fight,
central position, return to original posi-
tion, keeping hand horizontaly, fixed
movement (eating, drinking etc. as progra-
mmed), grasp, 3 stages change of speed so
on.

Controlling by looksight controller;
directions and angles.

Controlling by mechanical switch;

Manual position control.

IITI. Operation of central microprocessor.
Manual control: transfer to space lat-
tice

Motieon contrels co-oprative movement
depending on the pulse
distributed proportion-
ally to the movement.
movements on 3 axes
movement to the direc-
tion of wision
co-operative programmed
movements

" movement of the hand to
keep horizontal level
continuously
Independent movement of
each motor
return to original
position
command devices can
interrupt
overtravel limit
overflow pulse to over-—
load
initial reset (power
supply)
initial reset (I/0 port
) :
slow-up, slow-down, 10
kinds of wvaliable velo-
cities accepted

Pegition eontrol:
(trajectory)

Position control:

Interruption:

Speed controls

3. Specification of Total Arm Prosthesis.
length 67 3mm
upper arm 273mm forearm 209mm
hand 191mm
Movement of each articulation:
Shoulder: horizontal adduction —150%
H abduction 90°
flexion 1109
extension S
external rotation 9Q°
internal rotation =110°
Elbow: flexion-extension el 35S
Forearm: pronation 1:20°

supination -120°
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Wrist: radial-flexion gEe
ulnar-flexion =g

Thumb : oposition 0==90°
flexion-extension 0--T0°
(MPJ)

4 fingers: flexion-extension =809

(MP3,PIPj,DIP])

Weight:
Prosthesis 2.:2kg
Socket (millwaukee type) 0.9kg

Dummy arm (include batteries and
amplifiers) 2.3kg
Control device 0.5kg

(Note) The original hand part used in
this arm prosthesis was made by the Centre
d'Etude et de Recherche des Anciens Comba-
ttants de Paris in France. We have impro-
ved this original hand to a practical
level by several improvements on the mech-
anisms with the eccllaboration of Dr Cassa-
gne, Director of the Center.

4. Conclusion.

The field tests are being performed
for two amelias by thalidomide tragedy
(man 18 age, woman 20 age), the amputator
of shoulders (man 50 age) who engaged in
power electronics and suffered from a dis-
aster, and the amputator of upper limbs
(50 age). As the common ADL, the move-
ments of eating and drinking are chiefly
examined. Conseguently, we obtained the
following results:

i) The standard size of prosthesis was
designed.

40 The design and machining of mecha-
nical parts of prosthesis have been
completed.

iii) The system can be organized accord-
ing to the object for forfarm or
upper arm.

iv) The fixed memory can memorize new
movements according to the demand,
excute partial changes and adapt
itself to envircnment of handicaﬂ%d
persons.,

Presently, further research is being
conducted to develop the arm to a more
practical stage making some minor impro-
vements and developing related software
in aceordance with the result of tests by
handicaped persons over the next Tew
years.
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A NEW MODULAR MYOELECTRIC CONTROL AND SENSORY FEEDBACK S5YSTEM

Scott, R. N., Caldwell,

Bio-Engiheering Institute,
Box 4400, Fredericton,

108

A new family of modular myocelectic
control and sensory feedback elements for
use in upper extremity prostheses 1is
described. The three-state control units
feature control of two functions, such as
hand opening and closing, from a single
muscle control site. The sensory feedback
units use electrocutaneous stimulation to
indicate prehensile force on the hand
prosthesis. The system is designed to
complement features available in commer-—
cial systems, and is fully compatible with
terminal devices available from Otto Bock
and Systemteknik. All elements described
in this paper are available to selected
clinics in limited quantities from the
developer. The basic system elements will
be available commercially within about six
months.

INTRODUCTION

Design and development of myoelectric
control systems in this Institute began in
1962, and a number of identifiable
"models" have emerged since the first
clinical trial in 1965. The most recent of
these was a 12 volt 3-state system de-
signed in 1975 [l]. Compatible sensory
feedback systems have been under develop-
ment in the Institute since 1971, clinical
evaluation of the most recent system, [2],
having begun in 1978. 1In this paper the
next phase of development is described.

DESIGN OBJECTIVES

Based upon clinical experience with
previous UNB systems, the concept of
3-state control was retained as being par-
ticularly beneficial to those amputees who
have relatively few control sites avail-
able. Because the largest supplier of
electric hands, Otto Bock, is converting
from 12 to 6 volt devices, and because
Systemteknik also has standardized on 6
volt hands, it was apparent that a 6 volt
control system was needed. Further, the
options of using either an externally re-
moveable or an internal battery were
desired. A modular design was indicated to

R:R:;» Dunfield; V. A:; Hayden; J: W.; Richard; P. D.

University of New Brunswick
NB Canada E3B 4A3

provide, as well, the option of using sen-
sory feedback and the choice of two dif-
ferent signal processors--the traditional
"analog" processor or a new "digital" pro-
cessor. With respect to previous UNB
systems, a reduction in size and weight
was desired to make the system suitable
for short below-elbow amputees as young as
8-1P years of age. Ease of fabrication
using conventional methods, and ease of
repair, were further objectives.

PACKAGING METHOD AND OPTIONS

To provide essential mechanical pro-
tection without the added weight of solid
encapsulation, and to facilitate repair or
replacement of modules, a vacuum-molded
two-part case of 1 mm Kydex acrylic-PVC
alloy was selected. All leads used in
normal operation of the system are at-
tached permanently, and a multi-pin con-
nector is provided for adjustment and
testing. Rectangular circuit boards are
used for most efficient circuit layout,
and inter-board connections are minimized
for convenience and reliability. The re-
sulting family of packages is shown in
Figure 1.

) A simple alphanumeric code is used to
identify features in the modular system:

first two digits - model year
subsequent letters - module features
A = analog control unit
B = internal battery
D = digital control unit
F = feedback unit

Thus 79ABF is a 1979 design with analog
control, internal battery and feedback,
while 79F is a feedback module for use
with a non-myoelectric prosthesis.

) Approximate overall dimensions and
weights are as follows:

Model Length Width Height Weight
(mm) (mm) (mm) (g)
& or F 63 43 20 41
AB 63 43 41 122
ABF or DBF 63 43 49 l4g
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Figure 1 Packaging Options
Left to Right: 79ABF or 79DBF,
79AB, 79A or 79F

3-STATE ANALOG CONTROL UNIT

The analog control unit is shown in
Figure 2, and a block diagram in Figure 3.
Myoelectric signal is picked up by stain-
less steel surface electrodes and fed to
amplifier A, which has a differential
input, a common mode rejection ratio of 85
dB, and a gain of 25@8@. Processor P is a
low-pass filter (50 ms time constant),
with a voltage gain of 2. The output of
the processor is compared with adjustable
switching levels S1 and S2 in comparators
Cl and C2, where S1 < S2. If the signal is
< S1 both Drl and Dr2 output lines are at
zero potential, and the prosthesis is not
activated. If the signal is » S1 but < 52,
Drl is high, corresponding to one function
of the prosthesis (e.g. hand closingd. If
the signal is » 82, Drl is at zero and Dr2
high, yielding the other function (e.g.
hand opening)l. A time delay permits tran-
sitions between "off" and Dr2 without
activating Drl. The logic signals at Drl
and Dr2 are compatible with the power
switching modules in 6 V Otto Bock and
Systemteknik hands.

An operational amplifier not shown in
Figure 3 is used to establish a virtual
ground at the midpoint of the 6V battery,
eliminating the need for a centre-tapped
supply. The internal battery contains 6
225 mAh NiCad cells, giving longer life
and faster operation than the 5-cell unit
supplied by Otto Bock (No. 757B8). The
battery charger operates at a nominal 25
mA rate, and has positive indication of
charging current.

TRAINER

To apply a 3-state analog myoelec-—
tric control system it is desireable to
adjust S1 and S2 to optimum levels for the
patient. These settings depend upon the
dynamic range of myoelectic signals avail-
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Figure 2
Showing Case, Battery Pack and
Analog Control Board

79AB System Diassembled,

S10—>— Dr1
Cl |
® P |
Dr2
- 520—>— C2

Figure 3 B3lock Diagram Of
3-State Analog Control Unit

able. Measurement of this and of S1 and S2
is facilitated by use of the 79T Trainer,
a simple meter arranged to connect di-
rectly to the analog control module. The
trainer also may be used for training
patients in the use of myocelectric con-
trol, using either the meter, indicator
lights (corresponding to Drl and Dr2) or a
prosthesis as the display. The 79T Trainer
is illustrated in Figure 4.
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Figure 4



SENSORY FEEDBACK (ANALOG SYSTEM)

In this system electrocutaneous
stimulation is used to indicate the pre-
hensile force applied by an artificial
hand. The force is detected by a pair of
semiconductor strain gages mounted on the
index finger, using a conventional bridge
configuration. The amplified output of the
bridge is fed to a voltage controlled
oscillator which modulates a 3 kHz square
wave generator. The output of the square
wave generator is amplified and trans-
former coupled to a self-shielding coaxial
sur face electrode.

The resulting stimulus is a series of
bursts or pulses of a 3 kHz square wave,
with the pulse rate proportional to force,
over a range of -6 pulses per second
corresponding to a force range of §-180 N.
Some advantage in information rate is
achieved by having the modulator operate
at a constant duty cycle at pulse rates
over 2@ pulses per second.

In addition to the use of a shielded
stimulating electrode, it has been found
useful to gate the myoelectric preamp-
lifier off during the stimulus bursts in
order to minimize interference from the
feedback signal into the control system.
With these precautions no problems have
been observed in relation to electrode
placement, although it is customary to
place the stimulating electrode remote
from pickup electrodes to the extent that
this is feasible within the socket.

3-STATE DIGITAL CONTROL UNIT

Development of a digital myoelectric
daptrel BY Profs V. Dunfield ef €his
Institute in eollaboratisn with Dr.
E. Shwedyk of the University of Manitoba
has been under way for about four years,
and clinical trials are to begin early in
198@. Although this new approach has been
designated "digital" because of the use of
digital circuitry, a more appropriate name
might have been a threshold processor. The
technique is related to one used by
Childress [3] wheo first employed the "time
greater than a threshold" as a myoelectric
control parameter. Anticipated advantages
relative to the analog system include
better noise immunity, simplicity of field
adjustment, and adaptability to more com-
plex processing techniques.

With reference to Figure 5, the myo-
electric signal is amplified (A) and
passed to a window comparator (WC) which
gives an output whenever the absolute
valwe of the signal exceeds @ preset
threshold. This output is sampled at the
clock frequency and the resulting "1" or
"9" stored in the shift register (SR).

This method stores, in sequence, a repre-—
sentation of the signal over the averaging
period T. Between samples the contents of
the shift register are recycled and
accumulated in the counter (CR). Each
time, the oldest bit of information is
discarded. This gives a new estimate of
the signal each time a sample is taken.
Each sample is weighted equally, giving an
output equivalent to an analog finite time
integrator.

Thus the output of the counter (CR)
represents the signal "strength", and may
be monitored easily to determine which of
three states is desired. This is done by
using two retriggerable monostables (DM).
The first gives an output when the S1
switching level is crossed. The second
gives an output when S2 is crossed and
shuts down the first. A short delay is
added to the first output, as in the
analog system, to permit transitions
between off and the higher level without
activating the intermediate level. The
outputs Drl and Dr2 are compatible with
the Otto Bock and Systemteknik hands.

WC SR

b 4

CR

.______i 11 l > | ] T’ __*gﬂ
(L] om
( 5

Figure 5 Block Diagram of 3-Stale
Digital Control Unit

Further developments planned include
a matching sensory feedback unit, sharing
some circuitry with the digital control.
Also, a control system which responds
differently to transient and steady state
signals is being studied.
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Figure 6 79AB Control with Internal
Battery and Otto Bock 8El4 Hand

79A Control with Otto Bock

Figure 7
8E17 Hand and 757B8 Battery
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Figure 8 79A Control with Otto Bock
8E14 Hand and 757BB Battery
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EXTENDED PHYSIOLOGICAL PROPRIOCEPTION IN A MICROPROCESSOR CONTROLLED PROSTHESIS

Micheal D. O0'Riain, David T. Gibbons and Keith A. Reuben

Department of Medical Research, Rehabilitation Institute of Montreal
and Dept. of Electrical Engineering , Concordia University,Montreal.

ABSTRACT

In providing proprioceptive feedback for
multifunctional prostheses one method termed
" extended physiological proprioception "
(e.p.p.) has achieved a good degree of success.
This method is criticized, however, on the
grounds that the control algorithm does not
follow the neuromuscular synergies of normal
movement. A further problem with conventional
e.p.p. systems is that they incorporate fixed
linkages between actuators and this limits the
functions that can be performed by the prosthesis.
A new e.p.p. design is presented in this paper,
which overcomes the problem of fixed linkages
by using a microprocessor system with select-
able programs to control the input-output re-
lationships. The advantages of this system
should outweight any disadvantages caused by
breaking natural neuromuscular synergies.

SENSORY FEEDBACK

The normal arm receives vast amounts of
sensory information encompassing such modalities
as force, position, movement, and active touch
(i.e. the ability to feel shape, texture, etc).
Ideally, a prosthesis should be equipped with the
means of supplying all of these feedback modali-
ties. However, active touch would be an extremely
difficult modality to supply (4). Thus it will
not be discussed here. This paper then, examines
various methods for providing an amputee with
feedback of force, position, and movement.

Force feedback has received the greatest
degree of attention because it should be possible
to relate it to any amplitude-varying stimulus.
Some researchers believe that, in the case of
EMG controlled prostheses, force feedback can be
imparted via afferent signals originating at the
prosthesis control site (8). This form of feed-
back can be augmented, if necessary, by negative
feedback of the force on the prosthesis which is
subtracted from the EMG control signal. Other
systems use electrocutaneous or vibrotactile
stimulation of the amputee's stump, the intensity
of the stimulation being proportional to the
force generated by the prosthesis (10,11).

When designing an externally powered pros-—
thesis for an above-elbow or higher level amputee,
feedback of movement and position are of para-
mount importance. Without this type of feedback,
the amputee will have to make excessive use of

his wvisual system and automatic movements will be
impossible. Among those who accept the need for
some form of movement and position feedback, there
are two widely differing approaches. The first
approach proposes the use of the phenomenon of
phantom sensation to inform the amputee of the
position of his prosthesis (4). Prostheses

which use pattern recognition of IEMG signals from
several muscle sites as a control modality,

should be optimum for this type of position sensa-
tion. It should be realized, however, that
phantom sensation is an open-loop phenomenon.

This severely limits the degree of success one

can expect from such a system.

A second approach to the feedback problem is
one which starts off by recognizing that excellent
proprioceptive feedback is obtained by an amputee
using a body-powered prosthesis incorporating a
Bowden cable. TForce, movement, and position in-
formation are fed back to the amputee in a very
natural and easily comprehendable manner. This
system works very well because the movement,
force and position of the prosthesis is related
on a l : 1 basis to the movement, force and
position of the Bowden cable. Dr.D.C.Simpson, of
Edinburgh, Scotland, achieves a similar quality
of proprioceptive information with his CO2 power-
ed prosthesis (12). In designing his prosthesis,
Dr.Simpson introduced two important control con-
cepts. These are termed " extended physiological
proprioception " (e.p.p.) and the " unbeatable
servo ", respectively. Extended physiological
proprioception refers to the establishment of a
direct relationship between the movement of a
normally functioning joint (the input signal) and
the movement of the prosthesis. The unbeatable
servo feature prevents the controlling joint from
moving faster or further than the prosthesis can
follow. In Dr.Simpson's prosthesis, the positions
of the clavicular joints are used as inputs. The
prosthesis is successful and has been fitted on
a large number of patients. The principle of
e.p.p. is being used by other research groups in
the design of electrically powered prostheses
(1,13). Like Dr.Simpson, they use clavicular
joint positions as input signals.

A major problem with existing multi degree
of freedom prostheses using e.p.p. is that they
incorporate a fixed input-output relationship
which forces the movement to follow a pre-assigned
pattern. This severely limits the range of
activities which can be performed. Another
criticism which has been leveled at e.p.p.
systems is that the control signals do not follow
the natural neuromuscular synergies (9). It is
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claimed that the only truly feasible design for a
prosthesis is one which uses a separate control
site for each degree of freedom, with the control
sites chosen so as to follow the synergies of
normal limb movement. This strategy involves the
sacrifice of position proprioception as well as
giving to the amputee the job of coordinating the
various degrees of freedom. Work continues on
developing prostheses based on this principle

(3) but, to date, no fully acceptable unit has
been designed.

A relatively new approach to prosthesis design
involves the use of microprocessors to analyze the
EMG signals and control the actuators. Two major
developments are currently underway: one by Lyman
and his associates at U.C.L.A. and the other by
Graupe and his associates at Colorado State
University (6, 2). The U.C.L.A. system uses EMG
signals from nine sites quantized into five ampli-
tude levels. The microprocessor then uses a
Nearest Neighbour Classifier (NNC) algorithm to
estimate the desired movement of the prosthesis.
Some work, on a very basic level, is being done to
provide sensory feedback by means of an electro-
tactile display (7). It should be noted that this
system, based as it is on mean EMG levels, uses
the low frequency characteristics of the EMG sign-
als.

A system which uses the whole EMG frequency
spectrum has been developed by Graupe and his
associates (2). In this system, from one to three
muscle sites are used to control five limb func-
tions. TFunction discrimination is achieved using
an Auto-Regressive Moving Average (ARMA) indenti-
fication algorithm. The discrimination success
rate is an unacceptable 857 and no sensory feed-
back is provided.

The two prostheses discussed above can be con-
sidered open-loop systems since the only attempt
to provide feedback information is through electro-
tactile stimuli (The U.C.L.A. system). This form
of display, while useful to some extent for force
feedback, is totally inadequate as a means of
supplying position information. Because of the
open—-loop nature of the contrel, neither system is
likely to gain wide acceptance among amputees.

After reviewing the various options for the
control of prostheses, and based on our experience
in this field, it was decided to set down the
following priorities for prosthesis design:

(i) Proprioceptive feedback of force, move-
ment and position should be made available to the
amputee.

(ii) An easy-to-learn means of achieving co-
ordinated movement of the prosthesis should be
implemented.

To attain these two priorities we choose a
modified e.p.p. system. The principal modifica-
tion involves the incorporation of pre-programmed
(and therefore selectable) input-output relation-
ships. Thus, while linked motions are retained,
the system is made much more flexible by allowing
many different linkages to be pre-programmed. An
additional advantage stemming from the use of a
microprocessor is that the dynamic characteristics
of the actuators can be put under program control.
In choosing this particular design, we are ignoring
the synergy of normal movement. However, we
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believe that the gains resulting from the excel-
lent proprioceptive feedback will far outweigh
the problems caused by forcing the amputee to
learn new neuromuscular synergies,

DESCRIPTION OF PROTOTYPE PROSTHESIS

In order to evaluate the design, a prototype
has been built for an above-elbow amputee. Later,
the design will be extended to cover higher-level

amputees.

Functions

The functions envisaged are: hand prehension,

wrist rotation, and elbow flexion/extension.

Control

Hand prehension will be controlled by EMG signals

from biceps and triceps muscles using the system
developed at the Rehabilitation Institute of
Montreal (5). Sensory feedback is not as import-
ant for prehension as it is for wrist rotation
and elbow flexion/extension, because prehension
is not primarily a position function. Wrist
rotation and elbow flexion/extension will be
controlled in a coordinated manner using, as
input, an under-arm goniometer which measures
shoulder flexion/extension and abduction/adduction.
This goniometer will be used to provide both the
extended physiological proprioception and the
unbeatable servo features. The choice of
shoulder movement as the input signal is based
on a recognition of the fact that many manipula-
tive tasks involve a coordination of shoulder,
elbow and wrist movements. Thus the use of
shoulder movement as an input signal will, in
many cases, be a help rather than a hindrance to
the control of the prosthesis. Thus, for example,
with ten selectable programs stored in the micro-
processor memory, eight can deal with very
speciflic tasks (e.g. bringing objects to the
mouth, opening a door, etec.). The remaining two
can be for general purpose use (e.g. one to be
used while standing and the other while sitting.
To include the unbeatable servo feature in
the system, the input goniometer will have to be
able to continuously limit shoulder movement in
accordance with the current output capabilities
of the system. We hope to achieve this by pro-
viding the goniometer with a braking mechanism
having a small amount of backlash. This strategy
will enable the microprocessor to sense the
direction of attempted movement. It can thus
release the brake if movement is attempted in
one direction while at the same time preventing
movement in the opposite direction. The position
and direction of the braking will be continuously
varied by the microprocessor program. For
shoulder disarticulation and forequarter amputees,
clavicular positions will likely by used as the
input signal. However, other alternatives will
be investigated.

PROTOTYPE MICROPROCESSOR SYSTEM
The microprocessor system being used in this

work is a prototyping system based on the RCA
1802 CMOS processor, which is hosted by a DEC



PDP 11/45 minicomputer. The minicomputer provides
a wide range of facilities for program develop-
ment. Programs are written in the assembly code
of the micoprocessor and are assembled by the :
minicomputer. Any alterations to the text of the
program can easily be made using the editor of
the minicomputer. The assembled code can be down-
line loaded into the microprocessor memory and
the program can be run under minicomputer super-
vision using single step and trace facilities.
The microprocessor, its support electronics, 2K
RAM and the PDP II interface are housed in a 19
inch rack with a common backplane bus. This
has enabled us to build a prosthesis interface
simply on two cards for the rack system. The
RCA 1802 has been chosen for this application
because it is a CMOS processor and therefore has
a low power dissipation. The low power dissipa-
tion will help us to have a self contained prosthe-
sis, with integral power supplies, which has a
sufficiently long daily life to make it practical.

A simplified block diagram of the prototype
electronic hardware is shown in figure 1. The
input to the microprocessor is taken from four
linear potentiometers. Two potentiometers pro-
vide the amputee's shoulder flexion/extension and
abduction/adduction information from the gomio-
meter. The other two potentiometers provide in-
formation on the prosthesis wrist rotation and
elbow flexion/extension. All four potentiometer
signals pass into an analog multiplexer, the out-
ptt of which is fed to an analog to digital con-
verter (ADC). The multiplexer is under the com-
plete control of the microprocessor via the Pot-
entiometer Register. This allows for maximum
flexibility in developing programs for a prototype
amputee-worn prosthesis. This flexibility means
that the potentiometers need not be considered in
a fixed sequence at all times but that the se-
quence may be varied or a potentiometer omitted,
for instance if shoulder abduction/adduction is
not encountered in a particular movement.

The microprocessor, having received data on
the shoulder position, can use this data with a
look—up table to determine the required wrist and
elbow positions. Then, using the wrist and elbow
data input from the potentiometers, the desired
motor drive can be calculated and a signal, which
is basically pulse width in nature, can be applied
to the wrist and elbow motors. Repeated intera-
tions of this nature provide full control for the
prosthesis. To enable a different set of linked
movements between shoulder and prosthesis, it is
only necessary to employ an alternate look-up
table for the above calculations. Many alterna-
tives may be stored in the microprocessor system,
any particular one being chosen by some external
input to the system.

A bench prototype has been built and program-
med. TInitial tests have been performed using a
goniometer previously designed for research pur-
poses (see figure 2). A less obtrusive goniometer
will be designed for fitting on amputees. The
results obtained so far have been very encouraging
and necessary modifications are currently being
made.
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Figure 1. Simplified diagram of the prototype electronic hardware.

Figure 2. Bench prototype of the prosthesis.




MYOELECTRIC KNEE CONTROLLER FOR A/K PROSTHESES
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ABSTRACT

Work is presented leading to the development
of an experimental, active, volitionally controlled
above-knee prosthesis. The project is being imple-
mented in four phases: 1) An investigation of myo-
electric processing techniques to identify the
intent of the amputee. 2) The design and modeling
of a knee actuating device which is small and light
enough to be contained within the prosthesis, yet
is capable of meeting the torque requirements of
swing phase control at various cadences. The de-
vice will also permit the amputee limited torque
capability for volitional control in non-gait situ-
ations. 3) The design of a controller which, given
the intent of amputee, will calculate the appropri=-
ate input for the actuator to realize that intent.
4) The construction and preliminary evaluation of
an experimental, prototype prosthesis.

INTRODUCTION

In the past, knee control for above-knee
(A/K) amputees has been largely limited to pre-
programmed, passive devices which are not easily
controlled by the amputee. The earliest attempts
at control involved the introduction of constant
friction into the knee joint; e.g., (1) or (2). An
improvement is offered by retarding heel-rise
following the initiation of knee flexion and by
retarding knee extension preceding heel contact.
The principle disadvantage of such devices is that
the torque introduced does not vary throughout the
gait cycle. Improvement can be offered by making
damping a function of knee angle using an eccentric
cam.

Currently the most popular damping devices are
hydraulic or pneumatic. The important advantages
offered are due to the property that the resistance
to flow of a fluid is proportional to its velocity.
Therefore, as cadence rate Is increased, knee re-
sistance is increased. The device typically takes
the form of a piston and cylinder with two separate
flow paths governed by one-way valves; one path
controlling resistance to knee extension; the other,
resistance to flexion; e.g., see (2).

The state of the art in the design of knee
control for A/K prostheses is reflected in the work
of Flowers, et. al. at M.I.T. (3). An electromag-
netic particle brake controls knee damping as a
function of the swing phase torque profile using
slide potentiometers. The amputee is provided

freedom to adjust the device characteristics as
cadence rate and environmental conditions change.

A major deficiency in the design of all A/K
prostheses exists between the amputee and the knee
controller, i.e., the communications link between
the amputee and his device. 1f the controller is
not to function only in a preprogrammed manner, it
becomes necessary to provide the user with a means
to convey his intent.

Several control schemes for upper extremity
prostheses attempt to solve the problem by employ-
ing pattern classifiers operating on spatial
patterns of EMG. Each EMG sampled is rectified
and low pass filtered such that the resulting sig-
nal is proportional to the energy content of the
EMG measured. Exampled include the "Temple Arm"
(4) and '"Swedish Hand" (5).

Other approaches attempt to use more of the
information contained in the EMG than simply
magnitude or energy content. At the University
of Utah, Jacobsen et. al. (6) are correlating
shoulder torques, using linear regression analysis.
Graupe et. al. (7) are developing a control scheme
based on an autoregressive (AR) model of an EMG
signal. The coefficients of the AR model are used
to assign an unknown signal into classes of allow-
able joint responses. The method has been shown
to work in the control of a single degree of free-
dom assistive device and is being investigated for
use in multiple degree of freedom control.

In this paper the authors examine the feasi-
bility of the spatial pattern recognition approach
in discriminating between EMG activity which is
directed at the knee from EMG activity directed at
the hip. Part I. describes the analysis and
results of the pattern recognition work. Part II.
describes the design of the actuator, and Part III.
the design of the control system. Part IV. con-
cludes and summarizes the work.

I. PATTERN RECOGNITION

Experimental Design
It was hypothesized that spatial patterns of
EMG from muscles above the site of amputation
could be separated into groups representing:
1) knee flexion, 2) knee extension, and 3) hip
action involving no knee activity. The following
experiment was designed to test this hypothesis:
Using normal subjects, bipolar surface elec-
trodes were placed on six muscles in the thigh and
hip region of the right leg. A strap was placed
around the ankle and above the knee providing
attachment points lor hooks and cord. An apparatus
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was constructed so that known weights could be

used to load the hip and knee joints through a
system of pulleys. EMG was recorded as the hip and
knee underwent combinations of quasi-isometric
flexion and extension with the right leg in wvarious
configurations. The signals obtained were loga-
rithmically amplified, bandpass filtered, inte-
grated, and sampled.

Analysis

Fach pattern resulting From the six FMG roe-
cording sites was considered as a vecltor In six-
dimensional space, with all vectors from knee
flexion runs belonging to one class, and all re-
maining vectors to a second class. Pattern recog-
nition algorithms were then applied to judge the
degree of separability between the two classes.
Knee extension vectors were treated similarly.

Three algorithms were used: 1) a linear dis-
criminate function (LDF), as used in several ex-
isting control schemes, 2) a quadratic discriminate
function (QDF), and 3) a polynomial discriminate
function (PDF) (8). The PDF was preceded by a
feature extraction (FE) algorithm which linearly
transformed each vector to a reduced dimensionality,
while maximizing the expected distance of points in
the first class from those in the second.

Results

Experimental results indicated that the dis-
criminate functions, each based upon a Bayes'
classifier, will vield virtually errorless separa-
bility between spatial patterns of EMG which result
from knee action. Additionally, an apparent cor-
relation between classifier output and knee torque
was noticed. Figs. 1 and 2 show pattern classifier
output for knee torques increasing in magnitude
such that first, a progressively large flexion
moment was required (Fig. 1), and secondly, such
that a progressively larger extension moment was
required (Fig. 2). Positive ordinate values indi-
cate that a pattern has been accepted into the
class; negative values indicate rejection. It can
be seen that classification was performed without
error.

IT. KNEE ACTUATOR

The design of the actuator consists of a
pneumatically driven, double-acting ram with a
pressure reserve vessel located in the shank of
the prosthesis. If the actuator is to act as an
energy dissipator (i.e., the torque which must be
supplied by the device opposes the direction of
knee rotation), valves will be appropriately
adjusted to provide air flow resistance. When the
pressure on either side of the ram exceeds the
pressure of the reserve tank, that side of the ram
will be connected to the pressure vessel to con-
serve energy. When it is required that the actu-
ator supply energy (i.e., provide torque which is
in the direction of motion), the vessel will serve
as the driver. Digital computer stimulation indi-
cates that the actuator will be capable of driving
the knee with torques of up to 270 in.-1bs., well
within the torque demands of swing phase in normal
locomotion.
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I1I. ACTUATOR CONTROL SYSTEM

Each of the equations governing the behavior
of the actuator was linearized using a Taylor
series expansion about a normal trajectory of the
state variables of the actuator. A piece-wise
linear model of the actuator was then used as the
plant for which a compensator was to be designed.
Fig. 3 illustrates an expanded view of the knee
control device. The controller can be formulated
as a lincar multivariable tracking problem (10)



with input disturbance. The disturbance Fgayt ¥4
results from forces external to the actuator

caused by hip angular rotations and displacements.

The reference input, F,, the desired actuator

force, is determined by the difference between the X —
output of the flexion and extension classifiers.
The dashed line in Fig. 3 represents the feedback
of state information from the actuator. This is
accomplished, in part, by the incorporation of
appropriate transducers in the design of the actu-
ator, and, in part, by the use of a reduced order
state observer.
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Digital Simulation

A model of the actuator was derived, and the
entire thigh-actuator-shank system was simulated
on a digital computer. The system was treated as
a pair of rigid links pivoted at the knee center
with shank mass concentrated at its CG (see Fig.
4). The hip was subjected to displacements (X,
YH) and the thigh to rotation (8¢) as would occur
during normal locomotion. The controller was pro-
grammed to provide input to the actuator such that
a normal torque profile would be produced at the
knee. Results of the simulation are presented in
Fig. 5 where "actuator length" is as defined in
Fig. 4.
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IV. PROTOTYPE CONSTRUCTION
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The results of the simulation have provided 50. 60. 70. 80. 90. 100.

the design specifications which must be realized
by the experimental model if reasonable perform-
ance is to be expected. A socket was constructed
incorporating the electrodes necessary for EMG Fig. 5 Desired vs. Simulated Actuator Response
detection. An experimental actuator including the
nevessary transducers for leedback of state infor-
mation to the controller was then installed. Eval-
uation and modification of the device is currently Limbs and Their Substitutes, New York: McGraw-
being undertaken to compare the performance of the g;fi, 1954 .
device against existing, passive A/K prostheses. 2. C.W. Radcliffe, "Prosthetic-Knee Mechanisms

for Above-Knee Amputees," Prosthetic and
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AN EMG STARTLE RESPONSE AS A STUMBLE INDICATOR

Donald L. Grimes

ahd Woodie Flowers

Massachusetts Institute of Technology

ABSTRACT

An EMG startle response was tested asan indi-
cator of a stumble situation., Experiments on
normal subjects verified that the startle response
does occur shortly after a stumble and can there-
fore be used as an indicator of a stumble. The
approach was employed as part of a safety system
on an active experimentdl A/K prosthesis which is
capable of many active knee functions (step over
step stair climbing, etec.). The EMC stumble
indicator worked very well in our active system
and appears well suited for other locomotion
related safety systems.

Precautions to insure safety must be in-
cluded in any prosthetic device. Special atten-
tion to safety is necessary when the prosthetic
device is experimental. Amputee safety can be
improved by including some relatively simple
precautions in a safety system. In the case of
experimental lower limb prostheses two main haz-
ards exist which must be considered and included
in such safety systems.

First, even when an experimental prosthetic
gystem is performing in the desired manner, the
chances that the amputee might stumble and fall
are higher than if the amputee were accustomed to
the prosthesis. The amputee's inputs and reac-—
tions to a new prosthesis or prosthesis controller
change as the amputee develops a mental model of
how the prosthesis will behave in different
gsituations. Even though the amputee is generally
more cautions during this time, chances of a
stumble are somewhat higher during this training
period than after the subject has become accus-
tomed to the prosthesis. The second hazard in
experimental prosthetic systems is common to any
experimental device. Experimental systems fail
more frequently. Some problems cannot be antici-
pated during the formulation stage of a project
and do not appear until experiments are performed.

An experimental prosthesis can be made safer
for an amputee by including automatic safety pre-
cautions. Such a safety system can employ safety
measures if a stumble or other emergency situation
occurs. If a stumble does occur, it must be
recognized quickly if any automatic safety system
is to be effective. One automatic safety system

that has proven very effective in testing an active
experimental electrohydraulic prosthesis system (1)
uses an EMG startle response as a stumble indi-
cator:,

Shortly after an emergency or startle situa-
tion, many skeletal muscles are tensed prior to
major recovery activity. This "startle response"
has been observed in humans in drop tests (2) but
has not heen tested in stumbles during locomotion.
In order to determine whether an EMG startle re-
sponse is a useful indicator of a stumble situa-
tion, a series of experiments were performed on
normal subjects.

Nine normal subjects were used in deliberate
tripping tests during level walking. After
watching a demonstration of the experiment, each
new subject was fitted with knee and elbow pads
and a hockey helmet (Fig. 1). EMG surface elec-
trodes were placed on the skin over the biceps
and triceps on each arm and held under elastic
wraps. Biceps and triceps were chosen because
they have a low EMC level during normal locomotion.
Although this approach would not be useful if the
subject were actively using his arms while walking,
it is a useful approach for a laboratory situation.
For these experiments, a rope was tied to each
ankle. A trip switch between each ankle and the
rope indicated when the rope was pulled. Each
subject was asked to walk on a level surface and
at an unexpected time the investigator pulled on
one of the ropes, thereby creating a stumble situ-
ation. The rope pull always occurred during the
swing phase since a much larger disturbance would
be required to cause a stumble during stance.

