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# ALL PROSTHETIC AND ORTHOTIC
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TO ACCEPT SOME INCONVENIENCES:
AND DISCOMFORT. IN RETURN,
THE DEVICE MUST SIGNIFICANTLY
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I Introduction

This report is concerned wifh identifying feasible and practical
applications of space teleoperator technology for the pfoblems of the
handicapped. The scope of the study was. limited to:

. Space feleoperator’technology applications or areas where

research and development, being conducted by or for NASA
for space teleoperator systems, is directly applicable to -

. Problems of the handicapped, specifically those who have

limitations or deficiencies in their manipulative, loco-
motive, or sensory capabilities.

A teleoperator system is defined by NASA as. a 'remotely controlled,
cybernetic, man-machine system désigned to extend and aﬁément man's sen-
sory, ménipulative, and locomotive capabilities." The iﬁportant attri-
butes of the teleoperator system-%hich’serve to differentiate it from
other advanced space éystems are that it is remotely controlled by man,
and that it exists for the purpose qf extending man's physical capabilities
beyond his physical presence. A teleoperator system usually incorporates
remote sensors (visual and tactile), remote manipulators,.remote control,
and a mobility unit.

Based on a consideration of teleoperator systems, the scope of the
study was limited to an invesfigation of these handicapped persons limited
in sensory, manipulative, and locomotive capabilities. If the technology A
being developed for teleoperators has any‘direct application, it must be
in these functional areas. | |

As thé progress of technology development proceeds at differing rates
and along differing lines in different fields of specialization, the number

of technology traﬁsfer studies of this kind will increase. Such studies

sometimes reduce to identifying an equipment item developed for one use,



and then finding a place to apply the item for a different use. One problem
with this approach is that since the item was developed specifically for the
original use, its application for the second use must be something less than
‘optimal. A second problem with this specific technology item application
approach is that it fails to consider the total problem involved in the
second use of the item and attempts .to resolve only one paft of that problem.
This may result in only a partial or inadequate solution.

The approach taken in this study to circumvent the problem of seeking
to apply an équipment item developed for one specific use té a different
purpose was to deal with technology concepts rather than with actual designed
equipment. Thus, the study did not investigate the applicability of space
manipulatérs as such for the handigapped, but rather attempted to identify
applications of manipulafor technology, including conéeptual approaches for
manipulator configurations, actuators, end effectors, and control systems.
In considering applications at the conceptual level rather than at the design
level, full use may be made of the innovative approaches developed for space
applications when investigating their_potengial‘benefit for tﬁe handicapped
- without being limited by the constraints imposed by a specific design approach.

This study attempted to resolve the second difficulty prevalent in tech-
nology transfer investigations, i.e., that of focusing on limited (but appli-
cable) aspects of the problem by using the systems approach. This approach
demands that the technology application be viewed as part of a total system
“with all of its characteristic inputs and outputs. Second, the systems
approach provides a structure for identifying and describing not only the
operations and elements of the system but also the interactionms, dependencies,

.

and relationships (both temporal and spatial) among operations and elements.



Finally, the systems approach places pfime importance on the careful and
comprehensive identification, analysis, and integration of‘functionallrequire—
ments and constraints.

The significant problems to be encountered in attempting to identify
applications of space teleoperator system technology to the handicapped
. result from differences in the two areas ‘(space operations and rehabilitation),
and from wide disparities between the two in resource availébility (especially
dollars). Space teleoperator systems are being designed to retrieve and
service satellites on orbit,.to transfer and handle cargo, and support on-
- orbit experiments. The common link between these teleoperator missions and
the rehabilitation problem is that both require some sort of augmentation to
the capabilities (natural or degraded) of man. In space the augmentation is
provided through remote sensing and control. For the handicapped, the augmen-
tation is provided to restoré lost capability. The handicapped individual may
bellocated distally from his worksite (as in the teleoperator operation), or
he may bg proximally located. 1In either situation it is expected that tech-
niques and technologies being inves;igated for teleoperator systems, espe-
cially in the area of control systems and controllers, have appliéation to
‘particular problems of the handicapped.

A constraint imposed on the development of systems for the handicapped
is that such systems should enable the handicapped person to perform an acti-
vity in a manner as close as possible to .the way that activity is performed
by a normal person. This constraint results from two separate althOugﬁ
V rela£ed factors. First, the handicaﬁped person generally prefers to live
his life in a manner which does not call attention to him as being different.

v

Secondly, the objects and artifacts which he must handle, manipulate, and



use In his everyday activities are designed for use by the normal person,
having normal manipulative, locomotive, and sensory capabilities. This is

not to suggest that consideration should not be given‘to modifying or redesign-
ing objects to facilitate their use by a handicapped person. Rather, it
focuses attention on the fact that for a handicapped person to function effect-
ively in the modeén world, he will need the capability, to some degree, to
interact with elements of his immediate environment which were not designed
to interface with his specific aid or device.

The scope of this study was not to develop concepts for systems for
the handicapped. Rather, the scope was limited to identifying areas of
space teleoperator technology which are analytically determined to have
applicatidn to the problems of the handicapped, and to devélop concepts for
" rehabilitation systems based on thése applications.

The next section of this report describes the teleoperator technology
efforts currently being pursued within NASA. Section III describes the
needs of the handicapped and develops, based on these needs, the objectives
of the rehabilitation system. Attention is then focused on requirements
identified for the system and for the handiéapped person interacting with
vthe'system. Finally, the section describes problems for the handicapped in
terms of limited or defipient capability to satisfy requirements without the
augmentation provided by a rehabilitation system.

Section IV describes the state of technology in the fields of pros-
thetics, orthotics, and sensory aids. Capabilities restored~by differeﬁt
device or system concepts are identified. Limitations of existing devices
are also established as problem areas, either where the device fails to be
- fully effective, or where its use causes additional problems for performance *

of intended or desired activities. These limitations might'affect the safety
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of the handicapped individual using the device or his comfort or convenience.

The fifth and final section of this report describes feasible and prac-
tical applications of teleoperator technology for the problems of the handi-
capped. Design criteria are presented wifh each applic;tion and a development

plan is established to bring the application to the point of use.



II Space Teleoperator Technology

Overview

Remotely controlled manipulétors, called Teléoperators, are being
developed by the National Aeronautics and Space Administration to per-
form operations:in space under the control of man who may be located at
some distance from the work area. This permits NASA to combine the ad-
vantages and unique capabiiities of man and machine aé an adjunct to
man's operations in space. The Teleoperator system combines the decision
making and adaptive abilities of the man with the strength, endurance,
durability, and expendable nature of the machine. The purpose of remote
manipulators is not to replace man but rather to enhance‘and extend his
.capabilities into areas'where'he.is not ready to enter physically but
where his intelligence is required. For example, the teleoperator would
augment and assist the man in situations where his physical presence pre-
sents hazards to his safety, where his actual presence is not required to
satisfy mission 6bjectives or where his involvement enhances the effective-
ness of what would be essentially an unmanﬁed systeﬁ.

The ﬁeleoperator system includes both men and machines in a symbiotic
relationship. Man processes the information sensed in the remote environ-
ment, decides on a course of action and provideé the control to the remote
teleoperator. The teleoperator itself is at the actual worksite. It senses
the environment and accomplishes the required work. In this way, man and
teleoperator work as a team, each contributing unique and significant capa-
bilities and each depending on the other to achieve the common goal.

The use of teleoperators is not new to NASA. The Atomic Energy Commission

has used them extensively to handle radioactive materials since the 1940's.
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NASA used an early form of the teleoperator in the 1965 Surveyor -exploration
of the moon when a remotely controlled scoop on an unmanned vehicle scooped
up a portion of the lunar surface to permit examination of lunar soil structure.
However, with the advancements in NASA developed technology, teleoperators
now in planning will be required to perform much more complex tasks including
elements of on—bdard inteiligence in order to réduce dependence on man for
direct control.

A newly formed team at NASA, chaired by Dr. Stan;ey Deutsch, has
identified feasible missions for the teleoperator and the technology develop-
ment requirements. The feasible missions generally include three types:

Operations in low and synchronous earth orbit
Exploration of the moon or Mars

Exploration of deep space and the oqter planets

Teleoperators under consideration for carth orbital operations are
usually associated with the space shuttle and also are of three classes. The
first class is the shuttle attached'manipulator which ié a large boom mounted
to the exterior of the shuttle, controlled by a man located within the
shuttle. This boom performs such activities as transfer of cargo to and from
the shuttle, maintenance and servicing of satellites and assembly of modules
in space. A second earth orbital teleoperator, which can also be used in
. conjunction with the shuttle, is the free flying system. This deQice is a
small, unmanned vehicle with manipulator arms, sensors, and propulsion systeims
attached. The vehicle, controlled by the shuttle crew, can fly from the
shuttle to satellites and spacecraft in the vicinity to perform such missions
as maintenance and repair and satellite retrieval. The third class of earth
orbital teleoperators represents an extension of the free flyer in that it .

too can be launched from and recovered by the shuttle. This system can be



either manned or unmanned, includes manipulators, sensors and expanded
propulsion capability, and can achieve geosynchronous orbit for satellite
support operations as part of the space tug system.

In lunar or Mars exploration missions, two types of ‘teleoperators have
been discussed. The first class of lunar or Martian teleoperator includes
systems which are stationary on the surface and which sample and sense the
immediate environment. The second category includes the unmanned rover which
drives about the surface collecting samples, mapping the sufface and perform-
ing experiments;' In each of these~g1asses, man is included in the system
as the controller/supervisor and he is located remotely from the actual site,
either on earth or inieérth orbit.

Teleoperator development efforts are proceeding at Marshall Space Flight
Center, Huntsville, Alabama, on the shuttle free flying teleoperator. Work
is underway at the Manned Spacecraft Center, Houston, Texas, to develop
the shuttle attached manipulators and booms. Much of the research and tech-
nology required for planeéary and deep space missions is being developed at
‘the Jet Propulsion Laboratory, Pasadena, California.

Advanced teleoperator technology problems are being resolved at the Ames
Research Center, Moffet Field, California.

The significant areas where teleoperator research and technology
development is required include sensors, manipulatérs, actuators, control
‘'systems, and mobility, éach of which are concerned with the man/machine
interface. Sensors under development include video systems, touch sensors,
force seﬁsors and environment sensors. Manipulators include mechanical arm-
like devices, grapplers, surface samplers and end effectors or tools for
performing required mission operations. Aétuators include hand and finger- '

like devices to perform tasks. Control system technology includes use of
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computer aided devices for manual control of manipulators, free fliers,
sensors and support systems. Control technology for planetary teleoperators
also includes artificial intelligence, which involves development of tech-
niques of machine learning and adaptive control for proﬁiding some level of
semi-autonomous behavior for systems located too far away to be controlled
directly. These gpproaches provide the teleoperator with a limited amount
of on-board intelligent behavior. Mobility System technology comprises
integration of subsystems and development of navigation, guidance, and pro-
‘pﬁlsion oY locomotion systems. The man/machine interface area includes all
aspects of the effort to integrate the human operator with the system hard-
ware and software. On the machine site this involves worksite technology,
manipulatbr/effector technology, and controllers and dispiays. On the man-
site the technology area includes.sensory,feedback, determination and main-

tenance of skills and skill levels, and measurement of operator workloads.

Teleoperator Technology Requirements

The specific technology requirements in each of the six teleoperator
technology areas listed above are described-in the following sections.

1. Sensor Technology

The overall objective of the sensor system is to acquire and process
inforhation concerning the remote environment,  the worksite, or the tele-
operator itself. The most important sensof for the teleoperator as for
the man is the visual system. This system includes television cameras,
picture processing, television displays, lighting, markings and aids at
the &orksite and at the display, and the operator himself. Specific tech-
nology efforts associated with visual system development include determi-

nation of design criteria for cameras, communications, processing displays,



illumination; and markings and aids.

The technology development activities currently being implemented by
NASA for the teleoperator visual system are being conducted primarily by
Marshall Space Flight Center (MSFC), for the range of earth orbital tele-
operator systems and missions, by the Johnson Space Center (JSC), for the
shuttle attached manipulafor system, by the Jet Propulsion Laboratory (JPL),
for planetary teleoperator systems, and by the Ames Research Center, for
advanced technology. The visual system work being accomplished and planned
at MSFC involves the conduct of man-systems simulation investigations to
initially define and describe the basic human operator performance capability,
and then to develop design concepts and criteria for each subsystem of the
visual system for each teleoperator mission. -Advanced system concepts will
investigate the use of computer generated graphics, flat screen displays,
alternate techniques for presenting stereoscopic or three-dimensional infor-
mation, and integrated display techniques. Efforts at JSC and JPL are more
specifically concerned with visual requirements for shuttle attached tele-
operator missions and planetary rover operations respectively.

. The~tgchnologies being developed for non-visual teleoperator sensor
systems include navigation sensors, ranging and proximity sensors for obstacle
avoidance, environment sensor;, analysis sensors, épatial orientation
sensors, and sensors for acquiring feedbagk.concerning manipulator operations,
including force feedback, kinesthetic feedback or arm-effector position and
orientation, tactile or contact feedback, and grip integrity feedback. These
'sensor technologies involve adaptation and integration oflexisting and |
advanced technology development efforts for radar systems, lazers, force/
torque measuring gystems, navigation and guidance systems, and accelerometers'

and rate measuring systems.
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3. Actuator Technology

Actuators and driﬁes for-space manipulafor systems include electrical
motors or hydraulic drives. Specific technology efforts in this area will
probably be limited to adapting technologies developed for other systems.

End effector technology work involves investigation of simple prehension
devices, articulated graspers, and general or special purpose tools. NKASA
teleoperator technolégy deve;opment efforts are proceeding at MSFC to develop
concepts and criteria for satellite capture grasperé, an articulated three-
fingéred mechanical hand for high precision and dexterous activities,
mechanically activated triggered hands, and a set of replaceable plug-in
hand tools to serve as end effectors.

Worksite interface technology efforts are concerned with developing
design concepts ‘and criteria for'fhe elements of the worksite which are
physically contacted, held, manipulated, or otherwise used, by the manipulator/
effector system. These includevhandholds, attach points, latches and locks,
switches and control devices, fasteners and connectors, and module rails and
alignment.aids.

4. Control Systems

The efforts being accomplished for development of teleoperator control
system technology are concerned with control of manipulators, mobility systems,
and sensor systems. Manipulator control concepts under investigation range
from direct manugl control through compﬁter aided control and supervisory )
control to adaptive control. In the manual mode, all control inpufs aré from
the human operator via a controller. Advanced controller concepts are being
developed by MSFC, MSC, and Ames ﬁesearch Center. Controller design concepts
are of tw§ generaI types: individual manipulator joint control and integrated-

control. In joint control, the operator controls each degree of freedom of
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the arm individually to position the terminal device at the desired location
and orientation. Examples of this class include pushbutton and switch control
and étick controllers. The integrated control class includes concepts which
require the operator to attend only to the position of the end effector with
the motion of the arm following the control of the tip. Examples of this
class include miniature replicas, analog controllers, and mastgr—slaVe or
exoskeleton controller configurations.

In computer assisted control some portion of the control task is per-
formed by the computer. One promising technique of computer assisted control
incorporates an advanced version of integrated control déscribed above. The
operator controls the position, orientation, and rate of change of the end
effector, wﬁile the computer controls the manipulator degrees of freedom to
position and orient the effector as commanded. Several controller cbncepts
for this approach have been developed for, and are being evaluated, by MSFC.

Supervisory control involves having the human operator select a control
sequence and activate it.- The sequence is then performed in a pre-programmed
fashion by the computer. This modé of control-was employed in the NASA
Surveyor System which performed remote sampling of the lunar surface in 1965.
It was also used on the Russian Lunokhods I and II which were unmanned remotely
controlled lunar roving vehicles placed on the moon in November 1970 and
January 1973 respectively. |

Adaptive control is similar to supervisory with the exception that the
computer or logic system learns to perform required operations in the rémote
environment rather than carrying programs for control of these operations.
Such control becomes a requirement for teleoperator systems operating at the
great distances of Mars and deep space, where the time delay in telecommuni- -

cations becomes excessive. In the case of a vehicle on the surface of Mars,
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communication time delays of up to 40 minutes can be expected.

While the emphasis for manipulator control is on the use of hand controllers
or computer coﬁtrol to some degree, other techniques are being investigated for
control of visual system components, such as camera angle, zoom, and transmission
mode. Concepts involving the use of sight switches, head aimed TV, and photo
sensitive switcﬁes are being investigated. In the latter éoncept, an operator
would direct a beam of light (by head motion) to the appropriate cell of a
matrix of lightlsensitive switches to affect the desired control switching.

5. Mobility Systems

The two basic requiremenfs in ‘the mobility system technology area include
develbpment of concepfs for the actual teleoperator vehicle and integration
of vehicle structures and support systems with sensors and manipﬁlators. Work
. 1s proceeding at MSFC on the mobility system for the shuttle free flying tele-
operator. Work has been done and is proceeding both at MSFC and JPL on lunar
and planetary roving teleoperators. These systems will incorporate wheel or
track locomotive systems ;nd an array of special sensors and manipulators.

6. Man-Machine Interface

Since the teleoperatof system always includes man to some degree,.pri—
marily in the control input and information processing eiements of the control
system, the man-machine interface technqlogy for these systems takes on added
significance. The primary areas of interest include: development'of control
and display concepts and criteria; specification of operator skills, skill
levels, and workloads; and developmenf of man-system simulation and evaluation
technology.

| Efforts in the control and display development are closely associated

.to developments in the teleoperatdr control system and sensor system technology

‘areas. These efforts are basically concerned with the integration of these
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elements and the derivation of design concepts for data formats and rates,

controller handling qualities and response characteristics, display aids,

_ and workspace arrangement and layout. At a more basic level, the man-machine
interface efforts are concerned with establishing systeﬁ performance require-
ments, .allocating system functions to man or machine, specifying the role of
man in the system, and developing position descriptions for each operator
in the system.

One of the more important technologies being advanced by teleoperator
systems development involves man-systems evaluation. At present, full scale

. simulation programs are underway to investigate human operator capabilities
and requirements in teleoperator systems at MSFC, JSC, and JPL. At Marshall,
four separate teleoperator technology laboratories have been established,
.concerned with: visual system studies; Eomputer based dynamic investigations;
mobility system studiés; and manipulator syétem studies. At JSC a model of
the shuttle attached manipulator is being used to investigate control
capabilities of the man. At JPL a number of studies are underway to investi-~
gate the requirements of man and computer in the control of a planetary
roving teleoperator system.

This description of current teleoperator technology efforts.is admittedly
broad and general. The intention in this section was to provide some orien-
tation to teleoperator technology efforts and requirementes as a base for the

°

technology application to be discussed in the final section.
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II1 The Handicapped - Needs,
- Requirements and Problems

The scope of this study is limited to a consideration of the handicapped

- who sﬁffer deficiencies in one or more of the following functional capabilities:
manipulator, locomotion, or sensation. This would include: those who are limb
deficient (amputees and persons with congenital 1limb deficienciés); those who
have lost the use of one or more limbs through spinal injury, stroke, or
disease; those who have abnormal 1limb function (palsy, arthritis); and those
who have lost thé use of one of their primary senses (vision, hearing, touch,

or kinesthesis).

The Handicapped

The handicapped persons of céncern in this report include esséntially
those with paralysis, absence of a major extremity, visual impairment, and
hearing impairment. The incidence of these handicaps was reported by the
Department of Health, Education and Welfare in 1968. The statistics, in

terms of rate per 1,000 persons in the general population, are presented below:

Type Ratio per 1,000 Population
Paralysis 8.1
Absence of major extremity _ 1.4
Visual impairments 28.8
Hearing impairments 45,7
Other impairments of limbs, - 94.8

back, trunk
The HEW report, in addition to citing the incidence of major handicaps,
also indicates that there has been a marked increase in the prevalence of
defects over the period 1957-1965. The only handicap which has not increased

in incidence over this period is the absence of extremities (1.7 in 1957).
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The proportion of males and females who suffer some limitation of activity

is comparable, Howevef, a much greater proportion of males are completely
unable to carry on major activities as compéred with females (34.4 vs. 23.8%
respectively). The proportion of paralyzed individuals who are limited in

their activities increases with age, with 50.7%7 of paralyzed individuals

being limited in the under 45 aée range, 61.57 for the 45-65 age category,

and almost 75% for the over 65 group. This latter statistic means fhat 3 out

of 4 over 65 paralyzed persons are limited in performing major activities. of
these, slightly more than half are completely unable fo perform major activities.

2. Absence of Extremities

The HEW study reports that 257,000 persons suffered from the loss of a
major extremity (arm, hand, leg or foot). Of these, 86% were males and only
147 were females. The rates per i,OOO population for males and females were
2.4 and .4 respectivély. A total of 69.3% of persons deficient in one or more
limbs was less than 65 years of age, and 83.3% were classified as white. 1In
terms of income, 36.67 of the limb deficient fersons earned less than $3,000
per year (25.8% for persons under 65 years of age, and 60.8% for those over
65). Limitation of activity was reported for 61.1% of the limb deficient
individuals (50.77% for those under 45'years of age and 65.6% for those 45 and
older). The etiology of limb deficiencies was injury in.70.82 of the cases in
the 1965 HEW study. |

Other studies indicate that pefipherél vascular disease is now the most
common cause of lower-extremity amputation. A Swedish study by J: Hanséon
covering the Western world shows that amputations due to peripheral vascular
disease increased from 2% of the total in 1926 to 57% in 1955. H. W. Glattly
listed vascular disease as the primary cause of amputation in 54.75 of males ’

and 69.9% of females in a 1964 study of 12,000 new amputees in the United
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States. The Committee on Prosthetics Research and Development of the National
Academy of Sciences shows that 687 of the current amputee population of

311,000 in the U. 'S. are lower-—extremity amputees and 70-90% of those (48-61%
of the total) are secondary to peripheral vascular disease. McCollough, et al,
who cite the three previous reports, also note in their own study of 625 lower-
extremity amputations that 867 were secondary to peripheral vascular disease
and nearly 707% were over 50 years of age.

The New Yprk University Post-Graduate School Text on Lower-Extremity
Prosthetiés notes that lower-extremity amputatioﬁs exceed upper—extremity ampu-
tations by a ratio of 85 to 15, and that the leading cause of all amputations
is disease (507%) rather than trauma (33%).

3. Non-paralytic Orthopedic Impairments

The HEW study defines other defects to limbs, back, or trunk as excluding
deformities and disc conditions, and including: limitations of motion; stiff-
ness (complete or partial); flail joint; instability of joint; ill-defined,
.symptomatlc but chronic difficulty, weakness, trouble, pain, swelling, limping,
involving muscles, joints, limbs, back, or trunk, of unknown cause or due to
healed injuries three or more months past or to past or now inactive diseases.
The report states that 17.7 million persons suffered such disorders in 1965.
Of these, 36.67% reported problems with the back or spine, 16.52 had upper
extremity problems, and 37.3% had lower extremity problems. |

The etiology of these problems was ihjury in 69% of the cases, and
congenital or birth defects in 6.47%. For upper extremity impairméhts, 33.6%
were caused by injury, while 4.5% were due to congenital or birth defects.

For the lower extremities, injury was cited as the cause in 71.8% while con-
genital or birth defects resulted in 11.1%. For back and spine problems, :

56.97% weré due to injury while 3.7% resulted from congenital or birth defects.
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A total of 73% of all defects were due to injury for males while 64.47%
were attributed to injury for females. The proportion of impairments due to
congenital or birth defects was identical for both males and females. There
is no relationship between incidence of these impairments and annual income
of the disabled person.

In terms of ;he degree to which impairments limit the ability to perform
activities, the following statistics were noted:

For all impairments:

Limitation of activity - 21.7%
Unable to do major activity - 2.9%
Limitation in amount or kind - 13.0%

Back or spine:

Limitation of activity - 27.3%
Unable to do major activity - 2.5%
Limitation in amount or kind ~ 17.6%

Upper extremity:

Limitation of activity - 13.7%
Unable to do major activity - 1.7%
Limitation in amount or kind - 8.8%

Lower extremity:

Limitation of activity - 20.07%
Unable to do major activity - 3.6%
Limitation in amount or kind - 10.6%

Other and multiple impairments:

Limitation of activity - 33.47%
Unable to do major activity - 5.6%
Limitation in amount or kind - 19.9%

4. Visual Impairments

The HEW Report classifies 5.4 million persons as being visually impaired
in 1965. Of these, 567 were females, and 467 were 65 years of age or older.
Of the total number of visual impairments, 1.2 million (22%) were classified'
- as severe (inability to read ordinary newépaper print with glasses, and

impairment indicating no useful vision in either eye). Of the severely
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impaired, 63Z-are females and 69% are 65 or older. In terms of income,
. 60.67% of the severely impaired have a family income of less than $3,000
per fear.

The impact of severe visual impairments on the capability to perform
everyday activities is such that 53.67% of individuals severely impaired are
limited in their activities, with 27.67 of these being unable to carry on major
activities while 21.3% are limited in the amount or kind of major activities.
The impact of impairments is greater for males than for females, with 38% of
males and 227 of. females being unable to perform major activities. Persons
who are severely impaired and who afe over 65 years of age are unable to
perform major activities in 31% of the cases.

5. Hearing Impairments

As reported by the HEW study; in 1965 there were 8.5 million persgns
suffering hearing impairments in the United States. Of these, 567 were ﬁales
and 58% were less than 65 years old. A total of 117 of the general population
less than 65 years of age were classified as having hearing problems while
48% of the 65 or older population was so classified. Of this latter group,
32% were 75 or older. The actual etiology of hearing impairments is establishedl
in only 28% of the cases and, of these, 20.5% are due to infection with 7.6%
due to injury. A total of 36.6% of the persons with hearing défects had a
family income of less than $3,000 per yéar. Fbr $4,000 of less, the figure
was 46%.

Hearing impairmenté do not have a major impact on the capability té
perform activities, with only 5.4% suffering limitations to activities and

1.7% being unable to perform major activities.

Summary

‘The data from the HEW study indicates that 2.75% of the general population
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are limited in their capability to perfofm normal activities due to paralysis,
deficiency in limbs, and non-paralytic orthopedic impairments. To these can
be added .6% of the population who are functionally limited due to sensory
impairments, and we have a total of 3.35% of the population handicapped to the’
extent that they are limited in tﬁeir ability to perform activities.

The proportion of persons affected with each type of handicap who are

limited in their everyday activities is summarized below:

Proportion of those

Type of Handicap Limited in Activities
Paralysis 60.9%
Absence of major extremities 61.1%
Non-paralytic orthopedic impairments 22.9%
Affecting back or spine 27.3%
Affecting upper extremities 13.7%
Affecting lower extremities 20,0%
Other and multiple disabilities 33.4%
Severe visual impairment 53.6%
Hearing impairment 5.4%

As indicated by these data, persons suffering paralysis, absence of
major extremities, and severe visual impairments are the most handicapped
in terms of the proportion of persons who are limited in performing activities.
For the handicaps associated with paralysis and absence of extremities, 67 of
10 personé so afflicted are limited in their capabilities. Over balf of the
persons suffering severe visual impairments are limited in terms of their
capabilities to perform normal activities. Almost one person in four who
have non-paraiytic orthopedic impairments are functionally limited, while
only one in twenty persons having hearing impairments are limited in their
normal capabilities.

An important benefit to be derived in applyiné the systems approach is
that design concepts.are based on the set of integrated system requirements,
Relying on requirements not only reduces the time required for conceptual

design but also reduces the number of, and cost of, concepts which when fabri-
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cated are found not to be effective.

The careful identification of system requirements also facilitates the
identification of problems for the handicapped. Such problems are of two
types: those problems associated with the disability itself, in terms of
reduced performance effectiveness or safety;-and those pfoblems associated with

the effectiveness, or lack of effectiveness, of the system for the handicapped.

Needs and System Objectives

The primary need of the handicapped person is for independence. The
Britannica World Language Dictionary defines the word "handicap' as any dis-
advantage or hindrance making success in an undertaking more difficult. To
the degree that a peréon is hindered in performing a task, he is dependent on
someone else to assist hiﬁ. If means were provided to enable a quadriplegic, who
has lost all use of his four limbs, to function independently of outside help,
that person could no longer validly be designated as being handicapped or
disabled. Such restoration of function is the objective of rehabilitation
and the essential activit§ in rehabilitation is enabling independence in daily
living.

It might be argued that causing a handicapped person to rely or depend
on a mechanical device to perform his required functions-is really not making
him independent. Actually, man depends more and more on mechanical aids in
his everyday life. He depends on transportation systems to take him whefe his
legs cannot. He depends on the telephone to carry his voice to great distances.
He depends on typewriters, ovens, elevators, oil well machinery, etc., without
ever feeiing dépendent on these machines. Dependency is an inter-personal
relationship which connotes reliance, and, to some degree, subjugation. Case
histories of disabled individuals are repleat with the psychological problems’
-attendant on dependency on another person for even the most basic of human

functions.
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Given the need for independence, the first objective of a system for the
handicapped should be that the system enables the person to be independent, to
be sufficiently competent to perform required or desired activities without the
assistance of another person, i.e., to cease being handicapped in the dependency
connotations of the term.

