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ABSTRACT

This paper describes the execution of precise assembly tasks by a robot. Th
level of performance of the experimental system allows such basic actions as
putting a peg into a hele, screwing a nut on a bolt, and picking up & thin
piece from a flat table. The tolerance achieved in the expariments was 0.00]
inch. The experiments proved that force feedback enabled the reliable assembly

of a bearing complex consisting af eight parts with close tolerances. A movie
af the demonstration is available.
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1. Introduction

Marvy industries have a great potenmtial dewmand for advanced
automation in assembly lines. [n wany wodern factories, a great deal of
unskilled human labor is forced to be mated with substantially automated
fabrication machines ar N/C machine tools because no versatile assembly
machine is yet available. From the wieupoint of robotice research,
advanced assembly automation provides a fertile application field.

So far, several laboratories have developed primitive robote that
can carry out sisple assesbly tasks. However, alwost none of these
robots operate within practical precision ranges. An exception ie a
machine that was developed at the Central Research Laboratory of
Hitachi. It is not @ general purpose robot, but the use of force
feedback allows the machine te perform an anuﬂhl_u task with very cloae
.tulurancuu faster than wnskilled husan labor.

Force feedback is @ key to the performance of precise assesbly
tasks. Fortunately, at the AIT A.I. Laboratory, there is available &
simple robot that can detect forces and torgues acting on its wrist.
Only emall modifications of this system were nesded to begin & basic
exper inental study.

This is a report of a study on the execution of precise assembly
tasks by a robot. The level of performance of thes sxperimental system
al lous such basic actiona as putting @ peg into &8 hole, screwing a rl.:lt
on a bolt, and picking up a thin piece, such as a washer that is lying
on a flat table. Not only they are good examples for the study of force

feedback, but they aleo are an iwmportant part of a repartoire of basic



tasks required in @ wide range of practical machine assemblies. The
tolerance achieved in the experiments was 8.881 inch. Presumably, this
sort of tolerance is a winimum requiremsnt for many practical
applications, since it corresponds to the resolution of & vernier
caliper, one of the comwon standards of measurement in many machine
sheps.  This study demonstrates an sssesbly of a bearing complex
consisting of eight parts with close tolerances, of up to 8.881 inch.
These ewxperiments show that force feedback enables the reliable

performance of assembly tasks with close tolerances.



Figure 1. Hhole view of the Little Robot Systen.



2. The Littls Robot Systes

This study employed the Little Robot System developed by 0. Silvuf-
It is shown in figure 1. It provides for the ITS user a medium size,
five degree of freedom, seven axis robot which is controlled through the
programming language LISP by the PDP-6 computer.

The heart of the robot is a force sensor complex located at its
wrist, It consists of six L.¥Y.0.T.sa [ Linear Yariable Differential
Tranaformers), and it allows the measurement of forces and torgues that
are acting on the wrist. Figure 2 shouws the geometrical arrangesent of
the six L.¥.0.T.9, where angle "a" is 8 rotational displacement betueen
the robot axia and the force sensor complex azis. Tha ralationahip
betueen force and torque components in the u-xyr coordinate system and
the force components acting at the position of each L.Y.D.T. is
described by the following eguations.

Fr = -fZ#cosl4S+al - f4xcosl45-al + fSecosl45eal

Fy = =fZ2esin{45+al + fhxsinli5-al + foxalinliS+al

Fz = fl + f3 + f6

Tu = fledecoe{al - fixdesinla)l + fexdesinial

Ty = flxdwesinla) + fixdeconla) - fEedecosla)

Tz = f2%d - fhed + #5ud

uhere, Fx, Fy, Fz forces in %, y, Z axis

Tx, Ty, Tz torques about =, Y, T axis
fl, f2,,,. 6 forces at each L.Y.0.T.

Force and torque components in the hand coordinates are obtained in

turn from the following equations.



