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T'Fi POWERElD EXOSKELELTON PROJECT

'Fie owered I:xoskeleton concept is that of a material handling
machine under intimate control of the operator.

Worn as an outer IIIeChIalnical rarient , the exoskeletal Structuzre
will het po~wered to dvanmatica.,ly amrplify the wearer's strength and endtir-
Ince hy a factor of approximlatelY 25 to 1, i. e. , when thlt exoskeleton
wearer lifts 25 pounds, he will 'fe~el ' as if hie is lifting only one pound,.

Tedevice will Prvd imwt et of' 'm~echanlical mluscles', thatt'r

feedhack, wlprvdth cao with sensitive control of the st ruct, we
adv,-ill act as a saeadaantthe application (;f excessive COI~e.

''ThC e'XOSkelVetonl, called 'II ardi man, 'mimlics the movemnitts of its
w~ea rer, presonting a. literal un~ion of man and machine. Thus, thet .0 Inans

f\ribilitY, intellect, and vestlt are combined with the machine's
strength and endurance. 97



FOREWORD

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

rication and assembly.

Fabrication and assembly of the complete leg ani girdle system to demon-

strate the walking capability is 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 system.
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SECTION I

INTRODUCTION

The test and evaluations of tlie Hardiman I arm system marked thle first time
in the program that bilateral servo j'oints had been operated in series. Previous
tests on the single joint simulator and the unilateral leg system gave promising
results, but were not nearly as meaningful as was the successful operation of tile
arm system.

With the main objective being stable operation under full load, the test and
evaluation was carried out with an awareness of the follb-wing possible problem
areas:

1. Individual joint instability.

2. Jc ints- in-Series instability.

3. Kinem,,atic interactions between. tickler inputs.

.4. M"echanical interferences and Ilimi tat ion,-;

~. Inabil itv oi tCie operator- t., con trc I the systemn.

tL xcess iv\e moment app~Ilied to thle ope rat or due to ljifft; enCes inl
lengths ,I master and slave hands

Fati ueO~.,pei ator due to lack o:mastrcutre1h n:

Al though each or Ltese protblems were observed durinsz til evjio; xon

w.ere so di i"icul t or troublesome thatt a1 solut ion consistenit wich met m~Te
ec I :s ould not 1,v 'p ihe wi thin the test plans. w"ith mnrec.

thlere were no hnesinl the mechanicall con I gurat ion and servo t: imeters -z-om
thJose PreVsCented in H'rotS"~1 ~.dtdJuly I. I %'Q



SECTION II

EqUIPMENT DESCRIPTION AND THEORY OF OPEATI N

The Hardiman I arm system, Figure 1, is a master-slave svstem containing

eight powered joints. "x of the joints are bilateral servo controlled. These

joints are: wrist flex, forearm rotate, elbow flex, upper arm rotate, shoulder

flex, and back flex. The thumb tin and thumb flex joints are rate controlled

utilizing a velocity valve.

The o7erator makes contact with the master structure at three points -- the

hand, the wrist, and the tipper forearm. These latter two contact points are re-

quired because the six joits form an unconstrained system. Th-it is to say, the

operaror cannot define the articulation of the master Aith only one, in-ut.

hen the operator places the master in a ;articular configuration, the Al-

svncironization error between the master and slave is measured at each toint Ky
a tickler mechanism. These errors are converted to electrical signals by trans-

ducers and then conditioned and amplified by electron ic amplifiers These sig-

nals are then transmitte to appropriate ect rohvdrau ic servo vailves which pro-
duce differential pressure proportional to the electrical si.nal. This pressure

is applied to the slaLve actuator :or the corresponding loint anj can;ses the joint
to move in the same direction as the maher. The slave conti-ues to move until

the desvnchronization error is reduced to a level that wilI :maintain the svste!-
in eq-i~ibrium. The ii.erenti al pressur is also aprlie, :o the "orce _eed".h..,

actutrator at each itnt. tese actuAtors ar: designred so that e operator wi !

