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Manipulator Deslign Vignettes
Marvin Minsky

This memo is about mechanlcal arms. The llterature on robotics seems to
be deficient in such discussions, perhaps because not enough sharp
thecretlical problems have been formulated to attract interest. |'m sure
many of these matters have been discussed In other literatures --
prosthetics, orthopedics, mechanical engineering, etc., and references
to such discussions would be welcome. We ralse these issues In the
context of designing the "minl-robot" system In the A, |. Laboratory in
1972-1973. But we would 1ike to attract the Interest of the general
heuristic programming community to such guestinons.

1. Degrees of freedom: serial vs., parallel?

A manipulator needs many degrees of freedom. To understand the
resulting complications, we need some sort of general framework for
analysis, but we don't even have a useful taxonomy for classifving the
problems. Here we wlill contrast two extreme kinds of anatomical
approaches; quite a few Issues emerge clearly even from this primitive
dichotomy. The two extremes are "serlal™ and "paraliel",

In a SERIAL arm, we have a seguence of bodies, uvsually rigid
rods, whose positions are determined by a series of
constraints =-- joints == In which each constraint fixes the
position of a body that serves as the support for all Its
su§=¢55ﬁrs. Thus the degrees of freedom have a distinct
order,

All the Industrial manlipulators are of this character. The human arm [s
representative of the serial variety, In general plan, although It is
really an Intermediate case because each jolnt may combine two or even
three degrees of freedom. The human wrist, from the outside, appears to
have three degrees, but the rotationis really assoclated with the
radius-ulnar relation which should be consldered a2 separate jolint.

The PARALLEL concept s perhaps best [llustrated by the way
an animal's body s supported by Its legs. Here several
constraints simultanecusly determine the relation of one
body to another (the ground, In this case), A clearer
example 1s that of a crane or antenna mast supported by guy
wires, Bacause six constraints are needed to fix an
object in three dimensions, that bounds the amount of
parallelism possible at each "joint".



The sequential successlon of constralints In the serial arm causes many
problems that seem to grow In a multiplicative way:

Errors and uncertainties are cascaded and cumulative,
Rigidity is relatively low because of long momant arms.

Inartial and gravity effects are large, especially |If the proximal
Jjoints have to support the mass of the distal motors. This and
the low rigidity combine to produce large, annoying, low
frequency vibratlons. These make precise positioning slow (to
avold dangerous overshoots) and make delicate force-feesdhack
measurements Impractical,

Power supply and "Innervation" requlre complicated "threadlng"
through or around jolnts, especially If the motors are not
bulflt in, but work through tendons.

Some of these problems can be reduced by making the proximal jolnts
much larger than the distal ones, but this yields a massive
and ¢clumsy system, viz., a milling machine.

A1l these problems can be controlled to varlous degrees, given encugh
attention to welght and dynamies, as in the vertebrate and Insect arms.
More dramatic [llustrations of serial cascading of jolnts are seen in
vertebral columns, especlally of the serpent. Strictly speaking, none of
these are purely serlal, each having two or more xtuators for sach
jolint. This 1s one way to reduce the amount of serlalization.

Another way to reduce the amount of cascading Is to divide the mobility
of the whole system Into two parts by moving the work as well as the
manipulator. Example: In some miiling-machines that need thres degrees
of freedom, the bed on which the work 1s mounted has two horlzontal

AXES the third axis moves only the cutting-head, Another "solution"
is the moving-robot approach: by walking or driving about the floor, one
-gets two degrees of freedom without the cost of transmitting power and
Informatlon through twe Jolnts. The machine has to be attached to the
floor anyway, one can argue, so why not explait this? One can regard the
floor as a ball=joint with zero curvaturel

In any case, the parallel approach promises to reduce complication.
Ball joints, with three degrees of freedom, have no more parts than
single hinge jolnts. What really Is difficult Is to make a two-degree
jolnt, with freedom to bend but stlff axlally; this Is the "universal
jolnt" problem.



1.1 Parallel Manipulators

The parallel approach Is complementary, W th gqulte dlifferent problems
and features., To Introduce it, begin by considering the general problem
of positioning a rigid body In space relative to a frame of reference.

Suppose glven three flixed reference points In space and
three points on the riglid body., Then there are nine
distance-pairs between these polnts, but specifying almost
any slx of these causes the other three to he determined.
This observation suggests a very simple and direct approach
to design. Choose siz of these distances. Then construet a
manipulator by reallzing physically each length constralnt
as some mechanical length-determining device, such as a
hydraulic cylinder or other "linear actuator™,

Each actuator must be terminated by a spherical jolnt or elastic
coupling. Then we acheive complete mechanical control of the rigid
object simply by instructing separately the motars for all degrees of
freedom, wilthout cascading their effects,

A partlcularly symmetrical example of such a design Is shown bhelow: we
choose six edges of a cube to posltion one egullateral triangle with
respect to another. The resulting structure aoutlines an octahedron:

The six edges are the ones
that form the hexagonal shadow
when a cube s balanced on one
of Its verticesl|

In principle, It follows from the basic constraint-determination idea,
that one can position the body Ih any locatlon and orlentatlon In three--
dimensional space. However, there are practical problems:

In certaln positions the constralnts degenerate (e.g., two rods
colncide) making the position Indeterminate. The structure will
flop. :

As we approach a degenerate slituation, the mechanical advantages
become too small, great forces are needed, and the structure will
buckie. :



In practical Implementations, It Is hard to find large ranges in
which the supports do not Interfere with one another by colliding.
This 1s particularly severe In regard to axial rotactians.

