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S u m m a r y 

The purpose of th is paper is to descr ibe the 
Jet P ropu l s ion L a b o r a t o r y Robot Research P ro jec t ' s 
man ipu la to r , inc lud ing the ra t iona le behind the de
sign and the deta i led design t rade-o f fs that we re 
made. I t is intended to ass is t other w o r k e r s in 
A r t i f i c i a l In te l l igence (AI ) who need to develop m a 
n ipu la to rs fo r t he i r own use. A d iscuss ion is p r e s e n 
ted of the cons t ra in ts and requ i rements imposed on 
the man ipu la to r wh ich led to the basic des ign, wh ich 
was developed by Stanford Un i ve r s i t y ' s A r t i f i c i a l 
In te l l igence P ro j ec t . F u r t h e r , detai l i s presented 
on the imp lemen ta t i on of the basic con f igura t ion . 
The end resu l t is a man ipu la to r which reproduces 
the f l e x i b i l i t y and speed of a human a r m . 

The man ipu la to r is designed to be in tegra ted 
w i t h a veh ic le and is comple te ly computer con t ro l l ed . 
Human commands are in jec ted only at the gross 
i ns t ruc t i on l e v e l , w i t h a d ig i t a l computer generat ing 
the con t ro l l eve l commands. The J P L requ i rements 
a re for the man ipu la to r to p ick up i r r e g u l a r objects 
f r o m the l abo ra to ry wo rk ing a rea , or su r face , and 
move them to an a r b i t r a r y pos i t ion ei ther on or off 
the veh i c l e , wh i l e avoid ing any obstac les. 

The man ipu la to r ( F i g . 1) has 6 degrees of 
f r eedom wh ich a l low the grasping device (hand) to be 
p laced in any a r b i t r a r y pos i t ion wi th great f l e x i b i l i t y . 
The jo in ts f r o m the base to the hand consis t of two 
r o t a r y j o i n t s , one l inear jo in t and three ro ta r y 
j o in ts (2R, 1L, 3R using the nomencla ture of Ref. 1). 
Th is a l lows the human wa is t , shoulder , a r m and 
w r i s t mot ions to be reproduced . 

Man ipu la to r reach is a m a x i m u m of 52" and an 
object of about 5 pounds may be l i f t ed . The m a n i p - . 
u la to r may reach an ob ject in any par t of a sphere 
that is not occupied ( i . e. , by the veh ic le , f l o o r , 
e t c . ) . System response a l lows a m a x i m u m mot ion 
to be accomp l i shed in about 5 seconds. 

Power is suppl ied by 6 permanent magnet DC 
torque mo to rs geared d i r e c t l y to each l i nk . F o r the 
f i r s t four inner r o t a r y j o i n t s , harmon ic d r i ve gear 
ing is used, w i t h r ack and p in ion d r i ve for the 
l i nea r j o i n t . F o r the outer r o t a r y jo in t , spur gear-
ing is used. DC power is p rov ided through analog 
DC a m p l i f i e r s to m i n i m i z e e l ec t r i c a l no ise. Analog 
pos i t ion and ra te feedback i n fo rma t i on is p rov ided . 
B rakes are used in each jo in t to prov ide holding 
to rque . 

* T h i s paper represents resea rch c a r r i e d out at Stan
f o rd U n i v e r s i t y under p a r t i a l sponsorship of the 
Advanced Research P ro jec ts Agency of the Off ice of 
the Depar tment of Defense (SD-183) and at the Jet 
P ropu l s i on L a b o r a t o r y , Ca l i f o rn i a Ins t i tu te o f T e c h 
nology under Con t rac t NAS7-100, sponsored by the 
Nat iona l Aeronau t i cs and Space A d m i n i s t r a t i o n . 

In t roduct ion 

The Jet Propu ls ion Labora to ry is conduct ing a 
robot research p r o g r a m w i t h the end goal of a l low ing 
p lanetary exp lora t ion to be conducted w i t h m i n i m a l 
human superv is ion . A m iss i on using a mob i le robot 
exp lo r ing the surface of M a r s has been selected as 
a local point f o r equipment development and e x p e r i 
menta t ion . It is fe l t that a system of this type would 
be typ ica l of those that might be used for space ex
p lo ra t i on ; te lecommunicat ion t imes prevent a t e l e -
operator sys tem f r o m being used e f f i c ien i l y , but man 
s t i l l needs to exer t superv is ion over the robot 's 
ac t i v i t y . 