The second importantvneed on the part of the handicapped is for a full
capability of performing his required or desired activities effectively,
safely, and with some degree of comfort. While no devices will return him to
the full levels of dexterity, mobility, or sensory discrimination possessed by
the normal individual, devices are being developed which can enable him to
perform his daily activities with some degree of effectiveness and efficiency,
safely, and comfortably. Therefo#e, the second objective oan system for the
handicapped is to ensble the disabled person to perform his required and
desired activities wi£h effectiveness, with accuracy, with minimal time and
effort, with safety, and with comfort.

The third need of the handicapped is for normalcy. Any device, other than
those absolutely required and which are more or less commonly encountered (such
as a wheel chair), which calls attention to the user will be viewed with
disfavor by that user if he doesn't outright reject it. The handicapped person
desires to live in the normal.world in a normal way. This attitude is based,
not only on a desire for conformity, but aléo on expediency. The artifact
environment surrounding us today is specifically tailored to the use of the
human hand, and arms, legs, vision, hearing and locomotion. For a handicapped
person to cope in such an environment must require that hé interface with these
artifacts in a manner resembling the mode used by his normal neighbor. 1In

satisfying this need for normalcy, the system must achieve compromises with

the first two needs, independence and performance capability. Obviously, not
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all objects encountered in the everyday world will or should require complete
adaptation on the part of the handicapped system. Attention should be focused
on the engineering design of objects encountered in everyday life to facili-
tate their use by the handicapped, the aged, the encumpered, as well as the
"normal". Thus, public transportation systems should incorporate facilities
and design principals to make their services more accessible and acceptable

to the blind, the wheel éhair bound, the individual on crutches, the arthritic,
and the amputee.

While the design of public facilities, such as telephone booths, street
curbs, flights of stairs, etc., must take into consideration the capabilities
and limitations of the handicapped, it 1is obvious from past experience that such
consideration may not rank high in the planning of such facilities. Rather than
requiring the handicapped individual to wait patiently for a renewél in the
planning of public gccommodations, which would §iew their rights as equal with
those of the 'mormal", systems must be developed (and are being developed)
which enable the disabled person to cope with the world as it presently exists.
Therefore, the third objective of a system for the handicapped is that it
enables independent, effective, safe, and comfortable performance of activi-
ties in a manner approximating the normal., The essence of this objective is
that a device be designed such that it does not call attention to the user while
enabling him to interact with everyday oﬁjgcts and equipment items.

The fourth and final important need identified for the handicapped is' for
accessibility of objects in the environment. This need is usually reflected
in a need for mobility on the part of the disabled, ér a need for aided reach
and prehension, or a need for shape coding to enable the blind to recognize

objects. The patient restricted to a bed is severely limited in terms of the
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accessibility of objects. If he is limb deficient, paralyzed, or blind, the
limitation is compounded. The need for accessibility implies thét not only
must a person be able to reach the object, but that once obtained, the object
is configured or designed to facilitate its handling, operation, and use by
the handicapped person. This need represents an alternative approach to the
third objective since it requires, In some cases, special design features for
objeqts. The fourth objective of a system for the handicapped is, therefore,
that the system enhance and facilitate access to and use of required objects
and artifacts. |
The objectives of a system for the handicapped are as follows:

* The system should ensure a high degree of independence on the part
of the handicapped person.

* The system should enable the performance‘of required and desired
activities in a manner which is effective, safe, and comfortable.

* The system should emphasize the performance of activities in a
manner which approximates the '"normal'.

* The system should enhance the accessibility and use of objects used
in everyday activities.

System Requirements

The one idea common to the four objectives of a system for the handicapped
listed above is the need to enable the‘handicapped person to perform activities.
The four objectives may be summed by one system goal which is to enable and facil-
itate the performance of required and desired activities with efféctiveness, safe-
ty, and comfort, in a manner which is independent of outside assistance and which
approximates the normal, and which assures accessibility and usability éf objects
_and items needed to perform the activities. Precisely what activities should
the system enable? Obviously, the ultimate goal is to enable the handicapped per-
son to perform any activit& which he would be capable of performing if he was:

not handicapped. With the present state of technology this goal is still beyond
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our reach. A more practical approach is to ensure that the handicapped can
at least perform those activities identified as being important for daily
living.

The activities to be enabled by the system constitute the functional
requirements of the system. These functions describe what the system must do.
As such, they provide the framework for establishing the capabilities which the
system must possess. The level of capability which must be incorporated into
the system is derived from performance requirements, which define the accuracy,
time, and energy requirements associated with each system function.

Functional requirements or system activities were developed based on an
identification of what normal adult persons do in their daily lives. The
initial classification of functions resulted in the following list:

. Eat and drink

. Food preparation -

. Self care, including hygiene, waste elimination,
grooming, and sleeping

. Dressing and undressing

. Translocation and transportation

. Work and recreation

. Shopping

. Housekeeping and personal equipment care

Obviously, a large number of tasks can be identified for each of these
functions, some of which are dependent on the particular objects and systems
used to perform each function while others are more or less independent of
the means employed to complete the function. The tasks developed for each .

B

function will also differ in terms of their importance or criticality to the

performer. In recognition of the advantages of taking a functional approach
to describing the handicapped and of the importance of establishing priorities
of activities, R. P. Mcwilliam of the West Henden Hospital in London reported

° v

an investigation -of everyday tasks for use in prosthesis design and development
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(Bulletin of Prosthetics Research, Spring 1970). McWilliam state& that
prosthetics design should begin with a statement of all required functions and
Properties to be provided. A major portion of this statement would be a
list of the purposes for which the prosthetics was to be used. According to
this investigator, tasks should be specified in sufficient detail to enable
an analysié of the essential functions, which could then be described in
engineering terms as design data. The analysis should extract not how the
normal person does the tasks but rather the necessary conditions for their
performance.
| In the McWilliam study a small sample of able-~bodied doctors, engineers
and‘their families were surve&ed to identify the activities usually pursued
in everyday life. No consideration was given to job related or recreational
activities due to the expected variability in responses. The result of the
survey was essentially a functional specification for powered upper limb
prosthesis. Little or no consideration was given to loéomotion or sensory
disabilities. A listing of 625 tasks were compiled, each of which was then rated
by the respondent as being essential, useful, or trivial. A total of 23%
of the tasks were viewed as being essential, with 50% being useful and 27%
rated as trivial.

Based on the task list and priority assignmeﬁts reported by McWilliam,
a classification of functions and tasks was developed. This list of functions
and tasks included all of the activities cited by McWilliam as being either
essential or.most useful. To these were added tasks associated with genefal
work and recreational activities as well as locomotive tasks. The final list
numberedIZOS tasks. which aré presented in Table 1. |

For each task included in Table 1, performance requirements were identified.
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TABLE 1

Everyday Living Tasks Rated by Engen (1970)
As Being Essential or Most Important

FUNCTION/TASK

EAT-DRINK:

FOOD

Essential Tasks

Load spoon from jar, bowl, plate

Unload into plate, mouth

Impale with fork

Use fork as spoon

Use knife to cut, push, spread

Stir with spoon

Wipe mouth, fingers

Lift-tilt cup,. tumbler, wine glass, jug, bottle, nug
Pour from jug :

Important Tasks

Push with fork

Lift with fork

Peel fruit

Hold food with fingers
Serve soup

Open tab cans

PREPARATION:

Essentlal Tasks

Unscrew jar, bottle
Undo tin, packet
Hold kettle

Pour from kettle
Turn on cooker
Light gas cooker
Spooning

Undo milk bottle

Important Tasks

Lift dishes

Lift out cutlery, plates, cups, glasses, jars
Lift from hooks

Hold Saucepan

Lift 1id

Stir-turn
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Shake

Pull off lids - tops

Screw lids, corks

Pick up dishes, pans, food, small pieces
Undo butter packet, plastic film

Open oven door

Close

SELF CARE:

Essential Tasks

Wash:
Turn taps
Wash with towel
Dip towel in water
Squeeze
Teeth:
Unscrew tube
Squeeze-apply
Brush teeth
Hair:
Brush
Comb
Lavoratory:
Raise-lower seat
Unroll -pull off paper
Wipe
Flush
Arrange clothes
Position body
Handkerchief: '
Get handkerchief
Apply to nose
Wipe
Get tissue from box
Shave:
Apply 1ather )
Move razor over face
Makeup:
Undo lipstick
Apply makeup
Undo powder container
Undo cream container
Bed:
Get in-out
Push/pull bedclothing
Push/pull pillows
Turn while sleeping
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Important Tasks

* Wash:

Lift-replace towel

Lift-replace wash rag

Apply ointment - lotion

Rub any part of body
Teeth:

Clean dentures
Handkerchief:

Fold

Clean nose
Bathing:

Hold side of tub

Get into tub
Grooming:

Cut-trim nails

File-clean nails
Shave:

Handle electric razor

DRESSING:

Essential Tasks

Hold-insert head or 1limb
: shoes
socks
stockings
garter
girdle
bra
pants
trousers
jersey
shirt
coat
pajamas
nightdress
dress
slip
vest
Do-undo buttons, zipper,hooks
Tuck in - adjust
Lift-replace garments
Hang up skirt, coat, trousers
Put on watch
Put on boots
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Important Tasks

Do-undo tie, snaps, pins, laces, buckles, braces,
cufflinks, scarf, belt
Put on gloves
TRANSPORTATION:

Essential Tasks

Public:
Get money from pocket
Hand over money/ticket
Put in slot
Pick up from counter
Hold rail-strap
Ticket from purse
Open train door
Private:
Get in car
Operate windows
Operate car
Locomotion:
Move about room
Move on sidewalk
Cross streets
Climb stairs
Carry luggage

WORK/RECREATION:

Phone:
Lift-handle
Dial
Read:
Get book
Get magazine
Hold steady
Turn pages
Place on knee - table
Read ‘
Turn on light
Adjust light
Newspaper:
Fold - unfold
Handle - turn

Letters:
Open
. Pull out
Unfold
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Write:
Pick up paper
Write
Fold paper
Place in envelope
Seal
Stamp
Put in box
Radio - TV:
Turn knobs
Operate toggles
Handling:

' Office equipment
Packages
Tools

Doors:
Handle keys
Open doors
Operate bolt
Ring bell
Use knocker

Recreation:
Sports
Card games
Piece games
Puzzles
Painting
Drawing
Tooling
Handicraft
Ceramics
Electrcenics
Records

MISCELLANEOUS:

Essential Tasks

Phgimdm
Open-shut drawers, cupboards
Carry shopping bag

Important Tasks

Wipe spectacles

Put on-off spectacles
Wind watch

Two handled cupboards
Pushbuttons

Wind clocks

Set hands -~ alarm
Shut off alarm
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These factors included requirements under three categories: manipulation,
mobility, and sensation. The performance requirements were developed to
identify the motion, types of forces, precision, and sensory feedback require-
ments usually attendant on the performance of eéch task. The specific re-

quirements identified for each task in this analysis consisted of the following:

Manipulative Requirements:

Hand requirements

. Prehension or grasp - one hand or two

. Hand use other than prehension :

. Requirements for precise placement of the hand or hands

. Requirements for the application of force

. Requirements for high dexterity in handling or manipulating
objects associated with the task :

. Requirements for different hand configuration during
performance of the task, as dictated by the objects
encountered and the motions involved

. Requirements for applying twist force

. Requirements for applying push-pull force

. Requirements for wrist rotation or flexion

Arm requirements

. Requirements for elbow flexion or extension

. Requirements for shoulder rotation or extension
. Requirements for gross arm motions

. Requirements for fine arm motions

Mobility Requirements:
. Requirements for trunk mobility short of whole body mobility
. Requirements for whole body mobility
. Requirements for translocation

Sensory Requirements:

+ Requirements for visual feedback
. Requirements for kinesthetic feedback

The level of each requirement for each task was determined on a three
point scale, such that a rating of:

0 indicated no requirement _

1 indicated a potential requirement, depending on the objects
used and the circumstance of use

2 indicated a definite requirements
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The results of the performance requirements analysis for each of the 205
tasks are presented in Appendi# A. 1In this appendi# the designator of "level"
immediately under the function title indicated the priority of the list of
tasks, with an A level including those tasks cited by McWilliam (1970) or judged
by tie present authors as being essential while a B rating comprises the tasks
judged to be important.

A summary of the requirements listed in Appendix A is presented in Table
2, Inspection of this table reveals some interesting requirements. While it
is not surprising that a large proportion of the tasks require prehension
(94%) since most of the tasks were from the McWilliam list which emphasized
manipulative tasks, what was'significant was the number of tasks which normally
require two hand operation (80 tasks or 39% of the tctal). Precision placement
of the hand is required for almost two—thirds'of the tasks and is more important
for one hand than two hand activities. Forces are required in 917 of the
tasks with more importance being attributed to linear fdrces (push/pull)
than to rotational forces (twist). One fifth of the tasks require both a
linear and a rotational force.

Reasonably good hand dexterity is required for almost half of the tasks
as is the capability of'varyiqg hand configuration during the task.

In terms of joint actuations the wrist.and the elbow are involved almost
equally and the frequency with which either is required for the tasks exceeds
the frequency of shoulder motion. A little more than half of the tasks require
motion of all three joints during task performance. Very few of the tasks
require single joint activities (wrist alone, elbow, or shoulder).

About one—thixd of the tasks require gross arm motion while élmost two--,
thirds dgmand finé motion control. About one-fifth of the tasks require trunk
mobility while one-tenth require whole body mobility. Only 7 percent of the
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TABLE 2
‘Summary of Performance Requirements

Overall One Hand - Two Hands

\ / 1 r \
Number of Number of Number of
Task Requirement : tasks % tasks A tasks %
Manipulation:
Prehension -192 947 117 61% 75 39%
Use of hand(s) 192 947 112 53% 80 47%
No use of hand(s) 13 6%
Precise placement 128 62% 80 63% 48 37%
Force application 186 91% 108 58% 78 427
Twist 49 247 22 45% 27 55%
Push/pull 143 70% 72 50% 71 50%
Both 40 207 16 407 24 60%
High Dexterity 92 457 48 - 52% 44 48%
Precise placement and 86 427 46 53% 40 477
Dexterity ' : :
Variable configuration 91 447 40 447 51 56%:
Wrist motion 178 877% 99 567% 79 447
Elbow motion 174 85% . 105 60% 64 407
Shoulder motion 140 68% 81 587% 59 427
Wrist and elbow 159 78% 91 57% 68 43%
Wrist and shoulder 127 62% 68 547 59 467
Elbow and shoulder : 127 62% 77 617 50 397
Wrist, elbow, shoulder 115 56% 66 57% 49 437%
Wrist alone 7 3.5% 7 100% 0 0%
Elbow alone : 3 1.5% - 3 100% 0 0%
- Shoulder alone 1 .5% 1 100% 0 0%
Gross motion 70 34% 39 567 31 447
Fine motion , 128 627 80 627 48 38%
Neither gross nor fine 7 3% 7 100% 0 0%
Mobility:
Trunk mobility 37 18%
Whole body 21 10%
Translation 14 : 7%
Sensory:
Visual feedback 120 59%
Tactile feedback 197 96%
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Tt

tasks require translation'dUriné the task. This doéé not consider requirements
to translate or translocate immediately prior to or after task performance.

A good number of the tasks can be performed without visual feedback (41%).
This follows from the fact that many tasks involve manipulation of objects
already acquired and the subsequent use of such objects with respect to parts
of the body. For such tasks no visual feedback is required. Kineéthetic
feedback is requirec for 967 of the tasks. This includes proprioceptive,

vestibular, and tactile sensations. Both visual and kinesthetic feedback are

required for 57% of the tasks.

What all of this means is that in the normal performance of-important

evefyday activities:

- Two hands are frequently required

- Prehension is required for almost all tasks

- The ability to accurately position the hand at a specific point in
space with a specific orientation is essential

- The capability of applying forces, notably linear forces, is
important for the great majority of tasks

~ Dexterity and the capability of varying hand geometry are important
for almost half of the tasks

- Motion of each joint is important for the majority of tasks

- Coordinated motion of two or more joints is required for from
half to 787 of the tasks

- Single joint rotation is infrequently required

= The capability of fine arm control is twice as important as that
for gross arm control _

- Fine arm control is required for almost two-thirds of the tasks

- Either fine or gross arm control is essential for almost all tasks
(97%)

=~ Trunk mobility is needed for almost one-fifth of the tasks, and is
required more frequently than whole body motion )

— Translation during task performance is fairly infrequent, however,
these requirements are for the actual conduct of the task alone

= Kinesthetic feedback is required for almost all tasks (96%) and is
more important, at least for these tasks, than is visual feedback

= Visual feedback is required for 59% of the tasks

A more accurate assessment of the relative importance of different require-

ments for one and two hand tasks can be made by computing the percentage of the
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one hand tasks and of the two hand tasks which incorporate the requirements.
These data are presented in Table 3. As indicated in this table, precision
placement, elbow motion, and fine arm control are more frequently required
in one hand tasks as compared with two hand activities. On the other side,
twist forces, linear forces, both twist and linear forces, high dexterity,
dexterity and precision placement, variable configuration, and wrist mction
are required more frequently for two hand tasks than for one hand tasks.
These differences indicate a general trend for precise and fine hand place-
ment and arm control for one handed tasks, and for two handed tasks to
require more strength, dexterity, and actual manipulation and handling of
objects.

The performance requirements discussed above indicate the capabilities
required to perform specific tasks. An analysis was also performed of the
safety hazards associated with each task. The list of potential hazards
investigated in this analysis included the following:

* Electrical hazards - shock, electrical burns

* Mechanical hazards - contact with moving parts

* Structural hazards - impalement by pointed structures

* Eye hazards -~ conditions endangering the eye

* Laceration hazards - sharp edges

* Temperature hazards - burns

* Impact hazards - body or body part impact

* Slip-fall hazards ~ slips, trips, and falls

* Noxious fume hazards - ‘gases
* Hazards to health - unhygenic conditions

The identification of potential hazards for each task is presented in
Appendix B. The summary of the hazards for each functional category is pre-

sented in Table 4.
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TABLE 3
"Relative Importance of Requirements

For One and Two.Handed Tasks

Requirement

Prehension
Precision Placement
Force Application
Twist
Push/Pull
Both
High Dexterity
Dexterity and Precision
Variable Configuration
Wrist motion
Elbow Motion
Shoulder Motion
Wrist and Elbow
Wrist and Shoulder
Elbow and Shoulder
Wrist, Elbow, Shoulder
Gross Motion
Fine Motion

"% of one hand tasks

% of two hand tasks

1007
717
967
207
647
147
437%
417
36%
88%
947
712%
817
61%
69%
59%
35%
711%

947
60%
98%
347%
897%
30%
55%
50%
647
99%
867%
74%
85%
747%
63%
617%
39%
607%

-37-




TABLE 4 .
Summary'of’Hazards'Identified for Each Function

Tasks with

Number of .at least.. Number of . .. . % of
Function tasks: " 'one hazard = hazards ~Hazard/Tdask ' hazardous tasks
Eat/drink 26 22 28 1.3 85%
Food preparation 32 28 36 1.3 88%
Self care 41 26 31 1.2 637
Dressing 36 14 14 1.0 39%
Transportation 15 11 21 1.9 7137
Work/recreation 43 19 38 2.0 447
Miscellaneous 12 9 11 1.2 75%

- 205 129 179 1.4 63%

As indicated in Table 4, almost two-thirds of all tasks (63%) have at least
one hazard associated with them. Overall, there are 1.4 hazards per task. The
ﬁ0st hazardoué function, in terms of percentage of hazard tasks, include eating
and drinking, food preparation, transportation, miscellaneous tasks, and self
care. The most hazardous functions in terms of number of hazards per task include
work and recreation and transportation.

| A set of general performance requirements was developed for each functional
category which included:

frequency of performance
duration
translation requirements
before/after performance
during performance
trip distance
trip frequency
operational site requirements
single site
multiple sites
special purpose site
general purpose site
indoors
- outdoors
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Environmental requirements
solitary
social
performed in a group of strangers
performed in a crowd
Equipment requirements
personal
general public use
special purpose
general purpose
Body position requirements
sitting
standing
reclining
varied
any

The incidence of general performance requirements for each functional
category are presented in Table 5. An assessment of these requirements
indicates:

. All functions require translation immediately before or after
their performance. :

. Seven of the 12 functions require translation during function per-
formance, These functions account for 617 of all tasks. This is
contracted to the 7% of tasks which require translation during the
performance of a task. .

. Five functions are normally performed at a single site, five cthers
are performed at multiple work sites, and two may require either
a single or a multiple site. The functions requiring only a single
site comprise tasks making up 43% of the total while those requiring
a multiple site alone include 457 of the total tasks. In terms of
type of site the tasks are evenly distributed in terms of whether
a single site or multiple sites are required.

. Five of the functions are usually performed in a solitary manner
alone, while a total of 10 functions may be performed alone or in a
~group. These ten functions account for 917 of the tasks. Thus, the
great majority of tasks may be performed by a person in isolation from
others. A total of seven functions (accounting for 57% of the tasks)

may be performed in a group of friends or strangers or in a crowd.
Four functions may involve performance in a group of strangers or in
a crowd (257 of the tasks).

. Ten functions (accounting for 917 of tasks) involve the use of
personally owned objects or equipment. For 11 functions the items
used are special purpose rather than general purpose (99.5% of tasks).

. Eight of the 12 functions require either a sitting or standing position
(63% of tasks). Ten involve a sitting position and 9 involve standing,
Only one requires reclining. '
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TABLE 5 .
General Performance .Requirements

. Rec-
Eat- | Food | Bathe-| Pers. Pub. Priv. Read/ rea-
Drink|Prep.| Sleep|Groom | Hygiene| Dress|{ Trans.| Trans.| Shop|Write|Work|tion
equency (per day) 2-4 | 2-4| 1 1-2 1-3 2-3 Any Any Any| Any | Any| Any
ration (hrs.) 2-1 | /2-2 | 6-8 <1 <1 <1 Any Any Any| Any | Any| Any
anslation
before/after v Y Y Y Y v Y v/ v 4 v Y
during v Y v ' Y v/ Y
trip dist. (ft.) <10 <10 Any Any Any Any| Any
trip freq. high mod. Any Any | Any Any! Any
erative Site
single Y v Y v/ Y v Y
multiple N ' - v v v v v v
special 4 v Y 4 Y Y " Y Y Y
general Y v
indoors Y /. Y v Y 4 ' v / /
outdoors v vy o v v Y
vironment
solitary 4 Y " Y Y Y . 4 v v 4
social / / v v v v Y
group Y v v/ Y
crowd Y v v 4
uipment
personal v v Y v Y Y/ Y v Y "
general use : v/ Y vV v
special v Y Y v Y Y Y Y Y Y vy
gen. purpose v v v/
dy Poéition
sit ' . "4 Y Y 4 Y Y " v
stand v v % v v 4 Y v Y
recline Y
varied V- v Y 4 4 v v/ v
mber of Tasks 26 | 32 4 18 19 36 8 7 1{ 20 | 23| 11
of total (205) 13 16 2 9 9 ‘17 9 3 51 10 11 5
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Based on the analysis ofASpecific task performance requirements, gen-

eral function performance requirements, and hazards, associated with tasks,

the following conclusions can be formulated concerning requirements associ-~

ated with essential and important everyday tasks:

Prehension is the single most important (most frequent) requirement
encountered for the set of tasks (required for 947 of tasks).

Tasks requiring one hand performance are more frequent tham those
requiring two hands (61% vs. 397).

Precise placement of the hand is required for 62% of the tasks and
is more important for one hand tasks than for two hand tasks (71%
vs. 60%).

Coordinated control of two arm joints is required for 62% to 78% of

the tasks. This finding, coupled with the requirements for precision
placement of the hand(s), indicates a general requirement for precise,
fine control of the hand and arm for the everyday tasks investigated.

‘This conclusion was borne out by the judgment that fine arm control is

needed for twice as many tasks as gross arm control (627 and 34% of
tasks respectively).

Applications of force are required in 917% of the tasks and are gen-
erally more frequent for two hand tasks than for one hand operationms.
While only one quarter of the tasks require rotational force, 707
require both rotational and linear force.

High finger and hand dexterity is needed for less than half of the
tasks (45%) and is generally more important for two handed as opposed
to one handed tasks (557 to 43%).

A combination of high dexterity with precision placement of the hand
is required for 42% of the tasks and is likewise more important for
tasks requiring two hands as opposed to one (50% to 41%).

The ability to alter hand configuration, geometry, or orientation dur-
ing performance of an activity is required for 447 of the tasks and is
decidedly more important for two handed tasks as compared with one
hand activities (647 to 36%).

All tasks require the rotation of at least one joint. Few require

the activation of only one joint (6%). Most require wrist motion (87%),
elbow moticn (857%), and wrist motion in combination with either elbow
motion (78%), shoulder motion (67%), or both elbow and shoulder motion
(56%). '

For one hand tasks the most frequently required joint was the elbow
(94%), while for two hand tasks the wrist was required in 997 of the
tasks.
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Almost one-fifth of the tasks (18%) require trunk mobility while
107 require whole body mobility.

While only 77 of the tasks require translocation during perfor-
mance of the task, functions which require translocation during
performance of the function account for 617 of the tasks.

Tasks are evenly distributed in terms of the number of worksites
involved, single site or multiple site.

While 91% of the tasks can be performed in a solitary manner, 57%
may involve performance in a group and 257 may entail performance
in a crowd.

Most tasks involve the use of personally owned items (91%). Almost
all items used in the tasks are of the special purpose variety.

A total of 867 of the tasks are associated with functions which
can be performed in a sitting position. A standing position may
be involved in functions accounting for 797% of the tasks.

A total of 637 of the tasks have at least one safety hazard asso-
ciated with thelr performance. A total of 1.4 hazards per task
were identified.

The more hazardous functions were:

Eat, drink, accounting for 13% of the tasks
Food preparation, 16% of the tasks

Self care, 207 of the tasks

Transportation, 12% '

Miscellaneous tasks, 6%

These functions account for two-thirds (67%) of the tasks.
The most hazardous functions in terms of number of hazards per task

were transportation (12% of tasks) and work/recreation (20% of tasks).
These functions account for about one-third of the tasks.

Problems for the Handicapped

In the preceding, an attempt was made to determine the requirements

placed on a system for the handicapped. These requirements relate ‘to the

needs of the handicapped, the functions to be performed, the performance fac-

tors involved in successfully completing the functions, and the safety haz-

ards inherent in the accomplishment of each task. The synthesis of these

requirements genefally indicates that in his daily life a person is required to
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perform a wide variety of diverse activities with precision,:force control,
fine arm control, dexterity, hand and arm articulation, maneuverabiiity,
and sensory feedback.

The probability of injury in performing these activities must therefore
increase as the capability of accomplishing them decreases. Thus, in
identifying the requiremenfs for the handicapped, we have already begun to
Aestablish the problems for the handicapped, the first class of which includes
safety problems. As indicated in Table 4, 637 of the everyday tasks can be
considered to be hazardous. Thus, with his reduced capability, the handicapped
individual in performing everyday activities, runs the risk of injury on
two of every three of the activities he performs, a risk which is greater
than for-the normal person. |

As indicated in Table 5, seven of the 12 everyday functions are normally
performed indoors, while two others may be performed either indoors or
outdoors. These nine functions which are usually, or which could be, performed
indoors account for 927 of the tasks. A total of five functions, involving

.282 of ﬁhe tasks, may be performed outdoorg. The safety of ; handicapped
pefson is probably successively degraded as he moves from a familiar indoor

. environment (the home) to an unfamiliar indoor.environment (an office building)
“to an outdoor environment. The functions which are performed outdoors and
which contain tasks rated high in degree of hazard involve those concerned
with transportation, both public and private. On the performance side, it

is this set of functions which must be accomplished if the handicapped

person is to live a normal and productive life. The limiiations imposed on

a handicapped person by an inability or a fear to move about the outside

world, to make use of public transportation facilities, or to drive his own

automobile, severely hampers his capacity for gainful emﬁloyment and degrades
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whatever independence he has attained in self care activities.

-The performance problems of the handicapped can be analyzed by relating
disabilities with the resultant expected loss of capability to perform every-
day tasks. A summary of this analysis is presented in Table 6, where the
percentage of tasks unaffected and the percentage lost or affected by each
disability are presented. It should be pointed out that the pﬁrpose of this
table is to relate disabilities to the total functional capability of the
handicapped person suffering each disability. It implies nothing concerning
the relative iméortance or value of tasks 1ost'or affected to the handicapped
person, Thus, loss of the ability to climb steps applies to only 7% of the
tasks. We cannot therefore conclude that this ability is of.liﬁtle importance
since for some handicapped people it may involve a major problem.

