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W. Daniel Hillis

Artificial Intelligence Laboratory
Massachusetts Institute of Technology
Cambridge, MA 92139

Abstract

 A dexterous robot manipulator must be able to feel what it
is doing. The mechanical hand ofthe future will be able to
roll a screw between ifs fingers and sense, by touch, which
end is which, This paper describes @ step toward such a
manipalator, an imaging tactile sensor with hundreds of
pressure sensors ina space the size ofa fingertip. the
sensor was designed as part of a tendon-actuated mechan-
ical payer, similar in size and range af motion io a human
index finger (Hillis 1981). As a demonstration, the device
was programmed to distinguish aeong several cammoniy
used fastening devices—nuts, bolts, fal washers, lock
washers, dowel pina, catler pins, and se? screws——by

ng the tacti

 

  

touching them with the finger and analyzi fe
tmage.

This paper describes hawthe tactile sensar array wis
constructed and few tt works, The simple pattern-
recagnition techniques used in the demonstration program
are also outlined. The final section notes same promising
directions for future research, :

The Sensor

The touch sensor is a monolithic array of 256 tactile
sensors that ffs (appropriately) on the tp of a finger.
This resohition is comparable ta that of the human
forefinger. Each sensor has an area of <0.01 cm?

and gives an independent analog indication of the

  
This report describes research done at the Artificial Intelligence
Laboratory at the Massachusetts Institute of Technology. The re-
search was supported in part by IBM, under an agreement with
the Massachusetts Institute of Technology Laboratory for Com-
puter Science, Support for the Artificial Intelligence Laboratory’s
artificial intelligence research is provided in part by the Advanced
Research Projects Agency of the Department of Defense under
contract with the Office of Naval Research, contract
NOO514-80-C-0505. The author is suproried by a fellowship pro-
vided by the Vannie and John Hertz Foundation.

The International Journal of Robotics
Research, Vol. b. No. 2, Summer 1982,
O278- 3649/82/020033- 12 $05.00/08
© £982 Massachusetts Institute of Technology.
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 igh-Resolution
Imaging Touch Sensor

force over its surface over a range of 1-100 ¢. The
array is scanned one column af a time fo minimize
the number of connecting wires. The sensor is
rugged, flexible, and has a skinlike texture.

The touch array has two conductive components:
a flexible, printed circint board and a sheet of aniso-
trapicaily conductive silicone rubber (ACS). The ‘
ACS has ihe peculiar property of being elecirically
conductive along only one axis in the plane of the
sheet. The printed circuit board is etched into fine
parallel lines, so it too conducts in only one dimen-
sion. The two components are placed into contact
with the lines on the printed circuit board perpendic-
ular to the ACS axis of conduction. The contact

points at each intersection of the perpendicular con-
ductors form the pressure sensors.

The device also inchides a separater to pull the
conducting layers apart when pressure is released.
The sensitivity and range of the sensor depend
largely on the construction of this intervening layer.
There is a trade-off between sensitivity and range,
For a large pressure range, the best separator tested
was the woven mesh of a nylon stocking. For high
sensitivity, a separator may be deposited directly
onto ACS by spraying it with a fine mist of noncen-
chictive paint. The conductive rubber presses
through the separator so that the area of contact,
and hence the contact resistance, varies with the ap-
plied pressure.

The pressure /resistance relationship is nonlinear,
as shown in Fig. 3. We do not have a mode! of the
contact mechanismthat quantitatively explains the
change in resistance with applied pressure, however,
Fig. | illustrates a plausible qualitative model. Pres-
sure on the elastomeric ACS deforms the material

around the separator, allowing it to cantact the metal
below, Larger pressures resall in more deformation
and larger contact areas. If the resistance of the con-
tact is proportional to the contact area, the contact
resistance will be inversely related to the applied
pressure. For the object-recognition application, the
monlinear response of the sensor was not a signifi-
cant drawback.

Hillis 33o
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Fig, ?. Contact resistance
changes with changing
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The ACS itself is constructed of layers of silicone
rubber impregnated with either graphite or silver,
alternating with similar nonconductive layers. Each
layer is aporoximately 250 » tmck. The layers are
oriented at right angles to the plane of the sheet. The
linear resistivity, im the conducting direction, is on
the order of kiichms per centimeter for graphite-
impregnated ACS, This is inconveniently high for
building large sensors, and we were able to lowerit
to approximately 100 0 per centimeter by electro-
plating the sheet with gold. Itis possible to plate
anly over the conductive silicone, so that the cross-
resistance remains essentially infinite. Silver-
impregnated silicone rubber has a sabstantially lower
bulk resistance, but we were unable to obtain the

material in the proper form. The minimumresolution
of cormmercially available ACS is about 50 lines per
centimeter.

