SCHENECTADY, NEW YORK

HARDIMAN | ARM TEST

HARDIMAN | PROTOTYPE PRCJECT

Prepared by

Specialty Materials Handling Products Operation
General Electric Company
Schenectady, New York 12305

December 31, 1969

Supported Jointly by

Engineering Psychology Programs Office
Office of Naval Research
Washington, D.C, 20360

Naval Air Systems Command
Washington, D.C. 20260

7 Army Mobiiity Equipment Research and Development Center
Fort Belvoir, Virginia 22060
United States Army Project No, IM62416G105072

This document has been approved for publi re-
.ease and sale; its distribution is unlim.ited,

ONR Contract Number NO0014-66-C0051

Work Unit Number NR 196-049

5-70-1019

Y g5 21 287




— - - . Has. 2ot diiaduing o Alicited M TT o e T - ) "’\‘
e e ~mTe 7 \

HARDIMAN I ARM TEST

HARDIMAN I PROTOTYPE PROJECT

Supported Jointly by
Engineering Psychiology Programs Office
Office of Naval Research
Washington, D. C. 20360

Naval Afir Systems Command
Washington, D. C. 20360

Army Mobility Equipment Research and Develcpment Center

Fort Belvoir, Virginia 22060
United States Army Project No. 1162410105072

Work Unit Number NR 196-049
ONR Contract Number NOOUL4-66-C0051
Dacember 31, 1960
Prepared by

Specialty Materials Handling Products Operation
General Electric Company
Schenectady, New York 12305

This document has been approved fov public re-
lease and sale; {ts distribution {s unlimited.




e

e o

————

. —y o A
g~

T T T ey aw —_—re cryw—— T T r

THE POWERED EXOSKELETON PROJECT

The Powered Exoskeleton concept is that of a material handling
machine under intimate control of the operator,

"Worn as an outer niechanical garment, the exoskeletal structure
will be powered to dramaticasly amplify the wearer's strength and endur-
ance by a factor of approximately 25 to 1, i.e., when the exoskeleton
wearer lifts 25 pounds, he will 'feel’ as if he is lifting only one pound,
The device will provide him with a set of "'mechanical muscles' that
enables him to lft and handle loads in excess of 1000 pounds,  The human
operator will 'feel' the objects and forces he is working with almost as
if he were in direct body and muscle contact, This feature, called force
feedback, will provide the operator with sensitive control of the structure
and will act as a safeguard against the application of excessive force.

"The exoskeleton, called 'Hardiman, ' mimics the movements of its
wearer, presenting a literal union of man and machine,
flewibility, intellect, and versatility are combined with the machine's
strength and endurance, '™

et e e

*Naval Re: arch Reviews, July 1967

Thus, the Guman's




FOREHORD

A prototype having the capability to implement the powered exoskeleton con-
cept has Seen defined and reduced to engineering drawings suitable for part fab-
rication and assembly.

Fabrication and assembly of the complete leg and girdle system to demon-
strate the walking capability i1s underway.

This report is a description of the test and evaluation of the left arm
assembly.

The Appendices of this report contain performance and design data on the
electronic circuits and servo svstem,
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SECTION I

INTRODUCTION

T

The test and evaluations of the Hardiman I arm svstem marked the first time
in the program that bilateral servo ioints had been operated in series. Previous
tests on the single jcint simulator and the uniiateral leg system gave promising
results, but were not nearly as meaningful as was the successful operation of the
arm system.

With the main objective being stable operation under full load, the test and
evaluation was carried out with an awareness of the following possible problem

areas:

1. Individual jeoint instability.

2. Jeints-in-Series instabilitvy,

3. Kinemat{c interactions between tickler inputs.

4. Mechanical interiferences and limitations,

5. Inability ot the operator t.o contrel the svstem,

b, Excessive moment applied to the operator due to Jifterences {n

lengths of master and slave hands.
Fatigue of operator Jdue to lack of master counterweighting.