The supports must subtend a substantial space angle to get much
stiffness. On the other hand, an arm should subtend a small space
angle (looking from the hand) to achieve dexterity. In optical
jargon, one wants a hand te have a large '"F-number"|

The ablility to get around obstacles Is limlted., With a serial arm
one can use redundant degrees of freedom to get a tentacular
effect. It 1s an illusion, however, that serlal arms Inherently
provide dextrous access, since unless the elbows are redundant, the
multijointed arm doesn't allow for alternative paths. 0Of course,
with six degrees of freedom one has a three=-dimensicnal selection
of ways to reach a point In the workspace, and one can trade
between global arm=-path configuration and the precise direction of
arrival at the work.

The actuators must be length-changers, In contrast to those In the
serlal arm, which can be linear or angular, This |s usually a
large advantage, because In the parallel system, the natural way to
effect constralnts Is by pulllng tendoens. Cable-pulling mechanl sms
are easy to design and can be wery compact.

Although parallel systems have disadvantages, these seem qulte
different from those of the serlal system. There are Important
advantages, as well,

Very great simplicity, because of the non-interactions.

The instrumentation of force-sensing Is particularly
convenlent: the longltudinal stresses In the supports
determine completaly the forcas operating on the mobile plate
{unfortunately, Including gravity), As shown In 1.3 below,
one can exploit this to get very alegant and usaful kinds of
force- and tactlle- feedback.

The forces are entlrely axlal, so that 1ight, thin tubes can
yield great strength. Serlal arms In general, and angular
actuators In particular, have bad weight-strength
characterlstics.



1.2 Problems:
Design & geometry that glves better rotational mobility,
Can one separate the degrees into two sectlions, which engage a

ball=screw and nut palr, to get extensive rotation? Is there
a simple attachment 1inkage that gets such an effect?

Each plate can be located
anywhare In space. The two
locations determlne the scraw <

location, and thelr distance

apart determines the screaw
ratation.

There are less symmetrical parallel conflgurations that are easler
to understand. One can separate out three axes for locatlion, two
for orlentation, and the sixth for axlal rotation. Is this a good
Idea? It might make heurlistic planning easier Iin some situations,
but that would not justify reallzing that decomposition in the
hardware.

|dea: stack up two or even threes octahedral sections. |f one could
control all the resulting motions, one would have a highly dextrous
"orm"= or snake=- llke system, but let us agree not to consider such
complexities, However, suppose one could Invent & linkage or
related arrangement that duplicates the constraints In each
sectfon, This would double or triple the rotational mobility. It
would also Impart a hellcal character to the motion, which would
probably be more a nulsance than a virtue. Such an Invention, Iif
not too flimsy, would eliminate many objections to the simple
octahedral system. Perhaps control of the more complex, excess-
degree-of-freedom verslon could be done by an appllication of the
"fourler-analysis" concept discussed below.

How can one design such a system with countersprings or
counterweights to cancel gravity, to permit more sensitive force
sensing?

Consider tension-extension trades. One

system would have a single
incompressible rod (with extension
motorlwlith the othar five degrees of
freedom constrained and actuatead by
cables, as in an antenna guy=-wlre
arrangement, or as In a bullding-crans.
Cable pullers are much simplar and
lighter than linear compression
actuators; all one needs |5 a motor and
a spool,

.
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Finally, onenmght consider geametries in
which ALL constralints are tension. Tha
simplest version of this makes anchar
points span more than a half=nlane abaut
the workspace, which 1s 5 nulsancen, HBur
the hand @n eslily be cantllavared to he
outside the convex hull of the support
points, as shown here, Although we
discussed triped-based genmetries above,
there is no reason the six constralnes
should not be anchored fFrom four, flve, or
slx space points. 0One needs at least four
for the all-tension model, With redupdant
cables, one could overcome some of the
collision problems, at some cost In

compl [catlon.