Fx" = Fxxcosib) - Fyeainib)

Fy' = Fx=sinibl + Fyscoslbl

Fz" = Fz

Te' = (Tw - L2eFylecosibl - [Ty + L2sFxlxsinib)

Ty' = (Tx - L2eFylesinip) + (Ty + L2oFxlscosib]l + LlsFz

Tz' = Tz - L1 = [ Fyscoslb) + Fxssinib) ]

In the current Littie Robot System, an approximation technigque is
used to calculate the forces and torgues, since the stress-strain matrix
of the sensor has not been analysed in detail. Consider swall
displacements (dx*, dy®, dz"} in x®, y", 2" axis as well as rotations
{da®, db", dc") about the w®, y", z" axis. The displacements in the
L.¥.0.T.s (tl, t2,.. . t6)} are related to dx", dy®, dz® and da®, db",
dc® as follows:

dx* = -(12 + th)/ (2

dy" = (t& + #5)/ {2

dz" = (t3 + tB)/ 2

da® = (t3 + t6 - Z=tl)/ 2

dbh" = (t3 - t6)/ 2

dc” = (t2 &« t5)/ 2
By the coordinate transformation from the sensor awes (x", y", z°) to
the robot asxes (x, y, z], we can obtain the displacements (dx, dy, dz)
in ®, y, z axis as well as the rotations (da, db, dc) about the =, y, Z
axis. Next, ue must determine overall stiffness (kl, kZ,... KB} in =,
Yy, £ axis and about the =, y, z axis. Then we can get force and torgque

components approximately, as fol lowus.
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Figure 2. Force sensor cosplex and the coordinate systens.




Fr =kl ®cdu , Fy=kZ=xdy, Fz=5k3Ixdz

T = ki £ da, Ty=kSi=xdb, Tz =kE xdc

Servoing of the robot is done by the POP-E computer every 1/68
second. LISP in the PDP-18 governs the POP-B via five special LISP
functions.

The LISP functions are:

SETH (5ET Hini) of tuwo arguments, sets POP-E variables.

GETMF (GET Hini Floating point) of one argument, reads PDP-6 variables

in floating point mode.

GETH (CET Hini fixed point] reads POP-E variables in fixed point wmode.

HAIT of one argument, evaluates its argusent avery 1/30 second
and will "slesp® until evaluation returns T.

SE0  (Sort of EQuall of three arguments, returna T when the firat
argument is equal to the second within the tolerance of the
third, otheruise NIL.

The POP-E variables are shoun in Table 1. Mote that the prefixes

X, ¥, Z, R, G, ¥, T wean X-awis Y-axis, I-awis, Rotation about I, Grip,
¥Yice and Tilting-part-holder, respectively. Mode suitches FRE select
the control mode. For exasple, when XFRE is 8, the X-axis acts as a
position control servo, and when XFAE is =1, it acts as a force contrel
servo, A wore detalled description can be found in Al Memo No. 273:

"The Little Robot System.® by D. Silver.



auffin preafis mEaning umi t typea
| POS K, ¥, Z,R,G,¥Y,. T current position inch/radian floating
N oLT MY, Z,R.G,Y. T position error pot. unit fined
P FRS MY, 2, G,Y calibrated force LYOT unit fined
u TRC MY,z calibrated torgque LYDT wnit finad
T
0 DES K.Y, Z,R,6,¥.,T position destimation Inchfradian floating
U FOS K.Y, 2R, G, Y force destination LYDT wnit fined
T FRE K.Y, 2,R,G,Y mode suitch B or =1
P GAN K. Y. Z,R,G,¥.T position servo gain fimed
U FGH X.¥.Z2,RG,¥ force servo gain fixed
T

Table 1. POP-E Yariables

Hhat follouws ie @ brief introduction to the basic functions used in
this study. They are intended to halp the reader understand the program
which will apppear in sections 3 and 4.