The breadboard robut being assembled ( F i g . 2) 
w i l l cons is t of a n o n - r e a l - t i m e computer , a rea l -
t ime cont ro l computer and a vehic le w i th a m a n i p 
u la tor and imaging sys tem. The intent of the b r e a d 
board is to prov ide an actual demonst ra t ion of the 
robot ic capabi l i ty being developed. 

The i n i t i a l tasks selected for the robot a re 
s imple and depend on man sett ing the goal . These 
tasks are intended to demonst ra te that a m i n i m a l 
capabi l i ty has been achieved, P r i m a r i l y they include 
the vehic le moving f r o m one point to another , 
avoiding obstacles; and for the man ipu la to r to grasp 
an object on the ground, hold it up for inspect ion and 
place it on the vehicle or e lsewhere . This sequence 
is to be c a r r i e d out au tomat i ca l l y , w i t h the human 
operator in terven ing only in the event of p rob lems . 

An addi t ional cons t ra in t on the J P L p r o g r a m 
was designed to make m a x i m u m use of ex is t ing sys 
tems . The benefits of th is are obvious: both deve l 
opment t ime is saved and prev ious exper ience of 
others can be appl ied. 

Thus, an invest igat ion was made to de termine 
if a sui table manipu la tor ex is ted. The man ipu la to r 
requ i rements were: a good in ter face w i th a d ig i ta l 
computer , the ab i l i t y to be in tegra ted w i t h a vehic le 
and to wo rk f r o m the veh ic le , low power consumpt ion 
and l igh t weight , tn add i t ion , i t should be able to 
wo rk w i th pos i t ion i n f o rma t i on based on a coord inate 
system which could be der ived f r o m laser or TV data. 

The Stanford " H a n d - E y e " p ro jec t prov ided a 
manipu la tor design which could be mod i f ied to f u l f i l l 
J P L ' s requ i rements (Ref. 2). Th is manipu la tor is 
the resu l t o f extensive c o m p u t e r - d r i v e n a r m exper 
ience and is an ex is t ing , proven des ign. It has 
demonst ra ted the f l e x i b i l i t y to do stacking and a s s e m 
bly tasks . 

J P L ' s requ i rements dictated that the m a n i p 
u la to r ' s capabi l i ty be changed in the areas of w o r k i n g 
vo lume, servo con t ro l response and con t ro l so f tware . 
However , since the basic J P L requ i remen ts were 
met , redes ign was kept to a m i n i m u m . 
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System Design 

Two fac to rs which are basic to any man ipu la to r 
design are the k inemat ic con f igura t ion and the d r i ve 
power fo r each l ink . The J P L man ipu la to r mus t be 
able to w o r k in a non - repe t i t i ve fashion in the angular 
vo lume def ined by appi-ox imately 75% of a sphere. 
K inemat i c a l l y , th is requ i res that the hand have a f u l l 
s ix degrees of f reedom, leading to at least s ix s ingle 
d e g r e e - o f - f r e e d o m j o i n t s . In o rder to reduce m e 
chanical comp lex i t y j o i n t redundancy was not inc luded. 

Ref. 1 descr ibes a con f igura t ion which gives a 
s imp le so lu t ion for the jo in t pos i t ions versus the hand 
pos i t i on . Th is so lu t ion is f o r a s i x - d e g r e e - o f -
f r e e d o m man ipu la to r wh ich has th ree revo lu te jo in ts 
whose axes in te rsec t at a po in t . Since a s imp le 
analy t ic so lut ion for the des i red man ipu la to r mot ion 
m i n i m i z e s the requ i red computer ca lcu la t ions and 
a l lows a smooth t r a j e c t o r y to be developed for each 
l ink m o t i o n , this con f igura t ion was imp lemen ted . 