In aﬁ attempt to gain insight into the problems of the handicapped, Essex
personnel interviewed patients at Rancho Los Amigos Hospital in Downey,
California, and at VA Ho;pitals in the Bronx and Castle Point, New York. For
these interviews, a special data sheet was constructed with the objective of
identifying the degree of independence with which the patient could perform
selected everyday activities. A secondary objective of the sheet was to
identify safety, performance, and comfort problems associated with the actiyities.
The data sheet is presented in Table 7, Charécteristics of the 20 patiénts
interviewed are presented in Table 8. As indicated in this table, 19 of the
20 patients were quadriplegics and one was a hemiplegic. A total of 10 of
the patients were students. The mean age of the patients was 30 years of age.
Only three of the patients lived at home. The average duration of disability
was 4 years. A total of 5 of the patients' disabilities were due to disease,,
while 15 were due to accidents (6 auto acciden£s, 4 diving, 3 falls, 1 farm

'machinery, and 1 gun shot). Sixteen of the patients used wheel chairs and
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TABLE 6

Effects of Disability on Capability to Perform Everyday Tasks

Disability

Tasks Lost or Affected

Tasks Remaining Intact

" Below Elbow Amputation-- 46%

1 Arm Prehension but no

Variable Configuration

Below Elbow Amputation-- 30%

54%

T 11 // TN Lt if

70%

1 Arm Prehension and
Variable Configuration

Complete Loss of Arms
or One Arm Function

Bilateral Loss of Arms
or Arm Functions

Bilateral Loss of Arms
| or Arm Functions and
Loss of Mobility

Bilateral Loss of Arms
or Arm Functions With
Restored 1 Arm Gross
Motion and Prehension
in 1 Hand

Bilateral Loss of Arms
or Arm Functions With
Restored 2 Arm Gross
Motion and Prehension
in 2 Hands

Loss of Both Legs

Inability to Perform-
in Crowds

Inability to Use

Facilities Designed for

General Use

Inability to Climb Steps

Problems with Wrist and

Elbow Coordination--1

T 1L LD LT L i it it iiriieil iyl

47% 53%
T T 111000 0000000077 100000100010177177
947 6% |
I T T T TR T T i 11
100% 0%
///////////////////////////////////////////////////////////////////////////////////////////////////////////////////////
87% 13%

i

75% 25%
I ’//////////////////////////////////////////////////////// T ]

617% 39%
T T T T 100 000112000111

15% 25%
///////////////////////////////////////////////////////////////////////////////////////// 1111710110

25% 715%
///////////////////////////////////////////////////////////////////////////

7% ' 93
///////////////////////////////////////////////////////////////

81% 19%

Axm with No Function in I T 1 11 /////////

Other Arm

-45-




Disability

Problems with Wrist and
Shoulder Coordination--
1 Arm with No Function
in Other Arm

Problems with Elbow and
Shoulder Coordination--
1-Arm with No Function
in Other Arm '

Inability to Apply ..
Twist Force

Inability to Apply
Linear Force

Loss of Kinesthetic and
Tactile Sensation

Tasks Lost or Affected Tasks Remaining Intact

61% 39%
N e

697% 31%
T T 2 1110100001111 17

24% 76%
I 1221 E L DLt irielrieeileitilily
70% 30%
//////////////////////////////////////////////////////////////////////_/////////////// 11111111111111111
96% -4y
/////////////////////////////////////////////////////////////////////////.////////////////////////////////////////// //
59% 41%

Loss of Visual Sensation J/INIIIINIIIIITTIITIITHNIHITIIIITIINN 111001 0000001001001111117
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PROSTHETIC - ORTHOTIC DEVICE
USER SURVEY

Location

Date

Interviewer

Disability
Type:

Cause:

Duration-Onset:

Extent:

Finger Dexterity Remaining:

Unassisted Arm/Leg Motion:

Prosthetic - Orthotic Device:
Device in use: ‘

Control system:

Effector System:

Manipulative-mobility system:

Feedback system:

Duration of use: -

Previously used Devices:

When used:

‘Amount of trainingvprovided:

User

Sex: Age: Occupation:

Live at Home: Clinic: Other:

Education:

User Comments on Device (give after completing the questionnaire):
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Table 7
Continued

TASK

PERFORMANCE CODE

0 - Unassisted 1 - 2nd Person

2 — Need Device

SAFETY PROBLEMS

0 - - - .
PEREO B None 1 - Moderate 2 - Major
PRORLEMS

COMFORT 0 - 0K 1 - Tolerable 2 - Uncomfortable

PROBLEMS WITH DEVICE USE

Handle doors

Handle keys

Handle telephone

Dial telephone

Turn radio~TV on

Handle kitchen
appliances

Handle broom-mop

Sewing-mending

Ironing

Clothes washing

Writing

.Page turning

Reading

Handling of
Office Equipment

“Handling of
Packages

Handling of
Tools

Handling of
Files

Exercise

Sports

Group games

Solitary games

Move about room

Move on
Sidewalk

Cross streets

Use public
transportation
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PERFORMANCE CODE 0 - Unassisted 1 -~ 2nd Person 2 - Need Device

Table 7 SAFETY PROBLEMS
Continued PERFORMANCE 0 - None 1 - Moderate 2 - Major
PROBLEMS

COMFORT 0 - 0K 1 - Tolerable 2 - Uncomfortable

'TASK : - PROBLEMS WITH DEVICE USE

Food Prep.

Cooking

Open con:ainers

Handling utensils

Handling glasses

Eating

Drinking

Handle clothes

Use buttons

Don shoes

Don pants

Don shirt-dress

Wash face

Wash hands

Bathe-shower

Brush teeth

Shave face-body

Apply lotions

Comb-brush hair

Apply makeup

Waste elimination

Arrange clothing

Prepare for sleep

Sleep

Self first aid

Self medication
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Table 7
Continued

TASK

PERFORMANCE CODE 0 - Unassisted 1 - 2nd Person 2 - Need Device

SAFETY PROBLEMS
PERFORMANCE 0 - None 1 - Moderate 2 - Major
PROBLEMS .
' COMFORT 0 - 0K 1 - Tolerable 2 - Uncomfortable

PROBLEMS WITH DEVICE USE

Use public bus

Use train or subway

Use public airplane

Operate a car

Handle-~read
newspaper

Other Tasks -
LIST
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TABLE 9

Summary of Patient Responses

Need Assistance Perform Unassisted Perform Using Device

Tasks Perform 2nd person ‘No diff. -~ diff. ~ No diff. diff.

Food Preparation
food preparation ., 4 2 1 0 1 0
cook "6 3 1 0 1 1
open containers 15 11 2 2 0 0

Eat/Drink '
eat 20 3 2 1 8 6
drink 20 ' 12 5 0 3 0
handle utensils 17 2 3 ) 4 8
handle glasses 18 8 3 2 1 4

Dress ’

“handle clothing 17 14 2 0 0 1
use buttons 17 13 . 0 1 1 2
don shoes 20 20 0 0 0 0

pants 20 20 0 0 0 0
shirt/dress 20 17 2 0 0 1

Self Care - Hygiene '

wash face 20 8 4 2 5 1

hands 20 11 4 2 3 0
bathe -~ shower 20 20 0 0 0 0
brush teeth 20 7 4 1 8 0
shave 13 10 2 0 1 0
apply lotions 17 8 6 1 2 0
comb-brush hair 20 9 2 0 5 4
apply makeup 11 : 6 1 0 2 2
waste elimination 20 ‘ 19 1 0 0 0
arrange clothing 13 11 1 0 1 0
prepare for sleep 20 20 0 0 0 0
‘first aid 17 11 3 0 3 0
self medication 20 7 6 0 5 2

Work - Recreation '

handle doors 20 4 2 2 4 8

- keys 17 : 11 1 1 2 2

phone 19 3 4 1 8 3
dial phone 19 2 3 2 8 4
radio-TV on/off 19 7 1 1 6 4
handle appliances 2 1 0 0 0 1
handle broom 1 1 0 0 0 0
sew 1 1 0 0 0 0
iron 1 1 0 0 0 0
wash clothes 1 1 0 0 0 0
write 19 2 2 0 10 5
turn pages 19 1 5 2 6 5
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Need Assistance Perform Unassisted Perform Using Device

Transportation Perform of 2nd person "'No Diff. "~ 'Diff. - No Diff. Diff.
‘handle files 3 A 0 o 1 1
handle newspaper 14 1 6 0 2 5
exercise 12 3 3 0 4 2
group games 1 : 0 0 0 1 0
solitary games 2 ) 0 0 0 2 0
move about room 20 0 0 0 17 3
move on sidewalk 20 0 0 0 16 4
cross streets 18 1 0 0 8 9
use public transp. 12 12 0 0 0 0
use bus 14 13 0 0 1 0
use train 14 14 0 0 0 0
use airplane 15 15 0 0 0 0
drive car 1 0 1l 0 0 0




12 used hand splints. - One used the rancho electric arm and one had had

tendon transplants for myoelectric control.

The responses of the patients for each task on the data sheet are

summarized in Table 9. The data sheet tasks were reduced to the 50 tasks

listed in Table 9 after some items on the original list were deleted as being

ambiguous (e.g., reading, sleeping, using tools, etc.). In Table 9, the

responses are presented in terms of the number who actually do or can do a

task and the method whereby they perform the task. The methods are:

need assistance of a second person
perform unassisted with little or no difficulty

perform unassisted with difficulty

rely on device to perform - no difficulty

rely on device to perform - with difficulty

The compilation of responses over all tasks for each function (food

preparation, etc.) is presented in Table 10:

TABLE 10

Summary of Responses Over Tasks - Each Function

No. of ©No. who % who % need % unassisted - % use device
Function tasks perform perform 2nd person no diff, diff. no diff. diff,
Food Prep. 3 25 427 647 167 8 - 8% 47
Eat/Drink 4 75 947 33% : 17% 47 217% 247
Dress 5 94 94% - 89% 47 1% 1% YA
Self Care 13 231 897% 647 157 3% 15% 47
Work/Recreation 17 170 50% 247 167 5% . 327 247
Transportation 8 114 71% 48% 17 07 37% 9%
Overall 50 709 71%. 52% 127 3% 217 12%

As indicated in Table 10, in a little more than half of the'attempts to

perform a task, a patient needs assistance of a second person. 127 of the
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cases the patient can perform a task without any aid and withoug difficulty
while in 3% of the attempts a patient can perform a task without assistance
but with difficulty. 1In 21% of the cases a patient can use his device to
perform a task without difficulty while in 127 he can use the device to
accumplish a task with difficulty. Thus, a patient can perform a task with
his device (either with or without difficulty) and the patient can perfofm
activities independently of assistance in 487 of the cases. These patients
therefore possess only a little less than half of the capability they require
to be completely independent. |

| An examination of the results by function lends to some interesting
findings. For instance, thé functions for which patients are more dependent
on a second person include food preparation, dressing, and self care, while
they are more independent for eating/drinking, work and recreation, and
transportation. Functions which are performed by most patients include
eating/drinking, dressing, self cafe, and transportati&n. Functions where
devices are most effective include eating/drinking, work and recreation, and
transportation.

A further analysis of the work/recreation and transportation functions

- was performed. The results of this analysis areApresented in Table 11. As
ipdica;ed by fhis table, the most frequéntly performed classes of tasks for
work/recreation are environment control, reading/writing/filing, and exercise.
Very few patients engage in housekeeping activities, or in games.’ For all
classes of tasks except housekeeping, use of a device is effective in perform-
ing the tasks (with or without difficulty) in 50% of the cases. Thus,
devices are more or less effective for these types of activities in about

half- of the task situatioms.
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TABLE 11
Results for Subclasses of Work/
Recreation and Transportation

: No. of No. who Z% who % need % unassisted . % using device
Function/Subclass Tasks perform perform 2nd person no diff, diff. no diff. diff.
Work/Recreation :
Control of Envir. 5 94 947 297 127 7% 30% 22%
Read/Write/File 4 55 697% 9% 247 47 34% 29%
Housekeeping 5 6 6% 837% 0 0 0 17%
Exercise 1 12 607% 25% 25% 0 33% 17%
Games 2 3 8% 0 0 0 100% 0
Transportation
Public 4 55 697% 98% 0 0 2% 0
Private 4 59 747 2% 0 0 697% 277

The analysis of the transportation function into those tasks concerned with
use of public transportation and private transportation (locomotion and personal
automobile) reveals striking differences between these classes. While a second
person is needed in 987 of the cases for public transport, this dependence is re-
quired for only 2% of the private transportatiorn cases. Devices (essgntially wheel
chéirs) are effective for private transportation in 697 of the cases without
difficulty, and 967 of the cases either with or without difficulty.

A similar analysisvof funcfional problems of the handicapped was reporfed
by Engen (Orthotics and Prosthetics, June 1970), in an assessment of the effect-
iveness of powered orthotic devices. That investigator surveyed 58 patients using
three types of CO, powered otthosis aﬁd indicated the general capability (or lack of
it) before the application and after the application. All 58 of his patients were
quads and ;2 of the disabilities were due to disease while 46 had resulted from
accidents. A questionnaire sent to each of the patients had been returned by 32
of them. The cababilities reported for thesé 32 patients are presented in Table 12.
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Responses of 32

TABLE 12
Quad Patients (Engen 1970)

Number Number
Activity Capable % Activity Capable %
Feecding Recreation '
finger foods 21 667% cards 8 25%
soup 15 467 checkers, chess 12 37%
cut -meat 0 0 dominos 9 28%
put food on spoon 22 69% turn pages 19 59%
drink from cup- 12 38% wrice 22 69%
glass handle phone 13 417
Personal hygiene type 20 637%
brush teeth 17 53% draw or paint 10 31%
put paste on 3 9%
brush
wash face 6 19%
comb hair 4 13%
help in dressing 2 6%
shave or makeup 13 417

The problems indentified for each functional category can be summarized
as follows:

Food Preparation: Not many of the 20 patients interviewed in this study

perform food preparation activities, which may result from the fact that 17 of
them reside at the clinic or hospital rather than at home. There was also, as
expected, a decided sex différence émong patients for food prepa:atioﬁ
activities with a majority of females invoived in preparing and cooking food.
Only one patilent (a male) was capable of‘preparing food and cooking food wiéh
no assistance. Two females were able to cook food using their de;ices. No
patients were able to open containers using their devices.

The preparation of féod is one function where patients rely -heavily on
assistance from a.second person (64% of the cases). 1In only 24% of the caseé
was é patient capable of performing fo§d~preparatioﬁ either unassisted or with

a device, without difficulty. Added to this basic problem of performing food
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preparation activities is the finding that tasks related to this.function
are more hazardous than those related to any other function. Reference to
Table 4 indicates that 88% of the 32 food preparation tasks were judged to
be potentially hazardous.

The problems with fqod preparation tasks result largely from the fact
that in performing these tasks a person is required to handle a wide variety
of ufensils, containers, and equipment items while moving about to alternate
work sites. Modern kitchens are designed for a standing body position during
food preparation, which makes these activities even more difficult for a
wheel chair bound patient. To effectively and safely perform these tasks, a
patient needs extended reachAcapability, which would not only make more items
accessible but which woﬁld also possibly reduce the mobility requirements
associated with the normal performance of thé tasks.

Eating/Drinking: Almost all patients surveyed that they participate

in these activities (94%). Independent functioning islfairly good in that
patients can eat and drink either without assistance or with a device in two-
thirds of the cases. In these cases, patients have no difficulty in 38%
while they do report problems in 287 of the attempts.

The finding of capability for independent eating and drinking in two-
thirds-of the cases in this study compares well with the finding, reported
by Engén (19705, that 69% of his patients were able to eat with a spoon and:
that 66% could eat using their fingers. Engen further reported that only
38% of his sample were able to drink from a cup or glass. In the present
study, 40% of the 20 patients were capable of drinking in an independent mode
while 60% were capable of handling a glass. .

In the presént study, of those who were capable of independent eating
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and drinking, twice as many relied on their devices (45%) than were able

to perform the tasks unassisted (21%). This would indicate that a good deal
more emphasis has been given to devices which énable the patient to eat and
drink than to those which enable the patient to prepare food.l

Reference to Table 4Aindicates that eating and drinking constitutes the
second most hazardous function (next to food preparation), with 85% of the tasks
beiné potentially hazardous. The safety of a patient is compromised when he
must perform hazardous tasks where 28% of the cases require him to perform
with difficulty (4% unassisted and 247 with device).

Dressing: The tasks where patients are most dependent on a second person
are those associated with dressing. In only 10%Z of the cases is a patient
capable of independent action, and these are evenly distributed into ﬁnassisted
performance (5%) and. use of devices (5%). Iﬁ only 5% of the cases is a
patient capable of independent dressing without difficulty. No patients were
able to put on shoes and pants without help from a secdnd person. A large
majority of patients needed help in putting on shirts or dresses.

Dressing tasks as a group comprise the least hazardous of functions
(table 4) and yet 39% of the dressing tasks are judged to be potentially
hazardous. Therefore, performance problems with dressing outweigh safety
problems. The primary performéncé problems include the trunk mobility and
coordiﬁated body and limb motion required to dress. The findings hefe are
generally in agreement with those reported by Engen (1970) where only 6% of
patients were able to help in-dressing.

Self Care: Performance of self care and personal hygiene activities
requife a second_personAin 64% of the cases. Where independent éction is
possible, 30% of the cases.iﬁvolve performance with little or no difficulty.
Three self care tasks require almost total dependence on a second ﬁerson.
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These are bathing, waste elimination, and preparation for sleép, including
getting into bed. All of these tasks require whole body mobility and
translation from one location to another. Such tasks constitute the most
difficult activities for a quadraplegic patient, since they essentially
involve getting in and out of the wheel chair. The remaining tasks in the
self care activity generally require dependence on a second person in about
one half of the cases (washing face and hands, brushing teeth, shaving,
applying lotions, combing hair, and applying makeup). Engen (1970) reported
that 53% of his 32 patients were able to brush their teeth, 41% were able to
shave or apply makeup, 197 were able to wash their face, and 13% were capable
of combing their hair.

- In terms of safety, 63% of the 41 self care tasks investigated in this
study were judged to be potentially dangerous. Thus, in performing almost
two of three self care tasks, a patient exposes himself to the danger of
injury.

Work/Recreation: Only 507 of the 20 patients interviewed in this study

participated in work or recreation activities.v A breakout of these activi-
ties indicated that a majority of patients perform environment control tasks
(947) which include opening doors, use of telephone, control of radio and TV,
and control of appliances. A little more than half perform reading, writing,
or filing. Few patients perform exercise, housekeeping, ér engage in games.

Of patients who engage in environment control type of activities, they
can perform independently in 717 of the cases (527 using devices). Engén
(1970) reported that 41% of his patients could handle and dial the telephone.
In the present study, 87% of the patients were capable of independently using
the phone although 307 of these reported difficulty.

For reading, writing, and filing in 91% of the éases, patients can per-

form independently. of these, 63% can perform using devices. Engen reported

-60-



that while 597 of his éample could independently turn pages, 697 could
write using a ballpoint pen or pencil.
The major discrepancy between the current study identified only 8% of
the sample who perform games. For Engen's sample, 25% played cards, 37%
played éhess or checkers, and 287 played dominos. One possible explanation
for the differences might be that the great majority of patients interviewed
in the present study were.still living in the clinic or hospital while most
of Eﬁgen's sample were living at home. It is conceivable that, living at
home, a patient would have more time and inclination to engage in games.
fhe Engen study sampled the avocational or recreational preferences
of 46 of the 58 patients in the sample. The responses reported by Engen

are summarized in Table 13:

‘ TABLE 13
Recreational Preferences of
Handicapped Persons (Engen 1970)

N = 46 patients Activity Number %
Cards 37 80%
Checkers 25 54%
Dominos 25 54%
Chess 12 26%
Painting 11 24%
Drawing -7 15%
Table games 5 11%
Ceramics 2 4%
Tooling 1 _ 2%
Checkers and/or 31 , 677
Chess

An examination of Tables 12 and 13 reveals the proportion of Engen's
patients who were interested in playing games and those capable of such per-

formance. In Table 13 it is stated that 677 of the patients prefer to play
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chess or checkers. In Table 12 we see that 377 of the patients %ere capable
of playing these games. Again, 807 of the sample were interested in playing
;ards while only 257 were capable of card playing. Finally, 54% of the
patients preferred to play dominos while 287 were able.

These findings point up a problem with the handicapped, the loss of
ability to participate in games. Such participation should be viewed not
merely as a means of passing time but also as an opportunity for recreation
in the same way as such activities are performed by '"normal'" people.

Transportétion: A surprisingly high percentage of the sample of

ﬁandicapped patients surveyed engage in transportation activities (71% overall,
69% public, and 74% private); As indicated in Table 11 there is a clear
differentiation of dependency for public and private modes with patients
dependent on others for 987 of.public transportation activities and only 2%

of private transportation tasks. The primary difficulties with private
transportation were the inabiliﬁy fo drive and the capébility of maneuvering

a wheel chair up and down curbs when crossing streets.

The mobility needs for the physically impaired were eloquently described
by H. A. Schweickert, Jr. of the Paralyzed Veterans of America (1969) who
stated that mass transportation is an utter impossiblity for the severely
handicapped, and that the needs of the disabled have apparently ﬁever entered
the minds of the inventor, designer, or manufacturer. Schweickert goes on to
categorize the problems for transportation facing the handicapped as prbblems
of height, space, and velocity. Street curbs and flights of steps make many
areas inaccessible to the wheel chair patient. Dimensionally, the common
doorway is the grtatest single obstécle, being foo narrow, or revolving.

Since the chair occupies about nine square feet of floor space, narrow hallways
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énd small rooms also constitute difficulties for the disabled. Qelocity

in the horizontal plane is dangerous for the unstable and the wheel chair
patient, while in the vertical plane, velocity is more of a hazard for the
unstable disabled person. Applying these conditions to the transportation
media, according to Schweickert, reveals that none of them can adequately
accopodate the unstable, or accomodate the wheel chair bound person at all.
He goes on to report that only one state (Maryland) has enacted legislation
to requive that public transportatioﬁ accomodations be made accessible and
usable by the physically handicappéd.

One other significant point made by Schweickert was that, humane
considerations aside, enabliﬁg the disaﬁled to perform gainful employment
provides economic benefits to the nation. Ungmployed, they represent an
expensive responsibility. One study cited by Schweickert indicated that for
every $1,000 spent by Federal and State agencies for vocational rehabilitation
of disabled persons, there will be én expected increase'of more than $35,000
in the lifetime earnings of eéch rehabilitated person. The handicapped
must therefore be employed, and the essential capability required for employ-

ment is the ability to move from place of residence to place of employment,

As stated in the first porfion ;f fﬂis gecti;n, tﬂe pgiﬁa;y needs of
handicapped persons are for: independence; effective, safe, and cbmfortable
performance capability; normalcy of activities; and enhanced éccessibility
of objects. The problems of the handicapped can be summarized in light.of
these four basic needs. These problems can further be classified by virtue
of the different environments in which activities are performed.. The environ-
ments which impose significantly different requirements and constraints on

the person, and which consequently have different problems associated with
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them, are three:
- a familiar, interior environment - the home or clinic.
- a less familiar interior environment - the office, shop, or factory.

~ an exterior environment between place of residence and place of
employment.

The familiar interior enviromnment is characterized by functions usually
performed alone, or in the company of family or friends.. The need for
normalcy of operations would not be as important in this environment as it
would in others. The needs for independent action, safe, effective, and
comfortable performance capability, and accessibility of objects afe important
in this environment, due to the fact that handicapped persons spend much of
their time in the home or clinic{ and due to the potential hazards.associated
with tasks performed in this environment.

While handicapped persons need better systems to enable their independent,
safe, effective, and comfortable performance of activities in the home, this
environment is not as constrained as others in terms of the degree to which
objects and items encountered or handled can be designed specifically for the
individual. Most of the ifems used in the home environment are privately

owned and can be modified for the handicapped person without much impact on

others.

In the office, the shop, or the factory, a handicapped individual will
require more normalcy of operations than needed in the home. He will also
probably require more mobility, and will interact with more objects not
specifically designed for use by him and him alone. The need for independence
takes on added significance in the working environment as compared with the

home environment, since in the former, considerations of economics are
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added to the ps&éhological nee&é of the disabled fgf iﬁdepéﬂgehcé; :A
handicapped person will have a greater likelihood of obtaining employment
fo the degree that he is capable of independent performance, which will not
necessitate requiring a second employee to spend some portion of his time in
assisting or aiding the disabled worker.

| In dealing with a wide range of objects designed for "normal" performance
in the work environment, the need for normalcy of operation in this environ-
ment also transcends the psychological need of not appearing different. A
working handicapped person will need to operate, use, maniéulate, and handle
many objects which are not designed specifically for him. In interacting
with these objects, the need for enhanced accessibility also takes on added
significance since the work épace will not generally be laid out for easy
éccess by the handicapped individual.

The critical requirement underlying the ability of the handicapped to
hold gainful employment is the capability of the person to transport himself
or be transported to the place of employment. Thus, transportation takes on
added significance beyond the need for mobility associated with the performance
of many everyday tasks. The primary need here is for safe, effective, and
comfortable performance capability since the disabled person must use
facilities and'vehicleslwhich, By viftue éf their design and a?rangement,
impose numerous, and in many cases insurﬁountable barriers to their use.

The need for independence in transportation is associated with freedom'and
flexibility in selecting media, routes, and travel times. The need for
normalcy is basically the psychological need of operating in a manner so as
not to call attention to oneself. The need for enhanced accessibility is

integral to the need for safe, effective, and comfortable performance, since
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barrieré make many routes and facilitiéé inaccessible.

The problems confronting the handicapped individual in the world today
are therefore of considerable scope and éomplekity, and are in many instances
overvhelming, The state-of-the-art in systems for the handicapped, to
alleviate some of these problems, is described in the next chapter. The
néxt chapter also discusses some of the more significant problems and short-
comings of systems and devices in satisfying requirements and resolving

problems for the handicapped.
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IV _Prosthetics, Orthotics and Semnsory Aids

It is the purpose of this section to review relevant background
material pertaining to the aréa of the chapter title. Initially the authors
will briefly discuss selected devices developed ;n the recent past to show
the direction of;post-World War II résearch, and they will then review se-
lected existing devices in more detail, and make an effort to identify future
goals.

Cooperative efforts amongst those researchers concerned with prosthetics,
orthotics and sensory aids and those ipvolved with teleoperators will inevi-
tably lead to benefits which can only be anticipated at present. Even at this
writing "teleoperators' have been developed by, and are in use at, a number
of prosthetic centers under the designation of "Environmental Controls." One
such system, employing breath control to operate a unit which was developed
by the bioengineering research group at the Veterans Administration Prosthetics
Center (VAPC), will be discussed in detail IAter, as will the Rancho Los Amigos
robotized upper limb orthosis for the quadriplegic, also a true teleoperator
device.

However, most of the progress that has been made from the earliest his-
torical record of limb bracing to the present era of sophisticated electro-
mechanical devices has been coﬁcentrated into the relatively few years of the
immediatg past. Hisforical evidence of the use of limb bracing dates back to
the Egyptian Fifth Dynasty (2750-2625 B.C.). This was a siﬁple stick éplint
which was ﬁndoubtedly initially used by earlier primitive civilizations. Dur-
ing the Middle Ages armorers fabricated quite respectable looking prosthetic

devices.*

*An outline of the history of the early development of prostheses and orthoses
will be found in "Orthopedic Appliance Atlas" (see bibliography).
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To limit the area of prosthetic-orthotic discussion to the range
encompassed by teleoperator applications, the authors will avoid going far

afield into such subjects as cosmetic artificial eyes, or artificial hearts.

The Recent Past

The prostheses and orthoses available immediately after World War II
had undergone litkle change since the turn of the century. The usual below-
knee (BK) amputation prostheses were of the thigh corset, side-joints type,
"with open-ended, hand-carved wood sockets and single axis feet. 'The above-
knee (AK) prostheses were fabricated of plug-fit wood sockets, single axis
knees and single axis feet. The suspension employed for the AK limb was
usually a waist-belt and occasionally a shoulder harness. |

In the field of lower limb orthoses, the basic brace'was the double-
bar orthosis. For forearm, wrist; and ankle immobilization bracing a good
deal of metal and leather were used, as in the Hessing brace.

Orthotic development lagged except for a limited number of new and,
from our present vantage point, seemingly lasting orthoses, such as, for
example, the VAPC PTB (Patellar-Tendon-Bearing) brace, develéped by McIlmurray
and Greenbaum from a concept presented by oﬁe of the authors (Rubin, 1972).
‘This, in its application of prosthetic principles to orthoses, was the pre-
cursor of the treatment of fractures by cast-bracing methods. The Engen
Wrist-driven orthosis is an example of an important uppef limb development, but
upper limb innovations were few until external ﬁower was employed and plastics
were introduced into the field, primarily by Lehneis and Engen. In 1955 North
American Aviation, Inc., attempted to develop an hydraulic upper limb orthosis
(Sabre arm). The patient for whom it was fabricated was unable to adequately
contro; the arm and this approach was.scrapped. Nevertheless, hydraulic prinL

ciples were found to have useful application for the lower limb prosthesis.
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After the Second World War, a greater effort was directed at improving
the lot of the amputee than that of the brace wearer. The concentration on
prosthetics resulted in the construction of many experimental deviceé that
were subsequently discarded but nevertheless survived long enough to form
links in the evolutionary process leading to modern devices. The same evo-
lutionary process dictates that some of these latter will eventually reach
the scrap heap, but those presently-used devices that will be described later
are the best now available. They will disappear only with further advances,
many of which will be initiated by cooperation amongst disciplines.

An approach which has survived in diminishing degree is the concept of
the cineplasty controlled prosthesis. The concept was originally proposed
in 1898 by Vanghetti and, after a period of development in Italy, reached
its present status through the efforts of Sauerbruch. The technique of
Sauerbruch was developed in Germany during the First World War and was popu-
larized in the United States by Henry H. Kessler. A skin lined tunnel was
constructed through the belly of a muscle such as the biceps humeris. The
cable activating the terminal device was attached in Y-fashion to the ends of
a yoke passed through the tunnel. Contraction of the muscle yielded cable
excursion and terminal device operation. Eventually a variety of other muscles
" were employed with different devices.

