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SUMMARY

PROBLEM

Review the  u n dersea m a n i pulators  developed by the ~ aval  Undersea Center.  Addi —
t io na l l y .  i d c n t i t ~ those design features  tha t  have PtO V~ n most valuable  and shou ld he
incorp orated in to fu tu re  man ipu la to r  desi gns.

RESULTS

Au overview of the remote manipu la tors  developed b y the Naval Undersea Center
since I 9(tS is presented.  Some of the factors a f f e c t i n g  the design of man ipu la tors  for use
at sea are def ined ,  and specifi c recommendations are made for a manipu la to r  system that
would si gnif icant ly  improve the Navy ’s ab i l i ty  to perform underwater  work.
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I NTROI )UC T I ON

Ov er a generat ion ago an urgent need arose to handle radioacti ve mater ials  safe ly by
remote cont rol. The re sult  has beeti the e~o lut io n ol ’ many sophisticated manipu la to r  sys-

ten is fo r  dry laboratory work.  I h e  mark et  for underwater  manipulat ors . ho wever , has re-
mained ex t r e me ly  l im i ted.  Addi t iona l l y ,  the hi gh— pres su re . corrosive envi ronn ient  of the
sea causes costly comp licat io ns. As a re sult ,  expertise in the desi gn of u nde r wate r m ani pula-
tor s lLi~ been l imi ted  ma in ly  to a few large corporations or their  subsidiarie s and to certain
U. S. Nav y laboratories . pri mar i ly  the N aval Undersea Center (NUC ’) .

In the ear ly I 960’s it hct.ame necessary to p er form tests out very expensive ordnance
i tems at depths hc~ ond diver capabil i t y .  Occasionall y ,  one of these item s would sink.
ca r ry i ng with it va luable in fo rmat i on .  such as the cause of the failure. Since the first  success-
f u l  recovery 01 ordnance items by ( (  ‘R V I ( f o r  “Cable-Controlled Underwater Recovery
Vehic le ” ) iii 1965 . t h e  (‘enter  has designed. fabrica te d, tested. and used a series of spe-
cialized uri a n ipu la t ive  devices and general -purpo se mani pulator systems.

This paper pre sents an overview ut the n i anip ulu tors  developed by NUC. and a
discussion of the progress th at  has been made since 1965. Sonic of the I’actors a ffec t ing  the
Lksi g ul  of mani pulators f o r  use at sea are defined , and specific recommend at ions  are made
for a m an ipu la t o r  system tha t  would s i gni f i c ant ly  improve the Na v v~s abi l i t y  to perform
under water work tasks.

MANIPULATOR H ISTORY

CURV

ihe  manipula tor  device for  the first ( ‘CR V was ori ginal l y desi gned and bu i l t  to
recover MK -4 6 test torpedoes at depths below 1 ,500 f ’eet (458 meters ). Subsequ ently.  it was
adapted fo r other uses . such as a t taching grapplin g hooks and lift  lines to the parachute of
the El-bomb tha t  was lost in 2.900 feet (885 meters ) of water off Palomares . Spain. Fi gure 1
shows the manipula tor  wi th a grapp ling hook in p lace. Since the device did not incorporate
seven indepe ndent  func t io ns  (three for  positionin g the hand. three for orienting the hand.
a nd one for  opening and closing the hand ) .  it was commonl y ca ll ed a “claw ” rather than a
manipula tor .  This term inology has also been applied to the arms of CUR I I ! , which re-
plac ed ( (  1? ( 1 . and (~ ~R V /li , which operates to a nomina l depth of 10 .000 feet ( 3 . 050
meters ) . The claws of ( ‘f R V I I  and Ill are essentially identi cal , and incorporate arm eleva-
tioli , arni ro ll , wrist yaw (lacking in ( ‘U RVI ) .  and grasp. The hand can also he jettisoned
to trail a lift  line to the surface when the recovery object is too heavy for direct li l ’t. This
feature also s imp l if i es  tool interchan ge , making the hand rep laceable by a cable cutter . snare ,
toggle bar , hook , or other hands of various sizes and shapes. Figure 2 shows CUR V I !  with
an ordnance recovery device in place. while Figure 3 shows CUR V Ill ’s manipulator  wi th  a
smaller hand attached . Still another type of tool is shown attached to CUR V III  in Figure 4 .
The adaptabi l i t y  tha t  this  design provides contributed to the success of Cf  ‘RV II J in

i, — -  ~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~ • • ~~‘ . . B
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Fi gure I - ( ‘t IRV I at tach ed grapp ling h ookS and l i f t  l ines to parachute of ’ Il-bomb
IccIIvered at sea l I t  I Paloniares . Spain . in I%b. 2~~-I-  77

performing inspect ion anu ~n . i in t en an c e  on the  .\ }‘AR ( l’or “ A ,ores Fixed Acoustic Range ” )
tower , and in rescuing th e  submersi b le P/st es I I I .  with  two men aboard . off Ireland.  Figure
S shows ( ‘t’R I ’ Ill ’s cable cut ter  in USC on AFAR ;  electrical cables rang ing fro m 1 .5 to 3.5
i nches (38 to 89 m i l l i m e t e r s ) in d iameter  were cut .  I )urin g the Pi~ces rescue . ( ( ‘I ?  V I / I
found the downed submersible at a depth o~ 1 .500 feet  (45 8 meters) and attached a line by
which it was raised.

The ( ‘( ‘R V claws incorporate ot ’f-the-sh elf h ydraulic actuators with a minimum of
modification. and standard hydraul ic  valves in a one-atmosphere housing. The reliabil i ty of
t hese devic es has bee n pro ven by nea r l y a decade of ’ low-maintenance operation.

LIN KAG E ARM

ln 1970 a more versatile , seven-function manipulator  was desi gned and built  to
supplement the claws. Pictured in Fi gure 6. t his device incorporated several uni que features
which make it unusually easy to operate for a switch-controlled manipulator. Its main
feature is the linkage that constitutes the arm. The linkage contains a double parallelogram
that maintains wrist orientation during arm motions , and a four-bar linkage that translates
elbow actuation into linear extension of the hand without any sliding or telescoping mem-
bers. The linkage also provides the arm with a hi gh section modulus yielding a hi gh strength-
to- wei ght ratio. Though it weighs onl y 75 pounds (34 kilograms ) . the linkage mainpulator
can lif t  50 pounds (23 kilograms ) at a reach of 55 inches ( 1.4  meters ) .

6
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Fi gu r e  0. Se~ cui . I i Inct II n manipulat llr built in 1970 113 ex ten d t h e  capa b il i t ies
the  ( ‘(  R I ’  ve h icle s , / 7/ S’ - (I- 7/
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The seven f u n c t i o n s  of the l inkage  mani pu la to r  are a , in iu t h .  e l eva t ion ,  ex tens ion .
y a w ,  p i t ch .  rol l ,  and grasp. f i l L ’ s equen t i a l  a r r a n g e m e n t  of wr i s t  ac tua t ors ,  coin b it t ed  w i t h
t h e  l i nkage ,  causes t h e  s a w  , i\ l s  to remain  v e r t i c a l  and t h e  j u i c h i  ax i s  h i o r t , o t i t a h .  F u r t h e r —
tu n i c ,  all  three w r i s t ax es  in tersec t  at a sing le p omi .  i’esti l I i I i L r  iii op era t iona l  s i i 1 ) J ) l i S I t ~ as

well  as mechanical  coni p actness.