The rope pull was not violent enough to upend the
subject but just enough to interrupt the subject's
gait pattern. Every subject recovered from each
test without falling to the floor. Approximately
20 tests per subject were performed. All nine
subjects exhibited a startle response similar to
the test shown in Fig. 2. The average time be-
tween the onset of a trip and approximate onset
of EMG over 93 tests was 140 ms. with a standard
deviation of about 30 ms. The response is suf-
ficiently fast so that safety precautions can be
exercised before any injury can occur.

These results for normals were assumed to be
similar to stumble situations for amputees for
two reasons. First, the EMG startle response ap-
pears to occur universally. All subjects tested
in this investigation exhibited the response.
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Figure 1: Startle Response Test With Normals

?igure 2: Typical EMG Patterns\\\

Secondly, although amputees typically stumble
more frequently than normals, the response does
not appear to habituate away. Individual subjects
were tripped many times on different days and the
EMG startle response was unchanged. Although
these tests were not designed to be extensive
enough to determine the exact physiological
mechanism for stumble startle responses, the re-
sponse appears to be a functionally useful indi-
cator of stumble situations.

For use with our active experimental pros-—
thesis system each EMG signal is processed (recti-
fied and low passed T = 150 ms.). A stumble is
defined when any three of the four processed EMG
signals exceeds normal locomotion activity levels.
If a stumble condition is recognized, an abort
valve locks the prosthesis. Although different
researchers suggest different courses of action
(free swing, slow yield, or lock) in emergency
situations, this particular hydraulic prosthesis
must be locked in an emergency. Any other action
requires control using transducer signals from
the man/prosthesis system for feedback. If a
transducer was damaged in a fall or some other
condition led to an undesired control signal, a
powered kick might result. The total time re-
quired to lock the prosthesis after a trip is ap-
proximately 300 ms. That time includes 140 ms.
for the startle response, 60 ms. EMG processing
delay, and 100 ms. for the abort valve to lock
the prosthesis.

This startle response stumble indicator has
proved to be a valuable safety feature during
amputee locomotion trials. This safety feature
was evoked on several occasions by different sub-
jects while performing experiments. Thisapproach
has helped prevent any injury to amputee subjects
due to the active capabilities of the system.
These results suggest that the EMG startle
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response can be used as a valuable indicator of a
stumble situation in many different locomotion
safety systems.
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TAIPER , A TEMPORARY AIR-INFLATED PROSTHESIS FOR EARLY REHABILITATION

BAMBURY, Shirley G. and SMALL, Carolyn F,

Department of Physical Medicine and Biomedical Engineering,

Vancouver General Hospital

Patients with peripheral vascular disease,
who make up the bulk of the lower limb amputee
population at Vancouver General Hospital, are often
elderly and in poor general condition, and thus it
is especially important to rehabilitate them as
quickly as possible, A temporary prosthesis
should control post-surgical oedema, promote
healing, permit early ambulation and, unlike the
conventional plaster cast and jig, be easily
removed so that the wound can be inspected.
T.A.I.P.E.R, consists of two inflatable vinyl air
splints of different sizes and an aluminum frame
with a SACH foot on a pylon attachment. The
larger air splint provides the main support. The
smaller air splint is applied first and allows
control of the distal end pressure independant of
the main inflation pressure. The aluminum frame
is applied and the main air bag is inflated to a
pressure of 30 mm Hg against the frame. Leg
length can be adjusted by a telescoping fitting.
The fluctuation in pressure on weight bearing
removes oedema and facilitates venous and
lymphatic return. T,A.I.P.E.R. is light, simple
and easy to use. (linical trials of the device
are in progress.

Introduction

In 1979, thirty-one patients were admitted to
the Rehabilitation Ward of Vancouver General
Hospital with lower limb amputations for peripheral
vascular disease. Two-thirds of them were over
sixty. Surveys indicate that one-third of a group
of vascular amputees will be deag within two years,
and two-thirds within five years . It is there-
fore important to speedily return these patients
to their optimum level of function.

The value of the immediate post-surgical cast
and jig in the early treatment and rehahil%tgt}on
of lower limb amputees is well established.?™?
This technique, first used by Berlemont in 1958
and modified by Weiss"” involves applying a
plaster-of-paris cast to the stump at the time of
operation and incorporating a metal plate, " An
aluminum pylon and a SACH (Solid Ankle Cushion
Heel) foot is slotted into the plate on the cast
and the patient may begin partial weight-bearing
using walking aids on the second post-operative
day. The cast is left in place undisturbed for
about two weeks and is then removed to view the
wound, and may be reapplied for a further week.
The advantages of this type of treatment can
include improved healing due to controlled post-

operative oedema, decreased phantom limb sensation,
shorter hospital stays and a higher state of
patient morale,

The immediate rigid post-surgical prosthesis
does, however, have some severe shortcomings. The
major disadvantage of the treatment is the in-
ability to inspect the wound directly. In
amputations due to peripheral vascular disease
(P.V.D,) this is often of prime importance as the
wounds are slow to heal and tissue breakdown is
likely, For this reason alone, many vascular
surgeons are reluctant to treat P,V.D. patients
with rigid dressings. Other disadvantages of the
immediate post-surgical cast and jig include its
cumbersome bulk in bed, the need to limit the
patient to only partial weight-bearing, and the
danger of damage to the stump through localized
pressures caused by a poorly applied cast, or by
the stump changing shape as it matures.

The optimum rehabilitation aid would be one
which controlled post-surgical oedema, permitted
early ambulation and was light, safe and easy to
use,

Lol TR E RS

Many of the advantages of an inmmediate post-
surgical cast can be obtained without the dis-
advantages by using a double walled air splint to
envelop and support the stump. The use of an air
bag subjects the patient's stump to stresses of
low magnitude and uniform distribution, which have
been shown to reduce oedema and promote healing.
A temporary pneumatic prosthesis, consisting of an
air bag, an aluminum frame and a SACH foot was
first used by Little® in Australia in 1971. A
second type was developed from the Australian
original at Roehampton in Britain?, and is being
sold in the U.K. Since the start of the T.A.I.P.E.
project at the Vancouver General Hospital, a
pneumatic prosthesis using a fibre-glass frame has
become commercially available in the United States.
Despite the simplicity and effectiveness of the
temporary pneumatic prosthesis method of rehab-
ilitating amputees, the technique is not widely
used, largely because the device is not readily
available on the commercial market.

To meet the rehabilitation needs of amputees
at Vancouver General Hospital, T.A.I.P.E.R., a
Temporary Air Inflated Prosthesis for Early
Rehabilitation was developed by the Departments of
Physical Medicine and Biomedical Engineering on a
grant from the British Columbia Health Care Research
Foundation., The device is composed of a double-
walled air splint inflated inside an aluminum
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frame, to which is attached a SACH foot. The
T.A.I.P.E.R. 1imb allows partial weight-bearing to
begin at an early stage in a patient's rehab-
ilitation progressing to weight-bearing to
tolerance. Like the rigid cast, use of the
T.A.I.P,E.R, limb results in reduced oedema,
reduced phantom limb sensation, and improved
healing. However, the T.A,I.P.E.R, air splint is
easily removed for wound inspection, and damaging
localized stresses on the stump are avoided. The
inflation pressure increases when the patient
bears weight, from roughly 30 to 60 mmilg, creating
a pumping effect which promotes venous and
lymphatic return. Shear stresses on the patient's
stump are also lower with the pneumatic prosthesis
than might be generated in a rigid cast, as the
air bags are free to deform.

The device also permits an early evaluation
of the patient's ability to cope with an arti-
ficial 1imb. This is particularly important in
the case of the bilateral amputee, where it
might be questionable whether or not the patient
could cope with a prosthesis, The T.A,I,P.E.R,
system may be used with any patient with little
expense as it is reuseable, whereas fitting of the
rigid post-surgical cast entails the time of a
skilled prosthetist.

Design
The T.A.I.P.E.R. is shown in Figure 1. Two

double-walled inflateable bags constructed of
heavy semi-transparent plastic are used., The
smaller bag fits over the distal end of the stump
and permits adjustment of the distal end pressure.
The frame is constructed of aluminum, The top
ring is larger than the bottom, and the pylon
clamp at the end of the frame is set out from the
central axis by about 1.5 cm. The offset is
unique to the T.A.I.P.E.R. Earlier pneumatic
prosthesis with the pylon in line with the central
axis tend to cause varus (bowing) at the knee on
bearing weight which causes pain in the patient.
Velcro straps are provided as a safety factor in
the event of accidental puncture of the air bag.

The foot/pylon assembly is constructed of
readily available prosthetic components. The SACH
foot is attached to the shank pylon by means of a
standard quick-lock ankle fitting and foot bolt.
Pylons are available between 5 and 30 cm in length
in 5 cm increments.

The shank pylon telescopes into the slotted
pylon clamp on the main frame and is fixed in the
desired position with a hose clamp. The clamp has
a large steel ring welded onto it to obviate the
use of tools. A second clamp is brought flush
with the frame and tightened to provide a safety
stop in the event of the main clamp becoming loose,

Method

The T.A.I.P.E.R. is applied by invaginating
the distal air bag over the end of the patient's
stump, which is covered with a tensor bandage.
The bag is partially inflated with air. The skin
of the leg is covered, and the main air bag is
drawn up over the distal bag and the limb, well
into the groin. The frame is positioned over the
air bags such that its upper ring is mid-thigh,
and the outer bag is inflated to about 30 mm Hg.
When fully inflated the bag is in contact with the
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vertical struts of the frame.
are then adjusted.

The foot/pylon assembly is inserted into the
pylon socket and compared for length with the other
leg. It should be two centimetres longer than the
sound limb to allow for vertical movement on
weight-bearing. The hose clamp on the main frame
is tightened, and then the hose clamp on the pylon
is brought flush with the end of the frame and
tightened., To ensure a secure connection, the end
of the pylon should be above the top of the slot
in the pylon socket.

In most cases, the patient may weight-bear to
tolerance; however,walking aids such as crutches
or canes are always used as a precaution against
accidental puncture of the bag.

The velcro straps

Development and Evaluation

A total of ten T.A.I.P.E.R. systems were
constructed for use and clinical evaluation at VGH.
Preliminary trials with the prototypes indicated
a high level of acceptance from patients, physio-
therapists and doctors. The need to provide
patients and therapists with weight-bearing feed-
back led to the incorporation of a load cell into
the shank pylon. It is planned that a two-tone
audible feedback unit be developed, to indicate
when the desired weightbearing is achieved, and to
warn when the permitted maximum is exceeded in
those patients with a particularly fragile stump.

At present the T.A.I.P.E.R. is being applied
for ambulation, but it is hoped to introduce the
air bag component into the operating room, as is
done in Australia®, The wound is dressed lightly
and the air bag is applied and inflated to 25 mm
Hg for the first 48 hours. Drains are not used,
After 48 hours the air bag is deflated, the
dressing checked, and both the air bag and frame
are re-applied and the patient begins weight-
bearing,

Other plans include identification of a softer
and more transparent plastic than is presently
used for the air bags, changing the air bag valve
fittings to improve the bags' service life, and
development of T.A.I.P.E.R. frames for above-knee
amputees, those of below average height and
children, It is felt that while individual patient
progress can be adequately monitored by regular
measurement of patient stump size, the overall
effectiveness of the T.A.I.P.E.R. system must be
determined by following the progress of many
amputees over a period of years. A computerized
study of lower limb amputee rehabilitation has been
in progress for some years in VG, and inclusion of
T.A.I.P,E.R., use into the data collection system
will permit analysis of the T.A.I.P.E.R.'s efficacy.

Summary

Use of the T.A.I.P.E.R. at Vancouver Ceneral
Hospital over the past year and a half has
demonstrated clearly that the temporary pneumatic
prosthesis is a useful tool in the rehabilitation
of lower limb amputees. It is particularly suitable
for patients with peripheral vascular disease, as
the stresses imposed on the stump are uniform in
distribution and low in magnitude and the air splint
can be removed at any time for wound inspection.
The T,A.I.P.E.R. is a simple, easy-to-use and
inexpensive rehabilitation aid which has been well-
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RETRIEVAL ANALYSIS OF TOTAL JOINT IMPLANTS

Hori, R.Y., Lewis, J.L., Kramer, G.M., and Wixson, R.L.

Rehabilitation Engineering Program
Nerthwestern University

Chicago,
ABSTRACT

Retrieval analysis is an efficient means of
monitoring the problems associated with total
joint replacements. In 5 years, 122 prostheses
have been collected from 8 hospitals in the
Chicago area, including 75 hips and 44 knees.
The patient's case history, surgical observations
and findings from laboratory examination of the
implant were summarized and coded for computer
analysis.

Total hip replacements are being removed at
a relatively constant rate with no evidence of an
increase in removal with time.

The major cause of total hip revision was
idiopathic loosening (26/68) followed by trauma
(15/68) . :

No correlations could be obtained using the
current study data to demonstrate a relationship
between prosthesis loosening and a radiolucent
line demarcating bone and cement on x-rays or
prosthesis loosening and poor cement interdigi-
tation with baone.

Femoral stems loosened more often than
acetabular cups; femoral stems often debond at .
the prosthesis/cement interface.

INTRODUCTION

Over the past twenty years, total joint
replacement has proven to be a highly successful
procedure for the rehabilitation and restoration
of persons crippled by severe arthritis. The
results following total hip replacement are
particularly dramatic with recent clinical series
reporting good to excellent long-term 10 year
results of 91% for the patients followed (1).

Total joint replacement is not yet a perfected
procedure, particularily for joints other than
the hip. Indeed, the surgical replacement of
certain upper extremity joints such as the elbow
and shoulder remain in the experimental stage.

There are a number of methods for monitoring
the problems associated with total joint replace-
ment.

The most definitive is the large clinical
series where all the patients of a physician or
group of physicians are followed. By studying
a large number of patients over many years, the
problems unique to a particular procedure will
be manifest. Although many clinical problems and
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their incidence can be determined through such a
series, the causes of such problems or their
solutions are often unclear. This is particularly
true when multiple mechanical, chemical, biolog-
ical and surgical factors are implicated. Also,
many patients and years are required to complete
such a study, and there is very little variable
control during the course of the patient follow-
up.

Another method which can be used involves
laboratory analysis where theoretical, mathemat-

ical models, in vitro bench tests and in vivo
animal experiments may be employed. Labcratory

analyses can be completed relatively quickly and
under close supervision where the number of
experimental variables can be restricted and
carefully chosen and where parametric analysis
is possible.

However, the in vivo environment is diffi-
cult to replicate in in vitro tests and such
experiments cannot model time-dependant biolog-
ical responses. |In vivo animal experiments more
closely model the human condition but variable
control becomes more difficult. Mathematical
analyses are limited by the parameters included
in the model.

Laboratory methods, then, are not so much
monitoring systems as analytic tools and are most
useful in studying problems which have become
evident from clinical series or some other moni-
toring scheme.

A third means of monitoring problems
associated with total joint replacements is
through the retrieval and examination of removed
implants. The study of such retrievals, when
coupled with surgical observations at the time
of arthroplasty revision and the clinical history
of the patients, can yield detailed information
on the in vivo function of the implant and the
conditions which led to its ultimate removal.

Although retrieval studies cannot give
absolute failure rates since the patient popu-
lation from which the sample is drawn is unknown,
failure modes and their relative rate can be
determined. A second disadvantage is that not
all implants which may be classifiedas a clinical
failure come to removal so that retrieval studies
do not monitor all failure modalities.

Nevertheless, retrieval analysis provides an
efficient means of obtaining detailed information
on the in vivo behavior of implants and is a
good means of monitoring and follewing the fail-
ure modes of joint replacements in use.
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METHOD

An ongoing project of our laboratory has been
the collection and examination of removed total
joint replacement prostheses from all the patients
of 8 hospitals in the Metropolitan Chicago area.
Over a period of 5 years, 122 prostheses have
been collected, including 75 hips and 4l knees.

It was attempted to collect all prostheses
removed by the participating surgeons, and this
was generally successful.

The study of the removed components consists
of i) examination of patient medical records,

ii) analytical review of x-rays, iii) observations
at the time of the revision surgery, iv) post-
operative gross examination of the removed compo-
nents. A member of the project team studies all
the pertinent medical records and x-rays and, when
practical, attends removal surgery to record all
surgical findings. The removed components are
then studied post-operatively.

Data from these analyses are summarized on
coded forms and then transferred to magnetic tape

for storage and statistical analysis. Currently,
135 variables are recorded.
RESULTS

This report will be limited to a discussion of

the 75 total hip replacement (THR) prostheses
collected, and in particular to those prostheses
which are bonded to bone using polymethyl
methacrylate (PMMA) cement. Seven of these are
of the metal-ommetal type and 61 are of the
metal-on-plastic type.

Selected demographic patient data is given in
Table 1 and some selected study statistics are
given in Tables 2-3 and Figures 1-9.

Table 1
GENERAL _PATIENT DATA

AGE: median age = 64, (9 40, 16 70)
SEX: 28 males, 40 females

WEIGHT: 30 normal, 38 moderately or markedly

overweight

DISEASE: osteoarthritis - 30
rheumatoid arthritis - 8

other - 30

PRIOR REVISION: 25% had prior TJR revision

SYMPTOMS: 81% experienced symptoms less than
1 year prior to revision

Table 2
GENERAL _STUDY DATA

NO. OF CASES: 68

NO. OF HOSPITALS: 8 (2 hospitals contributed 76%
of cases)

NO. OF SURGEONS: 21 (3 surgeons contributed 63%
of cases)

CASE SOURCE: surgeon's own case - 72%
referral case - 27%

PROSTHESIS TYPE: 7 McKee-Farrar

19 Aufranc-Turner

4 Charnley

36 Charnley-Muller

2 other

Figure 1

LENGTH OF TIME PROSTHESIS 1IN USE
BEFORE REMOVAL
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However, when the removals due to early
sepsis and iatrogenic factors are removed from
the totals, the number of removals per year of
use is seen to be relatively constant. In par-
ticular, there is no apparent increase in failure
rate with time in use.

Figure 2
PATIENT ACTIVITY

active/ active with| inactive
working support
before
symptoms 4z 18 7
after
symptoms 13 28 26

DISCUSSION:

Figure 1 indicates that total hip patients
appear to be at greater risk of developing prob-
lems during the 3 year period following arthro-
plasty and that after the initial 3 year time
period, the revision rate may be more constant.

Figure 2 clearly demonstrates both the
rehabilitative aspects of THR and the disabling
character of a failed joint.

For those metal-on-plastic cases in which
iatrogenic or technical factors were the major
incident leading to hip joint revision, reoperation
occurred within 3 years in all 6 cases and in fact,
symptoms developed within 1 year for 5/6 cases.
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All of the 7 fractured femoral prosthesis
stems showed roentgenographic or post-operative
evidence of loosening prior to fracture, implying
that the fixation of these prostheses had already

Table 3
CAUSE OF REMOVAL:

Metal/Metal Metal/Plastic

Idiopathic Loosening 4 22
Trauma or fall 1 14
Tatrogenic factors 2 6
Sepsis, Early 0 4

Late 0 6
Prosthesis Fracture 0 6
Other 0 3

been compromised prior to device failure. One
explanation for such fractures, then, may be that
certain regions of the loosened stem are subject
to elevated stresses due to gross loosening amd
then go on to develop metal fatique and fail.

The ultimate loosening and failureof the pros-
thesis was probably due to the formation of an
interfacial tissue leading to debonding between
bone and cement. In 58% of the idiopathic loosen-
ing cases, a fibrous interfacial tissue was
observed at the time of revision surgery; this
tissue was reported in only 31% of the other non-
septic removal cases. Additional fibrous tissue
probably formed after loosening making this
surgical observation more evident in these cases,
but this cannot be known with certainty.

Idiopathic loosening is generally a long-term
phenomenon. Chemical toxicity from methymethacry-
late monomer, thermal effects from the curing
polymethyl methracrylate, allergic reactions to
cement or metal, and excessive stresses or motion
at the bone/cement interface are among the reasons
given to explain the formation of a soft tissue
liner at the bone/cement interface. Although the
exact mechanism for tissue formation is not known,
the reaction is essentially a biologic one; a bone
response to the presence of the implant.

Figure 5

RADIOLUCENT LINE AROUND COMPOMENT
METAL-on-PLASTIC COMPONENTS

Figure 3
PROSTHESIS LOOSENING
Metal/Metal Metal/Plastic
Non-septic Septic
loose | firm |loose | firm | loose |firm
acet.
comp. 3 4 10 39 2 10
fem.
comp. 5 p 31 18 6 6

Figures 3 and 4 tabulate the loosening of the
hip joint components as observed at the time of
revision surgery. For all the prosthesis designs,
the incidence of femoral component loosening is
substantially greater than loosening of the
acetabular cup and is certainly a reflection of
the more adverse stress conditions experienced by
the femoral stem. One exception is the apparently

higher incidence of metal acetabular cup loosening.

However, when the cases of prosthesis malalingment
and impingement are removed, the rate of metal cup
loosening more closely approximates the general
trend.

Non-Septic Septic
Line | No Line Line | No Line
acetabular ;
component 34 15 11 1
femoral
component 22 27 9 3

The second leading cause of hip prosthesis
revision is direct trauma or falling (15/68).
Such failures could and did occur at any time
period, ranging from 1-7 years post-operatively
with no increased incidence in any given year.

A commonly reported intermediate and long-
term x-ray observation is a region or line of
radio-lucency separating and demarcating bone
from cement. Some reports in the literature have
taken such a lucent line, particularily greater
than 3 mm in thickness, to be evidence of pros-
thesis loosening (2). The lucent line was almost
always observed in the septic cases and was seen
in about half of the non-septic cases, Figure 5.

Figure 4
IDIOPATHIC LOOSENING
Metal/Metal Metal/Plastic

loose firm loose firm
acetabular
component 1 3 5 20
femoral
component 4 0 16 9

Figure 6

CROSSTABULATION: PRESEMCE OF RADIOLUCENT LINE
VS COMPONENT LOOSENING

More than one-third of the cases (26/68) have
been classified under the heading of idiopathic
loosening as the cause of removal. These are
cases for which the cause of removal could not be
attributed to some of the more obvious failure
modes listed in Table 3.
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However, a cross-tabulation of the stuay data,
Figure 6, to correlate the incidence of a Tucent
line on x-ray with the clinically observed inci-
dence of loosening does not support the conclusion
that the presence of a lucent line indicates
loosening of the prosthesis.

Figure 7
LOOSENED INTERFACE
Metal/Metal Metal/Plastic
Non-Septic Septic
Bone/ |Cement/ |Bone/ |Cement/ |Bone/ |Cement/
Cement| Prosth.| Cement| Prosth.| Cement| Prosth.

acet.
comp. 3 0 12 8 3 1
fem. :
comp. 2 4 15 37 3 7

Not all components were loose.

Figure 7 gives a tabulation of the loosened
interface for the prostheses which were found to
be loose at the time of revision. Whereas two-
thirds of the acetabular components loosened at
the bone/cement interface, the femoral components
primarily loosened at the prosthesis/cement inter-
face (70%). This observation suggests that the
relatively smooth surface of the femoral stems
currently in use may not be bonding well to cement
and that perhaps provision should be made to
enhance the interdigitation of cement with the
femoral stem surface.

Figure 8
CEMENT INTERDIGITATION
Metal/Metal Metal/Plastic
Non-Septic Septic

Good | Poor | Good | Poor | Good | Poor
acet.

comp. 0 7 2 17 2 8
fem.

comp. 1 4 12 17 4 6

Examination of the cement from removed prostheses
often indicates that poor or marginal bone/cement
interdigitation was achieved at the time of the
original surgery, Figure 8. This bone/cement bond
is sometimes further weakened by the entrapment

of biologic debris such as blood clots at the
interface creating, in essence, cracks along the
bonding interface. In such cases, the bone/cement

Figure 9

CROSSTABULATION: CEMENT INTERDIGITATION
VS  COMPONENT LOOSENING

Acetabular Component Femoral Component
good poor good poor
loose 0 7 Toose 9 13
not not
loose 1 7 loose 3 3

Aseptic cases only

bonu 1s probably at increased risk of failure,
leading to loosening of the prosthesis component.
However, the current study data is unable to show
any correlation between poor bone/cement interdig-
itation, as defined for this study, and the
clinical observation of component loosening, Fig-
ure: 9.

CONCLUSIONS:

1) Except for those cases where the patients
develop early sepsis in their joints or where
a technical problem occurred at the time of
surgery, total hip prostheses appear to be
failing at a fairly constant rate with regards
to time of use.

2) The major time-related problem associated with
total hip replacement failure is idiopathic
loosening. Multiple factors are involved in
the mechanism of idiopathic loosening. Short
of the manifestation of frank symptoms, pro-
gressive idiopathic loosening is difficult to
diagnose reliably through radiographs. Two of
these factors, namely poor bone/cement inter-
digitation and the development of a lucent line
on radiographs have been examined. The current
study data is unable to provide a correlation
between these factors and loosening.

3) The second major cause of long-term THR failure
is trauma. This is an area which may be beyon
the realm of prosthesis redesign although it is
conceivable that prostheses could be fashioned
to withstand the heavy but infrequent shock of
a fall. This observation supports the idea
that stress level is a factor in component
loosening.

L) Femoral stems loosen more often than the acet-
abular cups and on loosening, femoral stems
often debond at the prosthesis/cement interface.
These are design related problems. The problem
of stem loosening requires a more detailed
understanding of the stresses which occur with
the prosthesis/cement/bone/soft tissue system.
The problem of loosening at the metal/cement
interface, however, may be addressed by provid-
ing a means which allows the cement to bond and
lock onto the metal stem more securely.
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A COMPARISON OF FEMORAL COMPONENT DESIGNS IN TOTAL HIP ARTHROPLASTY
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ABSTRACT:

This paper presents the results of finite
element analysis of femoral component designs in
total hip arthroplasty. The analysis predicts the
distribution of stress throughout the proximal
femur-prosthesis structure. Data is reported on
the maximum tensile stress in the component stem,
longitudinal stress in the proximal medial femur,
maximum compression within the cement and maximum
tension within the cement. These stressquantities
are compared for a number of contrasting prosthesis
designs.

INTRODUCTION:

The orthopaedic surgeon has a wide choice of
prosthetic components in total hip arthroplasty.
Many of the components have potentially signifi-
cant functional differences. There are, however,
few comparisons from which the surgeon can object-
ively determine prosthesis of choice. Reports of
clinical experience with particular prostheses
inevitably contain variations in patient selection,
rehabilitation, and surgical technique. The
functional differences of the prosthetic compon-
ents are masked by these clinical variables.
Laboratory produced comparisons of prostheses'
function, which are either experimental or theo-
retical in nature, can provide a basis for compon-
ent comparison free from clinical variables.

This paper reports on a comparison of several
femoral component designs in total hip arthroplas-
ty. The components are compared on the basis of a
finite element stress analysis. This analysis,
which is mathematical and theoretical in nature,
represents a considerably simplified and idealized
representation of total hip arthroplasty. The
analysis is, however, free from the mask of clini-
cal variables. The prostheses studied and compared
include many of the major popular available femoral
components and a component of original design
which has resulted from our experience in femoral
component design analysis.

METHODS AND MATERIALS:

Three-dimensional finite element stress
analysis has been widely applied to femoral pros-
thesis design analysis by these researchers and
others (1,2,5,6,7). A description of the method,
validity and accuracy of this modeling technique is
presented in previous publications (2). The pros-

thesis, cement and femur in-vivo comprise a struc-
ture that is complex with respect to its geometric
form, material properties and loading condition,
Fig. 1. Practical engineering solutions to the
stress analysis of the proximal femur-prosthesis
structure can be obtained only after significant
simplification of the structure, Fig. 2. A segment
of femur 150 millimeters long of linearly elastic
and isotropic material was represented. A region
of cancellous bone was represented in the region of
the greater trochanter. Cross-sections of the
femur were symmetrical about a medial-lateral axis.
The femoral component stem was modeled as an iso-
tropic material with modulus of elasticity equal to
200 GPa (steel) or 100 GPa (titanium). Fig. 2
demonstrates the model developed and analyzed for a
Charnley type of prosthesis. Similar models were
developed for each of the prostheses studied.
Within each model it was attempted to fatefully
reproduce the shape and size of a "standard"
component.

Joint Contact Force
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Previous work has indicated (3) that femoral
component neck-femoral shaft angle and femoral
component neck length significantly affect the
forces generated during function at the femoral
component head. The force present at the femoral
head significantly affect the force and moment
resultant present at the proximal stem-neck junc-
tion. These variable resultants will in turn
produce different stress distributions within the
proximal femur-prosthesis structure. The femoral
component designs studied in this analysis were
assumed to have identical force and moment resul-
tants applied to the proximal stem-neck junction.
This assumption makes it convenient to compare the
function of the various stem designs, however, the
in-vivo application of these devices may result in
characteristically different femoral head force
generation.

RESULTS:

The finite element analysis estimates for each
prosthesis studied the state of stress throughout
the proximal femur-cement and prosthesis. The
prosthesis designs are compared on the basis of the
Tongitudinal stress developed in the lateral aspect
of the component stem, the longitudinal stress
within the medial femoral cortex, and the principal
stresses of tension and compression within the
cement.

This investigation indicates that all of the
prostheses studied result in significantly non-
physiologic loading of the proximal medial femoral
cortex, Fig. 3. At the most proximal level of the
osteotomized femur, the longitudinal stress that is
present as a result of the prosthesis loading,
varies from about ten to sixteen percent of pre-

dicted physiologic levels. Although there is a
sizable relative effect of the stress induced in
this region of the femur with a different pros-
thesis studied, none of the prostheses resulted in
stress levels that approached physiologic levels.
With position distally along the medial femoral
cortex, stress levels increased with all prosthesis
types to approach physiologic levels. At any
level along the femoral component stem, the STH
prosthesis is seen to induce the greatest stress
in the proximal medial femur, while the ITH pros-
thesis is seen to induce the least stress. This
effect results directly from the relative rigidity
of the femoral components.

Proximal
Femur

=
04 o

Mueller
ufranc-Turner

20+

40+

60+

80

Distance Distal (mm)

1007

120+

0 -5 -10 -15
Longitudinal Stress Medial Femur (kPa/N)

Figure 3

Femoral component design is seen to affect the
longitudinal component or stress in the lateral
aspect of the component stem, Fig. 4. The least
rigid STH prosthesis (8) results in the lowest
tensile stress in the component. The other pros-
theses in general experienced higher tensile
stresses with the Mueller prosthesis experiencing
the largest stress of those studied.

The maximum (principal) compressive stress
occurring within the cement is seen to be signifi-
cantly dependent upon prosthesis design, Fig. 5.
There is a relative increase in compressive stress
about both the proximal and distal portions of the
femoral component stem. Stress levels through the
mid-length of the stem are considerably lower. In
generaly, prostheses with shorter stems and with
lower rigidity experienced higher compressive
stresses in the proximal region. The compressive
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stress within the proximal cement was greatest with
the STH prosthesis while this stress was lowest
with a longer, more rigid ITH prosthesis. The
Charnley maximum compressive stresses occurring about the
distal tip of the prostheses were less affected by
component design. The location of the maximum
compressive stresses was, however, displaced more
uFranc-Turner distally with the longer stem prosthesis.
T-28 The maximum (principal) tensile stress within
the cement is affected by prosthesis design in a
manner similar to that of the compressive stress,
ITH Fig. 6. Relative maximums are seen to occur both
about the proximal and distal portions of the
component stem. The STH prosthesis resulted in the
greatest tensile stress in the proximal region of
the cement, however, this prosthesis resulted in
the Towest tensile stress in the distal region of
cement. The tensile stress in the proximal region
of the cement that is associated with the ITH
prosthesis is the Towest of those studied. The
maximum tensile stress within the cement about the
distal tips of the prostheses is displaced more
120- distally with the longer component stems.
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DISCUSSION:

This papers provides a comparison of the
function of several femoral component types. The
method of this analysis, which is mathematical and
theoretical in nature, is free from variations in
patient selection, rehabilitation, and surgical
techniques that are inevitably present in clinical
studies. Although the method of this report is
objective and quantitative in nature, it has
inherent limitations. Finite element stress analy-
sis is an approximately method to calculate stress
states. Its accuracy is dependent upon the degree
to which the numerical model represents the real
structure. Specific limitations and numerical
accuracies of this technique of analysis have been
extensively discussed in other publications (1,2).
Although the results obtained by this general
method of investigation are free from the mask of
clinical variables, they are also without the
definitive proof that may be obtained through long-
term clinical studies. Studies of this type
described in this paper are thus able to provide
objective and quantitative information of surgical
technique and device design. This information may
be useful in designing improvements in surgical
treatment which may be proven by clinical
experience.

The prostheses studied in this investigation
are all of the type that are intended to function
primarily without proximal support of the prosthe-
ses through devices such as proximal medial
collars. Modeling studies (2,4) have indicated
that actual support of the femoral component
through a collar on the proximal medial femoral
cortex significantly affects the distribution of
stress throughout the proximal femur, cement and
prosthesis. Prostheses of this type were omitted
from this study due to the concern of these
investigators that clinical experience has yet to
prove that collars, which in theory affect
prosthesis function, do in actuality predictably
obtain and maintain proximal medial femoral cortex
support.

With the advent of improved manufacturing
techniques and stronger new materials, considera-
tions of the stress levels occurring within the
femoral component stem need not be a dominant
factor in component selection. In the absence of
component loosening, fracture of the femoral
component stem is highly unlikely, if ever, to
occur, while in the presence of proximal stem
Toosening, the prevention of component fracture is
not l1ikely affected by femoral component selection.

The commonly seen remodeling of the medial
proximal femoral cortex is logically the result of
the significantly altered stress distribution
within this region of the femur. The prosthesis
type studied, although affecting stress levels,
without exception resulted in substantially non-
physiologic levels of stress within the region of
the proximal femur. These authors feel that the
changes in predicted stresses seen with the
prostheses studied will unlikely affect this
remodeling process., The selection from these com-
ponents will not Tikely change the clinical evi-
dence of proximal medial femoral cortex remodeling.

