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Esamples of Anthropomorphic Machine Development
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INTRODUCTION

The purpose of this paper ig Lo describe a unique
control system for application to earth-moving and
material-handling equipment, Thig method of control
will provide machinery with human-like action that
mimics an operator's natural motion., Such a clogely
coordinated man-machine system will exploit the unior
of man's superbly integrated sensory system with the

‘tremendous power potential of machinery, In partico-

lar, force and position senaing will be {iransmitted be-
tween the man and the machine's effector (£, &, scrap:
ing blade, toothed bucket, ele, ).

Recent technological history is characterized by
the rapid and widespread application of automatic con-
trol, data processing, and information and control
theory. In spite of the impressive mechanization
achieved to date, one area of outstanding potential re-
mains to be exploited. The adaptive, reflex control
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of man can be transmitted directly to a mechanism,
g0 that the mechanism responds 2z though it were a
natural extension of the man. Such conlrol is casy Lo
achieve, compared to avtomatic control equipment.

The principle is sound and has been effectively
demaonstrated in mechaniams that are discussed in
thia paper.

HUMAN CONTROL VERSUS AUTOMATIC CONTROL.

Significant advances in control and control theory
promise startling mechanizations of tasks heretofore
performed only by humans. In spite of theze achicve-
ments and the expectation for continued progress, the
difficulties of duplicating many feats of the human

Man and machine can be combined into an imti-
mate, symbiotic unit that will perform essentially
as one wedded sytem, This Cybernetic Anthropo-
morphous Machine (CAM) will respond to irregular
force and posifion patterns with the alacrity of man's

information and control system coupled with the
machines's power and ruggedness, A new and ex-
citing area for the application of this control tech-
nique is in earth-moving and materialkhandling
equipment,




brain and nervous svstem =till remain formidahle.
Congequently, many mechanical operations will not
be automated for some time.

Until such time as information and contral theory,
and its aazsociated technology match human capebilities
in more than a few specialized [ields, there is consid-
erable opportunity for profitable symbiosis of man and
machine. Moreover, as industrial processes rely
more and more heavily on prompt and sceurate mach-
ine response, the need for closer control coordinz-
tion will become acute, The integration of man and
machine into a mutually complementing aystem is one
way of meeting the demand for improved contraol.

The human information and control system bene-
fite from low weight, space, and power requirements,
and a guperb integration of the entire erganism, so
that all its parts work harmoniougly and expediticusly.
However, when it comesg to mechanical or mental out-
put involving speed, accuracy, and diligence {espe-
cially atteniion to repetitive detail), humans are notor-
iously poor performerg, Furthermore, many special-
ized motor abilities can be acqguired only after consid-
erable motivetion and learning. In those instances
that require only the above characteristics. it is fre-
quenily hezt to do the entire job mechenicslly.

Un the other hand, for tagks which up to now
have required human gualities fi.e,, judgment, con-
tinuous sensory apprai=al, force and position sensing,
ete.), but mechanical effectors, the man-machine
complex can be designed on an anthropomorphous
{(human in form) basis. The human element would be
attached to a follower rack which would measure the
angular positions of the applicable joints of the human
element, The signals genersted would be used o
operate the similar, powered joints of the machine,
Force and position feedback from the machine joints
could also be provided to the follower rack,

A system using this approach is called a Cyber-
netic Anthropomorphous Machine (CAM), It is a cy-
bernetic since it involves the use of applicable infor-
mation and control techniques and theories. It i=s
gnthropomorphous since itg effective members oper-
ate very much like those of a human organism in per-
forming the required task. Based upon experimen-
tation that has esteblished beyond doubt the feasibil-
ity of fundamental principles, a number of these CAM
sgystems have been developed.