[he hand i t se l f ’ is a u n i q u e  l inkage t h a t  pr ovide s s~ nchro nou s  parallel  ta w ac t ion .
w i t h  no s l i d i n g  p ar ts  or ~r ca r s , ‘l’his l ink a ge ,  l ike  tha t  of the a rm.  is well  su i ted  to s a l t w a t e r
i iu n i e rs i on .  i ’hie hand ac tua to r  is a single h y d r a u l i c  pisto n .

\LV

A second l inkage  t u l a n i  pu la t or  was b u i l t  h~ N t )( - l’or t h e  f ’onner N u c l e a r  Rocke t  I est

~t a~ ion ,  a j o i n t  .- \ l - ( ’ — \ - \ S - \  f i i c i l i t ~ ti ear Las \‘cgas . Nevada .  l’he N I -  \ ‘ m a n i p u l a t o r  Was
f e s i e n c i l  f o r  sers ice on a nuc lear  emergency vehicle (hence  ‘‘NI  V” ) f o r USC in air  oiiI~ - I - ig-

nr c 7 shows the  des icc in l abora to r y  tes t ing at \IJ(’. I t  incorpora ted  se\ e i . i t  i i i ip r ov e iu ie i i t ~
over the  C f  ‘R I - m at i i p u l a t o r  t h a t  increased the  arm ’s range of ’ mo t ion :  and its  c o n s t r u c t i o n
wjs heavi er  and simp ler,  since weight  and corrosion were not cr i t ical  pro l l e n t s  A t t c  r the
clo s ing  of the  Nes ad a f ’a c i l i t v , t h e  N I -  V vehicle  and m a n i p u l a t o r  were t r ans fe r red  to the  Je t

— Propuls ion L ab o r t l o r \  i t i  P a sad ena.  (‘a l i f ’o rn ia ,  where the  i t r a n i p u l a t o r  ha ’~ been used fo r
a r t i f i c i a l  i n t e l l i gence  research.

S(’ \T

SC -
- 11 ’ ( f o r  “Submers ib le  (‘able -\ c tu a ted  i’e leop era tor ” was designed to es a h u a i e

u n d e r w a t e r  head—cou p led  stereo te levis ion .  A t h r e e — d i m e n s i o n a l  t e lev i s ion  d isp lay  was
incorpora ted  in to a h e lm e t  and the mot ions  of ’ the  television cameras on the  bow of the
vehicle  were sl as ed  to the he lme t .  In this  svay the vehic le  oper a tor  was g us cii  the vi sual
s e t l s i i t i ) I  ~ ‘ ‘c tu a l lv  being in the  S( -1 1 ’ Figure 8 show s the  control  u i i i i t .  Beh in d t l t e  u n i t
i5 the  .) (  ‘ -I , •‘ehic le wi th  the  remote TV camera ,  wh ich  has t u r n e d  to t h e  l e f t  i i i  rcspon se to
the opera to r ’s head movement .

A ser ~ s imp le t w o — f u n c t i o n  c law was incorp ora ted  to assist in es i l u a t  i ng the  head—
coup led disp ha ~ and to pr ov ide  a reco s er \  c a p a h i l i t ~ to .S’( - I 1’. F igure  1 sli o ss t h a t  t he
cla ss con s i s t s  of two f ’i \ ed  f ’ingers and an oppo sing t h u m b  ro ta ted  h~ a dr ive s h a f t  f rom au
act ua tor  at the shoulder ,  or the  point  where the  arm a t taches  to the s- eli  ick . In t h i s  sv.i~ all
h y d r a u l i c  l ines are e l im ina t ed  t’rom the should er  down,  and the si ,”e and w e i g h t  of t l t e  hand
and wrist are kept  to a n i i n i m u n u .  Grip  f’orce may he ad ju s t ed  h~ a pr essure—c ontrol
h y d r a u l i c  servovalve. The arm also pivots about  a hor i zon ta l  axis at the  shoulder .  causing
the lta i i d  to move up an d down. ‘l’he jaws or fingers are ea si l y  removed and in te rchanged
to con form to objects  of various si/ es and shapes .

RUWS

R ( I t  S ( for  ‘‘ Remote  Unt l1~iii ui1’d Work Svst em ) is an cx per in i en ta l  I e leopera tor
designed to per form work at dep th s  to 20.000 feet ( 0 .100 meters ) .  i’he RI  ‘h’S ’ svork su i t e
inc ludes  two m a n i p u l a t i v e  des ice s , ‘( l ie s imp ler of ’ t h u e two is a l i eav — d u i t  y . f o t i r — f ’un c t i on
u n i t  called the  I? ( ‘ I I ’S ’ grabb er .  which  is shown in Fi gure h O .  The grabber hj s e leva t ion ,  roll .
p i t c h .  and grasp t’i i n c l i u n s . and ser s es to anchor  the  vehi c le  to the  work or p e r t r i r i n  l i e as  v

h i  
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F i gure 9. A two-funct io n claw was used with S ( ’ATto evaluate head ’coup hed TV . 122,5-3- 73

Fi gure 10. Heavy-dut y grabber used with  R FIt ’S’ in secure the vehicle while work is
p erf o rmed using t h e  main mani pula tor .  2492-4- 72

l i f t ,  in t he  sa m e m a n n e r  as the C ‘I ‘R I - claws. ‘I’he grabber has i n t e r l o c k i n g  t h u m b  and
fit ig ers.  I i k e  the  S’( ‘ -I I’ claw ,  and a dr ive shaf t  t h a t  t r a n s m i t s  roll to rque  f r o m  a shoulder
ac tua to r .

Th e main  R (‘ II ’S’ m a n i p u l a t o r  is a ses eu -f unc t ion  b i l a t e ra l  master slave , Shown in
Figure I I . i t  is pr ob ab l y the  most advanced undersea m a t i i p u l a t o r  pr l ’sen t l \  in use. l’osi t i on —
sens i t ig  po ten t iomete r s  are n u our i te d  on the  j o i n t s  of ’ t he  analog con t ro l l e r  (m a s t e r )  and of
the m a n i p u l a t o r  ( s t a v e  b. A si gnal p ropor t iona l  to an pos i t ion  error u s sent  to pressure—
contro l sers 1) 5  i l s es t h a t  t end  to dr i s  e the  nun i p u l a t o r  a c t u a t o r s  to e l i m i n a t e  I lie

14
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Fi gur e I I  - Main RI  WS’ mani pula to r .  2493-4- 72

error.  .\ s i m i i i l a r  li~ d r a r i h i c  s\ s t cn l  on tI r e  con t ro l l e r  also drives it  toward  the  m a n i p u l a t o r

posi t ion.  t h us cre i l i n g  a f e e l i n g  of force f e e d b a c k .  I h ;ee f u n c t i o n s .  shoulder  a z i m u t h ,

shou l de r  e leva t ion ,  an d elbow a~ imu  t h u .  are b i l a t e r a l l y  con t ro l led  in th u s f ’ashion . ‘File wrist

I u i u c t i r i l s  i i , ’ u n i l a t e r a l l ~ c on t r o l l e d .  w i t h  no fo rce  t ’e e t h h ack .  Gr ip  f ’oi’v e  u s p rop or l iona l  to
t h e  d i s t ance  tI lL ’ s p r i n g — l o a d e d  c o n t r o l l e r  t r i gge r  is pu l l ed .