1.3 Can You Visualize This?

In the octahedral geometry proposed above, the substructure of six rods,
each meeting two others at right angles, ls mechanically rigld, even
though the rods are permitted &ial rotational freedom at any point (but
constrained to meet one another at right angles)., However, there is
another such "gcircuit" of six rods;

RIGID _ NOT RIGID

This "linkage" is not rigid, but has one degres of freadom and can he
concarced in a remarkably toartuous cycle In which sach rod occuplies
evary poslition in the structure, Thus, the rigidity of the "octahmdral"
form Is a non-local feature of the structure, Can anvone glve a simpie
explanation of this degenmracy? To experiment, you can make the
structures onut of six right-angle "BNC" type radar connectors or
equivalent,



2. FORCE SENSING

| wish | understood hetter the issues concerning kinesthetic feedback.
The advantages of "bllateral" servomotors over "open-loop" control are
easily demonstrated, but my own experience (s that the guality of the
"fepling" one gets In operating a2 bilateral master-slave manipulator is
very low. |If the gain 1s high, the system [s unstahle, whille if the
gain is modest it feels mushy. Presumahly the inertial forces, when
reflected back to the human user, cannot bhe oppnsed qulckly enough
because of our 200 millisecond reaction time problems.

How does the human arm and control system manage so well? We have at
least three levels of not=-too=-tightly coupled systems wlth sense and
motor devices of different characters: motor=force (as in the bilateral
servo manipulators), local strain sensing at the joint areas, and
tactile sensing at the exterior surfaces. This information is used,
then, In a heterarchical control structure,.

How does this control structure work? | do not know the literature wvery
well., | suspect that it s not well understood, and the control-theory
analyses | have seen {(but not studled) do not seem to get to the point.
Presumably, the heterarchical system uses several different kinds of
information, about position, pressure, speed, atc., In local systems
@sach with its own loops and parametars. The control ssructure couples
them by sending around slgnals that adjust galns, time=-constants, etc.
The higher levels computar these by combining state Information with
goal Information.

What's wrong with the simple "bllateral servo" system? (This is the
system that measures the forces reflected through the motors that
actuate the Jjolnts.) One trouble Is that the force on an exterior ohject
is the S5UM of the driving force and the Inertialforce of the moving
system, as It |s decelerated by pushlng on the obstacle, The "farce-
reflecting”" servo can never see the latter force, Forces at the hand
depend on momentum terms from all the way up the arm., "Theoretically",
the control system can contain a dynamic model of the arm, compute the
Inertial forces, and subtract them from the actual measurments, but this
means measuring small differences betwean large numbers, and there Is a
lot of nolse from friction, dynamical vibratlons, and so on. The gravity
forces have to be subtracted, too. MNotice that in the serfal arm this
is not an all=ar=none argument. The signal -nolse ratio just mentioned s
poor for the "upper" or "proximal"™ (near the arm orlgin) joints and good
for the "distal"™ (near the hand) jolnts. For a non=redundant mechanism
there I5 no sure way to guarantee that the sensitivity requlired for a
delicate maniputation will be reflected to a sultably distal joint!
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This argument shows a fundamental advantage, | think, for having a
complete set of force-sensors In the wrist or very close to the work-
point. That is, for a system like that described In 2.1 below far
measuring forces near the workpolnt without the noise of large inertial
COMPONents. With & wrist force=sensar, one WMows [Instantly whan the
hand has made contact, and how hard., |f the arm s moving rapidiy, one
cannot stop It Instantly, but [f the wrist can he relazxed while the
upper arm decelerates, the contact can s5tlll he gencle.

What, by the way, 15 a relaxed wrist? In a non-redundant configuration
one can have high compllance =-- low=inertial gentle contact -- anly
alang those dimensions whose actuators ae close == [n the sarfial
sequence == to the hRand, This |1s why one should give a high design
priority to getting at least three degrees to combine in a recognizable
wrist=1ike structure, Anthropomorphism has a lot going for ft. SBut it
is hard to put all mobility at the wrist, and even the human hand is
vulnerable to thrust through the radial axis: as In catching a hall on
the end of one's flnger,

In any ecase, [f a redundant wrist 1s relaxed, and the force sensors
zignal a ecollision, there may stil1] he time to react bafare the pressure
gets large: with a non-redundant hllateral serve, the poar signal=-noise
ratio requires us to walt untll the force [s larger,

| f we cannot afford full motorization of the wrist, [t would still be
valuable to have a spring-loaded, lockable, compliant joint there.

The same arguments, In mlecro=form, apply to fingers as well, and dictate
a third stage of sensing. This again might be a combination of joint-
force wlements and, of course, the uvultimate dispersion of nerve-endlings
on the tactile surfaces,

2.1 Farce feedback for position=sensing.

Speaking of tactile sensors, It Is an amazling mathematical fact that.
under certaln conditions, one can use joint force=-sensing (or even
hilateral servos) to get the effect of tactlle sensors over a surface.
That is, the measurements can tell where a surface has been touched! The
"ecertaln conditlons™ are simple and somewhat restrictive; the surface
must be touched 3t just one point. This Is not so bad, because this
psual ly happens at a "flirst contact". |If the condition [s not met, one
<ti1] gets important Infermation that can be useful when combined
heterarchically with ather knowladge. Let's first see how force-sensors
can yield position infarmation.
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Consider a rigid bar supported by two force sensors A and B:

8 &

| f we press at polnt "A" with unit force wew 11l mad
A =1 B =0
| f we press with unit force at "B" we willl read
A = 0 B =1
If we press at "C" we will read (assuming A and B are one unit apart)

A + B =1 (total downward forcel AND
24 + B =0 (zero net torgue), hence,
A = =] B = 2,

More generally, If "x" Is the distance from A to €, and "F" is the
force, we will have:

4L +B=F
AX + (B=1)x = 0 or Fx=B = 0 ({torque cancellatlion)

s0 that we get
X = BSfLA+B)

showing that we can read from the two dials, almost directly, both the
location of the force and [ts magnltudel By a simllar argument (in 2.2
below) we will see that If a triangular plate 15 supported by three
scales, we can again locate the polnt of application of an arbitrary
force and 1ts magnltude, even thocugh 1t can now he anywhere In a plane,

Can we do better? A flxed hody Is subject to slx constraints, so we can
make three more measurements. We do this In 2.2 and show that with slx
such readings, one can determine not only the place and magnltude of the
applied force but also lts orientation and its axial torque. More
precisely, we can determine the force vector up to Tving on a definite
line in space,
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Here Is a false argument to make this
resylt seem plausible. Imagine jolning
two triangular platas, as above, at
right angles, When we apply a force to
this object, the readings on the six
scales would determine two points, one
in each triangle. One might be tempted
to conclude that that the line of force
s exactly the line determined by those
two points.

That argument s false because the scales' conflguration doesn't
constrain the body along the line of intersectlon, but it suggests why
such a measurement might be possible, In 2,2 we carry out the analysis
completely for a fully constralned conflguration,

Before dolng the calculation, we point out an Important consequence. |f
we can determine the 1ine of application of a force then we can
determine the polnt of appllication of the force -- provided only that we
know the shape of the surfacel There Is no reason to restrict our
surface to be a partlicular plane; given any convex (and most any non-
convex) shape, a space line enters the surface at a uninue polint. 3o
the six-axls force measurement can serve as a tactile-position sensor
over the entire surfacel

2.2 Exact calculatlon of the Octahedral Straln-Guage

We now show how to resolve the force on the "octahadral" arm by a
sequence of easy superpositlon steps. This derivation ll1lustrates the
immense power of knowlng a system is linear: It Is just a segquence of
superposl tion arguments.

First conslider an equllateral trliangular
plate supported by three scales at A B
and ':1- LEt |1!||' rlhll' -al‘ld II.:_H b!_ thE
distances from an arbitrary force polnt
to the correspending opposite sides =--
these are the so-called Barycentric
Coardinates.




page 11

If F is the magnitude of the force, then F = A + B #+ C because the
system Is In vertical eguilibrium. And the three welghts are In simple
proportion to the three distances a b and ¢. One can see this, for
example, by viewing the scene In a plane orthogonal to the 1ine BC:

AH = Fa
F‘J‘ b LY
BH = Fb . - -
EH = Fe A é1 H _ }F;lEmlnE
where aF = AH, for example, simply H
because of cancellatlion of the two

moments aF and AH. So It Is easy to
find the exact point of application of a
F, glven these three measurements. It (s
convenlent now to Introduce some
Cartesian Coordinpates, and one an see
by parallelograms of forces that

x =a and y = g% (e = bl

o]

A force on the plate may have tangentfial
components as well as normal (downward).
We will detect these by adding three
more straln gauges as shown here. Each
senses differentlal motion along an axls
parallel to a side of the triangle.

We have shown a tangentlal force F'" lylng IN THE PLANE, wlith components
%' and v'. No matter where such a force s applied, esgquilibrium
dictates that

x' = (J3/C'=B") and y' = C'/2+4B"/2-4"

S0 these three measurements glve us the dlrection tlﬁﬂtv'fx'i

and magnltude A" +B'" +C' -A'B'-A'C'-B'C' of the tangentlial forece
component. |f tha actual force has both normal and tangentlial
components we note that |[A,B,C| still &termines the polnt of
application, since the three new gauges do not affect the normal
measurements.
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Thus fram our knowledgs of the tangential F' and the normal F, we ger a
complate three dimensional de:crlptlun of the total Toree Fx In 2-imuth=
alayatijon coordinatas;