Position control labsoiutel; M=, Y=, I=, A=, G=, ¥=, P=

eg: (DEFUN X« (X)  [SETH XDES X) (SETH XFRE 81)

FPosition control (relativel; ON=, OYs, OZ=, DA=, DG=, O¥V=, DF=

eg: (DEFUN DX= (0X) (K= (PLUS (GETRF XPOS) OK)D)

Force controly Fle, FY=, Fi=, FR=, FG=, FY=

eg: (DEFUN FX= (FX) (SETH XFDS FX) (SETH XFRE -11)

Check of position control; 77X, ?¥, ?Z, 7R, PG, 7%, 7P

eg:  (DEFUN 7% [ ) [SED (GETH XDLT) @ Threshold-Pl)

Check of force control; 3FX, Y, ?FZ, ¥FR, ¥FG, *FY

eg: (DEFUN PFX ( ) (SEQ (GETH MFRS) (GETH XFDS) Thresholid-F})

Hiscel |l aneosua;

¥OF, YOF, ZOF, DOF, and HOF gets X, ¥, 7 coordinate,

diameter and height of the object specified by the argument,respectively.



Position control functions as well as force control functions
deliver their arguments to the POP-B, when they are svaluated. From
that moment, the servoing loop in the POP-E controls the robot to the
specified destination im the specified mode, until another function
changes the control. The function WAIT checks a control situation and
uaits until its argusent evaluates to T. The servoing is atill in effect
after HAIT is terminated.

For example,

(FZ= fz} (HAIT "(?FZ)) (DR« 3.14) (MAIT "(7R))

This program moves the hand down until it lands on the table, i.e,
a force is felt in the Z-direction. When [WAIT "(?FZ)) returns control,
the program proceeds, and rotates the hand 3.1& radians. During and
even after this rotation, the hand keeps the contact force "fz" against
the table, because [FZ= fz) is still in effect. Thies should be kept in

mind, as the reader examines the programs In sections 3 and &.



3.  Applications of Force Feedback in Machine Assembly

This section describes how force feedback technigues are applied to
the process of precise wachine assesbly. Three basic actions are
selected for study. They are;

(1} putting a peg into a hole with close tolerance.

{2) screuing a nut on a bolt.

{3) picking up @ thin piece from a flat table.

Each of these is required to perfors a wide variety of machine
assemblies. 1f one analyzes the assesbly of any machine, one can easily
find that the above-mentioned actions are frequently needed.

The object used in the experimental assembly task is a apecially
designed bearing complex, shoun in figure 3. It consists of two radial
ball bearings, two spacers, a cylinder, a washer, a nut and a shaft with
threaded end. lwportant dimensions of the parts are specified in figure
. The tolerances are B.881 inch for the SHAFT-BEARING pair and the
BEARING-CYLINDER pair, 8.882 inch for the SHAFT-SPACER1 pair, 8.81 inch
for the SHAFT-SPACERZ pair, and B.86 inch for the SHAFT-WASHER pair.

3.1 Peg-into-Hole Assembly.

The main procedure of the peg-into-hole assembly is broken into
three consecutive phases: they are "drop-into”, "mate® and "push-into”,
in that order.

*Orop-inte™ is a phase to partially drop a shaft into the mouth of

the cylinder. In the next phase “"wate" adjusts the relative position
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Figure 3: The Object to be assembled.
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and orientation betueen the tuwo, until the shaft wsite in the mouth of
cylinder correctly. In the third phase “push-inte®, the shaft is pushed
into the cylinder swoothiy wntil it arrives at the bottow. Every phase
requires some type of force feedback to control the delicate physical
ralationships betuwesn the parts.

The clearance and the ehoulder shape determine the difficulty of
assembly. In the field of wmachine design, the standards of fit are well
defined, depending on the machining accuracy, houever we do not yet have
any standards of fit in automatic assembly. Presusably, they should be
defined by considering positioning error, clearance betusen parts,
shoulder shape and assembly algorithm. In this study, the concept of
"loose fit* and "close fit" are introduced, and sach fit is related to

its appropriate stereotyped assembly procedurs.

3.1.1 Loose Fit

An example of "loose fit" ie the SHAFT-SPACERZ pair. The SHAFT is
tapered at one end, and the clearance is B.8] inch at the body and B.EG3
inch at the tapared end. This assesbly task begine from the initial
state in which GSPACERZ is located above the BSHAFT in the =mawme
orientation as the SHAFT.