‘l ’he hand  and svri st of the  R 1 11 .5’ un a i i i pu la to r  (see Figure I 2 )  are mechan ica l ly

~iun i l : i r to those of the  l inkag e  mani p u l a t o r .  but  all hy d r a u l i c  l ines  are i n t e r n a l l y ported to

e h i i u u i n a t e  p o t e n t i al en t a n g l e m e n t  and dan i , igs’. ‘l’he cont ro l le r  is of t h e  ter m i n u s  1 pe: it is
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Figure I 2. [land and wris t  of t lie m ain R I  ‘LI ’S’ man i pu hat  or ,  P1 si t  inn coui t m l  and force feedback
enah le the n p C r i u n r  in handle  de l ica te  I l l ) j e L ’ i s  vs tb con smd eu’ahle p r c c I s I I ’u l .
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not a t tached to t h e  operator ’s arm as is an exoskelet a l  or strap—on analog control ler .  Ins tead.
the operator holds a pistol gri p (see Fi gure 13)  and moves it to the  position and or ie i i t at i on
in space corresponding to t h a t  which he wishes the mani pu la to r  h and to assti ine. Feedback
f’orces a re experienced as forces of the pistol gri p against the  operator s hand .

T h e  use of t e rminus  control  not only  gives the operator more f reedom t h ia i i  a strap-
on contro l ler ,  it also permits  a greater range of wrist mo t ion ,  F u r t h e r m ore, t e r m i n u s  con-
trol does n ot req u ire tha t  the contro ll ers or mani pula tor s  be an th ropomorph ic  in design and
func t i on .  W ith  this  L’oiltrol s~ s t e in  even an imi exper ienced  operator can perform del ica te
tasks w i th  both speed and d e x t e r i t y .  Figure 14 sh iows both the  con t ro l l e r  and the m a n i p u l a —
tor dur ing  laboratory tes t ing.

WsP

The Work System Package (WSP ) is a com p lete work module  t h a t  can he r ea d ml ~
a t tac h ed to a v a r i e t y  of manned  and remotel y operated unde rwa te r  veh i c l e s  to enhance  the i r
work capabi l i ty .  It can operate to depths of 20.000 feet  (0 , 100 m eters I . ‘I he WSP cons is t s
of ’ three  man i pulators , a variety of tools , and two TV cameras. all  conf ’i gured as a sing le u m n i t
tha t  can he mounted  oti various submersibles or remotel y cont ro l led  under sva t er  s~’hicle s .
E:i gt ire I 5 shows the  comp lete package . Two of the man ipu la to r s  fu mi c t io mi  in the  same
manner  as the RI  ‘It ’s grabber:  they  hold the veh ic le  to the  work si te  and pe r f o rm h e m v ~ l i l t
t u sks.  However. these grabbers have six func t ions :  a z i m u t h .  e leva t ion ,  telescop ing e x t e m i -
sion. ro l l.  p i tc h .  and grasp.

The pr imary WSP man ip u i l a to r  is a modi f ied  version of a Progran imned  and Re m ote
Systems ( P A R )  undersea hydrau l ic  manipula tor .  I t  has seven func t ions :  shou lde r  a t im t i t h i .
elevat ion ,  elbow bend , wrist pitch. yaw. roll , and grasp. In addi t ion ,  it is i n t e r n a l l y  p orted
to provide hyd raulic power to tools through special leakpr oot ’ connections in the sync hi r o -
nous parallel jaws of the hand.  A chain—drive mechanism w i t h i n  the oil-hi l led artu ser ves to
mainta i n wrist p itch or ientat ion dur ing  arm motions.  and synchronous  motors in the e lb ow
and shoulder ensure tha t  arm extension is l inear ,  F’igure 10 shows the  WSP ’s pr imary
manipu la to r  fitted wi th  a dri l l , whi le  Figures I 7 and I 8 show fh e WSP mounted  on ( ‘I ‘R I
III  and R L ’I t ’S. respectively.

COMPUTER -C ONTROLLED MANIPULATOR

N U (’ has experim ented with preprogrammed manipu la tor  control in an a t t empt  to
reduce the t ime and tedium of repet i t ive tasks. The l inkage  m a n i p u l a t o r  was fi t ted wi th
posit ion sensors and connected to a minicomputer .  Figure 19 shios ~ s the  system that  wa s
tested . The manipulator  was used to pe r fo rm simple  tasks , wh i le ti l e co mputer  recorded the
seq uence of positions required to perform each task .  The task could be repeated under corn-
pu te r contro l a n y number  of ’ t imes at  a rate many times greater than was possible for a
h u m a n  operator and w i t h  vs h i . i t e s e r  posi t ion accuracies the  operator chose to def ine.  The
seq uence could also he reversed . f o r  exami ip l e , to r e tu rn  a tool to i t s  storage po si t ion , or to
ret urn to a specif ’ic work si te vs i t h  a d i f ferent  tool ,
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I cure  I I .  Ma iuu  R I  ‘ Ii~S’ ti a m i I l ) l i l a u l i r ,  2493-4- 72

error .  \ s imi l a r  hi ~ d r a u t l i c  s\ st c tn  on t h u e  c o m u t  ro l le r  also dr ives  i t  toward  th e  m u i m n i p u l a t o r
P OSit t O m l . t h u s  crL ’ a t i m i g  a f ee l ing  of h i  r cv ’ f e e d b a c k ,  I lu ree f u n c t i on s .  sh ou m lder a z i m u i t h u .
sh ou lder  d e s  a t i o m u .  and  elbow a , i m u i u t h ,  are b i l a t e r a l l y  control led in t h i s  f a s h i o n .  ‘(‘he wri st
f u n c t i o n s  ,jr c u m u i l a t c r ~i l lv  c o n i m 1 ) l I ~’d. ss oh no fo rce  f e e v h h i a c k .  Gr ip  f ’orce u s p r o p o r t i o n a l  to

t h e  d i s t a n c e  t he  s p r i n g - l o a d e d  c o n t r o l l e r  t r i g g e r  u s I ) u h l e d .