Examples are the triceps, foréarm flexors and extensors, the pectorals,
and even the quadriceps femoris, but thgse were not satisfactory for cineplasty.
Occasionally one still sees a cineplasty user but they are rare and are usually
patients with biceps cineplasties. Because of his concentration on this method
and‘his extensive experience with it, Kessler had much more success with cineplasty
than the average surgeon. In most instances problems with the skin of the tqnnel

and loss of range of excursion of the muscle resulted in discontinuance and
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transfer to other, more conventional prostheses. When good function has
been achieved and no tunnel problems have developed, the patients remain
very enthusiastic about their cineplasties. In a few instances the tunnel
has been used to activate the switch control employed with some electro-
mechanical prostheses since only a very small excursion range is required
for such a funct%on. But we have observed patient rejection of this as
well.

The IBM - Alderson electric arm was the product of early post-World
War II research in electromechanical devices. The motor was.switch—con—
trolled, but seemingly insurmountable problems related to control function
developed. The prosthesis was controlled by means of switches activated by
heel and toe motions. This was unphysiological and overcomplicated and the
amputee Had to concentrate to such a degree that he was unable to carry on a
conversation and operate the prosthesis at the same time. The IBM arm never
left the research laboratory.

Marquardt in Germany, in 1955, pioneered in the design and application
of pneumatic orthoses for the upper limb amputee, employing the McKibben
Bellowsvand compressed gas. The McKibben muscle is a hollow fabric cylinder
which, by virtue of its helical weave, shortens significantly when inflated,
thereby simulating muscle action. Valves are readily controlled by the
pafient. An improvement on this approach has been used at the VAPC for the
bilateral shoulder disarticulation patient with quite positive patient response.
The method used was that of Kiessling of the American Institute of Prosthetics
Research (AIPR), wherein the compressed gas drives a helical piston rod rather
than inflating a McKibben Bellows. Pneumatic locks stabiiize the extremity.
' This is less bulky and more acceptable to the patient than the McKibben Bellows.

At lower levels than shoulder disarticulation, a 1965 VAPC evaluation considered
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the AIPR prostheses (for adults) to be less efficient than conventional
prostheses,'requiring‘more energy and performing more slowly than the con-
ventional artificial limb. In the case of child amputees, pneumatic pros-
theses designed for the use of children have been successfully employed by
‘MclLaurin in Canada and Simpson in Scotland.

Various centers throughout the world have been working on powered
upper limb problems. Thé pneunatic and electrical prostheses discussed
above are examples of two different approaches to the problem. In the caée
.of the pneumatic limb some degree of initial success was achieved, but the
useful application of electromechanical techniques to the problem of the
upper limb amputee had to await further research developments,

Other prosthetic research itemé which may have application to the area
of teleoperators were also developed in the post-World War II period.
Northrop's Bowden Cable and housing were designed as a transmission system
to operate the terminal device and elbow of upper extremity prostheses,
under U. S. government contract. The Army Medical Biomechanical Research
Laboratory (AMBRL) developed a wrist flexion unit which allows the terminal
device to be positioned closer to the body (flexion of 0°, 22 1/2°, and 45°).
Kegel 1n France, and Scalas in Italy have produced ball and socket joints.

A variety of hook and hand terminal devices have been fabricated, some
multipurpose; and some for séecial tasks. Research in hydraulic .and pneumatic
knee mechanisms, initiated after World War-II has lead to the development of'
the sophisticated Mauch hydraulic Swing-and-Stance (S-N-S) Knee. _Basically,
by oversimplifying, this may be compared to an hydraulic door closer. 1In nor-
mal gait deceleration occurs at both ends of swing (extenéion and flexion).
During activation at the knee, a silicone fluid passes through a series of pro-

grammed holes in-the side of a cylinder, being driven out by piston action.
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As more and more holes are bypassed by the moving piston the resistance

to outflow 1ncreases,‘thus accomplishing deceleration and the desired
mimicking of normal swing. This is a basic characteristic of all fluid-
controlled units. .The distinctive feature of the Mauch S-N-S§ is a stance
control system which allows for slow yielding of the "knee" if the patient
should stumble, This is a complex pendulum-controlled system which has
proven itself in practicé. Mauch is in the final stages of producing a
clihically useful hydraulic ankle.

There are numerous developments of interest to clinicians and pros-
thetists which have no relevance to a text concerned with teleoperators.
This category includes such innovations as the suction socket, the quadri-
lateral AK socket, the PTB socket, and its variants, the Solid Ankle Cushion
Heel (SACH) foot, modular limb prostheses as well as the principle of
1mmédiate post-operative fitting of amputees. These are mentioned in passing
because they have been particularly significant landmarks in the development

of modern prostheses.

The Present

Electromechanical Devices

Electromechanical devices have been used sporadically in the field of
prosthetics, orthotics, and orthopedic aids for almost 25 years since the
first practical electrically-powered wheelchair came into use. .It was not
until the Russians showed an electromechanical hand at the Brussels World's
Fair (1958) that an expanding effort was made in this country to’emplay such
systems for rehabilitation of orthopedically~disabled patients. The VA, along-
with other institutions in this country, has been among the most active in

research and development in this area. First generation families of electro-

- mechanical hands, hooks, elbows, as well as devicesto enable the totally
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péralyzed'to control electrical appliénées in the hospital and at home,
non-manual wheelchair controls, and most recently manipulators, have been
developed and are being refined for clinical use.

Far from satisfying all the needs of the orthopedically-disabled
patient, the available devices have simply opened the door to vast oppor-
tunities for improving service by means of electromechanical technology.

The bioengineering research and development efforts which are heeded should

be applied in close association with those élinicians already heavily

engaged in care and treatment. It is only during the last five years that

we have seen a éignificant increase in the use of electromechanical devices.
The current wave of interest centers on the development of powered artificial
hands, hoéks, and elbows. The greatest need, however, particularly in rela-
tion to the degree of disability, is found among patients with partial quadri-~
plegia in which both lower limbs are completely paralyzed but a small amount
of function still remains in the upper limbs.

The problems attendgnt on providing electromechanical aids for the quad-
riplegic are rooted in the extremely small quantity of control information
available to the quadriplegic patient. Almost all other types of orthopedi-
cally-disabled patients have two or more functioning limbs, either arms or
legs. The quadriplegic on -the other hand, with two functionless legs and
either non-functioning or extremely weak arms, can only provide a limited
amount of control information through his respiratory mechénism - exhaling or
inhaling ~ or by head motions which are limited to approximately 15 or -20
degrees forward, backward, and to either side. Until two years ago this
problem was apparently the main drawback in furnishing electromechanical aids
to those patients with the greatest need. Paradoxically a rather great variety

of devices has been developed for other kinds of patients, people with less
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of a loss in function and control capabilities, such as amputees or hemiplegics.
Wheelchairs

Electromechanical orthopedic aids designed for the non—quadriplegic
include a family of wheelchairs, examples of which are described below. Among
the disabilities which may require wheelchair use are functional impairment of
the lower extremities, such as:

1. Hemiplegia (or hemiparesis): paralysis (or weakness) of one
side of the body

2. Paraplegia (or paraparesis): paralysis (or weakness) of the
legs and lower part of the body '

3. Quadriplegia (or quadriparesis): paralysis (or weakness) of
all four limbs, usually including the trunk

The Motorette is an electronically controlled, battery-pcwered motor unit
manufactured by the Motorette Corporation, Reseda, California. It is designed
to be installed on or removed from any standard wheelchair easily and quickly.
A single "joy stick" control box is snapped onto either of the wheelchair arms.
Two.1/4 horsepower (.235 metric h.p.) motors turn individual pinion drive gears
which bear on the wheelchair tire surfaces, propelling the chair at velocities
up to 8.3 km/hr (5 mph).

The Mono Drive is a motorized wheelchaii, manufactured by the Everest and
Jennings Corporation, Los Angeles, California. Powered by a single 12-volt
étorage battery, the motor, with a speed réducer, drives, by means of a chain,
the single powered wheel; It is.controlled by a handle containing switches
in series to alter both motor polarity and voltage. The_handle’is mounted
(left or right) on a steering colummn which provides directionél control.- Axial
twist of the handgrip mounted on the steering column provides two forward speeds
and one reverse speed; turns are made by rotating the handle in the horizontal

plane.
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The Power-Aid Unit manufactured by California Medical Aids{ Montrose,
California, is designéd to replace either the left or right caster of a
conventional wheelchair to ccnvert it from a conventional hand-propelled
chair to a power-driven chair. The complete power unit consists of a 12
volt D.C. electric motor mounted directly above the drive wheel to which
it transmits power by means of a chain drive. The battery is shieldedbby
a plastic cover and is mounted on brackets festing on the horizontal bars
beneath the seat. The wheelchair can be folded for storage after the bat-
tery and its mounting bracketsare removed, a process in which the battery
and its bracket are simply lifted off the lower hofizontal bars of the
wheelchair frame. The topmost portion of the vertical steering column is
bent to form a horizontal tiller with a vertical handle for rotation of the
tiller for steering. Squeezing the speed control lever supplies power to
the drive wheel in proportibn to the force exerted in squeezing.

All of these represent newer versions of the olde; and classic Everest
and Jennings Power Glide. . |
Seat Lifts

Two seat lifts, both designed to assist patients in rising to a standing
position or in lowering themselves to a sitting position, are typilcal of this
class of powered orthopedic aids. The Cushion Lift manufactured by drtho-
Kinetics, Inc., of Waukesha, Wisconsin, is an électrically poweréd device
which operates on ordinary house current‘(115 volts). As the cushion rises:
it tilts forward at an angle that can be adjusted, in four attituaes, éo
provide the optimum standing angle. The Everest and Jennings Elevating Wheel-
chair Seat is a hydraulically operated elevating wheelchair seat mechanism.

The seat can be installed in existing Everest and Jenhings chairs and is
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reédily removable so that the chair can be folded. It also facilitates
transfer from wheelchair to bed.

The electrically operated Wolfe 1lift is designed for use at home or
in an automobile when attached to a floor-board-dash support stanchion.
This unit_typifies a whole‘family of electrically operated patient lifté.
Crutches

The Hydro Crutch, although not now in production, is another example
of the application of external power. The prototype consisted of a tele-
scoping steel tube sealed at the ends acting as a piston inside a second
tube, a two-piece molded plastic axillary support, a two—pﬁase motor driven
by two nickel-cadmium batteries, and a hydraulic 1lift system. The crutches
are designed to lift and lower patients from and into chairs and to serve
as crutches for ambulation. Combining these two functions in a single pair
of crutches is a novel concept for crutch users who have considerable
difficulty in rising from a chair and in sitting down, as for example,
patients with arthritis, multiple sclerosis, or other generally debilitating
diseases.

There are, of course, other similar devices of both North American and
European design in each of the categories described above. They are not
" mentioned here because our purpose 1is to examine the kinds of external power

applications made to date, rather than to list all of them.

Upper Limb Prosthetics

The human hand is at once a very powerful and extremely delicate tool.
Grip or prehension grasp forces of 100 lbs. or more are pbssible, yet the hand
is capable of positioning objects meaningfully in a microscopic field. The
hand is also.a sensory organ. In modern society neither survival nor personél

fulfillment is as dependent on the hand as they were in more primitive cultures.
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Today, loss of one hand reduces the motor and sensory capacities of an
individual but need not seriously impair his ability to earn a 11§elihood
_and to derive adequate personal satisfaction from 1life. Prosthetic
replacement of a hand restores some of the function lost. and some, although
a good deal less, sensation.

Among the conventional terminal devices in use today, are rubber-band-
powered voluntary-opening* hands or hooks which provide from 1 to 4 1lbs. of
pinch; Spring-loaded terminal devices provide up to 7 or 8 1lbs. and volun-
tary-closing devices may provide as much as 40 to 50 lbs., a figure approxi-
mating the forces applied between the normal finger tips. Although it is pos-
sible to approximate the forces.of the normal hand, it has only been possible
to provide a very small fraction of the vast number of ways in which the nor-
mal hand exerts these forces.

Conventional artificial hands and hooks pfovide two kinds of sensory
feedback; proprioceptive feedback based on the relationship-between the stump
and the position of the fingers, and tactile feedback. ijects pushed, pulled,
or hooked produce reaction forces which are transmitted through the socket to
the stump where they are converted to tactile sensations - a far less sensitive
feedback loop than the normél physiological pattern.

To operate a body-powered terminal device both below-elbow (BE) and above-
elbow (AE) amputees use some of the fgrce and motion remaining at the shoulder.
A well-trained amputee grades the opening or closing range of the terminal
device by "hold off" in the case of elastically loaded voluntary-opening devices,

or by directly applied forces in voluntary closing devices.

*Voluntary-opening terminal devices are those which are opened by muscular exer-
tion against a clgsing force furnished by rubber bands or springs. Voluntaryr
closing devices are closed by muscle force, and are opened by springs or elastic
bands.
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Thus, conventionél terminal devices replace lost haﬁd function to the
extent that they furnish forces apbroaching those of the normal hand and
some small, but significant, degree of sensory feedback. A prevailing view
is that the function of the remainder of the artificial arm is to position
thé terminal device and to act as a power and sensation transmission link
between the terminal device and the man.

Conventional artificial hands are often heavy, and lack eye appeal.
The§ provide either two or three—-finger prehension and some models permit
manual adjustment of finger position. 1In general all auxiliary functions
other than opening and closing are operated manually. Except for one or
two voluntary-closing devices, the prehension force is considered to be
lower than desirable. 1In general, development of externally-powered hands
and hooks has not been a systematic process. There are several designs
which use external power sburces but which dé not incorporate related con-
trol systems. Other developments ignore currently accepted principles of
upper-extremity prosthetic management, e.g., we do not'ordinarily involve
the sound 1imb to control a prosthesis, yet several externally-~powered hands
depend on this type of control.

Much has been written and sald about two special features of externally-
powered hands - feedbéck and propbrtional control. These terms are used in
several different contexts. Unfortunately, they mean different things when
used in relation to the patient and when referring to the function of a device.

The classical definition of feedback is '"the return of a portion of an

output to the input for controlling the output." Feedback, therefore, is a

characteristic of hands in which information about the behavior of the fingers
is fed back to the motor which then modifies or adjusts finger behavior. The

information from the fingers may describe their behavior in terms of position,
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velocity, or the force they apply. The information may be in the form of
electrical current or mechanical forces. The information is used to alter
the oﬁtput (speed or power) of the motor to control the fingers. Fér
example, the USAMBRL hand, discussed below in detail, inéludes a;ggéssic
feedback feature. By turning on a switch, the patient simply actuates the
motor to close the fingers. The fingers close on and grasp an object with
a specific force. If the initial force is inadequate and the object begins
to slip when lifted, a device in the thumb senses the motion of the object
and sends an electrical signal (information) to the motor causing it to
close the fingers further or to increase the prehension force. This closed

‘loop type of automatic control of prehension force is based on a feedback

system completely contained within the hand and does not require effort on
the part of the patient.

Often ovérlooked in considering the control of a prosthetic hand are more
conventional -kinds of feedback ordinarily required to control conventional
mechanical hands. In a mechanical hand the output is the behavior of the
fingers? and the input is the central nervous system (CNS) of a patient which
controls the hand through a musculoskeletal link, the "motor", and a pros-
thetic link. Thig system also depends on feedback. Information'about the
"~ position or the velocity of the fingers is "fed back'" to the CNS to alter the
output of the muscles which transfer power to the hand to modify or adjust
finger behavior. 1In this system the information may be in the form of visual
or auditory cues. Information may also be '"fed back'" in the form of tactile
sensations received by skin receptors. Control systems for conventional mech-
anieal devices also depend on feedback, but the CNS is one link in the feed-
back system which is essentially of the open-loop or non-automatic variety.

Both a conventionally-harnessed APRL VC hand and the EMG controlled Soviet-

~79-



Canadian hand depend heavily on visual and auditory cues for the control
of finger position, velocity, and force.

The principal difference, therefore, between automatic and non—éuto—
matic control systems lies in the fact that in one case the feedback path
runs from the fingers of the hand to the motor which responds automatically;
the Second case involves the conscious effort of the man.

A great deal of discussion in this field centers about the cdncept of
proportional control. Classically, proportional control refers to the cor-
respondence of duration and magnitude between an input and an output, as
for example, when the position, velocity and force applied by the fingers
are proportional to the respective inputs, i.e., the position, velocity,
and force of the cable in a conventional prosthesis. The duration and/or the
magnitude of an input EMG signal may be proportional to the position, velocity
and/or force applied by the fingers of the hand (output).

In these terms, which are admittedly unprthodox with.respect to control
engineering terminblogy, all conventional and externally powered hands fea-
ture proportional control. Some hands feature direct proportional control
in which (1) the force of an output is related to force of the input or (2)
position of the output corresponds to position of the input. This is considered
" superior to indirect proportional control in which, for example, the duration
of the input signal detérmines the prehension force.

During the past five years a number of electrically powered hands and
électrically powered elbows have been evaluated. As a class both terminal
devices and elbows were found to be heavy and bulky and p;tients objected to
expésed wires, control elements, and power sources. At this writing, a second
generation eleétric hand and elbéw for adults now in clinical use is the Vetj

erans Administration Prosthetics Center (VAPC) system used in conjunction with
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thé Northwestern University ﬁyoelectric control systems. The Veterans -
Administration Prosthetics Center system is typical of the attempté to
overcome the problems noted earlier.

These elbows are essentially the same weight as the conventionai elbow.
This advantage simplifies the direct replacement of a conventional unit by
the electric elbéw. It fits both the standard forearm and the elbow turn-
table. The device is powered by a small permanent magnet electric motor
and the limits of flexion and extension are controlled by two microswitches.
Attempts to extend or flex the elbow past these limits shut down the power,
The hand is constructed on a skeletal framework with a polyvinyl chloride
inner shell and a cosmetic glove over the outside. A special feature of
the VAPC hand is its safety break-away that permits the hand to open mechan-
ically when subjected to a load greater than 40 pounds (177.92 Newtons), as
for example, when a man grasps a handle on a moving vehicle. The small and
efficient motor and the special drive gear arrangement are compatible with
the VAPC elbow.

The control system consists essentially of one or more multiposition
microswitches. The switches are easily inserted into the control attachment
strap of the below-elbow or the front support strap of the above-elbow figure-
of-eight harness. They may be attached in series in any section of the har-
ness normally used to tfansmit forces and other information. '

In a typical above-elbow harness the VAPC elbow control switch is located
in the front support strap. The same motion formerl& used fo lock and‘unlock
the conventional elbow provides full control of the position of the VAPC pow-
ered elbow. Cable excursion and force to operate the elbow are reduced, facil-

itating terminal device control for the above-elbow patient.
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If a pétient is fitted with’a powered terminal device in addition to
the powered elbow, a second identical switch is installed on the control
attachment strap permitting the patient to operate the terminal device by
the same motion he previously used to operate the terminal device but with
far less force and excursion.

It is possible to locate two control switches in series. By means of
rubber bands, which increase the force required for operation; one switch
can be discriminated from the other by the patient on the basis of the dif-
ferent force requirements.

Hand with Northwestern University Myoelectric Control System

The hand used in the Northwestern University (NU) myoelectric control
system is the VAPC hand with the end plate reduced in diameter fo fit the
NU wrist unit. The wires to the electric motor within the hand are of a
smaller géuge. The myoelectric controller in the NU system is similar in
principle to that of other myoelectric systems including these commercially
available from Viennatone and Otto Bock which market an electric hand in
this country.

The electrical activity of two stump muscles is detected and amplified
on the skin over the muscles, as, for example, the wrist flexors and the
wrist extensors in the below-elbow stump. If the electrical activity of the
flexor group is sufficiently greater than that of thg extensor group, the
electric artificial hand closes. When the activity levels are reversed, the
hand opens. The hand is inactive when the muscles are relaxed. Speed of
opening and closing as well as grasp force is controlled by the intensity of
the muscle contraction (proportional control).

Tﬁe NU electronic system is completely péckaged in a plastic oval wrist.

Amputees with stumps at least 5 cm. (2 inches) above the styloid level of the
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wrist can be fitted, since all components (batteries, circuits, wires,
switches) are packaged within the wrist. This is made possible ‘through the
use of small integrated electronic circuits and by the use of small bat-
teries. Two wires comnect distally to the electronic circuit in the wrist
and pass proximally through the forearm shell to the electrodes over the
muscles,

At a CPRD meeting (i969) the utility and application of each of the
available devices were considered. Seven hands and one hook were fitted
to a variety of patients, including seven previous wearers of prosthetic
devices and one new amputee,

Two of those which are still in use will be described as reported by
CPRD, one as an example of a terminal device for children and the other as
an example of a terminal device for adults. The details of the evaluation
will serve to illustrate the problems involved in fabricating electrical
terminal devices for amputees, as distinct from those made for space or com-
mercial use.

Ontario Crippled Childrens Centre (OCCC) Electric Hook

Size: This device is approximately six inches long. The mechanism is
encased in a four-inch long container to which are attached two flat, stain-
less steel hook fingers lingd with neoprene.

Weight: At 285 gr. the weight of this device is probably acceptable.

MEChanism: The electromechanical force of the OCCC hook is supplied by
a small D.C. permanent magnet Globe motor. The first stage of speed reduc-
tion-is achieved by an O-ring belt reducer with approximately 3 to 1 speed
reduction. This drives a worm scréw with a worm nut attached to the lever
arm of the moving finger. One rotation of this worm screw results iﬁ approx-
imately 1/8 inch fingertip opening.- The unit also incorporates two micro

switches and shaft displacement provisions to permit the unit to switch itself
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off when the desired prehension forcé is reached. (In the unit tested the
actuating mechanism for these switches were not present.)

‘Maximum Opening: The OCCC Hook opens to 2 1/2 in., a figure below
the desired 3 1/4 in., but as a child's device it is probably adequate.

Type of Prehension: This device provides essentiaily the same type of
prehension as conventional two-finger split hooks.

Minimum Prehension Force: This unit produced three lbs.‘of pinch force,
a figure which may be adequate for a child's hook.

Closure R;te: The hook closed at a rate of 2.9 in. per sec., just under
the reference rate of 3.25 in. per sec.

Breakaway: None.

Angle of Approach: Although the precise angle of approach'was difficult
to measure, this device easily picked up a test object 1/4 inch thick, 1 1/2
inches diameter. It handled the test object with less difficulty than any
of the hands tested.

Fingertips: The inpner surfaces of the hooks are covered with neopréne
pads, but they do not readily conform to the shape of objects between them.

Closure: The hook is capable of maintaining an initially applied pre-
hension force,

Control: The hook may be controlled by gross body motions to actuate a
micro switch incorporated on the sockét. The switch is mounted so that a ten-
sion force maintains the switch in the off position. When the patient reduces
~ the tension, the hook opens and then closes automatically. It applies a fixed
prehension force of three lbs. The input information to output function ratio
is nevertheless 1 to 1 since the opening and closure resulting from the one
body motion input are essentially one function; the hook opens to close. Ten-
sion in the harness is input information which keeps the hook closed to main-
tain grasp on an object. Relaxing this tension is input information which
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causeé the hook to open. The output of this device is fixed and controlled
by micro switches.

Life: According to the developer, the device is capable of moré than
one year's use at 600 cycles per day.

Noise: The device generated 47 db., 47 db., and 60 db., when tested
on the A, B and q scales respectively of the conventional acoustical test.
The unit is relatively quiet at the lower frequencies.

Cosmesis: This device is not a hand, but as a hook it is cosmetically
acceptable.

Special Features: The battery énd battery charger are stored iﬁ the
forearm of the AE prosthesis. This simplifies the wiring and harness but
it does require the patient to lift its weight during elbow flexion.

Auxiliary Equipment: No auxiliary equipment is necessary since the
unit is completely self-contained. |

Adaptability: The OCCC Hook is compatible with conventional pros-
thetic components.

Patient Training/Retraining Requirement: Due to the reflex nature of
this hoék, i.e., opening first and then automatically closing, special train-
ing is necessary. The need to maintain tension on the control cable to pre~
- vent the hook from opening required a good deal of practice.

Research Institute of Montreal (RIM) Myoelectric Hand

Weight: The RIM hand weighs 500 gr. complete with the internally-
mounted amplifiers. The battery pack -brings the total weight of the device
to 800 gr. making it one of the lightest systems tested.
' Mechanism: The RIM hand consists of a skeletal framéwork, metal fingers,
and a plastic covering. The palm section is a nylon shell. All four fingerg

articulate as a unit. It is powered by a small D.C. motor with an operating
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speed of 10,000 RPM which drives a two-stage gear train which in turn
drives a lead screw. A small block mounted on the lead screw is connected
to levers on the thumb and forefingers. The entire drive mechanism is
mounted in the metacarpal area of the hand.

Maximum Opening: The maximum opening between the distal pads of the
fingers and thumb ié three inéhes, slightly smaller than the guideline of
3 1/4 inches. |

. Type of Prehension: The hand closes in palmar prehension (three-jaw
chuck). The fourth and fifth digits are rigid and are capable of closing
against objects in the palm in a modifiéd cylindrical type of grasp.

Prehension Force: Measured on a 1/2 inch test block the maximum pre-
hension force available in the RIM unit was five lbs.

Closure Rate: The RIM hand.closed at a maximum rate of 3.4 inches per
sec., a figure close to the empirically deriﬁed standard of 3 1/4 in. per
sec. ‘

Breakaway: = None.

Angle of Approach: This unit had a nominal 40° angle of approach. It
could not pick up a 1/4 inch, 1 1/2 inch diameter disc.

Fingertips: The fingertips of the RIM hand are made of hard nylon cov-
ered with rubber, and did_no; conform to objects grasped.

Closure: This hand is capable of maintaining a desired prehension force.
Cbntrol: The RIM hand is controlled by myoelectric signals from the
flexors and extensors of the wrist. The ratio of input information to output
function was 1 to 1. Finger position and force applied are proportional to

the duration of the input signal.

Life: According to the developer the RIM hand is capable of producing

600 cycles per battery charge. During extensive use at RIM, the device gave

-86-



one year's service. During the two-months wear period of this program,
no significant problems in this respect occurred.

Noise: The RIM hand generated 45 db., 47 db., and 67 db. on the A,
B and C scales respectively,

Cosmesis: The hand is shaped in a cosmetically acceptable manner and
it is covered with a reasonably acceptable cosmetic glove.

Special Features: The RIM hand has a motor driven thumb permitting it
to close in palmar prehension about an object equidistant between the digits.

Auxiliary Equipment: A battery charger is needed. A device to measure
the strength of myoelectric signals is a1so necessary.

Adaptability: This device is compatible with present fabrication techniques
and components.

Patient Training/Restraining Requirement: As with the other myoelectrically
controlled devices, a significant ambunt of special training is required.

The accompanying chart of the CPRD Evaluation of the terminal devices list
all of those tested and the results of the evaluation.

At.the present stage of development of powered hands, there is no evidence,
as revealed in this report, that powered hands for the BE amputée provide im-
pfoved function over available body-controlled terminal devices. However, the
cosmetic and psychological advantages are significant, and these units are,
hopefully, the precursors of more advanced designs. As a result of a thorough
study of existing devices, the VAPC has proposed a series of suggestions re-

lative to future developments:
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Externally powered hands should not require éextensive changes

in current teéhniques of fabricating conventional prostheses.
Externally powered Hands should be compatible with other con-
ventionally used prosthetic components and not.require the fabrication
of new or modification of old components or their control systems.
The control of externally powered hands should not require patients
to undergo retraining programs of significantly greater dﬁration
than those for conventional hands.

A standard minimum opening range should be 3.1/4 in.

Specifications for externally powered hands should include the
requirement that they be capable of maintaining desired prehension

forces without fatiguing the user.

- A sensible standard for daily hand life would require approximately

600 cycles ﬁer charge, or per day. As regards total life at least
one year of replacement-frge life of 600 cycles per day or approximately
1/4 million cycles should be required.

Control should not require the use of the sound side in the case

of a unilateral, and the muscles most closely related to the normal
performance of the function desired should be employed? At least one
specification of the standard should require that a particular device
be designed with a particular method of control.

A specification for fingertips sﬁohld require that they be of a
material and construction which tends to conform to the shape of

objects in contact with them.
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7.

10.

11.

12.

13.

14.

A standard should be established to the effect that powered

hands should not weigh-significantly more than conventional

hands.

All hands should be capable of grasping objects 1/4 in. thick .

by 1 1/2 in. in diameter lying on a horizontal surface.

At minimum, externally powered hands should be capable of producing
0 to 15 1lbs. of force measured between the fingers when they are 1/2
in. apart. |

While great versatility is, of course, desirable, the minimum
standard should require at least three-jawed palmar type of pre-
hension.

It is recommended that all hands be required to breakaway at

45 1b., plus or minus 5 ib.

The minimum recommended standard for closure rate should be
established at 3 1/4 in. per sec.

The maximum acceptable noise level should be established at 60 db.

Input to output ratios should not exceed 1l:1.

Ontario Crippled Children's Centre (0CCC) Elbow

The Ontario Children's Elbow is described below, as an example of the

elbow units tested.

Size: The Ontario Crippled Children's Centre elbow is slightly larger

than the Hosmer child's size elbow. It is interchangeable with the Hosmer

elbow and forearm. No limitations are placed on stump léngth which may be

fitted with the unit.
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Weight: The unit weighs 10.5 oz., approximately the same as the adult
standard Hosmer E-400. The Nicad power package weighs 12.2 o0z., well below
the operating standards of 40 oz. for auxiligry equipment.