The next step was to se lect the type and a r r a n g e 
ment of the rema in ing jo in t v a r i a b l e s . The p r i m a r y 
choices were between an an th ropomorph ic type m a 
n ipu la to r , w i t h a l l r o t a r y j o i n t s , o r a " m e c h a n i c a l " 
type man ipu la to r wh ich rep laces the human elbow 
w i t h a l i near jo in t . Both conf igura t ions have a v e r t i 
cal and ho r i zon ta l degree of f reedom at the base. 
The d i f fe rence in the two designs is in the method by 
wh ich reach is p rov ided . The humanoid man ipu la to r 
p rov ides a r o ta r y jo in t in the center of the " a r m " 
(an "e lbow" ) whi le the mechan ica l man ipu la to r p r o 
vides a s l i d ing jo in t at the shoulder , g iv ing a one-
piece a r m . The humanoid ve rs ion does not have a 
boom p ro t rud ing f r o m the back fo r c l o s e - i n wo rk and 
o f fe rs m o r e f l e x i b i l i t y in opera t ion . The l inear j o in t 
a l lows a m o r e r i g i d assembly and prov ides a l i gh te r 
a r m since the l inear mechan ism requ i res only one 
h igh torque jo in t , wh ich is housed in the shoulder and 
does not cont r ibute to g rav i t y to rques . The ro ta r y 
elbow jo in t on the other hand requ i res a high torque 
jo in t wh i ch is capable of produc ing at least t w o - t h i r d s 
of the torque that the shoulder j o in t develops. The 
weight of th is jo in t { m o t o r , gea rs , housing, bear ings) 
then increases the load on the shoulder j o in t . 

Given the basic conf igura t ion and the requ i red 
d imens ions (Ref. 3), the type and size of the l ink 
d r i ve mechan ism may now be chosen. There are 
two basic choices: hydrau l i c power or e lec t r i c moto r 
d r i v e . Hyd rau l i c power has the advantage of p lac ing 
the ma in power sou rce , the pump, apar t f r o m the 
man ipu la to r . This a l lows the l ink actuators to have 
high power levels in a s m a l l vo lume. However , 
e l e c t r i c m o t o r s d i r e c t l y coupled to the l ink p rov ide a 
s imp le in ter face w i t h the computer . The size and 
loading of the J P L man ipu la to r does not requ i re h igh 
power , a l l ow ing the use of e l e c t r i c m o t o r s . 

Severa l types of torque mo to rs are avai lab le; 
A C , DC and stepper m o t o r s w i t h DC torque mo to rs 
being se lec ted. AC m o t o r s have enjoyed wide popu
l a r i t y in the past, but in genera l they are being 
superseded by DC m o t o r s . Th is is due to the fact 
that AC m o t o r s requ i re an AC i n v e r t e r , cause m o r e 
noise than DC moto rs and have a m o r e complex 
computer inte ' r face. Stepping mo to rs are an obvious 
choice f o r a d ig i t a l l y con t ro l l ed pos i t ion ing dev ice , 
since they prov ide d i sc re te steps and also p rov ide 
hold ing to rque when unpowered, and are w ide ly used 
in spacecra f t ac tua to rs . However , stepper m o t o r s 
wou ld have requ i red m o r e r o o m to i n s t a l l , r esu l t i ng 
in a l a r g e r boom, as we l l as outer l i n k s . T h e r e f o r e , 
DC to rque m o t o r s were re ta ined . 

Permanent magnet ic DC torque mo to rs w e r e 
chosen for the i r e f f i c iency and l i nea r i t y . Torque is 
a d i r e c t l inear func t ion o f a r m a t u r e c u r r e n t . A d d i 
t i ona l l y , because of se l f -genera ted feedback vo l tage, 
the speed- torque curve fo r a g iven voltage is l i nea r , 
w i t h m a x i m u m torque o c c u r r i n g a t s ta l l . Th is c o m 
b inat ion of l i nea r i t y and m a x i m u m torque at s ta l l f i t 
the requ i remen ts of the man ipu la to r p e r f e c t l y . 

The m o t o r s are coupled to the r o t a r y l inks 
through gear ing- To make the gear ing as compact , 
l ight and accurate as poss ib le . Harmon ic D r i v e was 
selected fo r the r o t a r y joints. Th i s choice a l lows 
h igh gear rat ios (~ 100:1) in an i n - l i n e package that 
f i t s convenient ly w i t h in each l i n k , even though spur 
gears p rov ide h igher e f f i c iency . Spur gears a re used 
in the s ix th j o in t , s ince there are only s m a l l torque 
loads. D i r e c t rack and p in ion d r i ve is used fo r the 
l i nea r ( th i rd ) j o i n t . 