MANTPULATORS

Manipulators are used to extend and augment
man's capabilities in those taske that require human
judgment and control, Man's sensory asseis and
his complex manipulating ability guide the machine,
Howewver, the work and power output of the machine
is not limited by the man's capabilities. Moreover,
environments that are normally hostile to & human do
not affect the machine,

The ability and efficiency of a manipulator depend
on effective cyvbernetics, or adequate transmission of
human sensory information between the operator and
the task, Manipulative dexterity, propricceptive
posgition, kinesthetic force, and visual and audic sens-
ing are factors that must be incorporated in & mean-
ingful extension of man's capabilities,

In manipulative machinery, position and motion
of the human arms and hands are followed by a servo
system, which causes 8 mechanieal analogue of the
upper extremities to follow the humean template,

The human sensory and data processing systems, a-
long with the servo itgelfl, are used primarily as feed-
back loops in a highly integrated manner. The eye by
direct viewing or television, the ear by direct or in-
direct ligtening and the tactile sense through the use
of force feedhack are used as sensors. Human pro-
prioceptiveness is important. The matural muscular
sense of pogition is exploited; the manipulator is iso-
morphic and mimics the operator's movements,

Motiones which are impossible for a human can be
accomplished by & manipaistor. For instance, & re-
mote manipulator might be reguired to rotate paris
such ag unscrewing a nut or bolt. The wrist joint or
an edditional joint in the foreerm of the machine can
ke devised so that it will rotate continuously on com-
meand,

Figure 2 is a photograph of "Handyman." This
is a two-armed master-slave manipulator used for
handling radicactive equipment. This photograph
shows the operator in cloge proximity {o the alave,
which is whirling the hula-hoop., In actuzl] operating
conditions where radicactive material is handled,

& concrete barrier separates the master slation and
the slave, The only connection between the master
and slave is an electrical control.

Figure Z. Handyman - An Electrohyvdraulic Force=
reflecting Manipulator,
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At the right-hand side of the picture is the two-
arm glave unit; at left, the operator at the control
station. The operator's hands and arms are in the
control harness, and their natural motions are re-
produced by the motions of the manipulator arms.
The operator does not have to support the weight of
the harness or of the slave, or even of his own arms,
because the machine is designed to exacily counter-
balance all these masses regardless of the arm
position,

The mechanicel arme and hands in human form
are electrically connected to a harness worn by the
operator, The system causes the mechanical limbs
to mimic the actions of the man's arms and hands
{i.e., to follow the human template), while the man
inturn, receives gignals from the machine convey-
ing information about force and pesitian. The ma-
chine is coupled to the man's sensory and motor
aystem in such 2 way that the whole setup operates
ina highly integrated manner through fecdback of
force g&nd position information,

Hendyman has ten moiions in each arm, All
these motions are hydraunlically acfusted by memn s
of electiric signals that cause the arm and hand o
carry out precisely the same motions as those
made by the operator's finger and arm anpular
metions, In handling en object, the machine re-
gigters the positions and forces associated with
the manipulation; this information is translated
into electric signals and sent back to actustors
attached io the operator, which convey fo him
forces proportional to thoge experienced by the
machine. The operater's harness is called the
follower racl.

The coupling ig so direct and detailed that the
man does not have to think about operating the ma=
chine., He simply concentrates on the manipula-
tion task itself; he cbhaerves the actions of the
mechanical armeg and hands as if they were his
oW,

Handyman is 2 good example of merging man
and machine, using the best capabilities of each.
The value of the Cybernetic Anthropomorphous
Machine (CAM) has been proven and the potential
for CAMs ina wvariety of other applications is
apparent. Terrestrial hiph radiation areas, outer

space, and the ocean depths are locales where
CAMs can be used, In the industrial world earth
moving, material handling, and manutacturing
activities can be accomplished with manipulative
CAMs,

Figure 3 is & photograph of & similar device
developed by Mr. BRaymond Goertz of Argonne
National Laberatories. The main difference be-
tween Handyman and this manipulator is that the
latter iz controlled with electromechanical rather

than hydromechanical servos, It also has the
added feature of televigion cameras mounted on
the machine,

Figure 3, An Electromechanical Force-reflecting
Mamipulator Developed at Argonne National
Laboratories.