The change in the stress levels seen within
the cement, particularly within the proximal region,
is of concern to these authors. It is thought that
the acrylic cement and its bond to the femoral
component stem and the femur is the weakest link in
present reconstructions of the hip. The relative
increase in cement stress seen with some component
designs may lead to premature Toosening and failure
of these components. It is believed that efforts
intended to reduce stress levels within the cement
are well advised. Component loosening may thus be
forestalled. The components which result in
generally reduced stresses within the cement may
experience higher stresses within the femoral
component stem and reduced stresses in the proximal
medial femoral cortex. However, on balance this
trade of Tower cement stresses for high stem and
lower femur stresses, may result in improved
component longevity.
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ABSTRACT

Total joint replacements are highly success-
ful surgical procedures, but a significant number
of failures occur. In particular, tibial compo-
nent loosening is a major problem with total knee
replacements. Finite element stress analysis is
used to compare several tibial component designs
based upon stress levels. One piece, metal compo-
nents are found to be preferable to all polyeth-
lene components or designs with separate condylar
pieces. The single, central post design results
in the lowest stress, but its use requires sacri-
fice of the anterior cruciate ligament. Of the
designs compatible with retention of the anterior
cruciate ligament, the three post design is found
to be superior. The value of retaining the an-
terior cruciate ligament to tibial component fix-
ation and the effect of non-perfect interface
conditions on the stresses require further study.

INTRODUCTI ON

Arthritis, in its many forms, affects seventy
percent of the adult population including ninety

percent of those over sixty-five years of age. It
is a severely disabling condition that results in
pain, limited motion, decreased mobility, and de-

pendency on others. |t decreases the quality and
enjoyment of 1life for these people physically,
emotionally and economically; and speeds the de-
velopment of bone, soft tissue, respiratory and
vascular disorders. Thus, the rehabilitation of
these patients through the relief of symptoms and
return of function is an important medical and
social goal.

The development of total joint replacements
of the hip and of the knee has provided proced-
ures for the surgical management of patients with
severe arthritis of these joints. The pain is
eliminated, motion is increased, and mobility is
restored, in most cases, to a level of com-
fortable, independent living. The early, post-
surgical mobilization that is possible with these
procedures shortens the hospitalization and pre-
vents complications associated with long, bedrid-
den convalescences. These advantages not only
aid the arthritic patient, but are also very valu-
able in the treatment of elderly trauma patients.
It is estimated that 90,000 hips and 50,000 knees
are replaced each year in the United states[1].
The use of these devices has greatly increased

1T 60611

the available options and the effectiveness of
medical treatment, and has proved to be an
effective rehabilitation tool.

TOTAL KNEE PROSTHESIS RESEARCH

Total joint replacements are highly success-
ful, but a significant number of complications and
clinical failures do occur. In many cases, these
complications lead to surgical revisions which are
costly, medically dangerous, and destine the
patient to a protracted period of hospitalization,
convalescence, therapy and functional dependency.

Loosening of the tibial component, by separa-
tion of the cement-bone interface around it, is a
primary cause of clinical failure and revision of
total knee prostheses [2]. Many of these cases
involve trauma or excessive functional demands up-
on the prosthesis, suggesting that direct mechani-
cal failure due to high stress levels at the
cement -bone interface is a cause in a significant
number of tibial component loosenings. The pre-
vention of such failures through prosthesis design
is the goal of bio-engineering research on knee
prostheses.

A variety of theoretical, experimental and
clinical approaches have been taken in the past to
knee prosthesis design problems. As a result, a
great number of knee prosthesis designs have been
proposed. Metal and plastic designs with none,
one, two or more fixation posts on connected or
separated tibial condylar components have appeared.
Some of these designs allow retention of one or
both of the cruciate ligaments; others do not.
Short of clinical trials, which are the most dan-
gerous and the least acceptable design screening
method, there has existed no convenient way to
compare these designs.

The finite element method provides a tech-
nique for examination of prosthesis designs with
a speed and a control not offered by ‘clinical
trials or experimental methods. Thus, comparative
evaluations of prosthesis designs can be quickly
obtained.

In this paper, three-dimensional, finite
element stress analyses are used to develop a
comparative evaluation of basic knee prosthesis
designs.

FINITE ELEMENT STRESS ANALYSIS OF
TIBIAL COMPONENTS

The basic three-dimensional finite element
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model of a tibial knee component implanted in

the proximal tibia with PMMA bone cement is shown
in Figure [1]. The bone model consists of cancel-
lous bone of varying stiffness surrounded by a
cortical bone shell of near anatomical shape. The
external and internal geometries of the model were
determined from a serially sectioned defatted
tibia. The material properties of the internal
cancellous bone were assumed to vary linearly with
the area fraction of cancellous bone as measured
In the sectioned tibia. All materials in the
model were assumed to be linearly isotropic, and
all material interfaces were assumed to be per-
fectly bonded. . The model was rigidly constrained
at the distal surface of the cortical shell. The
finite element model consists of 1053 nodal points
and 768 eight-noded, isoparametric, parallelopiped
elements. The model and the mesh were defined,
generated and refined using an interactive compu-
ter graphics package, NUFIG3D, developed and
maintained by the Rehabilitation Engineering Pro-
gram of Northwestern University [4].

The geometries of six tibial component con-
figurations, shown in Figure 2, were generated
within the bone model. Both metal and polyethyl-
ene components were considered. Six load cases,

shown in Figure 3, were considered for each design.

FINITE ELEMENT RESULTS

The structural elements of the implanted
prosthetic component system that appear, from
clinical experience [2], to be most vulnerable
to mechanical failure are: (1) the PMMA-bone
interfaces beneath the plate and around the posts
of the component, (2) the PMMA, and (3) the can-
cellous bone. There is not yet sufficient in-
formation available to say if failure of any of
these elements will or will not lead to failure
of the system as a whole. For the comparative
evaluation purposes of this paper, each of the
structural features will be considered independ-
ently with simple critical stress failure
criteria.

Results for the tension at the PMMA-bone
interface beneath the plate, the compression in
the cancellous bone, the tension in the PMMA and
the shear at the PMMA-bone interface along the
posts were obtained for a load of 2000N (3 x body
weight) for each load case and for each design.
EFach stress result was expressed as a fraction of
the appropriate failure stress. |t is not known
which of the load cases is the most critical for
each of the designs. Thus, in order to compare
designs based upon convenient parameters, four
basic indexes, formed by averaging the considered
stresses over all the load cases, were developed,
Figure 2.

The results of the analyses are used to
discuss three problems of tibial component design.
Should the tibial component be all polyethylene
or should plastic articulating inserts on metal
components be used? Should the tibial component
condylar components be separate or connected?
What is the optimum fixation post configuration?

METAL OR POLYETHYLENE COMPONENTS: Polyethylene
components result in higher cancellous bone com-
pressive stresses and higher PMMA tensile

stresses than do metal components. In some poly-
ethylene cases these stresses are near their
critical values. Metal components exhibit higher
tensile "tilting' stresses due to loads at the
extreme edges of the component than do polyethy-
lene components. However, polyethylene components
show tensile stresses due to receding contact or
"wing up' phenomena that are, in some cases,
greater than the tensile "tilting'' stresses seen
in the metal components. Metal components appear
superior to polyethylene components based on
stress levels.

SEPARATE QR CONNECTED COMPONENTS: Higher cancel=-
lous bone compressive stresses, tensile '"tilting"
stresses, post interface shear stresses and PMMA
tensile stresses are seen with the separate com-
ponent designs, in both metal and plastic, than
are seen in the corresponding connected configura-
tions. The tension beneath the plate of the
separate component designs may exceed the failure
stress level. On the basis of these stress
results, connected components are superior to
separated components.

FIXATION POST CONFIGURATION: Considering only
the metal posted components, the four stress
indexes shown in Figure 2 indicate that the
single-post design provides the lowest stress
conditions. The two-post design and the large
post, three-post design are next with Tittle dif-
ference between them, followed by the small-post,
three-post design. Of the metal components, the
separated component design shows the highest
stress levels.

It is also seen that the compressive cancel-
lous bone stresses and the cement-bone interface
tensile stresses, which are critically important
to the integrity of the no-post design, are
higher in that design than they are in the small-
post, three-post design.

In the one-post and two-post configurations,
a rotation axis appears to be formed by the stiff
posts, resulting in higher "tilting' stress.
Since the three-post design does not promote such
axis, the three-post design would appear to be
superior to the two-post configuration.

0f the configurations considered, only the
no-post, the separated two-post, and the small
post, three-post designs allow the retention of
the anterior cruciate ligament. An intact ante-
rior cruciate ligament limits the surgical working
space so that large posts cannot be used. Of
these three configurations, the small-post, three
post design is superior based upon stress and
fixation considerations. A comparison with the
single-post design shows the latter to have lower
stresses. However, the anterior cruciate liga-
ment must be sacrificed in order to use the
single-post design. The anterior cruciate liga-
ment restricts the joint laxity and prevents the
extreme edge landings which cause the highest
stresses. Thus, the surface loadings may not be
so severe with the anterior cruciate ligament
present. Whether this load reduction will cause
lower stresses in the anterior cruciate retain-
ing design than in the single-post design has
not yet been established.
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CLOSURE

In applications to total joint prosthesis
desiqn the general numerical and modeling accuracy
of the finite element method can be experimentally
demonstrated. However, the comparison of implant
designs based upon stress levels is not without
deficiencies. The stresses of interest are those
at or near the PMMA-bone interface, which are
dependent upon the mechanical conditions at that
interface. |In the finite element model this
interface is assumed to be perfectly bonded. This
condition almost certainly does not occur in
clinical applications. Voids and cracks occur
which may propagate under load. What effect such
discontinuities will have upon the stresses and
the evaluation of designs presently considered
is not known. Such discussion will have to await
greater knowledge of the clinical interface con-
ditions and their impact on the model. The finite
element method as presently used remains the best
available approach to the evaluation of the total
joint replacement design.
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THE INFLUENCE OF TOTAL HIP AND KNEE REPLACEMENT ON GAIT

Andriacchi, T.P., and Galante, J.0.
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Chicago, Illinois 60612

ABSTRACT

Forty-two patients following total hip or
total knee joint replacement surgery were observed
while walking. The parameters observed included
basic time distance measurements, joint motion and
joint moments. The patients gait was compared to
a group of fourteen aged matched normals. It was
found that hip patients recover a more normal gait
than knee patients. The gait abnormality in knee
patients had several common features, these
included a shorter than normal stride length, a
lower than normal flexion at the knee during mid-
stance and abnormal pattern of flexion-extension
moment at the knee. The abnormal gait in knee
patients sened t be indicative of a different than
normal use of the extensor mechanism of the knee.
Gait abnormalities were also found in hip patients
based on the location of the reconstructed joint
center. Hip patients that had the distance
between the hip joint center and the Tine of
action of the abductor muscles shortened walked
normally, while patients that did not have this
distance shortened had a shorter than normal
stride length,reduced flexion motion and a higher
than normal hip flexion moment.

INTRODUCTION

An understanding of the influence of joint
reconstruction on patients function is fundamen-
tal to future improvements in these procedures.
Quantitative gait analysis provides a means of
objectively studying and evaluating the results
of joint reconstruction in the lower extremities.
In addition, this type of analysis will help
determine the role of the design of the prosthe-
is in the restoration of normal function during
walking and other activities of daily living. In
general, there has been a trade-off between the
restoration of normal anatomy for functional pur-
poses and structural design of the implant
devices. The purpose of this report is to demon-
strate the use of quantitative gait analysis in
the study of patients following total knee
replacement and total hip replacement.

While there has been a number of important
studies describing the gait of patients with
joint replacement, there is still a need to iden-
tify basic biomechanical factors relating the
mechanics of joint replacement design to patient
function. The purpose of this paper is to iden-
tify gait abnormalities in patients following hip
and knee joint replacement and to discuss the
implication of these gait abnormalities to pros-
theses design and usage.

MATERIALS AND METHODS

Forty-two patients following joint replace-
ment surgery were observed in the gait laboratory.
Twenty-two patients had total knee replacement and
twenty had total hip replacement. Subjects were
selected on the basis of a successful clinical
result and observed a minimum of twelve months
following surgery. Each subject was observed
bilaterally during level walking over a range of
walking speeds, A clinical examination was taken
at the time of the gait observation which included
an assessment of deformity, joint stability, pas-
sive range of motion, and a subjective assessment
of pain. The gait parameters observed included
time distance measurements, joint range of motion,
and three components of moments at the hip, knee,
and ankle. In addition to the patient population,
a group of fourteen normal subjects which were
aged matched to the joint replacement group were
observed.

The total knee replacement patient had one of
four different type design of total knee replace-
ment. Seven patients had Geometric design, seven
had Gunston, seven had Duo-Patellar, eight had
Total Condylar with patellar prosthesis. The
total hip replacement patients were all treated
with Mueller design prosthesis. The normal sub-
je?ts were all observed following the same proto-
col.

Instrumentation included an optoelectronic
system for motion analysis, a multi-component
piezo electric force platform and a mini-computer
based system for data acquisition and processing.
Limb motion measurements were obtained by placing
light emitting diodes (LED's) on the pelvis,
greater trochanter, center of the lateral joint
line of the knee, lateral malleolus, lateral
aspect of the calcaneous, and the base of fifth
metatarsal. The position of these light emitting
diodes were tracked in three dimensional space
using the optoelectronic digitizer. This
positional information was acquired and processed
at a frame rate of 75 samples per second using
the digital computer. The multicomponent force
platform was used to measure the three components
of foot ground reaction force, the location of
the center of pressure, and the vertical twisting
moment beneath the foot. The motion and force
information obtained simultaneously were used to
determine the net resultant forces and moments at
the ankle, knee and hip joints during support and
swing phase. The force and moments vectors were
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broken into components aligned with axes in the
direction tending to produce flexion-extension,

abduction-adduction, or internal-external rotation.

RESULTS

A1l gait measurements were compared at
approximately the same walking speed (1 meter per
second). A comparisen of time distance parameters
indicates that the patients with total knee
replacement had a significantly shorter stride
length (1.16 meters s.d.=0.07) than normal sub-
jects™(1.28 meters s.d. = 0.12) while the hip
patients stride length was normal. These results
indicate that patients following total hip
replacement surgery have a gait which more
approximates ‘that of normal than patients follow-
ing total knee replacement surgery.

1t is difficult to infer the cause for gait
differences among knee patients and hip patients
on the basis of only time-distance measurements.
To analyze the cause of these gait variations
among joint replacement patients, joint motion
and net reaction moments at the hip, knee, and
ankle joint for each group were observed. The
following section describe the results for the
knee patients and the hip patients separately.

Knee Patient Gait Observations

The range and pattern of knee flexion exten-
sion moments during support and swing phases was
compared for normal subjects and knee patients.
Typically, a normal subject will strike the
ground with his knee near fu1$ extension, flex
his knees to approximately 20  during mid-stance
re-extend the knee just past mid-stance, and con-
tinue to flex the knee through toe-off and into
swing phase (Figure 1). During swing phase,a mrmal
subject will flex his knee approximately 65" .
The pattern and range of knee flexion-extension
motion during support and swing phase was found
to be different in patients following total knee
replacement (Figure 1). Knee patients did not
flex their knee the same amount as normal subjects
during midstance. In addition, the amount of
flexion during swing phase was reduced. In gene-
ral, patients following total knee geplacement
use01ess flexion in mid-stance (6.8") than 80rma15
(207) and less flexion in swing phase (48.6")
compared to (63.6° ) for normals. Thus, knee
patients tend to walk with their knee near full
extension throughout support phase.

The knee patients were also observed to have
an abnormal pattern of flexion extension moment
at the knee joint. The normal pattern illustrated
in (Figure 2) cycles from extension to flexion,
from flexion to extension just prior to toe-off.
The knee patients walked with a gait that tends
to produce an external moment in the extension
direction almost the entire period of support
phase. Thus, by walking with a shorten stride-
length, reduced mid-stance flexion, the knee
patients have acquired a gait which tends to
minimize the use of the extensor muscle groups
during walking. This observation was consistent
among all the knee patient observations and was
independent of prostheses design.
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Hip Patients Gait Observations

As indicated previously, hip patients were
found to have a more normal gait than knee
patients. Both the patterns and magnitudes of the
moments and motions were approximately normal for
this group. However, gait differences could be
observed when hip patients were separated on the
basis of the location of the joint center. Two
groups were identified: The first group had a
joint center location such that the distance from
the center of the joint to the line of action of
the abductor muscle group was shorter than the
unoperated side by an average of 0.9 centimeters,
while the other group had essentially the same
length as the unoperated side. This measurement
was designated as the abductor moment arm. These
measurements were determined from frontal plane
post-operative x-rays.

The group of patients with the unshortened
abductor arm had a lower than normal range of
flexion extension motion at the hip joint. The
averagg f1exion—extenséon motion for this group
was 27° compared to 40 in normals. Twenty-seven
degreea of motion also significantly differed from
the 38" of motion in the reconstructed hip of the
group with the shortened abductor moment arm.

Both groups of nhip patients had a normal
pattern of flexion-extension moment, during
support phase. Typically, the pattern of flexion-
extension moment at the hip is sinusoidal in
character, changing from a peak flexion moment
after heel strike through zero at midstance, to a
peak extension moment past midstance and back to
zero at toe-off (Figure 3).

However, the magnitude of the peak flexion moment
just after heel strike was statistically higher

in the patient group with the unshortened abductor
moment arm.

The gait abnormality in this group seems to
be associated with a change in the action of the
flexor and extensor muscle groups at the hip joint
It is interesting to note that no statiscally
significant difference in the magnitude of the
abduction-adduction moments could be correlated to
the difference in abductor moment arms of the two
groups.

Discussion

Gait analysis can be useful in detecting gait
abnormalities in patients following total joint
replacement. The relevance of this type of infor-
mation for clinical evaluation is still an open
question, since there are many other measures that
can be used for patient evaluation. However,
research gait studies of joint replacement patients
do provide an understanding of the relevance of
various gait measurements in evaluating this type
of patient. If clinical evaluation using gait
analysis becomes feasible at some point, this
information from research studies will be needed.
In addition, biomechanical data describing forces
and motion at the joints is needed for input into
future designs of prosthetic components

The time-distance parameters including
lengths of stride, walking speed, time of swing,
and time of support are among the simplest to
measure and the most reproducible. :
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Although these parameters are quite sensitive
indicators of gait alterations by themselves, they
do not indicate the cause of gait abnormality.
Range of motion combined with time-distance
measurement provide an additional bit of informa-
tion relating to the source of the abnormality.
However, a more d scriptive and precise parameter
can be calculated by combining three dimensional
positions of the joints with measurements of
ground reaction force to compute the external
moment acting at the joint throughout the walking
cycle.

External moments are the net effect of all
the external forces acting on the Timb segments
tending to produce rotation about a particular
joint. These external forces are primarily the
weight of the body and the inertial effects of
the 1imb segment accelerating and decelerating
throughout the walking cycle. The laws of
mechanics require that external moments at the
joints must be equilibrated by internal moments
that are equal in magnitude and opposite in direc-
tion.
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The internal moments are generated primarily by Acknowledgements:
muscle forces acting at a distance from the joint : =
center. For example, an external moment tending This work was supported by the Arthritis
to flex the hip joint would require an extensor Foundation, HEW-PHS #AM-00493 and HEW-PHS
muscle group force to maintain equilibrium. Thus, #AM 20702.
it can be infered that the magnitude and direction
of the external moments are indicative of muscle
action.

In the material reported here, it was shown
that knee patients as a group tend to walk
differently than normals. Their gait abnormality
could be identified by a shortened stride length
at the same walking speed as the normal subject.
It was found that by observing the joint motion
and moments at the knee joint that this gait
abnormality seems to be indicative of the knee
patients not using their knee extensor mechanism.

Similarily, it was found that hip patients
while having a more normal gait than knee patients
can have their gait abnormalities related to the
location of the joint center relative to the line
of action of the hip abductor muscles . It
seems that the group with a shortened distance of
the length to the abductor moment arm is favorable
from the view point of function during gait. The
gait abnormality in this group seems to be asso-
ciated with a higher than normal moment tending
to flex the hip. Again, assuming that the ex-
ternal moments are balanced by internal moments
generated by the muscles, we can infer _that the
higher the normal external flexion moment at the
hip joint is indicative of higher than normal
forces in the extensor mechanism at the hip to
maintain equilibrium.

The findings presented in this report have
several implications. It appears that quantita-
tive gait analysis can be used in detecting gait
abnormalities in patients following hip or knee
replacement surgery. In general, hip patients
will recover a more normal gait than knee
patients. The difference in gait between the hip
and knee patients can be observed by a simple
comparison of stride length at the same walking
speed. Thus, time-distance measurements are use-
ful indicators for evaluating gait abnormalities.
However, for a basic understanding of the cause
and effect of gait abnormalities, parameters such
as the joint angular motion and moments are needed.
In studies presented here abnormal gait patterns
were associated with abnormal motion and moments
at the involved joints. The abnormal moments are
related to variation in muscle action at the
involved joint. While it is beyond the scope of
this report to examine the causes for these gait
abnormalities; there seems to be a mechanical
cause and there is definitely a mechanical effect.
One effect of these gait abnormalities is that
forces at the joints in both the hip patient and
knee patient groups will be different than normal.
Both the magnitude and direction of the resultant
loads on the prosthetic components will be
different than those generated during normal gait.
The analysis and design of current devices has
been based on normal gait patterns. Thus, design
criteria may be inappropriate for the type of gait
occuring in patients.
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FUNCTIONAL EVALUATICN IN UPPER EXTREMITY TOTAL JOINT REPLACEMENT PATIENTS

L. = Askew; B.. Y. Chas, K. N. An,; W. P. Copmey, LLl, B. E.

Morrey

Orthopedic Biomechanics Laboratory
Mayo Clinic/Mayo Foundation, Rochester, MN 55901

ABSTRACT

Objective, quantitative evaluation of joint
function is available for joints of the hand, el-
bow, and shoulder. Isometric and isokinetic
strength is measured with electromechanical devices.
Range of motion measurements with conventional hand
goniometry is augmented by a three-dimensional an-
alysis which uses a biplanar radiographic technique.
Functional ability is quantitated with peg board
tests and simulated activities of daily living. A
system to monitor rectified integrated EMG activity
defines muscle function about the joints. This
system is now being used to monitor total joint
arthroplasty patients pre- and postoperatively, to
define normal function, and to provide kinetic and
kinematic data for the design of prosthetic
devices.

INTRODUCTION

The study of normal and abnormal joint func-
tion plays a vital role in the management of total
joint arthroplasty patients involving the upper
extremity. Areas of objective evaluation necessary
to adequately define joint function include meas-
urements of strength, range and pattern of motion
during activity, boney orientation, functional
ability and quantitative EMG. These measurements
provide information necessary for monitoring
patients' improvement following joint replacement
and throughout their rehabilitation, as well as for
the design of prostheses.

A system has been established which provides
objective measurement of these important parameters
for joints of the hand, elbow and shoulder,
Initially, each subject, normal or patient, is
interviewed for information regarding their history,
level of activity or exercise, pain in the in-
volved or adjacent joints, and surgical status.
Anthropometric measurements are taken and joint
stability assessed. A series of objective, quanti-
tative measurements are then carried out based on
the specific joint being studied.

HAND

Patients undergoing total joint arthroplasty
of the hand are assessed in the areas of strength,
range of motion, boney orientation, and dexterity.
The equipment is shown in Fig. 1.

land strength is measured with a group of de-
vices consisting of properly calibrated strain-
gauged metal beams capable of registering strength
values displayed on a digital readout meter (1).
This apparatus, which allows measurement of pinch,
grasp, and lateral deviation, quickly gives an ac-
curate measurement and is readily adaptable to a
variety of hand sizes and deformities. Dexterity
is quantitated by the subjects' performance on a
timed peg board test (2). Test results are trans-

mitted to a PDP 11/34 digital computer via A/D,
D/D channels for on-line data analysis.

Fig. 1. Hand evaluation equipment: (A) Strength
meters, (B) Peg board, (C) EMG amplifier,
(D) Computer terminal for data retrieval

and analysis.

Range of motion is measured with hand gonio-
meters, and the three-dimensional orientation of
the joints is established with a biplanar radio-
graphic technique (3). Small metal "T"-shaped
markers are attached to the dorsal surface of the
hand over the appropriate boney segments for the
joints being studied. The hand is placed within a
plexiglas frame with an imbedded metal grid system
(Fig. 2). Horizontal and vertical x-rays are
taken of the hand in positions which define the
joints' extreme range of motion and daily activi-
ties. These x-rays are reduced with a sonic digi-
tizer. The computer is used to calculate the
three-dimensional joeint orientations and range of
motion.

A system for quantitative EMG analysis is
being used to study muscle activity in a variety
of hand functions in normal individuals. Fine
wire electrodes are inserted in the muscles being
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studied. Eight muscles plus the readout from
strain-gauge strength meters can be simultaneously
monitored. As the subjects perform specific func-
tions, a strip-chart recorder records the raw
data, and the computer records the rectified,
integrated EMG signal plus the total external
force (Fig. 3). As previously documented by
Cnockaert, et al (4), this integrated rectified
EMG was found to be proportional to the isometric
tension developed. This result provides valuable
information for understandingnormal and pathologic
joint function.

Fig. 2. Hand positioned for biplanar radiographs.

One group of patients now being studied have
undergone total joint arthroplasty of the thumb
CMC joint. To date, 28 patients of a total of 40
have been evaluated 1 to 2 years postoperatively.
Strength in grasp, 3 types of pinch, and thumb ab-
duction and adduction is measured. The subjects’
forearms and wrists are stabilized in orthoplast
splints to standardize the testing procedure with-
out limiting the specific functional activities.
Their dexterity is assessed with the timed peg
board test, and hand goniometry measurements are

e e —

Fig. 3. Raw EMG and force recordings.
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taken for active and passive movement of the thumb
IP, MCP, and CMC joints. The three-dimensional
range of motion occurring at the thumb CMC is de-
termined using the biplanar x-ray technique. This
technique must be utilized since such information
is unavailable based on regular methods of measure-
ment.

Preliminary results for this group of patients
show their mean strength measurements to be 50 to
65 percent of normal. Time required for the peg
board test is 60 percent greater than normal.
Range of motion at the CMC joint, based on an axis
system defined by the actual joint surfaces (5),
is 60 to 70 percent of normal (Fig. 4).

THUMB CMC JOINT RANGE OF MOTION

75
E 50
o
-
£
§ 25
g 17.2
flex/ext abd/add rotation
Normal: 529 22.6 172
=114 +10.3 *9.5
336 12.2 ne
+10.2 +=48 =54

Fig. 4. Range of motion following CMC joint arthro-
plasty.

ELBOW

Evaluation of elbow function is based on
measurements of strength, range of motion, and
functional activities. Isometric strength of el-
bow flexion, extension, pronation and supination
is measured with torque cell dynamometers with the
measurements displayed on a digital readout device
(Eipgs. (S)i.

A triaxial electrogoniometer is employed to
simultaneously monitor the three-dimensional
motion cccurring at the elbow (Fig. 6). This de-
vice consists of three mutually orthogonal poten-
tiometers attached to the arm and forearm to
record the motions of flexion-extension, pronation-
supination, and carrying angle changes (6). The
analog output of elbow motion measured by the elec-
trogoniometer in different functions is shown in
Fig. 7. This electrogoniometer is used to eval-
uate the maximal range of motion available in nor-
mal and patient populations. With a specially de-
signed function board, a variety of simulated ac-
tivities of daily living are measured to define
the necessary joint motion requirements in order
to perform these functions.

This system is used to evaluate patients
undergoing total joint arthroplasty of the elbow,
pre- and postoperatively. Also, a study has
recently been completed which documented normal



Fig. 5. Elbow evaluation: (A) flexion/extension
strength testing device, (B) pronation/
supination strength testing apparatus,
(C) digital readout for elbow strength,
(D) 3-D elbow electrogoniometers,

(E) Honeywell Viscorder to monitor elbow
motion measured by the goniometer.

Fig. 6. Triaxial electrogoniometer for the elbow.

elbow motion in a series of 15 daily activities,
designed to establish the common range of motion
occurring at the elbow. The results shown in

Fig. 8 are the mean and standard deviation of the
maximal flexion, extension, pronation and supina-
tion used for each of the functions. In general,
most of the activities could be performed with a
flexion-extension range of 90°, an arc between 40
and 130° of flexion, Flexion of less than 40° from
the fully extended position was infrequently seen.
A functional arc of about 100° of forearm rotation,
equally divided between pronation and supination,
was adequate for all of the activities.

7 wseiFig. 7. Three-
dimensional
elbow motion
during ac-
tivities of
daily living.
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Fig. 8. Normal elbow motion required for activities
of daily living.

SHOULDER

An isokinetic dynamometer (Cybex II, Lumex,
Inc., Bay Shore, New York) is used to assess
shoulder strength and range of motion (Fig. 9).
This commercially-available system has been exten-
sively modified by our laboratory to provide the
stabilization and adaptability required for our
patient studies. The device monitors a subject's
strength throughout his available range, thus
evaluating a dynamic function, Limb motion is
kept at a constant velocity, and any force applied
is met by an equal counter-force (7). The motion
velocity can be varied from isometric to fast
functional velocities. The resistance is in both
clockwise and counter clockwise directions, thus
reciprocal patterns of motion can be performed and
monitored.

A dual-channel recorder simultaneously dis-
plays the torque and angular displacement of the
joint (Fig. 10). This type of recording provides
valuable information for understanding joint func-
tion and pathology. The range of motion record-
ings are reliable at low velocities (7) and with
proper stabilization.
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. Modified Cybex equipment to measure
shoulder isokinetic strength.
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Fig. 10. Torque curves and position angle display
from dual channel Cybex II recorder.

This apparatus is presently being employed as
part of the functional assessment of patients with
proximal humerus replacement after bone tumor re-
section or for salvage purposes after failure of
regular total shoulder replacement arthroplasty.
Due to the absence of rotator cuff and the surround-
ing deep muscles, the range of active abduction and
external rotation is significantly reduced. The
amount of joint strength in these directions is
also limited. However, these patients can have
adequate flexion, extension and internal rotation
function to carry out necessary daily activities.
Normal elbow and trunk motion can be utilized to
compensate for the shoulder functional deficiency.

SUMMARY AND CONCLUSIONS

Instrumentation and techniques have been
developed which provide quantitative assessment of
joint function in terms of strength, range of mo-
tion, boney orientation, functional ability and
quantitative EMG. Electromechanical devices are
employed to objectively measure isometric and iso-
kinetic strength. Conventional hand goniometry
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for joint range of motion is augmented by three-
dimensional analysis which uses a biplanar radio-
graphic technique. Functional ability is assessed
with peg board tests and simulated activities of
daily living. Electromyographic (EMG) analysis of
muscle function is accomplished with wire elec-
trodes. A PDP 11/34 computer records and corre-
lates the integrated rectified EMG signal from
eight muscles plus the forces produced during
specific functions.

These techniques are used in normal studies
and for assessing pre- and postoperative total
joint arthroplasty patients involving upper extrem-
ity joint abnormalities. Information is available
to define normal function, assess deficits, and
monitor results of surgery and rehabilitative
techniques. Quantitative kinetic and kinematic
information is also produced to aide in the design
of prosthetic joints.
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FUNCTIONAL GAIT ANALYSIS OF TUMOR PATIENTS FOLLOWING CUSTOM TOTAL JOINT
AND SEGMENTAL REPLACEMENT ARTHROPLASTY

E. Y. Chao, R. K. Laughman, M. Tanaka, F: H. Sim

Orthopedic Biomechanics Laboratory, Mayo Clinic /Mayo Foundation
Rochester, Minnesota 55901

ABSTRACT

Little interest has been shown in the past
for en bloc resection of primary osseous lesions
due to inadequate methods of skeletal reconstruc-
tion. Recent advances in reconstructive ortho-
pedics and custom total joint and segmental pros-
thesis design have generated renewed interest in
local resection of bony tumors. With the primary
objective of life preservation, this new method of
treatment offers the added advantage of retaining
normal 1limb and joint function. However, the pat-
ients' postoperative function must be monitored in
order to establish effective rehabilitation guide-
lines and to protect the implant for prolonged in
vivo service. The functional results obtained also
provide the basic data for the improvement of pros-
thetic design and surgical technique. The purpose
of this paper is to illustrate the use of quanti-
tative gait analysis as a clinical tool to monitor
patients' functional progress from which pertinent
information can be derived to enhance the effec-
tiveness of this procedure.

INTRODUCTION

The surgical procedure is carried out through
en bloc resection of a localized lesion with an
envelope of surrounding normal musculature. The
defect is then replaced by a custom-designed seg-
mental and total joint prosthesis. The location
and extent of the tumor must be accurately deter-
mined to enable removal of all tumorous tissue to
prevent local recurrence, but not so extensive as
to prevent restoration of useful function. The
present report includes only the patients with hip
and knee involvement.

The custom total hip replacement (Fig. 1) was
initiated at this Institution in 1971. To date,
37 patients have undergone this type of surgery.
The mean age of this group is 49, ranging from 13
to 81 years old. Since 1974, 26 patients have
undergone segmental replacement at the knee (Fig.
2) as a result of tumor? This group ranged from
14 to 68 years old with a mean age of 34 years.

Any reconstructive surgery involving pros-
thetic replacement must attempt to satisfy two
functional requirements; 1) maintain sufficient
range of joint motion for essential activities of
daily living, and 2) provide adequate strength
with the existing musculature to perform required
functions. At follow-up, the 63 custom replaced
patients (37 hips and 26 knees) were questioned
concerning their pain, functional limitations and
the use of walking aids. The majority of these

Fig. 1-Custom Total Hip  Fig. 2-Custom Total Knee

patients have no pain and can achieve necessary
functions without limitation. The remaining
patients with limited function had metastatic
disease. They were not included in the present
gait evaluation program since the surgery served
as a palliative measure.

Through objective gait analysis, a patient's
functional status can be continuously monitored.
This may allow early detection of mechanical and
clinical complications. This data also allows the
determination of prosthetic joint forces and
moments. Such data can aid in the establishment
of an optimal rehabilitation program designed to
compensate for muscle weakness caused by radical
resection and immobilization while preventing
possible overloading of the implant.

METHODS

Gait analysis data includes the three-
dimensional joint motion, foot-floor reaction
forces, foot switch contact patterns, quantitative
joint strength, and temporal and distance factors.
When the values of these parameters are compared
between patients at different disease stages and
those who are under various types of treatment
regimes, the effectiveness of the reconstructive
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method and the in vivo performance of the pros-
thetic device can be evaluated objectively3

The gait laboratory (Fig. 3) contains two 14-
meter walkways. One is utilized for level walking,
while the second is used for varied ground condi-
tions, including a 15° ramp, stairs, and a side
slope. A triaxial electrogoniometer (Fig. 4) is
used to measure motion occurring at the hip and
knee? The patient's foot-floor rec=tion force is
measured by a piezoelectric force plate concealed
in the walkway (Fig. 3F). The temporal and dis-
tance aspects of gait are measured by four foot-
switches taped to the subject's shoe at the heel,
great toe, first and fifth metatarsal heads. Indi-
vidual step length and width are recorded by two
instrumented plexiglas mats (Fig. 3M) with con-
ductive stainless steel strips placed at 1 em in-
tervals. Walking velocity is determined by two
infrared optical switches (Fig. 3L). These lights
also serve as triggers for the computer to begin
and end data collection.