E l e c t r o - m e c h a n i c a l brakes are used in each 
l ink to a l low the a r m to r e m a i n s ta t ionary in any 
pos i t ion wi thout using moto r power . These are 
n o r m a l l y off brakes and requ i re power fo r b r a k i n g . 
The mo re des i rab le n o r m a l l y on brakes wh ich requ i re 
power fo r r e m o v a l of b rak ing torque are too bulky for 
use in the man ipu la to r and have a much lower holding 
(s ta t ic ) torque for a comparab le s ize. 

Thought was g iven to the use of mo t i on l i m i t 
swi tches to l i m i t the man ipu la to r ' s mot ion and p r e 
vent damage. Th is proved in feas ib le due to the fact 
that the danger zones were conf igura t ion dependent. 
A jo in t l i m i t that could h a r m the man ipu la to r in one 
pos i t ion would be quite acceptable in another pos i t i on . 
The only l i m i t i n g device that is included is logic to 
prevent a computer f a i l u r e f r o m o v e r d r i v i n g the 
man ipu la to r . The compute r mus t reset a b i t in the 
in te r face logic every sample per iod or power is r e 
moved f r o m the m o t o r s and brakes are app l ied . Th is 
pro tec ts against both sof tware and computer ha rdware 
f a i l u r e . 

Sensory or feedback i n f o r m a t i o n is obtained 
f r o m each jo in t separa te ly . Ref. 4 presents a l i near 
analys is of seve ra l servo loops which may be used to 
con t ro l each j o i n t v a r i a b l e . In each case stable 
opera t ion is assured when both pos i t ion and rate i n 
f o r m a t i o n is used. Pos i t i on i n f o rma t i on is p rov ided 
by analog po ten t iometers located at each l i nk . Expe 
r ience has shown that ra te i n f o rma t i on is best obtained 
d i r e c t l y . Computer d i f f e ren t ia t i on of pos i t ion data 
creates noisy rate i n f o r m a t i o n , espec ia l ly at low 
ra tes . T h e r e f o r e , each l ink has a tachometer m e a 
su r ing rate d i r e c t l y . 

Since the to ta l hand pos i t ion e r r o r is the sum 
o f the ind iv idua l l i nk pos i t i on e r r o r s , l i nk e r r o r s 
mus t be m i n i m i z e d as much as poss ib le . To reduce 
the effects of gear ing back lash , the r o ta r y j o in t 
po ten t iometers are mounted on the output side of the 
gear ing . Thus , the pos i t ion readout fo r each l i nk is 
absolute and gear ing back lash only affects the m a x i 
m u m servo loop ga in . F o r the l inear j o i n t , the 
potent iometer is connected to the m o t o r , but the back
lash in the rack and p in ion d r i v e can be held to 
— 0. 005" , wh ich is acceptable. 

The pos i t ion feedback i n f o r m a t i o n should be 
good enough to a l low the des i red accuracy to be 
obta ined. To p rov ide an o v e r a l l pos i t ion ing accuracy 
of 0. 10 inch , at m a x i m u m reach , each j o i n t mus t 
have an absolute pos i t ion accuracy of 0. 05% or an 
equiva lent 12-b i t accu racy . The idea l choice here 
wou ld be a 12-b i t absolute value d ig i t a l encoder. 
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However , these are bulky (and expensive) uni ts wh ich 
need one w i r e fo r each b i t . The next choice is an 
i nc remen ta l d ig i t a l encoder w i t h an up /down counter . 
These can be purchased w i t h the s ta t ionary readout 
s ta t ion separate f r o m the opt ica l d isc , in standard 
servo s izes . Unfor tuna te ly , p roduct ion readout 
devices a re too bulky for the outer jo in ts (which 
prec luded the i r use). Analog potent iometers were 
selected w i t h the opt ion of la te r changing to d ig i t a l 
encoders , i f s m a l l e r ones become ava i lab le . 

At the present t i m e , f la t face analog po ten t i 
omete rs are used in the four c r i t i c a l r o t a r y jo in ts 
w i t h m u l t i - t u r n potent iometers on the other two 
j o i n t s . 