Range: The OCCC elbow unit provides 125 deg. of flexion/éxﬁension,
ranging from lO‘deg. to 135 deg. |

Speed vs. L;ad: Without load, the elbow rotates through the full range
of flexion in 2.1 sec. When the standard operating load was applied, flexion
required 4.3 sec. or more than twice as long as the operating standard, 2.0
sec. The maximum lift to stall was 1.5 1b. Though well below the operating
standard for adults, as a child's elbow it may be adequate in this respect.

Life: Models of this elbow have been used by children at OCCC. Although
exact figures on the number of cycles per day or on totai life are not avail-
able, these factors have not beeﬁ a problem according to the developer.

Noise: The OCCC elbow is relatively quiet, being rated at 62 db. The
use of a special low speed, high torque motor has helped reduce the noise
level, |

Applicability: No changes in conventional fabrication ﬁethods are required
to install the elbow. The unit is interch;ngeable with the Hosmer standard
child's elbow. A small Nicad battery charger is required. The unit doeg not
affect terminal-device control and only minimal retraining is necessary.

Special Features: An overload clutch is featured which yields under load
to prevent breakage.

Cosmesis: The unit is adequately covered with a cosmetic cover and appeérs

similar to the standard Hosmer unit.
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VAPC Electric Elbow

'The VAPC Electric Elbow is described as an example of an adult unit.

Size: The VAPC elbow is essentially the same size as the conventional
Hosmer E-400.

Weight: The elbow unit weighs 237.7 gms. or approkimately 8 oz., two
ounces less than the Hosmer E-400 elbow. The battery, belt and the operating
| switch weigh 13.2 oz., a figure significantly below the operating standard of
40 oz.

Range: The unit produces a flexion range from 10 deg. to 135 deg. meeting
the operating standard. It is electrically.blocked from ekceeding these limits
and does not waste power if activated in the end positions.

Speed vs. Load: Uﬁloaded, the VAPC elbow rotates through its entire
flexion/extension range in 1.8 sec. With the standard load of 1 1b. in the
terminal device, it traversed the complete standard of 2.0 sec. The unit
lifted a maximum load of 2.1 1b. placed 12 in. from the elbow center. This
function is well below the operating standard of 8.3 1b. at 12 in. from the
center of rotation. The unit resists e%ternal loads of approximately 30 1b.
before yielding.

Life: The unit has been cycled for 25,000 cycles with no discernible
wear. Althdugh no standard has been established, 25,000Acyc1es are éstimated
as equivalent roughly to 4-6 months' use. The unit provides over 250 cycles
per battery charge.

Noise: The unit was tested.and rated at 73 db,

Applicability: It requires no changes in the present prosthesis and minimal
retraining of patients. The only auxiliary equipment required is a conventional

battery charger.
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Special Features: The control switch is designed to employ a very small

range of the same control motion and shoulder flexion as the conventional sys-

tem.

Cosmesis: This unit does not have a cosmetic cover at present.

- Potentially useful accessory components are under development. Examples

of these are:

1.

The Gilmatic Electric Elbow Lock which is solenoid ope}ated and
activated by bulging muscles against a switch fitted into the
socket. This is a more efficient device than the conventional
elbow lsck.

The VAPC Humgral Rotator which is operated by batteries providing
power to a miniature electric motor which rotates the eibow turn-
table.

M&o;Sonic Control System (AMBRL) Voice command is employéd to sel-
ect a desired function. As projected now, more command words will
provide further control sources. When perfected, the very major
problem of seeking an adequate number of control sources may be

solved.

As Peizer points out: '"adapting these machines to human beings with widely

different capabilities, needs, desires and values is a clinical evaluation task.

Out of these experiences will come vital information for redesign and iﬁprove—

ment of these devices and quite possibly improved service to patients.

Of greater importance is the matter of redirecting design and development

efforts away from the field of upper extremity prosthetics. More creative engi-

neering talents should be applied to such other areas as lower extremity and spi-

nal -orthotics."
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Lower LimBFProsthetics

' In lower limb prosthetics there have been no significant applications of
external power to date. Proposals have been advanced f;om time to time for com-
trol of knee motion by means of external power sources and for providing push off
in stance phase by means of exterﬂally powered sources. None of these proposals
has advanced beyond the experimental prototype stage. Among others, Hans Mauch
of Dayton, Ohio, U.S,A., is currently engaged in basic studies on myoelectric
and other means for controlling hydraulic or externally-powered 1limb components.
The VA Prosthetics Center is considering the design of an electric swing-and-
stance-phase knee control. As presently conceived, the knee is essentially an
electric motor generator whose resistance to cranking would be used to control
swing phase. The current generated thereby would be stored and perhaps used to

control stance phase.

Quadriplegia

Trauma of the spinal cord is obviously a‘catastrophic event whose treatment
requires procedures for saving life, maintaining vitality, and salvaging all |
functional residuals. Treatment invokes the full range of the medical and para;
medical skills available, each of whose essential role is well defined. The
defense agaihst death and immobility is condﬁcted by the neurosurgeon, internist,
urologist, orthopedist, = physiatrist, nurse,:physical and occupational therapist,
orthotist, psychologist, and social worker. .

The ministrations of this extensive array of medical talent often produces

a human being who still spends most of his life between the table and the toilet.

.
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Many patients with high-level lesions live their lives in bed with their
energies directed towérd siﬁply staying alive and maintaining reasonable hygiene.
This is in contrast to the potentialities of some paraplegics with upper ex-—
tremity function to whom the doors of education and voéation are being opened.
Here, as nowhere else in the whole spectrum of orthopedic disability, is there
a vital need for electromechanical hardware and, unfortunately, to date, the sur-
face has just been scratched.

Our experience in this area, derived through an intensive crash program of
bioengineering support of spinal cord injury facilities, reveal three areas of
fundamental need: mobility, environmental contrél, and intellectual/emotional

enrichment.

Mobility

A. Wheelchairs

The quadriplegic has lést a fundamental characterisfic of the animal
kingdom - the ability to displace his body. He has also lost the fundamental
human capacity to manipulate objects about him. The first loss makes him completely
dependent on mechanical means for transportation and the second eliminates the possi-~
bility of controlling an& type of vehicle by arm or hand movements. The positive
and negative pressures generated by breathing into or sucking on a tube have been
utilized to control the ﬁo?ement of electricaliy—powered wheelchairs. Such a de-
vice,ldeveloped by the Veterans Administration, consists essentially of two
plastic tubes positioned on a bracket in close proximify to the patient's mouth

while he is seated in the wheelchair. Each tube controls switches that feed
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power.to one of two motors driving the wheelchair. Blowing on both tubes
- produces forward motionAof the chair; sucking on both tubes produces back-~
‘ward motion of the wheelchair, and blowing only on the left or right tube
produces a left or right turn. This two-tube system is the simplest form
of this typg of control and requires the least amount of coﬁmand informa-
tion. It has a drawback, however, in that patients whose respiratory
capacity may be below par are required to maintain a low pressure, low
volﬁme stream of air while driving the chair. Othker models are now being
introduced featuring four tubes which do not require maintenance of respir-
atory pressure and which provide proportional speed control, These devices,
however, require more command information in that starting and stopping is
not simply a matter of stopping breathing or sucking but require a command
in the form of another puff or suck. Despite thesé advances which are pro-
viding mobility where'thefe once was none for the sevérely disabled patient,
these devices can be considered primitive steps which simply open the door
to the general problem.
" B. Vans

While wheelchairs furnish local mobility in the hospital, around the
grounds, in the home, énd in the proximate environment, they do not restore
the long range mobility available through motor vehicles. This problem is
being attacked through the uée of §ans wﬁich'no ionger disfinguish between
those who are and who are not capable of oﬁerating a standard automobile.
The van requirements for such patients include a control system enagling‘the
patient to operate the vehicle safely, and an access system enabling him to
enter and exit the vehicle and to position himself stably in the driver's

position.
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The Scott van meets this need in providing a control column rather than a
steering wheel, With'minimal movement of the hand or shoulder; a patient can
accelerate or maintain forward speed by a low force, low excursion movement of
the column position on his hand. Backward movement drives the vehicle in reverse
and a movement to the right or left turns the wheels accordingly. In short, the
control column represents a joy stick controlling both the direction and the
velocity of the vehiéle. The patient enters the van from the rear by operating
an outside control panel which automatically moves the tail gate 1lift to a hori-
zontal position and then causes it to descend to the street level. The back
doors of the van open in sequence. The patient drives his wheelchair down the
curb break and onto.the elevator where he actuates a redundant control panel
lifting the elevator to the level of the van bed, enabling him to drive his wheel-~
chair into a position previously occupied by the driver's seat. Here at the
touch of a button he closes the rear doors and locks his wheelchair into position.
He is now in a position to operate the vehicle whose starter button, lights, horn
and dimmer are on the céntrol column. The van also features redundant brakes,
ignition and steering system.

The other type of van is for the lesé handicapped patient who has reasonable
use of both arms but not of his legs, and who may for éeveral reasons be unable
to operate a conventional wheelchair which he might utilize with a conventional
sedan modified with hand controls for driving. The normal procedure is to drive
up to the automobile positioned at the curb, open the door, pull and slide himself
into the seat, reach out and collapse the wheelchair, drag the wheelchair into the

rear passenger compartment behind him, jiggle himself into the driver's position,
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and operate the car with hand controls. ‘Patients unable to do this but yet
with at least partial functioning arms may use an electric wheelchair and a
simpler type of van than that described above. These vans feature an eleva-
tor mechanism and a non-automatic tie-down system for the wheelchair. The
otherwise conventional car is operated by means of commefcially available

hand controls.

C. Unmet Needs

Between the wheelchairs and the vans a great deal of the lost mobility
of these patients is being restored. There are, however, many highly impor-
tant but unmet needs. Transporting the patient from his bed into a wheel-
chair and from the wheelchair back into the bed now requires the.services of
at least two other people. There are no devices at the present time which
satisfactorily accomplish this for the patient, leaving him dependent on

others.

Environmental Controls

A. Home Appliances

As a consequence of having lost his ability to manipulate objects, the
quadriplegic patient does not have the use of a wide variéty of common, every-
day applianceé such as TVs, tapes, radios, lights, fans, air conditioners, etc.
To meet these needs the VAPC has develoﬁed a 12-channel cbntroller into which
almost any 110 volt household appliance can be plugged. The ﬁatieﬁtAthrns these
appliances on or off, switches radio stations or TV channels, or dials a telephone
by a pneumatic controller similar to that used for operating a wheelchair. Observ-
ing an illuminated display board, he selects the desired function by sucking into

.

a tube. Sequential sucks shift the selector of -the controller from radio to tape a
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to lights, etc. Haviﬁg located the proper selection, he puffs on the tube
and turns on the selected appliance. A second puff turns off the appliance.
This device is recelving substantial approval from patients to whom it has
been made available. Breath control is being employed to operate games for
the quadriplegic, such as pin ball machines and television screen ping pong.
The potential here is great.

B. Unmet Needs '

There are, however, many other functions which are not now available.
Althougp these patients can see, they are incapable of reading independently
since they can not hold reading material or turn pages. A juke box type
reading machine controlled by a pneumatic controller may meet the need if
it were available. One can conceive of a system in which the patient
would select the book he wanted from a magazine or rack, which the machine
will deliver to a viewing stage in an open position. The patient could then
select the TD mode and the channel connected by cable to a TV camera over the
viewing stage. A page turning device operated by sucks on the tubes would
complete the system. One can also envision reading material reduced to micro-
film or microfiche and stored in a viewer which the patient could operate by
a similar control system. Once medically stabilized, these patients have two
fundamental requirements - mobility and manipulation. The problem of locomo-
tion for these patients has had a great deal of recent attention as described
abové, in the form of powered wheelchairs controlled by movements of the chin,
breathing pressure, and other more exotic systems. But manipulition,_the
capacity to contrél the movement of objects in space, to give them access to
music, television, reading material, food, and recreatibnal outlets, has not
been attacked in any meaningful way. Here, obviously, is a fertile field for

the application of remote manipulator technology. .But before considering the
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problem well on the road to solution, the requirements should be examined.
Consider the two basic elements in a remote manipulator system: the
" man and the machine; and consider the terms of some recently minted jargon:
that of smart bombs and stupid bombs. Most remote manipulators today were
designed for control by normal humans through the use of highly dexterous
end organs - the hands. The amount of information, therefore, that the
human operator can provide the machine - the manipulator - is'very great,
and in this sense the machine is rather stupid and the operator rather
smart, although perhaps not so strong. On the other hand, in dealing with
the handicapped.we have a situation in which the operator is '"stupid" in a .
control sense: he does not have the use of highly dexterous command ele-
~ments and is, therefére, capable of giving the manipulator very little infor-
mation. The manipulator for the spinal cord patient, therefore, must be
"smarter" than that designed for use by a normal individual. The tetraplegic:
patient can only command the manipulator by breathing in a code consisting of
puffs and sucks, or by two-dimensional movements of his head, or perhaps by
generating myoelectrical signals in the active muscles of his face and neck,
or by movements of the tongue, or by movements of the eyeball.
Superficially at least, eyeball movement as a command origin suffers
from the fact that the target can not be observed; tongue movements involve
" the maintenance of some actuator or transducer in or near the mouth; and myé—
electric control depends on appropriate muscle sites, interfacing electrodes
and appropriate motor points, and adjustment requirements due to skin resis-
tance variations occasioned by sweating or skin temperature changes. However,
both heéd movements and pneumatic control by blowing 1nt6 tubes positioned
close to the mouth have proved quite adequate for wheelchair control and for

fairly rudimentary environmental controllers already designed.
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However, a vast number of other highly important functions can not be
performed by simple on-off systems but require a form of manipulator tech-
nology because their performance requires a three-dimensional displacement
of an object in space, and; indeed, the three-dimensional orientation of
both patient and object have to be considered. With a poverty of command
information available, the required manipulator must indeed be very "smart."

We do not know how to bqild such a manipulator. The kind'we'are talk-
ing about is one that would enable a man to pick food out of a tray placed
near him, bring it to his mouth and eat it, and to perform these functions
with very little input information - puffs and sucks or small motions of the
head. We need a manipulator to select a book or other reading material from
a nearby receptacle And place it in a position to be read by such a patient
while he is in bed or a wheelchair, to turn pages, and to replace the book.
We need a manipulator to enable a man to shave himself and to wash his face
~and to comb his hair. We need a manipulator to enable a man to operate
various games such as the commercially-available electric football, hockey,
etc. games, as well as chéckers, chess and cards.

Intellectual/Emotional Enrichment

Many of the above devices under development or simply being conceptual-
ized could obviously increase the emotional content and intellectual input to
ﬁatients whose social ambience has been extremely limited for many years. To
fill this void we need better telephone dialers, games, and reading machines
which these patients are capable of operating.

It is in this specific area of quadriplegia and similar disabilities that
the skilis of advanced technologists can best be applied.' There are obviously
major problems and, therefore, major needs which not only require but demand'

the efforts of bioengineering resources. In the area of mobility and environ-
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mental control we see some p:dgress, yet much more needs to be done. 1In
the area of enriching the intellectual and emotional lives of people with
quadriplegia the problems are still formidable and the solutions require
sophisticated approaches based on intensive research.

Some equipment can be effective in improving the recreational scope
of these people. ‘More is needed. Toilet needs are formidable: there is
a major role to be considered here for functional electrical stimulation.
Sex needs require major efforts in physiological research to provide func-
tion in these crucial problem areas.

‘Lower Limb Orthotics

Except for a relatively few instances, advances in modern orthoses
awaited the development of external power and the identification and appli~
cation of plastics suitable for use in brace design.

| As a result of the plastics revolution, metal double bar braces are
being replaced, wherever possible, by plastic orthoses. ‘A polypropylene
ankle-foot orthosis has been developed which can be modified to allow or
eliminatg ankle motion. Teufel, of Stuttgart, Germany, has marketed an
ankle-foot orthosis of a plastic material (polyethylene) trademarked "ortho-
lené." Wﬁereas the polypropylene is thermoplastic, the "ortholené" is not
“only thermoplastic, but can also be cold-worked. Lehneis used a thermoplas-
tic acrylic-nylon composite to fabricate the spiral brace, an ankle-foot
orthosis, which employs resistance to plantarflexion and dorsiflexion as
do most of the other plastic ankle-foot orthoses. Since rotation of the
area encompassed by the brace is dependent on subtalar mo;ion, the limitation
of sﬁch motion by the brace does not allow tibial rotation in spite of the
helical design.

The VAPC, as well as other centers, has been employing plastics for
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TABLE 16
Prescription Procedures for AFO's

ETIOLOGY

PATHOLOGY MODIFYING FACTORS PRESCRIPTION

LOWER MOTOR NEURON
DEFECT (PERONEAL N.)

STABLE* ——————p» VAPC SHOE CLASP
F» FLACCID PES EQUINUS .
MILD ———3» TEUFEL (POLYETHYLENE)

UNSTABLE* MOD, ——j» POLYPROPYLENE
FLACCID PES EQUINUS STABLE* ————— 9 VAPC SHOE CLASP
(WITH CALF MUSCLE
CONTRACTURE**) MILD —» TEUFEL
%
UNSTABLE MOD. —= POLYPROPYLENE
: ) IRY SPIRAL ORTHOSIS-IF
2. LOWER MOTOR NEURON : BILATERAL INVOLVEMENT, THEN-
DEFECT (SCIATIC N.) ’
FLACCID PES EQUINO- STABILITY ROT A
CALCANEUS (WITHOUT gﬁoc{gg ﬁugmmn TEUFEL OR POLYETHYLENE
CALF MUSCLE CONTRACTURE
) TO STABLE ORTHOSES POLYPROPYLENE FABRICATED
TO RESIST DORSIFLEXION AND
PLANTAR FLEXION
L t wylgc SHOE CLASP
3. UPPER MOTOR NEURON SPASTIC PES EQUINUS MOD, %k ——t PO AR oL EyE ADEQUATE, THEN -
DEFECT , .
' POLYPROPYLENE-IF NOT
*hk
SEVERE ——r ADEQUATE, THEN - EXTERNAL
(SHOE ATTACHMENT) BRACE
VAPC SINGLE BAR
EDEMA OF FOOT-ANKLE ™ ROTATION ORTHOSIS (FLACCID)
4. ANY OF THE ABOVE ANY OF THE ABOVE IMPAIRED SENSATION#**+ {ﬁﬁriéﬂcgpfs“?{c;‘ °
VARUS OR VALGUS DOUBLE BAR BRACE IF
(REQUIRING T-STRAP) gg“ggg i(S:'r(;ggRWEIGHI‘
ARTHRITIS (POST- PAIN ON AP OR ML POLYPROPYLENE ORTHOSIS
5. g‘;;gg’g gisx}gglw };» TRAUMATIC, INFECTIOUS, STRESS BUT NO PAIN —F MODIFIED TO RESTRICT DORSI-
INFLAMMATORY, ETC.) I ON WEIGHT-BEARING FLEXION AND PLANTAR FLEXION
6. a)STRUCTURAL IN- a)NON-UNION OR DELAYED TISSUE BENEATH THE
ADEQUACY DISTAL TO UNION OF TIBIA; CHARCOT'S CUFF AREA MUST BE
THE KNEE DISEASE OF ANKLE/FOOT, ETC. CAPABLE OF TOLER-

b)PAIN DISTAL TO KNEE,

. ON WEIGHT BEARING

ATING THE PRESSURES

OF PARTIAL UNWEIGHTING;
b)DESTRUCTIVE DISEASE FOR EXAMPLE, SENSATION
OF ANKLE, ETC. MUST BE INTACT

VAPC PTB BRACE

+

Stability is: a. evaluated during trial of a stock brace (VAPC shoe
clasp, Teufel, Polypropylene) on the patient by the Clinic Team, or,
b. can be assumed by the nature of the terrain the subject may walk
upon (fields, golf courses, etc.).

Many patients with sciatic nerve injuries develop calf contractures sufficient
to stabilize the ankle at about 90°, in the weight bearing position. These
patients need only a correction for the flaccid pes equinus.

During the clinic team evaluation of orthoses, the degree of spasticity is
related to the "triggering" of spastic equinus (or equino-varus) by the

stock braces tested directly on the patient as part of the evaluation
procedure. For example, if the stock shoe clasp triggers the foot into
spastic equinus, one must try the stock Teufel, or finally, the stock
Polypropylene. If the foot deforms within the Polypropylene, external (shoe
attachment) bracing is required. Very severe spasticity cannot be controlled
by a brace.

Most such patients will tolerate a properly fitted shoe insert brace,
or a shoe clasp. Those who develop areas of irritation should be
changed to external bracing with individualized shoe modifications,
if indicated.
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long leg braces as well as knee and back orthoses. For example, 'prenyl,"

a trademarked thermoplastic material, may be obtained in several thicknesses
and has proven useful for the fabrication of thigh corsets. It does not
become perspiration soaked as does leather.

Upper Limb Orthotics

Significant advances in the use of external power in‘orthoses-for the
paralyzed upper limb have been made in recent years. Systems éuch as those
developed at Rancho Los Amigos Hospital, Texas Institute for Rehabiliation
and Research, and the Institute for Rehabilitation Medicine in New York,
among others, have been available for several years and are constantly being
improved.

The Rancho Electric Arm with tongue-operated control provides quadri-

. plegic patients with the ability to drive an electric wheelchair and to per-

form many useful activities through volitional control of their arms.

The McKibben muscle was probably the first widely used actuator in an
external-power system. Technically, it belongs in the general category of
pressure-actuated devices of which pistons and bellows are other examples.

The ''muscle" consists of a straight piece of hollow, braided sleeving, a gas-
tight inner tube, and suitable end closures for external attachment and pres-
surization. In order to achieve the maximum amount of longitudinal contrac-
tion, the angle between the helically woven fibers of the braid and the axis
of the tube is made as small as possible, consistent with bursting strength.
When inflated, the sleeve tends to expand radially, with a consequent decrease
in axial length, It can be shown that the maximum contréctive pull for an
ideal braided actuator is three times the pull of a piston-type actuator hav-

ing a cross~-sectional area equal to the maximum stable cross-sectional area,

of the braided actuator. In practice, somewhat less tension is developed
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because of weave binding, internal friction, and elastic effects.

Perhaps the earliest electrical powered orthosis was the Electromechan-
ical Hand of the Lionel Corporation in the early 1950's. This electrically
operated mechanical hand could be used to perform many of the simple func-
tions which require grasping and release, such as picking up pencils or pens
for writing, using utensils for eating and drinking, shaving, and use of
cosmetic equipment, Other normal everyday tasks such as typiné and using
a telephone could also be performed, but the user required reasonably good
arm movement, The electromechanical "hand" consists of a lightweight glove-
like frame enca;ing the hand, thumb, and the index and middle fingers. The
part encasing the fi;st two joints of the index and middle fingers is hinged
to the rest of the structure to obtain motion simulating normal-finger flexion.
This part, as well as the casing for the thumb, is made of a thermoplastic
material wﬁich can be formed to any required shape by application of a small
amount of heat. A power unit contains a mechanism for opening and closing
the index and middle fingers in relation to the thumb by means of flexible
cables attached to the movable part of the casing. The motor, controlled by
a sensitive pneumatic switch, can develop a maximum force of 4 - 5 pounds
between the fingers (17.792-22,240 Newtons). The power unit weighs approxi-
mately 2 1/2 pounds (1.134 kg.).

- This entire class of externally-powered hardware was conceived to handle
problems due to paralyses in which the structural integrity of the limb may
be relatively unimpaired. These designs, therefore, are aimed principally at
providing motor power for existing joints. In many caseslthe patients are
confined to wheelchairs, a situation which substantially reduces the problems
- of weight, adequate power supply, and the number of functions which can be

supplied.
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Lower Limb Orthotics

In the field of lower-limb orthotics, external power applications to .
date have been few. Liberson has aﬁtacked the problem on an experimental
level by providing paraplegic patients with electrical}y driven hip joints
which are mounted in long leg braces and controlled by means of switches
placed in the heels of the shoe. The motor on one hip joint provides hip
flexion; at the same timé the motor on the other side provides hip exten-
sion or a form of pushoff to enable the patient to walk with a step-over-
step gait. He also has devised a locking mechanism for a knee joint. It
consists of a small electro-magnet which locks the knee joint of the brace
at the time when the foot is on the'floor, i.e., when the shoe switch is
closed. Apart from these efforts, most of the work in this area has been
devoted to muscle stimulators which are designed to eliminate the need for

mechanical braces.

Muscle Stimulators

In a hemiplegic patient, an electric switch placed in the shoe of the
involved leg briefly energizes a pulse stimulator which (via a direct mes-
sage-activating effect on the peroneal nerve) activates the muscles which
dorsiflex and evert the foot. Artificially induced dorsiflexion and eversion
automatically occur each tige the subject 1lifts his involved foot. In this
way, foot drop and foot inversion may be partially corrected. These are
experimental devices which are only in limited use today.

A portable electronic muscle stimulator, the Theratronic Muscle,
designed primarily for patients with residual drop-foot conditions caused by
hemiplegia or hemiparesis ;onsists of a stimulator and b;ttery pack fitted
with.belt 1oops.° The pulsed signal range is adjustable between 20 and 80
volts. A pulse applicator, consisting-of a small flgxible electrode covered

by an absorbent pad, is worn over the motor point of the paralyzed muscle.
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The pad is saturated with electrolyte and replaced daily. A reference
electrode is worn over the calf of the leg to complete the circuit. A heel
switch, enclosed in rubberized cork, is turned off and on automatically dur-
ing the normal walking cycle, thus governing the muscle-activating pulse.
Throughout the walking cycle, the actiQating pulse to the paralyzed muscle
is turned on when the heel is raised and sté&s on until the foot is set down
again., When the patient stands, the switch is closed and the current stays
off.- |

Muscle stimulators such as those of Moe and Post, as well as Liberson,
are intended to eliminate braces and to apply small electrical charges to
stimulate muscle in cases of upper motor neuron disorders. Their principal

problem has been to provide stimulations below the threshold of pain.

Nerve Stimulators

Gracanin, of Ljubljana, Yugoslavia, has Aeveloped a method of nerve
stimulation which may significantly reduce some of the problems encountered
in muscle stimulation, and perhaps'may have even wider.application. Again
this is a highly experimental, but developing area of application.

The spinal motor neuron has been termed "thé final common pathway"
because it is coupled not only with the cortical and subcortical structures
of the brain but also with the spinal afferents, which are the nerve trunks
designed to carry messages from the periphery to the central nervous system.
Efferents function in the reverse direction. Efferent functional electrical
stimulation of sufficient duration gives rise to little understood condition-
ing of motor reflex mechanisms, and changes their organization during walking.
Howevgr, the relatively lower stimulation threshold of large diameter affer-
ent fibers (as compared to small diameter fibers) and the specific excitability

of receptors offérs the possibility of selective afferent stimulation with
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electrical or mechanical stimuli.

Studies of the effects of such stimulation in hemiplegic patients have
shown that it is possible to suppress involuntary activity, such as clonus
iﬁ antagonistic muscles, by careful selection of the type of electrical stim-
ulus. |

Functional Electrical Stimulation (FES)

The following briefly summarizes the electrochemical basis for the bio-
logic production of the voltage necessary to operate myoelectric devices, as
well as the manner in which functional electrical stimulation introduces thé
stimulus into the neuromuscular pathway to elicit muscle contraction.

Functional electrical stimulation may make it possible to eliminate the
use of braces for certain paralytics by utilizing the residual functional
neuromuscular components. It may be applicable to spastic conditions and the
problem of'restoring a degree of coordinated function to otherwise uncontrolled
muscles. Previous attempts at direct electrical stimulation of muscles were
impeded by the relatively .intense stimuli required for direct stimulation,
causing pain and the frequent readjustment of géins.

The technique for stimulating nerves rather than muscles has been devel-
oped by Dimitrijevic and GracaninAof Ljubljana, Yugoslavia, to a level of clini-

>ca1 applicability. 1In the Yugoslav technique, stimulation of the peroneal nerve
not only produces dorsiflexion and eversion of the foot, bﬁt also causes relaxa-
tion of the spastic muscles. Adequate stimulation is accomplished at relatively
low intensity levels, reducing the possibility of pain.

A, Neurophysiologié Basis of Function.

Functional electrical stimulation of nerves depends upoﬁ and takes advan-
tage of several phenomena of neuromuscular physiology. The inside of the nerve

axon is electrically negative in relation to the fluid bathing its outer sur-
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face. This is primarily the result of é relative excess of positive ions
(Na+) which predominate on the outer side of the axon membrane. Sodium
ions which leak into the axon are pumped out again by a little understood
mechanism conveniently referred to as a sodium pump. Normally, in the
inactive state there is about a 60 to 90 millivolt difference between the
Atwo sides of the membraﬁe. When the electrochemical stability of the mem-
brane is disturbed to a degree which overwhelms the capacity of the sodium
pump, a surplus of Na+ ions enters the axon, reducing the difference to
under 50 millivolts. An electrical impuse, the action potential, is then
propagated aloné the axon to the synapse. This is what happens under nor-
mal conditions, when a volitional impulse is initiated and, also, in the
situation under consideration here, when the peripheral nerve is electrically
stimulated.