Fig. 3 - Gait Laboratory

Fig. 4 - Anterior
and posterior
views of the
clectrogonio-
meter.

The entire data collection and analysis is
automated by a PDP 11/34 computer (Fig. 5). Aver-
age gait patterns and parameters are available 5
min. after evaluation. A physician's summary re-
port is also prepared to be included in the
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patient's history (Fig. 6).

Fig. 5~ PDP
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Fig. 6 - Evaluation summary for a custom knee
replaced patient.

RESULTS

A typical evaluation summary is shown in
Fig. 6. This patient had a custom knee prosthesis
and was followed at six-month intervals for 2%
years. The subscripts 1 indicate the subject's
initial evaluation, and 2 -5 represent the sub-
sequent evaluations. The letters R and L refer to
the subject's right and left legs respectively.
TFor velocity and cadence only the letter R is used.
The bar diagrams represent the 10th and 90th per-
centile of the parameter among the normal popula-
tion. The horizontal line stands for the median
value for each parameter. The letters making up
the border of each bar refer to a specific para-
meter defined at the bottom of the chart.

This example subject has made continued pro-
gress throughout the postoperative period. The



majority of gait parameters were found to be within
the normal range, except for the right quadriceps
torque, stance phase flexion, and active knee
flexion. It is interesting to observe the re-
duction of the right quadriceps strength with time.
This weakening is occurring in spite of the fact
that this individual is a very active young man.
This indicates the need of continuous quadriceps
exercises. The reduced stance phase knee flexion
on the right is probably due to the quadriceps
weakness.

The gait data is also subjected to para-
metric, harmonic, and phasic analysis. The har-
monic spectrum analysis provides a quantitative
evaluation of the motion pattern. The phasic
analysis examines the coordination of the joint
motion on the same extremity or on contralateral
extremities for bilateral evaluations. Figures
7 and 8 are the computer averaged wave form for a
custom knee patient and phase plots displaying
the interrelationships of the various planes of
motion. Figure 7 displays the motion occurring
in the replaced knee. The minimal separation
seen in the phase plots is due to the hinged
prosthesis allowing only planar motion. Figure 8
is a tracing of the subject's unoperated knee
motion. The range and pattern of joint motion, as
well as the phasic relationship, have the typical
features found in normal subjects.
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Fig. 7 - Tracing and phasc plots from the custom
replaced knee.

Two indices are also calculated, one to ex-
amine the functional performance during walking
of each leg and a second index is used to evalu-
ate the functional symmetry between the right and
left legs (Fig. 6). Such indices, as well as
other analyses results, will provide reliable ob-
jective assessment of patients' joint normality
after reconstruction. The compensatory action of
the normal side can also be documented.

DISCUSSION

The evaluation is currently being utilized to
follow the functional progress of all the custom
joint replacement patients done at this institu-
tion. To date we have evaluated 43 custom
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Fig. 8 - Tracing and phase plots from un-
operated knee.

patients, a number of which have been evaluated
more than once. Table 1 is the average results
obtained from the custom knee patients grouped
according to the length of time between surgery
and gait evaluation. Table 2 represents the
average data for the custom hip patients.

The results shown in Tables 1 and 2 reveal
that patients' functions are approaching normal
and such status is maintained beyond 2% years.
Certain patients with postoperative problems were
also identified by the gait analysis. Such find-
ings have substantiated the importance of long-
term gait evaluation follow-up on these patients.
This information can single out the most signifi-
cant functional deficit of a patient so that a
proper rehabilitation program can be recommended.

The gait analysis method is particularly
valuable to document the functional changes in
individual patients during subsequent evaluations.
For example, the tracing in Fig. 9 is from a
custom hip patient who shortly following surgery
began to have problems with the prosthetic hip.
The tracing on the left is the hip motion three
months following surgery. The rotations in the
sagittal and coronal planes display minimal motion
with slightly out-of-phase patterns. Motion in
the transverse plane was increased and reversed
as compared to normal. These deviations are re-
flections of laxity and instability about the hip
caused by the surgical resection of the hip cap-
sule and musculature. Based on these results, a
tight-fit technique was recommended and surgery
was performed subsequently to eliminate subluxation,.
The tracing to the right is the patient's hip
motion two months following revision. All para-
meters are improved, showing increased sagittal
motion, increased coronal motion with the normal
stance hip adduction, and reduced transverse
motion with the normal stance phase internal rota-
tion of the femur relative to the pelvis. This
result truly reflects the value of gait analysis
as a means to identify functional problems in
this group of patients.
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CUSTOM ENEES

Follow-up
Under | yr. Lv1.5yp. 1:8+2.5yr. Over 2.5yr. N&m!l-
-1 Wi M- -6 <50
Quads (kgem) 302+ 155 3364319 371.7£204  340.1% 252 11724 527
Hams  (kgem) 3192221 4741228 462+ 287 471% 328 747% 304
Stride Length (cm) 116214.6 117.3:21.78 119220 112.7£13.8 137.2%17.15
Step Length (cm) 58.3:7.8 59411.17 S5B.1%11 56.5%8.36  68,8% 8.5
Stride Length/LEL 129817 131219, L3007 L6t 13 1.52% .14
% Stance 58+ 3 58.2742 61.4t1.8  59.3:4.3 59.42 LB
A Single Limb 36.913 37.91 3 3700112 35,61 5N 40,661 1.9
Cadence 43.514.79  46.7:5.1  A5.945.5 4072369 54,451 4.B8
(strides/min)
Velocity $1.97:10.9 56.6%4.9 57.4%8.4 56.11%11.59 74.82% 11,6
(m/min)
Total Segittal 41.53£13.8  54.B29.16 55.7£9.9 53.17%6,11  70.3t8
(degrees)
Stance Sagitral 7+3.6  6.6423.35 B.2t3.4 6.5%4.72  16.8t4.7
(degrees)
Terminal Stance Sag. 12.1523.4 18.627.69 27.4%7.8 28.8:4.6 30¢5.5
(degrees)
Fy 96.3+5.89 98.5615.6 97.215.2 98.1746.6 111.18%9.5
¥, e 31.47£7.98 27.2%6.9 25.7.25.28 27.3%4.5 26.4%3.8
ks (4 stance) \; svai27 ss.miass w74 84.5¢5.75  72.2%9.2
K.
Tz €38R 49.67£9.12 50.848.13 40.326,8 46.827.17 48.8%5.7
Fy (% stance) oo gasis 1018572 1021154 102369  11L6%e.
Ty (X820 74.5346,86 75.7:3,93 71.4210.1 73.5%:8.6 7B.46%4.)
(% stance)

"Table 1 - Average values for custom knee patients
at various periods of follow-up.

CUSTOM HIP
Follow-Up
+ 1s
Under 1 yr. 1+1.5 yr. 1.5+2.5 yr. Over 2.5 yr. Norma
®=2) =10} N =6) =4 o =21)
Stride Length 114.52.5  100.5+15.1 101.327.8 109.0415.8 134.7113.9
(s
Step Lm'th.) §7.5¢.5 52.9%8.2 517251 55+ 6.2 63.8% 16.4
cm)
Stride Length/LEL 1.24% .12  1,03#.07  1.17%.09  1.02t.13 148,61 12.6
% Stance 59.5%.5 60.5%2.3 61.315.2  60.5%4 60.9% 2.7
% Single Limb 38.5%.5 35.945.2 38.5t2.1 30¢5,5  39.9%3.2
Cadence 44,41 .9 47,5:4.9 4B.42 6.5 45,92 5.4 52.9% 4.9
(strides/min)
Velocity 54.4120 50.7:9.4 52.2t6.6  52,5%12,5 72,4%8.5
(m/min)
Total Sagittal 30.521,5 2787,1 29,3255 31.326.6  41.9% 4.7
(degrees)
Stance Sagirtal  22.5%2.5 18,9:4.5 18.3%7.4 W54 21.9:8.3
(degrees)
Terminal Stance 5.5%.5 6,2: 1.5 9.325.3 6.5 2.6 16,5 6.9
degrees
stf.:ci er]ml a0 612.6 6zl.4 10,52 2.2 7.622.5
(degrees)
Stance Transverse 8.5:2.5 8.142.8 9+3 9.81 3.9 9.9% 3.2
d
: u?“) 9312 95.216.9 96,7+ 7.5 gara.6  112.2%8.6
Ly Baw)
T 26.522.5 33.3%5.5 31,524.9 30.82 3.9 23.9t4.1
% stance,
Fz( R jBD.Stl.5 82.2%5.5 85.718.9 86:7.9 74,12 8.1
$ B.W.
72[ 4 38,5%1.5 5126.5 53.3+4.3 45,81 3.9 45,22 7.5
\ st
F. W shees) 3t4 . §4.4%5.3 98.82 4,1 96t 2.7 115.4%8.7
RGP
T4.516.5 72.925.4 76.7%2.6 70t2.2 74.525.5

T
3 (% stance)

Table 2 - Average values for custom hip patients
at various periods of follow-up.

SUMMARY

Treatment of primary bone tumors involving
adjacent joint and soft tissue by radical resec-

tion and custom segmental and total joint replace-

ment has shown great potential for curing the
disease and restoring the patients' normal func-
tional ability. Gait analysis is used as a means
to assess the normality of the hip or knee joint
after prosthetic replacement. The results pro-
duced are used to improve the design of the im-
plant, as well as the associated surgical tech-
niques. Continuously monitoring the patients'
functional status can help to identify problems
and proceed to establish effective rehabilitative
management for fast functional recovery. Certain
activities that may have deleterious effects on
the integrity of the prosthetic implant can also
be determined. Thus far, we have studied 37 hip
patients and 26 knee patients. The results show
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that patients with primary tumors have excellent
functional abilities after replacement surgery.
However, for those who had metastatic lesions,
the postoperative .results were less dramatic,
primarily due to the extent of the disease, as
well as the short life span preventing complete
functional recovery. As encouraged by the good
results obtained thus far, this technique is now
being used to salvage failed total hip and total
knee arthroplasties with significant bone loss.
Hopefully, a standard procedure can be developed
to treat patients with extensive bone and joint
loss due to tumors or other orthopedic diseases.
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Communication Rates for Nonspeech Expression
as a Function of Manual Tasks and Linguistic Constraints

Richard A. Foulds

Biomedical Engineering Center
Tufts-New England Medical Center

The development of nonvocal communication
devices has focused upon the matching of existing
physical movements and appropriate electronic
devices. The ability of an individual to adapt to
such systems and to acquire rapid communication
has not been fully researched. This paper reviews
relevant literature regarding output rates for
various nonspeech modes of communication and
attempts to develop an understanding of the motor-
ic and linguistiec constraints on expressive
language.

In a normal conversation the typical adult
speaks at a rate that ranges from 126 to 172 words
per minute (Perkins, 1971). This rate can be vol-
untarily modified (faster or slower) by an indi-
vidual speaker (with a ratio of 2.6 to 1
(Grosjean, 1980)).

It is apparent from this discussion that the
average human is equipped with a flexible and
reasonably fast means of expressing himself in his
native language. When one attempts to replace
human speech as an individual's primary mode of
expression, much of this flexibility and speed
seem to disappear. Current efforts to provide
alternative communication modes for severely phys-—
ically disabled individuals (cerebral palsy, ALS,
etc.) demonstrate this problem. Attempts have
been made to use alphabetic and other graphical
outputs to replace speech. The maximum output
rate for these systems is typically below 15 words
per minute.

The error free maximum rate for the eye-gaze
encoded ETRAN has been calculated at 12 words per
minute (Rosen, 1978) while the similar rate for a
single key typing device has been shown to be 8
WPM (Crochetiere, et al., 1977). (These measure—
ments have been made on subjects with no known
disabilities). The remainder of this paper will
explore the use of alternative modes of expression
and will address the consequences and expression
of these relatively slow output rates.

Typewriting as an Expressive Mode

As a predictable replacement for speech it
might be suggested that handwriting or typewriting
be used as a substitute. With accommodation for

physical disabilities, this is what has been done
in the alternative systems mentioned earlier, and
described in detail in Vanderheiden (1976), one
may initially recall the secretarial typing rate
of 50-60 WPM (Seibel, 1972) and compare this to
the maximum output rate for the alternative sys-
tems. This comparison seemingly diminishes the
hope for rapid and flexible expression for the dis-
abled until one realizes that the typical typing
rate is for transcribing existing text, rather
than generating original messages. Therefore, the
extent to which these numbers can be compared
legitimately is not altogether clear.

In a series of studies, the Hopkins Labora-
tory of Engineering Psychology at the Johns
Hopkins University has examined human interaction
through various modes of expression. The general
paradigm in all aspects of the work was to provide
two individuals with separate information and a
common problem. Neither could individually solve
the problem. However, by working together a solu-
tion was possible. This design provided the
experimenters with an opportunity to study, among
other things, the effect that different modes of
communication had on such measures as time for
solution (an indirect measure of information com—
municated) and words per minute of communication.
Among the modes studied, those of interest to this
paper were the "Communication Rich," allowing for
both visual and spoken communication; ''Hand-
written," allowing for real time exchange of writ-
ten messages only; "Experienced Typing," allowing
for communication through a pair of computer ter-
minals by subjects who were experienced typists;
and "Inexperienced Typing," allowing for communi-
cation through a pair of comptuer terminals by
subjects who were not experienced typists.

Examination of the data for Chapanis et al.
(1972) shows that the typing rate for experienced
(pretested at > 40 WPM) and inexperienced (pre-
tested at ¢ 25 WPM) typists were 18.1 WPM and 10.2
WPM respectively. The corresponding rate for the
"Communication Rich" mode was 190 WPM. While the
latter does not disagree with other rates for
expressive speech, the typing rates are consider-
ably different from the transecription rate of an
experienced typist. It is of interest to note
that the original rate difference between experi-
enced levels of typing becomes considerably smal-
ler when the subjects are in the expressive mode.
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One might have expected the variations in typing
experience to have produced a larger rate differ-
ence between groups of subjects.

Weeks, Kelly, and Chapanis (1974) compared
the ability of experienced vs. inexperienced typ-
ists in problem solving situations and found
similar results. Again the experienced typists
were tested to have a transcription rate in excess
of 40 WPM. The expressive rates for the two sets
of subjects were 27 and 18 WPM, respectively, com-—
pared to their mean transcription rates of 43 and
21 WPM. This shows that the experience of the
typist, while important for transcription, has a
much smaller effect on expression rates.

Weeks et al. (1974) describe this outcome as
being counterintuitive and explain it... "Our
pretest of typing skill, intentionally like those
used to select typists, was a measure of speed and
accuracy in copying prepared text. By contrast,
our experimental task... required a great deal of
planning and decision making as our subjects com-
posed their messages at the typewriter."

It may be inferred from this that while the
transcription process may be unequally practiced
among the typists, the expression process using a
typewriter is more nearly equally unpracticed.

Handwriting as an Expressive Mode

Returning to the data of Chapanis et al.
(1972), the expressive rate for the handwritten
interchange was 23.5 WPM. This exceeds the rates
of both levels of typists. One would not expect
this since handwriting is generally considered to
be slower than typing. Seibel (1972) reports that
subjects using free cursive handwriting to copy
individual words reach a rate of 80 characters per
minute or approximately 20 WPM. 1In a small pilot
study this author asked subjects to transcribe in
"legible" handwriting a passage of magazine text.
The mean transcription rate was calculated to be
33 WPM.

The difference between these two rates can be
attributed to task differences. In the latter,
subjects were copying meaningful text onto stan-—
dard sized writing paper. In the former, the sub-
jects were presented individual words which were
copied into predefined boxes on forms.

The significance of the handwriting data is
that there is only a very small drop (if any) in
output rate from transcription to expression.
Interpretation of this in light of the performance
of the experienced typists is aided by considera-
tion of the use of handwriting as compared to
typing.

The primary function of typewriting among the
subjects (all either high school or college stu-
dents) can be assumed to be the preparation of
final drafts of academic work. This, like most
clerical functions, is transcription.

Conversely, the principal function of hand-
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writing is the expression of ideas onto paper.

Not since early penmanship practice in elementary
school would the subjects have used handwriting
for transcription. The writing of letters, essays
and even class notes are processes which are more
related to the '"conversational" tasks in the Johns
Hopkins studies.

]

This analysis is supported by Muhich (cited
in West (1969)) who reports that on straight copy
work, second semester high school typists showed a
mean rate of 41.7 WPM. When they were asked to
type rough drafts, tables, or letters that rate
dropped by more than one half. This final rate is
more or less in line with the expression rates
found in the Johns Hopkins studies.

Other Manual Communication Modes

Conversion of thought into written or typed
words is not the only non-speech mode available as
a replacement for natural speech. Several highly
developed manual systems are presently available
for the deaf population.

In American Sign Language (ASL), movements of
the hands, either together or individually, define
unique signs which can be received visually and
interpreted by the receiver. The signs used in ASL
has its own linguistic structure and is generally
considered to be its own language, not a modified
form of English (Bellugi and Fischer, 1972).

Fingerspelling represents another manual com-
munication system for the deaf. The American Man-
ual Alphabet describes a variety of finger config-
urations, each representing one of 26 letters and
10 numbers (Zakia and Haber, 1971). Each word to
be expressed is therefore represented by a sequence
of representations of its constituent letters.
Fingerspelling generally follows the linguistic
rules of English. Fingerspelling may often be used
to compliment ASL. Some ASL words are frequently
fingerspelled (off, do, is, was, etec.). In the
studies reported in Bellugi and Fischer (1972)
between 27 and 127 of the words were fingerspelled.

Both of these systems offer an opportunity to
study the capabilities of well-practiced individ-
uals using non-speech modes of communication.

No replication of the Johns Hopkins studies
using native users of ASL or fingerspelling exists.
However, related data can be used for comparison.
Grosjean (1980) reports transcription rates for
both speakers and signers reading "aloud." (Read-
ing "aloud" is this author's descriptive term to
indicate copying from printed material to another
form without the transcriber altering the content).
He reports a speaker rate of 224 words per minute
compared to 81 signs per minute.

In another study Bellugi and Fischer (1972)
asked bilingual subjects (children of two deaf par-
ents) to retell in their own words some story from
their childhood, or a story they knew well. The
subjects showed mean articulation rates of 4.7
words per second, and 2.3 signs per second. These



numbers cannot be directly translated into mean-
ingful word per minute or sign per minute rates
since all pauses between words and signs were
omitted. (This was not done for other reported
output rates.) Using the percentages of communi-
cation time devoted to pauses presented by Bellugi
and Fischer a simple computation can be made for
corrected word and sign per minute rates. These
become 231.6 words and 119.63 signs per minute
respectively.

There is obviously no way in which the out-
comes of these two studies can be compared without
knowing more about the subjects, and the material
in question. One observation that can be very
cautiously made is that there appears to be no
dramatic difference between transcription and
expression as there was in typewriting exercises.

(At the risk of comparing two studies, one
might give some thought to the appearance of
higher rates for both modes of output in expres-
sion over transcription. This topic would make
for interesting future study).

Rates for fingerspelling are reported in
Zakia and Haber (1971) at .2 second per letter,
or one word per second for a 5 letter word in
fingerspelling context, and in Bellugi and Fischer
(1972) 2.7 words per second in ASL context. The
high rate for the latter is undoubtedly due to the
use of fingerspelling for the short words
described earlier. Bellugi and Fischer report the
average length of these to be three letters, thus
yielding a rate of 8.1 letters per second or .12
second per letter. Zakia also reports rates of
.162 second per letter during an experiment where
experienced fingerspellers copied written words
presented out of context. Again since these data
are from two different studies, it would be diffi-
cult to attribute significance to the small rela-
tive differences caused by expressive and tran-
scriptive modes. It is, however, of note that no
large difference does occur between rate data for
the two modes.

Manual Task Limitations on Expression

With the exception of typewriting by experi-
enced typists there can be no evidence found that
the rate of expression using the various modes is
appreciably less than the rate of transcription.

The rate of speech as well as rates of hand-
writing and signing appear to have an upper limit
imposed by the physical dynamics of the neuro-
motor system. If one is to assume that the
expression process adds in some way to the cogni-
tive load, that increased load does not appear to
noticeably reduce the output rate of the individ-
ual.

The addition of a more cognitive load such as
the requirement that subjects speak and sign
simultaneously (Bellugi and Fischer, 1972) only
slightly reduces output rate. The upper boundary
is still primarily determined by motoric consider-
ations. Kelly and Chapanis (1977) report a study

where subjects were required to communicate via
typewriter using 300, 500, and unlimited word
vocabularies. The word-per-minute rates were
similar to those found in other Johns Hopkins
studies. There was, however, no significant
effect due to the vocabulary limitations. In
spite of the constraint of using only words within
the limited sets, and the added effort to plan
messages accordingly, the subjects were able to
maintain their output rate. The typing rate seems
to also be insensitive to increased cognitive
load.

If typing rate is insensitive to this added
processing requirement, why then is typing rate so
dramatically affected by the transition from tran-
scription to expression? Quite possibly the sig-
nificance rests only on the degree to which typing
is well practiced or automatized for the particular
function being tested. Traditional typists are
trained almost exclusively in copying text without
reading the contents Use of a typewriter in the
expressive mode is therefore a function in which an
"experienced" typist may have very little practice.
Looking at the Chapanis data for both experienced
and inexperienced typists one sees that indeed
there is a greater absolute drop in rate for the
experienced typists. The ratio of expression rate
to transcription rate, however, is approximately
50% in both cases. This value corresponds to the
reported drop found by Muhich (cited in West,
1969) .

This decline in rate would presumably be
attributed to the increased conscious effort to
translate thoughts into finger movements. As
shown in fingerspelling and ASL research, however,
this conscious effort can be greatly reduced with
practice, with a corresponding increase in output
rate. One would likely expect, on this basis,
that typists with a great deal of practice in the
use of a typewriter for expressive communication
(as opposed to copying) might attain very high
rates approaching their dynamic physical limits.
A study by this author is currently being planned
to investigate this concept. Subjects will be
selected for their ability to compose original
work at a keyboard (i.e. newspaper reporters,
authors, etc.).

Linguistic Aspects of Alternative Modes

All discussions so far have related to rates
of communication based on words per minute. This
measure is fortunately only one factor in the
applicability of alternative modes for fluent com-
munication. Included in Chapanis et al. (1972)
was an indirect measure of the amount of informa-
tion rate of transfer. In each of Chapanis' prob-
lem solving tasks the time for solution was
measured. Since no one team member could solve
the problem alone, some minimum amount of informa-
tion must have been exchanged to allow for correct
solution of the tasks. Solution time is an indi-
rect measure of this. Although this communication
rich mode allowed for a rate of 190 WPM compared
to the 23.5 of the handwriting mode, (a ratio of
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approximately 8 to 1) its mean solution time was
29,0 minutes compared to 53.3 minutes for the
handwriting. This is less than a 2 to 1 ratio.
Clearly something has occurred which has allowed
the relatively slow handwriting to nearly keep
pace with the much more rapid speech channel.
Chapanis et al. (1977) performed a linguistic
analysis of the messages exchanged between their
subjects. They found the spoken exchanges to be
verbose. Comparing averages of speech to hand-
writing, in 29.0 vs. 53.3 minutes, 1563.8 vs.
118.5 unique words used. The researchers found
the handwritten and typewritten modes (the latter
showed solution times of 66.2 and 69.0 minutes
for inexperienced and experienced typists) to
exhibit drastically modified linguistic structure.
They highlight a literal copy of an exchange
between two inexperienced typists by saying, "If
one adheres to all orthographic and typographic
rules, there is not a single correct sentence in
the entire table (referring to the sample), or,
for that matter, in the entire protocol." Exam-
ination of the samples shows that the subjects
informally adopted rules for "telegraphing,"
abbreviating, and otherwise modifying their mes-—
sages, while allowing the content to be under-
stood.

Horowitz and Newman (1964) compared spoken
and written expression from the point of view of
the analysis of units which were defined as ideas,
subordinate ideas, ancillary ideas, etc. They
report that speech was considerably faster than
writing, but report a different spread of units
within the two modes of expression. Written
expressions contained a skewing toward ideas with
a relatively small number of subordinate ideas.
Spoken expression showed more ideas per minute by
a factor of approximately 1.5 to 1 (small, consid-
ering the ratio of output WPM rate possible) and
showed much higher numbers of subordinate ideas.
This study supports the concept of linguistic
modification to accommodate the slowness of the
expressive medium.

The theory behind ASL and its structure is
that it is more appropriate for the medium of man—
ual signing than is the English language. In the
story-telling experiment of Bellugi and Fischer
(1972) the linguistic unit was taken to be the
proposition. Although the number of signs per
minute was less than the number of words per min-
ute, the number of propositions per minute was the
same for each system. The number of propositions
is again an indirect measure of information
exchange. The same story can be told (with most
important features included) in two systems in the
same length of time. The only differences are the
articulators (lips, vocal tract vs. hands, arms)
and the linguistic structure of the messages.

CONCLUSIONS

The speech mechanism appears to be a highly
practiced, automatized process. The subconscious
use of the speech articulators allows for rapid
communication of thoughts without demanding full
attention to the function of speaking. It is this
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automatization, or release from conscious control,
that is to be sought in alternative forms of com-

munication. 1In the preceeding discussions it has

been shown that speech may not be the only motoric
process capable of reaching this state.

Alternative functions may in fact have limita-
tions due to their physical nature. The speech
articulators are undoubtedly faster and more coor-
dinated than the fingers and arms. The speech
process may not however be thought to have an
inherent advantage in being able to subconsciously
access language. The data for transcription and
expression using handwriting show only a minor
advantage to the transcription mode. If the tran-
scription mode is thought to be the upper limit of
the ability of the musculature to produce legible
words then the expressive mode does not lag too
far behind. In manual signing, Bellugi and
Fischer (1972) have shown that bilingual subjects
can tell a story simultaneously in both spoken
English and in ASL without appreciable reduction
in output rate. This task is clear evidence of
the ability of the hands and arms to become as
automatized for language as the lips, the tongue,
and the vocal folds.

The superiority of speech in terms of words
per minute is also a function of its compatibility
with the spoken language. The evidence presented
by Bellugi and Fischer (1972) regarding the ASL
linguistic structures which allows the signer to
‘communicate "information" at rates equal to that
of a speaker, clearly shows that the motoric slow-
ness can be overcome by making additional accommo-
dations. The linguistic analyses of the written
and typed communication by Horowitz and Newman
(1964) and by Chapanis et al. (1977) indicate that
the modifications to the English linguistic rules
made informally and without advanced planning
aided subjects in maintaining reasonable informa-
tion rates despite dramatically low word-per-
minute rates. One might begin to suspect that
with appropriate design a set of syntactic rules
could be generated to allow for written and typed
communication to be increasingly productive.

This returns the discussion to the original
topic regarding the physically disabled. There
needs to be continued work in the area of human
engineering to increase the motoric output of the
individual. TIgnoring for the moment any cognitive
handicap, the disabled person should be able to
learn to express himself at the rate allowed by
his motoric ability in conjunction with any pro-
cessing technology required. His ability to maxi-
mally use his abilities should be no different
from that of his able-bodied counterpart who
expresses himself nearly as fast in handwriting as
he can copy, or the person who can fingerspell or
sign conversation as fast as the fingers and arms
will allow.

The data from the Johns Hopkins studies indi-
cate that the users of the nonvocal communication
systems described earlier, with their 12 and 8
word-per-minute rates, are in the same range as
the inexperienced typist (10.2 WPM). The indirect



measure of information transfer (inverse of solu-
tion time) for this mode was only slightly less
than one half that of 190 words-per-minute
speech.

If the nonvocal individual, using existing
assistive devices and adopting the linguistic
compromises of the inexperienced typists, can
reach nearly 50% of normal speech rate informa-
tion, what can be expected if the man-machine
interface is improved, and structure analogous to
ASL is adopted?
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LARYNGECTOMEE SPEECH ATID WITH PROSODIC CONTROL

Andrew Sekey
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Santa Barbara,

Design principles of a hands-free, variable-pitch,

controlled-volume, unobtrusive speech support sys-

tem for laryngectomees are described. The scheme is

to make the best use of residual articulatory facul-
ties of laryngectomees and to exploit digital signal
processing techniques and devices. The following

novel features characterize the system now under

development:

(1) The vocal tract is excited by a miniature,
low-power driver affixed inside the oral ca-
vity; ensuing sound vibrations are sensed by
an intraoral miniature acoustic sensor.

(2) Control and information signals to and from
the mouth are transmitted by electromagnetic
coupling.

£3) Actual speech scunds are radiated, after amp-
lification and spectral correction, from a
chest-level concealed Toudspeaker.

(4) Intonation and dynamics are regulated by the
speaker via the rate of exhalation, which is
sensed by a miniature device positioned at
the stoma opening.

INTRODUCTION

The long-term goal of this ongoing project is
to establish a theoretical and empirical basis for
the development of a hands-free, variable-pitch,
controlled-volume, unobtrusive speech support sys-
tem for laryngectomees.

Such a system, whose installation would not re-
quire major surgery, is envisioned to incorporate
an intraoral sound source as well as a sensor, and
derive its pitch and intensity parameters from tra-
cheal airflow. Consequently, in this research we
are exploring the effects on speech of non-conven-
tional excitation of the vocal tract, as well as
the suitability of tracheal airflow for controlling
time-varying analog parameters. The objective of
the latter is to derive both pitch and intensity
control signals from tracheal airflow rate.

Some of the fundamental research associated with
these objectives may also be of value in other
health-related fields, specifically, in mobility
and communication aids for quadriplegics, and in
phonation disorders other than laryngectomy.

RATIONALE FOR THE PROPOSED SYSTEM

The starting premise of this project is that by
exploiting recent advances in the understanding of
speech acoustics and in speech signal processing it
should be possible to combine the medical simpli-
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city of intraoral vibrators with the (assumed) ac-
oustic advantage of implanted artificial larynges.
We also note that whilst the costs of surgery,
hospitalization and post-operative treatment rise
constantly, the price of sophisticated electronic
prostheses declines. Also, patients cannot always
sustain additional surgery immediately after la-
ryngectomy. Tt then follows that every attempt
should be made to find a technological alternative
to implantation into the pharyngeal wall. Since
trans cervical vibrators have several intrinsic
limitations (back radiation, high visibility,
etc.) which probably cannot be overcome, one is
left with oral vibrators.

A basic problem with an oral vibrator is that
no matter where it is installed, its location dif-
fers from that of the larynx it replaces. Conse-
quently, the resonant pattern set up by its vibra-
tion in the vocal tract would, generally, also
differ from the natural pattern. When this differ-
ence becomes noticeable, it decreases speech in-
telligibility and naturalness.

An additional limitation of any oral vibrator
is the low level of undistorted power output, due
to its necessarily small size. This is particular-
ly noticed outdoors or in a noisy environment.

Both problems could be resolved by placing in
the mouth a miniature sound sensor and applying to
its output post-processsing (to reduced distor-
tions) and amplification (to provide sufficient
acoustic power). Moreover, the intraoral sensor
developed for a fully artificial system might also
be used by esophageal speakers. In fact, there is
no reason why even the vibrator plus sensor system
could not beneficially coexist with a limited de-
gree of esophageal speech, with the latter provid-
ing the air necessary for fricatives and plosives,
and the former augmenting vowel production with va-
riable pitch as an added feature.

In order to vary pitch and volume it seems na-
tural to utilize the pulmonary air flow at the sto-
ma by deriving from it appropriate control signals.
(The feasibility of training subjects to control
pitch by breath flow is discussed below.) This
would restore to the respiratory system the role
it plays in speech production, and free the user's
hands for other purposes.

Four key questions thus emerge which must be
resolved as part of the design task for a superior
speech aid for laryngectomees:

(1) What type of distortions in the speech
signal are encountered, and how can they
be corrected, when the phonating source is
transferred from the glottal area to some-
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where in the front of the oral cavity, and
the resultant sound is also sensed intra-
orally?

(2) What type of intraoral driver and sensor
meet the physical and environmental re-
quirements of the task ?

(3) By what method of energy transfer, modu-
lation and coding can the intraoral de-
vices be effectively linked to the body-
worn equipment 7

(4) How can rapid and accurate control signals
for pitch and intensity be derived from
pulmonary airflow ?

Answers to these questions are the main goal

of our current research. In what follows we shall
describe the broad outlines of our system.

OVERALL DESCRIPTION OF THE PROPOSED SYSTEM

Our current conception of the prototype system,
whose design would be based on findings of ongoing
research, can be described as the interconnection
of the following subsystems:

(a) Pulmonary airflow sensor (over the stoma)

(b) Excitation signal generator and transmitter

(c) External (neck) antenna loop

(d) TInternal (oral) antenna loop

(e) Receiver and electro-acoustic driver
(dentally mounted)

(f) Acoustic sensor and
(dentally mounted)

(g) Signal processor and power amplifier

(h) Loudspeaker (worn over the chest)

(i) Battery pack

signal transmitter

The physical layout of these components is ill-
ustrated in Figure 1, and their interconnections in
Figure: 2.

Operation of the System

Activated by the Pulmonary Airflow Sensor (a),
the Excitation Generator (b) produces a substitute
larynx tone which is modulated onto a high frequen-
cy carrier and then radiated by the External Anten-
na (c). The radiated energy is picked up by the In-
ternal Antenna (d) and is converted into and acous-
tic signal by the dentally mounted Electroacoustic
Driver(e). The sound so created is selectively
amplified by the vocal cavity, and can be augmented
by fricative and plosive sounds produced by buccal
or esophageal air.

The aggregate speech sounds are sensed by a
likewise dentally mounted Acoustic Sensor (f),
which then modulates them onto a different carrier
from that used before, and re-radiates them via the
same Internal Antenna (d). The signal picked up by
the External Antenna (c) is electronically proces-
sed and amplified by the Signal Processor (g), and
is then radiated at an adjustable average power le-
vel via Loudspeaker (h). Power for the external
components is provided by the Battery Pack (i).

At first sight this may seem to be a rather com-
plex system, but it should be noted that items (c),
(d) and (i) are readily available, (b) and (g) can
be implemented by integrated circuits, and only
tinding suitable types of electroacoustic trans-
ducers (a), (e), (f) and (h) may be problematic.

It may be feared that prospective users would
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become self-conscious about their amplified voice
emanating from a flat loudspeaker strapped to their
chest. However, disparity between auditory and vi-
sual cues for sound are are already present with
laryngectomees using shirt pocket amplifiers and in
any television set.

In what follows we shall discuss in some detail
one of the main innovative features of our system,
namely the control of pitch and intensity by tra-
cheal airflow.