Two basic problems must be golved to fit
CAMs into each type of application. One is the
system concept design to provide the kinematics
and appropriate psychophysical control properties
needed, The second is the development of ma-
chinery suitable for the application.

HUMAN FACTORS - The first problem area of
peychophysies must be understood to appreciate
the significance of human sensing and controlling
with regard to performance, Man's capability for
intricate manipulating and controlling is not read-
ily appreciated because it is so familiar. Newver-
theless, separation of man and tagk by a lever or
pedal-controlled mechanical system causes a de-
gradation of performance in terms of mechanical
filtering of human sensing, Comprehension of
human factors such ag these is a key to the desipn
of effective CAMs,




Consider the seemingly simple operation of
opening a door, One grasps the doorknob and
swings the door in an arc of a eirele with the
hinge axis at its center. The hand pulling the
deor mast follow an are lying in & plane at the
level of the knob parallel to the plane of the floor;
the pulling force must conform to the circumference
af the circle described by the distance from the
knob to the hinge axis. In doing this the hand,
acsigted by the human nervous syvstem, is guided
by the door's resistance to being pulled alang
any other path, In other words, the human motor
system responds to a feedback of forces that must
be interpreted. A strong robot, lacking any means
of such interpretation and free to pull in any direc-
tion, might easily pull the door off itz hinges in-
stead of swinging it open. Similarly, the same robot
given a chair fo carry might pull # to pleces becauge
af inability to sense or interpret the resistance of the
chair's structure to being pulled apart. As another
example, congider the problem of sliding a rod into
a snugly fitting tube. A man can do this, even hlind-
folded, by trying various angles of insertion until
he finds the one at which he can push the rod In with-
out forcing it. A robot, on the other hand, would
simply push hard at any angle and bend or crumple
the rod,

The concept involved here can be iHustrated in
another way. As everyone knows, It iz virtually im-
possible to draw a perfect circle freehand, The
genses of viglon and touch are not sufficient guides
to perform this operation accurately. Yet anyone
who turns the handle of a peneil gharpener or an egg-
beater describes a irue circle in the zir with every
turn, The handle provides the guide, znd the sense
that is called into play 1z the kinesthetic ane -- the
gen=ing of forceg and posgitions by the body's skele-
tal and muscular system (Figure 4},

B follows, then, that one of the main require-
ments for a CAM manipulator iz that it must be
equipped with a kinesthetic sense corresponding to
the human one, It must be capable of detecting large
or small changes of force and position, and trans-
mitting this information accurately to the human
operator,

Figure 4a. Lacking Human Sensing, Rebot Snaps Door.

Figure 4b. Lacking Human Sensing, Hobot Shatters
Chair,

Figure 4c, Lacking Humen Senzing, Hobot Jams and
Bends Pipe.

Figure 4d. Crank Handle Forces Perfect Circular
Fattern,
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MANIPUILATCR SYSTEM DESIGN - The second pro-
blem aren iz the degign of the mechanical system,
The following {actors must be considered:

¢ lMguipment must be practical in terms
of gize, cost, reliability, and rugged-
Ness,

& Fower and control components mast
suii the particular system application.

# (rood force and position sensors must be
incorporated,

s Mechanical arm kinematics must be ap-
propriate and adeguate,

The magnificently articulate human hand has
22 degrees of freedom. To achieve this degree of
dexterity in 2 proctical mechanical system is im-
possible, The best chelce of kinematics for the
arm and hand is atrade-off hetween effective and
ideal dexterity.

In our Buclidean world il takes six degrees of
fresdom of motion to position an object; three to
place it in space {as defined by the three familiar
coordinates ¥, vy, and 2) and three to orient ihe ob-
ject itself (in the attitudes known as piteh, roil,
aid vaw)., A machlne can easily be designed o
carry out the various necessary movements, but
it a gystem of levers, switches or buttons is uged
to control these motions, the human operator musi
operate the machine in a slep by step lashion, A
man cannot sccurately operate more than one, or
wt most two, puch controle at a time, It is clear,
therefore, that an ideal manipulator musi he
coupled to the operator more directly than through
levers or buitons.