The étimulus which reaches the synapse is not, of itself, powerful
enough to stimulate the muscle. As in the case of the nerve, there is a
difference in potential on both sides of the muscle fiber membrane. The
nerve impulse, on reaching the synapse, releases acetylcholine. The acetyl-
choline disturbs the electrochemical stability of the muscle fiber, making
it more permeable to ions. This results in an action potential which is propa-
Agated through a communications system which passes aiong and within the muscle
fiber (the longitudinal and transverse sarcotubules, i.e., the L- and T-sys;
tems). The change in membrane permeability effected by the electrical impulse
releases calcium which is necessary for the adenosine triphosphatase reaction
in myosin, triggering the release of energy for contraction., The sliding fil-
ament theory of muscle contraction proposes that molecules of myosin and actin,
arranged as alternating filaments, slide together in a microscopic muscle ,con-

traction. The energy for this reaction is obtained by the breakdown of adenosine
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triphosphate (ATP) to adenosine diphosphate (ADP) through the agency of
the enzyme adenosine triphosphatase éctivated by the release of.calcium.
In an'unknown manner the chemical enérgy is-cogverted to mechanical energy
with an efficiency of about 40 pgrcent.

B. Muscle Spasm.

We can consider some reflexes, such as the patellar ten&on and achilles
reflexes as small units of spasm. When a rubber hammer taps the tendon it
sudéenly stretches the tendon. This, in turn, stretches specialized recep-
tors in the muscle (the annulospiral fibers of the muscle spindle) which
pass the message to the anterior horn cells of the spinal éord via the sen-
sory afferents. From the anterior horn cells the impulse passes along the
alpha motoneurone via the nérves supplying the appropriate muscles, as for
‘example, the gastrocnemius and soleus, inducing a contraction and the fam-
iliar achilles reflex. If this contraction éhould be maintained and uncon-
trolled, a spastic state would eiist. This is what occurs when brain injury
releases the gamma motoneurones.(the efferents to the ﬁuscle spindles) from
central control so that they fire without inkibition. Receptors discharge
when the tension of the intrafusal muscle fibers of the muscle spindle is
increased by:

1. An externally applied stretch reflex (as the "jerk")

2. Activation of‘fusimotor fibers (gamma efferents)

Not only does FES stimulate the tibialis anterior and peroneal muscles
supplied by the peroneal nerve but at the same time, by the neurologicél
mechanisms described below, FES relaxes the spastic antagonistic plantar-
flexors and invertors supplied by the tibial nerve which is quite remote from

the location of the cutaneous electrodes.
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6. FES Inhibits the Spastic Antagonists.

The Hoffman Reflex, (H-Reflex) is a reaction to the stimulation of the
sensory afferent fibers of a nerve when the stimulus is applied through a
cutaneous electrode. The stimulus applied to the peroﬁeai nerve'produces not
only a distally directed impulse to activate the tibialis anferior and'per-
;neals, but also a proximally directed component which enters the spinal cord
where the activities of the agonistic and antagonistic muscles are coordinated,
reestablishing some control over the uninhibited firing of the gamma moto-
neurones of the spastic muscles. The significance of neural FES rests on the
fact that the H-Reflex is elicited with stimuli of low intensity, an advantage

over the technique of direct muscle stimulation in which high intensity stimuli

are required. The largest nerve fibers have the lowest thresholds to electrical
stimulation. These fibers come primarily from the annulospiral (afferent) end-
ings in the muscle spindle. When the stimulus is of high intensity, the H-
Reflex is blocked and only the direct muscle response is obtained. Muscle
stimulating devices, such as the Tﬁeratron, used a relatively high intensity
stimulus, blocking out the coordination function of the H-Reflex.
The Ortazur

The French have produced a "space suit" lower extremity orthosis for the
paraplegic. This "ORTAZUR"* ‘consists of a snugly fitted nylon half-suit, resem-
bling fishermen's waders, or hip boots, depending on the level of involvement.
When medial, lateral, and posterior tubeé, which are incorporated into the sﬁit,
are gas inflated, the suit becomes rigid and the patient can be sdpportéd in the

erect position.

*Manufactured by Societe Aerazur, Issy-Les-Moulineaux, France.
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When used for low-level involvemént such as Thoracic 12 or lumbar 1, the
booté are all that are required. When involvement is higher, as Thoracic 5 or
6, the wader type of pneumatic brace is used in the absence of adequate pelvic
control musculature. At this writing the apparatus is ﬁnder investigation in
this country by the VAPC.

AIDS FOR THE BLIND

Among the several reading devices being developed for the blind is the
Battelle Model D Optophone. A 200-hour training course is given to interpret
the polyphonic output of this machine as it moves over the printed page. Twenty-
five words per minute have been achieved by one user, a 71 year'old man, on such
material as proofing typing, reading magazines, books and the Bible.

The Cognodictor is a recognition machine with spelled-speech output. This
type reader is still in the experimental stage. It is claimed that reading
speeds up to 80 to 90 words per minute are possible with spelled-speech.

The Visotoner and Visotactor are similar reading machines but with dif-
ferent outputs. Each has a vertical column of narrow photocells which scan
letters and electronic circuits that change the "blankness" seen into tonal
patterns for the ear or touch sensation for the fingers. The Visotoner is
used with an earphone. The Visotactor's output is presented on the backs of the
four fingertips used to guide the machine, making it suiﬁable for the blind-
deaf. Ten words per minute have been achieved. Both machines can be used
with the Colineator tracking device for extended periods of reading. ﬁeight
is ten ounces plus twelve ounces for the battery. The VA has 36 Visotoneré

"and 14 Visotactors for evaluation.
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The Digitactor is a hand held tactile-outputrdevié;:similar to the
Visotactor. This experimental machine stimulates the underside of only
one finger with a large number of vibrators. |

The Stanford Research Institute's Opticon is also similar to the
Visotactor.

AIDS FOR THE DEAF

Workers in the field of sensory aids for the deaf have not préduced
significant clinically applicable new developments which would be of inter-
est to researchers in the area of teleoperators. One of the great problems
is teaching deaf children to speak.

The lack of universality of application of sensory aids reduces the
number of any one device needed, raises the unit cost, and discourages mass
market oriented manufacturers.

CONCLUSION

To be effective the bioengineering technologist who sees a role for
himself in the problems of the physically disabled should relate his efforts
to the plinicians who are daily exposed to these problems. Association with
a research-oriented physician does not bridge the gap between engineering
and medicineT Even though such relationships maf be beneficial in fundamen-
";al research, there is a real need for the more important bridge to the clinic
énd to the patient. The solutions to these problems of the severely handi-
capped will not come out of research laboratory work alone. They will be the

results of applying biocengineering talents to clearly specified clinical needs.

~114-



V. Applications of Teleoperator Technology
For Problems of the Handicapped

‘NASA has become increasingly involved over the past several years
with identifying uses of space systems technology for medical applications.
A good number of these applications have made use of, and are currently
making use of, technology developed originally for remotely controlled
space systems. A representative listing of the teleoperator technology
applications currently under development for the fields of prosthetics,
orthotics, and sensory aids was developed based on the authors' knowledge
and experience of teleoperator technology efforts and based on a report
published by the Research Triangle Institute on Biomedical Research and
Aerospace Technology Applications (NASA-CR-127792, December 1971). This

listing is presented below:

* Application of a mechanically actuated triggered hand, developed
as a teleoperator end effector by NASA Marshall Space Flight Cen-
ter in 1972, for amputees requiring control of the trigger of power
tools. The application, developed by Rancho Los Amigos, involves
adding the trigger mechanism to a Dorrance hook.

‘Application of a set of replaceable hand tools as end effectors,
being performed by Rancho for Marshall Space Flight Center.
Application of Laser proximity sensors for the blind, being dev-
eloped at Marshall Space Flight Center and at the Jet Propulsion
Laboratory.

Application of teleoperator sensor technology for tactile sensors
for the blind, being developed by Stanford Research Institute for
NASA Ames Research Center.

Applications of remote control technology for patient control of
his room environment from his bed, being developed by Marshall
Space Flight Center, Huntsville, Hospital, and the University of
Alabama at Huntsville. : '

Applications of controls, control systems, and controllers for the

handicapped, Marshall Space Flight Center, and NASA Technology uti--
lization office - numerous applications.
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Potential application of an articulated, dexterous three fingered
hand being developed for Marshall Space Flight Center by the University
of Massachusetts.

Application of a small motor for powering a prosthetic unit
(Research Triangle).

Application of remote control technology for a signalling (nurse call)
system for multiple sclerosis patients (Research Triangle), based on
development work by Southwest Research Institute for Marshall Space
Flight Center and Langley Research Center. Control options include
breath activated control, eye movement and blink, and head movement.

Application of remote control technology for a device to pick up and
transport single sheets of paper (Research Triangle) - Langley
" Research Center.

Application of remote manipulator technology for precise remote
micromanipulator control (Research Triangle).

Applications of teleoperator control technology to reduction of friction
in upper extremity prostheses control mechanisms (Research Triangle).

Application of manipulator technology for development of an improved
value for total contact lower extremity prosthesis (Research Triangle).

Application of manipulator and control technology for establishing
the interface between prosthetic and living material (bone) being
developed by Marshall Space Flight Center and Rancho Los Amigos.

Application of control system technology for measuring evoked cortical
response by aural stimulation, to test non-responsive (deaf) children,
Southwest Research and Marshall Space Flight Center.

Application of teleoperator control system technology for proportional
control systems for externally powered orthotic arm braces for Marshall

" Space Flight Center.

Potential application of teleoperator control technology for coordinated
control of prosthetic arms, MIT for Marshall Space Flight Center.

Application of manipulator technology for orthotics, myoprosthe31s,
and therapeutic aid - the NASA Ames manipulator system.

Potential application of mobility unit and remote control technology
developed for unmanned lunar and planetary surface rovers, for prosthetics,
orthotics, and patient service systems, by Marshall Space Flight

Center and Jet Propulsion Laboratory.

Application of remote sensor technology for conversion of photic to
tactile stimulation for the blind, Marshall Space Flight Center.
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As indicated in this list of applications, the one NASA organization
which is deeply involved in developing applications of teleoperator technology
specifically for the handicapped is the Marshall Space Flight Center. This
is probably due, at least in part,lto that center's positién as the responsible
organization for earth orbital teleoperator technology development.

As indicated by these representative efforts in applying teleoperator
technology for the handicapped, it is obvious that each application area
represented an attempt to résolve a particular problem. While such an
approach may be valuable to resolve pressing problems, additional considera-
tion needs to be given to the overall problems confronting the handicapped
and to the integration of solutions proposed for those problems (i.e., the
systems abproach). The preceding chapters of this report.considered at
length the requirements of the handicapped, their problems, and the problems
associated with the state-of-the-art in prosthetic, orthotic, and sensory
aid systems. ﬁased on a consideration of these requirements and problems
- in terms of potentially applicable teleoperator technology, the identified,
practical and feasible areas of direct application were as féllows:

. Manipulator technology

- Anthropomorphic manipulators and end effectors which can serve
directly as prosthetic and orthotic devices.

- Manipulators to increase the reach of, and reduce requirements
for mobility of, disabled persons.

- Manipulator systems to enable participation in table games.

- Manipulator systems to assist in dressing, food preparation,
self care activities, and work related tasks.

- Effector - object interface design.

. Mobility Unit Technology
~ Remotely controlled vehicles as mechanical servants
-‘AAids for adtomobile:driving'bf'the‘éevéréiy héﬁ&icapped;-
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* Remote Control Technology

Remote control cf the immediate environment
Advanced controllers for the severely handicapped, including

~ voice actuated control and special hand controllers.

Manipulator System Evaluation Technology

Evaluation criteria and standardized evaluation tests.

Sensor System Technology

Tactile and proximity sensors for the blind.

An analysis was conducted to determine the priority order of these

eleven candidate applications. The assessment was based on such factors as:

Potential number of handicapped individuals to be benefited

Value of the benefit to the individual

Technical feasibility

The priority ranking of the applications was as follows:

Highest Priority

1.

2.

3.

Alds for automobile driving

Manipulator systems to assist in general éveryday activities

Advanced control systems

Middle Priority

10.

ll‘

Remote control of the environment

Manipulator to increase patient reach

Manipulator to enable and assist in table games

End effector - object interface design critéria

Remotely controlled vehicle to serve as a mechanical .servant
Priority

Tactile and proximity sensors

ManiPulator end effector as prosthetic or orthotic device

Development of criteria and standard evaluation tests
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The application of space teleoperator technology to develop aids for
automobile driving was_éonsidered to be the highest priority item due to the
need on the part of tﬁe handicapped for independence and transportation
capability. The aids to be considered would include vehicle controls and
displays, worksite layout, and assistive devices for entry and egress to
and from the vehicle.

The second priority.application is the development of systems to
assist and enable general everyday activities. Thus, the first two appli-
cations involve the two critical needs of the handicapped; that of transpor-
_tation capability, and ability to perform self-care activities, The essen-
‘tial characteristics of any or all of the remaining nine applications can
essentially be inciuded in these first two, or any of the eleven applications
can be handled on an individual basis. The more efficient and economical
approach, and hence the approach recommended, 'is to proceed with devélopment
of the two applicatiéns having the highest priority, to include aspects of
the other applicaticns as required, and to then determine what other develop-
ment, if any, is required for any of the remaining applications.

A description of each application is presented in the following pages.
This description includes:

* Background information on the need for the application

* Statement of the Proglem
Requirements to be satisfied and problems to be resolved
* Technical approach to be implemented
* Application Development Plan
Expected costs, if sufficient information exists for the projection

* Projected benefits
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Development of Design Criteria for Automobile

Aids for - Handicapped Drivers

" . . . teleoperator/worksite interface technology as an input to the

development of design criteria for automobile controls and displays., . ."
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Teleoperator Technology Application 1

Application Class: Mobility

Application: Development of design criteria for automobile
'Aids for handicapped drivers.

Application Type: Development

Background Information

One of the more important needs of the handicapped is fo; independence
of action., The degree to which real independence and self sufficiency can
be realized depends on whether or not the handicapped person can acquire and
hold gainful eéployment. The employment opportunities available to the handi-
capped, and the effort entailed in maintaining an employed status, depend on
the degree to which the individual can transport himself or be'transported
between his place of residence and his place of employment. IOne alternative
is to rel& on public transportation, with its architectural and physical
barriers and hindrances for persons in wheel chairs or those deficient in
manipulative skills. An added disadvantage of the sole use of public trans-
portation includes the constraints that it places on the individual, in terms
of scheduling his time, and in terms bf requirements to maneuver from place
of residence to place of transportation to place of employment. An alternate
'solution to the transportation problem is to enable an individual to drive his
private automobile to and from his place of employment, as well as his place .
of worship, shopping, recreation, education, and social activities. The value
to the individual of enabling him to operate his own automobile is obvious.
The feasibility of providing a totally paralyzed individual with this capabil-
ity is not so obvious. It can be concluded that there are some individuals
where disabilities are such that, within the framework of existing technology,
it is impossible to provide them with a capability to drive. The blind person

is a case in point. Whether or not this impossibility applies equally to the
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quadriplegic, the stroke victim, the arthritic, or the spastid remains to
be fully investigated. As more sophisticated and effective assistive
systems are developed for the severely handicapped, such as powered ortho-
tic devices which increase and enhance the person's hand and arm coordina- _
tion, mobility, articulation, dexterity, force applicability capability, and
precision placement, the feasibility of such a person driving his‘own car
becomes greater., What is needed, in addition to the increasing attention
being given by the medical engineering profession to improve orthotic sys-
tems, is a parallel effort to develop design criteria for controls and dis-
plays specificially tailored for use by the assisted handicapped individual.
The application of teleoperator technology enters here in that the design
on effective interface between the teleoperator manipulator and the work site
represents a major technology area for spare teleoperators. This same prob-
lem of effectively interfacing the manipulaﬁive system (elements of a satel-
lite or control console of an automobile) are encountered in the space appli-
cations and in the medical applications of teleoperatbr technology.

Statement of the Problem

The problem to be resolved in this application is to develop automo-

" bile.assistive aid design criteria to enable the operation of private passen-
- ger vehicles by severely handicapped but aided individuals. It seems that a
good deal of the effort expended to date in developing automotive controls and
dispiays for the handicapped have been largely cﬁncerned with the amputee.
Although this is in end of itself a commendable endeavor, it does point up

the fact that the needs for the paralyzed, in terms of specially designed
vehicles, have not received due consideration. The report on Rehabilitation
Engineering published by the Committee on Prosthetics Research énd Develop-

ment, National Academy of Sciences (1971) bears out this conclusion by stating
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thét, although the ratio of 6rthotic patients to amputees is about 10 to 1,
the amount of research money presently alloéated is about 1 to 1. The report
cites the fact that the committee and others in the past several years have
been directing more attention and allocations to the field of orthotics to
improve this situation (Appendix D, Page 3).

The NAS report indicates that the civilian, noninstitutional population
of amputees in 1967 was 311,000 while the number of orthotic patients was
3,370,000, Of the amputees,; 32 per cent of the cases involved upper extrem-
ities while for orthotic patients 29 per cent of the cases had upper extrem-
ity defects. Of the population of orthotic patients, 18 pér cent were due
to paralysis and 82 per cent were due to deformities,

Objective of the Application

The objective of this application is to use teleoperator/ﬁorksite
interface technology as in input to the development of design criteria for.
automobille - Assistive Aids - tailored for the severely handicapped and -
assisted driver.

Requirements to be Satisfied

The essential requirements to be satisfied is the need of the handicapped
person for independence of action. In enhancing this person's mobility, his
earning power must also be enhanced, thereby increasing his own independence
and self sufficiency. This need then is not only a psychological need felt by
the handicapped person, but it also affects his earning power, and consequently,
- the degree to which he is able to satisfy his own daily living requirements
rather than relying on assistance from other persons and.support from public
funds.

Aggroach

The Essex Corporation of Alexandria, Virginia, recently completed an effort
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for the National Highway Traffic Safety Administration, Department of Trans-
portation, to develop standards for motor vehicle controls and displays.
These standards were based in part on the reach envelopes, visibiliﬁy envel-
opes, and manipulative capabilities of "normal" drivers. The approach to be
taken in this application will be>to develop similar standards for the handi-
capped driver, and furthermore, to design, develop, fabricafe and evaluate
the effectiveness of the controls and displays conceptualized in this study
for these drivers. The overall objective of the effort will be to provide
control/display designs which enable and facilitate the numerous discrete
and continuous motor tasks required in thé safe handling of a passenger car
under a wide range of weather conditions, traffic conditions, and emergency
conditions.

In 6rder to facilitate the determination of the feasibility of alter-
nate design concepts under varying conditions while maintaining a high level
of operator safety, it is recommended that concept development be based on
automobile simulations rather than actual on-the-road tests. A test bed for
such simulation exercises is available at the computation laboratory of
Marshall Space Flight Center. This facili;y, designated thé General Purpose,
' Moving Base, Vehicle Simulation System, is a computer driven simulation fac-
. ility with a moving base capable of applying longitudinal and lateral high
fidelity acceleration forces to the operator as well as a good representation
of vehicle handling qualities and vibrations encountered over a wide range of
conditions.

In the document "Aids to Independent Living'", Lowman and Klinger (1969)
of the Institute of Rehabilitation Medicine, New York Uniﬁersity Medical Cen-
ter assert that the disabled person must be provided the capability to drive,

and that he must be able to drive with the same degree of safety as other
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drivers. The document describes ﬁany of the devices currently available
to assist disabled individuals in operating a car. For individuals with
little leg and foot motion but with some residual shouider and elbow move-
ment, wrist cuffs are available where the wrist is attached to the wheel,
which is controlled through arm motions. A left hand lever is usually
used in conjunction with the cuff which provides for manual control of
acceleration, brake and dimmer switch.

The importance of being able to drive, even for quadriplegics, was
recognized by the Rancho Los Amigos Hospital, which has a policy of attempt-
ing to train to drive any quadr;plegic willing to try. Many of the trained
drivers are even able to acquire licenses.

The Center for Safety Education, New York University, conducted an
indepth study of the Physical and Mental Requirements for Driver's License
in the states of the U. S. in 1959. Their recommendation at that time was
that, to be licensed.to drive, one arm éhould be normal with normal lower
extremities and suitable operational devices, or one lower extremity should

be normal, with normal arms.

Application Development Plan

* Specify manipulative capabilities of persons with different disabil-~
ities and degree of disability using different assistive devices
(electric arm, powered hand orthoses, devices for active damping of
tremor and involuntary motions, etc.)

Develop design concepts for automobile seats, access/egress aids,
and controls and displays whose performance requirements are com-
patible with the manipulative capabilities established above.

Design, plan'and conduct simulation exercises to support the devel-
opment cf design concepts.

Develop analytic evaluation criteria to compare concepts.
Perform tradeoffs of design approach for each Assistive Aid.compo-,

nent and .for the internal vehicle arrangement, and select an optional
approach. for each.
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* Perform detailed engineering design of selected aid concepts,
including control-display panels, seats, back rests, arm rests,
head rests, special controllers, and access-egress aids.

* TFabricate and install in the simulation facility the worksites
developed in this study.

+ Perform full task evaluation of driver performance under dif-
ferent road, traffic, and emergency conditions and modify the
design concepts as required.

* Develop final design criteria for controls and displays, seats, and
access ailds.

* Fabricate and install into test vehicles the systems developed and
validated in this study.

* Perform on-the-road evaluation of the systems.

* Interpret and report findings.

It is expected that this effort would entail 40 man-months of effort or
18 calendar months and would cost $100,000 to $150,000. The unit price for
an automobile equipped with assistive devices, should not exceed $10,000.

Projected Benefits

The benefit of fhis effort is to significantly enhance the mobility of
the handicapped individual. As indicated in Section III of this report, 1.5
million persons were classified as paralyzed in 1965, of which 42 percent were
under 45 years of age and 53 percent were males. Approximately half of these
individuals are judged to be severely limited in their everyday activities. 1In
éddition to these paralyzed persons, there were 257,000 persons classified as
limb deficient in 1965, and 17.7 million otﬁers whq suffered non-paralytic
orthopedic impairments. Of these, approximately one half million are unable to
perform major activities, and 2.3 million are limited in their abiiity to per-

form major activities.

It is estimated that providing aids for automobile driving will benefit up

.

to four million paralyzed, limb deficient, and impaired individuals.
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Manipulator to Assist in General Everyday Activities

"Another example would be a manipulative system which would hold a shoe,

grasp the user's foot, and insert the foot into shoe."
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Teleoperator Technology Application 2

Appliéation Class: Manipulator System
Application: Manipulator to Assist in General Everyday Activities
Application Type: Development '

Background Information

The survey of paralyzed patients conducted in this study indicated that
these persons, even using state-of-the-~art assistive devices, are dependent
on others for performance of everyday tasks in 897 of the cases for dressing,
647 for both food preparation and self care, and 48% for transportation.
These then are the areas where the paralyzed person is most in nged of addi-
tional aid in order to achieve a greater level of independence.

Statement of the Problem

The problem here is to investigate the applicability of teleoperator
manipulator technology for problems associated with the performance of
everyday activities by handicapped persons. While Application 1 will be
concerned with developing general purpose maniﬁulator design concepts which
will enable and assist the handicapped to perform a wide range of activities,
this Application.is dedicated to development of manipulators which are more
task specific and which are concerned primarily with those tasks which require
the greatest degree of dependence on oﬁhers. |

A 1971 report published by the National Academy of Sciences Committee on
Prosthetics Research and Development, entitled '"Rehabilitation Engineering: A
Plan for.Continued Progress', states that "with regard to the total rehabilita-
tion engineering effort directed toward the quadriplegic patient (and perhaps

other types of patients with upper-extremity disabilities as well), it is noted
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that braces or assistive devices may be of two broad general types:
1. Those that are attached to, or worn by the patient.
2. Those that are not fitted to the patient but rather are attached to
a wheelchair, table, desk, or other stable base.
"While even less is known about the role and value of the latter group
of appliances (or manipulators), their potential appears worthy of assessment.
Such assessment should be the responsibility of the major spinal-cord injury

centers in the U.S.A., and immediate implementation of such programs is

recommended" (Page 22).

Objective of the Application

The purpose of this application is to develop manipulators to enable
and assist the handicapped in everyday activities, based on manipulator
technology developed for teleoperator systems.

Requirements to be Satisfied

The requirements for the handicapped to be satisfied by this application
include those concerned with dressing, food preparation, self care, and use
of public or private means of transportation. The functional requirements
to be considered include the following:

bressing:

Retrieval or storage of clothing _
Donning and doffing of stockings, shoes, pants, shirts, dresses,
coats, hats, gloves, bras, girdles, robes, pajamas, etc.

Self Care:

Washing of face and hands
Bathing or showering
Waste elimination

Combing - brushing hair
brushing of teeth
Fingernail grooming
Application of makeup
Shaving of face or body
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the shoe. A good deal of attention will be given to the showing of these
manipulators for other tasks, thereby making them more economically feasible
for the user.

The specific technologies to be used in developing these manipulator
systems for everyday activities include manipulator configuration and reach
envelope, end effector design and interface with the manipulator arm, and
manipulator/effector control. This last technology area presents the major
problems for the severely handicapped. Control-techniques such as puff and
suck, sight switch, head activated switch, foot activated éwitch, and hand
or finger controllers will be investigated. Techniques of using supervisory
control, being developed for space teleoperators, will also be investigated.
In this control mode the user or operator of the system has only to initiate
aApre—programmed sequence of events and the manipulator/effector system
conducts the sequence without requiring individual commands for each
individual activity.

Of the functions to be addressed by this application, the most difficult
to support is dressing. A manipulator system designed to assis;.a disabled
person to dress must be capable of not only handling clothing in the required

'way but also of handling the limbs of the disabled person. Failure of the
system itself or failuré to perform required activities in a specified manner
could prove hazardous to the user., Obviously, some override control capability
isvneeded, which could range from a simple deactivation of the system to a
manually controlled backup mode of operation.

Application Development Plan

The steps to be taken in the development of this application are:

. Identification of tasks for which use of a manipulator, as separate
from a prosthetic or orthotic device, is judged as a feasible means
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of assisting a handicapped person.

Developmeot of design requirements for the manipulator(s).

Cost analysis for alternate design concepts.

Design of and fabrication of a prototype system for selected operaticns.

Evaluation of the performance capability of handicapped persons using
the manipulator systems.

The development is expected to require three to six months for each
application.

The cost of the manipulator systeme will vary as a function of complexity,
which will depend on operatione to be performed.

Projected Benefits

The benefits to be obtained from this application is the development of
systems to enable handicapped persons to perform operations which they can not
currently perform. As with Application 1, it is expected that 4 million persons

would be benefited by the development effort described above.
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Advanced Control Techniques for Systems for the Handicapped

" . . . based on teleoperator tecﬁnology, . « . the amplification of

residual, minimal muscular capability to apply control inputs . . .
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Teleoperator Technology Application 3

Application Class: Remote Control
Application: Advanced Control Techniques for Systems for the Handicapped
Application Type: Research

Background Information

Throughout the descriptions of feasible teleoperator technology appli-
cations for the handicapped, the most significant recurring problem for all
ﬁroposed systems and devices is the question of control. Control devices
and techniques are being developed which will make use of any motion capa-
bility present in a severely handicapped individual. These include use of
inputs prdvided by eye control (position or blink), head control, foot control,
hand control, cheek confrol, tongue control, breath control, and muscle con-
trol. Each of these control techniques have inherent problems and diffi-
culties, notably in terms of time and effort. However, when the option is
to provide a disabled person with an inefficient method of controlling his
own limbs and the world around him versus leaving him at the level of natural
performance capability present with his particular handicap, the difficulties
are of less significance. Even though this is true, and that. any and all
residual capabilities of the handicapped individual should be considered as
potential means of controller activation, additional research and development
is required tb extend and perfect the staté-of—the—art in controls for the

severely handicapped.

Statement of the Problem

The problem to be discussed in this application is the requirément to -
perfect methods of control of systems for the handicapped to increase their

independence of action, to enable efficient and safe performance of required
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and desired activities, té perform operations in a manner whicﬁ approximates

the normal, and to ehhance the accessibility of objects in the environment.

