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Many manufacturing assembly tasks require finc cornpliant motion and fast, accurate 
positioning. ('onvcntional robots perform poorly in thcse tasks txcausc of their largc 
tmss, friction arid backlash in gears, cogging i n  drivc motors and other tlelcterioua 
erects. Even robots cqiiipped with special control systcms enabling coinpliant operation 
drer  only partial solutions. Tt is thcrefcm cli%cult or impossible to antotnatc rnariy 
product asseinblics requiring fine, compliant motion. 'I'his problcim can be greatly 
allcviated by clivitiing thc manipulation system into coarse and line doinains. I n  this 
scenario. a staticlard ititlustrial robot can SCI'VC as a coarse positioncr which in turn 
carries a six-degr -of-frt:cdom finc motion wrist. 'I'hus the robot can access a 
vmrkspace rncnsiircd in tnctcrs at low ha ndwirlth ancl low rcsolution while the wrist can 
move o w -  rriillimctcrs ;it high hntitln4dth and high rcsolutioii during the final phasrq nf 
tlic asseiiddy operation. Our work irviicatc.; t h a t  fitie rimtion wrists irsing 1,orentz 
fcvita tion can greatly aiigrncnt thc accwacy antl dcx terity of rohots hccaiisc they arc 
frictiotilcss, havc high brtndn~idtlis anrl hxvc. ;I single hnck-dr ivnhlc nioving pnr't. 
Additionally, sirice there is no contact hctwceii thc moving and stationary parts, wear 
antl  contamination can hc eliniinntcd. 'l'hc IIW of  six 1,orcntz force actuators in 
coinhination with rcaltinic position and oricnt:ttion sensing olrers sevcral iniportant 
advantagcs over* magnetic 1-caring approacl)cs. 
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Coarse-Fine Manipulation 

I 
I I 

A standard industrial robot can be used as a coarse manipulator (CM) 
operating in tandem with a specially designed fine manipulator (FM) to 
obtain a system with large motion range, very high motion resolution, 
and high bandwidth. ‘The Fh4 carries out nxmipulation tasks under the 
guidance of endpoint sensors hased on vision, optics, capacitance, 
inductance, etc. to carry out closed-loop assembly. 
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Two ~ a n i ~ u l a t i ~ n  Scenarios 

M A N I P U L AT IO N 
TASK 

(I unknown objects 
a unconstrained 

environrnen t 
a low accuracy 

required 
a exploration / 

ident i f icat ion 
tacti le sensing 

v 
MU LT I F I N G ERE D 

HAND 

(c known objects 
a constrained 

environment 
a high accuracy 

required 
I) munufacturing 

assembly / testing 
a position / force 

sensing 

U 
FINE MOTION 

DEVICE 

In coarse-fine manipr~lation, choices can he made hetween using 
multi-fingered hands or fine iiiotioti devices. The  manufacturing 
environment favors the use of fine motion devices. Fine motion devices 
must be designed to overcome t,he problems itihe,retit in  the coarse robot: 
poor resolution, large inertias, static friction in the joints, link bending, 
etc. 
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Design Principles for Fine Mation Devices 

0 P1 R/I/?\SS: lowest total mass -+ minimal effect on 
coarse manipulator perfo rinance 

e 1’2 ACCE1,ERATION: highest force to moving mass 
ratio --$ high bandwidth, high throughput and 
vibration rejection capability 

1’3 STRUCTURE: single moving element which 
approaches a rigid body 4 elimination of structural 
rnodes a n d  complex dynaniic effects 

a 1’4 COLOCATTON: closest proximity of endpoint, 
actuation means. and sensing means -+ elimination 
of phase lags and actuator-sensor dynamics 

1 3  STTCTION: frictionless suspension or bearing 
systems -+ elimination of stick-slip limit cycles, 
\Yea r , a 17 d con t am i ti at io ti 

9 Pfi SENSING: noncontact internal position sensing 
--+ good closed loop control even in the absence of 
end po in t se ns i 11 g info rnia t i o 1’1 

.- , 
644 



Lorentz Levit at i on 

Magnetic Bearings 

P r inci pal ad van t a ge: 

- r2i 10 x more efficient than Lorentz levitation 

a Lorentz L,evitation 

Principal advantages: 

- greatly reduced suspended mass - no floating iron 

- single coil provides hi-direct ional forces 

- no need for "bias" currents* 

- essentially linear current IY. force property * 
- essentially constant force 17s. position property 

greatly reduced coil inductance -- fast response 

-- force, generated is approxiniately in plane of  coil 

- reduced hysteresis and iron loss 

- very Iiigli momentary forces possible 

*also true o f  new hybrid-type magnetic bearings 
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Wrist Geometry 

end effector 

magnet 
assembl 

I robot 1 
(al  

(a) Gross-secf.iona1 view, (b) general v i ew . 
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Magic Wrist Prototype 

~ ~ I ~ I N ~ ~  PAGE 
BLACK AND WHITE PHOTOGRAPH 

The prototype magic wrist operates on  a benchtop. I t  can position in six 
degrees o f  freedom with a resolutioii of about 1 pm in translation, and 
O.11O(1OIo in rotatioii over a worlcspace of fS tnm in translation and _+4" 
in rotation. A steady-state load o f  3 2 5  N (7.3 Ih.) can be srrpported with 
a power expenditure of 60 W. 

A robot-mountable version of the wrist is nearing completion. 
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Larentz Actuators 

force 0 

(a) Flat coil large-gap Lorentz actuator, (b) calculated normal component 
of the magnetic field. 

The wrist uses six actuators of this type to produce an arbitrary 
forceltorque vector on the flotor. I n  the magic wrist, there is a trade-off 
hetween high magnetic efficiency with a narrow gap V.Y. the  necessity of 
allowing suhstantial free motion in all six degrees of freedom, i.e., 
achievable force I T  workspace size. 
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Six-DOF Optical Sensing Scheme 
.___--- - 

t 

Tnterrial position sensors. Three radial light beanis fall on a set of three 
two-dimensional PSDs to give complete position and orientation sensing. 



Stator and Fllotor Coordinate Frames 
- - ~ - - - - -  

._.. __. .._ _.. ..._ 

(a) Stator frame vectors. The magnetic field vectors and the PSD 
coordinate systems are fixed in the wrist stator. (b) Wrist frame vectors. 
rTlie coil currents and LED beams are fixed in the wrist flotor. 
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Rynamics and Control 

desired position 
and orientation cornpu te  

contro l  
forces and 

+ torques 

I--> 

r 

t ransforrn transform 
from sensor 
coordinates control MAGIC + 
to wrist efforts =$' WRIST to forcer 

coordinates coordinates 

sensed position 
ond orientation 

Euler parameter vector 
7' 

p p71 = [ cns(4/2) sin(+/2) s7-:17' , 

where s is tlic axis or rolation (Ilsll = I )  a n d  (I, is lhc angle o f  rotation. 

Task space linear dynamics 

.. 1 F .  1 I;,-- I I' A p - -  (,) =-- * 5 r= UI 2 2. 

in 
r; r!-- I I; A t g  -- 17-x a 7 = 112 . i!f=---- 1 f -  
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Typical Frequency Responses . 
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Frequency reqmnses. (a) translation along the ?c axis, (b) translation along 
the z axis, (c i  rotation about the s axis, (d) rotation about the z axis. 
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Mechanism Emulation 

transla to r  

Ry varying the 
mechanisms. 

U 

control gains, the magic 

rota tor 

RCC dev ice  

wrist can emulate various 
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