S t ruc tu ra l design concentrated on p rov id ing 
m a x i m u m st i f fness ( m i n i m u m def lect ion) consistent 
w i t h l igh t we ight . For the f i r s t two l i nks , weight is 
secondary to s t i f fness since the weight in these l inks 
does not cont r ibute to any man ipu la to r g rav i t y loads. 
The t h i r d ( l i near ) l i nk weight l i f t i ng capaci ty is 
d i r e c t l y l i m i t e d by the boom and outer j o in t weight . 
These i tems mus t then be made as l ight as poss ib le . 
In add i t ion , l i nk a l ignment is main ta ined by use of 
p rec i s i on (c lass 3) ba l l bear ings . A s imple in ter face 
is p rov ided between the hand and the s ix th l ink . Th is 
a l lows s imp le interchange of hands as des i red . 

De ta i l Design 

The m a i n manipu la tor d imensions (height of the 
base pedestal and boom length) were d ic tated by the 
estab l ished veh ic le d imensions and des i red set of 
reachable points on the ground. P r i m a r y cons ide ra 
t ions were to make the reach long enough to reach 
the ground, yet keep the boom short enough to avoid 
obstacles on the veh ic le (wheels , d r i ve m o t o r s , 
other subsys tems, e t c . ) . Once the height of the 
shoulder and the m a x i m u m reach of the boom were 
set and the components se lected, packaging and 
i ns ta l l a t i on requ i rements de te rm ined the l ink d i m e n 
sions . 

The f r eedom of each jo in t w i t h the except ion 
of the l inear j o in t and jo in t 5 is t heo re t i ca l l y i n f i n i t e . 
P r a c t i c a l l y , the actual l i m i t s are imposed by the 
e l e c t r i c a l w i r i n g since s l ip r ings are not used. 
T h e r e f o r e , each f ree jo in t is l i m i t e d to ±170°. Jo in t 
5 l i m i t s are ±90° and the boom t r a v e l is 38 inches. 
The to ta l m a x i m u m reach is 52 inches. The m a x i 
m u m f inger mechan i sm opening i s 4 - 1 / 2 inches. 

P r i n t e d c i r c u i t mo to rs we re selected for the 
f i r s t two l ink d r i v e s , unhoused moto rs for the next 
three l i nks and s m a l l housed m o t o r s fo r the last l ink 
and hand. A l l were 28 Vdc m o t o r s . 

F o r the f i r s t two jo in ts p r i m e cons iderat ions 
a re h igh torque and smooth operat ion ( low "cogg ing" 
or va r iance of torque w i th angular pos i t ion) . The 
m o t o r s se lected o f fer high torque capabi l i ty at a 
reasonable s i ze . Since the man ipu la to r duty cycle 
is low (1-10%) average power is not impo r t an t but 
peak power i s . In add i t ion , mos t l ink t r a j e c t o r i e s 
used w i t h the man ipu la to r requ i re acce le ra t ion to be 
a l i nea r func t ion of t ime w i t h zero torque at the s ta r t 
and f i n i s h of each t r a j e c t o r y . T h e r e f o r e , s t a l l torque 
( torque at zero speed) is only needed for g rav i t y 
to rques . Th is last i t e m is impor tan t since s ta l l 
c u r r e n t is 29 amps for the l ink 1 mo to r and 32 amps 
f o r l i nk 2. 

The m o t o r fo r l ink 3 (boom) is unhoused and 
mounted in the d r i ve b a r r e l fo r the boom e levat ion 

l i nk . Th is is a high torque moto r d i r e c t l y coupled to 
the load. It is a convent ional m o t o r , as compared to 
the moto rs wh ich d r i ve the next two l i n k s . These are 
pancake- type moto rs that are wound in hal f the n o r 
ma l length. The unhoused moto rs requ i re spec ia l 
housings and support shafts but they of fer g rea te r 
f l e x i b i l i t y in packaging w i th the gear d r i v e , t achom
eters and b rakes . 