feel a !orce, 1 ',th o: that app'ted to rac slave and in the s.-. i . :ect in.l
svnse.

hydrauli c t'e r was supp-. t v , iA 'o ' lihwr.iat rv .s,. v .. :,,' surip' v

pressire was ,W :a 04v, r, - si a .t: v K. rv. .. t ri, a to .. .. .A. Clew-

t ric sl. ,,' %% ,c ' ."'% s s , ;,'r .,t ,k 0,. ,';n W loki ng i: ,as '
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SECTION III

CONCLUS IONS AND IRECOMIIENDAT IONS

The successful completion of the arm test gave new confidence in the des en
anid analvsis of servo joints-in-series. The model used for simulating tihe servo
system has been found to be very accurate- ifl representing thle dynamics off the
svs tom.

thie hiuman factors involved in controlling the six motions, although comol -1ox
in naturte, did1 nt present any unfores-en prob lems. With spat'I c spnnc

an,: 7orce reflect ion, it was vossibl to , o-oezate the maculine sat is: a4 orli lv with
JW~'.fl~riaMOunt of exp-erience?.

"he armr system test was not only valuable beccause it sub~st ant iatel tasi&: "e-
s ign iecisiorns in these two tild, ut it wals also us eful IOr ivs gtn
p rob Iem, areas, and' finding sotlut ions . The ;'oilowinv receinmenlatCens hv eT e

* A Minimum le0akage r-ace across the p'ilot pito hld, bes"0 e
wtien nturchas inz tie p ilot oper ated !lock '.a 'Ies

* ;m-n detetrm ining maximum flow rates -oy so rvovi Ivesl ,1 areater

~ in sould e appl1 ed' to comronsate :'r uinforeseen aIctUtitr-

* Sorvov 1 es v tovery gwod 4vnarnic response shoul bdhoed evenSc
wornc~ tuh'\ t.IV iArger flow capacittes thtan is recqtlrvAl

.tug9 Parts su1 as''.- no!tV.t i lnsi eframAn,..
tiper rm oct-t t ikesso~h u ottt rct.A

*~~~~ tu roum 'n iptt syVstem hul e-td tM ttx te pe1-

or ca otro 4 it morev east i v T h osl tv of t;s :n1o-:
C':~~~ ~ ~ ~ 0! etVT" a.e i

k outjcrwe -4ght ug te mast orel,~ : .~ :rr:

anC "~:oAl. !,uAto is '" o be AccnPihd

* lft ugo ':oun s Is to v 1e onever o , .cn :h
- ~ ~ ~ c I I *"'o31 ' ' tC iL



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

objecLive of stable opezation 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) Electronics Checkout

The electronics amplifier, or each joint were evaluated by ob-

taining the following data:

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

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

to check linearity.

c. Frequency response of all compensation networks.

2) Open Loop )eration

With the electronics connected but the control signals shorted, a

dc signal was applied across the servovalve coil. Hlydraulic power

wf's applied to the system, and slave actuators were driven to one

stop or tie other, depending on the polarity of the ucsinal
Each joi.t was exercised in this manner, and the following checks

made.

, Check tor hydraulic leaks.

b. Che-:.k t',7 mechanical intelferences.

c. Check polarity 01 the torce feedback.

d . Record tl polaritv of the dc signal and the corresponding

direction cf fi t ion.



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 obtained
previously. From this comparison, the transducers were then con-
nected to the amplifiers to give the proper servo-loop polaritv.

'TEST LOG

8/8/69 - "Operated all the joints with dc signal .......... With all the -

tuators against the stops, an excessive amount c,- flow can be
heard going through the system."