oix well-related motions are needed for com-
plete freedom to position an ohject., Motlons re-
quired of the mechanical hand depend on the tagks
to be done. Specialized hands are the anawer to
duplicating the complex ability of the human hand.
The motions must be designed to allow spatlal cor-
respondence between the operator’s hand and the
end effector or mechanical Lund, The manipulator
size can be varied while the controller is kept the
size of & man, However, the lopological relations
between the machine and the operator must he kept
the sawne; olherwise be would lose mental contact
with the mechanical arms. The value of mimick-
ing the operator's behavior would be lost. Spatial
correspondence in force and pogition must he
mainiained.

HANDYMAN EXPERIENCE -- HUMAN FACTORS

Experience with Handyman hag also revealed
geveral eritical design requirements for such a
machine., It musl be frec of any inlernal forces
{such as friction, dead weight, or the like} that
would fend to lire the operator or mask the lorces
he is trying to measure. The machine's informa-
tion about foree and positlon must be reflecied to

him firmly and crisply so that he can work at the
speed he desires, maintain smooth contiol of the
velocity of the machine's movements, and conduaet
those movemenils withoul overshooling or oscilla-
tion, The amount of force reflected back to the
operalor should be direetly proporiional to that ex-
perienced by the machine, In additlon, the propor-
tion should be set 4t a level go that the fores is
strong enough to be detectable over interference,

but not so sivong that it tires the operator when he
has to work with the machine for any length of time,
The design should alzso malke the nature of the lorce
unambipious: for instance, when the robot hand

grasps & ball, the signal coming back to the operator

should tell him whether it ig the ball or opposing
finper tips being compressed.

CAM: FOR CONSTRUCTION AND MATERIAL-
HANDLING MACHINERY

Thers are many applications for CAMs where
the operator is not remote from the task, In these
cases, a completely hydromechanics] gervo gyhtom
ig poasible. The technique aliows tranamizsion of
position and force information through & simple con-
irol linkage. Figure 5 explains the basic concent.

iy Input from
\_C_-"_':____j operalor
<r=a
Fower omplifier

. o Lond dividing

Velority link

feadback

tronsducer

Cylindar

Figuere 5, The avdromechanical force-feedback
avstem consists of hydraulic servos that
are sensitive to position, velocity, and
force, When at rest, servo pressure {(5),
ig normally metered throwgh the power
amplifiar values in the infinitesimal
amounts nesdead to hold position of the
cylinder. When the operator calls for a
motion by moving the wpper end of the
Ipad-dividing link, a three-spool valve
allows servo pressure tov move the power-
amplifier valves in guch a way that one gide
af the eylinder s connacted Lo 2ervo preasure
(3}, wnd the other lg vented to return (.
A the eylinder moves o reinforce operator
movernent, the velocity foedboaok trams-
ducer prevents instability or overshoot of
the desived position, The servo is bi-
Lateral where positlon and force infor-
matlen can be tronsmitted in both
directions (from operator to task amd
viee versal,




This servo approach lends {lgelf nicely to many In-
dustrial applications where the demand for simpli-
city and ruggedness is the unrelenting rule,

All of the construction and study of CAMs to
date has heen related to remote applications. The
human element has never been placed within, or in
cloge proximity to the machine., Obvigusly, if
there is no envirenmental regtriction at the worksite,
remote operation is not required and is inefficient.
If the operation is mechanically difficult and is
small enough, human beings with hand tools can
intervene directly, Fower hand tools can be added
if the force and energy required to do the job is
greater than can be supplied by humans, When the
task is bevond these capabilities, complex powered
machines are called into play. If the control re-
quirements are difficult, deficiencies can be made
up by cperator training., As an exarmple, anyone who
has operated a power shovel will recollect the con-
siderable coordination required by the humen opera-
tor to perform the task of shoveling., Hand shovel-
ing can easily be done by an untrained human using
2 simple, inert handiool. This simple device gual-
ifies as a CAM!