‘[he h a n d  amid wr is t  of the  RI  ‘II ’S n u a t i i pul ~mtor (see I’ igure I 2 )  are mneclu ~m mii c a l I ~
s imi la r  to those of t h e  h i n k a g c  m a n i p u l a t o r .  hu t  .ml l h y d r a u l i c  l ine s  are i m u t e r n a l l v  ported to
e l i m i n a t e  p o t e m i t i a l  e n t a n g lement  amid da m age I l ie con t ro l l e r  is of the  te rminums  I pt ’ . it  is

‘~~ ~~ ~‘e. -‘ ‘

1
Figure 12.  h a nd and wrist  i t  the  main RI  ‘II’S mani pula tor .  Pos iu ion con t rol  and force feedback
enable the operat or to h andle  de l ica te  objects wi th  considerable pr u s momu .  2,~,~’Y-4- “2
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not a t t ached  to the operator ’s arm as is an exu ske le t a l  or strap—oi l analog c om u t r o l l e r ,  Instead.
the operator holds a p istol grip (see Figure 1 31 amid i i iO5 es it to the position amid o r ien ta t ion
in space correspom u ding to tha t  which he wishe s the  m ath pu l~mtor  hand to assume l ’e edhack
forces are experienced as force s of the pistol grip agaim is t  t i m e operator ’s hand .

The use of ter m inu s control mi ot onl y gives the operator  m ore f reedo m t h an a s trap-
on controller ,  it also permits a greater range of wrist mot ion.  I ur thern mre .  t e rn i i m uu ms  coml-
tro l does not req u ire tha t  the contro l lers  or man ipu l a to r s  be am u th ropo m norp hic in de s igm u amid
f u n c t i o n .  Wi th  thi s  control  sy s tem evem i an inexperienced operator can per form del i c , u ie
tasks wi th  both speed and dex t e r i t y .  Figt mre 14 shows both the  control ler  amid t h e  m a n m p u m l ~m —
tor dur ing  laboratory test ing.

WSP

‘[hu e Work Sy s tem Package (W SP )  is a com uu p letc work module  t h a t  can he r ea d ml ~
at tached to a var ie ty  of’ mn anmied and remotely operated u n d e r w a t e r  veh ic les  to enha t i ce  t h e i r
work capabi l i ty .  It can operate  to depth s of 20.000 feet  (0 , 100 m iu e te rs ) .  ‘[he WSP c o n s i s t s

of three n u am u i puihators . a var ie t y  of tools. amid two TV camer as.  all  confi gu red as a s ingle  u m n i t
that  cati be m ounted  omi various su hmer sibles or remotel y control led t m n d e r w a t e r  vehic les ,
Figu re I 5 shovv s t h e  comp lete package . Two of ’ t lu e  n i a n ip u l a t or s  I ’u m m i c t m o n  iii t he  same
manner  as the R I  ‘It’S grabber: they hold the v eh ic l e  to the  work site and pe r fo rm heavy l i l t
ta sks ,  However. these grabbers have six f u n c t i o n s :  a i ’ im i iumth .  e l eva t i om ’m , telescop imig e x t e n -
sion. rol l ,  p i tch .  amid grasp.

The pr imary WSP m iu am ii pu lator is a m o d i f i e d  versiom i of a Progr~m miu m uu ed  and Re m ote
Systenis ( P A R )  undersea hydraul ic  manipula tor .  It has sevem i f ’um i c t iomis :  shoulder  a , i m ’n u t h .
e levat ion ,  elbow bend , wrist pi tch . yaw. roll ,  and grasp. In addi t ion ,  it is i n t e rna l l y ported
to provide hydrau l i c  power to tools through special leakproof ’ con n ectmom i s  ii i  the symi chro-
nous parallel ja ws  of the hand. A i’ham— dnve mechanism wi t h i im the o i l — f i l l e d  arm serves to
mi i aintain  wrist pi t ch orientation durim ’ig aruii motions . amid symi chrom i ou s motors iii the elbow
and shoulder ensure tha t  arm extensiom i is linear. Fi gu re 16 shows the WSP ’s pr im ila r \
m an ipu la tor  fi t ted with a drill . while  Figures 1 7 am i d  18 show the WSP moum ited on (‘I ‘R I ’
III and RL ’IVS.  respectively.

COMPUTER -CONTROLLED MANIPULATOR

NUC has experimented with preprog ramm ed ma n ipu l ato r con t rol in an a t t e m p t  to
reduce the t ime and tedium of repetit ive tasks. The h im i kage manipu la tor  was f i t t ed  wi th
position sensors and connected to a min icomputer .  Figure 19 shows the  system that  was
tested. The manipula tor  was used to perform simple tasks, while the  computer  recorded the
sequence of positions required to perform each task.  The task could he repeated t inder corn-
puter control any  number  of t imes at a rate many t imes  greater than  was possible for a
human  operator and wi th  whatever position accuracies the operator ch ose to define.  The
sequence could also be reversed , for example , to re turn  a tool to its storage po sition . or to
re turn  to a specifi c work site w i t h  a dif ferent  tool.

ho
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Figure I ~~. Pi s i i i t ’ c i  I I ) t e r n u i m i t i s  c o n t r o l  f o r  main  RI  ‘ It ’s ’ n ia ni p u l a m o r .  2494 -4— “2

I l i u s  e x p l or a t i on  of super s  uso r \  counpuk ’r  com u trol  showed d e f i n i t e  p o s s i b i l i t i e s  1 ’ r
undersea use . I l ie m uuo s t  p r o t u u i s u m l g  m m u c h i m d e  t I r e  p e r f o r m ance  oh ’ r e p e t i t i v e  t a sks . and  t i r e  re —
t u u r m u  ot t o o l s  to t h e i r  s t o ra g e  p u i s i t u t r u i ~~. A d d i t i o i u a l l ~ . i t  m ig h t be Pos sibl e to p r odu ce a
l i h r , t r ~ of t a sk seque n ce s  and po si t ions t h at could be i n i t i a t e d  l”~ ke~ hoard v’o m u u a n d s ,

I l iL ’ se c a p a b i l i t i e s  w o u u l u l  he v a l u i a b l e  a d d i t  u r n s  to ,i ge miem’ a l — p u u r p o s e  u n d e r w a t e r  m n a u u i p u u l a m t m r .
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Fi gu re 13. P i s u i i l — g i i p i e r n i i i l u s  con t ro l  f i n  main  R I  ‘II’ S ’ n u a u u i p u l a t i ’ i  - 24 ’i4-4- “2

h i p s  ex p l ora t  ion of s u mp v ’rvus u r \  coin pu te r  comitrol  showed del u m i u t e  po s s ih i l  it  es Ii
uu m i der s ea  m u se ‘[lie t no s t  p r o u n i s i m u g  i n c l u d e  t h e  p e r t u r m u a m i L ’e of re p e t i t i v e  t a s k s . and  t I r e  F e—
t o n i  of tools to t h r e i r  s t i i r , u g c  p u s i t u o m l s  , A u h d i t i o m r a f l ~ . i t  m n ig hi t  be possible to p roduce  a
l ib r a r y  of ’ task sequ u e m iL e s  amid p~ s u t u o u s t h a t  could he i n i t i a t e d  l’~ key b oard  L ’ ) i t n m r r a u r d s ,

I l iL ’se c a p a b i l i t i e s  s s i i u u h d  be v a l u a b l e  , I d ( h i t u o n s  t o a gemt ~’u’a l —pur pum s e  u m n c l e r s v . u m e r  t u a n i p u m l a to i ’ .
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SUM NI AR Y

‘ l I me m n n a m n i p u l a t o r  s~ s tem s developed h~ N E J ( - o f f  en v a r i o t u s  c a p a b i l i t i e s  a p l ) r o p n u a t L ’
f i n  t l i ~’ t a s ks t h i e~’ are in t ended  to p er l o rmi i .  ‘I able I suu m imul arm /es theur ch iara cteru st iL ’s, I l i e
IIL ’ \ I  sev ’ t i o m i  ~ il l  f ’o r m t i u h a t e  a g e mn e ral  design phimlo s op h based up on L’ x h ) e I ’ m e m n L ’e ga ined u s ing
these m i i a m n i p u l : m t o m s  at sea ,

Fable I , l)esigii ch iaracte u ist ics of Nt  (‘ m u iani p u l at or s .