.=
. . i
) o , - b
siavation ﬂ' e tan (A+B+C)/|FY| S [T .
F _J.r-"'"|

F .-"é__ _.d_r.---""ll Jrald S

:f/ A

. | !
azlmuth o parn (CY+B'+2A")/x! — — .
¢ f? r

showlng that the actual computation 15 not particularly compllicated,

Wa darived only two gquantlitlies, 'El' and & from the three measurements
iAY, B , C"]., What Is the third dimension? We claim 1t [s the
tangential torque on the plate. To see this, assume that the straln-
gauges' defiections are appreoximately linear In force, and consider the
enargy of distortion of the system regarded as supported by springs.
Civen 5 certaln force, the energy In the tangential springs will be
minimal! when there Isno torque, simply because an applled torque will
slways be resrstid hencg.wlll Increase the system's energy, which Is
proportional to A‘ + B'® 4 ¢'& _ Far a pure y-force we have B' = C' and
F' = C'= A", In this case E = ﬂ*a-* 2{(A" + F'PMwhich Is a minimum whean
F' = ~2a%72,

it foliows that 0 = A"+B'+(C',

A simliar argument shows that a pure X-force also yields A'+B'+C'= 0.
Hernca, by superposlitlon, since each term Is a linear function of all
forcoe zomponents, this sum Is zero for any torque-free force,
Fur:thermere, A'+B'+C' Is proportional to torgue appllied at the center,
is Invarlant af all translation forces, and is the only remaining line=r
function that is so Invariant, so It must ba the torgue -- assuming
corFectly that the torque I= a linear function of the measurements.

in practical application of this calculation, one might assuma that no
tangential component of torque actually can be applied to the surface In
ardinary manipulatinn. That would require a push-pull couple, and
pulling regulires glie, Normzl components, however ocour paturally At
ardinary frict™ coap s L aEE
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Now, finally, we return to the

pctahedral straln gauge. We will Flrst

replace cur "normal"™ and "tangential"™

and AC shown here, HNote that now all
four of A, A', BA, and AC lie In one

planel Therefore:

A = pBA + gAC
A' = rBA + sAC

hy a simple planar change of coordlnates. Now Inm our diagram, C# is the
base point for attaching two gauges In our Initial octahedral
confliguration. Again we can use a planar conflguration, for by choosing
the Indicated dimenslons for d and d/3 we have arranged that all of A,
B, C=, AB, and BA lie In one plane. Hence, we can replace AB and BA by
the correct palr BGC* and CtA -- not shown In the diagram to avoid
clutter == by another planar transform:

BA = p'"BC» + n'Cwh

AB = r'BCx + s'Cwp

which completes the entire analysis., The entire transformation can hbe
condensed Into a BxE matrix:

A = |:|“E|:"' + qlll:.ﬁ' - r.lln_E. * Erlﬂ.f:

A&11 this applies only to small distorticons Iin the structureé, as one
would [ndeed have in a quasi-isometric strain-gauge. |f one wants
substantial motion, as one would In a bilateral force-servo in which the
beams of the octahedral supports are also the manipulator's degrees of
freedom, the coefficients would not be constent, and one would need
trigonometrical approximations.

When | first conslidered the octahedral configuration, | asked Jayvant
Shah to analyse the forces, and he nbserved the theorem that one could
resolye the force along a unigue space=-line. | had assumed that there
was a lot of good Information, but had not reallized exactly how much.
S3hah also wrote down a matrix analysis (not using all these symmetry
tricks) for resolving the forces. We cannot find any copy of Shah's
orief report. Does amyone have one?
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We decided to bulld a B-axls wrist. Shah concluded that the symmetrical
conflguration might require axcesslively large dynamie range to represent
forces and torques both adequately, and deslgned an upsymmetrical
verslon that was actually bullt, with the help of Tom Callzhan and Jahn
Roe. It is currently working, and (November 1972) has been programmed

by David Silver to turn nuts on bolts In a strikingly natural and smooth
procedurea,

On completing the present analysis, | think It might be better to stick
with the octahedral confliguration. The ratio of height to depth (length
to dliameter) should allow selection of force-torque sensitiviy ratio.
The symmetric deslgn is much easier to fabricate, and has excellent
weight-strength properties because all the forces are along axlal rods.

Here are two configuratlons that might
be reasonable == llght and easy to muk!.fﬂ*'
The first Is simply a perforated e
cylinder, with strain gauges along the
remaining parts. The anchor=ring form
can be as sensitive as ona wants, and
tha stralngauge mountings do not
interfere with the Insertion of the
struts: It might be very good for use
with LVDT displacement sensors.

It 1s tempting to conslider combining the force sensor and a positlon
servo In each of the six beams, to make a mobile force sensing wrist. Of
course, once thea thing moves apprecliably, the resolucion of forces will
require the more general calculation, with trigonometric coefficients.
But this should not be a serious problem because | am sure that there
are powerful computational short cuts for such configurations, See
sectlion 3,

|"m sure there are competitive designs. Slx-axls force sensors are
comman In Instrumentation, This one has a particularily nice clear
central channel. A wrist really doesn't need great rigidity; later we
make a case for the contrary. So the dominating design criteria might

well be centered on making the sensors rugged and wlith great dynamic
range.



page 15

3. Approximation and Interpolation

It is guite easy to program a numerically controlledm 11ing machine to
move to a speclfled space-position. The motion asxes of such a machine
are orthogonal, and so one has only to move each axis the requlred
distance In Carteslan coordinates from where it Is to where It should
be.