Many construction and material-handling ma-
chines have anthropomorphous characterigtics, but
they are far from being CAMs and require artificial
skill on the part of the operators. Nevertheless, the
whole array of vehicle-mounted devices, such as
power shovels, back-hoes, cranes, and stiff legs
could be turned into manipulative CAMsz, A= pres-
ently constructed, this type of equipment uses
handles, levers, wheels, pedals, switcheg, buttong,

and 8 human eperaior, It is the lack of develop-
ment of follower racks and their associated mech-
anical control systems that has prevented applica-
tion of the anthropomorphous approach. HRecent
development of remote manipelators is eliminating
thiz problem.

The Gradall boom has five motions as shown in
Figure 6 and is comparable to the human arm. Re-
placing the existing hand and foot control levers with
a master controller would constitute simple conver-
glon of the boom into a CAM, This would allow &
novice to become an expert boom operator ina very
few minufes: he would easily be able to out-perform
the expert boom operator whose performance is de-
graded by the uge of conventional control levers.

The Payloader iz one of several wheel driven
machines that serapes and scoops up earth, This
machine i much less anthropomorphous than the
Gradall boom but the CAM principle can be ap-
plied here to advantage algo, Analygis and tests
show that a 30 percent improvement can be realized.
Ag currently designed, the most proficient operator
gets the maximum power into the blade by continu=
ally balancing the power distribution., Maximum
power ig attained when the blade is neither too
deep nor too shallow, Variations in avallable
wheel traction and in the density and profile of the

-

T

LEGERE
B BUCKET MOTHON , (WEIST BEND)

B BOI0M ROTATION , (F OREAM BOTATE)
©..BO0M TELESCOPIRIG . . (HaRD 1M & QUT]
O, 200K ELEVATION , (ELBOW BEMDY

B, . BOOH SWIMG  FORLARR SNEEF)

Figure 6, Gradall Boom Modifled to Include Human
Force and Pogition Sensing.

dirt make it very difficult to keep the bilade opera-
ting consistently at maximum power, A single
vertical control for the blade could greatly improve
present proficiency. Such & control would be in-
herently provided by a CAM design. Figure 7 des-
eribes and illustrates the concepl.

Figure 7. Payloader with Blade Power Maximized
Threugh Human Force and Peaition
Sensing,
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A computer was used to simulate ground and
earth moving machine dynamics. This was com-
bined with a8 working model of the operator control,
providing position and force information to the oper-
ator. Tests showed a theoretical improvement of
30 percent in performance, Figure 8 shows this simu-
lation test setup.

It ig realized that there are shorteomings in
the simulation, such as lack of engine loading, noise,
vigunal cues, motion of the cab, assumed dirt den-
gity, and profile, Ewven so, 30 percent improvement

Bl

Figure 8. Computer Simulation of Human Force and
Pogition Sensing Applied to Earth-moving
Equipment.

with machines such as the Payloader and Gradall
boom shows the potential of CAMs for special ap-
plications such as earth moving.

CAMs FOR MILITARY USE

Manipulators are presenily being developed
for uge underwater, in space, in bomb loading and
in material handling. How soon they will realize
their full capability depends upon the developrment
of system components. For Instance, before the
space manipulator concept can become a reality,
sensor and servo components must be made com-
patible with the gpace environment, visusl aids
must be improved, and the data link or signal trans-
miesion syvatern must be perfected. These are but
a few of the many problems that must be solved.

Even for the straightforward application of
manipulators to material handling, end effectors
and servos muet be perfected. Some systems have
been gatisfactorily built and are in use. But man
is not eagily satisfied; an extension of his arm must
he almost faultless to adequately respond ko his
complex commands and preclude frustration.

WALKING MACHINES - There are many military
uges for walking manipulators and trucks., The
General Electric Company's Research and Devel-

opment Center is developing a walking truck and
walking manipulator that will meet &8 number of
military requirements.

The walking truck program was preceded by
a balance experiment. Figure 8 shows the equip-
ment; spatial correspondence in force and motion
iz the key to control effectiveness for this mech=-
aniam. Flexing the foot determines balance action
and bending at the waist causes the chasgis to tilt.
These two motiong determine standing balance.