N i ’ . ni  Weigh t im i L i f t  M a xi m nu mnn Op e i a t u m r g
M a i o p u i l a i o t s  F u n c u u , i i i s  Air ( lh . ) a Capacity ( l b . )  Reav ’h i ( u u r , ( t

~ I ) e p ul i  ( f t  )
C

( ‘ (R h ’!  (‘law 3 1 0(1 40(1 50 2.000

( 1  /‘~‘ I - 
II (‘lass 4 I 00 400 50 2, 500

( ‘ ( R b  i/i (‘law 4 100 400 50 10 .000

Lim ik a ge M a uni p uu la i o  7 75 50 55 7,000

\ I V  \ I auui p u m l :u t n r  7 1 (JO So 55 0

- 1 i ’ ( ’  lass 2 20 50 3o I .500

RI  ‘IllS’ Ma n ipuu lainr 7 t 0  45 50 20.000

RI  It ’,S’ Grahheu 4 73 200 24 20.000

WSI~ Mani pulator 7 500 100 72 20.000

S~Sh’ (;r~mbher s 6 250 250 lOS 20.000

p ’ unit = 4 5 4  k i l i ’ c r ; i mn
ii ~ ~4 ccii i i i l e 1 c r ~

= l ,~ ini I ,K ’ier

l) ES IG N CONS II ) ERAT I ONS

A n i a n i p u m l a t o r  mnl ust  be well designed n ne ch na n i c a lh v  f ’or perf ’ormi i i m lg  the requi red  t a s k s
in t i n e  mn ia n im l e  e n v i r o n m i n e m i t .  and it mul i m st  he imu tegra ted  w i t h n  the  cont ro ls  ami d displays t lna t
enable  the  operator  to perho rnn  coordinated .  accura te  u i iot ions.  A i ryone  v vi t ln  exp cr ie mn ce  in
remi n o te  work s~ s t e u n i s  des chops op in iom i s  omi how to design a ni ani p u i l a t o r  to o p t i n u i , e  the
c a p a b i l i t i e s  ol t I r e  operator  t h i r o u i g l n  t ine  mi i a n — mi n ach m n e  i u i t e r ) ’ace . hu t  t h ese op in ions  m r n u m s t  he
rec onci led w i t h  t ine ex per ience  of ot in er s : t he  h tu mi ia n  f ac t o r s  res earch ers amid the  operators
vv ’lr o hr ~mve rout  i ii~’l~ per fo rmed  re t in o t e  work imi l i ne  uleep ocean ,  I mi t I ne  past t I ne  opera tor  has
been forced  to adap t  m i s  sk i l l s  to t i l t ’ s\ s te in  ra t h er t h an I n a v i m i g  a s\ s t e i n  designed to be
conipal ih l e  w i t h  I r i s  i i a t u m r a l  m e m n t a l  am i d  physical  capa b i l i t i e s .  senses , and ref lexes , No t
en u n m ig i r  et ’f ’oi ’t Ir a s been expended  s t u d v i m i g  t h ese aspects of u n d e r w a t e r  m a n i p u l a t o r s .  .‘\s a

res u m l I. tinert’ has been lii ) order l~ cv i  ) l t u t  ii ml i mi Ii nde rwa te r  il la mi i p u m l a  t or ( leve lopn i em i t  ,is there
h a s  h eem r i mn d eve l o pm n ue n t of eq umip mi i e m nt  Ion ha mid ii r ig rad Oac ’t is c m n l a t eni a I s ,
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A mnn a or p roh le mnn  is t h at the  o p t i m u n u u m r u  m r r a m n i p u h a t o n  ari d com it ro l  s~ stem for  spec i f i c
t a s ks  a r ies  co mr s ic l e rah ly  w i t h  t Ine  task.  ‘l ’ iie c a p a b i l i t i e s  of OI) erat or s also var ~ . a m nd oh ten
t h e i r  pre l ’ene m nc c ’s a re a f ’u m m n c t i o m n  of ’ t l n e u r  exper iences  vs i t h  i ’ a m’ t i c t m la r  t \  lit ’s oh ’ n r a m n i p u u l : i t o r s .
coin t rols , d i s p l a y s . aund ta sk s .  I h owe v er .  ex per iL ’mn c ’e ina s It ’d to a geu i t ’ral awar em i es s of cer ta in
t r ac he o f f  s . For tasks  r equ i r i ng  precise j ’iosi t i o m n i n g .  f o r  e x a m r n p le.  ra t e — c o n t r o l  dev ice s  are

m ore ac’c u mr . u te . wh ereas fo r  genera l  r e a c h n i m i g  amnd  g rasping.  w lnene co o r uh im na t i on  is  m ore
i u n i p o r t a m n t  t h m a i n  p rec is ion .  m i ra s t e r sha s e  u n i a n i p u m l a t o r s  art ’ m u r u c i n  f a s t e r ,  I mi ra t c’—c ’o m i t r o l  m i n a n i p —
u la to r s . posi t io n f ’c’ed ha ck  u s pu re l y  v is uua l  : whereas  miras te r  s lav c’ m n n a n i p u m l a t o r s . e  veil vs -u t in
c’Ouiu I ) Lm t c ’I’—L ’t’m ) dn a t ed  disp la y s , acId a m n a t u m r a l  i ’e el i in g of p o s i t m o m n .  I ss’o t \  Pe’~ ( ml master  s l a v , ,’
t oo t  rols h a s  e bee mn used: hnar n es s  a i rd  t e r m n n i m l u m s  coin trol  ‘ A  hn an m iess  com it ro l  s t raps om u to .  or J
mtr  so m rne  sva ~ a t t a e h r e s  to.  t Ine  ar i u n of t ine operator .  vv in er eas the  t e n m i n i m i u s  con t ro l  is m eld ou i I~
at t I ne  h u.m mid or t e r m i m i u s .  1’Inev operate iii t ine samn e way t ine m n ia mn ipu i l a to r  ( s lav’ ~’ h i s  d r ivem i  to
coi l fo rm to t Ine  c’ o m i h i g u u r a t  i o m n amid pos i t i om l  of t he  comitrol  ( nnas te r  I . ‘ l ’hne Inarm i es s  ~‘o m ntro l  n i a~
he most v a l u a b l e  f ’or use sv ’ it l n a m r t h n r o p o m n i o r p l n i c  nnam i i pu l a to r s . e specia1l~ t lnose w i t h  a
r e d u m m ’u dan t  f ’u u m n c t  iom ’u f o r  ehhov s- ’ p o s i t u o m n .  l’ e n m n n i m i u s  com u t ro l  , mil uc ’ii mn iore t’ omnn m n i om i  in hot cc ’ll

t iucl ear  vvon ’k, g ene r a l l \  allows more operator f reedom am i d a greater ram ige of mot ion.  amid
does m l ot req t mire  au omit  hropo m niorp h i ic mina m n i pumla to r .