The basic problem is one of attempting to realize these objectives fof indi-
vidual handicapped persons on an on-going basis while simultaneously attempt-
ing to build on the control technology base for such systems. Thus, the sight
switch was identified as a feésible method of controlling activation,-brak—

ing, and steering of a wheélchair. The concept incorporated a technique for
controlling fhese chair parameters by positioning the eyeball in different
specified orientations. The evaluation of this control technique conducted by
the VA prosthetics center established certain basic problems with the implemen~-
tation and mechanization of the system. TFor one thing, the systeg relied on
receipt of reflected infrared light from the eyeball to determine eye orienta-
tion, and was, therefore, subject to extraneous signals as the illumination

~ environment changed. .For another, the user was required to make inputs which,
for him, were logically inconsistent (look right to turn leff). The concept
also requires the user to move his line of sight away from his path of motion

to affect a change in state. A m;re basic problem with the particular system
evaluated by the VA was the reliability of the control logic. Incidents were
reported where the chair failed to stop when commanded, a situation which could
prove disastrous for a person provided with no backup technique for overriding
or supplementing the system. .Ah evaluation of the sight switch as a controller
.for a hand splint which enabled the hand to operate a wheel chair was reported
by personnel of the Hot Springs Rehabilitation Center in "Orthoticg and Prosthetics",
September, 1972. These investigators concluded that while the sight switch is
an intriguing idea, in its present form it is not realiétiéally applicable. The
rationale for this conclusion included the system's complexity, cumbersome size,

°

poor reliability, and poor man-machine relationships. The authors do recommend,
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however, that development of an improved system is indicated. This example has
been cited to indicafe that, in the urgency for assisting disabled peréons, a
"good" system concept may be reduced to a "poor" system mechanization. The
problems with the sight switch are basically problems of implementation, of
the particular design implemented, rathér than inherent problems of the con-
cept. Admittedly, the requirements for the user to look away from the location
where his attention must be focused is a disadvantage inhergnt in the concept.
Development of systems with improved reliability and effective man-machine
relationships must take this basic limitation into account and either reduce
the time to activate (thereby reducing the time when vision is averted from
the focus of attention) or reduce the angular excursion for the area of inter-~
est in order to affect a control input. The inherent problem of looking away
with the sight switch might be resolved by using coded eyeblinks rather than
~eye rotation to activate control commands.
‘ An alternative control system being applied for the severely handicapped

is the breath activated control or puff and suck. The user puffs and sucks

(or sips) on a drinking straw-like protuberance and his coded breath inputs
,activatelspecified mechanisms or devices. One implementation of this concept
" for wheelchair control requires the pétient to continually puff to maintain
chair motion. If he stops puffing, the chair stops'moving. However, the VAPC
model, using four control tubes, focuses on this problem. The patient puffs
on two to start the wheelchair and it continues to move until he puffs again
to stop it. By puffing on one or the other of the two tubes he can turn the chair.
The third tube is used to vary the speed and the fourth as an emergency stop.
Another implementation (in the POSSUM Enviromment Control éystem) requires the

user to puff when an indicator reaches a desired code, which causes the control
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logic to accept that code as the imput. fhe basic problem with breath activated
control other than the VAPC method is that many severely handicapped persons
have some difficulty with normal breathing. For such persons, requiring
forced, programmed, repetitive breath inputs to affect control can be a prob-
lem. The VAPC unit has functioned well for a patient who has a tracheotomy tube
in situ.
| The tongue activated controller developed at Rancho, as reéorted in the
"Investigation of Externally Powered Orthotic Devices" (Rancho Los Amigos, 1968),
when used in conjunction with a Rancho electric arm, has enabled patients to
perform such activities as:

Typing on an electric typewriter, including paper insertion.

Handling and dialing of a telephone.

Self feeding and grooming, including application of lipstick,
mascara, powder, etc.

Operation of light switches and electrical appliances.

Playing cards, chess.

Reading and page turning.

.Brushing of teeth with electric toothbrush.b
The tongue switch consists of seven bidirectional levers capable of oper-
" ating 14 microswitches. Used with tbe Rancho Arm each lever controls one
degree of freedom with the lever direction controlling direction of activation
of the degree of freedom. Thus, when a ﬁatient desires‘to reach out and grab
an object, he must actively and successively control each joint of the arm té
move the hand to the object. The system has been reported to have good user
acceptance. The basic problem is cost, with the control system and arm assembly
costing nearly $3,000.

At this point in the development of contrél techniques for systems for

the handicapped, two separate although related efforts are required. One

<.
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woqld be concerned with establishing the range of capabilities and limitations
of currently available or prototype controllers. The second would pursue
advanced control methods through the application of teleoperator technology.

Objective of the Application

The objective of this application is to provide additional research on
advanced controllers for the handicapped.

Requirements to be Satisfied

This application will be concerned with the entire scope of requirements

for the handicapped described in Section II of this report.

Approach

The overall methodology to be used involves an application of the_sjstems
approach to identify specific requirements and constraints for control systems
for a range of assistive systems used by a range of individuals with different
disabilities. Based on the assessment and integration of requirements and
éonstraints, concepts will be developed for methods of improving existing
control systems and/or for development of advanced controllers.

Three concepts of advanced cdntrollers, based on teleoperator technology,
include the use of voice control, the amplification of résidual, minimal
muscular capability to apply control inputs, and computer aided control
techniques. Techniques of voice contrél, wherein the control logic would
recognize specific control wofds spoken by the user, and implement cont;ol
inputs based on these words, have been discussed in the unpublished documenta-
tion of the NASA Teleoperato% and Robot Task Team, 1970. This discussion
specifigs that machine capabilities for parsing and understanding English,
based on verbal input from the human controller, is a feasible area for

- advanced technology'development for teleoperators of the future. The task
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team recommended the launching of a research program in the areas of phonics,
acoustics, grammar, and heuristics, to effect a speech recognizer and
understander,

The benefits of control of systems for the handicapped by means of
speech are numerous. The time and effort to affect control inputs is minimal.
Control can be applied while the user attends to the area of ihte;est. Speech
control should require a minimum of training of the user, and should therefore
be usable by a wider range of individuals having different levels of intellectual
and cognitive cépabilities. Based on these benefits, it is obvious that
additonal effort to develop speech control techniques is indicated.

The second advaﬁced method of control of systems for the handicapped would
use amplified signal detected from residual and minimal voluntary muscle
contractions. This basic approach is under study at the Rehabilitation
Medicine Engineering Laboratory of the Sﬁate University of New York at
Buffalo as a method of exercising limbs of stroke victims. This laboratory
is beginning a research érogram directed ﬁoward the development of a six
degree of freedom upper extremity orthosis which is controlled by weak
voluntary residual muscle forces. As described by the laboratory personnel,
the rationale for this approach is based on their conclusion that in more
than half of the cases of paralysis, some innovation and voluntary control 6ver
affected muscles remains. These contractions may appear at a trace level
only, with no resulting limb motion because of larger gravity or spasticity
forces. The Buffalo laboratory approach is to detect and amplify these
weak éiénals to provide control inputs to move an arm bréce.

An approach thch is similar to the residual muscle force amplification
andiwhich is being evaluated for teleoperator control technology, is the use

" of the force stick controller. This technique involves use of a control stick »
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which is rigidly mounted and which prdvided control signals based on the
sensing of forces applied in a given direction. For disabled persons having
some arm motion remaining, the use of a sensitive, minimum force rigid
controller may be feasible. |

Although having potential problems with complexity and cost, computer
aided control techniques should be evaluated for use in systems for the
handicapped. The techniques derived from teleoperator technology development
would include computer aiding, supervisory control, and adaptive control. 1In
computer aiding the computer or logic system would assume some portion of the
control in conjunction with operator generated inputs. The computer activities
could involve smoothing,seleétion of alternatives, and hand return after an
object has been grasped. In supervisory control, the user would select.a control
sequencé which would then be performed in a preprogrammed manner. In adaptive
control the computer would "learn" from experience where manual control is
provided and, on command, either pérform the activities in an automatic ﬁanner

or serve to smooth out and coordinate required motions.

Application Development Plan

The plan for the conduct of research recommended in this application
consists of the following activities:

. Analytically evaluate the capabilities and limitations of existing
control techniques for a range of devices for a variety of disabilities.

. Identify problem areas inherent in and specific  to each control technique.

« Identify requirements for additional. information to.enable the analytic
evaluation and identification of problems.

. Describe and plan a program of research to provide the required
information,

-+ Develop concepts for modifications to existing control systems to
overcome inherent problem areas.
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. Develop concepts and techniques for advanced control methods.
. TFabricate experimental modifications and advanced concepts.
Plan and conduct evaluations of the system modifications and advanced

control concepts.

Projected Benefits

The essential benefits to be realized in this application is the
development of criteria and concepts for new or improved control systems

for systems for the handicapped.
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Remote Control of the Environment
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"A method of random access control ., . . activates a selected

code by merely focusing the light on the selected cell . . .
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Teleoperator Technology Application 4

Application Class: Remote Control
Application: Remote Control of the Environment
Application Type: Development

Background Information

Three systemé for providing a severely handicapped person with the
capability of controlling the environment include: the Environmental Control
System developed jointly by the NASA Office of Technology Utilization, the
Huntsville Hospital, and the University of Alabama athuntsville; the VA
Prosthetics Center Environment Control System; and the Patient Operated
Selector Mechanism (POSSUM) developed by the National Spinal Injury Center,
Stoke Mandeville Hospital, England. Each of these three systems i§ currently
at a different status in the development cycle, with the Huntsville system
ﬁndergoing evaluation; the VAPC control system available to their patients,
and the POSSUM commercially available on special order. The major requirement
to be satisfied with each system is the control of a number of states‘of a
number of appliances and environment control devices. The systems differ in
the manner in which the requirement is satisfied. The VA approach is to offer
a few control techniques fér patient selection, including breath control, and
chin control. The present control mode in the VA approach is basically on-off
or discrete function cohtrol of the television (on-off and channel select, and
volume), radio (on-off station select and volume control), head and foot of
bed position (up-down), telephone dialing, and bed lamp (on-off). Two of the
quadriplegics interviewed at Castle Point use the>VAPC environmental'control for
telephoning, controlling radio, TV, lamps, bed, nurse call and alarm system.

The Huntsville system offers a wide range of control techniques and intor-
porates proportional control of some functions. The VAPQ considers breath control

superior to other techniques, such as sight switch, and a variety of touch controls.
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There are twelve channels in the VAPC control system. The Huntsville
system also provides for twelve channels and employs these as follows:

Electric blanket (on-off and temperature)

TV (on-off, channel, volume)

Radio (on-off, tuning, volume)

Bed head-foot position (pulse control)

Bed lamp (on-off or proportional)

Heater (proportional control)

Page turner (pulse control)

Air conditioning (Proportional control)

Window curtains (proportional control)

Fan (on-off)

Telephone answering and dialing - and dial display

Game

Currently control of the Huntsville system is by initiating a cycling
routine through all codes and commanding a stop to the cycling when the desired
~ code or number is reached. The VAPC system requires a patient command for each
channel selection. The stop.is automatic. The POSSUM system uses a matrix
display where cells are coded by X-Y coordinates with the Y axes incorporating 14 -
devices or special functions and the X axes giving up to six possible states. A
total of four TV functions are available (channel, volume, brightness, and con-
trast) and two radio functions are given (tuning and volume). The system also

incorporates the capability to control tape recorder, telephone, typewriter, res-

pirator, intercom, heater, light, and call buzzer.

Statement of the Problem

While the development of.technology for remotely controlled environment con-
trol systems is well underway, and although-NASA technology applications are cur-
rently being identified for these systems, there are still basic problems as;oci—
ated with remote environment control which are amenable to teleoperator technology
solutions. These problems include the limitation of the system to a single room,
the time and effort required to make a control input, the relatively low level of
proportional or co;tinuoué control available, and the limitation of control to

those functions requiring switching as opposed to adjustment (of lamps) or retrieval

(of objects).
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Objective of the Application

The objective of this application is to extend and enhance the
capability of remotely controlling the environment through application of

teleoperator remote control and manipulator technology.

Requirements to be Satisfied

The important everyday living tasks (Table 1 in Section III) which are
constrained by or dependent on environmental control are as follows:
Self care tasks:

Control of lighting, intensity and direction
Waste elimination - Control of ventilation
Sleep preparation - adjust, push, pull covers and pillows

Dressing Tasks:

Room temperature and lighting
Position of clothing and clothing racks or storage areas

Transportation Tasks:
Retrieve objects in the room
Work/Recreation Tasks:

Telephone - 1lift, handle, dial .
Reading -~ control of noise, light intensity and direction,
page turning, book stand
accessibility of materials (paper, pens, etc.)
- control of typewriter
- adjustment of writing surface
Radio - control volume, tuning
TV - control volume, tuning, color, contrast, brightness,
horizontal and vertical hold, antenna position
Doors - opening and closing, latching, and locking
Bells, etc.- activation
Recreation - games and hobbies
Record player - record selection, handling, reject, volume
Tape recorder - selection, record, playback, volume
Appliances - kitchen, bathroom, bedroom, etc.
- plug in-out
- switch on-off
- select states (speed, mode, etc.)
Closets, cupboards, drawers - open-close

Writing
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Security Associated Tasks:
Direct link to the local police, fire department, rescue
squad, doctor, etc.

Closed circuit television of other rooms in the residence
Emergency call capability for others within the residence

Approach

The approach to be taken in this application is to extend the control
of the environment beyond the good start already taken in this direction.
This extension will include the following characteristics:

. Develcpment of a mobile environment control system for use from a
wheelchair as well as at a fixed location.

. Development of remotely controlled mechanisms for physically moving,
re-orienting or positioning objects in the environment (adjustable
lamps, bed clothing, doors, drawers, closets, clothes racks, clothing)

. Development of random access control systems

. Development of control systems making more extensive use of
proportional or continuous control

. Development of improved feedback systems informing the user of the
existing state of the object or appliance being controlled, and of
his control input.

The approach to be used is to apply the systems approach described in
Sections I and II of this report to the development of environmental control
systems. Based on a comprehensive analysis and integration of requirements,
alternate control and activation concepts will be developed and analytically
evaluated, A cost-benefit analysis will be performed which will indicate the
estimated cost of including each candidate item for remote control vs. the
expected benefits of such control. Based on this analysis, a basic set of
items to be controlled will be established with indications_of the cost to
add other items. The selected system will be fabricated and evaluated using
actual quadriplegic patients. |

As'indicated above, this development effort will seek to extend existing

environment control systems in five specific ways. The approach for each
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extension is described below.

vFor a mobile environment control system, consideration will be given to
locating the control console at one area in each room, requiring the user
to maneuver his chair to the console, vs. use of radio frequency tele-
communications to actively control the elements to be controlled without the
encumbrance of hard wires. 1If the console is to be carried on the wheel
chair it must be compact and must not interfere with other requirements, such
as visibility and reach. The approach of providing a wheel chair patient
with environment control is already being discussed by personnel engaged in
developing the Huntsville system.
| The relative advantages and disadvantages of the mobile system as
opposed to the fixed system will be determined prior to a development of
mobile design concepts. In addition, the rough order of magnitude costs of
the two approaches will be established.

Consideration will be given to providing the environmental control
system with a capability to manipulate or move; orient, or position objects in
the environment. This may extend to the manipulator approach described in
Application 5, or it may involve the mechanization of windows, lamp adjustments,
doors, etc., such that they can be operated from a single remote location.
During this énalysis, an assessment will be made of the fequirements and
constraints associlated with mechanizing each everyday task which is concerned
with some aspect of the immediate environment. The assessment of requirements
will involve not only a determination of the requirements associated with
remote control.of each individual task, but also of the interrelations among

tasks and the effects of remoting one task on performance of others. The

constraints will primarily include performance limitations on the part of the
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handicapped individuél, and costs.

The problem in controlling the ex;sting or prototype environment control
systems is the time and effort required to complete a command. The VAPC and
the Huntsville systems currently require the user to cycle through the series
of available command codes until the desired code is achieved. The POSSUM uses
a matrix of appliances and states wherein the user selects a code based on the
X-Y coordinates of these parameters. The next generation of the Huntsville sys-
tem will reportedly include a matrix control approach rather than the sequential
cycling. It is suggested that the matrix solution is preferable over the sequen-
tial approach for a large number of channels in terms of time and effort. How-
ever, even with the matrix method, a.user must still revert to the cycling pro—l
cedure for such operations as selection of numbers for telephone dialing or sel-
ection of characters for typing. A method of random access control being inves-
tigated for teleoperator visual system control is the use of a light sensitive
matrix coded surface with a head aimed light source which activates a selected
code by merely focusing the light on the selected cell for a specified (relatively
short) period of time. The light source could be continually on, as an aid to
directing it to thé proper cell, or it could be off until the beam is judged to
be pointed to the cell at which time it is éctivated. This approach would greatly
- reduce the time and eff§rt required to make successive and repetitive entries
into a coded control system. An alternate épproach would use any residual motion
in the wrist and hand of the patient to manually depress or place a metal stylus
on any one of a structured arrangement of cells. Where depression is required,
the force required to activate must be minimal, of the order.of ounces father
than pounds. Where a stylus is used, the simple contact of the pointer to the

desired surface would be all that is required to activate the code.
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The more extensive use of proportional or continuous control as opposed
to discrete control offers the user a wider range of options in seleéting the
desired state of the environmental_parameter. The continuous control capability
could be provided either spatially or temporally. In the spatial approach,
the user of the system would vary the dimension of a parameter through
different control inputs. In the temporal scheme, the quantity of the
dimension (e.g., temperatﬁre) would vary as a function of the duration of
control application.

One essential characteristic of any enviromment control system is
the feedback to the user concerning existing states of parameters to be
controllgd and the specific control input commanded by hip to alter this
state. The most useful feedback mode is the visual, where a good deal of
Information is presented simultaneously rather than sequentially as is the
case for aural and tactile feedback. Any reﬁote telephone dialing device
must display to the dialer the number selected and entered as he dials,
Control of room temperature depends on the user knowing what the present
temperaiure is and what the commanded temperature is. 1In order to package
an environment control system into a volume which is feasible for the mobile
"~ control unit, a good deal of integration of control and feedback mdét be
accomplished. Even for - the stationary systems, improved integration is
required to ensure that as functions are added to the system that it does not

require. an entire wall for display of control and feedback information.

. Application Development Plan

The activities to be accomplished in developing this application are:
. Analyze requirements, constraints, benefits, and costs of remotely

controlling each everyday living activity which requires an interaction
with the immediate environment.
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. Prioritize the activities in terms of effectiveness and independence
benefits on the one hand, and performance limitations and costs on
the other,

. Develop concepts of mechanization, packaging, arrangement, instrumen-
tation, control, and feedback for selected activities, based on
individual activity requirements and the integration of reguirements
across activities.

. Develop analytic evaluation criteria based on requirements and needs
for control of the environment as well as constraints and costs
of development and mechanization.

. Trade off concepts on the criteria and select a few number of feasible
solutions as the optimal compromises of requirements and constraints.

. Develop and fabricate prototypes of selected systems.

. Develop evaluation plans, requirements, schedules, measures, and
experimental conditions.

. -Conduct evaluations using actual handicapped perscns.

.. Report on evaluations and system design criteria.

Expected Cost

The cost of the Huntsville prototype Environment Control System is
reportedly less than $300. The'reported cost of the modularized Possum system
ranges from $15 to $3,000 depending on the options selected. In order to be
accessible to a maximum of persons needing such control, a stationary environment
control system should be available for $300 to $500{ The cost of a mobile
system would be somewhat greéter due to the additional complexity of an RF
link and packaging constraints. |

Expected Benefits

K

The benefits of an environment control system primarily involve the level
of independence attendant to the use of such a system as well as the improved

" accessibility of objects in the environment.

°
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Manipulators to Increase Patient Reach and Object Accessibility

« +« + to provide the mcbility limited person with a method of

increasing and extending his reach capability . . ."
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Teleoperator Technology Application 5

Application Class: Manipulator System
Application: Manipulators to Increase Patient Reach and Object Accessibility
Application Type: Development :

Background Information

One of the primary needs of the handicapped is for enhanced or extended
reach capability. Patients relegated to wheel chairs are limited in their
reach capabilitf by the mobility of the chair and the chair configuration as
it affects arm extension. Add to these basic limitations due to the chair
the additional constraints placed on amputees, quadriplegics, stroke victims,
and other persons deficient in limbs or in limb function, and the reach
capability.of such persons becomes severely impaired. The capability for
extended or enhanced reach serves not only the need for object accessibility,
but also serves the primary need of the handicapped, the need for independence
of action. As more objects in the environment become accessible (and
consequently usable) by disabled persons, the requirement for assistance from
other persons decreases, consequently reducing the dependence on these other
people.

Statement of the Problem

The problem to be attacked in this application is the loss of reach
capability prevalent in persons confined to wheelehairs or beds, which person
may also be severely limited in terms of their reach ability due to paralysis,
deformation or deficiency in one or both upper limbs. A total of 85% of the
important, everyday tasks identified in Section III of this feport require |,
elbow flexion and extension, the basic constituents .of arm reach. Almost all

" tasks (94%) require prehension or grasp of an object. To the degree that these
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objects are not located in close proximity to the handicapped person, he
will be required to maneuver and/or reach to acquire them, or he will be
dependent on someone else to retrieve them for him.

Objective of this Application

The objective of this development effort is to increase the reach
capability of the disabled through application of space teleoperator
manipulator technology. The result of the increased reach capability will
be improved accessibility of objects in the immediate environment.

Requirements to be Satisfied

The requirements of the handicapped to be satisfied by this application
include those which demand that a handicapped person acquire objects in his

environment which are located beyond his reach.

Approach

The basic deviée to be implemented in extending the reach of disabled

. persons will consist of an extendable manipulator, a general purpose vise
grip end effector, and a control system tailored to the capabilities of the
user. The teleoperator technology to be used in developing this manipulator
system will be derived from the development efforts being applied for the
 Extendab1e Stiff Arm Manipulator (ESAM) at the Marshall Space Flight Center.
This manipulator systemAhas two degrees of freedom at the base‘(tilt and
azimuth), one degree of freedom at the midpoint which consists of a tele-
scoping number, and three degrees of freedom at the wrist (pitch, roll énd
yaw). For the application described here these six degfees of freedom can
be reduced to three by eliminating the motion capability at the wrist. Thus,
the end effector will be simply mounted at the end of the manipulator and

will not have motion capability other than opening and closing. This approach
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is taken in order to reduce to an absolute minimum the degree of freedom
which must be controlled since a different contrel input will be required for
the control of each degree of freedom. To offset the iimitations imposed on
the system due to the absence of motion at the wrist of the manipulator, a
third degree of freedom will be added to the base of the manipulator which
will allow the base itself to move up or down in the vertical plane.

The manipulator selected for this application will need to be light-
weight and capablé of precision placement of the end effector. It will need
to extend and retract at a rate slow enough to enable precise placement of
the tip while moving at a rate fast enough to ensure that reach activities
are accomplished as quickly as possible. The optimal approach weould require
fixed rate rather than a variable rate since the capability for varying the
rate implies an additional control requirement placed on the user.

The manipulator for this application will consist of a device developed
by Spar Aerospace Products LTD of Toronto, Canada for the support of film
retrieval activities for the Apollo Telescope Mount system of Skylab. This
device, termed the Storable Tubular Extendible Member (STEM), is essentially
a tape or element of thin'metallic material which assumes a tybular shape of
high strength when extended.f It can be stored in a minimum of space when coiled
in the flattened condition on a spool. |

As described by the STEM system specifications published by Spar, the
deployment mechanism for a one inch diameter tubular element‘ranges from two
to five pounds. The power required to drive the one inch.stem ranges from .08
to 8 watts depending on the rate selected.  The packaging of the STEM will require
a minimum volume';f 3x4x7 inches (84 cubic inches). The critical bending

movement of the one inch diameter STEM is about 20 foot pounds. The critical
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comprehensive tip load for a 10 foot STEM is .about 10 pounds of force. The
critical torque per element for the one inch STEM is about two inch pounds.

The preliminary estimate for the STEM extension and retraction rate is 10
inches per second. This hill require six seconds to moﬁe the tip of the device
five feet.

The STEM manipulator will be mounted on the front of the wheelchair or on
a bed table. In the wheelchair application, the base of the device will be at
the lap board such that objects retrieved from the environment can be delivered
to the board without additional control on thé part of the'user. Consideration
will be given to providing the capability of moving the base to any position
up and down to a maximum of 12 inches above the lab board:

The handicapped person, in using the manipulator, will activate the
manipulator and point the tip toward the desired object by means of tilt and
azimuth control of the base (and pbssibly moving the base up in a vertical
direction). The end effector will then be extended toward the object and the
group mechanism will be opened. When the effector encloses the extension
motion is terminated and the grip closes over the object. The manipulator is
then commanded to retract and the object is delivered tc the lap board. The
effector will be designed to enable grasp of a book from a shelf of books,
grasp of clothing, writing matefials (peﬁ and paper), and smali size objects
of different shapes and configurations. The preliminary estimate of
manipulator length required is 10 feet and the grip force réquired will be
5 pounds.

The major.problem confronting the user of this manipulator system is
control. The basic systems will require five different control inputs,

including:
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- Device activation and deactivation

- Control of base tilt

- Control of base azimuth

- Control of extension and retraction

— Control of grip opening and closing

To these may be added the control of base vertical position. There is
no problem of control if the user has unlimited use of at least one arm or
even only wTist and hand. The difficult problem for control is development
of controllers for the quadriplegic patient having little or no unaided
motion capability in either arm. One approach for providing control capability
. for these severely disabled persons is through the use of control techniques
currently being developed for other prosthetic and orthotic devices, including

sight switches, pneumatic pillows, puff and suck controllers, and tongue switches.

Application Development Plan

The development plan for this application will proceed through the

following activities:

- Establish specifications for the prototype device - angles, rates,
forces.

- Determine requirements for vertical displacement of the base
~ Purchase a STEM mechanism from Spar

- Design and develop the end effector and effector - manipulator inter-
face.

- Fabricate a prototype and effector and fit to the STEM
— Mount the assembly to a wheel chair

- Design the electrical interfaces and circuit design for powering each
degree of freedom :

-~ Design and fabricate prototype control systems
- Develop standard evaluation tests, measures, and procedures

~ Conduct a.full evaluation of the concept using the prototype system{
and actual quadraplegic, hemiplegic, and paraplegic patients

-156-



Expected Cost - Each Unit

The target figure for cost of the total system to the patient will be
$200, assuring procurement of the basic STEM systems in large lots.

" Projected Benefits

‘The benefit of this application is basically to provide the mobility
limited person with a method of increasing and extending his reach capability
thereby increasing the accessibility of objects around him. Enhancement of
the reach capability of the disabled person will have the dual benefits of
reducing his dependence on others while increasing his own capabilities to
perforﬁ required and desired activities. There 1is, however, an important psy-
chological problem tq be overcome: devices that tend to robotize the patient

tend to be rejected.
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Manipulators to Enable and Assist Participation in Table Games

"The second approach to manipulator positioning is to mount the

base of the manipulator on a special hat worn by the user."
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Teleqperagbr Technology Application 6

Application class: Manipulator System
Application: Manipulators to enable and assist participation in table games
Application Type: Development

Background Information

Section II of this report cited the desires of handicapped persons on
the one hand to participate in table games, and the few number of such
persons who are actually capable of such participation. The value of this
capability does vary in importancé for different individuals, however, it
can be étated that a demand for the capability represents a general need over
a large segment of the handicapped. These persons, especially during
convalescence, have a good deal of time on their hands. Devices to aid
them in taking part in table games would help them to pass this time. They
would also provide the disabled persons with a form of recreation and relax-
ation, which closely parallels the recreational activities of "normal"
individﬁals.

Statement of the Problem

The problem for this application is to enable and assist handicapped
persons to play table games through the use of teleoperator manipulator
technology. One approach would be to develop systems where the person would
not need to contact actual three dimensional objects such as pieces. In
this approach, the game would be played using only a visual display and a
control input mechanism. It was concluded that followiné this approach would
not be as satisfying for the handicapped person as would providing him the
capability of acquiring, handling, and moving pieces of the same types as

those used -by "normal" individuals.
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Objective of the Application

The objective here is to develop systems using space teleoperator
technology to assist and enable handicapped individuals to participate in
table games such as chess, checkers, dominoes, mosaics, puzzles, and board
games. An inveséigation will be conducted to establish the additional com-
plexity required for a system which would also enable card playing.

Requirements to be Satisfied

The principle requirements to be satisfied in this application involve
those associated with the needs of the handicapped for recreation and relax-
ation, particularly by means of participation in games.

Approach -

The approach to be taken to meet the objective of this effort is to
develop a manipulator system based on teleoperator technology. As in
Application 5, the STEM will be investigated as the manipulator mechanism.

Usé of the STEM is preferred to the use of a standard manipulator configuration
in that the STEM is stored when not in use and therefore does not impinge

on the space immediately around the user when the device is not in use. A
one-quarter to one-half inch tubular member would be sufficient for this
'application, and the maximum reach required would probably not exceed three
feet. The acceptable tip loading would be minimum since only fable game
pleces would be handled. The basic device would require two essential degrees
of freedom, extension-retraction, and grip opening and closiﬁg.

 The position of the end effector at the desired location in space in

terms of X-Y coordinates in the horizontal plane can be accomplished in two
ways. The first concept would have the manipulator mounted to a frame which

is mounted over the board or table. Fore/aft and right/left motion of the base
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of the manipulator along tﬁe frame woﬁld position the end effectar at the
desired location. This approach has the advantage of requiring only one
manipulator for two or more disabled players. It also implies a device which
is integral to the board or table and which does not inferfere with the
capability to perform other activities. The basic disadvantage of this approach
is that it requires two additional control activities on the part of the user:
control of motion along each of the two axes of the horizontal plane. An
additional disadvantaée is that diagonal motion, required in chess and checkers,
would require control of both of these axes simultaneously. <

The second approach to manipulator poaitioning is to mount the base of
the manipulator on a specialhhat worn by the user. This approach uses the
capability of the user to move his head to poaition the tip of the manipulator
and therefore reduces the control problem confronting the user. With this
approach only fhé basic two degrees of freedom need to be controlled. The
disa&vantages of the approach inclade its departure froﬁ normalcy, the
requirement to don, doff, and wear the hat, and the alignment and sighting
problems which could result from viewing the workspace and moving manipulator
via head position.