Thiz equipment ig the minimum necessary to
provide an experimental, balance control device.
The experiment demonstrates a practical system
concept that invelves key issues in walking machine
effectivenses: namely, the use of & practical servo-
mechanism, effective operaior control methods,
and easy achievement of balance and torso posture
control. Human factors studies indicate that bal-
ance while gtanding is the most difficuli part of
waiking dynamics.

It this pariicular experiment, the ability to
balance iz 8 drametic "moment of truth. "’ The opsr
ator's head ig fifteen feet above the floor. Some
people refuse to try the machkine because of the
height. Every operator who staris to balance {s ap-
prehensive and understandably cautious. But in al-
most every case, the operstor gquickiv iearns that
he has complete control and can balance easily and
tirelessly. A few people are nervous and tense be-
cauge of the height and therefore do not 2asily adapt
to proficient control. However, complete control
can be readily attained if the subject i relaxed and
regponds naturally to the human neuromuscular
signals.

In this type of experiment, the first operator
reaction is a learning process: although strictly
speaking, there is very little learning., In the sense
of neromuscular training involved, the subject al-
ready "knows' how to handle the device. His learn-
ing iz primarily a psychelogical proceass of over-
coming strong inhibitions or preconceptions about
performing such a task. Usually this change in
mental attitude occurs in avalanche fashion, trans-
forming the subject from anxious neophyte to con-
fident "expert' in the space of a few mimutes, The
number of trials needed to reach this point varies
gignificantly from person to person and can be
strongly affected by the coaching given {o the gubject.
Most people can muster the right attitude with their
lirst atternpt and manage to balance almost imme-
dintely: a few may require as many as a dozen at-
tempts.

Lpon completion of the initial tests with the bal-
ance test rig, the General Electric Company started
the design of a prototype walking machine. Further
studies did not seem justified; feasibility had been
eslablished both from the mechanical design and
human factors viewpoints, Figure 10 is an indus-
trial designer's concept of the walking truck or
guadruped,




Figure %, Men Egaily Balances Machine
Foree and Position Sensing.

Figure 10, Human Seasing Control Makes the Walking
Truck Feasible, Wealking Truck FProject
Presentiy Underway ai General Electrle
Sponsored Jointly by the U, 3, Army and
Advanced Regearch Frojects Agency
Program and Army Tank-Aniometive
Center,

The front legs of the machine will be controlled
by the operator's arms and the vehicle's rear legs
by the operator's legs. The operator will cause the
machine to move by arm and leg movements simi-
lar to those of a cross-country skier. The control
arrangement will provide the means for trangmit-
ting position and force information while apatizl cor-
respondence between operator and task is maintained.
The proposed quadruped will be capable of operating
at & speed of approximately five miles per hour, and

will carry & payload of 300 pounds. The propesed
dimensions are; 10 feet high, 12 feel lonz, and

BEly

1-1/2 feet wide,

In order to keep things in proper perspective,
# must be pointed out thal the walking machine is
not viewed 2g the future means of land transporta-
tion, The vehicle cannot hope to compete with
wheeled vehicles under most circumestant
though the cost of the walking mac witl
modest. However, it can most certainly compete
with helicopters for hign-density, high-cost,
cargo irangport rales that require moverme:
dependent of weather conditions over extremely
rough terrain, The walking machine will nol re-

quire an expeasively irainec opereior.

i~ i

Walking machines with TAM control represent
a significant breakthrough in off -road locomotion;
they will permil access to a major portion of ter-
rain too formidable for conventional vehiele forms.

WALKING MANIPULATOR - "Hardiman' iz a walk-
ing manipulator that is atteched to an operator like
an exoskeleton. Twenty-six force reflecting servos




permit the operator to lift and maneuver huge loads,
while exerting only a fraction of the total force in-
volved, Figure 11 is 2 scale model of the concept
being developed by the General Electrie Company.
Attachments to the hody are at the feet, forearms,
and waist. Load handling tasks such as walking,
lifting, elimbing, pushing and pulling can be per-
formed with & it capacity of 1500 pounds.