Based on this observation, a f low meter was placed in the hydraul ic supp Lv
line and flow measurements made with different combination3 of joints connectedt
to the supply. These measurements indicated that thet? flow was highest in those
joints which hadt a pilot-operated locking valve, shown schematically in Figure 2.
The function of this valve is, to hydCaul ical lv lock the power actuator when the
supply presstire drops below a nominal value of 2000( psi. Wh'len the specit'icat ions
tor this valve were made, a minimum leakage rate, across the locking piston was
speci f el but not for the pilot piston. Cdal1cul ations basedl on manufac turing tot-

r1ances fol thll piston clearance indicat ed thait the !-low rates measured coaild be
rea iiedI ais leakage t rom supp lv to ret urn across the( pt101, pistonl.

tHie hyd raIiC cpower sulyI be ingk used alt tist t. ime l a Capacity of ) .8 (GP
and thet to'tal stonlbv, tor allI o! the Joints toetver wais neasured at f).85 GPI.

th~'retorl, ' he rema lniniz tow tvall able woulId notL beenug to OPer.ate 3ll the
ioint s togeother . tok solve tCx Problem. the S%-. em7 wats coniectedl to ;t laborato rv
power supply withl Much larger cpct. ltiuhths asavlIsoution to

thep rb erninthecae otthe arm svst, i ilntb ticln hnm -

'ltsol tHeV ITachiO I ' Ir ad ded I. The added num-.ber oI I 'ck: lng valvs, AS We011 a-s
increasedl tlow eqtrenswill mk it im"perative ~ht tee a10 rts '
reduce d, th'is prob ternl ha;S beenl solved byt ightenlilg the s'pet lcat tons Onl
valve S.

Q t -'dpr tlt. ' .r t........th 11 o Itnt is unstable At nominalI gainl
so t tings kut staib I operat ion can be obt a ilned at loweril i.'

thel Wrist is the most Jointclt to sta'ilizea. th1ie laIrge \.ariat ors in
ncr ti a bet ween the, 10;4a10el and unloadled cond it ions make U l ditficl 1 t. to dle termi ine
set oi servo parameters that will ive ktbt prtosina ~a os

Furthermo ie, the st ruc tural st i iness o t the other 1 i nt s seree t o ha%-e aI st r'ng
influence onl the stabul itv :tihe wrist i nt . 1te comlpIliance' at tilt V.ifl S't -

i ns for s tat' 1 operationwsS eprct. A Itlkougli this does not mneet thle

reqU ire-Tent of three eren it waIs dect1ded to bypass this probletn !k r thet me-
ment aInd go On. I ihi s prolem and its solution are tisc skd 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 excejsive."

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 slave or
slew error was quite large, and at times, the master made contact with the slave3.
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.

2. The servovaive flow capacity was set at 2.0 cubic inches per sec-
end. Although this was probably enough capacity for normal actu--
ator velocities, it was not sufficient to supply velocity aq well
as leakage flows.

The solution of the problem was to replace the servovalve with one with a
maximum flow rate of seven cis. When this was done, the response of the ioint
was as expected.

8/21/69 - Operated the elbow, and had to reduce the gain to get stable op-
eration. Mien restarted, the wrist joint lurched and was uncor-
trollable."

The problem was discovered to he an underdesigned snap ring-pin connection
in the wrist tickler me-hanism, Figure 3. The sudden input that i.,as 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, wich transmits the master signal to the ebllow
tickler was damaged because of contact with the slave hand.

The wrist tickler mechanism was redesigned and repaired. Ihe connecting
pin was made larger, and a dowel pin and groove rather than a snap ring was used
to hold tie linkage together. 'he damaged 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 elbow servo gain was increased to
nominal value with stable ope.ation later in the test program.)

Q :2 0 - "'*hen the upper arm rotate was operated, three basic problems
were encountered."

1. Tickler linkage kept slipping.

2. Joint was unstable.

3. 1-hen the elbow joint was closed, the upper arm rotated counter-
clockw' : and vice versa.
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The tickler was slipping due to th3 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 assemhly,
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
turned 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 eli:vinated 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.)
WhIen the two joints were adjusted so that the null position corresponded to the
position where the mastcr and slave centers of rotation were concentric, the in-
teraction was very much reduced. This problem was not only a kinematic problem
but also one of human factors. When the operator thought he was putting a pure
elbow motion into the master, he was also movicig the upper arm rotate.