The s m a l l C ser ies Harmon ic D r i ve uni ts w e r e 
used. The hand selected (opt imized) opt ion fo r the 
component sets was speci f ied in o rde r to reduce lost 
mo t i on by a fac to r of three to 3 to 5 arc minutes . 
Only par t of th is is back lash, the remainder being 
i n i t i a l w ind -up . The nomina l m a x i m u m output ra t ing 
of the Harmon ic D r i ve units is exceeded, but w i t h 
the low duty cycle an over load of up to 300% is p e r 
m i s s i b l e , w i th n i t r i ded uni ts capable of even greater 
over loads . As in a l l gear ing , i t i s ve ry impor tan t 
to prov ide enough shaft support to ma in ta in concen
t r i c i t y of the gear ing set. In addi t ion, the design 
must p e r m i t assembly and checkout of the Harmon ic 
D r i ve uni t p r i o r to ins ta l la t ion . 

Gear ra t ios were chosen to op t im ize the 
d r i v i n g / d r i v e n i ne r t i a r a t i o . The d r i v i n g i n e r t i a 
consists of the i ne r t i a on the input shaft: the moto r 
a r m a t u r e , tachometer a r m a t u r e , etc. The d r i ven 
i ne r t i a is the load i ne r t i a or the l ink i n e r t i a . The 
i ne r t i a re f lec ted f r o m the input shaft to the output 
shaft is inc reased by n2 where n is the gear r a t i o . 
When the re f lec ted input i ne r t i a equals the output 
i n e r t i a , m a x i m u m power is t r ansm i t t ed . As an 
example, the f i r s t l ink d r i ve moto r has an a rma tu re 
i ne r t i a of 0. 0055 oz. i n . /sec2-, w i t h a gear ra t io of 
100 to 1, wh ich for m a x i m u m power t r ansm iss i on 
indicates that the load i ne r t i a should be 55 o z . i n . / 
sec 2 . 

The brakes and tachometers are mounted on 
the same shaft as the moto r for the f i r s t f ive l i nks . 
F i g . 3 shows an assembly view of l ink 4. The brake 
is at the le f t , the tachometer and moto r next, then 
the Harmon ic D r i v e , output shaft, potent iometer and 
l ink d r i ve housing. The tachometers selected for 
these l inks are phys ica l l y ident ica l to the moto rs 
d r i v i n g the fou r th and f i f t h l inks (shown in F i g . 4). 
This s i m i l a r i t y a l lows pa r t in te rchangeab i l i t y 
(brushes and f ie ld magnets) and s imp l i f i es the i n s t a l 
la t ion p r o b l e m . The brakes selected are capable of 
holding the l inks s ta t ionary against the la rges t expec
ted g rav i t y loads. In l inks 3 through 6 and the hand, 
the brake torque exceeds the moto r to rques. In the 
base the only g rav i t y torque is on jo in t 2, where the 
brake is capable of holding a 5-pound object at m a x i 
m u m extension. Ze ro backlash uni ts are used. A l l 
b rakes , tachometers and moto rs are assembled so 
that they may be d isassembled. There are no press 
f i t s or p las t ic cements and the magnet ic keepers can 
be re ins ta l l ed on the moto rs and tachometers p r i o r 
to remov ing the a r m a t u r e s . Since the purchased 
par ts are c o m m e r c i a l i t e m s , d imens ions may va ry 
f r o m the manufac tu re rs spec i f icat ion sheet. The 
least cost ly way of a l lowing for this is to p rov ide the 
purchased par ts to the machine shop at the t ime of 
f ab r i ca t i on . Of course , this would not be p r a c t i c a l 
fo r a mass produced manipu la tor and d imens ion 
con t ro l d rawing would be used. A ze ro -bu i l dup green 
anodize was used to p rov ide better spec t ra l response 
to the TV cameras . 

The nonstandard potent iometers were manufac 
tured at J P L . Sheets of conduct ive p las t ic we re 
bonded to a f i be rg lass backing and the backing and 
res i s t i ve e lement machined to s ize . A single 
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p i ck -o f f is used, l i m i t i n g the measurement angle 
to 355°. The other po tent iometers a re s tandard 
m u l t i - t u r n i t e m s . The boom potent iometer is a 15 
t u r n , 0 . 0 1 % l i n e a r i t y dev ice , wh i le the hand un i t is 
a 5 t u r n , 0. 05% dev ice. 

Since the s ix th l ink has only i ne r t i a loads and 
the hand task is only to g rasp an object , the p r i m e 
cons idera t ion in th is design was s ize , both of c o m 
ponents and the i r packaging. The sma l l es t compo
nents ava i lab le we re chosen, and ra ther than mount 
them c o - l i n e a r l y , the components were c lus te red 
around a cen t ra l ax i s . Th is gives a shor t length 
(and less g rav i t y torques) at the expense of i nc reased 
d i a m e t e r . Th is was also a reason fo r e l im ina t i ng 
the use of s l ip r i n g s . 