ATRFLOW CONTROL OF PITCH

In normal speech the fundamental frequency (Fo)
is determined by a delicate interplay of laryngeal
muscle activity and subglottal air pressure. The
underlying mechanism is nowadays fairly well under-
stood [1,2,3]. Little of this knowledge is directly
applicable, however, to a laryngectomee. Two re-
marks are worth quoting, though: "All stressed syl-
lables are accompanied by an increase in subglottal
pressure produced by the action of the respiratory
muscles; many pitch changes are also accompanied by
an increase in subglottal pressure” [3]. Also:
"Whenever (the cricothyroid) muscle is passive, Fo
will be controlled by subglottal air pressure"” [1].

These facts encouraged us to experiment with the
use of airflow as a control signal. In our first
series of tests the subject received visual feed-
back from an oscilloscope screen which displayed
both a "target'" curve and the time variations of
his own breath flow. A detailed description has ap-
peared elsewhere [4] and will not be repeated here.

In a second series of tests the feedback was au-
ditory, and the subject aimed at mimicking the in-
tonation pattern of a short utterance recorded on
an endless tape loop. The experimental arrangement
is shown in Figure 3. The subject, a 23 year old
female graduate student, was a native English
speaker. She first recorded several test sentences
which were then passed through a Frgker-Jensen
Trans-Pitchmeter. The resulting pitch contours were
recorded on endless tape loops, and she listened to
these in one ear while in the other ear she heard a
triangular wave whose pitch was proportional to her
rate of exhalation. A test tape of the pitch con-
tour imitations has been prepared and will be
played at the Conference.

In the next phase of our experiments we have em-
ployed a similar setup but for controlling the Fo
input to a Computalker Model CT-1 Speech Synthe-
sizer. Pre-recorded test sentences were synthesized
on the Computalker, using its own programmable in-
tonation pattern. Next, the same sentences were
synthesized but with the Computalker's Fo control
signal replaced by one derived from the subject's
airflow. Fairly natural sounding intonation pat-
terns were generated. (A tape will be played at the
Conference.) The pneumotachograph used for labora-
to ry experiments is unsuitable for monitoring air-
flow at the stoma. Instead, we propose incorpora=
ting in a standard stoma button a miniature airflow
sensing device, such as a self-heated thermistor,
pressure-sensitive transistor, hot-wire anemometer
etc. It is important for the device to respond to
changes on the order of 50-100 ms.

Our experience so far indicates that it will be
desirable to restrict pitch control to the exhala-
tion phase, with the inhaled air passing through
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the stoma unimpeded. (This is especially important
in view of some reported opposition of laryngecto-
mees to a new, disposable humidifier at the stoma
air intake). We consider using a special two-way
valve for separating air intake and outflow [5].

Occasional interference with the pitch control
is expected from the user coughing or clearing his
stoma. Coughing implies a rather rapid exhalation,
and a threshold could be set in the signal ampli-
fier to recognize and ignore it. Clearing the sto-
ma could present a problem for the airflow sensor;
in the final implementation it may be necessary to
make the sensor readily removable for this purpose.

-~

Figure 3.

Experimental Arrangement for Airflow
Control of Pitch

While the above discussion was limited to the
control of pitch via airflow, our scheme actually
calls for the control of intensity as well. These
two parameters are generally thought to be related,
but few data exist to support this. In Figure 4. we
illustrate this relationship: a test sentence spo-
ken by an American male was sampled at 12,000 sam-
ples/second and analyzed by computer. When voicing
is present the logarithm of intemsity is seen to
follow pitch variation fairly closely. We thus hope
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Figure Prosodic features of the
""Oh my! He really will marry me!"
Top trace: speech wave
Middle trace: Fo wvariations
Bottom trace:

sentence:

(linear scale)
Intensity variations (log scale)



to derive from a single airlflow rate two different,
albeit functionally related, control signals for
pitch and intensity.

VOCAL TRACT MODELLING

Reference was made earlier to distortions aris-
ing from the unnatural placement (in the forward
half of the vocal tract) of the substitute larynx.

We have studied the effects of unconventional ex-

citation of the vocal tract both by the use of a
mechanical analog [6]| and by computer simulation
[7]. Preliminary results suggest that correction
for spectral distortions could be accomplished by
digital - and if mnecessary adaptive - filtering.

PERFORMANCE CRITERIA

We feel that satisfactory progress towards an im-
proved speech support system for laryngectomees
will have been made if we succeeded in demonstra-
ting the follewing:

(a) Representative English sound can be pro-
duced by non-conventional excitation of the
vocal tract, followed by post-processing.

(b) Fo and intensity can be controlled by air-
flow sufficiently rapidly and accurately to
create natural sounding speech intonation
and dynamics.

(¢) Means can be found to turn the excitation
source on and off by actions of only the
articulatory and respiratory system.

(d) Motivated laryngectomees find the system ac-
ceptable, after an initial traning period,
for regular use.

CONCLUSTONS

We see the main significance of our system under
development in the breadth of ils attach on the

problem of speech aids. Instead of merely improving

on the concept of an "artificial larynx", we intend
to lay the foundations of a systematic approach to
a broad class of phonatory aids. Such an approach,
we hope, will also have an impact on the design of
prostheses for sufferers of the afflictions such
as:

Vocal cord paralysis

Spastic dysphonia

Glossectomy

Pathological pitch deviations

Inadequate esophageal speech

Other congenital or traumatic laryngeal defi-
ciencies ' )

Our modelling studies of acoustic coupling char-
acteristics could lead to standards by which future
proposed schemes for intraoral speech aids might be
evaluated. Specifically, our models and data should
make it possible to predict the acoustic perfor-
mance attainable with any suggested transducer and
sensor location. Surgical hazards (or other diffi-
culties) associated with specific implantation pro-
cedures or prostheses could then be weighed in the
light of such expected performance.

The information to be gathered on breath control
should find application in the design of mobility
and communication aids for quadriplegics.

The airflow sensor on the stoma, when developed,
may find applications for monitoring the breathing

ol patienls in intensive care units after trache-
ostomy, following the removal of the breathing ma-
chine. In a modified form it may prove useful in
the measurement of airflow during normal speech or
singing.

The data to be collected on the relationship be-
tween Fo and intensity could lead to some economy
in channel capacity requirements in those analysis-~
synthesis systems in which these are transmitted
independently.
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RATE OF LANGUAGE PRODUCTION WITH A SPEEC NONVOCAIL COMMUNTCATTON SYSTEM

Cheryl Goodenough-Trepagnier

Biomedical Engineering Center
Tufts-New England Medical Center

This paper will consist of two parts

1) A brief description of a nonvocal commu-
nication system called SPEEC, which is based on
analyses of the frequency of phonemes and phoneme
clusters in spoken English, and a discussion of
the rationale of this approach and its implica-
tions for communication rate.

2) The presentation and discussion of data
on rate of output taken from videotapes of adoles-
cents who have been working with this system since
October, 1979.

INTRODUCTION

Communication rate is an extremely important
factor for nonvocal people who must rely on some
means other than speech every time they interact
with others. Use of the alphabet to spell words
letter by letter affords the user precise and
unrestricted message production, but slows commu—
nication to a point where receivers are tempted to
use various avoidance strategies to ease the bur-—
den on their patience.

PQSQ?iPFﬁfU{J?f,SREEQ

SPEEC (Sequences of Phonemes for Efficient
English Communication)3 is based on a technique
designed to answer the following questions: given
that the number of items on a nonvocal communica—
tion lapboard be restricted to N, what are the N
items which will allow totally unrestricted commu-
nication with the least number of item selections
(e.g. pointing acts) per word? The SPEEC formats
which are now being tested by nonvocal people are
lapboards containing either 256 or 400 items, in
alphabetic or modified alphabetic order with more
frequently used items grouped to reduce motor
demands.

Letters are used in a simplified, consistent
orthography to represent the phoneme groups (i.e.
word parts) and all phonemes. Numbers from 0
through 10 and a space (normally used only for
disambiguation) are also included.

Rationale for SPEEC

Native English speakers probably have active
vocabularies well in the tens of thousands.>
There is much evidence that nonvocal people may
have Fully as extensive and elaborate linguistic
competence.l  Commuaication boards using word
lists alone are woefully inadequate for the needs
of such people, cven when words are ingeniously
combined to provide clues to or definitions of
missing words.

Lists of highly frequent words along with the
alphabet offer the most useful format of this type
of board. However the nonvocal person who uses a
"telegraphic" style may not benefit from a list of
high frequency words, which are all function words
and are often omitted in telegraphic style (i.e.
the, of, is, where). Users must have recourse to
the alphabet for content words, with an average of
about 5 letters (5 motor acts in direect selection)
per word.

The SPEEC technique selects items for their
contribution to minimalizing the number of motor
acts per word. The corpus of words used to derive
the present system is a list of 9,699 different
words and their frequencies in 250,000 words of
spoken text.# This corpus is considered to be
representative of spoken English, based on earlier
studies which showed the list of frequent sylla-
bles in a smaller sample of Parisian French to be
almost all (but 17 out of 188) contained in the
list of highly frequent syllables in a larger sam-
ple of Montreal French.:

With the 400-item board, the English corpus
referred to can be produced with about 1.5 selec—
tions per word. Counts of items needed to repre—
sent other samples of written and spoken English
range from 1.2 (for a sample of a young child's
speech) to 1.6 items per word.

The reduction in number of motor acts per
word offers the potential for improving output
rate in three ways

1) First, and most importantly, the user
needs to execute fewer motor acts per message

-(than by spelling), which should consume less

time.

2) There are fewer points in the message
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where the interpreter has to intervene. This
reduces the time when the process is stopped, and
in particular provides fewer points at which the
interpreter can make errors and retard the ex-
change of information by going off track.

3) The interpreter's guesses or anticipa-
tions (an inevitahle part of nonvocal communica—
tion) are based on more information sooner in the
process, and are thus more likely to be correct
sooner. However the large number of items in-
volved (version 26 letters of the alphabet) may
mean a slower, less accurate item-indication on
the part of some disabled users.

Data from SPEEC Users

Videotapes have already been made of 5 of the
6 adolescents now learning SPLEEC and more are
scheduled. Rate of progress varies greatly among
the six participants, ranging from Lesson 3 of the
SPEEC Manual, about 45 items after 10 weeks, to
most of the 400 items. TItems not yet presented
are covered by opaque labels except in the case
of the most advanced student, who has no labels
on her board.

Data is offered here from the first video-
taping session for the two most advanced students
with the largest numbers of items. The videotapes
were made of SPEEC training sessions conducted by
the language teacher who usually works with each
student, and included previously learned as well
as new items. Timing was done by pressing a stop
watch when the teacher uttered the last word of
the question or the dictated word, and again when
the teacher's verbal response indicated that the
student had pointed to the correct answer.

Rate of Output Using SPEEC 400 Boards

Preliminary data from 2 users after 10 weeks
(2-half hour sessions per week).

LG

Age 14

Manual Pointing

all 400 items uncovered

single item selections

(in response to dictation

or questions)

N=23 3.6 seconds/item

multiple-item selections
(in response to questions)
N=5 4.2 seconds/item

JLi

Age 17

Manual Pointing

about 160 items uncovered

single item selections
(in response to questions)
N=2 9. seconds/item

multiple-item selections
(in response to questions)
N=28 3.5 seconds/item

The amount of data collected so far is ex—
tremely small. Further taping sessions are
scheduled with all six participants, and compari-
sons with output produced by alphabet spelling
will be included.

This data concerns output rate rather than
communication rate. The users' responses are
almost totally predictable by the receivers, and
the receivers are experienced with the system and
with these users. Future tapes will include less
predictable conversation. llowever Lhese data
indicate that the frequent phoneme sequence tech-
nique may well have a contribution to make
towards significantly improving the rate of com-
munication for some nonvocal people.
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THE QUICKTIC COMMUNICATOR

Andrew Thomas - B.S.

.Biomedical

Engineering Conter

Tufts—New England Medical Center

The QuickTic is a new row-column scanning
communicator for severely disabled people.
Tt is operated by a single switch and allows
the user to select words and phrases as well
as letters of the alphabet and numbers.

The user can program fifty of his own
frequently-used words or phrases for gquick
selection. The QuickTic incorperates an
anticipatory spelling feature that predicts
the two most likely letters to follow the
previous three, and it has been designed in
a modular way to keep costs as low as possible.
It is designed to be a battery-operated
personal communicalor t hat mounts on a
wheelchair [for portability.

WHY ANOTHER SCANNLNG COMMUNICATOR?

All the available scanning communicators
lack two important Ffactors: first, sufficient
speed for face-to-face conversation and second,
a physical arrangement that allows face-to-face
communication. The QuickTic was designed to
address these two problems.

The Biomedical Engineering Center of Tufts-
New England Medical Center has had about seven
years experience with scanning communicators
for severely disabled people. The Tufts
Interactive Communicator! (T.I.C.) represented
the beginning of scanning communicators with
its front-panel layout of letters by frequency
of use and its emphasis on portability for
personal use. Its video screen allowed full-
page composition and the strip printer produced
hardcopy output. It provided the ability to
compose any message desired and gave severely-
disabled people the freedom to create without
another person in attendance.

The QuickTic represents an evolution of the
original TIC. The QuickTic is more portable
and speeds communication through innovative
techniques but still is controlled by the closing
of a single switch. Tt is designed for face-to-
face communication and presents no barriers to
visual contact.

DESTGN DECISIONS

Operational Speed Considerations

Speeding up a scanning communicator is not an easy
task. Actual scan speed can not usually be
changed, as it is set by the motoric and
comprehension ability of the user. Therefore,
improvements can only come through giving the
uscer the ability to select a desired letter or
word without first going through all possible
combinations or by reducing the number of switch
closures required. The front-panel layout of the
TIC is designed by frequency of letter usage in
the English language with the most Trequently-—
used letters elosest to the "home" square where
the scanning begins after each selection. The
QuickTic retains this spelling lfeature and adds
anticipatory spelling to further increcase the
number of desired letters presented without
scanning the entire array. The anticipatory
spelling is based on quadgrams of the English
language which predicts the two most likely
letters to fellow any three (including spaces).
The first and second anticipatory letters
presented by the QuickTic are correct approx-
imately eighty percent of the time. Using this
technique can increase word output speed by
thirty-three percent. Anticipatory spelling

can also produce a thirty percent decreise in
the number of switch closures required.

A second method to increase communication
speed is to add words and phrases to the choices
available. If the user can choose larger pieces
of information for communication, then speed
should increase.

The front-panel of the QuickTic is arranged
in a fifty-six box matrix (seven high by eight
wide). Each box contains four possible choices ,
which may be letters, words, numbers, or blank
spaces available for user programming. There
are 108 preprogrammed words and nine phrases
which were selected through questionnaires and
interviews with non-vocal people.3
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The method of choosing within an individual
box is experimental. AL present a set of four
tones indicate the different levels within the
selected box. This method may be changed to four
different colored lights L[ the tones prove
unworkahle. Since the cost of four different

lights in every box would be prohibitive, the
tones were chosen to avoid forc¢ing the user to
look elsewhere during the selection process.

The user must make three separate switch
closures to select an individual item in a
specific box. The addition eof the third switch
closure to select the level in the box does add
more time and effort to the selection process.
The tradeoff of time versus larger selection has
not been researched for effectiveness but it
will be checked as experience with the QuickTic
EYOWS .

As one would expect, a dictionary of 117
"communication pieces" can not represent a
vocabulary tailored to a specific individual.
Everyone has some unique set of words that they
use more often than others. The QuickTic has
Fifty-two spaces for the user to program their
own custom '"communication pieces'". These spaces
allow any combination of words or letters up to
wenty characters to be programmed by the user
into a specific space. Stick-on labels could
serve Lo record the programmed word(s). The user
can reprogram these words at will, although a
label change would probably require help.

Cost Considerations

Communication devices for handicapped people
are expensive. This fact is due in part to the
limited market for devices, but is also sométimes
due to a "Cadillac" philosophy. The QuickTic has
been designed as a low-cost modular unit by
allowing additions of such units as a speech
synthesizer or a television interface but not
incorporating them into the basic unit. ‘'l'he
basic unit contains a twenty column printer, a
24-character display, and a standard interface
connector for any desired options. Extensive
use of an RCA 1802 microprocessor keeps parts
count low and costs down.

Other Considerations

The QuickTic has been designed as a personal
communicator for a non—-ambulatory person. It is
designed as a lap tray for a wheelchalr and is
constructed of heavy-duty plastic able to ignore
spills and stains. 1Tt is battery-powered for
portability and incorporates low-voltage warnings
to prevent the user from losing messages.

The ten prototype QuickTic's will collect
statistics on the frequency of use of the words
on the front panel. These statistics will be
collected internally in the QuickTic and
printed out on the printer for Further informa-
tion on our choice of front-panel words. The
word cholce will then be reviscd for the linal
Quicklic lront-panel vocabulary.
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THE DESIGN OF A LINE OF GAZE INTERFACE FOR COMMUNICATION AND ENVIRONMENT MANIPULAT1ON

Randall Fincke
James P. 0'Leary, Jr.

Biomedical Engineering Center
Tufts-New England Medical Center

This device is intended to be used by
severely physically involved individuals. The
device monitors eye movements and calculates
where in the visual field the user is looking.
Head movement is not restricted, the user is
allowed to move freely within a one cubic foot
range. Visual line of gaze is continually
calculated independent of head movements. As a
communication device a user can make a selection
by fixating on the desired entry for a pre-
selected dwell period. This adjustable dwell
period is typically 400 to 500 milliseconds.
The following discussion outlines the design
process followed to develop a line of gaze
interface for a communicator.

INTRODUCTION

There is a large population of severely
physically disabled people for whom verbal or
written communication is impossible. This has
led to the development of many different
communication devices, with each device being
suited to a particular class of motor dysfunc—
tion. The current minimum requirement for any
device is at least one controlled repeatable
muscular movement. In many cases this is pos-
sible, however there is a substantial number of
people for whom motor-controlled communication
is laboriously slow or even impossible.

It is known that ocular muscular control is
frequently one of the last motor functions to be
systematically affected by degenerative disease.
Ocular control impairments are not directly
associated with traumatic injury such as cerebral
palsy, spinal cord injury, etc. When poor eye
tracking skills are observed in the above, it is
caused by additional neurological or devel-
opmental problems. Development of a low cost
device capable of determining eye gaze direction
would offer a fine alternative in communication.
Theoretically it is possible to increase the
communication rate using eye gaze over that of
existing row scan techniques. This is because
direct selection of a letter is inherently a
much faster technique than row-column scanning.

Determination of visual line of gaze is a
skill that everyone is capable of evaluating when
we look into another's eyes and project where
that individual is gazing. To build hardware
that is capable of making this same determination
is a very difficult and expensive task. The
hardware must find the position of the eye in
three dimensional space and then determine its
angular orientation. For a computer this informa-
tion is most easily manipulated if it is described
in terms of a vector representation. The line of
gaze vector is the line that originates at the
individual's eye center and ends at the object
being looked at in the visual field. The design
of hardware capable of accomplishing this task
involves understanding the physiology of the user
population. It is then equally important to
determine the most efficient mechanism through
which the user can control the machine.

DESTICN PROCESS

The design of a line of gaze communication
system begins with an understanding of nonvocal
communication and the user population. It is
important to understand very early in the discus-
sion, the disabilities which leave an individual
nonvocal. ‘The diagnosis and implications asso-
ciated with the disability provide information
that will impact the success of the final design.
For example, it is important to know why cerebral
palsy does not usually affect visual perception
and eye tracking skills. This knowledge aids in
correctly diagnosing the individual's capabilities
and limitations. An understanding of the
pathology and physiology of the population that
requires the device, provides a solid foundation
for the hardware design.

A communication device based on line of gaze
must have an operating scenario which is care-
fully designed from a basis of knowledge and not
merely selected for ease of implementation.

There are two categories of concern that need to
be addressed in the design of an instrument which
first monitors a function and then analyzes the
dynamic behavior to make appropriate decisions.
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The first category involves physiological
data that delines speceiflic Teatures ol the cye
and the head as they relate tc known monitoring
techniques. The eye, for example, has features
important for monitoring purposes which may be
quantified. Some of the important features are:
maximum eye rotations, optimum comfortable eye
rotation, cornea size, speed of eye movement,
typical dwell time, frequency and duration.
These are quantities which must be known, for
design of effective monitoring equipment.

The second category involves the mechanism
through which the eye (Line of Gaze) communicates
the selection of a desired character. This is a
much more elusive understanding to gain than is
the physiological data. The patterns of eye
movement contain enough information for a
computer to decipher a selection from a scan.

This information needs to be obtained, quantified,

and analyzed for the design of a communication
device that will not cause excessive fatigue,
physical or mental. The requirement is to eobtain
the necessary data to ensure an efficient usable
design. This includes not only the dynamic
behavior of eye movement but alse such items as
onfoff switches, daily sctup procedures and a
calibration routine.

The daily setup operation is likely to be
performed by a person with no technical back-
ground. The procedure must be straightforward
and within the capabilities of this person. The
most significant problem related to setup
involves adjusting the eye position monitor to
center the corneal reflection image once the eye-
glass frames have been mounted on the user. . This
operation takes time to learn before it can be
efficiently performed. A procedure needed to be
developed that would reduce the skill and time of
performing this alignment.

Another procedure which is required each
time the unit is mounted is the system calibra-
tion routine. This is inherently a difficult
operation because it involves the user dynam-
ically interacting with the machine and possibly
some operator input. The machine must be cal-
ibrated so that line of gaze is cerrectly
calculated and the intersection with the object
board is oriented properly. To simplify this
operation and requiring a minimum of user
understanding, the procedure must insure success
through its design. This involves a computer
program that must look at the incoming data and
decide if it is reasonable. Based on this
decision, calculations are made for the location
and orientation of the line of gaze.

The foundation of this point is comprised
of: facts which are quantified, dynamic behavior
for which the variables are known, and flow
charts of expected operating procedures. This
is the information that 1is needed to begin
design and construction of the hardware.

The developed L.0.G. eye monitoring system
has the following general conl iguration and
operating characteristics. Calculation of line of
gaze is determined by measuring both eye and head
position. The corneal reflection of a subjects
eye is monitored with an imaging array mounted on
a pair of eyeglass frames. The imaging array is
similar in function to a T.V. camera. The posi=
tion of the corneal reflection image is propor-
tional to the eye position. Head position must
then be monitored for true eye gaze direction to
be determined. The technique employed, involves
an ultrasonic ranging device that determines the
position of three points on the eyeglass frames.
Having eye position and head position allows
calculation of line of gaze.

A board may then be placed in front of a
subject, containing letters or symbols from which
communication of a message would be possible.

There are a number of posible techniques that can

be implcmented such that visual fixation on a
desired letter or symbol results in that selection
being "recognized” by the device. An example of
one technique is: a subject visually fixates on a
desired selection for 400 to 500 milliseconds,
moves to the second selection and dwells for a
similar time period etc. The computer can
recognize these dwell times and display only the
desired selections and not the transition points
between fixations.

Implementation of this line of gaze system as
a communicator involves software that will
manipulate the results provided by the hardware
monitoring system. This approach that has been
implemented requires the user to dwell on a
desired selection for a set period of time. This
dwell indicates to the machine that the fixated
point is a desired selection that should be
entered. For the machine to accomplish this task,
a sampling rate of ten times per second is suffi-
cient. The software is set up to compare ak least
4 out of 5 entries of a fixation point on the
object board. Tf our of the entries are within
a line of gaze angle of +1.2 degrees, the program
recognizes the point as a selection. It is seen
that the user is required to dwell on a selection
for approximately 400 milliseconds to indicate an
entry. Orce the selection is made, the letter
corresponding to the fixated point is displayed
on the video terminal. With some practice this
technique can be used with a minimum of errors.

CONCLUSION

Although the primary need for the multiply
handicapped individual is a communication device,
the next step in development is a general line of
gaze system that could be used in the areas of
environmental control, workstation contrel in an
employment setting and in prosthetic control.
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VOICE CONTROL: CLINICAL EVALUATION BY PERSONS WITH SEVERE PHYSICAL DISABILITIES
WITH AND WITHOUT SPEECH IMPAIRMENT

Carol D. Stratford, OTR, Ruth E, Dickey, OTR, Muriel E, Zimmerman, MA, OTR

G. Heiner Sell, MD,

Myron Youdin, MEE

Rehabilitation Engineering Center
Institute of Rehabilitation Medicine, New York University Medical Center
400 East 34th Street, New York, NY 10016 :

Three studies were undertaken to obtain data
on various aspects of voice input for control of
standard rehabilitation aids. A user-adaptive,
isolated speech recognition system was utilized
to obtain data on recognition, operation and user
acceptance by a spectrum of speakers including
persons with spinal cord injury muscular dys-
trophy, cerebral palsy and Friedreich's ataxia.
Results indicate that good recognition can be ob-
tained by motivated disabled users when the mode
of operation of the controlled device does not
induce stress in the user. Speakers with mild to
moderate dysarthria are potential candidates for
voice control. Speakers with severe dysarthria
may be candidates but a small inventory of avail-
able commands may limit application. Additional
effort is required to develop better means of
maintaining the position of the microphone with
respect to the disabled speaker.

INTRODUCTION

Since August, 1977, the IRM/NYU REC has had
prototype speech recognition instrumentation
available for clinical trials. Two studies (A
and B) were undertaken to explore applications
of the system assuming that the rate of recog-
nition for disabled users would be comparable to
the system's excellent performance in industrial
installations.

Initial review of the findings of A and B,
revealed that the recognition rate--considered
to be good because of satisfactory performance
with one peripheral and excellent with others--
was significantly lower than the industrial
experience. Studies by others have shown that
recognition must be greater than 98% to be read-
ily accepted by users for work applications (1).
It was hoped that analysis of our data might
provide a possible explanation for the higher
error rate. A third study, C, was initiated to
obtain base-1line quantitative data on our Voice
Recognition System (VRS) to verify that recent
modification of the unit had not adversely
affected recognition.

The scope of this paper is to analyze and
correlate the results of the three studies.

SYSTEM DESCRIPTION

The TRM/NYU prototype voice recognition
system (VRS), previously described (2,5),
utilizes a modified Threshold Technology T-500
System to provide isolated word recognition.

A total of 32 different spoken commands can be
recognized, 5 of which control the status (on,
off, etc.); 4 commands control a modified

Craig dictaphone; 15 are for a standard Prentke-
Romich ECU-1/ADT environmental svstem (ECS);

and 8 control a modified E § J 3P powered wheel-
chair. The operator must familiarize the VRS
for his/her pronunciation of each command by
means of a "training'" process which requires
that each command be repeated ten times.

STUDIES A, B, AND C

Objectives

Study A. To evaluate and compare voice
input w1t£ conventional transducers (''puff" and

"sip'", etc.) for operation of rehabilitation
aids by persons with various severe physical
disabilities.

Study B. To evaluate the suitability of
voice control by ten subjects representative of
that segment of the cerebral palsied population
with speech impairment.

Study C. To obtain data on VRS recognition
by disabled and non-disabled untrained operators.

Methods

Subjects for A and C were patient recruits.
Additional subjects for C were volunteers from
the professional and service staffs. Subjects
for Study B, referred by community agencies, were
screened for their ability to produce a mini-
mum of seven spoken commands. The first ten
successful candidates were evaluated by speech
pathology and psychology services to assess
quantitative and qualitative variables of
language/intellectual levels.

Clinical VRS trials were conducted by
occupational therapists from the REC or Tech-
nical Aids Unit. After a voice level was
obtained, each subject trained for all control
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functions to be evaluated. Subjects in A
evaluated the chair only if he/she used modified
(pneumatic, etc.) mobility controls. All sub-
jects in B evaluated the chair; successful chair
operators with additional vocabulary also eval-
uated the ECS. All subjects in C tested all
conmands, the powered chair was non-operational
except for speed control; the ECS operational.
Subjects in A were encouraged to initially use
standard word commands (Table 1). Subjects in
B initially used standard word commands or their
personal versions. Subjects in C were required
to initially use standard word commands.
Alternates were sought for all unreliable
(inconsistent recognition) word commands and
subjects proceeded to device operation only
after a "reliable" vocabulary had been trained.
At the end of training, commands (words or
sounds) were recorded. For chair driving,
non-operational trials preceeded maneuvering.
Tn A and B, data were recorded on vocabulary,
ease of operation, user acceptance and problems;
in C, on vocabulary and recognition of each in-
put.

Study A Results

Training was easily accomplished by all but
three subjects. The "stop", "left" and "right"
functions were frequently not recognized during
wheelchair driving. The only command rejected
during ECS operation was ''stop' when utilized for
interruption of the counting process for selec-
tion/dial utilizing the standard Prentke-Romich
ADT-5 telephone. Speakers with excellent recog-
nition on the ECS had significantlv lower recog-
nition during wheelchair maneuvering (Table 3).
The only subjects with excellent recognition of
wheelchair commands did not actually drive the
chair but rather ™talked" through typical driv-
ing maneuvers during non-operational testing.

Excellent recognition was obtained during
ECS operation when speakers utilized the micro-
phone mounted on the flexible arm (Figure 1),
The microphone frequently moved out of speaking
range during chair movement and also picked up
the background sound of chair frame vibration.
The headset mike proved better during driving
but did require minimal repositioning to main-
tain optimum recognition. Most operators were
dependent for readjustments.

Voice input was preferred for ease and
speed over conventional transducers for all ECS
functions except telephone dialing (utilizing
the Prentke-Romich ADT-5) which was proved to be
too time consuming, complicated and prone to
error. Voice input was rejected for driving of
the wheelchair due to reduced maneuverability as
compared to pneumatic controls and the require-
ment for constant input. One subject commented
that "'it would be great if T could tell it to go
to a particular room but didn't have to '"talk"
it there every step of the way''.

Table 1. VOCARULARY
Code Standard *Individualized
No. Mod. Dysarthria
0 GO o
1 JOG og/ah
2 ERASFE - -
3 STOP op
L ECU u
5 TAPE =
6 WHEEL(CHATR) eel
7 FORWARD on
8 REVERSE ack
9 LEFT eft
10 RIGHT o
I FASTER -
12 SLOWER =
i, BRAKE =
14 CANCEL no
Bif:] PLAY =
16 RECORD -
17 REWIND =
18 TELEPHONE one
19 DIAL aisle
20 LICHT ight
21 RADIO a
22
23 TV tee
24 DOOR pay
25 ASSTSTANCE -
26 DRAPES =
27 FAN -
28
29
30 TURNPAGE elp
31

*Study B Speaker
Study B Results

Degree of speech impairment ranged from
mild to very severe dysarthria; intelligibility
ranged from unintelligible to excellent. In-
tellectual function ranged from very superior
to significantly below age level. Identifica-
tion of an optimal vocabulary was generally a
result of trial and error. One subject re-
quired alternate words for all commands; most
required assorted alternates in a random pat-
tern. '"'Stop" "forward", 'reverse' and '‘cancel”
most frequently required alternates.

All subjects could operate the wheelchair
under supervision. The subject requiring al-
ternates for all commands (Table 1) had the
best over-all performance. The need for pre-
cise timing of inputs provided the greatest
complication of driving. ECS operation was
uncomplicated with exception of telephone
dialing. Due to the requirement for precise
timing, dialing was too time-consuming, frus-
trating, anxiety producing and prone to error.

During motion most subjects experienced
difficulty maintaining satisfactory position
with reference to the microphone of Figure 1.
The headset mikes showed potential but were
uncomfortable when tightened to maintain pro-
per position.
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Flexible-arm Table 3. TRAINING & RECOGNITION
Ba] Vocabulary |E
ol Voice @ E E E Requiring E ';_E; E
° 0 Oflevel | . E :5  (Alternate %‘,_,_.
2 % @ ép 984 |Words or e
A= A5 [ES |Retrainine [§5 8
I = [N 2 ==
a g:gu-ﬁv P > By code--
Study A
: 12 5|x % x [3,9,10,11,12| U E
Noise cancelling .. U 3lx % x |8,9,10,12 8 =
miercrhone e 4 2%ix x 18,%,11,12 S E
}/ 9 8|x x x 13,9,10 S E
U oLfx X x |3,9,10 S -
; 9 9|x X x |8,27,30 2 E
Figure 1. g 1 1lx & 3 27 _E
: 1 L X x| Most - U
Study C Results 1 L= 38 - E
15 1lx & e 3 518 *E E
All but three subjects had excellent 1 1= x X 27 - E
final recognition rates comparable to those in b2l % x x 3,27 UE
industrial installaticns. Failure of the three 3 3|x % x| ALl uu
to obtain excellent recognition appeared to be g
due to: slow speech patterns, insufficient Bl |® X x 9,27 S E
word boundaries or inability to self-monitor
consistent voice volume levels. Words most fre- Z 2 ® x |3,9,10 *E E
quently requiring alternates were: stop, jog, 8 1 1= X X 17,20 - E
brake, left, right, record, rewind. Mode of
operation was easily learned by all subjects. < 1 1ix X x| 4, most =
All used the headset microphone and all required el 1ix X X 4 = 1B
occasional readjustment to maintain recognition.
Study C
Table 2. POPULATION PARAMETERS L 1lx X w8 Bt dly 4 1 1§
14,15,16,17
SIUDY SIUDY SIUDY sale | x| xmiae v
E 17,2030
DIAGNOSIS 2y 1] x X x |3,9,16 EE
Hi-level S.C.I. 13 7 Ak 1x x % 12,3,9 EE
Guillian Barre 1 5 1|x % % 9,17 EE
Duschene M.D. 2
Frieder. Ataxia 2 1 2% * %|1,3,5,7,18, | 8 8
Congenital C.P. 10 20,21,26,27
Able-bodied ' 5 B o1ix % x |1,3,3,10 EE
L 1lx x x |1,10,13,16 | E E
DISABILITY b L 1lix x >4 10,13 E B
Severe Physical 18 10 7 Dy 1] x % *®|1,3,10,13, us
Speech Impair. 2 10 17,24,30
L 1llx bd pls 13,16 Ei B
AGE L 1fx X %* |0,9,16,17 Ei E
16-26 14 6 3
27-45 3 3 8 *Optimum commands for under- **E Excellent
LUE-B5 i 1 1 lined functions had not been S Satisfactory
identified at end of trial. U Unsatisfactory
SEX * Non-operational
Male i 577 5 9
Female A 5 3 .
Initially there was concern that recogni-
DISCUSSION tion was being affected by inadequate speaker
volume. However, able-bodied speakers of C
Analysis of test results indicate that re- with equally low volume (i.e. same display
cognition problems were.almost exclusively rela- verification and amplification settings - see
ted to either loss of optimum microphone position Table 3) had reliable recognition. Voice fa-
or operator stress elicited by specific aspects tigue was identified as the problem for one SCI
of control of the peripheral devices. subject.
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Subjects in all studies experienced in-
creased rejection rates and/or total loss of
recognition due to variation of mouth-to-mike
distance. Close spacing is essential for noise
cancelling microphones which are required in
noisy environments. Able-bodied subjects in
C spontaneously repositioned the mike when re-
cognition began to be affected. In studies
by others headset mikes were projected as a
solution to noise background problems, with
reduced cosmesis and functional interference
with other activities being the only foreseen
disadvantages (4).