At firast, ue wmust consider the positioning repeatability of the
hand. Suppose the errors in X, Y are " & o2 ". Then, the hand must be
located within thea { @ ® @ ) error sguare enclosing the reference point.
If the hand is holding SPACERZ at its center, SPACER? is also located

withim the same error sguare. On the other hand, the tolerance defines

a circle whose diameter ie egual to “c". If the tolerance circle



completely covers the error square, the fit is so loose that the SHAFT
will go into the SPACERZ without changing their initial orientations,
Thusa, the condition of ®loose Fit® is defined by c :El B .

In actual esperiwments, we cannct assume that the hand aluways holda
SPACER? at ite center. One wsually finds a swall offeet between the
hand and SPACERZ, especially with a parallel jauw type hand. The offaset
is mainly the result of the grasping action and sometimes it is much
larger than the positioning error of the servo-sechan]sms, If a hand
has parallel jaus, like the one in the Little Robot System, the offsat
occurs only in the direction perpendicular to the sgueezing axie.

{al DROP-INTD: From the initial position, mithout changing the
orientation, SPACERZ is moved down until it lands on SHAFT. There are
three possibilities when SPACERZ is brought into contact with SHAFT.
Cases 1, 2, and 3 of figure 5 occur when the offsat is negative, nearly
zero and positive, repectively. To guide the SHAFT Into SPACERZ , a
different search tactice wust be taken depending on the contact
situation, and it is neccessary %o decide which case has in fact
occurred. However, if @ small shift ® +dX " has been added to the
imitial position in advance, the contact situations become as in the
cases 1%, 2 and 3". This time, the sase simple search in the "<K"
direction will be applicable in all three cases.

Thus the procedure ia as follous:

(1) make a swall advance shift toward "+X° .

(2] wmove SPACERZ down until it lands on SHAFT.

and keep a small force against it.

3] =lide SHAFT toward "-X* until it drops Into SPACERZ.
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(&) atop E-motion.
The program for this procedure is:
(DEFUN DROP-INTO-L [ )
(D= aghift) (WALT " (3]
(FZ= small-contact-forcel (HAIT *I?FZ1)
(F¥= samall-sliding-forcel

(WAIT "(OR (?FK) (SEQ (GETH FZ) @ Threshold)))
(0= 8.8} )

Mote; (HAIT "(?FX]) waits until the SHAFT contacts the left wall of the
hole.  (WALT *(SEQ (GETH FZ) @ Threshald)) checks the occurrence
of the “"drop”. Either event will complates the desired action.

(b} MATE: MWhen DROP-INTD has been completed, SHAFT should be at
least partially in the hole of SPACERZ. 5o, the following procedure can
guide the position of SHAFT exactly to the center of SPACERZ.

(1}  wove SHAFT toward "+Y" until it finds an edge of SPACERZ

and get the Y-position of SHAFT ==» Y1

2] move SHAFT toward "=Y" until it finds another edge of SPACERZ
and get the Y-poaition of SHAFT ==> Y2

{3)  wmove SHAFT to (Yl + Y21/ 2
this motion locates the SHAFT in the actual center along the Y awxis,

similariy;

(4] find "+X° edge == X1

5}  find "-X" edge ==» X2

{E)  wove SHAFT to IXL + X2)/ 2

Hhat follows is a program that performs this procedurs.



(DEFUN PATE-Y ()
(PROG (X1 Y1)
(FY= amal |-edge-finding-forca-to-"+Y") (HAIT ° (?FY)}
{SETQ Y1 (GETRF YPOSH)
{F¥= small-edge-finding-force-to-"-Y*1 (HAIT " (2FY]]
(¥= (/7% (+% Y1 (GETHF YPOS)) 2.81) (HAIT "(?¥))
[(Fi= swall-edge-finding-force-to=-"+X"] (HAIT " (3FXK])
[SETOD ¥1 (GETHF XPOS))
(FK= small-edge-finding-force-to-"-X*) (HAIT " [2FK})
(= (/7% (+8 X1 (GETHF XPOS)) 2.80) (HAIT "(?X)} D)
fc) PUSH-INTO-Y: SPACERZ is woved down along the SHAFT wntil it
arrives at the end. Durimg this process, the X and Y position of the
SHAFT should accommodate to that of SPACERZ. This is sasily done by
controlling X and ¥ forces to be zero. The program for this is:

(DEFUN PUSH-INTO-¥ ()
(FX= @) [FY= ) (FI= inserting-forcel (HAIT '"(?FZ)) )

The sequence of DROP-INTO-L, BATE-Y, and PUSH-INTOD-V gives a simple
atereotyped action for the peg-into-hole assembly with loose fit.