But there has grown up a myth that, If an arm has a less regular
geometry, things are so much more complicated as to pose critical
difficulties. It 1s thus often suggested that there are serlious
problems in programming am arm with several rotary joints, or one with

more degrees of freedom than are absolutely required. So prevalent 1s
this belief that (we suspect) the mechanlcal design of advanced
manipulators has been constrained accordinglvy.

What are the problems? There are different ways that a computation can
be complicated. The mathematical solution might be opague. Indeesd, with
a complex arm, the hand-position expressed as a function of the joint
parameters |1s messy, Involving a cascade of trigonometric matrices.
Accordingly, closed expressions for the Inverse transformationn (jolnt
position as functlion of target position) are intractable, except perhaps
by MATHLAE standards.

This does not necessarlly mean, howevar, that the computation Is
Inherently expensive, slow, or very hard to program. We discuss briefly
how 1t can be done efficiently, using a rather substantial amount of
memory but otherwlise economically, Then we shall discuss how the
principle might be used also as a basis for a theory of more complicated
postural control problems,

I have declded not to write this section now, because |
don't understand It well enough yet, and walting for It
would delay the rest of the memo too long. Papert and | have
examined varlious special cases, and so have a number of
students, The basic ldea Is this: one divides the real-
world space into domains by selecting vertex polnts for a
convex subdivislion. The Input coordinates (in joint=position
space) for each vertex are stored in memory., Then, to find
the jolnt=position coordinates for a point specified by lts
real=-world coordinates, we flind the vertices of the convex
cell that contains this point, and apply an Interpolation
formula to the joint-coordinates assoclated with those

vertices. Thus we have a plecewise linear approximation
system.
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For the human arm, we think that less than 100 polnts would be necessary
to build an adequate partition, within which the interpolacion accuracy
would be acceptable. The thesis of Gresser, on controlling a redundant
{l2-degree- of=-freedom) arm Is relevant to this Idea.

Problems to bhe discussed:

How does one combline approximations for body, head, eye mations?

What

is a good space~latticea? How many polnts?

How does one find the smallest cell containing the goal polint?

What
What

Need

What

is good Interpolation formula?

about critical polints? How does one treat "dead center"
reglons. What about global sectlioning of general access zones?

the near-points form a convex contaliner? Should data contain
derivatives? Should local motlons be referred to local
coordinate system {(resolutian Into orthogonal components)?

about redundant degree systems? Should alternatives be
explicit? How about path=-planning? Proposal: a small
collection of prototype paths, plus perturbation programs,

How Is the table formed? Does one precalculate mathematically? Or

can It be learnad aasiiv? For tha full posture model, there Is
a problem of staging --- as In finding coaefficlants of

multllevel perceptran,
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k. Finger design. The "Escalator Grip"

Feaple are always argulng about how complicated a hand should be, but
agree that what we really need is a rational way to discuss such
questions,

I wish | had something useful to say about this., In the meantime, we can
agree that the issue can be put aside far a time 1If we make the hand
capable of using special=-purpose tools, This suggests that as a miminum,
we should at least supplement simple gripping functions with a
capability for easy power and sensory connections to tools,

Here is an ldea so simple that |t might be conslidered a cheat, We
provide the inner surfaces of one or two finger-tips with a roller or
moving belt that has a high-friction surface. It can be actuated elther
direction by moter, |f the two grippers are sllghtly dlivergent, then
one can just press the tlps agalinst the object to be grasped, and the
traction will draw the abject firmly Into the grip. Dellcate rolling
and shearing motions are avallable, Although tactile sensing would be
difficult on such surfaces, one could compensate by force-Instrumenting
the belt supports.

The rollers would serve well as power sources for small power-tools that
anchor against the base of the gripper; a two finger grip would supply
two [ndependent power feeds Into the tool. One could even get three
degrees of control, by using the Erlp motion as well, Into a sultably
designed micro-tool. For feedback, we might use a fibre-optic coupling.
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5. The Fourler Wrist Principle

A wrlist needs mobl1llty, strength, and a protected Instrumentatinn
channel for its hand., To give the hand access to the work from different
directions, a wrlst should be slender =- the arm should subtend a small
space angle as seen from the hand. Because the wrist Is near the hand,
large angular errors mean relatively small absolute errors, so absolute
accuracy of angular control Is not very critical, Faor the systems we
envision, wrist control would he adequate even with Increments of
several angular degrees.

These requlrements suggest the use of a deformahle tubular strurture.
In very small scale systems the requirements of strength and rigldity
virtually dictate using "exoskeletal" or tubular structures: central
rods are not stlff enough and pin-jolints are too weak. The tubular
constructlon Is also attractive for Instrumentation, because the
information channels are insulated by the sxoskeleton, and the interior
is a nearly constant-length environment.