Operator stress was ultimately realized to
be the factor in almost all remaining recogni-
tion problems. An examination of the most
frequently rejected commands (Table 3) provides
this conclusion.

Although "stop' and all of its alternates
were reliable during non-operational trials,
they were the most frequently rejected during
wheelchair driving and telephone dialing. Simi-
larly, "right'" and "left' were reliable during
non-operational trials, but were frequently
rejected during driving, especiallv when turns
were attempted while the chair was already mov-
ing forward. Commands for turns from a 'stopped"
status were not difficult for experienced oper-
ators. Subjects expressed that the need to
input some commands at very precise times-- as
was characteristic of all the frequently re-
jected commands--was undesirable and anxiety
provoking.

Tt was encouraging to note that the VRS
accomodated a wide range of intellectual
abilities and speech impairments. No boun-
daries regarding intellectual levels were
noted. Mild to moderate dysarthria and
scanning speech should not be considered con-
traindications for voice control. Within the
limitations of command vocabulary, severe
degrees of dysarthria may be accommodated.

Many psychological and physiological
questions, raised by our studies, can only be
answered by further controlled and continuous
clinical evaluations of many months duration.
Voice fatigue, resniratory insufficiency and
the effects of breath noise due to respira-
tory involvement may affect the quality of
voice control when used to accomplish all or
the majority of tasks of any job. Although
previous discussions suggested the use of
voice input as a replacement for keyboard input
(5,6), our data suggests that the use of limi-
ted vocabulary, isolated word systems, can
become physically and psychologically fatigu-
ing.

Isolated word systems are acceptable when
they trigger a sequence of functions or where
there is no other solution. In the future,
continuous speech recognition systems for un-
restricted vocabularies and syntax will
facilitate general use. Our results suggest
that voice currently has as its most appro-
priate application the control of tasks which
parallel those which have been utilized
successfully in industrial applications. In
those situations the users accomplish some but

not necessarily all of their tasks by voice
control.

CONCLUSION

Clinical trials have demonstrated that in
the absence of stress, persons with various
physical limitations and a wide range of intel-
lectual levels can produce word commands which
can be recognized by speech recognition instru-
mentation. The following are proposed as fu-
ture efforts which can result in the ultimate
successful utilization of such technology by
persons with severe physical limitations.

1) Developmental work to eliminate the weak
microphone-support link. 2) Controlled,
operaticnal trials to assess the physiologi-
cal and psychological effects of the contin-
uous utilization of speech recognition equip-
ment as applied to work tasks by a spectrum of
diagnostic speakers. 3) Efforts to identify
jobs or educational activities which have spe-
cific tasks for which voice control may be
optimum,.
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Abstract — The command systems stated here were
developed for the purpose of controlling electri-
cal prosthesis.

The advantages of these command systems are that
the intention of the user (handicapped persons)can
be transmitted to prosthesis correctly and the
user has no burden to operate the command system
(he can manage it easily), which has formed
so—-called man-machine system.

One is head moving looksight system and the data
quantity of communication enables 9 but 9 (=729
species)for practical purposes. The other is
pocketable voice command system which.contains in
a metal box measuring TO x 145 x 20 mm, and about
36 codes are utilized for the orders of electrical
prosthesis. And about 2 days of training are
required to enable usc of prosthesis.

T INTRODUCTION

Command system must satisfy the following
conditions:

i) The intention of user can be transmitted
correctly to controlled system.

ii) In case of transmission of intention, the
burden of user (physically, mentally) should
be few as far as possible.

iii) It is easy to connect the user with command
system and to detach mechanically.

iv) There is not loss of time from transmission
of intention to excution.

v) Command system should be pocketable.

As the command systems satisfying these
conditions, we have developed head moving look-

sight system which selected menu prepared previous-

ly from head moving, and voice command system
which selected codes prepared previously from
pitch extraction of voice vocal signal (humming).

Head moving looksight system selects the menu
of CRT display by the motions of direction of head

rotation (X axis) and inclination of head moving

up and down (Y axis) (the range of L0° in maximum).

The menu of one screen has 9 divisions and
new menu of 9 divisions comes out again after
selection of the one, which enables to 9 .
Therefore, a dialogue system with CRT display was
taken.

Voice command system is the method extracting
pitch of the vocal chord and discriminating from
loudness and change of sound (intonation) by
attaching throat-microphone to the wall of
Cartilago thyroidea. 36 kinds of code are
utilized now to control prosthesis.

10 HEAD MOVING LOOKSIGHT SYSTEM

Fundamental principles

The space coordinate of position was detected
in control of electrical prosthesis, but communi-
cation system linked head rotation and head moving
up and down with the coordinate system of CRT
relatively.

Head rotation was detected by electrical direction
indicator (flux sensor) which standardized hori-
zontal force component of the magnetic field of
the earth,and the angle of inelination against
gravity component was detected by electrical
inclinometer concerning head moving up and down.

Fig.1l shows the coordinate system attached
flux sensor and inclinometer.

Flux sensor as the change of Z axis rotation,
F

L= 51nel
F2 = e 00592
Inclinometer as the change of ¥ axis rotation,

I, = sin%& wie e sHED

1
Z
bl $2
%
Fy e
/ 7 Y

X
Fig.l Coordinate system attached each detectors
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as the chanpe of ¥ uxis rotation,

12 =@ snnjz v w020

Correction calculation

The magnetic field of the earth varys accord-
ing to places and it also varys according to near
magnetic material and non-magnetic material in
case of the room: On this account, we make the
correction of data as the output change differed
according to places.

Now, by (2) equation,

cosyP; =4/ 1 = sinzkpl
Cosgﬁ =/1 - singﬁq

and the correction for head ineclination,

cos@i + F sin I siny,

we0 CosY, ceree (1)
w _8in@; + F sin I siny,
sing = cosy,

where, F shows the whole magnetic force and I
shows an angle of declination, which are values
decided previously according to places.

Besides this, the measured error of horizontal
force component is corrected in the moment of
detection of peak wvalue.

Consequently,
4H = sin™ (0 - )
4V = sin_'(¢ = P
From (5) equation, the change of angle is obtained,

where ¥o and B4 are standard angle settled early.
And © and ¥ change continuously for this angle.

The mierocomputer of user side calculates
to (5) equation and judpes in what division the
output (44, 4V) exist.
Fig. 2 shows the connection of the output value
(4H, 4V) corresponding tc the angle of head rota-
tion with 9 divisions.
Fach division is difined by codes from 0 to 8.
The display input/output unit side calles up the
information prepared in floppy-disk according to
difined code, and expresses in monitor TV.

oV

| 20"
1 ?

(degree)

—— =

g, 2 The area of looksight detector

and defineded codes

Environmental controller applicating
looksight system

Fig. 3 is the block diagram of head moving look-
sight system as an environmental controller.

o SUBJECTA Side BED Side
—— B ‘
Memory CRT
(8 kbytes) Display
Electrical :
Qirection AD 8 bits Micro - Dot
lndéf.teozr _— :xdr\algg Cariverter>1 /0 Micro - -~ 1/0 | computer Brigtas
ulti- Port processor Pori System
Plexer
Electrical (8085-CPU) (PC-8001)
Inclinometer
| ¥y
.
Floppy
Disk
(280 kbytes)
Fig: 3 Block diagram of head moving looksight controller system
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PHASE 1

gues: What do you want to

(ans: Drink)

J
[}

1

1

1

1

i
-

q=————

WATER

1
'
i
'
r
i
i
1
I
-

1
I
1
1
1
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1
: SAKE

e e |

]
I
I
I
I
r

ques: What do you want to drink ?

(ans: Sake)

4
1
'
1
1
1
i
-

qm————

'
|
I
|
|
1
1
i

¥ ¥ Sign go on and off (All right)

Fig.4 The information of menus feed to user
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The device of user side is composed of each sensor
and microcomputer control device. On the other
hand, there is a display input/output unit which
is composed of monitor TV, microcomputer, floppy-
disk and printer, which is fixed to the bedside.
The microcomputer of user side calculates to (5)
equation, and generates power continuous values of
4H and aV,

The standard screen has 9 divisions so that
the user may see it easily.
From the resolution power of sensor and head
moving, the screen is possible to 36 divisions.
This display of input/output unit has menus as
shown in Fig. Y4, and its capability may be used to
directly control external devices such as TV,
radio, lights or other appliances.

(Phase 1) The items of request are expressed on
the screen and the condition of display
input/output unit will wait for next
command signal.

(Phase 2) The user acts head rotation and angle
motion corresponding to a division on
the screen which user wants. Voice
command or mechanical switch feeds the
command code of locksight controller in
the position.

(Phase 3) If the user selects the "DRINK" command,
for example, the screen will sign*¥* go
on and off. And then, the screen will
express the concrete contents of the
"DRINK" (juice, water, tea, beer, etc.).

(Phase U4) If the user selects the "SAKE" command,
the screen will sign go on and off, and
give next command to another device
directly.

Pocketable voice command controller

Fig. 5 shows an appearance of pocketable
voice command controller. The controller used a
microprocessor of z 80-CPU type, RAM 256 bytes and
PROM 2 kbytes with display includes the program
of 65 command codes and 90 trainer menus.

Fig. 5 Appearance of pocketable Vgéﬁ%rng%%nd



Table 1 &

The menu of total arm prosthesis movement

Accent ( Example of movement ) W
0 1 1 1 1 2. A 2 [ 2 2
=2
" | (stop) .4 Srapd humming
—» Long humming |
0o e S & .
2A ( hand (reset) 5 Pattern
” (restart) | horizon)| horizor) possible to use
(@] = o i
z ZB ta = 5 ::-’./C ‘:::N‘
(normal)| (fast) | (slow)
VI
S3A feerire (ofw oo | od® | T | oo | A e
© ntral | (under | (upper |(upper |(under |( to (onto |(push |(t
e Point) | “teft) | left) | right) | right) | mouth)| table) | button)| knob)
Zag| oo | e | od— ( ?{Eii A=l = Qf\:3
eating) {combi ing)[ttooth FONainal | (g (let inking | (SiPPi
(esting) fcombifehaving R glpaston) 9P | et o (g (GEFS
o0 fog vl R P - I o s T ’ i e !
o P e e e ol P
=i (A-point)|(B-point) |(C-point)|(D-point) oLt} brushing)(SOUP 2) [(S0Up3) |
It is prenerally sald that the exlraction of 1) The slandard commond sigpnal of head moving

vocal vibration from the wall of trachea is the
one of methods to extract the pitch of vocal
chord. The voice controller extracts voice vibra-
tion by throat-microphone from the wall of trachea
near the larynx, and obtains the loudness of pitch
and smooth change of sound (intonation).

The method is to distinguish the change of pitch
and intonation from the mora and the change of
accent and pitch standardized previously.

Utterance is performed by humming, and recop-—
nized on condition of constant accent for the
pattern decided previously. Therefore, there is
not correct musical interval and rule, and it is
recognized on condition of constant gamut.

Table 1 shows the correspondence between the
pattern which is easy to utter and the movement
decided by microcomputer control device from the
connection of accent standardized with mora.

The pattern prepared is about 65 species and was
actually utilized 36 species.

CONCLUSION

One of the difficult problems in designing

and operating command system is to impose a burden
on the user.
Voice command system is suitable for the command
signal such as the connection between each device
and user, the change of menu, standby, pause and
emergency stop. Therefore, we used jointly voice
command device and head moving looksight command
device.,

As an environmental system,

looksipht controller has 729 species defined

by 8 =

ii) The menus defined by 9 can be increased by
memory capacity.

iii) By dialogue system the user and menu of dis-
play input/output are selected.

iv) In this voice command method, the user hums

s series of "sylables" (differentiated by
pitch and duration) inte n throat-microphone.
As a result, the control device has become
pocketable, has been designed and fabricated.

v) A voice trainer was also developed; about 2
days of training are required to enable use

of the electrical prosthesis.
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MICROCOMPUTER BASED COMMUNICATION SYSTEM

Samuel J. Caldwell

Northwest Louisiana State School

ABSTRACT

An  inexpensive microcomputer based pros=
thetic communication system designed specifi-
cally to meet the needs of functionally non-
verbal physically handicapped users is de-
scribed. Computer/"real world" interfacing and
BASIC program are explained. Educational and
recreational benefits of microcomputer systems
are examined and future plans outlined.

Background

The microcomputer revolution has provided
the handicapped with an exciting and extremely
powerful new tool. Today a sophisticated
computer system readily adapted for the handi-
capped user can be purchased for less than
$700.00. Affordable microprocessor based
"intelligent" consumer products are appearing
in increasing numbers and hold tremendous
promise for reducing dependency. A major
frustration facing todays habilitation/reha-
bilitation engineer is finding enough time to
explore and keep up with current technologies.
Cost and availability are in most cases no
longer top priority concerns.

The Northwest Louisiana State School
Habilitation Engineering Department is in-
vestigating the potential of microcomputers for
multiply handicapped, severely and profoundly
retarded persons. As of this writing, all
efforts have focused on using the Commodore PET
2001-8 and Rockwell AIM 65 microcomputers.
Both machines are the personal property of a
school employee and most programs and hardware
modifications have been developed independently
of state employment.

The full typewriter-style keyboard, 20
character alphanumeric LED display, dual
cassette recorder interface, on-board 20 column
thermal printer, romed 8K basic and no-fuss
interfacing make the AIM 65 an excellent
candidate for habilitation/rehabilitation
applications. A total package system complete
with enclosure, power supply and basic ROM can
be had for as little as $600.00

Interfacing

Most habilitation/rehabilitation appli-
cations require the addition of external
switches tailored to the physical abilities of
the handicapped user and necessitate
real-world/ computer interfacing. The AIM 65
and PET computers both have extremely flexible
interface hardware on-board making child's play
of what can easily become a stumbling block

when working with other machines. All con-
nections to the AIM 65 are made via a 6522
versatile interface adapter chip (VIA). A
minimum configuration requires only two con-
nections (See Figure 1). Sound requires the
addition of two more wires and an inexpensive
speaker - amplifier. If the control switch

exposes the handicapped user to possible elec-
trical contact with the computer a simple
battery powered optical isolator or reed relay
can be inserted between the control switch and
6522 input/output port (See Figure 2).

SPST
Pin 1 = Ground
Pin 2 = PA3
Pin 19 = B2
(1 | 2] J1 Application Connmector | 19J

L

r—— Optional speaker - amplifier
"1 Radio Shack cat. #277-1008

Figure 1

J
IR

CONTROL SWITCH/AMPLIFIER CONNECTIONS

==
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3 volt battery The basic coordinate scanner program is

180 ohm r-MCT_z -1N.C. being expanded to provide enhanced editing and
+ N | EG print formating capabilities. Future plans
== AAA i 3 include the development of a rechargeable
— I go p%n 2 (PA3) battery power supply and ruggedized enclosure
ke i N | SR & suitable for wheelchair mounting.
© sesT | I ’
Switch 3 I As of this time, two functionally non-
{ : verbal residents, classified as either profound
N.C. | To pin 1 (Ground) . ;
o _ of J1 or severely retarded and physically handi-
et e capped, have learned to use the AIM 65 commu-
nication scanner. The computer generates an
immediate translation and written record of the
Figure 2 SAFETY ISOLATION user's responses. Early observations suggest
that instantaneous translation of Bliss into
At the conclusion of this article is a English reinforces acquisition of English. The
listing of an AIM 65 program designed to en- potential of this system as an educational tool
hance communication for speech-handicapped beyond establishing wviable communications
persons. The system consists of an AIM 65 appears great.
microcomputer with 4K of RAM memory, 8K ROM
basic, power supply, 44 pin edge connector, In addition to practical uses in commu-
compatible cassette tape recorder, momentary nication and education, the AIM 65 and PET
contact SPST switch, battery powered computers have been very well received as a
speaker-amplitier and Blissymobolics  Com- source of entertainment. The flexibility and
munication Foundation, 10 x 10, 100 vocabulary accessibility of these machines allow the
Bliss board. Other communication boards and development of both individual and group games
vocabularies may of course be used providing which can accommodate a wide range of physical
responses can be identified via wvertical and and mental limitations. The computer serves as
horizontal coordinates and the vocabulary an equalizer - making it possible, in some
listed in data statements starting at line 1000 cases for the first time, for handicapped
are replaced accordingly. persons to play games with one another without

outside assistance.
Program Operation

Program Listing

Operation is simple and straightforward.

When the program is run, the computer responds LIST

with "SCAN RATE?". The number entered in 100 REM* HELP
response to this query will determine the speed 105 POKE 40963,0

at which vertical and horizontal coordinates 110 SS$="ABCDEFGHIJ"
are displayed. The larger the number the 115 INPUT"SCAN RATE"; SR
slower the scan rate. Values between 50 and 60 120 FORX=1T010

have proved workable for most of our physically 130 FORY=1TO10
handicapped users. Once the scan rate has been 140 READ D$(X,Y)
entered and the RETURN key pressed, the numbers 150 NEXTY.:NEXTX

one through ten are alternately displayed on 160 REM SCAN ROUTINE
the left side of the LED panel and a '"beep" is 170 FORX=1TO10
emitted through the attached speaker-amplifier. 180 PRINTXTAB(5)LS
If, for example, the user wished to communicate 185 GOSUB2100

the word "help", he would first locate the 190 FORZ=1TOSR
corresponding symbol and activate the control 200 P=PEEK(40961)
switch when the appropriate numeric and alpha- 210 TFPL255THENGOSUB200Q0
betic coordinates are displayed, i.e., 7,D. 220 IFPL255THEN250
Therefore, when the number 7 is displayed, the 225 NEXTZ

user momentarily closes the control switch. 240 NEXTX

The computer responds by emitting a 245 GOTO170
high-frequency "beep" and beginning sequential 250 REM Y COORDINATE
display of the letters A-J. When D is pre- 260 FORY=1TO10
sented, the user again closes the control 265 MS=L$

switch. The computer generates a short tone 270 PRINTMIDS(S$,Y,1)
signaling recognition of his selection, dis- 275 GOSUB2100

plays the English equivalent of the symbol in 280 Z=Z+1:P=PEEK(40961)
the approximate center of the LED panel and 290 IFP<255THEN350
resets to numeric scanning. If the user wishes 300 IFZLSRTHEN280

to print a displayed word, he activates the 310 Z=0

control switch when either the 9,A or 10,A 340 NEXTY

coordinates are displayed. In the special case 345 GOTO250

of "help" an auditory alert is sounded until 350 L$=DS(X,Y)

the user again presses the control switch.
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355 GOSUB2000

360 IFL§="---"THENPRINT!MS:L$=M$
362 IFL$"HELP"THENGOSUB2200

365 GOT0170
1000 DATAO0,1,2,3,4

?5!6!?!8!9

1005 DATAHELLO/GOOD-BYE,?,I/MY,LIKE,HAPPY
1010 DATAACTION,FOOD,PENCIL,FRIEND,ANIMAL,

PLEASE , WHY , YOU, WANT

1015 DATAANGRY ,MOUTH,DRINK,PAPER,GOD,BIRD,

THANKS , HOW, MAN

1020 DATACOME ,AFRAID,EYE,SLEEP,BOOK,HOUSE,

FLOWER,I'M SORRY

1025 DATAWHO,WOMAN,GIVE,FUNNY,LEGS,TOILET,

TABLE

1030 DATASCHOOL,WATER,OPPOSITE ,WHAT,FATHER
1035 DATAMAKE , GOOD,HAND,PAIN,TELEVISION,

HOSPITAL,SUN

1040 DATAMANY ,WHICH,MOTHER,HELP,BIG,EAR,

CLOTHING,NEWS

1045 DATASTORE ,WEATHER,MUSIC,WHERE ,BROTHER,

THINK

1050 DATAYOUNG/NEW,NOSE ,OUTING ,WORD , SHOW,

DAY ,~==

1055 DATAWHEN,STSTER,KNOW,DIFFICULT,HEAD,

CAR

1060 DATALIGHT ,ROOM,WEEK-END,--- ,HOW MANY,

TEACHER
1065 DATAWASH,HOT,
STREET , BIRTHDAY
2000 REM ALERT
2005 Z=0
2010 POKE40971,16
2020 POKE40970,15
2030 POKE40968,200

NAME ,WHEELCHAIR, GAME/TOY,

2040 FORU=1T0500:NEXT

2050 POKE40968,0
2060 RETURN

2100 REM BEEP

2110 POKE40971,16
2120 POKE40970,15
2125 FORV=1TO10
2130 POKE40968,100

2135 FORF=1T020:NEXTF

2140 POKE40968,0
2150 NEXTV

2160 RETURN

2200 POKE40968,65

2205 PRINTTAB(5)'"HELP"

2210 P=PEEK(40961)

2220 IFP=225THEN2210

2230 POKE40968,0
2240 RETURN

Program Remarks

1= Line 105:

25 Line 110:
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Sets the A data direction
register to dinput mode.

The 8§ string wvariable
defines the the horizontal
coordinates and may be
replaced by any set of 10
alphanumeric characters.,
For example, "0 1 2 3 4 5 6
78 9.

Lines 120-150:

Line 180:

Lines 190-225:

Line 360:

Reads and defines D$§ string
variables listed in data
statements starting at line
1000.

Displays the L§ string
variable which holds
English translation of se-
lected Bliss symbol.

Looks at A side of the VIA.
If the control switch is
closed, pin 2 is brought
low, the wvariable P is set
to 251, the L$§ string is
defined by the current X,Y
values and the "beep"
subroutine is called.

If the L$ string array is
either 9,1 or 10,1
(i.e.,-=-=) the M$ string is
printed. The M$ string was
set equal to the preceeding
L$ string variable in line
265. The L§ string is also
set equal to M$ to ensure
that the current English
translation is displayed.



MOBILITY

J.Foort - for the MERU Group*

University of British Columbia

Abstract: A more comprehensive view of what

constitutes "mobility" is offered
and examples are cited which indicate what is
being done at the University of B.C. in rela-
tion to this view of mobility. Three items
are considered: (1) wheeled mobility with
power; (2) vertical mobility by means of a
1ift module; and (3) supporting the disabled
person for optimal function in relation to
mobility.

Imagine yourself lying on a surface, power-
less to change your position in any significant
way. Consider what mobility would mean to you
then. Eventually you must see it as the means
by which you would position yourself at any end-
point and position yourself at any angle you
wished. You would see mobility in terms of
moving forward and backward, from side to side,
up and down, while seeing it also in terms of
such angular tilts around the various axes of
your body as you required. With these six de-
grees of freedom you could improve your comfort,
improve sensory access to the environment, get
needed feedback from it and optimize your pos-
ition for functional processes. It is in terms
of six degrees of freedom that mobility should
be viewed. Nor should consideration be limited
to the gross and obvious movements, but include
also such movements as need to be possible to
adapt any support surface to changing needs,
such as the need to relieve pressure or enhance
circulation or relieve pain. Looked at in this
way, one can see that many gaps exist in the
present systems which are designed to deal with
the mobility needs of disabled persons.

Considering mobility in such a comprehers-
ive way and intending to digress toward such

simplifications as practical constraints might
impose, we conceived of a "lift-save-chair-bed",
a system which would provide (a) planar mobility,
(b) vertical mobility and (c) support in a var-
iable way on a surface adapting to the specific
needs of the user. As we envisioned it, elec-
tronic aids would facilitate sensory inputs and
would facilitate control over the environment
for functional and social gains.

In the simplification accepted as a basis
for design, the same functions as are commonly
found in typical powered wheel chairs were the
ones we would include for planar mobility. We
selected as the target group small children who
would not be given power. We expected such a
capacity to liberate the parent or child from
such dependencies as would otherwise exist in
a variety of situations, The child would be
able to follow the mother at will. A more com-
fortable position could be adopted without aid.
A new element of play would be added. Enhanced
social value would accrue. We accepted that we
would tackle vertical mobility apart from such
things as angular tilts, sticking to the idea
that the vertical mobility ability would serve
most those people who must now be 1ifted for
transfer and who are a particular . problem
because of their weight or flaccidity. The
problem of designing an adequate support sur-
face would be tackled Tast, and it would be tack-
led as a static system, perhaps hinging at
strategic locations to allow improved postures
only. A1l three areas related to mobility have
been tackled and are at different stages of de-
velopment. When each system has advanced suf-
ficiently, it should ultimately be possible to
combine two or more of these elements into such
configurations as suit the needs of particular
people, or to use each separately. This dis-
cussion describes the status of each of the
systems and considers how they relate to the
best meaning of the word "mobility" that a need
ing person might provide.

1. MOBILITY POWER UNIT (MPU)

The MPU consists of two electric motors
driven by gelcel batteries from which the power
is controlled by means of a proportional control
system activated by means of a model airplane
joy stick. The final configuration of the pres-
ent MPU has evolved out of two previous proto-
types and represents, as far as we can see, a
nearly optimized example of the basic approach
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we have taken to produce a simple friction drive
system which can be attached to any wheeled de-
vice of the sort familiar in a disabled person's
environment. Among the criteria defined for ev-
olution of the MPU were that it permit folding
of a standard wheel chair for auto trunk stor-
age, be light enough for a woman to get it into
the trunk, be under $500. to make and be organ-
ized to allow hand or push drive without re-
moval of the power unit or modification to the
wheeled device. It was also a reguirement that
the MPU should be suitable for application in
the clinic, not requiring any modifications to
be made to the vehicle or requiring very spec-
ial techniques or tools for its application.

Figure 1 shows the system attached to a
standarg aduTt wheel chair.

Figure 1 - MPU

The design is sufficiently easy to adjust
and modify that different components could be
substituted for the ones we have used, or addi-
tional batteries could be attached to extend the
period of use or the power delivered at the
wheels. This design flexibility has been achiev-
ed by separating out and making adjustable, the
elements which comprise the MPU. We have refer-
red to the system as a "multipack" system as op-
posed to the "unipack" system previously designed
where all the main elements were in a single box
and hung, one on each side, against the wheels to
drive the chair. In addition to making design
flexible so that improved elements can be easily
incorporated, the multipack approach allows the
system to be adapted to a variety of wheeled
devices. It is this format that we would claim
is of value rather than the particular system or
particular components used. However, there is no
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escaping the fact that the components also affect
the format. The Winnipeg clamp, designed to at-
tach various items such as trays to a wheel chair,
influenced us to create an arm-Tike support for
attaching the motors. Position is secured by
locking the support at elbow and shoulder so to
speak. This permits quite accurate positioning of
the drive wheel against the wheel of the device.
Another mandatory adjustment is alignment of the
axis of the drive wheel with respect to the axis
of the driven wheel. This is achieved by means
of an attachment bracket which can be rotated
around the Tong axis of the motor body when the
holding clamp is loosened (a hose clamp). The
tubular sections of the Winnipeg clamp pass
through the bracket and through springs. One end
of a spring is fixed to the tube and the other
rests on the bracket in compression. Forcing the
tubes up or down in the Tocking block of the
clamp allows adjustment of the spring tension and
hence the force with which the friction drive
wheel impinges on the driven wheel, Between the
flat surface of the bracket to which the motor is
attached, and the disc-shaped Winnipeg clamp, is
a cylinder of plastic with an extending lever
using the support tube as axis. The surface
which is against the Winnipeg clamp is inclined
so that as the cylinder is rotated, the long side
of it travels up the clamp elevating the bracket-
motor assembly to disengage the drive wheel from
the driven wheel. This allows hand operation of
the chair,

Color coating, anodizing and the use of
stainless steel coupled to interesting shapes and
positions contribute attractiveness of the system.

Under the chair in Figure 1 can be seen the
batteries and the drivers of the electronic sys-
tem. The method of attachment offers a degree of
optionality few other ways could offer. Taut
wires connected to opposing stable elements of
the chair are used as the base to which the com-
ponents are clamped. This method of attachment
gives a degree of freedom which we found to be
necessary for attachment to highly adjustable
wheel chairs in which rigid attachment to single
points often leads to clashing between parts when
adjustment options are used.

The drive wheel is a modified rubber caster
wheel. It functions well because the system is a
"Tow demand" system. Special design of the drive
wheel to prevent slippage would extend the capa-
bilities of friction drive somewhat, but such a
drive system has inherent limitations and we feel
that we have come close to the Timits for such a
system. Beyond this either gear or belt drive
would be considered. An untried option would be
to use a track-like drive system which "wrapped"
around a segment of the driven wheel. But as it
is, friction drive should be avoided except for
low demand systems except when drive is directly
against the ground, or special design of driver
and driven wheel can be allowed.

Two gelcels drive the two motors, windshield
wiper motors, flat out for about an hour. When
the target group intended is considered, this can
offer sufficient energy to match their needs and
capabilities, the environmental circle being small.



The motors themselves however are sufficiently
robust to drive an adult briskly when adequate
power is applied and the drive wheels are 1oaded
sufficiently to secure friction. With the pair
of batteries a 100 pound person can travel at a
slow walk. Weight of the system under these
conditions is 35 pounds over and above wieght

of the person and vehicle,.

Given this as a suitable starting point, we
foresee that such inherent problems as might sur-
face can be worked out on an evolutionary basis
as the system is applied for what it will do.

In terms of the time-scale established for devel-
opment, the system is in PHASE II, Step 8 of hy-
pothesis testing and close to optimized. Passage
through Phase ILI, transfer to use, will not be
costly for that reason. Then, a light weight,
inexpensive, adaptable, portable lTow activity
Tevel system will be available for use as a train-
ing system, a toy and functional item in the life
of the small person otherwise dependent.

2. THE PORTABLE LIFT MODULE (PLM)

Vertical mobility can most easily be associ-
ated with the problem of 1ifting and transferring
heavy persons from one support surface to another,
For such transfers to be facilitated, there needs
to be a translatory element associated with the
vertical displacement system, or it would be well
to have the vertical 1ift system programmable so
that the surface could be tilted to facilitate
the transfer. Such terminal functions would put
more independence into the hands of some disabled
people.

We took as our first task the simple problem
of vertical displacement. Among criteria govern-
ing design were that the device be portable, in-
expensive, capable of load bearing up to 400
pounds, safe (pinch, collaps, electrical), suit-
able for use in combination with various support
surfaces and bases, attractive and of dimensions
which suited the environments it would be likely
to be used in.

Figure 2 shows the PLM in its present form.
Planned was a single module (half that shown)
which could be ganged in a variety of ways to
achieve the required range and required base of
support or variations in elevation at different
points. The triangular configuration provides
rigidity against oscillations under load. A cam
arrangement initiates 1ift at the beginning when
the system is compacted down to approximately 6
inches from the ground. At full height the sup-
port surface can be 30 inches higher than fits
starting level.

Besides the rigidity imparted by the triang-
ular configuration, the expectation was that it
would improve access to the user and to wash
basins or toilets for hygiene.

While the model shown is hand actuated by
means of a hydraulic pump, it is anticipated that
any drive option would be possible in a final
design. The PLM is at Step 6, PHASE II on our
time scale and is sufficiently funded to place it
at Step 9, test batch production (Phase III) by
the end of 1981. By then there will be approxim-
ately 10 systems in use for persons who must be
lifted frequently and are transfer dependent.

Figure 2 PLM

This means that initially it will be tried in
institutions where 1ifting is a problem. The
ultimate aim is for a device that can be used
in a great variety of situations by making it

easily portable, even industrial . We antici-
pate making some versions sufficiently small for
inclusion in wheelchairs for example. We also
anticipate programmable pivets which will allow
angulation of the support surface such that trans-
fer or security of the user is enhanced. Such

a system could be used in association with other
equipment than that used by disabled people.

The final outcome expected is a very light weight
device in sizes to suit various situations, driv-
en according to what is convenient or available,
and suitable for Tinking to other elements to
derive such combinations as suit the needs of
particular disabled persons or services. Not in
use, it might well hang inconspicuously or even
beautifully on the wall, waiting to be called.
Called, it should become operational with a min-
imum of demand on the operator so that direct
application in the clinic is possible so that not
only the needs of potential users can be directly
met, but assessments can be conveniently carried
out.

3. A SUPPORT SURFACE

The support surface being developed by S.
Cousins for seating severely disabled children
illustrates well the approach which must be taken
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in rehabilitation as are shape-dependent. In the
evaluation process, it has been used on eight
children so far with results which confirm the

if the clinic is not to be encumbered with time
delays and voluminous specialized items which
must be stored if seldom used, or which, because

of costs, cannot be stocked for ready use, or
even considered at all. Figure 3 shows a seat
constructed of cylindricaTl and spherical beads
strung on wires which can be tightened to lock
the surface in the required shape. Shape is im-
parted with the wires semi-slack and then tight-
ening secures it. Adjustments at any location
can be made by loosening a few wires, adjusting
the shape and retightening the wires to secure
it.
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Figure 3 SUPPORT SURFACE OF ELEMENTAL
PARTS

This innovation is quite new, and it be
appreciated that a great variety of shapes for
elemental parts would be possible to derive
special effects. Such an approach to support
surfaces in general, be they for seating or for
the sockets of braces or prostheses, is worthy
of extensive effort on the part of designers,
design being aided by use of computers. The par-
ticular set of components used here to illustrate
the principle is of much less importance than the
concept itself. What is illustrated is the first
step on a new course of design that will greatly
facilitate clinical services. While the system
shown could be said to be at Step 8, Phase II
of our time scale (clinical evaluation), I see
it as a very initial step into a new field of
action related to the solution of such problems
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viability of the approach. Lacking in the pres-
ent system is the capacity to make the support
surface dynamic - a Tack common to all such sur-
faces currently being designed or used. But at
least the prospects for such a capacity can be
anticipated when such an elemental component as
a bead is used to form the complex surface. One
can imagine "sensor beads" or beads of different
sizes, shapes or qualities, beads inherently pad-
ded, or between which special components fit for
padding or adding functions.

4. CONCLUSIONS

While the gaps in the systems presented can
be appreciated, the gaps in the whole array of
rehabilitation devices related to mobility as
defined here may not be so easily appreciated.

We see a welter of "solutions" which seem to have
lTimited underlying principles. Certain functions
are made central often to cause losses with the
gains. Wrong starts are also leaving gaps. To
sift out all that has been done to make the dis-
abled mobile, requires that we look at mobility
in a very comprehensive way, a way that includes
not only wheeled mobility, but vertical mobility
and mobility on the smaller scale such as would
be present in support surfaces which are respon-
sive to various biological needs. We need to
consider the variety of environments within
which and between which the user moves. Systems
which confine themselves to particular environ-
ments, systems which exclude themselves from the
clinic or the home, systems which clutter up the
environment - home or institution - systems which
require special transport or ignore possible

use of public or private conveyances are inzom-
plete, even destructive of optimal solutions be-
cuase they exhaust resources which would be
applied in other ways to derive required solu-
tions and force design of auxilliary systems
which will suppliment them.