A less on to he lear m rech front RI  ‘i t ’S’ is  t h a t  an am nth ropo m orp h i c ’ arm is uno t  nt ’c’ c’S —
sar i l y  t I r e  ideal , F r i c t i o n  in t ime  sho ui lder  and elbow series of ac tu tator s  (b o t h  of which  are
l o v v — f r i c t u o m r  5 one ac’tuators) of’temi ir akes smooth.  coord imia ted  m n n o t i o m n s  d i f f i c u l t  A m nna n i p —
u l a t o r  based on a spher ica l  c’oordimiat t ’  s y s t e m n i .  for e x a m n i p he. would not  ln av e t lnes e  j o in t s  iii
se r ic’s, F u r t l n e r u r n o r e ,  a l thoug ln  t ine wrist  is s i m i l a r  to t h at of t h e  h imnk a g e  m n n a m n i p u l a t o n s . t i n t ’
m n l o t i o n s  of ’ the ami t i n ropomnrorph ic  ar m c’on t i m iu m a l l y d isor ient  the  hand unless t i n t ’ vvr i s t  t ’u n c—
t i n i r s  are mn u o ’.ed to compensate .  A d d i t i o m n a I I ~ , n n o v e m n n e i n t  i nna v  be l i m r n i t e t h .  S~ hnein  t h e  tool or
w o r k  lies a long  the  sm ou lder  c’Ic ’’, a t i o u n  a x i s , v e r t i c a l  m n l o t i o i n  is im n i p oss i b h e .  \ c ’t a in o t i n e r  p r ob—
hem us t I r e  e x t r e m n i e  v u l m i e r a b i I i t ~ of ’ t I re  wm’is t  p os i t i om m — se in so r s  to cha i r rage .  vs bn ic ’l n Iras led to
t h e i r  r e m r i u r v a l  an t I  a t t e m pts to count ro l  roll an d p i t ch  by ssv i t c h e s .

Force f ’eedhack.  a m no t he r  of R t h i S ’s capabi l i t ies ,  is gemieral l y not  imicorpor a ted im i to
undersea m ami i p t m l a to r  sy s tems hecauuse of ’ t ine comp lex i t i e s  imivolved and because operators
I rave  h n i s to n ie a l h ~ un iana ged to get along wi t h o t m t  i t .  In  cer ta i u i  t asks  suc ’in as collec’t ing bio-
logic -al specimens , where grip force is in i po r t ami t .  i t  is general l y  easier to a ecui ra te lv  control
grip force  ( l’or e x a m n n p he. by pressure -comit rol  servos alves w i t h i o t u t  r eq u mi r i mig  force t’eedh ack.
or to provide suir i p le v ’is umal t’eedhack ( t’or examp le. h~’ a d i t ’I’er em it ial  press u ire gau ge on tine
grip ac tuator .  or by a conip liami t  hand  winose d i s to r t ion  ind ica tes  gri p force) .

For gemier al— pu irpo se n namii p u m l a to rs  sumch as R ( hI ’S ami d WSP. inowe v er . it  is a m i t i c i pated
t l na t  tasks re qu mi n ing  force t ’eedhack will occur , I’, x amn uple s  are dri l l in g am i d t a ppin g .  operations
winere  too mii u ch force or misdirected f’orce mui i g i nt  result  in a h rokem i tool.  Of course,
wherever  possible. tool drive,  I’eed. amid al i gn m ent  s l nouhd he at i t o m u t i c  f u mmic t iom is  of ’ t h e  tool
i t se l f ’. not  t I ne m i iami i p u m l a to r .  t ii f o r t u m u a t e l v  . t h is is iiot al vs ’ays possible. A m n o t l n e r  s i t u m a t i o m i  u n
wh ich  force se m nsi ui g cot ild be imnpor t a m i t occumrs w inemi the  minami i pu ml a tor  u m n e x p e c t e d l v  t’otnl e s
in contact  w i th  t h e  work or the  vehicle  i tself ’, whe the r  th ro u gh poor vis ion.  had s~ st enn
desi gmi. or operator imia t t en t iv enes s .

( ‘ or the  master  SIOS ’ c’ m i n a m i m p u l a t o r .  I’orce feedback is mm nost n a t u r a l l y  pr ov ided i”~
mn m a k im ng t ime s’, stem h i l atc ’rial , m . e. .  incorpora t ing  wi th in  the conf roll er a c tua to r s  t lna t  d r ive  it
in the direct iomi of forces  t’mico um nt e r e d by t ine  n i a m i i p u l a t o r .  the  a c t u m a t i m i g  I’orc’e being
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proport ional  to t ime e i icoim u itere d f ’orce. ‘l’hn is f ’or m nn of force  l ’eedhack is imprecise but  m u m u c l n
m nno re easil y assi m i la ted  by t ine  operator t h a n ,  sa\ • a c ou nnputer -ge m nera ted  graphic disp lay of
force sc’ct O rs ,

Direct se mnsm n g of forces omr an t im i d erwate r  m n i u m i i p t u h a t o r  is e x t r e m n n e l y di f ’f ’ i c u i h t ,  St ra u n
gauges Inave mi ot proven reliable u n  a h ig ln-pressune.  corrosive m n i e d i u m n u .  l’orces i i i t u s t  t l u e m t ’Io re
he semised im nd m rect ly by mi le as u m num i g the pressure iii t ime hnyd i ’ au h ic  a c t u ma to r s . or. as in R t ’W S .
by mnneasu n ing t ine voltage to the  pressure servovalves t h at control  the  a r m nn ac tua tors .  I m r
e i t h er m nne tho th . other  forces are also semnse d : arm wei ght .  a nm nn i n e r t i a  ami d  m n n o m n r e m n t u i m n n ,
ac t u ia t or  s ta t ic  amid dym i a m nni c  f r i c t i o n .  I iydrod y m i a m n n i c  drag omi the  ar m rn .  amid press u mre — drop ch u i t ’
to hydrau l i c  flow betweemi tIre sensor am nd tine ac tua to r .  Arnn we i gh nt  and iner t ia  camm be
cominpensated f ’or hv small co m nnputers . as cami l n y d r o d y m r a m n i i c  amid visco u ms fo rces .  ‘l ’ lnese can
also be m ii in inuii ed by proper desmgmi. del iberate  slow m n h ovemem i t  of the  a rm.  am nd opera tor
l’a m u i i h i a n i z a t i om ’u wi t in  t ine sp umni o lus forces. Sta t ic  I ’n ic t iomi must  he n h in im l ni z ed  b~ proper
ac tua tor  selectiomi. butt  cam imiot  be e l im n i i na te t l .