Although each ot these preblems were observed Juring the evaluaticn, none
were so Jditiicult or treublesome that a solution consistent with meeting the so-
fectives could not be accomplished within the test plans., With miner exce.cions,
there were ne changes {n the mechanical contiguration and serve parmeters from
thoge presented in Repore s-ov-1ile, dated Julv 1, 1969,
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SECTION II

EQUIPMENT DESCRIPTION AND THEORY OF OPEIATION

The Hardiman I arm system, Figure 1, is a master-slave svstem containing
eight powered joints. “ix cof tne joints are bilateral servo controlled. These
joints are: wrist tlex, forearm rotate, elbow flex, upper arm rotate, shoulder
flex, and back flex. The thumb tip and thumb tlex jrints are rate controlled
utilizing a velocity valve.

The crerator makes contact with the master structure at three points -- the
hand, the wrist, and the upper forearm. These latter two contact points are re-

< quired because the six joitts form an uncenstrained svstem. That {s to sav, the
operaror cannot define the articulation of the master with only one innut,

hen the coperater pidces the master in g ~articular contiguration, the Jde-
svachronization error between the master and slave is neasured at each foint by
a tickler mechanism. These errors are converted to electrical signais by trans-
ducers and then conditioned and ampliried by electroric ampliriers. These siuv-
nals are then transmitte ! to appropriate clectrohvdraulic serve valves which pro-
Juce diftferential pressure proportional to the electrical sicnal.  This rressure
is applied to the stave actuator for the corvesponding folnt and causes the jolat
to move in the sane direction as the master.  The slave continues to move until
the desvachronization error is reduced to a level that will maintain the svster
in equivibrium,  The didferential pressure s alse aprlied o the 7orce feedhaca
actuator at each foiat. hese actuateors are Jesipned so that the operator wil!

feel a Torce, oToth of that apptied to tie slave and in the same direct fenal

[ N e . \ g O FRT R : [N . .y - PR S S, e (-
Evdraulic power was suppliod by o 30 007 Taborarory suneiv, e suppin
STy - vy LI ot Sebinge a i . M . - N A H T . RV
NIESSUre Was !('P,“I-‘:lh o ki TS, D toe Toaow rentricten toob o Ty X e
rric o soteneotd dump o valce was oused Tor gufor st downoand focek Dug Tovase o

ereraency,
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SECTION III

CONCLUSINNS AND RECOMMENDATIONS

The successful completion ¢f the arm test gave new confidence in the design
and analysis of servo joints-in-series. The model used for simulating the servo
svstem has been found to be very accurzate in representing the dvaamics of the
SvSstemnm.

The human factors invelved in controlling the six motions, although complex
in nature, Jdid net present any unfores=en problems. With spatial c¢c  :spondence
and force retflection, it was possible o cpecate the machine satisfac orily with
4 minimum amount of experience.

The arm system test was not only valuable because it substantiated basic Je-

sign Jdecisions {n these twe Piolds, bdut it was also userful Yor investipating
problem areas and finding selutieons., The ‘ollowine recemmendatiocns have res:lted:

. A minimum leakage vate across the pllot piston should be speciiied
witen purchasing the pilot operated lock valves.

. when deternmining maximum flow rates for servovialves, a ereater
marein should be applied to compensate v unforeseen actuator
leakages.

Servovalves with very weod dvaamic response should he used even
when thev have larger flow capacities than {s requlred.

Stiding parts such as the restanguiar s~lines o thie forears and
\

ars rotate ticklers shoutd be tlash cooted Lo prevent salling.

sho toumb o feint input svstem should be moditied soothat the opera-

tor can sontrel {t more eastiv, The possibii

-
-
-
.
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Yiection rather than velocity contiol shiculd be

Counterweighting i the master sheuld be oprovided {0 creration !
R . ) . o o e s
any ceasiderabice duraticn {s o he accempliished.
. POOH{fting of Ihte pounds e o o he done very often, then the Tenel
orotoree retleotion should he reduced JNTL
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SECTION IV

TEST AND EVALUATION LOG

Throughout the test and evaluation of the arm system, a daily test log was
maintained. This log was not only valuable as an aid in defining problems and
thus solutions, but at this point in time also serves as the basis for narrative
descriptions of the evaluation and the difficulties encountered in attaining the
objeciive of stable opevation at full load. The rormat for this narrative which
follows will be to present selected excerpts from the test log and then expand
upon the event or problem in greater detail. Before beginning, it will be use-
ful to discuss the checkout sequence used in making the arm system operational.