Mobility is obviously a prime target for
designers and rehabilitation engineers. What is
to be avoided in the process is hard focus on
design of equipment. Rather, the focus must be
on the user in a way that comprehends mobility in
a total way and how existing or potential elements
can be assembled on the basis of their functional
features to deliver to the disabled what they
need to free them from us as they free us from
them in terms of dependency.
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POWERED MOBILITY FOR CHILDREN

Elaine Trefler, 0.T.R., M. Ed. and Harry Cook

College of Community & Allied Health Professionals Univ. of Tennessee
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TEACH & Rehabilitation Engineering Center Memphis, Tennessee

ABSTRACT

Traditionally, powered mobility has not
been recommended for children. Rationale is
presented to encourage a change in attitude
based on experience gained in Project TEACH -

a three year demonstration grant from B.E.H.
Through movement children acquire perceptual
skills. Greater choices are available both in
terms of powered devices for children and inno-
vative control systems. Experience has shown
that children learn to operate and do not abuse
powered mobility devices. Folding chairs allow
for easier transportation. Finally, powered
mobility allows children freedom to explore, to
misbehave and to initiate activities.

Ongoing research projects are proposed
which will assist making powered technical aids
a viable solution to the mobility problems of
severely handicapped children.

POWERED MOBILITY FOR CHILDREN

Traditionally, the time to consider powered
mobility for persons with physical handicaps was
as they entered adulthood.

There were many reasons given to support
this time honored stand. Children, they said,
did not need a powered wheelchair. They were
too expensive and children were not sufficiently
mature to duly respect this high cost technical
aid. It was felt that the walls of homes and
schools were in jeopardy as children would have
difficulty learning to direct battery powered
devices.

Families were told that transportation of
powered chairs was difficult and purchase should
only be considered if the family owned a van.
Therapists were adamant that children should
never be given a powered wheelchair if they had
any potential at all to propel a manual chair.
The rationale was that the child should be using
his own motor abilities so they would remain
functional. The only known exception was in
the young adults with advanced muscular dystrophy.
Finally, it was felt that any child with any
degree of mental retardation would never be

capable of learning to operate and care for an
expensive and complex technical aid.

Rationale for Change

In many parts of the country, therapists,
parents, and engineers are now actively persuing
funds to provide powered mobility for even young
children. They are being met with resistance
from third party payers and at times physicians,
administrators and collegues. None the less,
more children are receiving powered mobility and
many of the traditional arguments are no longer
valid. 1In fact, we are observing very positive
benefits to children that we had not anticipated.
The options of powered mobility available for
children have increased. This article will be
based on experience gained from the following
four devices.

1.) Child-Size Amigo
2.) C.A.P.P. Cart (Developed by Child Amputee

Prosthetic Project at UCLA Medical Center)
3.} A BEC ~ 15
4.) E. & Jd. = 3p

The children ranged from four years to
eleven years of age. A1l had Cerebral Palsy with
motor involvement from the severe to moderate
range and with functional intellectual level from
trainable to normal. A1l children were part of
Project TEACH*,a three year demonstration grant
from the Bureau of Education for the Handicapped.

The premise of Project TEACH, is that through
the provision of appropriate technical aids, se-
verely handicapped children can more effectively
participate in their educational process. Pow-
ered is only one category of aids for which the
ten Project children are evaluated. By the end of
the third year, a minimum of five children will
have powered mobility assigned to them. At the
moment, three additional children are being eval-
uated for and trained in the use of a powered
base. Data is being collected and the decision
as to whether the children benefit sufficiently
to retain the devices will be made in the third
year of the Project.

During the training and evaluation stage,
many exciting benefits of electric mobility are
being noted. Because of the availability of a

*Technical Educational Aids for Children with
Handicaps
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variety of powered devices, the children are
being provided with one which reflects their spe-
cific needs. Severely physically handicapped
children cannot move at a functional speed either
in their manual wheelchair or on the floor. Over
the years, this leads to concern in two areas.
First some children become quite passive in that
movement requires so much effort that the bene-
fits do not outweigh their energy costs. Others
become manipulative in order to control their
environment but, this is extremely difficult for
the severely handicapped child who is also non-
verbal.

The other area for concern is the percep-
tual motor growth of the children. Severely
handicapped children cannot move. Therefore,
their concepts of body-in-space and spacial rela-
tionships are often delayed or distorted. How
can a child know how far he is from the wall if
he has never been able to travel the distance?
How can he learn to direct a light on a scanning
communication aid if he has never travelled in-
dependently through space? Perceptual develop-
ment is essential to a child's educational ad-
vancement. It is felt that providing a child with
the means to propel himself through space will
greatly enhance his potential for perceptual
growth.

Cost factors must be carefully considered.
However, we must include the teacher/aide/parent
costs which are required to take the child to the
bathroom, to the cafeteria, to the therapy room,
to the bus, etc.

Powered wheelchairs have an average 1ife
span of about five years. If our children were
able to walk with bilateral long leg braces and a
pelvic band using a walker, the cost over a five
year period, (assuming changes for growth) would
cost approximately $4,000 which would include the
appliances and training. This does not include
any surgical intervention. In comparison, costs
of a $2,000 powered wheelchair are not quite so
overwhelming.

Transportation of powered bases although
still not considered easy, is now more feasible.
A variety of folding chairs are now available.

As well some of the other bases (Amigo, C.A.P.P.)
can be disassembled with relative ease and trans-
ported in a car. Finally, most children go to
school on buses, most of which have 1ifts and
wheelchair space. This allows at least week day
use of the wheelchair at home and school.

Children by nature are inquisitive. They
want to explore, misbehave and run away when
angry. How can they be children if they sit im-
mobile in a wheelchair they cannot propel? How
can we teach them a sense of responsibility when
they must always depend on others for their daily
tasks.

With advanced technology even many of the

most severely physically involved can potentially
drive a powered chair. Innovative control
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systems are necessary and not all bases are appro-
priate. However, it is the severely physically
involved child who most needs the independence of
mobility.

Conclusion

Powered mobility should not be withheld from
children. By waiting until they are adults, many
valuable years of learning are lost. Indepen-
dence and responsibility must be allowed or
taught from an early age. The children learn not
to hit walls. They learn to remember to ask some-
one to charge the batteries. They Tearn to go in
straight 1ines and how to get out of tight cor-
ners. They learn how to be responsible for their
own timetable at school. Given mobility, they ex-
perience movement and control. They can explore
and they can run away. They can be children!

-Device-Amigo-Child Size
-Child - F.N.

F. is a ten year old boy with a diagnosis of
spastic cerebral palsy. He can ambulate for
short distances using a modified rolator walker
and an adduction brace. Energy costs are high and
the pattern of gait, though functional, is poor.

Rationale for Choice

F. required a mobility device for long dis-
tance travel. He needed to be able to get on and
off himself and to transport his walker and books
with him.

The Amigo was chosen and modified for his
use with the addition of a custom seat, a seat
lock which he can operate with one hand, a book
receptacle and hooks for his walker.

Results

Since receiving his device, he attends math
classes in the adjoining elementary school which
is the first step in his mainstreaming process.
He continues to walk within his classroom, during
therapy periods and at home. No skills have been
lost over the six month period since he had his
Amigo and many new opportunities have evolved for
Tearning.




C.A.P.P. Cart
Children - A.E.
- S.R.

A. & S. both have diagnosis of Cerebral
Palsy. A. was five years of age when he first
drove the cart and S. was six. Both children
were totally dependent on others for mobility.

Both were considered severely physically involved.

Rationale for Choice

The C.A.P.P. Cart was designed low to the
ground for use with the Thalidomide children in
the 1960s. The base was an ideal height and was
modified to accept the MPI (Modular Plastic
Insert designed at the REC in Memphis) interface.
Each child has their own control tray which con-
tains micro-switches activated by ping pong balls.
S. controls are located in the midline while A.'s
have been located to the left of the tray indica-
ting his control range.

Results

A. has no fear and enjoys exploring his envi-
ronment. He can direct the device at will if
motivated. However, he also spends a great deal
of his time purposely going in circles. It has
been hypothesized that he is providing his own
vestibular stimulation. Evaluation is ongoing.

S. is still quite timid in the device. She has
never moved independently and is just learning to
enjoy the freedom. Training is continuing.

Bobby is a thirteen year old boy with a di-
agnosis of Cerebral Palsy with an intellectual
leve] of trainably retarded. He communicates
usinga 175 symbol Bliss board.

Rationale

Bobby required primarily indoor mobility.
He could operate a joystick with no modifications
necessary. A custom seat was provided. The
family vehicle is a car and long term objectives
did not call for independent community mobility.

Results

0f all the children, Bobby, the most severely
retarded, has taken the greatest responsibility
for his chair. He Titerally guards it with his
life - perhaps because it has given his life a
new dimension. During training, he checked each
night to be sure it was being charged and re-
quested immediate service if repairs were needed.
After just six weeks, he is in the chair all day
and has been allowed to take it home.

Child - D. D.

D. is a twelve year old boy with a diagnosis
of severe Cerebral Palsy-Athetoid. He has had
his powered chair for two years.

Rationale

The BEC chair was chosen for two reasons.
First he required the chair only for indoor use,
mainly at school. Second, because of the seve-
rity of his physical limitations, the BEC was
felt to have the most practical control system to
modify. He operates the chair by sliding a hand
curser holding a magnet bar over reed switches
which are buried under his tray. Being an athe-
toid, he has his best control in extreme outer
range.

Results

D. is completely independent around the
school. Arrangements are being made to allow him
to take the chair home on weekends and during
vacations as a general phase-in begins. The home
is small and a ramp entrance is required. D. is
nonverbal and investigations for a communication
aid require that both aids be operable by the
same control mechanism.

Device - E, & J. 24V

Child - W.M.
W. is a nine year old child with the diag-

nosis of Cerebral Palsy, spastic quadreplegia.
He is severely involved and nonverbal.
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Rationale for Choice

W. is a child of normal intelligence. Long
term goals include independent community mobility
and potentially higher education.

Results

W. is totally independent at home and
school. He visits nearby friends with his bro-
ther. The family keeps a manual chair avialable
for outings but W. is in his powered chair at all
other times.

W. has a mind of his own. When told to
work on a project he didn't like, W. ran away
into the adjoining elementary school. He returned
at lunch time.

Future Considerations

During the final year of Project TEACH-data
will be accumulated to substantiate the claim
that powered mobility enables children to more
fully participate in their education program.
Already we are noting areas where future design
and development must occur. A larger choice of
reliable folding chairs should become available.
Control systems must be developed so that even
the severely involved can operate them safely.
Variable speed controls, built in safety stops
and controls which ignore random motions must be
refined. If a child requires mobility as well as
a communication aid, one control system should
suffice-for simplicity, but also because often
only one motor control site is available. This
same control should offer access to a school sta-
tion housing a computerized Tearning module, a
page turner, a calculator or a typewriter.

School buses must become equipped with safe stan-
dardized tie down systems so that a variety of
wheeled bases can be accommodated. More options
for powered mobility must be developed for the
very young. They need not look Tike chairs, but
they should provide the severely handicapped
child greater learning experiences. Work in this
regard is already underway at the Rehabilitation
Engineering Center at Stanford.

Finally, instrumentation must be developed
so that we can accurately measure a child's motor
control. In this way, controlsystems of mobility
devices will be designed within the child's act-
ual abilities.

Children are not just little adults. Scaled
down adult models of powered devices sometimes
work. More often devices must be designed speci-
fically for children so they can fully participate
in their educational programs and social experi-
ences.
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INDOOR WHEELCHAIR

Per Finden, (ivind Lorentsen

Central Institute for Industrial Research

A new indoor wheelchair which requires little
gpace to manage has been devised.

The technical solution provides sideways as
well as back- and forward driving. Five units
have been produced and have been tested by handi-
capped people. The results are very satisfying.

A special sitting unit has also been devel-
oped with different kinds of functional regula-
tions built in.

INTRODUCTLON

Conventional wheelchairs require a great deal
of space to be maneuvered, and this makes the use
of wheelchairs energy consuming and cumbersome,
especially in narrow surroundings.

A project was started for developing a new
type of indoor wheelchair. The most important

functional specifications for the new product were:

118 Drive sideways as well as forward/backward.
2 Turn around the central axis.
/8 Modular construction.
. Functional and esthetical adaptable.
The project received economic support from

the Royal Norwegian Council for Scientific and
Industrial Research.

A directing committee was established, con-
sisting of a specialist in physical medicine, a
specialist in biomechanies, a representative of
the handicapped and a representative of a manu-
facturing company.

The project started in 1976 and will finish
1980,

TECHNICAL SOLUTION
The construction work was divided in two
sub-projects:
65X Frame-module and electric propulsion systems.
a) Frame construction.

b) Electronic control-system.

I1) Chair-module and regulation systems.
a) Elevation module.
b) Chair-frame module.
c) Cushion module.

d) Footrest module.

) Frame-module and Electric Propulsion System

There are many technical solutions that may
satisfy the two first specifications mentioned
in the introduction, but most of them are compli-
cated and expensive to produce. Among all the
solutions we sketched, one in particular was
found to be the most simple.

stor

Electric motor

Big: 1
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Six wheels are mounted on the main lower
frame; one wheel in each corner and one in each
end of a lever that can rotate around the central
axis. The lever could be rotated to any position
and fixed relative to the main frame. In practice,
it is only necessary to fix the lever in two posi-
tions, one for driving in the forward/backward
mode, and one for the sideways mode. The two posi-
tions are 90 relative to each other, and can be
seen in Fig. 1.

The wheels on the lever are driven by two
independent electric motors. The other four wheels
are rotated freely. The lever is fixed in the two
mentioned positions by using a specially developed
electric-mechanical locking device. The lever is
positioned by driving the motors in opposite di-
rections.

Having the lever locked in one of the two po-
sitions the wheelchair can be maneuvered by con-
trolling indpendently the speeds of the two motors.
Because of the six-wheel construction the suspen—
sion of the wheels are critical in order to pass
inclinations and doorsteps as smooth as possible.

The electric power system operates by a digi-
tal servounit, and the disabled can drive the
vehicle by an ordinary joy-stick.

IT) Chair-module and regulation system

Upon the lower frame unit we may place mostly
any chair that will suit the user. Many of the
ordinary chairs on the market we may adjust to the
frame. Disabled persons may in this way get an
acceptable wheelchair. However, for people with
more serious handicap it was found necessary to
develop a more specialized unit.

The elevation unit can elevate the seat level
from about 450 mm to 750 mm above the floor. The
technical solution is based on a very specially
forced bars mechanism operated by a small electric
motor.

The chair frame has built in two particular
functions:

2 The back-rest can turn from vertical to hori-
zontal position in such a way that it follows
the back of the user., The relative rotation
has its centre about the user's hip joint.

- The foot-rest can, co-ordinated with the back-
rest, turn from vertical to horizontal level.
The mechanical fix-point lies beneath seat-
level, but by a chain system it has a rota-
tion point aligned with the user's knee point.

All the movements are operated by a small
electric metor.

The seat and back-rest are covered with a
cushion system. A complete unit consists of 24
separate cushions, which are made by foam-plastic
in three different heights (see pictures). Now we
may create many types of seat-profiles by com=
bining different cushions and fix them to the
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chair frame. The securing is done by metal rails
fixed to the frame.

CONCLUTION

Until now five prototypes are produced. They
have been tested by handicapped people for about
one year, and the results are very promising.

The technical solution of the lower frame
module has been patented,

A Norwegian company is going to produce the
wheelchair, and the first units will be ready in
a few months.

Fig. 2

The frame-module with a standard office-
chair as sitting unit.



Fig. 2

The frame-module with the more specialized
sitting—unit in different positons.
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A MULTI-INTERFACE WHEELCHAIR CONTROLLER

W. Literowich, G. Chau, S, Naumann and M. Milner

Rehabilitation Engineering Department
Ontario Crippled Children's Centre

ABSTRACT

This paper presents developments relating to
a system for the control of an electrically
driven wheelchair by athetoid cerebral palsied
children. A major emphasis is placed on the in-
terface between the child and the control system.
The system is adaptable to a wide range of inter-
faces and wheelchairs. It incorporates a ramp
controller for linear acceleration, a separate
joystick control for parent or attendant use, and
the option to operate an external device. The
control base is detachable for wheelchair trans-
portation.

INTRODUCTION

Commercially available powered wheelchairs
are usually joystick-controlled and hence do not
provide a simple means of interfacing the severe-
ly involved athetoid cerebral palsied child. 1In
addition, the young first-time user of a powered
wheelchair has the problem of gaining sufficient
confidence and experience to effectively manipu-
late the device because of the high starting tor-
que of the electric drive motors. Simplification
of the control of these motors is necessary to
permit emphasis on the child-controller interface
rather than on the wheelchair drive system.

This paper describes a system designed to
enable a severely handicapped child with athetoid
cerebral palsy to drive a powered wheelchair
while also providing him with the option to oper-
ate a Blissymbolics communication board using
head position control. The control system is de-
signed to be adaptable to a wide range of commer-
cially available powered wheelchairs,

THE INTERFACE

A biofeedback training system has been dev-
eloped at the Ontario Crippled Children's Centre
(occc) for providing the cerebral palsied child
with auditory and visual information regarding
the spatial position of his head(l). The devel-
opment of adequate head control is seen as a nec-
essary antecedent to further gains in motor and
perceptual development(2). As a result of the
biofeedback programme at the OCCC, it became pos-
sible for a number of severely disabled indivi-
duals to use head position to control powered

wheelchairs., The device consists of mercury
switches with appropriate circuitry mounted on
the head by means of an adjustable head-band.
The debounced position-dependent switches with
logic-level outputs encode 5 functions. These
are: right-turn (head tilted to the right); left
turn (head tilted to the left); forward (head
held upright); reverse (head tilted back); and
stop (head tilted forward).

In 1979, a powered wheelchair with head pos—
ition control was prescribed for A.M., a 12 year
old severely handicapped male with athetoid cere-
bral palsy who participated in a head-position
training programme during 1977 and 1978 at the
0CCC. He was unable to control the wheelchair
because of a panic response induced by the ini-
tial jerk of the chair following from the high
starting torque of the electric drive motors. A
complete redesign of the control system was un—
dertaken. The redesigned control system had to
incorporate means for A.M. to use his head con-
troller to operate a Blissymbolics communication
board(3), and to permit his parents or attendents
to operate the wheelchair from behind by means of
a conventional joystick whilst over-riding his
controls.

THE CONTROL BOX

A block diagram of the control system is
shown in figure 1.

The control base provides the following fun-
ctions:

(1) A manual control to provide an ex-
ternal means of operating the wheelchair indepen—
dent of the user. It consists of a regular 4-
switch joystick control selected by a manual
switch,

(ii) Motor control. This is a ramp con-
troller for linear acceleration from zero to a
preset maximum speed. It consists of a ramp gen-
erator whose output is compared to a voltage on a
capacitor charge circuit, The comparator pro-
duces a pulsed waveform used to drive the motor
through a set of Darlington transistors. The
motor control board also decodes logic ciruits to
enable the Darlington drivers and the motor re-
versing relays thus controlling the direction of
the drivers to the motors.

(iii) Manual speed control. This pro-
vides a means of setting the maximum speed of the
motor control by adjusting a potentiometer which
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FIGURE 1 RT.OCK DIAGRAM OF CONTROL SYSTEM

determines the comparator level in the motor con-
trol board.

(iv) Selector interface. This circuit
directs the control signal to either the motor
control or an external device. It also decodes
the selection of the manual or wheelchair-user
control.

The circuitry is modular in form, each sec-
tion of the controller system being seperate.
The function of the interface 1is selected by
changing only the decoding of the selector inter-
face board.

In addition to the head control unit and the
communication board which was mounted on the
wheelchair, a touch plate switch was provided.
It consists of a capacitive-enabled Schmitt trig-
ger latched by a toggle flip-flop. The touch
plate switch is used to enable the communication
board and also serves as an emergency stop for
the wheelchair. The selector circuit thus di-
rects output signals from the head position con-
trol-unit to the motors or to the Blissymbolics
board, or from the manual joystick to the motors.

The manual speed control enables a maximum
speed to be selected such that the user feels
confident to drive under head position control.
As the level of skill increases, the maximum rate
can be increased. The speed control also enables
the parents to increase the speed of the wheel-
chair when the manual joystick is used.

CONCLUSTIONS

A wheelchair controller has been designed
which permits control of a powered wheelchair or

an external device. The control system is suf-
ficiently simple and flexible to be used with a
variety of interfaces and is adaptable to commer-
cially available chairs. The control system is
modular in form thus facilitating ease of main—
tenance. The control box is easily detached,. the
characteristics of the wheelchair to which it is
fitted being virtually undisturbed e.g. a folding
type of wheelchair can still be folded. Detailed
circuit diagrams are available(4).
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BRAKING SYSTEMS FOR POWERED WHEELCHAIRS FOR THE SEVERELY DISABLED

Youdin, M., M.E.E., Reich, T., M.D,, Sell, G.H., M.D,,
Louie, H., A:A:S:; Clagnaz, M.; B.E.E., Kolwicz, R.

Rehabilitation Pngineering Center
Institute of Rehabilitation Medicine, New York lmiversity Medical Center
400 East 34th Street, New York, NY 10016

Powered wheelchairs for use by persons with
quadriplegia and other severe neuromuscular dis-
orders must have a reliable braking system which

is easily operated, and whose operation is readily

understood by the driver. The system should uti-
lize standard parts to facilitate repair or re-
placement when necessary and should be adaptable

to any style of powered wheelchair. We have devel-

oped mechanical and hydraulic brake systems for
powered wheelchairs which utilize standard brake

components and can be operated by mechanical switch

or from a pneumatic ('puff' and "sip'") transducer
mounted on the wheelchair. The brakes are
applied as required by the driver in the same
manner as he would brake if he were driving an
automobile. Our electric motor driven hy-
draulic brake system provides proportional
braking as well as a convenient parking/transfer
brake and does not require a separate manual
disconnect for manual pushing of the chair.

INTRODUCT ION

Powered wheelchairs for use by persons with
quadriplegia and other severe neuromuscular dis-
orders must have a reliable braking system which
is easily operated, and whose operation is readi-
ly understood by the driver. The system should
utilize standard parts to facilitate repair or
replacement when necessary and should be adapt-
able to any style of powered wheelchair. The
need for a suitable braking system has become
even more compelling because of the great in-
crease in the number of spinal cord injuries in
the U.S. Spinal cord injury affects approxi-
mately 175,000 in the U.S. About 6,500 new in-
juries occur yearly. Most patients are under 30
vears of age and 60% are quadriplegic (1).

A multidisciplinary team consisting of phy-
siatrists, occupational therapists, rehabilita-
‘tion engineer, driver training instructor,
behavioral scientist, and disabled consumers at
IRM has concluded that the optimum braking sys-
tem is one which operates in a manner analogous
to the braking system in an automobile, es-
pecially since almost all of our patients were
drivers prior to their disabling accident and
are thoroughly familiar with the operation of
such a system. Thus we would like our braking
system to perform as follows:

1) Brakes are applied as required by
the driver in the same manner as he
would brake if he were driving an
automobile.

2) Brakes may function as auxiliary
parking/transfer brakes provided
they can be released without the
need for a separate manual dis-
connect.

3) Brakes operate independently of the
wheelchair drive motors.

4) Braking action should be proportional.

5) Brakes are not interconnected to the
drive controller and are controlled
from a separate switch (or transducer).

Our system differs from what Stout (2) con-

sideys_to be a "good braking svstem''. Stout
spec1f1es that '"The switch which sets the brakes
also interrupts power to the motors'. Such

a switching arrangement would not enable a
wheelchair to stop on upward sloping terrain and
then resume upward travel. TFor example: the
brakes must be applied to hold the chair on the
slope. It would then not be possible to apply
power to the motors to enable the chair to con-
tinue its travel without first releasing the
brakes. Our experience with an E § J Model 3P
chair on a 10-12° sloping surface which also
slopes slightly sideways (see Figure 1) has been

UPON STOPPING,
CHAR WILL ROLL
BACKWARDS AND/

SWERVE TO LEFT Crist o Teb B

SLOPE IN FORWARD
DIRECTION

SIDEWALK INCLINED
SLIGHTLY TO RIGHT

Figure 1: Backward and swerving motion cf a
powered wheelchair when stopped on a sideways
tilted inclined terrain.
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that when the brakes are released the chair will
roll backwards and will alse spin or swerve to
one side. This action can easily be avoided when
forward power is applied prior to releasing the
brakes. For this reason we do not automatically
set the brakes when the motors are not energized.
Strout also specifies that "Application of brakes
occurs upon interruption of power to brakes'.

This arrangement requires the addition of still
another system: '...a manual disconnect to allow
manual pushing of the chair". There are reports
(3) in which disabled users of powered wheelchairs
(in which brakes set upon interruption of power to
the brakes) were seriously injured when the chair
lost power, stalled in a dangerous location, and
could not be moved because passersby could not
operate the manual disconnect.

It has been our observation that the usual
reasons for loss of power is that batteries have
not been adequately recharged. To warn the driver
of impending failure there is now a battery volt-
age indicator light on the control box of most
powered chairs which begins to flash when the
battery voltage drops below the preset level.

This is an indication that the batteries should
be charged as soon as possible.

METHODOLOGY

We have designed and fabricated three
prototype braking systems:

Mechanical Brake System

This system utilizes drum type friction
brakes in which the friction brake bands are
cornected to a pair of actuating solenoids
through flexible cables. Two separate drums
are required - one for each of the rear drive
wheels. The solenoids utilize an efficient two
coil design: one coil to develop the required
high initial pull, the other to hold the load
in position. After the solenoid plunger moves
through the required stroke distance, it actu-
ates a switch which cuts the high power coil
out of the circuit leaving a separate low cur-
rent drain coil to hold the load in position.
Details of this system are shown in Figures
2, 3 and 4.

Figure 2: View through spokes of drive wheel
of powered wheelchair showing mechanical brake
system.
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Figure 3: Disassembled mechanical brake showing
the friction band, drum housing, actuating lever
and cable.

OLENOID PL
T —

Figure 4: Twin solenoid assembly showing position
of microswitch and solenoid plunger. After brakes
are applied, high power coil is disconnected and
low current drain coil is connected to hold brakes
in position.

Hydraulic Brake System

This system utilizes caliper disc brakes
which are actuated hydraulically from a master
cylinder. The master cylinder force is pro-
duced by the solenoids previously described.

Two separate sets of brakes are required as for
the drum brakes. A schematic drawing of the
system is shown in Figure 5. Figure 6 shows

the actual assembly. Figures 7 and 8 are front
and rear views of an E & J 3P powered wheelchair
equipped with the IRM hydraulic brake system.

Motor Driven Hydraulic Brake System

This system utilizes the caliper disc
brakes and hydraulic system described pre-
viously. However, the solenoids have been
eliminated and a small geared electric motor
is used to generate the input force to the
master cylinder. The electric motor drive
provides:

1. Proportional braking action.

2. A transfer and emergency brake re-



MASTER CYLINDER
=

|

fuli) TO RIGHT

o DRIVE WHEEL
==
|
e TO LEFT
DRIVE
‘ WHEEL
SOLENGID
ACTUATED l

Fipure 5: Schematic of hydraulic brake system.
quiring no drain from the battery.

3. A convenient means of releasing the
brakes to allow manual pushing of the
chair.

EVALUATION

All three systems have been evaluated
utilizing an E § J Model 3P powered wheelchair
carrying a 175 pound driver. The braking sys-
tems can be operated from a mechanically
actuated switch or from a pneumatic ("‘puff' and
"sip") transducer. The mechanical brake system
is the least expensive of the three. However,
we found that braking in the forward direction

A

Figure 6: View through spokes of drive wheel of
powered wheelchair showing hydraulic brake assem-
bly.

was more eftective than in the backward direction.
This is a characteristic of the particular drum-
band configuration being utilized. The hydraulic
brake system performed without flaw on upward and
downward terrain with slope of 15° - 2.7 feet
rise (or fall) per 10 feet of horizontal travel.
When travelling down slope at 2-3 miles/hour,
it was possible to come to a smooth stop within
1-2 feet of travel after engaging the brakes. No
backward slippage was experienced when stopping
on the upward sloping grade. A disadvantage of
both of these systems is that a separate parking
(or transfer) brake is required. Truly propor-
tional braking is provided by the motor-cam
driven hydraulic brake system. This system per-
mits the driver to modulate the brakes. In the
pneumatically actuated version, the brake motor
operates only when pressure is maintained in the
pneumatic tube. This system also provides park-
ing brake action because the brakes will remain
in the set position after actuation. In order to
release the brakes the braking motor must be re-
versed.

1t is hoped that continued development of
these systems will result in a packaged set of
brakes that can easily be adapted to powered
wheelchairs for the severely disabled. Technical
details of any of the described systems will be
furnished upon request.

Figure 7: E & J Model 3P powered wheelchair
equipped with IRM hydraulic brake system. Brakes
can be operated from a mechanical switch or pneu-
matically ("puff" and "sip').
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Figure 8: Rear view of powered wheelchair equip-
ped with hydraulic brakes showing method of
mounting.
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POWERED WHEELCHAIR BIDEWAYS TIP-OVER AND CURB CLIMBING

ety T Tlawst and

James J. Kauzlarich

University of Virginia Rehabilitation Engineering Center

Charlottesville, Virginia

ABSTRACT

The method of testing and results for
the determination of sideways tip-over
and curd height limitations for fiwve
powered wheelchairs are presented. A
method for caleculating the center of
gravity of a seated wheelchair user is
also described:

INTRODUCTION

The purpose of the powered wheel-
chair testing program at the University
of Virginia Rehabilitation Engineering
Center i's tio evaluate the operating
characteristies of commercially
available powered whéelchairs. This
program will eventually invoclve tests
concerning all aspects of chair oper-
ation from battery life to tip-over
angles. Two tests, sideways tip-over
and curdb climbing, are Teported in
this paper plus an analysis for a center
of gravity ecalculaticn techhigue for a
seated wheelchair subject. "hi g
report inecludes tests on powered wheel-
chairg currenlly on hand al the Rehabil-
itation Engineering Center. Additional
powered wheelchairs will be tested when
they become available.

SIDEWAYE TIP-OVER

Jeveral powered wheelchairs were
Lipped to the side, first unoceupled
and then with seated subjects, and the
sideways angle of tip-over was measured
to within one degree with a protractor
attached to the chair. Theé casters
were allowed teo turn freely. Live
subject was not allowed to correct
for the tip, but allowed his/her body
to be tipped to the side with the chalr,
as if strapped into the chair.

The tip-over angle measured at
the unstable equilibrium position is
that angle at which the center of
gravity of the chair, or chair and
subjeect, passes vertically over the
point of pivot on the ground. There-

fore, the higher the combined center of
gravity of the chair and subject, the
smaller the angle causing tip-over will
Bie, The sEters of gravity 61T two
subjects of significantly different
body size, one 5'2" 110 1b Temale and
one 6'L" 180 1b male, were measured

by the method described in the Appendix.
For the male the coordinates for the
center of gravity, X and T, were 2.8"
and 11.3" respectively, and for the
female, 3.2" and 8.9". Zero dis &t the
intersection of the center of the thigh
and trunk.

The results of these measurements
are shown in Table T. There is a
significant decrease in the angle
required for tip-over when & subject
is seated in the chair than when the
chair is empty because of the rise in
combined center of gravity. However,
the difference in sideways tip-over
angle caused by extreme human torso
variations is not appreciable.

CURB HEIGHT T.IMITATIONS

In order to determine the maximum
curb height that a wheelchair is able
to negotiate, a L' wide adjustable curb
was constructed from wood. The initial
height was one-half inch and it was
raised by half-inches until it reached
three and a half inches. The curb was
bloecked so i1 would not move when in use.

Five powered indoor/outdoor
wheelchairs were run up onto the curb,
forward and backward, low and high
speed, from both a running and a
standing start. In this way, the
heighest pessible curb each wheel-
chair was able to climb was determined.
The wheelchair batteries were fully
charged and the tires inflated to their
specified pressure-: For a standing
start the wheels touched the curb.

For a running start the wheelchair was
started several feet from the curb and
was at full speed when hitting the curb.
In all the tests the user was a 5'2"

110 1b female. The results of these
tests are shown in Table II.
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TABLE I
Sideways Tip-over
Chair
Chair with 5'2"
110 1b female

[ 6 8= Rt

Unoccupied

General
Teleoperators

Chair with 6ét2"
180 1b male

Inc. Mcodel MHWC1 43° 28° D
Bec Model No. 12
(Front Wheel Drive) 58° collapses collapses
before tipping before tipping
Everest & Jennings
Model 3P Loe° 30° 239
Bec Model No. 1L
(Rear Wheel Drive) e 30° collapses
before tipping
Everest & Jennings
Model 3M Lpo 259 e
National Gigs o B 28°
TABLE II
Curb Height Limitations
Standing Start Running Start
Chair Low speed High speed Low speed High speed
For . Back. For. Back. For. Back. For. Back.
General )
Teleoperators ik av it »E.gnR LY g 2 St >3_5"a
Inc. Model MHWC1
Everest & Jennings
Model 3P g - . G 2" 1:5% B.SY d.5" 338"
Everest & Jennings
Model 3M o5 5" b b 1.5" 5.5 b b
Bec Model No. 1k
(Rear Wheel Drive) Wit ; 5 1" ¢ it 1.5" ik ¢
National i ik i T:58 @Y L 3"d 2, Bl B"d

3.5" was the heighest curb tested.
the Everest & Jennings Model 3M has only one speed.
the Bec Model No.ll only reverses in low speed.

RO o

3" in reverse.
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Determination of the Center of
Gravity of a Seated Human Rody

APPENDIX:

The composite body method of center
of gravity determination is used based
on a volume analysis. Following the
method of Contini [1], the total volume
of the human body is calculated by divid-
ing the body inte six segments, four of
these having symmetric dupllcates. The
segments and volumes are given in Table
IIT and shown in Figure 1. The location
of the centers of volume of the segments
3,h,5, and 6 as a percentage of the
length of eéach segment, measured down
from the top point of the segments, was
taken from Contini's paper [1]. The
dimensions from which the percentage
distance to the center of volume of the
combined segments 1 and 2 were taken
from the book by Williams and Lissner
[2]. These distances are alsc given in
Table III and illustrated in Figure 1.