(DEFUN PEG-HOLE-L ( }
(OROP-INTO-L) (RATE-¥) (PUSH-INTO-Y) )

Actually, we can omit the function HATE-Y, because during the
following function PUSH-INTOD-Y, the X, Y position of the SHAFT adapte to
the center of SPACERZ. Thus we have an even simpler stereotyped action
for this task.

(DEFUN PEG-HOLE-LZ ( } (DROP-INTO-L) (PUSH-INTO-Y] )

3.1.2 Clos=se Fit.

The other class of fit is "close fit", defined by [ c </Z2 = e ).
The BEARING-CYLINOER pair, shown im fligure 7, is a good example of this.
The function DROP-INTO-L will not reliably perform the drop-into process

of a pair with close fit, because the tolerance circle does not cover
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all of the error sgquare. The simplest technique for solving this
difficulty is that of tilting the peg or the hole. By tilting, the
telerance circle is equivalently enlarged up to the size of hole, which
is much larger than the error sguare. For exasple, the diameter of the
talerance circle of the BEARING—CYLINDER pair is 8.881 inch without
tilting, and B.688 inch with tilting. MNote that{Z #e of the system ie
about ©.083 inch., So, if we apply the tilting technique to the pair
with close fit, we can treat it as if it were @ loose fit. The
following is a program to do the drop-into process for @ pair with close
fit.

(DEFUN DROP-INTD-C ( }

(DR= B.1) (DY= shift) [MAIT *(AND (7R) (?Y))
(FX= landing-force)l [WAIT ' (?FX))
(0X= 8.8] )

After the DROP-INTO-C is completed, CYLINOER must be aligned to the
orientation of SHAFT and Y, Z position of BEARING must be adapted to
CYLINDOER. The procedure is:

(11 move BEARINGs toward ®+Z" until it finds an edge of CYLINDER,

and get the Z=-position ==> F]
{3} wove BEARINGs toward "-I" until it finds another sdge of CYLINDER,
and get the Z-position =e» 72

(3 wove to (Il + Z2) 1 2

t4)  mwove BEARINGs to 4Y direction until it contacta the CYLINDER

(5)  keep above contact and apply emall force in +X direction

(&l null the I-force and rotate CYLINDER to R = B.D

The program for this is:
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Figure 7. Peg-into-Hole assembly with "close fit".



(DEFUN HATE-H 1 )
(PROG (Z11
IFZ= small-edge-finding=-force-to-"+I"1 (MAIT "(?FI))
(SETQ 71 (GETRF ZPOS))
(FZ= small-edge-finding-force-to-"-Z"]1 (HAIT "(7FI]]
(Z= (/7% (+% Z1 (GETHF ZPOS)) Z.81)
(F¥= amal|-contact-force-in-"Y-axia®) (HAIT *(?FY))
{(FZ= 81 (A= B.8) [HAIT "(7R))
1

The next thing to do is the "push-into" action. It is the same as
PUSH-INTO-Y except for the direction.
(DEFUN PUSH-INTO-H ( )
(F¥= B} [FZI= 8]
{F= inserting-forcel (HAIT "(7?FX)] )
A sterectyped sequence of peg-into-hole assembly for clese fit is

defined as followsa.

{DEFUN PEG-HOLE-C ()
(DROP-INTO-C)} [MATE-H) ([PUSH-INTO-H} }

3.2 Screusing a Nut.

The action for screwing @ nut on a bolt ie aleo broken into three
consecutive phases; “drop-into®, "mate®, and “"screu-inte". For the
"drop-into” and "mate” processes, DROP-INTO-L and MATE-Y, defined in
gection 3.1, are applicable. In order to scres a nut, the nut must be
turmed in & clockwise direction while exerting a swall downuward
pressure. During this screwing phase, the X, Y position of the nut must
accommodate to that of the screuw, so X, Y force are controlled to be
zero. Hhen the robot feels the specified fastening torque, it stope the
screding motion.