Discrete (locallzed) jolnts cause serious problems both for exo- and
endo= skeletal structures. The bending radlius Is very small at a
discrete joint, and to aveoid this one has to route tendens and other
alements along complicated paths.

An apparent solution to all these problems Is
to use a contlinuously flexible tube. This
sectlon Is about some aspects of such a
design. The simplest such wrist, no doubt, . - b endoms™
is a plastic tube or rod deflected by
external tendons constrained to Its exterior,

- 1]
cable -Longhmm q

as shown here. This has problems and s ev bandg
advantages:

STRENGTH: Tubing has the best strength-weight charactar|sties,
However, flexible tubing has to be weaker, and tends to buckle and
collapse under load. A compromise |ls discussed below In 5.1.

BENDING: Under a pure bending force, the curvature tends to be
uniform, Under more complicated loads an elastic beam tends to be
wobbly, and bends non-uniformly, We discuss stablillization
schemes [n 5.2 helow.

CONSTRAINT: Tendons tend to span across concave arcs, and have to
be constrained, The constraints may cause frictlon and wear
prob lems.
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5.1 "Vertebral" Segmented Columns

Many of these problems stem from the fact that to make a heam flexible
we must elther make the tubing thin, or use a material with small
elastic modulus == In short, make It weak. One kind of solution Is to
use a strong materlal and get the flexibility by slippling,

Two ways to do thils are shown here: The
segmental method solves ths problems of
longltudinal strength, tubular col lapse, and
suggests several methods for tendon .
constraint. The segmental approach makes the
column stability problem worse., It offers

the possibility of varlable stlffness In
exchange: oné can use frictlon to lock the
system by pulling all the tendons, to get
greater rigidity.

Also, one can make the friction very low, to get an extremely compllant
wrist, by relaxing the tendons that act counter to the deslired direction
of motion. This principle Is used In several commercial holding and
poslitlioning devices,

An ldea that has come up from time to time Is to mechanlze a vertebral
column digitally, that Is, to make mach Jelnt have just two or four
states, One might blnary-code the angular deflections. This ought to be
feasible, for a wrist, since one cught not neesd more than about 5 bits
of control, The purely binary scheme does not seem too good, however,
because one would not want any one jolnt to have to rotate through a
large angle.

5.2 Flexibllity and Harmonie Analysis

If we want to distribute angular deflectlians over appreclable path
lengths, we have a theoretical prablem about controllling the excess
degrees of freedom. (To count degrees of freedom for a contlnunus rod,
one has to use a signal theory method. |f one describes the
confliguration In terms of spatial frequencies, there Is a rapid
attenuation of high frequencies.) In any case, we are interested in the
case where there are more degrees than we are prepared to control
explicitly,
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The curvature In a beam tends to be constant, other things
being egual, because the strain energy Is a faster than
linear function of local curvature, So the energy of the
baam has Its minimum for a glven total curvature when [t 15
uniformly distributed. Unfortunately, this quadratie

minimum means that the resistance of the system to
perturbactions that transfer a small amount of curvature
betwesn two different segments Is wvery small. Thus the )
uniformizing tendency s poorly coupled to the gross spatial
conflguration,

Now observe an Interesting phenomenon that occurs Inm a flexible wrist
with tendons constrained close to the surface of the tube.

To a very good approximation the net change In direction Is
independent of the tube's conformation,

The basic phenomenon stems from the fact that
for small angles the x = sin x approximation

s vary good. Consider a flexible rod with
opposed deflectlon tendons, and shoarten the
upper one a3 distance D! {Actually, the tendon a
on the convex slde will be pulled In by about —
the same amount. In the analysis balow, let D, 7 .t

be the difference,)

e
If the rod has thickness T and length L, and one side Is D shorter than
the other, the rod will bend in a curve for which

A(R+T) - AR = AT = D
Hence A = D/T, where A 1s the bending angle In radians. Note that this
is independent of L.

Now, we assumed unlform curvature In this argument. But suppose that the
rod 15 actually bent sharply In one part and gently In another. Then A =
D1/T + D2/T = O/T agaln, so that for a given total difference in tendon
length one gets the same net angular deflectlon of the tip Independent
of how the curvature s actually destributed along the rodl In ather
words, the same D |s compatible with all confligurations that beglin and
end with the same directions, such as In

..r-fb 5 nré foo ofr s T
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One might be able to make a nice parallel-ruler device explolting this
principle. HandlIng such a beam |5 an experience; It seems completely
free for translation but flrmly constralned for direction of the tip,
which seams to have a mind of Its own,