Ascuming the densily of cach body
segment 16 be Lhe same, thy center of
gravity is coincident with the center
of volume, and the total center of
volume/gravity for the body is found
using the eguation:

Zvidi
Bl B s (1)
th

where Vi is the wvolume of the i segment

and d. is the distance from the top of

the ith segment to its center of vol-
ume /gravity. The coordinate system of
Figure 2 has been placed such that the
y-axis is coincident with the ecenter
line of the head, trunk, and upperarm
of a seated subject, and the x-axis is

eoineident with the ecenter line ol the
thigh. The z~-axis, shown in Figure 3,
in diveeted out of the pape In TPipgure P

at the intersection of the x and y axes.
The distances from the coordinate axes
to the center of gravity of each segment
are:

§l=§2=’3=0

=l k2l

3’:5=(.h27)L5

?6=L5 5
§l,2=(1—.6o3)(Ll+L2)
?3=(L2-L3)+(1—.h6l)L3

¥ g g

y5=0

Fg=-(.467)1¢

23=z =-B

z5=z(=—A
?R'ZZM' B
25,=E6,=A

where A is the distance from the xy-plane
to the center line of the leg, and B is
the distance from the xy-plane to the
center line of the arm, along whieh the
center of gravity ligs. The wvalues for

potal® Yeota1r® 209 Zyspey 8T calculated

from:

= _EE,

¥ = (3)
total
F
- S V.y.
Ytotal_ié ' (%)
éfv,
= i
- AR
Ztotal—ﬁ {5

Zv,

For a complete bedy, with no segments

missing, V3=V3,, thvh" V5=V5,, and
V6=V6,, anE the value for Ztotal is equal
to Zero. Ztotal will have to be taken

into account for a body with any segment
missing. .

These eguations can easily be put
into a computer program to aid calcula-

tiom:. The measurements for Cl through

Cloand Ll through L6 wvere taken on four

i a%x 7
subjects an ] and Ytotal

were calculsted. Thege values were also
measured by Lipping Lhe subjeets in a
chair and calculating the location of
their centers of gravity using the Lip-
over angles. The results are shown in
Table IV.

for each

The measured and calculated coordin-
ates for the center of gravity of subject
A in Table IIT are in good agreement.

But, the coordinates for subjects B, C,
and D differ by as much as 35%. The
errors are mainly due to the assumption
that the density of each body segment is
the same. These results show that it is
more accurate to measure the center of
gravity by tipping than by using a center
of volume approximation. If the subject
is unable to tolerate the tipping measure-
ment procedure, however, this body segment
volume method may be a useful first
approximation. By including the average
density of body segments it is expected
that the calculated value for center of
gravity will be improved.
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TABLE IIX

Location ol Center ol
Volume &s % of segment
Length measured from
Top Joint

d, ,=(.603)(L,+L,)

S it
d3=(.1161)L3
dl=(.h2)Lh

Segment Volume
2
+
La Head and neck V. = (Cl CQ) (L.4v)
(above collar bone) 1 l .
L
2. Trunk v = (03+ch+c5) (L_10)
(collar bone to crotech) 2 9 2
T Upperarm (two) V_=C EL A
(shoulder to elbow) g8 8
Nee Forearm and hand (two) .2
(elbow to fingertips) Vh_LT Lhﬂ’
2
5. Thigh (two) - (Cg+Cy) braE)
(erotch to knee) 5 >
6 Shank and foot {two) 2, &
. = I
(knee to ankle) VG 1@ ~6
c, —_—
L ¢ |ba
] 7
C, Ce
b L’
q& dhz
CVY. &3
3 L
4
" cve 2 AC4
‘i Ve
= Cs
(o5
dy
rd
L‘.S' Ly
Cs
[
ds
C CV.s
b6 /
1
Figure 1
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TABLE IV

Comparison of Center of Gravity Determination Methods:

REFERENCES

(1)

Contini, Renato. Body Segment Parameters (Pathological)

69,86, New York University Research Division, 1970.

Williams, Marian, and Herbert Lissner. Biomechaniecs of
Human Motion, 134, W. B. Saunders Company, 1962.

>

Subject Calculated X Measured i Calculated ? Measured ?
stot 110 1% female g, Bph 3. 32" 8. 85" TS
6's" 185 1b male 8 M 5.26" 1 Ol E" 10.6T"
gat 939 1b female 2 g 5.60" gk oM T 0a
OYU™ 180 Ib mal o, gt 2 FHY Ao e ™ o 5"

y
4
{
{
3: 2 3
28
]
4 2A
ry [
2 2
I
6 &
Figure 3
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WHEELCHAIR BATTERY TESTING
Vernon Ulrich, Mark Bresler, and James J. Kauzlarich

University of Virginia Rehabilitation Engineering Center
Charlottesville, Virginia

ABSTRACT

FIGURE 1
A method of testing has been developed INSTRUMENTED WHEELCHAIR DATA

for the evaluation of batteries with re-
pect to wheelchair load conditions.

This method allows for considerable QCXX)
flexibility in control over loading
variables as well as monitoring techni-
ques, representing a significant im-
provement over field testing in terms

of its ability to apply consistant load-
ing patterns. Preliminary test results
have verified that capacities both

lead /acid and nickel /cadmium batteries
are relatively unaffected by high fre-
gquency pulse width modulation.

POWER,
WATTS

TIME, MINUTES

INTRODUCTION The loading system consists primarily
of a set of transistor controlled resistor
The objective of this project is banks. The controls alleow the operator to
toc evaluate recent technology, high en- select either a direct current or a pulse
ergy density, storage batteries for pos- width modulated power drain. Direct cur-
lible powered wheelchair application. rent loads are available at present values
The useful energy capacity of these new depending on which resistors are activated
batteries exhibits signs of adverse by the operator. Presently, power drains
effects when subjected to highly repet- of T2, 1LL, 288, and 576 watts (at 24V)
itious, pulsed loading cycles. Tests on are available as well as any combination
Ni/Zn batteries conducted by the NASA/ of the above. Pulse width modulated load-
Lewis Research Center showed consider- ing is infinitely adjustable from 0 to
able loss of energy capacity when sub- 100 percent duty cycle. Pulse frequency
Jected to a simulated postal vehicle may be selected from the continuous range
driving cycle (1 sec at 30A, ) sec at of 20 to 2,000 Hz. Peak current and power
200A, T sec. rest)l Since wheelchair drain is adjustable, but a peak drain of
power requirements are very unsteady 50 amps /1200 watts was used for these pre-
(see Fig. 1), the Ni/%n combination may liminary tests. Feedback systems are
well exhibit this loss of capacity when available to hold the desired variables
subjected to wheelchair loading patterns. independently constant. Ultimately, the
Testing of Ni/Zn batteries has been de- load will be ceontrolled by a microcomputer
layed by battery availability problems, program based on electronically recorded
but the project is ongoing in terms of data from an instrumented wheelchair.?
test equipment development and testing The monitoring system operates con-
of Pb/aeid and Ni/Cd batteries. currently with the loading system to pro-
vide data on battery veoltage, current,
TEST UNIT DESCRIPTION power, and cell temperature. Data is
electronically averaged and reduced to
A battery tester has been designed direct current voltages. Instantaneous
and constructed. It can best be des- values for all four variables are avail-
cribed by separating the test unit into able to the operator via L.E.D. panel
two systems: the loading system and the meters. Optional oscilloscope monitoring
monitoring system. This section pre- may be easily used to observe the unaver-
sents them in that order. ‘ aged as well as the averaged values.
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Permanent real time records are strip
chart recorded and also sampled at 1 Hz

FIGURE 3

and stored on floppy disk by computer. BATTERY CAPACITY

Computer software has been developed to

perform power curve integration, averag- NICKEL/CAWIUM

ing, and other forms of data manipulation.

TEST RESULTS 1000

The results of the initial tests on
Pb/acid batteries (Fig. 2) have shown 500
that their energy capacity is independent
of pulsed loading. These tests also pro-
vided confidence in the testing method.

In Figure 2 we see that the energy capac- 11
ity for a pulse width modulated discharge
is the same as D.C. discharge.

FIGURE 2
BATTERY CAPACITY ®
GLOBE / UNION U-128 GEL/CELL

l,llll"

T

o)
L)
T T TTT]

POWER, WATTS
W
o

dc discharge
300hz pwm

a1yl 1 a1

Q05 O1 a5
TME, HOURS

kel Zinec Cell", NASA/Lewis
nter, Cleveland, Ohio, Pub-
ns Document Release, 1978.

Report, Univ. of Va.

1000 A dc discharge - A
O 300hz pwm i (o]
— mfg. design data
w 3 A
}_500 @ 1 1
" N 001
©
= I} Na
o \
L B 6 1. "300 AH Nie
E: . Research Ce
O liec Relatio
o
100 1 e il | 2. 1979 Annual

o1 0.5 1 5 Rehab. Eng.

Center, Charlottesville,

Va., pge Ll.

TIME, HOURS

Initial tests have also been con=-
ducted on Ni/Cd batteries. Like the lead/
acid batteries, preliminary test results
(Fig. 3) indicate that the Ni/Cd combin-
ation is unnoticiably affected by high
frequency, pulsed discharge. This does
not necessarily imply that effects will
not become apparent over greater numbers
of charge-discharge cycles.

CONCLUSION

Tests of Pb/acid and Ni/Cd batteries
show that battery capacity is not affect-
ed by the high frequency pulse width mo-
dulated ecircuitry usually found in wheel-
chair controls. In the future more var-
ied types of loading will be applied and
different battery types tested.
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EFFECT OF SEAT POSITION ON WHEELCHAIR PERFORMANCE

C. E. Brubaker, Ph.D., C. A. McLaurin, Sc.D., J. D. Gibson

University of Virginia Rehabilitation Engineering Center
Charlottesville, Virginia

ABSTRACT

Efficiency and stroke frequency and duration were
determined for four subjects for simulated wheel-
chair propulsion on a dynamometer in nine seat
positions. It was found that the conventional
position and a position with the seat moved back-
ward eight inches were the most favorable in
terms of efficiency. Efficiency decreased con-
siderably when the seat was moved further back an
additional eight inches and also when it was
raised and lowered two inches from the standard
position.

INTRODUCTTON

The universally accepted wheelchair with
rear mounted main wheels is not compatible with
horizontal changes of seat position without loss
of stability. Comparisons have been made between
wheelchairs with front mounted main wheels and
the now conventional rear-wheeled chair in terms
of efficiency and other performance characteris-
tics. Brattgaard, et al (1) compared front-and
rear-wheeled designs and found the rear mounted
configuration superior. Engel, et al (2) compared
forward, middle and rear seat configurations for
lever propulsion and found that less energy was
required in the middle position than for either
front or rear. The absence of an effective lever
propulsion system adaptable to the conventional
wheelchair has made the latter finding of rela-
tively academic significance. It is therefore
not particularly surprising to find only modest
interest in the effects of seat position on wheel-
chair performance.

The advent of a new generation of center of
gravity (cg) wheelchairs with the seat position-—
ed over the main wheels equipped with both front
and rear casters has awakened interest in the
effect of seat position on performance.

METHODS

Four able bodied males, aged 26-33 served as
subjects. They each participated in nine random-—
ly assigned bouts of wheelchair propulsion of
five minutes duration. Three tests were conduc-
ted on each of three days. Although none were
wheelchair users all worked in rehabilitation
related activitics and were familiar with pro-
pelling a wheelchair. The tests were conducted
on a motor driven wheelchair dynamometer with

electric brakes which were used to set the work
rate. A wheelchair seat adjustable in both hori-
zontal and vertical directions was mounted on the
dynamometer. Hand rims were mounted to the
wheels by means of a connecting torque tube with
strain gauges bonded to it. The dynamometer and
torque rims were calibrated with standard weights.
The output voltages from the dynamometer and tor-
que rims were fed into an LSI-11 microcomputer.

A nominal work rate of 0.25 watt/kg. was used for
each subject and the output of the dynamometer
and torque rims was sampled during the last ten
seconds of each minute of work. Oxygen consump-
tion and related ventilation measurements were
obtained with a Beckman Metabolic Measurement
Cart which provided print outs of these measure-
ments and heart rate each minute.

Tests were conducted with the rear most part
of the seat at heights of five, seven and nine
inches above the axle and in horizontal positions
with the rear of the seat above the axle, eight
inches, and sixteen inches behind the axle, re-
spectively.

Anthropometric measurements included upper
extremity length, height of the shoulder above
the seat, and weight.

Approximations of the points where the sub-
jects grabbed and released the rim were made
visually during each bout and recorded on a
scaled drawing of the seat and wheels.

RESULTS

The power output was nominally set at 0.25
w/kg body weight. In one series of tests the
nominal setting was inadvertantly doubled. For
this reason the mean values for all tests at the
middle seat height are reported with all subjects
represented and again with the data at the higher
setting excluded as noted in Table 1. The actual
power outputs recorded from the dynamometer based
on brake voltage and speed were quite consistent,
but considerably lower then the pre-selected
setting.

The higher values of efficiencies were gen-
erally obtained for the middle height positions
with respect to vertical deviations and for the
forward seat position with respect to horizontal
displacement. The highest values were 7.23% and
7.21% obtained in the middle-middle and middle-
forward positions. The lowest walues for effi-
ciency were the high-rear and low-rear seat posi-
tions. While there was considerable variation
in the values obtained from the different
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subjects, the order of efficiency according to
positions was quite consistent for all subjects
and closely approximated the order for mean effi-
ciencies by position. The heart rate responses
are generally consistent with efficiencies and
the small differences which exist may be due to
variation in workload.

The approximate positions at the beginning
and end of the stroke and the magnitude of the
stroke arc by position are shown in Figure 1.

80 Qg 103

72
NRNAT

6

REAR
MiDDLE

FoRwWARD

Figure 1
Grab and release positions and stroke arcs for
nine positions

The stroke arc is lengthened by lowering the seat
and shortened by raising it. The rear seat posi-
tion was relatively more affected by the change
in seat height.

The longest arc for all heights was found in
the middle position. This is consistent with the
lower stroke frequency and greater duration at
this seat height for the forward and middle posi-
tions which were also the most efficient. While
an approximation of optimum seat position is ten-
able on the basis of efficiency it would appear
that an understanding of the relationship of
other factors such as upper extremity length,
sitting height, strength, and functional spinal
cord level would be extremely important. The
fact that efficiency is known to vary with power
output, and the combination of speed and torque
would alse be Factors for consideration.

On the basis ol the results of this investi-
gation it would appear that there are favorable
compromises among the effects of greater stroke
length, changes in muscle length, and working
against gravity in the middle positions although
not for the middle-rear position, as can be seen
in Table 1. Also, evident from Table | is a
slightly higher stroke to recovery ratio for the
middle height positions. The peak torque values

are lower, corresponding to the greater duration
of the stroke cycle for the middle-forward and
middle-middle positions.

DISCUSSION

The factors affecting wheelchair propulsion
efficiency certainly include seat position, how-
ever, it would be hazardous to specify a parti-
cular optimum seat position as upper extremity
length, utilization of gravity, trunk motion and
other factors make it difficult to isolate the
limiting factor or factors which are the deter—
minants of wheelchair performance.

The advantage of greater stroke length in the
middle-middle position would appear to be offsget
by the more advantageous continuous application of
force along a downward trajectory in middle-for-
ward position and possibly by a greater range of
extension's at the elbow joint. The latter is by
no means certain as the possibility also exists
that accomplishing the stroke with less change in
muscle length may be more efficient. It is quite
clear that muscle function changes, in some posi-
tions (i.e. high-rear and low-rear) rather dra-
matically. The importance of variation in muscle
involvement and function relative to seat position
when prescribing a wheelchair for a user with
limited upper extremity function is apparent.

While it has not been possible to answer most
of the interesting questions with regard to the
effect of seat positions on wheelchair perfor-
mance, the need for biomechanical and electro-
myographic analysis of this problem has been docu-
mented. This need will be accentuated by new de-
signs especially for c.g. wheelchair and lever
driven vehicles.

1. Brattgaard, S$.0., G. Grimbly, 0. Hook:
"Energy Expenditure and Heart-Rate in Driving
a Wheelchair Ergometer." Scand. J. Rehab. Med.
2: 143, 1970.

2. Engel, P., M. Neikes, K. Bennedik, G.
Hildebrandt, F.W. Rode: Arbeitsphysiologis-
che Untersuchungen zur Oplimierung des
Sitzanordnung beim handhebelbetriebenew
Rollstukl Rehabilitation 15: 217-228, 1976.
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Table 1. Mean values for stroke frequency, stroke duration, stroke to recovery ratio,
power output, energy cost, efficiency and heart rate for wheelchair propulsion
in nine different seat positions

Power Energy Heart
Seat Frequency Duration Stroke to Output  Cost Rate Efficiency
Position (strokes /min) (Seconds) Recovery ratio W/kg)  W/kg (beat/min) %
Mean High Low
Bian 14.22 60.5 0.45 45/55 0.167  2.56 87.0 6.52 7.78 5.45
Forward
High
= 14.43 61.6 0.45 46 /54 0.162 2.60 88.3 6.23 7065 5.37
Middle
High 0.46 47 162 02 95
4 14.81 61.9 ' /53 0. &, oi] 5.36 6.30 4.67
Middle 14.80 53.1 0.54 46 /54 0.189 2.62 87.0 7.21 8.60 6.04
Forward 12.66Y 46.8Y 0.60Y 48/52Y 0.158Y 2,287 85.0Y 6.93Y
Middle 14.71 54.9 0.54 48/52 0.193 2.67 85.3 7.23 8.50 6.39
Middle 12.58Y 49,27 0.59Y 49/51Y 0.162Y  2,22Y 83.3Y 7.307
Middle 16.31 63.7 0.48 53/47 0.188 3.1 91.0 5.86 6.90 5.33
Rear 13.93Y 61.0Y 0.52Y 51/497 0.157Y  2.687 91,0Y 5.86Y
Low = i
14,56 56.4 0.49 46 /54 0.161 2.48 86.3 6.49 7.35 5.55
Forward
L 14.57 57.6 0.48 46/54 0.159  2.55 88.3 6.24 7.94 5.55
Soibe ; . . . | l : ; ;
‘I;Z‘;r 13.43 60.3 0.46 46 /54 0.164 2.86 92.0 5.73 6.23 5.21
x N=4
y N=3 One subject was given a higher work load for the tests in the middle height positions. Additional resultes are

present without his data.



AZIMUTHAL CONTROL FOR A POWERED WHEELCHAILR

Robert A. Weber, M.S., Craig W. Heckathorne, M.S., Gregory Rombola, M.S.,
Dudley S. Childress, Ph.D.

Rehabilitation Engineering Program

Northwestern University Medical School, Chicago, I11inois 60611

ABSTRACT

Due to variances in the components of the
drive systems of powered wheelchairs and theeffect
of terrain on the front casters, powered wheel-
chairs tend to depart from an intended straight
path. The problem becomes more acute when travers-
ing inclined surfaces such as sidewalks sloped for
drainage. The frequent corrections required of
the operator may cause an individual with limited
control capabilities to tire and become less effec-
tive in their activities. A microcomputer-based
system has been developed to control the azimuth
of a powered wheelchair by individually adjusting
the torques of the drive motors. Performance of
a wheelchair with and without the azimuthal con-
troller is compared.

INTRODUCTION

Limitations in the matching of the electro-
mechanical drives of the rear wheels of a powered
wheelchair and variations in the terrain over which
the chair is driven combine to divert the chair
from an intended straight path. Sidewalks sloped
toward the street for drainage make it particularly
difficult to maintain the chair's direction as the
casters tend to turn with the slope and direct the
chair toward the street. To maintain a desired
straight path, i.e., azimuth, the operator must
periodically reorient the chair. The constant
vigilance and effort required of the operator
under such conditions may prove tiring or annoying
and restrict the operator's effectiveness. This
problem is particularly acute for individuals with
very limited control capabilities.

A microprocessor-based system is described
which automatically compensates for deviations of
the chair from an intended azimuth. The system is
capable of countering deflections due to mismatch-
ing of the drives and sloping or unevenness of the
terrain being crossed. Performance of a powered
wheelchair with and without the azimuthal control-
ler is compared.

CAUSES OF AZIMUTHAL DEVIATION

Deviations of the path of a powered wheel-
chair from a straight line can be attributed to
two primary factors: (1) the electromechanical
drive systems of the rear wheels and (2) the
effect of terrain on the alignment of the front
casters:.

In the first case, variances in the compo-
nents of the drive units generally result in one
drive wheel rotating slightly faster than the
other drive wheel. The faster wheel will attempt
to traverse a greater distance than the slower
wheel for a given increment of time, thus exerting
a torque on the chair to divert it from a straight
path. |f the front casters are free to pivot, as
they normally are, the torque on the chair due to
the imbalanced drives will align the casters so
that the chair will travel an arc. Differences
in the torque produced by the two wheels may re-
sult from differences in the efficiencies of the
motors, variations in the wear and adjustment of
the linkages between the motors and the wheels,
and in the case of belt linkages, slippage between
the belts and pulleys.

Another factor in the differences between
the drive systems are the drive wheels themselves.
If the tires are unevenly worn or, with pneumatic
tires, if the inflation pressure is different,
the effective diameters of the rear wheels will be
different. Assuming the wheels are rotating at
the same rate, the wheel with the greater effec-

tive diameter will travel a greater distance than
the wheel of lesser effective diameter, and the
path of the chair will again be an arc.

| f the wheels are not rotating at the same
rate, the effect of the difference in wheel di-
ameters may subtract from or add to the effect of
the differences in the drive units. The overall
effect on a powered chair's path will consequently
vary over a wide range from chair to chair. Some
chairs of a particular design will require only
an occasional correction to maintain a straight
path; whereas, other chairs of the same design
will require frequent corrections.

Because the degree of deviation due to drive
and tire differences varies greatly from chair to
chair, some powered chair users may not consider
this a serious problem. Of greater concern is
the second factor which produces path deviations;
the effect of terrain on the alignment of the
front casters.

Figure 1 shows a schematic representation of
a chair moving perpendicular to the slope of an
incline. The chair's center of mass has been
transferred to point 0 for purposes of illustra-
tion. Assuming perfectly matched drive units and
identical drive wheel diameters, the torque of
the drive units produces a force F_ which propels
the chair forward parallel to the edge of the in-
cline. The gravitational force vector Fg is at
an angle to the chair's perpendicular axis equal
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to the angle of the incline. Fg can be resolved
into a component Fgy which is aligned with the
perpendicular axis through the chair and a compo-
nent Fpy which is perpendicular to the axis and
points in the direction of the incline's slant.

Fig. 1. Schematic representation of
forces acting on a wheelchair
traversing an inclined surface.

The perpendicular gravity component Fg) tends
to pull the chair down the incline. |If the front
casters are locked so that they cannot pivot, the
friction between the wheels and the inclined sur-
face prevents the chair from sliding sideways down
the slope. However, the mechanical arrangement of
the front casters places their point of attachment
to the chair in front of their point of contact
with the surface. Because the casters are free to
pivot, the force vector FR (resulting from the
forward pointing force of the drive units Fp and
the perpendicular gravitational force component
FGL) causes a torque to be exerted on the casters
at their point of attachment to the chair. This
torque forces the casters to pivot on their point
of contact with the surface and turn with the
slope, leading the chair down the incline. The
casters continue to turn with the slope until Fp
and Fg, are aligned and the torque diverting the
casters vanishes. At that point, the chair is
moving forward down the incline.

Traversing inclined surfaces is a serious
concern for individuals with very limited control
of their powered chairs. Inclined surfaces suf-
ficiently sloped to affect a chair's direction of
travel are common. Sidewalks are generally sloped
toward the street to facilitate drainage, and
driveways crossing sidewalks produce local in-
creases in the slope of the surface and a greater
deflection of the chair. Such conditions are
potentially dangerous because they divert the
chair toward the street, curb, and traffic. Local
fluctuations in surfaces also produce random
changes in a chair's direction and must be coun-
tered if a straight path is to be maintained.
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CONTROL HYPOTHESIS

Whether a powered chair deviates from an
intended straight path due to differences in the
electromechanical drive systems or due to the
effect of terrain on the casters, it does so by
turning, with one rear wheel traveling a greater
distance than the other. A control scheme which
forces the wheels to travel equal distances when
the operator wishes to move along a straight path
will maintain the intended direction of travel
regardless of either of the sources of deviation
described. This hypothesis formed the basis of
the azimuthal control system.

IMPLEMENTAT L ON

An E and J, type 33, 12-volt powered wheel-
chair modified with a Northwestern University
controller [1] was selected for implementation of
the azimuthal control scheme. (See Fig. 2). The
chair's power unit supplies 400 Hz pulse width
modulated armature current to each of the two
permanent magnet drive motors. The width of the
current pulses controls the torque produced by
each drive system and determines the velocity of
the chair. By selectively controlling the width
of the pulses to each motor, the torque on each
drive wheel could be adjusted to produce a result-
ant torque on the chair. With monitoring of the
displacements of each wheel, this resultant torque
could be regulated so as to compensate for divert-
ing torques due to differences in the drives and
tires and the slope of the terrain, and thus keep
the circumferential displacements of each wheel
equal.

Fig. 2 E and J, type 33, 12-volt powered
wheelchair with Northwestern
University controller



A Motorola 6800 microprocessor-based system
was selected to perform the wheel displacement
detection and pulse width control of the motor
current. As the project progressed, the greater
flexibility of the microprocessor became apparent
and all control operations including decoding of
user inputs and acceleration limiting [1] were
implemented with the processor.

To detect wheel displacement, two friction=
mounted bicycle generators were modified by re-
placing their armatures and stators with rotating
perforated discs and electro-optical sensors. The
sensors were attached to the frame of the chair in
contact with the rear wheels. (See Fig. 3) They
were designed to produce one pulse for every 0.04
inch of circumferential displacement (0.227 degree
of angular displacement) of the rear wheels.

b &

Fig. 3. Wheel displacement sensor
modified from a bicycle
generator and friction-mounted
on rear wheel

As a wheel rotates, its sensor produces a
train of pulses. During a given increment of
time, the number of pulses is proportional to the
circumferential displacement of the wheel. |If
during a time increment, the pulse trains from
both sensors have an equal number of pulses, the
wheels have traveled equal distances. |f the
pulse train from one sensor has more pulses than
the train from the other sensor, the wheel which
produced the greater number of pulses traversed
a greater distance than the other wheel, and the
chair has turned from the intended azimuth.

The quantity of interest is the difference
between the number of pulses in each train. To
extract the difference, one pulse train is used
to increment a counter while the second pulse
train decrements it. As long as the wheels travel
equal distances over a given period of time, the
number of pulses in each train are equal and the
resulting value of the counter is zero. If one
wheel travels a greater or lesser distance than
the other, the counter registers a positive or
negative value. The microprocessor periodically
(once every 2.5 milliseconds) checks the value of
the counter and adjusts the pulse width of the
drive of one of the motors so as to return the
counter value to zero. As a result, the chair is

realigned to the intended direction of travel.

The correction in the drive pulse width is
applied to increase the torque of the motor that
counters the diverting torque on the chair, if the
width of the pulses to that motor is not already
set at its maximum. |f both motors are receiving
pulses of the maximum width, the pulse width is
reduced to the motor which produces a torque on
the chair that contributes to the diverting
torque.

The amount of change in the drive pulse width
for a given difference between the number of
pulses produced by the sensors was determined
empirically. The correction factors were selected
to provide adequate control of the azimuth with-
out significantly reducing the mean velocity of
the chair and without inducing oscillations be-
cause of overcorrection.

Figure 4 shows a block diagram of the wheel-
chair control system. |t should be noted that
the azimuthal controller is not operational during
the initial acceleration phase of the chair's
drive and whenever a turning command is given by
the operator.

POWER ON/OFF
SPEED SELECT

OPERATOR
COMMAND I SAFETY SWITCH |

INPUT

1l

MICROCOMPUTER

COMMAND DECODING
ACCELERATION LIMITING
AZIMUTHAL CONTROL

=~

E&J "33"
~ POWER UNIT

10

12 VOLT
BATTERY

il

BATTERY CHARGE
INDICATOR

Fig. 4. Block diagram of microcomputer-
based wheelchair control system

RESULTS

The sensitivity of the azimuthal controller
was determined by locking one wheel while rotat-
ing the other rear wheel until the counter
registered a difference of one. The change in
the orientation of the chair was the amount of
deviation to which the controller would respond.
Given that the distance between the rear wheels
was 22 inches, a change in azimuth of 0.10 degree
from its original orientation could be detected
and would have resulted in a corrective response
had the controller been engaged.

To obtain a quantitative measure of the
efficacy of the azimuthal controller, six trials
were run with the wheelchair driven along a labo-
ratory corridor with and without the controller
operating. The chair was driven without correc-
tive turns until it encountered one of the
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corridor's walls or traveled a maximum distance
of 100 feet. As a measure of performance, the
perpendicular distance from the ideal straight
path to the final position of the chair was
measured and divided by the projected distance of
travel along the ideal path.

For six trials without the azimuthal control-
ler, the mean ratio of the deviation to the pro-
jected distance traveled was 0.110. With the
azimuthal controller, the mean ratio was 0.002.
Without the controller engaged, the wheelchair
could not traverse more than 30 to 40 feet
(deviations of 3.3 to 4.4 feet) before a wall was
encountered. With the controller engaged, the
wheelchair traversed the entire 100 feet without
significant deviation. |If the travel distance
without the azimuthal controller was extrapolated
to 100 feet, the amount of deviation would be 11
feet, compared to a mean value of 0.2 feet (2.4
inches) with the controller.

The corridor tests indicated that the con-
trol scheme was adequate to correct for deviations
due to differences in the drive systems and due
to slightly uneven surfaces. To verify that the
chair with the controller could traverse an
inclined surface, the chair was driven along
sloped sidewalks in the vicinity of the labora-
tory. Qualitatively, the azimuthal controller
was able to compensate for slight to moderate
sidewalk pitches.

On signfficantly pitched sections of the
walk, however, such as-driveways leading into
the street, the perpendicular component of the
gravitational vector overpowered the torque
produced by the drive system and the chair would
turn with the slope. Observations revealed that
the azimuthal controller was providing the maxi-
mum correction factor; one motor fully off and
dynamically braked, the other motor fully on
driving against the slope. |In spite of the
azimuthal controller, gravity was forcing both
wheels to rotate and the state of the drive
currents to the motors was no longer relevant.
Because the controller was still operating under
this extreme condition but the motors were in-
effectual, use of a more powerful drive system
would probably produce significantly better
results.

CONCLUSIONS AND RECOMMENDATIONS

The described azimuthal control scheme was
shown to be effective in maintaining the intended
direction of travel over uneven surfaces and over
slightly to moderately pitched sidewalks. The
system was also able to compensate for differences
in the electromechanical drives to the rear
wheels and the effective diameters of the tires.

Although adequate for this study, the fric-
tion mounted sensors were determined to be im-
practical in a final design. For a given
increment of time and angular velocity of the
wheel, the number of pulses produced by the
sensor was dependent on the angle between the
longitudinal axis through the sensor and the
tangent in the plane of the wheel at the point
of contact between the wheel and the sensor. A
sensor mounted in contact with the outside surface
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of the tire is also susceptible to error due to
materials picked up by the tire, such as mud,
snow, gum, etc.

Present work with the azimuthal controller
has been involved with the application of the
concept to the faster and considerably more
powerful model 3P E & J, 24 volt, powered wheel-
chair. The wheel displacement sensors on the 3P
chair are commercially available electro-optical
velocity encoders mounted on the chair's frame.

To eliminate the alignment problem of the friction
mounted sensors, the newer sensors are geared to

a large ring gear mounted on each wheel. This
approach also prevents materials picked up by the
tires from interfering with the sensors' operation.

The improved performance characteristics of
the model 3P chair over the type 33 chair are
expected to enable the user to traverse steeper
inclines without gravity overpowering the chair's
drive systems.

Based on this project, an upgraded version
of a powered wheelchair with azimuthal control
could remove some of the difficulty in operating
a powered chair in a non-ideal environment, and,
as a result, increase the effectiveness and range
of the chair's operator. |t is possible that such
a system may also make powered wheelchairs avail-
able to potential users whose degree of disability
makes control of a powered chair impractical at
this time.
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AN IMPROVED HEAD CONTROL FOR ELECTRIC WHEELCHAIRS
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ABSTRACT

The paper describes a modification to the head
control system previously developed at the
Rehabilitation Institute of Montreal for elec-
tric wheelchairs using potentiometric propor-
tional control. The main advantage is that a
standard electronic controller module may be
used because all the necessary electronics are
contained in the head control unit. A single
switch enables the quadriplegic to select
Forward, Off or Reverse. The head control

has only one cable, simplifying its attach-
ment or removal from the wheelchair.

INTRODUCTION

The well-known head control developed by
Lozac'h (1) at the Rehabilitation Institute
of Montreal uses a modification of the standard
proportional control potentiometric joystick.
This head control has benefited many quad-
riplegics by providing them with independent
mobility. The system has been employed by
Everest & Jennings for head control of the
model 33B electric wheelchair (2). This head
control system requires a specially modified
electronic controller module in addition to the
specially constructed control box.

In a wheelchair program which includes both
head control and hand control wheelchairs from
one manufacturer, it is desirable for all of
these wheelchairs to make use of the same
standard electronic controller module. This
makes interchange of modules between different
wheelchairs easier and avoids having to stock
more than one type of module.

The head control system described in this
paper makes use of the standard electronic
controller module provided for potentiometric
joystick-control wheelchairs. The only changes
required are in the control box which not only
has mechanical modifications similar to the
Montreal head control but also incorporates
all the necessary electronics.

CONTROL BOX MODIFICATIONS

The mechanical changes to the joystick box
are virtually identical to those described by
Lozac'h (1). However, the Montreal head control
uses two separate shoulder switches for Forward-
Reverse and On-0ff operations. 1In the design

described here, only one switch is required and
successive operations of the switch cause the
chair to step through the sequence .+.Forward,
Off, Reverse, 0Off ...

The electronics has to be flat and compact to
fit inside the control box and therefore uses a
low profile 12-volt four pole double-throw relay
(Potter & Brumfield T10-E2-Y4) to achieve forward
and reverse selection by interchanging the end
connections of the potentiometers. This relay
and the remaining electronics are mounted on a
small circuit board which is attached to the
inside of the control box housing.

ELECTRONIC CIRCUIT DESCRIPTION

A circuit diagram of the electronics for a
24-volt system is given in figure 1. The circuit
for a 12-volt system would omit the Zener diode
D2. The pushbutton switch operated by the quad-
riplegic is of the latching double-pole double-
throw type. One pole (Pl) is in series with the
main on-off switch of the control box and
successive operations of the pushbutton cause
the wheelchair to follow the sequence ..., On,
Off, On, Off .... The other pole (P2) provides
clock signals for a dual D-type flip-flop circuit
contained in a single CD4013 integrated circuit
package. This dual circuit behaves like a single
bistable flip-flop without the need for a contact
bounce eliminator 