(DEFUM SCREW-INTO ()
[FZ= emall-doun=-forcel (FX= 8) (FY= &)
[FR= fastening-torquel (HAIT *(7FR]) )



Thus, a procedure for scresing a nut |s:

(DEFUN SCREW-NUT [ ]
(DROP-INTD-L) (MATE-¥) (SCREH-INTO) )

Again in this function, we can also ignore the function MATE-Y,
because during the next function SCREW-INTO, the X, Y position of the
scred adapts to the center of the nut. Thues we have an alternate,
simpler function for this task.

IDEFUN SCREW-NUT-2 [}
(DROP-INTD-L) (SCREW-INTO) )

3.3 Picking Up a Thin Piece.

[f one analyzes the assewbly of any wachine, one will find that the
robot has to handle many =small, thin pieces such as washers. [t ie hard
to pick wp such thin objects from a flat table. If the commanded
position of the hand is alightly higher than the table, the robot will
miss the washer, if it is & little bit lowsr than thes table, it way
exert a8 large force against the table. Presusably, in the latter case
gerious damage can occur to the robot or the table.

Hhen picking up a thin piece, force feedback is necessary to check
phether the hand makes contact with the table or not. The following is
a program to pick up a thin piece on a table.

(DEFUN PICELR (1T}

(G= [+% (DIA IT) B.21)

(Z= (+% (ZOF IT) (HOF IT) @.2) (WAIT "(AND (7Z)} [?G1))
(FZ= small-landing-forcel (HAIT " (¥FZN) '
(FG= grasping-forcel (MAIT *(7FG1) )

In order to decrease the offset betuesn the hand and the object and

to allow for errors in the positioning of the part, the following



centering action is very effective.

(DEFUN PICKUP-2 (IT]
[G= (+% (OIA ITY B.203
i7= (+% (ZOF IT) (HOF IT) 8.21) (WALT '(AND (?Z) (7?G)))
IFZ= amall-landing-forcel (HALT *{3I)]
{FG= smal|-grasping-forcel [(WALT " (?FG])
(DG= B.2) (WAIT *(?G)) topen the hand 8.2 inch.
(DR= 1.57) (WAIT *(7R1) jturn the hand 1.57 radian.
{(FG= grasping-forcel (WAIT *(?FGI) )



&, DOutline of Assesbly Demonstration

Figure B-1 shous the initial environment of the demonatration of
machine assembly. This desonstration does not uase any vision program,
so all information about the position of the parts sust be aspecified.
The assembly sequence is:

{1} put BEARING] onto SHAFT

(2} put SPACERL onto SHAFT

(3} put BEARINGZ onto SHAFT

(4) assemble CYLINDER with BEARINGs in SHAFT

{5) put SPACERl onto SHAFT, vertically

{6} put HASHER onto SHAFT, wertically

{7} put NUT on SCREW and torque down the NUT

To carry out the above demonstration, threes LISP functions are
defined. AS5Y-L performs the peg-into-hole assesbly of loose fit, as
described in section 3.1.1. ASS5Y-C does the peg-into-hole assembly of
close fit, as described in section 3.1.2. ASSY-N puts a NUT on the
screu and torgues it doun, as described in section 3.2.

{DEFUN ASSY-L (PARTL)

IGD-ABOYE PARTL) jmove hand above the part
(PICKUP-Z PARTL) tpick it up
(BRING-TD YSHAFT)  ;bring it to shaft

(PEG-HOLE-L) ipeg-into-hole of loose fit
(RELEASE} 1 srelease

(DEFUN ASSY-C (PARTL)

{GO-ABDYE PARTLY imove hand abowe tha part
{PICKUP PARTL) tpick 1t wp

{BRING=TD HSHAFTI tbring it to shaft
(PEG=HDLE =L ipeg-into hole of close fit

(RELEASE) ) jrelease



(DEFUN ASSY-N {NUT]

[GD-ABDYE WUT) smove hand above the part
(PICKUP-2 NUT} spick it up

(BRING-TO YSHAFT)  bring it to the screm
[SCREW-NUTI jscred a nut

(RELEASE! 1 jreleass

The following progras ASSEMBLY carries out the demonstration completely.
Pictures in figure & shou the experiment.