1)

2)

Electronics Checkout

Tre electronics amplifier. or each joint were evaluated by ob-
taining the tfollowing data:

a. Calibration curve of gain versus pot setting for each of the
sipnal channels.

b. Inpat-output curve at ncminal gain for the position channel
to check linearity.

c. Frazquencyv response of all compensation networks.

Open Loop eration

Vith the electronics connected but the control signals shorted, a
dc signal was applied across the servovalve coil, Hydraulic power
wns applied to the system, and slave actuators were driven to one
stop or tne other, dependiag on the polarity of the uc signal.
Fach joiat was exercised in this manner, and the following checks
made.

Check for hydraulic leaks.
b. Che<k tor mechanical interterences.

Check polarity ot the torce feedback.

(¢

d, Record the polarity of the de signal and the corresponding
direccion cf motion,




3)  Individual Joint Start-up

The servo-controlled motions were started one at a time, begin-
ning with the wrist and proceeding through to the back flex. Be-
fore hydraulic power was applied, the polarity of each transducer
was recorded and then compared to that of the servovalves cobtained
previously. From this comparison, the transducers were then con-
nected to the amplifiers to give the proper servc-loop polaritv,

TEST LOG

8/8/69 - '"Uperated all the joints with dec signal, ...... With all the .. -
tuators against the stops, an excessive amount ¢’ flow can be
heard going through the svstem."

Based on this cohservation, a tflow meter was placed in the hvdraulic supply
iine and flow measurements made with different combinations of jeints connected
to the supply. These measurements indicated that the flow was highest in those
joints which had a pilot-operated locking valve, shown schematically in Figure 2.
The tunction of this valve is to hydcaulicallv lock the power actuator when the
supply pressure drops below a nominal value ot 2000 psi. Vhen the specificacions
for this valve were made, a minimum leakage rate across the locking piston was
specified but not for the pilot pisten. UCalculations based on manutacturing tol-
crances fov the piston clearance indicated that the Plow rates measured couald be
reatized as leakage trom supply to return across the pilet piston.

Ihe hyvdraulic power supply being used at this time had a capacity ot 9,8 PN,
and the total standby tor all of the joints together was measured at o8> GP.
Meretore, the remalinine low avatrlable would not be enough to operate all the
1oints together.  To solve thic problem, the svstem was contected to a laboratery
power supply with much larger capacityv. Although this wvas a valid solution to
the problem in the case ot the arm system, {t will not be suftficlent vhen more
iafints of the machine are added.  The added number of 1s¢king valves, as well as
increased Vlow requirements, will make 1t fmperative (hat these leakage vrates oo
reduced.,  (Ihis problem has been solved by tightening the specttications on

valves.)

S 13 b4 - "Uperated the wrist oo The joint {s unstable at nominal gain
sattings but stable operation can be obtained at lower goin.”

Mhe wrist is the most <dirticult joint to stabilize.  [he large vartations in
inertia between the loaded and unloaded conditions make {t Jdirficult to determine
a set of servo parameters that will give stable oﬁurArions in atl ceoditions.
Furthermotre, the structural stifiness of the other ioints seemed to have a strong
influence on the stability o the wrist joint. Fhe complianve at the wain set-
tings for stable operation was seven percent.  Although this Jdoes net meet the
requirement of three percent, it was decided teo bvpass this problem tor the me-
ment and go oon. (This problem and {ts solution are disc :sed later.)
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8/18/69 - '"Obtained stable operation of the forearm rotate but found some
positions where the force needed to move the joint is excessive."

The response of the system did not seem as crisp as would be expected for
the loop gain measured. The amount of desynchronization to move the sglave or
slew error was quite large, and at times, the master made contact with the slava.
When this occurred, the operator was pushing directly against the slave causing
the excessive forces mentioned in the log.

The cause of the problem was found to be flow saturation of the servovalve.
The reasons for this saturation were:

1. The slave actuator used is a rotary vane type and is susceptable
to internal leakage in particular positions.

X9}

The servovalve flow capacity was set at 2.0 cubic inches per sec-
cond. Although this was probably enough capacity for normal actu-
ator velocities, 1t was not sufficient to supply veloclty as wel!
as leakage flows.