Q Q 9 - "When turned on power to operate the shoulder joint, the arm
lurched and the elbow would not operate."

Th roughout the evaluation problm, care had to bc taken when turning ol a
servo for the first: time. Each timt that trouble occurred, the master had not
been properly c,ns trained f-rom sudden movements. 1e problem in the elbow joftnt
was discovered to 1,' a long cantilevered pin, Fig.-ure t,, that had been bent.
ll is pin acted Is a pivot point !or tie V bow Ii nkaIge and causedl binding i the
I inkage when it was bent. Since the forces encountered were not to be expect d
Under norma op ra1 tin cond itions , tih pin was not rediesizned but merely a now
one made.

"hi e, thte new piece was be ing made, the electronics were cianged to reflect
the new spect' icatLions for the urpr arn rotate re erred to earlier. Simultane-
ous t, the shoulder and back Joint> were chec-ed out anrd underwent limited o;er-
at ioll. A meaningful evaluation could not be carried out wlt:out the e(11'w and
UppOer arm17 rotate" oints operational.

15 t5' - "Reassembled elbow tickler and ran .ill the joints together. e i
shoulder joint null position seemed to have'changed."

The operation of the shoulder and back joints is verv dependent upon tie
proper null position for eacii joint. In thii instance, the shoulder tickler
linkage was slipping. 1., cause was the same as in te upper arm rotate joint
The set screws had n,,t bten replace,! by a pin. IThen the pin was instal led, and
the shoulder and back ticklers properly nulld, the performance of tie system
with all the Joints opurating was quite satisfactorv.

1'
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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 problem was eliminated by maintaining proper lubrica-
tion between the two sliding parts. For a long term soluton, a flash coating
will have to be applied to one of the pieces to prevent galling.

22/b 9 - "lade a movie of the operation of the arm system. The maior part
of the movies showed the different motions, the excursions of the
motions, and master-slave correspondence. Also tried some demon-
strations: e.g., pouring liquid from a container and holding a
light bulb. These are not valid tasks for the machine and there-
fore did not work too well."

Q2, / o0 - "Tried optimizing the servo parameters for all the joints. The
wrist joint was unstable at -,aximum gain."

The gains in all of the Joints were optimized to give maximum performance
and stable opera.io.-. The gain vilues obtained met the design specifications in
all but the wrist joint. It was observed that the wrist was most unstable when
ft was placed in series with the upper arm rotate and then the upper arm rotate
Srounded . There were two caases contributin to the proolem, and thus two solu-

t ions. First, the servovalve used in the wrist 'oint was known to exhibit poorer
dynam ic respoiqe than those in other oi. t s and was thus replaced. Secon 'y, tiLe

upper arm rotate position transducer was set up such that when the sliave was
grounded . a saturation condition of the electronics was obtained. By reposition-
ing the transducer to give a more balanced signal in each direction, the problem
was eliminated. (Although the wrist wais never operated at maximum gainl Iater
t ests while lifting weights demonstrated that tle amount o! gain oh ained in the
wrist joint was sufficient.)

The complete system could only be operated continuously for a period o'f
three tc five minutes, depending on the range of mot'on. The operator could not
continue for longer peri.,ds because lie became very fatigued. This was caused by
the weight of the master and the reflected weight of the slave. 1f operation
for a longer duration is required, then counterwr:i'gh oing of the master must be

/ ,r rovtdel,

11
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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 the wrist and upper tcrearm.

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

The first comment has to do with the fact that the machine responds to an
input in the direction of gravity faster than against gravity. This is to be ex-
pected and is not much different from human response when lifting weights. After
the operator practiced for a tew minutes, he became familiar with the response of
the system, and the operation was much smoother.

'The discomfort due to the high contact forces was eliminated t,v usini a
lea,-ier arm pad shown in Figur, 8. This is similar to the ring-pads discussed in
Report S-t,7-1011, Page 18.