According to the Spar Description of STEM system capabilities and
specification, a one-fourth to one-half inch in diaméter STEM would fequire
a storage housing weighing from .7 to 2 pounds. fower required would probably
be less than one watt. The deployment mechanism housing would require a
volume of about>20 cubic inches. The critical bending mouﬁt for this STEM
would be about one foot pound and the critical compromise tip loading would
be about 10 pounds of force. Critical torque per element is of the order of

13 to 1.0 inch pounds.
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Application Development Plan

"The activities to be performed in developing this application include
the following: |

- Development of specific system requirements and'specifications

- Development of the manipulator positioning concept

— Development of the control system concept

— Identification of the requirements for use of the system for card
" playing '

- Procurement of a STEM unit from Spar Aerospace LTD
~ Development and fabrication of the end effector

- Instrumentation of the manipulator-effector, interface with the
controller

- Fabrication of the system prototype
- Selection of evaluation criteria, procedures, measures, and tests

- Conduct of evaluation

Report of system performance capability

Expected Cost

The target price per unit is $200.

Projected Benefits of the Application

The benefit to be realized from this application is the fact that it will
enable handicapped persons, who do not presently possess the ability, of
participating in solitary or group recreational activities involving the

acquisition, handling, and movement of small pileces.

-162-



End Effector - Object Interface Design Criteria

"Specific items for each function class would include. . . .

- Hand holds for glasses, cups, pitchers, etc."
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Teleoperator Technology Application 7

Application Class: Manipulator System
Application: End Effector - Object Interface Design Criteria
Application Type: Development :

[

Background Information

One of the needs of the handicapped as idenﬁified in Section III of this
report is for normalcy of operations or the capability of performing everyday
activities in a manner closely approximating the normal. This need is
based on two requirements, one psychological and the other physical. The
psychological basis of the need for normalcy is the general aversion encountered
in many persons to being considered different, to standing out as being
abnormal. The physical basis for the negd is the fact that in the performance
of everyday activities a person must continually interact with, handle, or
otherwise manipulate objects which are designed specifically for the normal
human hand.

In the development of space teleoperafor technology, it was apparent at
‘an early stage that the most effective approach to the use of maﬁipulator
" systems is to design the worksite for the end effector. Thus, design concepts
are being developed for attach points or hand holds, fasteners, connectors,
module extraction méchanisms, etc., which are based on a consideration of the
manipulator and effector capabilities and limitations.

Statement of the Problem

. Reference to Table 5 indicates that 90.57%7 of all everyday tasks can be
performed using personally owned equipment. éome of these items are for lang
duration use whiie others are used only temporarily, and then discarded or
used up (bottles, food containers, tooth paste tubes, eté.). Consideration

must continually be given to improvement of the manipulative capability of
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the disabled such that they will be able to perform activities in the normal
manner using objects és they are designed for normal use. However, to assist
the handicapped in effectively performing required or desired activities at |
this time, some consideration should also be given to ﬁodifying the design
of objects to enhance the use mode of those objects by handicapped individuals.
In reviewing documentation describing design of devices for. the
handicapped, it is obvious that the common approach is to modify existing
equipment to facilitate its use by the handicapped. This approach usually
results in a design which is cumbersome and difficult for both the handicapped
and the normal. It is admittedly a low cost approach but better design
concepts, in terms of‘time,'effort, and accuracy to operate, might be feasible
at little added cost. There should be no reason why telephones, typewriters,
page turners, switches and knobs, etc., cannot be designed and fabricated
for the handicapped at a cost comparable to conventional design. The
market for such devices would include not only the paralyzed or partially
paralyzed, but also those with reduced dexterity and manipulative capability,
including the aged, the arthritic, the stroke victim, the palsied, the upper
limb deficient, and those sguffering chronic illnesses which impair their
finger and hand strength and articulation. Devices for persons with manipuia—
tive defects should be as available as large print editions of publication
for those with visual defects. The marketvis there. What is needed is
engineering imagination and innovative deéign.

Objective of the Application

The intent of this application is to develop design criteria and proto-
type designs for objects and items in the environment to be handled and

manipulated by haﬁdicapped persons.
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Requirements to be Satisfied

This application is concerned with the design of objects for use by the

handicapped, which could include 947 of the activities encountered in normal

1iving which require prehension or grasp of objects. Specific items for each

function class would include the following:

Food Preparation:

- Shelves and storage area layout

~ Handles for pots and pans

- Adjustable automated container

- Twist off openers

- Hand holds for plates, cups, and glasses

- Can openers designed for use by the handlcapped

Eating/Drinking:

- Specially designed knives, forks, and spoons

- Integrated knife and fork for holding meat while cutting
= Hand holds for glasses, cups, pitchers, etc.

~ Specially designed napkins

Self Care:

- Devices for assisting a disabled person into and out of a tub
or shower
- Specially designed:

razors and related shaving materials
combs and brushes

tooth paste container and brush
towels and wash rags

makeup materials

~ Devices to enable a person to interface with toilet facilities
~ Devices to assist a person in and out of bed

Work/Recreation:
- Specially designed:

Dressing:

- doors, locks, latches

book holders, page turners

writing materials

games and recreational materials

telephones

switches and activation devices for electrical appliances,
lamps, motors, etc.

lamp adjustment mechanisms

- Special clothing - designed for ease of donning and doffing
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Layout and design of closets, storage areas, drawvers,
hampers, etc.

Public Transportation: -

- Design of entranceways, ramps, corridors, doorways, cabin interior,
straps and hand holds

Private Transportation:

- Design of doors, curbs, steps, room layout
- Design of personal automobile controls and displays

Approach

The approach to be employed in this application will be to develop
design criteria for the items listed above to facilitate their bandling and
use by:

« Quadriplegics

« Wheel chair bound paraplegics and hemiplegics

. Palsied

. Stroke victims suffering paralysis

. Person having degraded manipulative capability due to injury,

arthritis, or limb deficiencies (including amputees)

The methodoloéy wili consist of an analysis of the specific use
requirements associated with each selected object or item, and a-development
of design concepts based on a consideration of the ;apabilities and limitations
of the various types of disabled persons listed above. In defining these
capabilities and limitations it will be assumed that the persons are using
a wide variety of assistive devices such as hand splints, dorrance hooks,
Rancho electric arms, powered and manually controlled wheelchairs, etc. A
set of evaluation criteria will be developed based on the requirements for each
task idéntified in Section III of this report. The evalﬁation criteria will
also consider the degree tc which each design app;oach is usable over other
disabilities as well as by '"'normal' persons. For this analysis, a differentiation

" will be made between personal equipﬁent items (tooth brush) and those objects

which are usually shared with others (bath tdb).
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Each of the design concepts for each selected item will be evaluated
using the evaluation criteria, and one approach will be selected as optimal,
For a subset of these specially designed items, prototypes will be fabricated
and evaluated in actual use.

Application  Development Plan

The activities to be pursued in this application include:
. Comprehensive analysis of use requirements for objects

. Structured description of capabilities and limitations of persons
with different disabilities using different devices.

. Development of design concepts for items based on the capabilities
and limitations

. Development of evaluation criteria based on use requirements, on the
requirements for tasks described in Section II of this report, and on
the degree to which a design can be used by other disabled or normal
persons. )

. Selection of the optimal approach for each object

+ Fabrication of prototype designs for selected objects

. Evaluation of the effectiveness of selected prototype design concepts

. ‘Preparation of design criteria for each selected design approach.

Expected Costs

The cost of each specially designed object will vary as a function of
its complexity. Cost will be one of the factors included in the evaluation
criteria and a good deal of emphasis will be placed on development of low cost
objects for the handicapped.

Projected Benefits

.This application will result in design criteria for objects the use of

which will enhance the performance capability of the handicapped.
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Remotely Controlled Vehicle to Serve as a Mechanical Servant

S grezt

" . . . a remotely controlled vehicle equipped with a manipulative capa-

bility, and possibly an adaptive or supervisory control capability, would

greatly extend the reach of a handicapped person. . ."
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Teleoperator Technology Application 8

Application class: Mobility System )
Application: Remotely controlled vehicle to serve as a mechanical servant
Application Type: Development

Background Information

One of the most significant efforts in space teleoperator technology
development is the program devoted to the free flying teleoperator system.
This free flyer will operate at some distance from the parent vehicle under
control of an operator located in that vehicle. The usé of an unmanned
remotely controlled free flying system serves to extend the reach of the
man in the parent craft without the stabilization problems usually encoun-
tered with long manipulator arms. This objective of extending man's reach
also apélies to the situation of the handicapped, as deséribed in the plan
for Application 5, use of a remotely controlled vehicle equipped with a
manipulative capability, and possibly an adaptive or supervisory control
'capability, would greatly extend the reach of a handicapped person, even
beyond the limits which are feasible for telescoping manipulator systems.

Statement of the Problem

One problem with such a system could be its cost, since it could rep~
resent a highly sophisticated and'complex retrieval device. This problem
might be overcome by using the systems within an institutional setting where
the device actually serves many patients at one time, with the cost borne by
the institution. The benefit to the institﬁtion would be a reduced workload
6n nurses and aide personnel, especially for routine time consuming activi;
ties such as retrieving desired objects. The benefit t6 the patient would
be a reduced dependence on these personnel. A remotely controlled device'

could conceivably be designed at low cost for individual handicapped persons
i T
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if the control logic and mobility systems are kept simple. The.device could
use wheels for translétion, or it could travel on a track with all objects
iocated within reach of its ménipulative system. One problem here is that
if the system must operate at locations where the activity can not be ade-
quately viewed by the user, a visual feedback system, such as closed circuit
television, will be required. Another problem is control. The user will
need to control direction and rate of translation whiie controlling the
manipulative system as well. This may require rontrol of as many as six
different parameters (two degrees of freedom for the mobility umit and four
for the manipulator). Careful consideration will need to be given to the
techniques for inputting coptrol commands since the motion capability of a
high level quadraplegic is severely limited.

Another difficult problem for such a remotely controlled vehicle is
the power source. Use of pneumaéié and gasoline engines is not feasible
in an indoor environment. Use of an electric motor offers the best alter-
native, however, the size of the motor, as limited by the available power,
will limit the dimensions and capabilities of the vehicle.

The concept of a mechanical servant becomes more feasible if, in
addition to simple retrieval activities, the system is also designed to
assist in daily living actiﬁitieé. This appfoach would require that the
system be provided with a ﬁanipulative system as described in Aﬁplication
2, handling objects designed as in Application 7. Thus the system would
retrieve objects for the user and would also assist him in dressing, food
préparation, self care, and transportation activities.

Objectives of the Application

The primarf’objective of this application is to develop a mobile system

to enhance and extend the retrieval capability of a handicapped person. A

A
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secondary objective is to develop these systems with a capability to assist
in the use or operation of an object once it is retrieved.

Requirements to be Satisfied

The system described in this applicétion would aid_a handicapped indi-
viduai in the performance of virtually all everyday activities described in
Section III1 of tﬂis report. It would extend the reach of the disabled to

"increase the accessibility of objects in the immediate enﬁironment. It would
also contribute to the perférmance of selected operations which currently
require dependence in a second person.-

Approach

The two driving requiréments for this application include (1) the need
to develdp an effective and efficient mobility system to éxtend the reach
of a handicapped individual while also assisting in the performance of
specific activities, and (2) to achieve this in a manner that the ultimate
system is economical, both in terms of initial dollar price and in terms
of life cycle costs. The basic system will incorporate three principle
subsystems: mobility, manipulation, and control.

The mobility system can be a free moving system or a slaved system. A

_ free moving system is one which can move to any location in one horizontal
plane. A slaved system is one which is confined to a rail or track. The
effectiveness of either approach to acquire any object in the environment

will depend on the manipulative system. A free moving system will not require
extended reach since by its nature it will maneuver to a location proximal to
the item to be acquired. A slaved system, on the other hand, will require

more manipulative capability (specifically reach) to offset limitation in

vehicle maneuverability to any location. The control system for the free

moving system would, therefore, be more complex for control of mobility and
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probably less complex than the slaved apprcach for control of the manipulator.
The slaved approach, on the other hénﬂ, would require less compiexity in the
mobility control system since the vehicle would be limited to traversing the
course established by the track. The manipulative system control for these
slaved vehicles would probably be more complex due to fhe extended reach
requirement to access objects not in the immediate vicinity of the track.

~ The remotely controlled vehicle would be of most benefit to those who
would find it most difficult to provide control to thé system-—~the totally
or almost totally paralyzed bed-ridden or wheel chair-ridden person. For
this reason considerable attention must be given to the control system and
the controllers by which the user inputs commands. The feasibility of hand
and/or finger control shoula be established as well as alternate control
methods, such as muscle control, tongue switph, mouth implanted switch,
puff and suck, sight switch, pneumatic pillow, hand-controlled switch, etc.

Application Development Plan

The activities to be pursued'in this application.are as follows:

* Determine the feasibility, utility, and benefits of a mobile mechanical
servant for the severely handicapped and establish the performance and economic
constraints on such a system.

° Develop, analyze and integrate system functional, performance, infor-
mation and support requirements, and user requirements related ﬁo different
disabilities. |

* Identify requirements and constraints for the system to suppoft the per-
formance of activities in addition to its basic retrieval capability.

_* Develop concepts for the system and for the major subsystems of mobil-

-

ity, manipulator, and control.
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. evelop analytic evaluation criteria to establish the relative
" effectiveness, efficiency, and economy of alternate approaches, in terms
of system operability, feasibility, safety, reliability, maintainability,
transportability, and costs including research and development costs, pro-
duction costs, and life cycle costs. '

* Compare alternate design approaches on the evaluation criteria and.
select the best compromise from the competing approaches.

* Develop and fabricate a prototype system for evaluation.

« Plan, conduct, and interpret data from evaluation tests using actual
handicapped individuals.

* Document design criteria, concept detailed design and evaluation

results.

Expected Cost Per Unit

The cost of the system to the user will vary as a function of the com-
plexity of the selected system concept. A manipulato; arm on a track com-
prises a simpler, and less expensive approach than a self-contained, remotely
controlled, mobile rover equipped with manipulators and possibly special sen-
sors. As a production item it is estimated that the cost of a free moving
rover would be on the order of $500.

- Expected Benefits

The major benefits of this system would include its enhancement of user
independence, its contribution to the pérformance effectiveness of the user,

and the increased accessibility of objects in the environment.
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Tactile and Proximity Sensors for Providing Feedback to

Individuals Deficient in Tactile or Visual Capability .

"Teleoperator technology development in the area of tactile sensing
has been concerned with tactile sensors to represent the contours,

texture, size and shape of objects encountered in the environment.
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Teleoperator Technology Application 9~

Application Class: Sensory Aids _

Application: Tactile and Proximity Sensors for Providing Feedback to
Individuals Deficient in Tactile or Visual Capability

Application Type: Research

Background Information

The analysis of everydéy living activities reported in Section II of
this report indicated that, for these activities, tactilg and kinesthetic
feedback was more important than viéual. This was due to the fact that many
of the tasks identified were concerned with manipulations of body parts or of
objects in contact with the body. Such operations are probably degraded to a
greater &egree by a loss of information on arm and hand positions with respect
to the body than by a loss of visual feedback. o

Tactilé and kinesthetic feedback is required for two basic types of
disabilities, for different reasons. The péralyzed individual, whose disability
results from spinal cord injury, is usually deficient in pressure sensing
and éensing of 1imb joint position and 6rieﬁtation. While equipped with
.. vision, this disabled person requires.tactile and kinesthetic information
to supplement his visual feedback, making activities more effective, efficilent,
and safe. The blind individual.must rely on other sense mobilities for any
interaétion with the immediate environment. One of the primary channels of
information for these individuals is the ﬁactile or pressuré sense.

. Teleoperator technology development in the area of tactile sensing has

been concerned with tactile sensors to represent the contours, texture, size
and shape of objects en;ountered in the environment, primarily as applicabie

to remotely controlled unmanned planetary rovers. Technology developments
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- for teleoperators are also under way for obstacle avoidance or proximity
sensors, primarily with respect to the shuttle free flying teleoperator and
ﬁhe planetary rovers. In a description of requirements for a human factors
research and-development program for space teleoperator systems, Maloﬁe (1971)
ideﬁtified reduirements fér the development of early warning and pre-contact

sensing systems and for display of proximity to the teleoperator operator.

Statement of the Problem

The problem to be investigated in this application is the degree to which
the concept of proximity sensing is useful and beneficial for the blind and

for those deficient in tactile feedback.

Objective

Te plan and conduct research into the degree to which proximity sensing

can assist and aid the blind and the tactile sense deficient personms.

Requirements to be Satisfied

The requirements to be addressed in this application include those tasks

cited in Section III of this report which require tactile feedback.

Approaéh

The everyday living tasks and performance and safety requirements asso-
ciated with each.task will be analyzed to determine the benefits gf providing
proximity information to: a blind person; and to a paralyzed individual who
has lost tactual sensation. Concepts for providing the feedback will then

be deVeloped and evaluated in a program of research.
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Application Plan

'The activities to be accomplished include the following:

Identify tasks requiring proximity sensing
Determine required levels or gradients of this sensing

Develop concepts for providing proximity feedback to the blind
and to the tactually deficient.

Evaluate concepts analytically and, through a feasibility analysis,
select a few of the more promising concepts

Fabricate prototypes of the selected concepts and evaluate in a

simulation setting :

Projected Benefits

The primary benefit to be derived from this application is requirements,

concepts, and criteria for proximity sensors for the blind and for individuals

deficient in tactual sensation.
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Manipulator End Effector as a Prosthetic or Orthotic Device

INVESTIGATION & EVALUATION

- -

CONTROL SYSTEMS

e ESAM Ext'endible © Terminal Pointer Concepf ‘e Specific for Existing

Stiff Arm Manipulator . Manipulators
: ~ ¢ Analog or Replica Controllers

e RAM  Rancho Anthro- . ) e University of Mass.
pomorphic Minipulator o Discrete Switch Control 3 - Finger Hand

» ARMS  Ames Anthro- \/ o MSFC Satellite Cap-
pomorphic Minipulator ture Device

o ADAMS Advanced Action PROTOTYPE o Replaceable Terminal

Manipulator System

" . . . to evaluate the capabilities of the alternate manipulator system config-

urations, currently being developed for space teleoperators, for satisfying the
performance requirements associated with everyday activities performed by the’

handicapped."
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Teleoperator Technology Application 10

Application Class: Manipulator System
Application: Manipulator/end effector as a prosthetic or orthotic device
Application type: Research

Background Information

The application of space manipulator technology for prosthetics or
orthotics is well established within NASA, particularly at Marshall Space
Flight Center and Ames Research Center. MSFC has been cooperating with
Rancho Los Amigos Hospital to develop a triggered hand and end effector
tool kit assemblies for amputees, and to design and fabricate a dual arm
anthropomorphic manipulator system. Marshall is also contracting with the
University of Massachusetts for a three fingered articulated hand, to MIT
for advanced control systems fof manipulators, and to the University of
Tennessee for manipulator system feedback information processing and‘integration.
' The Ames Research Center has developed an advanced manipulator and exoskeletal
master éontroller based on earlier developed hard space suit technology.

Statement of the Problem

In the development of remote manipulators for space operations, NASA
has been pursuing an objective very similar to that being attacked by medical
systemé engineers concerned Wwith the development of improved prosthetic and
orthotic devices. This objective is essentially for a highly versatile, high
precision, general purpose, dexterous, articulated anthropomorphic extension
of the arm and hand of. the human operator or disabled bafient. Although the
objectives are comparable, the degree to which a manipulator systen, devel9ped
for‘satellite servicing or experiment control in space, is based on design

N

principles which are directly applicable to the everyday'activity requirements
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and problems of the handicapped, remains to be demonstrated.

‘This application will seek to identify the degree to which manipulative
systems being developed for space operations meet requirements and satisfy
problems such as those described for the handicapped in Chapter III of this
report.

Objectives of the Application ' _ !

The objective of this application is to determine the degree to which
manipulator, end effector, and manipulator control systems being developed
for space teleoéerator systems have direct application for prosthetics and
orthotics.

Requirements to be Satisfied

The requirements to be satisfied by this application include those
identified'for the handicapped in Section III of this report. These require-
ments fall into the general functional areas of eating/drinking, food pre-
paration, dressing, self care and personal hygiene, work and recreation,
and transportation.

Approach

The basic approach to this application will be tb evaluate the capa-
bilities of thelalternate manipulator system configurations, currently being
developed for space teleoperators, for satisfying the performance require- |
ments associated with everyday activities performed by the handicapped. The
manipulator systems to be evaluated include:

Manipulators

. The entendable stiff arm manipulator (ESAM) developed by MSFC.
+ The Rancho Anthropomorphic manipulator (RAM) developed for MSFC.
. The Ames Anthropomorphic Remote Manipulator (ARMS) developed hy ARC.
« The Advanced Action Manipulator System (ADAMS) developed by
General Electric for MSFC. .
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End Effectors

. End effectors specifically tailored for each of the manipulator
systems listed above.

. The University of Massachusetts three fingered hand.

. The MSFC satellite capture device.

. Replaceable terminal tools developed by Rancho for MSFC.

Control Systems and Controllers

. Terminal pointer controller concepts developed for MSFC by MIT
and URS/Matrix.

. Analog or replica controllers.

. Push button or discrete switch control.

It is suggested that this application effort be conducted at MSFC

primarily because the systems listed above are currently undergoing analysis

and additional development at that center.

épplication Development Plan

of 3

The development plan for this program would proceed as follows:

Analytically prioritize and integrate requirements for handicapped
systens,

Analytically determine the degree to which existing manipulator/
effector configurations being developed for teleoperator systems at

'MSFC meet requirements for handicapped systems.

Support the above analysis with empirical investigations of manipulator
applicability.

Identify required design modifications in manipulator systems to
enhance their operability as prosthetic or orthotic devices.

Develop simplified techniques and hardware to enable unassisted
donning and doffing of prosthetic and orthotic devices.

Develop manipulator controllers and control systems consistent with
manipulator design criteria and handicapped person requirements.

Fabricate an improved prototype manipulator for use as a prosthetic
or orthotic device.

Evaluate the prototype system and report findings.

The expected duration of this effort would be 1.5 years at a man level

man years. The output would be a prosthetic/orthotic device making
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maximal use of teleoperator technology while being based on requirements
and problems of the handicapped. One primary system driver during design
and development will be system cost to the handicapped individual.

Projected Benefits

The primary benefits to be derived from this application include: (1)
the development of aids for the handicapped based on a comprehensive assess-
ment and integration of requirements for such aid, and (2) the maximal use

of teleoperator technology to develop aids for the disabled.
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Development of Criteria and Standard Evaluation Tests

EVALUATION OBJECTIVE

\/ \/

SYSTEM | © SYSTEM
DESIGN DESIGN
IMPLEMENTATION CONCEPT

EVALUATION APPROACH

TESTING
METHODOLOGY

" . to develop standard tests and test methods for the evalu-

ation of prosthetics, orthotics, and sensory aids."
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Application Class: Evaluation
Application: Development of Criteria and Standard Evaluation Tests
Application Type: Development

1

Background Information

The National Academy of Sciences Committee on Prosthetics Research and
Development (CPRD) report on Rehabilitation Engineering (1971) states that
it has been long recognized that evaluation is a difficult, ardﬁous,

expensive task. Due to the great number of interdependent variables that
enter in;o the success of prosthetic and orthotic items, it is seldom
practicable to employ the scientific method of evaluation. The alternative
is to fit relatively large numbers of patients under ordinary clinical
conditions, keep accurate, comprehensive records of progress, and make
general comparisons with past practices whenever possible.

The CPRD document also reports that the Subcommittee on Evaluation of
the Comﬁittee on Prosthetics Research and Development has been charged with
the responsibility of improving evaluation techniques and lines of communi-
cation. The evaluation program was judged to be effective in its present
form and it was recommended that it be continued. However, every effort should
be made to recognize necessary changes as research programs and education

programs develop.

Statement of the Problem

The overall objeétives of an evaluation program are usually of two
types: evaluation of the degree to which the system meets design specifica-

tions; and degree to which the device is effective in assisting the user.
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There is a very real difference between these objectives. The first applies

........

to the evaluation of a particular system design implementation, while the

second involves an assessment of the feasibility of the system design concept.
The initial problem to be resolved in planning an evaluétion is tharefore

to clearly specify the purpose of the evaluation. Such a differentiation
would reduce the incidence of situations where a concept is rejected because
of a faulty design implementation, as seems to be the case for the sight
switch control concept.

The importance of specifying the objective of an evaluation is evident
when one identifies what 1s done differently to achieve each of the two types
of objectives. 1If a system.design implementation is being evaluated, attention
will be given to the degree to which the imp;ementation meets design and
performance specifications, such as reliability (mean time to fail, failure
rates, etc.), operability (time, effort, and accuracy), maintainability
(component accessibility, mean timé to repair, avaiiability of test points,
etc.), and physical characteristics (power, volume, weight, etc.). The
evaluation is therefore centered on this particular system operating under
carefully specified conditions. If a system concept is being evaluated, one
must perform the assessment in a manner which enables him to separate limit-
ations of the concept from limitations of this representation of the concept.
This type of an evaluation essentially becomes part of the development
process since improvements in the mechanization of the concept are made as
problems are identified. At the point when no additional improvements are
possible, what remains is the best representation of the concept within the

limitations of the existing state-of-the-art.
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The evéluétion of teleoperator systems currently ﬁeing conducted within
NASA is essentially of the concept evaluation variety. A range of designed
implementations of alternate manipulator concepts are presently being
evaluated at Marshall Space Flight Center with the goal being to establish
the basic configuration, orientation, articulation, and control capabilities
and limitations inherentAin each concept.

' The second basic problem usually encountered in prosthetic and orthotic
system evaluations (primarily of system implementations) is the degree of
objectivity inherent in the data obtained. While it is granted that evalua-
tion is difficult and that a good number of interacting variables are involved,
this should not be taken as a license for replacing carefully controlled
evaluations with informal appraisals, or for accepting qualitative subjective
opinions over quantitative, objective measures. The evaluation of a system
for the handicap, including the device, the user, and the man-machine
relationship, cannot be inherently more complex than the evaluation of a
sophisticated man-machine space system, and yet for the development of the
latter system, engineers ha&e not retreated from the objective of objectively
measuring system performance. |

The essential attributes of an evaluation is that it enables the
acquisition of data to predict performance capability of the system over a
wide fange of conditions of use. In order to maximize this prediction
éttribute, consideratiﬁn must be given to two important characte;istics of ;;e
data obtained from the evaluation. These are data réliability and data
validity. Data reliability measures the degree to whichAmeasurements of
perférmance refl?ct actual performance capabilities. Reliability depends_on
the degree of experimental control and varies as a function of experimental

error inherent in the data due to the operation of spurious or uncontrolled
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conditions. Data validity measures the degree to whicﬁ the evaluation
measures what>it is intended to measure. Validity of a test depends on the
fidelity of the test conditions or the degree to which these conditions
represent the real world conditions for which performante capability is being
predicted.

In order to maximize the degree of reliability and valid£ty of data
obtained from an evaluation, the evaluation itself must be carefully controlled
and must sample conditions which are representative of the real world where
the system w111.0perate. This would indicate a need for a well conceived
and controlled series of standardized, representative tests producing
objective measurements.of both the system outputs and the condifions

operating on the system at the time of evaluation.

Objectives of the application

The objective of this application is to develop standard tests and test

methods for the evaluation of prosthetics, orthotics, and sensory aids.

Requirements to be Satisfied

All requirements cited in Section III.

Approach
This application will seek to apply the tests and testing methodology

developed for the evaldation of teleoperator systems and concepts to the
evaluation of systems for the handicapped. In the manipulator area the set
of tesﬁs‘being used to evaluate the performange capability of existing
representations of alternate system concepts include the following:

. Evaluation of tip positioning accuracy
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. Evaluation of tip orientation.accuracy.

« Evaluation of the capability for making ninimum positional changes.

. Evaluation of force-torque application capabilities.

. Evaluation of available dexterity. |

+ Evaluation of the component parts of specific activities - such as

antenna deployment, module removal and replacement, and fastener
connection.

The approach in these evaluations is to specify the experimental con-
ditions so as to maximize the degree to which data can be generalized to
other situations, to control and standardize the tests so as to maximize data
reliability, and to select the essential attributes of a wide variety of
potential tasks, and to incérporate the range of expected conditions so as
to maximize data validity.

This application will seek to establish a set of well controlled,
representative, objective, high fidelity, standardized tests for evaluation
of systems for the handicapped. A‘description of testg will be presented for
each class of systems and will include specifications for experimental
methods, procedures and measures, data validation techniques, data analysis,

procedures, and data acquisition and recording techniques.

Application Development Plan

{ Identify evaluation requirements and constraints (time and cost)
. Classify systems for the handicapped

. Develop a set of candidate activities to be used in the evaluation
of each class of systems

« Develop tests and experimental designs for evaluation of each class
of systems for each activity

°

-

. Identify the benefits of evaluating each activity vs. the cost of
the individual test and the test sequence. -
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. Reduce the number of tests to a manageable number, maintaining
test options associated with different evaluations within any one
class

. Develop the details of test: Hardware, data acquisition and recording,
software, methods, controls, experimental design and experimental
conditions, subject selection and training, and data analysis and
interpretation

. Fabricate prototype tests
. Conduct an evaluation of the standardized tests and validate the
tests by comparing performance estimates developed from the tests

with actual performance capabilities of handicapped individuals using
the tested systems

Expected Benefits

Improved evaluation of Prosthetic, Orthotic, and Sensory Aid systems.
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APPENDIX A

Performance Requirements
Identified for Each Task
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APPENDIX B

Safety Hazards Identified
For Each Task
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