The solution of the problem was to replace the ss:rvovalve with vne with a
maximum flow rate of seven cis. When this was done, the response of the joint
was as expected.

8/21/69 - "Operated the elbow, and had to reduce the gain to get stable op-
eration., When restarted, the wrist jeint lurched and was uncon-
trollable.”

The problem was discovered to be an underdesigned snap ring-pin connection
in the wrist tickler me:hanism, Figure 3. The sudden input that was applied at

start-up caused the tickler linkage to come apart and subsequent loss of control.

Furthermore, a mechanical interference was discovered in the elbow mechanism.
The channel section, Figure 4, which transmits the master signal te the ¢lbow
tickler was damaged because of contact with the slave hand.

The wvrist tickler mechanism was redesigned and rapaired. The conuecting
pin was made larger, and a dowel pin and groove rather than a snap ring was used
to hold the linkage together. The Jdamaged channel section was repaired and re-
shaped so it would not interfere with the slave wrist. The changes to the shape
are shown as dashed lines in Figure 5. (The elhow servo gain was increased to
nominal value with satable opecation later in the test program.)

9/2/p9 - "When the upper arm rotate was operated, three basic problems
were encountered.’

1. Tickler linkage kept slipping.
z. Joint was unstable.

3. When the elbow joint was closed, the uprer arm rotated counter-
clockw’ "* and vice versa.
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Figure 3,

Wrist Tiekler
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Ficure 4, BFlbow Channel Section
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The tickler was slipping due to tha failure of the set screws in the boss
at the tickler attachment point to the master. When the part was removed, there
was found to be oblong indentations caused by the set screws slipping. It was
the design intention that these set screws be replaced by a pin after assembly,
but this had not been done. When the set screws were replac..d by pins, the
shaft did not slip.

The instability was high frequency and, therefore, the master velocity loop
was suspected. The oscillations were less severe when the velocity gain was
turnad down. A recalculation of velocity gain showed that the » .ge of gain
stipulated in the electronics design specification was too high. As a temporary
repair, the signal from the master velocity transducer was shorted out. (Al-
though this elirinated the instability, it would not be desirable to lift !-~ads
without the velocity signal; therefore, electronics changes were made a short
time later.)

The amount of interaction between the elbow and the upper arm rotate was
very sensitive to the null position of each joint. (Null position is the point
of alignment of the master and slave at which the joint is in equilibrium.)

When the two joints were adjusted so that the null position corresponded to the

position where the master ana slave centers of rotation were concentric, the in-
teraction was very much reduced. This problem was not onlv a kinematic problem

but also one of human tactoers. Whea the eperator thought he was putting a pure

elbow motion inte the master, he was also moving the upper arm rotate.

974/69 - "When turned on power to operate the shoulder ioint, the arm
lurched and the elbow would net operate.”

Throughout the evaluation probiem, care had te be taken when turning on a
servo for the firset time. bach time that trouble occurred, the master had not
been properly constrained from sudden movements.,  ifle problem in the elbow joint
was Jdiscovered to be a leng cantilevered pin, Figure &, that had been bent.
this pin acted as a pivoet peint tor the elbow linkage and caused biading in the
Hinkage when {t was bent. Since thie forces encountered were not to be expectwud
under normal operating conditiens, the pin was not redesigned but merely a new

one made.,

while the new plece was being made, the electronics were changed to retlect
the new specitications for the upper arm retate referrved to carifer., Si{multane-
cusly, the shoulder and back Jeints were checked out and underwent limited oper-
atfon. A meaningful evaluation could not be carvied out without the elbow and
upper arm rotate jeoints operaticnal.

do15769 - "Reassembled elbow tickler and ran all the jeints together.  iThe
shoulder joint aull position seemed to have changed.”

The operation of the shoulder and back joints {s verw dependent upon the
proper null positioen for cach joint. In this instance, the shoulder tickler
linkage was slipping. [Th. cause was the same as in the upper arm ratate joint.
The set screws had not been replaced by a ptn. bWhen the pin was installed, and
the shoulder and back ticklers properly aulled, the performance of the system
with all the joints ovperating was quite satistactory.
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9/16/69 - "Operated the arm system with all the joints powered but could
not move the shoulder or back."