['he problem with the grip was that wh;en the operator a-plied the forces re-
quired to close the thumb loints, his wrist and forearm muscles became tight, and
he could not apply full excursions into the master. This problem was also reduced
is the operator gained experience, and although it did not limit the per formanc ,
the hand grip configuration will be studied for possible modificati, rns.

10' " - Lifted 2750 pound weig'ht using 'A' frame and tether system."

Figure ) shows the arm, system lifting the 200 pound weight plus 50 pounds of
r- I g ginmg.- The frame wo rkin the backgroun' is used1 to suppor t hei it wh t- : acts

aIs $ t: tiler and als, han- d Is the we ighUs. I'he operator is we:irinlg the 'a-! h.it

as ,,normal operating procedurc when overh;,ad equipment is being used.

'he weith was .aise, t.- height -'' six !eet anu in general was . andled
,asilv. Vi' operator was ,t ,. to hold the weii'ht ,or a ,reri,:oi ab,,t one an,:
one na if :inutes. this was lited hecause the operator was o0n.: n t ,'tr In,;
reachin. out when liftin) the weicht an, there?,ore exCrte, a rtat deal 0 ,cr :v
,,..en th:e leg svs em 'sadd. mh Wil this wIll He eliminated as( th, swil
m[st of the lifting, and tile operator will be able to keep tl'e weig.t in c.cr

to hfs body.

" I -'I.1 fted the 31 pound test we ight and a ,so workel the 1 n oun.;

weight unt ethered .

Figure 10 shows the weight usid in the rIn' round test. :Durini: '

m.achine was abl1 to li't the weight about a foot and a hal: a.bove t he ros t on
-n the picture. ihe 1i'uitinz factor in lifting tihe weight hiigher Was not th, .-.a-
chine but rather the strength of the man. Aga .n, some of the problen can be at-
tributed to the tact that the legs are not 'eing used, but in this case, it
seemed that t!e force ret t- the .rator was too great f,,r him t,, over-
come.

1 ti
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In Figure 11, the machine is shown lifting 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 900 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."

20
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APPENDIX I

ELECTRONIC CIRCUITS

The electronic control package is shown in Figures 12 and 13. The package

for the arm system wss located separate from the arm assembly and connected by
means of three electrical cables. The control signals were gen3rated at the

transducer on the arm assembly, transmitted through the cable to the amplifiers,

and then the amplified signal transmitted 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-

tentiorieters for adjusting amplifier gains.

Figure 14 is an electrical schematic of the standard contrc'. circuit for
each joint. Each circuit contains one SVD-1O0 printed circuit card for driving
the servovalve, 1/2 a FET 200 printed circuit 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-
tion for each signal.
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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 of 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.
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TABLE I

EXO ARM TEST

ELECTRONIC SERVO PARAMETERS

Joint Wrist Elbow Forearm Upper Arm Shoulder Lack

Parameter Flex Flex Rotate Rotate Flex Flex

K (%/V) 2.55 2.45 3.09 1.75 1.96 2.00N m

Kd (V/\) .90 0 0 1.70 0 0

K (V/V) 7.5f) 6.00 .30 .80 2.85 2.45

To  (sec) .79 .65 .50 1.00 1.21 .85

T3  (sec) 9.20 4.00 1.75 i0.00 7.50 7.50

K (V/in) 69.60 69.60 69.60 69.60 I 69.60 60.60

52



TABLE II

SERVO PERFORMANCE PARAMETERS

JointPerformance
oint% Compliance % Slew Error

Wrist -4.33 +.772

Elbow -2.83 +-.594

7orearm Rotate -2.37 +.237

Jpper Arm Rotate -2.53 +.840

3houlder Flex -1.82 +.715

Back Flex -.1.96 +.843
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Thii. is a discussion of the test and evaluation of the HARDIMAN I left
ea,.- assembly.

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

The objective of the arm test was to investigate human factors and servo per-

formance while lifting a load.
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