Mow to enforce uniform curvature, we must distribute Increments of D

unfformly (in length) along our beam, Conslider a first approximation in

which D = D1 + D2, in two equal halves of L; then we want somehow to

constrain D1 = D2, Solution: add an extra tendon firmly attached at

both ends but crossing through the rod at the middlae.
L&

Then one can write: Epf " §=sSSiZSSsopTT T TR oot ~ :.|

X 1

Ll = L3 i (ldentlty) ~—~— "1~~~ %
L3 + L4 = L (Inltial @ndlitlon)
L2 + L4 = L (good approximation)

Hence L1 = L2, Thus the extra constraint divides the curvature equally
between the two halves. One could add stlll other constraint-cords,
crossing over at other points: the problem is to eguallize the
deflections In each segment. Tw> examples of how one might do this for
for more segments:

e o W e R P P i . AT
P T e S, A

}ﬂnx" fﬁm1¥" reas B Example 1.

i ——— —— .#.‘,Eﬂ?
B g 0 iy i g 22 e

D

: P By Ly ~  Example 2.
Dl1scusslion of Example 1: To the extent that the obllque cords are
inextensible, this scheme ought to be qulte effective In uniformizing
the deflection. It Is 1lke the well-known "lazy-tongs" device., It tends
to have a cumulative error, In that the curvature can slowly drift from
one and to the other If there are many segments., As drawn, there Is
also a problem about unconstralned parts of the rod near the cross-over
points: this should be corrected by running each constralnt over three
sagments, and this also relieves the sharp curves experienced by the

stablilizing tendons.
e o .
m Example 1'.

Note that each wire needs a symmetrically opposlite one for negative
curvaturea :ﬂﬂtrﬂl,
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Discussion of Example 2: We have shown several constraint cords wlth
suggestive labelling. Each cord runs the full length of the rnd, so
that the affects are global (no accumulated errorl), Let DI and =DI be

the length changes at the top and bottom of the I=-th segment. Then we
have: . :

sin A: Dl + D2 - D3 - D4 =

cos Al D1 = D2 = D3 + D4k = 0

sin 2A: D1 = D2 «# D3 = D4 =
The first two equations yield Dl - D3 = 0
The last two eguatlions vlield D1 = D2 = 1)
The flrst and last yleld 01 - D& = @

So all four segments have egual change: the total change D Is
controlled by the top straight fibre.

Our cholce of trigonometric Bbels was based on a strong analogy. We can
use the "constraint" cables for control as welll |If we shorten the "sin
1" cable by an amount D« the eguations stlil1l yield D1 = D2 and D3 = D&,
and (assuming the straight fibre Is unchanged) the rod assumes a sigmold
for still with the original tip- direction:

If we let C{x) ba the curvature of the rod as a function of lenmgth, we
now hawve

—r*
C(x) = D+ sin IIEF]:_E} H_-’nf

Controlling the other flbres similarly, we can develop the curvature of
the rod In a Fourier serles:

T AT A
Clx) = ?Djmﬂ. sin-ﬂ‘ + 2:[5‘“ cns-—rf-

It would be Impractical to do thls for more than eight segments, and
four would be qulte enough for most purposes.
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5.3 Three DIimensions

Extending this [dea to controllling a space-curve promises to eliminate
two nuisances. Flirst, by winding the tendons around the beam Instead of
through 1t, we avoid penetrating the central core. {2) This same scheme
can eliminate the occurence of "dead" Intervals at which the tendons are
near the axls and so provide 1ittle constralning force (poor mechanical
advantage). Our scheme Isto use Hallcal winding Instead of

Slnusaldal,

Using helical winding, one avolds the problem of tendons escaping from
concave portions of the beam, |t appears that a large number of flbres
are requlred. .

The four pairs of the 2-d case must each be duplicated in
two planes. Our ldea Is to make two sets of wndings, 90
degrees opt of phase, In both directions around the
cylindrical rod, Each must be duplicated again, In the
opposite direction, to oppose the effects of axlal torque,
That makes 16 palrs of fibres. Since wé really do have §
degrees of freedom, the system certalnly nesds 8 tendan
palrs, Possibly, half the windings could be el iminated If
the tube has enough Inherent axial gtiffness, but this is
not easily compatible with longlitudinal flexiblllty. One
way to get the required kind of stiffness Is to have hinge
jolnts In alternating orlentation, as In the lobster arm,

These Issues are not so serious. Even a two "segment" arm, In three
dimensions, would already be a splendidly mobile device, and Its hellcal
geometry problem does not look very difficult. Golng to four "segments"
may ralse more serfous problems ‘about friction and tendon<crossovers,
Higher terms in the serles gets us Involved wlth leng cables (the "high
frequency" sinusoids wrap around the rod a lot) and would probably cause
severe frictional binding problems because the forces normal to the tube
would become large, These forces don't look serlous for the two and
four segment designs,

Problem: Deslgn a three-segment model. There Is a problem In the
algebra,

5.4 Master-Slave Control
Our "harmonic" wrist lends Itself nicely to master-slave control because

two of them connected together are constralned to behave identically |f
we simply cross-over the tendon-palrs at the junction.