(DEFUN ASSEMBLY ( )
(F= 1.57) (WAIT "(?F)) ztilt the shaft horizontally
[ASSY-C BEARINGL]
[AS5Y-C SPACERLD
[ASSY-C BEARINGZ)
(ASSY-C CYLINDER]
(F= 3.14) (HAIT "(?P}) ;tilt the shaft vertically
(ASSY-L SPACERL)
(AS5Y-L WASHER)
(ASSY-N NUTD ]






5. Conclusions and Discussion.

Mating parts with close tolerance requires force feedback to assure
good alignment. This paper describes a study of force fesdback in a
typical assembly task. The performance of the system includes such
tasks a8 putting @ peg into a hole, screwing @a nut on @ bolt, and
picking up thin pieces such as uashers. It should be noted that each of
these is a basic and required task for a8 wide range of machine
assemblies. Tolerances of 8.801 inch were achieved and experiments
proved that force feedback enabled the robot to perform these assembly
tasks quite reliably.

In the peg-hole assembly, the concept of loose fit and close fit
were introduced. For wach fit, @ sisple stereotyped action is
presented. the stereotype for close fit uses a simple tilting technique
te  improve  the reliability. The closest tolerance pair
(CYLINDER-BEARING) assewbly uas 3ssembled using this tilting technique.
Houever, the BEARING-SHAFT and SPACERL-SHAFT assembly could be done
uithout the tilting technigue. HWhen screwing @ nut, the nut ie first
brought into contact with the top of ecrew. From that moment, force
feedback guides the nut into the acrew and turns it down to the
prescribed torgque. Force feedback also allows the robot to pick up a
thin piece, even from a flat table. In this process, after the hand is
felt to have arrived at the table, the robot closes its hand while
keeping the contact force with the table. By using this tactic, the
robot can easily pick up 8 thin piece whose thickness s B.E5 inch.

Thias study does not use any vision programs, so all the geometrical



information about the parts wust be prescribed. The poeitional
tolerance of esach part is

T 1 (uidth betueen two fingers) - (diameter of the part) ) / 2
Hhen the part is located within this tolerance, the assembly can be
carried out guite successfully. [f the robot can see the environment,
the parts need not be so carefully positioned. In a hand-sye systes,
the following information should be determined by a vision program.

{1} identification of the parta

(21 X, ¥, £ position of the parts

(3] R-orientation of the parts

(4] maximum diameter of the parts

{5} thickness of the parta.

The force sensor complex of the Little Robot System, consisting of
six L.Y.D.T.s, has a maximum range of about 1 pound and a resclution of
about @.Z5 ounce. MHhen the systew is first started up, gravity offeet
calibration is done autowmatically. However, one cannot avoid the amall
hysteresis and drift that arise from the mechanical behavior of the
force sensor comples, This reduces reliable lu:iuuralunt. In order to
make the sensory system wore sensitive and reliable, it seems neccessary
to develop a more sophisticated force signal processing program, that
compensates for the drift and the hysteresis.

Servoing is done by 8 wachine language progras running in the
FOP-6, every 1/68 second. The terminating condition is checked by a
time-ghared LISP program in the POP-18. Under some circumstances, this
arrangement causes the robot to wise the termimation comdition. Ta

prevent such timing errors, | believe that the terminating conditions



should be checked in the servoing loop on @ real tiee basis, and that
the termination should be reported to the higher level language wia
interrupt facilities.

Lastly, | would like to add a trivial comment: Force feedback
enables the robot to guide 3 peg into a hole guite reliably, given that
the parts do not slip in the hand. From a practical point of view, it

is alao important to develop a general purpose hand that prevents “"slip®

or that at least datects its occurrence.
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