The hand shown in F i g . 4 is a s imp le p a r a l l e l 
jaw dev ice . I t is d r i ven by a moto r iden t ica l to the 
one used in l ink 6. Pos i t i on feedback and a brake 
for hold ing loads are p rov ided . The hand is at tached 
to the s ix th l i nk at one plane w i t h s ix s c r e w s , a l l o w 
ing easy in te rchangeab i l i t y w i t h other types of hands 
o r other t e r m i n a l dev ices. Ex t ra w i r e s a re prov ided 
for add i t iona l hand sensors ( p r o x i m i t y , l i m i t sw i tches , 
e t c . ) wh ich w i l l be added l a te r . 

W i r i n g the man ipu la to r was a m a j o r c o n s i d e r a 
t ion dur ing design and a complex task on assemb ly . 
The m a i n c r i t e r i a is to separate power and s ignal 
leads, sh ie ld a l l w i r e s , p rov ide loops fo r l i nk r o t a 
t i on , m i n i m i z e the res i s t i ve d rop , and avoid ground 
loops. The p r o b l e m area is in the boom and the 
outer l i n k s . Two separate shielded f la t conductor 
cables are used across the l inear j o in t . One contains 
power and re tu rns fo r the m o t o r s and b rakes , wh i l e 
the other is devoted to i n s t r umen ta t i on . P r o v i s i o n 
is made for rou t ing w i r e s th rough the center of the 
l ink d r i ve m o t o r s as w e l l as around the l ink where 
poss ib le . 

In a f u r t he r e f f o r t to reduce no ise , analog 
d r i ve c i r c u i t r y was se lec ted, as opposed to pulse 
w id th modu la ted (PWM) d r i v e . Some e f f i c iency is 
los t , but the analog d r i ve does not produce the noise 
on the i n s t r u m e n t l ines that P W M does. Since h igh 
gain a m p l i f i e r s are used they may be conf igured to 
give e i ther a l i nea r vol tage gain or a l i near vol tage 
to c u r r e n t conve rs ion . The la t ter gives m o r e p r e 
c ise con t ro l and e l im ina tes the computat ion of back 
E M F f r o m the servo loop. However , a l i nea r v o l 
tage gain may be conf igured in a br idge c i r c u i t . 
e l im ina t i ng the need fo r both pos i t i ve and negat ive 
vol tage supp l ies . 

Conclusions 

An AI man ipu la to r has been designed and is 
shown in F i g . 5 . Th i s man ipu la to r is r e p r e s e n t a 
t ive of the c lass of man ipu la to rs wh ich have fast 
response, h igh torque output and h igh accuracy. In 
add i t ion , i t i s su i tab le fo r use w i t h other " e f f e c t o r " 
subsys tems, such as a veh i c l e . 

The man ipu la to r design prov ides a g rea t deal 
of f l e x i b i l i t y in the way i t can be con t ro l l ed , in i ts 
app l ica t ions and a l lowances for f u r the r development . 
The re are a v a r i e t y of c o n t r o l modes that can be 
accommodated : comple te computer control or p a r 
t i a l analog servo d r i v e ; c u r r e n t d r i ve o r vol tage 
d r i v e . I t may be used in a sys tem that is p r i m i t i v e 
at the s t a r t , w i t h only c rude sensory data, and yet 
the design is soph is t ica ted enough to p e r f o r m c o m 
plex tasks . F u r t h e r development is needed in the 
area of the hand and p rov id i ng to ta l c losed loop 
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c o n t r o l . Closed loop con t ro l is being studied at 
the momen t . 

P resen t l y , the man ipu la to r is being in tegra ted 
w i t h the d r i v e sof tware and i ts operat ion demons t ra 
ted in a stand-alone mode. In teg ra t i on w i t h the 
veh ic le is planned in the near fu tu re . 
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F i g . 3. L i nk 4 D r i v e Mechan i sm 
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F i g . 4. L inks 4, 5 and 6 and Hand 

F i g , 5 . J P L Manipu la tor E lec t ro -mechan i ca l 
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