The problem was caused by the upper arm rotate tickler. Part of the mech-
anism consists of mating female and male rectangular shafts, Figure 7. These
shafts are designed to be rigid in torsion to transmit the upper arm rotate sig-
nal to the tickler, but slide one within the other to allow motion of the master
shoulder and back. During the testing, galling had occurred on the male piece,
and this caused the two pieces to become stuck. The upper arm master was thus
grounded to the slave and no input could be transmitted to the shoulder and back
ticklers.

For the arm tests, the preblem was eliminated by maintaining proper lubrica-
tion between the twe sliding parts. For a long term solution, a flash coating
will have to be applied to one of the pieces to prevent galling.

4/22/6€9 - "ade a movie of the operation of the arm system. The major part
ot the movies showed the different motions, the ex~ursions of the
motions, and master-slave correspondence. Also tried some demon-
strations: e.g., pouring liquid from a container and holding a
ligat bulb., These are not valid tasks for the machine and there-

fore did not work too well.”

9725/0% ~ "Tried cptimizing the servo parameters for all the joints. The
wrist joint was unstable at maximum gain."

The gains in all of the joints were optimized to glve maximum pertformance
and stable operarion., The gain values obtained met the design specifications in
all but the wrist jolnt. It was observed that the wrist was most unstaible when
it was placed in series with the upper arm rotate and then the upper arm rotate
vrounded.  There were two caases contributing to the probvlem, and thus twe solu-
tions. First, the servovalve used tn the wrist foint was known to exhibit poorer
dynamic response than those in other jolnts and was thus replaced. Second'y, the
upper arm rotate positieon transducer was set up such that when the slave was
grounded, a saturation condition of the electronics was obtained. By repesition-
ing the transducar to glve a more balanced signal tn each direction, the problem
was eliminated. (Although the wrist was never operated at maximum zain, later
tests while lifting weights demonstrated rhat the amount of gain obrained {n the
wrist {oint wae sufticlent.)

The complete svatem could only be operated continuously for a period of
three to five minutes, Jdepending on the range of motion. The operator could ot
continue for lenger peri-~ds because he became very fatigued. This was caused by
the welght of the master and the retlected weight of the slave. If operation
tor a longer duration is required, then counterwcighiving of the master must bo
rrovided,

[oo
o~




Figure 7.

Upper Arm Rotate Spline




10/3/69 - "Operated the machine while lifting 125 pounds. The following
observations were recorded.

1. The machine responds to inpu.s differently under load and
seems jerky.

2. Uncomfortable contact forces at tie wrist and upper fcrearm.

3. The grip required to close the thumb tip and thumb flex
affects the performance of the other joints.”

P The first comment has to do with the fact that the machine responds to an

N\ input in the direction of gravity faster than against gravity. This is to be ex-
) pected and is net much different from human response when lifting weights. After
}' the operator practiced for a tew minutes, he became familiar with the response of

the svstem, and the operation was much smoother.
The discomtfort due to the high contact forces was eliminated by using a
leatner arm pad shown in Figur~o 8. This is similar te the ring-pads discussed in

Report S-07-1011, Page I8.

The problem with the grip was that wiien the operator arplied the forces re-

¢
: quired to close the thumb jeoints, his wrist and forearm muscles became tight, and
he could not apply tull excursions into the master., This problem was alse reduced
as the operator gained expertence, and although it did noc limit the performance,
the hand grip coafiguration will be studied tor possible modificaticns.
y o9 = "Lifced 250 pourd welesht using 'A' frame and tether system.’

Figure 9 shows the arm svstem lifting the 200 pound welght plus 30 pounds of
rigeing. The rrame work a the background is used to support o« hoist which acts
) as a t:orther and also handles the weights,  The operator is wearing the bard hat
as normal operating procedure vhen overbead equipment is being used.