‘l ire m i i au i ip u i l a to r  must  also be designed to avoid degemierat ive posit ions whe~e lo t , ,  es

Oil t ine m n i a m i m p u m l a t o r  are tram i s f ’erred pu ireh y m nnec i nam i i ca l l y  to t ine  s ’ehni c ’le amid t h e r e f o r e  are Ou t
sensed. Thn m s occurs when actuators  are driven ag ai mn st  stops or w l me i n a load is co mnup le1eI~
l ongi tud im i a l  to a series of ro ta t ional  ac tua tors ,  as is I)ossib le if t Ine  R U W S  m i n a n i p u m l a t o r  is
co m n n p lete l y ex te u ided.

Another  in ’mporta u i t aspect of ma i i ipu la to r  sy stems is v i suia l c a p a h i h i t y .  Operators  ~if
imianned vehic les  l Im i d tha t  viewports generally have a mi arrow f i e l d  of ’ viev s , are s tm h je c t  to
dis tor t ion .  and are u mm ic orn t o r t ab l~ located. Yet t h ey p re fe r  to umse these wim i dows  r a t i ner
thami l ookim i g at a corn fortabl y located television moni to r ,  even t l no i . mg lm the  nnom l i  tor  m nn a y
sh ow a l ow—dis tor t iomi  p ic tu re  f ’roni caniera thami  cami he adjusted w i t h  p a n — a u i d — t i l t  amid
zoomed to change the  f ’ield of view. The fac to rs  n i a k u u n g  t ine v i ewpor t  mn l ore real is t ic  t han
television are color . resolutiomi . dept ln.  sense of o r i e n t a t io u i ,  am i d f i x e d  s t a t iom i  po in t s .

Color amid resolut io mn ca in be improved o m n u m nderwa te r  tehev is iomi  c a m m neras .  bui t  umiles s
broad-spectrum mu li gh t ing  amid clear water are avai lable  these m nm ay not rea hl ~ I neh p. \loreov en.
experience wi th  RI  ‘hi ’s strongly demomistrates the mie ed f o r  stereo ‘ I V .  l ) umrim ig Lm borator v
tests wi t h  RI  ‘II ’S’ t h e  operator was only a few feet  f ’ro mn ’m the  m n u a m n i p u m h a t o r  ami d m a d  t Ine
benefi t  of good l ight ing and vision. enab h imig h im to p enlonm nn feats  of great d e x t e n i t ~ , I i g u u r e
20 shows R UI VS in m i mghnt  pool tests. Use at sea, hnow e ver .  lnas been d i s appo i u i t im u g .  l I r e
operator must contend wit h  clou dy water , a f la t  vis u mal  f ’ie ld, amid ummi f a mn i l i an  sm/c  amid spa t i a l
relationships , and he mx oft en forced to make quick  tr ial- and-error t ests.  On RI  ‘hI ’.V a
t raversing mn ec h anism allows the simig le TV ca m era to be moved to d i f f e r e n t  s t a t i o n  po im l t s
across t h e  f ’ront of the vehicle , thereb y givimig d i f ferent  p erspec t ive  amid paral lax j u d g m n e m n t s
of depth .  h owever , thus  mechanism m a y  f u r t h e r  confumse the spatial r e l a t i on sh i i p s : i f  t ine
operator ’s single “eye ” is at an umi fami h ia r  location wi th  respect to h i s  sm oulder, lie cannot
jui dge which way to move his hand,  for examp le. to cause the m nia n i pu ula to r  hu mid  to n o v  c’
direct ly away f rom the camera , Stereo TV would solve t h is problem. Ma m ny stereo sy s le mnn s
have been shown to give good depth  reso lution , amid sonic sucin cai’ a h i l i t y  is n eeded to m ake
undersea manipulators  t rumly  eI ’fect ive.

Another  dmf f i cum l t y  (( nat  the  operator cncou m nter s  is iii m n a i m i t a i m u imi g  a sense of oriem ’mta-
( ion. Or ienta t ion  and s ta t ion-poin t  f ’eedhack can be given b y two methods:  f ixe d camera
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am nd m nn om n i to r ,  or h ead—coup led te le vi s i om n.  t’5pt ia hl ~ mm h c ’orponat m m r g  h ead—f o l l o wm m l g  c’auli c’ra

t r a n s l a t i o u n ,  I leach— coupled ‘I ’V also a l l e v u . i t e s  t Ine  pr oblt ’ m n i of I m u m u i t C t f  f i e l d  of vuc ’w. sinc e  a
ssv , ,’e lm of ’ t int ’ head al lows t h e  operator to s-u sual ly  t’ui c ’ou m ip. is s  as m u n u u c h  of t I m e  r e u n m o l t ’ e m l s i r n u n —
mnic ’ m nt  as he w i s i i , ,’s, aunc i  In c im i s t imn t ’t iveh ~ rc’ta i u i x  t Ime  spa t i a l  nt ’ l a t u o i u s l n u p  of oh~c’ct s not  s u i n n u u l —
t a m n e o u m s h v  v is ib le  in t ine  c a m u m e r a ’s f i e l d  of v iew’ .

A l t h i o u u g l n  ,‘~
‘
( I - I 1’ h a s  h e em n recoui f ’i gum red aund mno longer  c’ J f l  ic’s he a d—t ’oup led st e t e o

tel evis iou r  , i t s  c h e m n r o n s t r a t i o n  vs a s m mm i  pre ssi st ’, I ’lne sem u se of ’ act  u a h l y beim lg pre sent  on tI n , ,’
vehicle lna s m u , , ’ver b e emu equua ll ed omi a re m n i ote h y co m i t r o l l ed  u mndersea vehicle.  I l owev er .  the
v i e w i m i g  h e hm n l e t  a mnt l semi s in g h imikage  vs’ere u i ever  qu u i te  pe r f ec t ed .  ‘I h e y  were b ot ln I ’o tum nd to he
u m m n c o m n i h o r t a h l t ’, I r eav v ,  a m nd chu m nn sv  in misc. Pert ’ec’t iomi of ’ h ead—co u p led s te reo  t c’ht ’vismo n a i rd
its liSt ’ wit  in a h ikmtera  I mn h aster . - s ha v e  m nnam i i p u i l a t o r  vs i l l  lie a mh najor step fo rward  in deve lop ing  a
systemin f o r  r em nn o te  work tasks tha t  requmire a hig h n degree 0 f ” e ye— h um i d ” coordimiat iomi .

Fv e mu t i m e  dt’v e hop m ni e mi  t of ’ a prac t ic a l  In v ’ad—c oump ht ’d television wil l  m no l  d u n n  i n a te
occas iom ’ial blockage of tIne work by t ine tool or by t im e  u u m a n i p u l a t o r .  I ou’ t h i s  re asoi n Ou ) c ’
or u ln ure a u x i l i a r y  television camn ie ra s . possibl~ iu i c l ud h ing  a vs - u cl e—aung l e  lc’ir x and z oomn i .
woum lc t  he advi sab lc ’ , A d d i t i o n a l l y.  t h e  m n n u m i i pu i h a t o r ’s wrist  su i t ’ am i d i i r .m ss s h n o u u l d  be m i m i m m n l i / c ’d
to as oicl b lock i n g  (li e operator s view oh ’ t i n t ’ work ,  This wi l l  also u i i i m u i u n n i t e  s t r u i c t u i r a l  u,, -
q u m i n e m n e n t s  amid hi~ draum l i c  port ing of ’ the umpp e r  ar m n i j o m m u t s ,  T h e r e f o r e .  whne m i a s p e c i f i c  t a sk
requi res  tool s t r ive .  teed.  a h igmi m niemi t .  com ui p h iance.  overload protc ~c t m o n .  or s m m n n i l a r  f ’u un c ’ t m o u r s .
thne v shou ld he incorporated in to  specific tool s, not the ge n eral—pu mn h i ose m i r a n i p u l a t o r .