Figure Il. Model of Hardiman Coneept,

The Hardiman concept will vitimately be used
for bomi loading, underwater construciion, and
many material handling tasks, Here again, the key
to the control of Hardiman is =patial correspon-
dence and kinesthetic forece feedhack. The opera-
tor will react in such a natural manner that he sub-
consciously considers the machine a5 part of him-
self, Both operator and ihe machine can coordinate
and react as an integrated syatem to the aperator's
natural nenrosenses of vision, vestibular eqguili-
brium, kinesthetic force, and proprioceptive posi-
tion of bhody segments,

It ig conceivable that a 20-or even a 50-foot {all
Hardiman can be built with the operator inside as
the "brain' or controller. Foree and position in-

formation can be scaled down accordingly,

The General Electric Company expects to have
the prototvpe illustrated in Figure 12 completed for
test and evaluation in the spring of 1968,

The machine will be self-contained sxcept for
the power pack. The hydraulic serve will be driven
with oil power at a pressure of 3000 psi. The feet
will extend to resist any turning movement caused
by picking up the load. Mechanical stops, fail-safe
econtral, and safety erash bars will bhe incorporated
The hand will have prehensile gripping ability. The
operator will be able to get in and out without as-
sistance, The arms are mounted on the exoskele-
ton frame at the waist. They can be thought of as
multiple- motion jib-cranes that are controlled at

'F‘j_gu:lr'e 12,

10

Hardiman - An Exozkeletal Manipulator to
Augment Man's Srength, Made Fossible
Through Human Sensing Contrel,  This
Froject is Speonsored Jointly by the Oifice
of Maval Regearch apd U, 5, Army Natick
Lebhoratories.
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their ends by the guidance of the operator’s hands.
The force ratio is 25:1 so that a weight of 1500
pounds will feel like 50 pounds to the operator,

Figure 12 shows an exoskeletal, unpowered leg
systern uged to determine degree of freedom, at-
tachments, and joint motion patterns required to
do the gpecified tagks, Redundant or coaxial mo-
tions must be avoided to keep the operator attach-
ment methods simple. Leg twist requirements
can be satisfied by 2 controlled rotate motion in
the bottom of the foot. A minimum of five motlons
in each leg is required.

Figure 13. Exoskeletal Kinematic Sftudy that Preceded
the Hardiman Progeam at the General
Electric Company.

SUMMARY

Manipulators are used for extending and aug-
menting man's capabilities in those ingtances where
i

human judgment and contrel are needed. For the
manipulator to be effective it must reflect infor-

mation and respond to control with action that is
basically consistent with the operator’s natural
movements, he machine and eperator must co-
ordinate and react symbiotically., The machine
conirol must respond in & natural way to the ap-
erator's kinesthetic forces, proprioceptive posi-
tion of hody segments, vestibular equilibrium,

and visual senszes, Spatial correspondence of the
contrals must allow degirable reactions from the
instinctive neuromuscular reflexes of the operator.

The broad implication of this control technigue
is that provision of position and foree correspon-
dence enables the operator to achieve a mental
transference in which the machine becomes an ex-
tension of himsel, No longer must the operator
condition himsgelf to the machine or learn and think
about the gperation involved, The man and ma
become a single integrated functioning device, and
the operator concenirates completely on the task Lo
e performed,

This man-machine conirol is heing applied in
consirdciion and materiai-handiing industrisl oper-
ations, uwndersea manipulators, earth-moving mach-
inery and walking trucks. In most of these areas,
developmental probiems are minimal, beinp direct
extensions of existing manipulator technology.

Military applications include space and under-
waier manipulators, bomb loaders, material hand-
ling, and eargo trengportetion over rough terrain.
Industrial applications include a whole array of
earth moving, logging, and material-handling oper-
ations. Ideal examples of the significant improve-
ment possible with CAM control are the Gradall
boom and the Pavlicader,
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