3
‘ The weighi wias raised tooa height o0 six rteet and in seneral was bandled
cagily.  The operator was ble to hold the weicht tor a pericd of about one anld
one ha't minutes.  his was limited bhecause the operdtor was bending over and
reaching cut when lifting the welsht and therctore exerted a wreat Jdeal of energv.
When the leg svs em fs added, mich of this will be eliminaced as the leas will s
magt of the lifting, and the operator will be able to keep the weight in closer
to hifs baody,
‘ A
) ootared =" fted the T3 pound test weight and alse worked the LW nound
N welight untethered.”

Figurce 10 shows the welight vsed in the 750 pound test. During (osting, tie
~achine was able to litt the weight about 4 feot and a hal: above the position
in the plcture. The liwiting facter in lifting the weight higher was not the ma-
f chine but rather the strength of the man. Again, some of the probiem can be at-
tributed to the fact that the lexs are anct bheing used, but in this case, it
seemed that the force ret.cr 1 to the sorator was too great for him to over-

come.,
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IFigure 10, Arm Svstem with 750 Pounds
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In Figure 11, the machine is shown 1lifting the 100 pound weight without the
tether. In this position, the gripning force of the thumb is strong enough to
support the load. During this test, the weight was removed from a hook, held in
the vertical position, rotated 90° to a horizontal position, rotated again to the
vertical position, and then placed in a circular tube.

10/16/69- ''Made a movie of the operation showing the machine lifting the
100 pound weight untethered, the 250 pound weight and 750 pound

weight."

- -
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APPENDIX 1

ELECTRONIC CIRCUITS

The electronic control package is shown in Figures 12 and 13. The package
for the arm system was locatad separate from the arm assembly and connected by
means of three electrical cables. The control signals were gencrated at the
transducer on the arm assembly, transmitted through the cable to the amplifiers,
and then the amplified signal trausmitted back to the servovalves on the arm.

The two instruments on top of the electronics package in Figure 12 are the
dc power supply and dither generator. The calibrated dials are connected to po-
tentiometers for adjusting amplifier gains.

Figure 14 is an electrical schematic of the standard contrc' circuit for
each joint. Each circuit contains ome SVD-100 printed circuit card for driving
the servovalve, 1/2 a FET 200 printed circuilt card for frequency compensation,
and attenuator networks for properly scaling the electronic gains. For each of
the four signals (tickler velocity, tickler position, master velocity, and servo-
valve drive), a variable resistor (potentiometer) was used to adjust the gain.
Figures 15 through 38 are calibration curves of gain versus potentiometer posi-
tien for each signal.
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Figure 1.

Flectronies Package
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APPENDIX II

SERVO PARAMETERS AND CHARACTERISTICS

The configuration for the servo control system is the same as was discussed
in Section 6 ~f Report No. S$~69-1116 dated July 1. 1969. The values of the
servo parameters which resulted from adjusting the electronic gains to optimize
the system are given in Table I. The servo performance in terms of slew error
and compliance is given in Table II. Figures 39 through 44 are computed Bode
plots based on measured electrical gains.




TABLE I

EXO ARM TEST

ELECTRONIC SERVO PARAMETERS

Joint Wrist Elbow Forearm| Upper Arm Shoulder ! Lack
Parametery Flex Flex Rotate Rotate Flex Flex
Km V/v) 2.55 2.45 1.09 1.75 1.96 2.00
Kd (v/v) .90 0 0 1.70 0 0
Kx (v/\) 7.50 6.00 .30 . 80 2.85 2.45
T, (sec) .79 .65 .50 1.00 1.21 .85
T3 {sec) 9.20 4,00 1.75 10,00 7.50 7.50
Kv (V/in)|69.60 69.60 69.60 69.60 69,60 69.60




TABLE Il

SERVO PERFORMANCE PARAMETERS

Joint - Petformanfe
% Compliance % Slew Error

jrist -4.33 +.772
Elbow -2.83 +.594
Forearm Rotate -2.37 +.237
Ipper Arm Rotate ~2.53 +.840
Phoulder Flex -1.82 +.715
rack Flex -1.96 +.843

53
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This is a discussion of the test and evaluation of the HARDIMAN 1 left
at.a assembly,

The HARDIMAN I prototype is a powered exoskeletal harness which will amplify man's
strength and endurance while retaining his versatility and Jexterity.

The objective of the arm test was to investigate human factors and servo per-
formance while lifting a load.
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