It  m n n u ms t  he ca u i t i o m i e d tha t  th e best general-p iurpos e m a m n i pumh :m tor  f o r  u m i d e r w a t e r  vs i n k
is unot  necessaril y (lie most sophisticated or comp lex.  (‘ost , r e l m a h m h i t ~ , m n n a m m n t a i u i a h i l i t ~ ai ld
the a b i l i t y  of the  I rai m ie d operator  to work w i t l n i m n  h i m n i i t a t i o m u s  m ni u m s t  also he wei g hed u m u
deciding wh iet in er  or riot to incorporate  seemim ig ly desirable f e a t  lu re s ,

SPEC~FI(’ PROPOSALS

The opt i m u m man ipu la t ive  devu ce f ’or recovering M K 46 torpe d oes would  he very
differe u i t from a m n i am i ipuha to r  desi gmu ed for rep lac’ im n g a spec if ’ic co mnu pomiemi t  of an um ndersea  oil
we lhhn ead .  Bumt general conc lu i siou is cart he drawn.  based omi \ t ’ (’ ’ s expe r i t ’u l t e .  aho t mt  irov s
best to desigmi a unami i pui l a tor  sy stem whi i cl l  wi l l  f ’u i r ther  e m m h n a n c e  t ine N a v ~ 

‘s ab i h i t ~ to per—
f o r m nn general underwater  work ta sks in wh ich  d e x t e r i t y  amid ersat  i lu1 ~ are i m p o r t a n t .

T h e  work s y s t e m n n  or vehicle shnoui l d  he able to amichor f ’ ir m ni l y to tIne  b o t t o u n n  or to t i l t ’
work. ‘[h is mrnig h t  require two or more h eavy—duty  grabbers l ike  tho se on tine S\SP . Pr e fer-
ably ,  two miian ipula tors  wou ml d be imicorp orated.  corresponding to t h e  operator ’s right am id
l e f t  h ands. The grabbers amid mam iipu il a( ors  s h no u m h d be h~ d rau l i ca h l  powered The u nnam l ip-
u m lators  sh ioum l d have sevem i independemi t  func t io mi s ,  Tine a n n  s t r u m c t u r e  sinou ld lie a h u m n e a r
l inkage : tile wrist sinoum l d be of t h e  R I  ‘II ’S t~ pe. in t e r n a I l ~ ported wi t i n  all r ot ar~ axes mmnte r -
s e t t i ng  at one poi u i t .  Paral lel .  synchromio u s jaws should he ums u ’d on tIne Inand I on m a t i n g  to a
var ie ty  i i f  special ly d e sm gmied tools.

Positio u i semusors should he unioum m ’mt cd omi t i m e  a , i u i n u m t h m ,  e l eva t i o n.  ex te mn s iom i , au nt h vs rust
yaw f ’unc t i on s .  Tinese I ’umic t io mn s  shnoLm hd he con t ro l l ed  by h o w  sers ovals es Roll  a m isl  p u t c i n
can 1usd si m ple lo umr-w ay s , i f v  es. Gri p sh ioum l d he co m ntro I le d  h\ pres sure s,,’r v us al s t’ . 
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Pressure tr :m m nsd u c ers sh no u m l d he umsed to seirse forces omi t ine three position act ua tor s . al l  of
whn i c h i  s l n oumkh he lo w—f ’n ic t i o m n p i s to m n or vane ro tary  t~ pc’s.

Sum c ’h n a m n n a m n i p u m l a t o r  v voum ld he openab le u n  a si m ple ra t e —co m nt ro h hed  ( sw i t chn—c ’ouni ro lhe d
mode or. altc ’r m nat  i v e l v  . bi la tera l l y pos i t io mi —com i t ro l le d  in t h ree t ’u i u ic t i ons  amid u m m n i h a t e r a l l y
slaved im u a fou r t h . \ no t ine r  poss ib i l i t y  wotm h d  be to preprogr aunn tIne mi ia m u i pu mha to r  im u f o u r
f ’um nc ’ t i om n s , a t i n n u t l n ,  e lev a t ioun , ,,‘xte misi oui .  amid y a w ,  Thnose o r ieun ta t ion  f ’u mi c t ions  w i t ln  uno
position feedback ( ro l l  am nd pi tc in ) are no~ disoriented by arni m n l o t iom u s  ami d s i noum l d se ldouni
need a d j u m s t m n n e m u t .  T l nu m s . no wires or pot m ’mi ( iO u i ie t er s  are requmired ott t ime wris t .  e h m m n i u n a t u m i g
the ‘‘Ach i l le s heel ’’ of ’ t h e  R I  h’s u ’m i ani pu via tor .  The usc’ of ’ f low—co ntrol servovalves permits
precise p o si t iomii n g f ’or c om n l p u m t er  on posit iom i cont ro l :  any  de tec t ab le  pO siti omi error wi l l  lie
countered  by fu ll  sy s tem press um re.  if  necessary. The comntroh  character is t ics  f o r  t ine  proposed
st’s ei n—f ’umm i c ’ t io m n mi lan ipula tor  are si m mi ’m mmiuri z ed in Table 2.

Il ead-coump le d stereo eievisioti s l noum l d he imicorporated.  ‘[ir is wil l  require  develop-
w en t  of a good display u mmii t .  which deserves hi ghest p r io r i ty .  T h e  camera (s)  Ion th is un i t
s i io umi d  he p laced wi t i n  respect to t h e  m n u am i i pu u l a to r  sh iou ml d eus  as t h e  operator ’s head us located
wi th  respect to the  com u tnol lens .  A u m x i h i a r y  camn i eras sh ould provude a wide —ang le us -ens t v .  of
tine vvonk area , amid a close—imp z oom im capabi l i ty  h’rom one side.

‘[he work are a amid tool storage should be compatible wi th  the n ’mi an ipu h at or ’s range
of mu i o t i ons  amid reac h n vohumine , Redumuida u i t fumuict iomis  ( tool  advance , contim ’uuous ro ta t ion ,
impact . osc’ ih la t iou i .  e tc. )  shno u m l d be incorporated im u to  the specific tools . riot the m i n ami i p u l a ton s .

Table 2. Control characterist ics for the proposed sevem ’m- f ’u mu ict iom i m u ian ipuuha to r .

Mode Switc in Posit iomi Force Force (‘omp uu ter
i:l i t i ct io mi Control Control (‘ontrol Feedback Control

A , i u n i u u t h i  I I I I I

F l e v a t iomi  I I I I I

Fx ( ens iom ’u I I I I I

\ ‘ asv I 1 I

P i t c h  I

Roll  I

C ;r ip  1 I
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