Wires are soldered to the edges of the printed cir-
cuit board. The ACS is mounted so that its edges
fold around the printed circuit, where they are
pressed against contact fingers on the other side (see
Fig. 2}, A compound sensor with bigh range and
good sensitivity may be constructed by placing a
bigh-range nylon mesh} sensor behind a sensitive
one. in this case, the flexible circuit board in the

front layer was eliminated, so that the center layer
of ACS was shared between the two arrays.

Scanning the Array

Attaching wires only at the edges of the array re-
duces the number of necessary connections. This is
important given the hmited space of a mechanical
Ringer. (The 256-cell sensor used 32 wires, #42,
stranded. The resulting cable is <3 mm in diameter.}
The array is scanned by applying a voltage to one

column at a time and measuring the current flowing
in each rew. A potential preblem with this method is
the introduction of “phantoav’ tactde images. When
multiple points are activated simultancously, if may
appear that untouched points are also conducting.
This is the analog version of the crosspoint problem
in xy-scanned keyboards: if three out of four
switches on a rectangle are closed, the fourth ap-
pears to be alsa. This happens because the path

Fig. 2. Mechanical drawing
aftouch sensor. ACS = an-
isotropically conduchive sili-
cone rubber: PC = printed
clroult Board.

PCI ~~

PC?SER 

 
PC2

through the other three connections is electrically in
parallel with the phantom connection. In keyboards,
it is ustally avoided by putting a diode at cach point
of intersection. This could be dene for touch array
also, but it would add considerably to the com-
plexity of the device and if might also introduce un-
desirable mechanical stiffmess. With resistive con-

tacts, itis theeretically possible to compute the
actual resistances from the measured resistances by
solving N equations in N unknowns (Larcombe
1976}, but the technique tends to amplify errors due
to inaccuracy of measurement, noisc, and resistance
along the conductive axis. Other researchers (Stoidy-
kovic and Clot 1977; Broit 1979; Harmon 1982} have

avoided the problem by attaching a separate wire fo
each sense point. This is impractical for high-
resolution arrays and, again, it Hmits mechanical
flexibility.

Instead, we used the scheme iNlustrated in Fig. 3.
It is similar to the voltage-mirror approach suggested
by Purbrick (1981). A fixed voltage is placed on the
eolumn of interest, while all other columms arc held
at ground potential to ground out any allernate
paths. The rows are all held to ground potential alse,
by injecting whatever current is necessary to cancel
the current injected by the active column. The value
of the resistance of a crosspoint is inversely propar-

Fillis 38o

Page 870 of 1714 SAMSUNG EXHIBIT 1006
Part 2 of 8



Page 871 of 1714 SAMSUNG EXHIBIT 1006 
Part 2 of 8

 

Fig. 3. Scanning the array.

 

Decoder 
tional to the current that is necessary to pull the cor-
responding rowto ground potential. By this methad,
extraneous columns are at the same potential as the
rows (ground), so no current will Row through the
unmeasured crosspoints. The holding currents de-
pend only on the colirnn drive voltages and the re-
aistances in question. The entire array is scanned by
measuring one column at a time, as described above.

The method described is valid only if the crasa-
point resistances are high compared to the linear re-
sistances of the row and column lines. Otherwise, #
is not possible to hold an entire rowor colurmm af a
fixed potential. This effect may be understood by
referring to the electrical model of a single row dlus-
trated in Fig. 4. The applied voltage (V} and the
linear resistance (A,) are known, but the unknown
resistance (R,,) cannot be determined uniesa the po-
tential at node WV, is known. This potential may be
computed, in Gime proportional to the number of

36
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nades, by first measuring the unknown reistancea
near the edge. The resistance of all the the unknown
contacts may he determined by computing the suc-
cessive two-port parameters of the subnetworks
toward the edge of the unknown node.

Lg = 0
=

 
R= VmFernkinFans+a)

im i,

RylZnay + Ru)
faa t+ Ry t Re

 

£y =

where V is the applied voltage, 4, and J,, the mea-
sured currents, 4, the input impedance, and G, the
voltage transfer ratio of the network to the left of &,.

For large arrays it mayactually be necessary ta
compute the resistances as shawn, but as long as the
linear resistance is low compared with the contact
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Fig. 4. Electrical model afone row,
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resistance, this is not necessary. If the measured
values are used directly, then the worst-case error
for a row of N elements is

Rmeasured _ &, + NR,
Reema Ry ;

This is casy to determine because the worst-case
occurs when all contacts, except for the one being
measured, are open. Other contact closures wal only
lower the potential of node N,, increasing the accti-
racy of the measurement. The error may also be re-
duced by a factor of two by making contact ai both
ends of the row.

Performance

Several sensory arrays were contructed with varying
range and resolution. Figure 3 shows pressure-
resistance curves for two represenlative devices, De-
vice | has a sprayed separator (approximately 10*
dots per square centimeter}. The separator of device
2 is nylon mesh (Leges, Extra Sheer). The ACS used
in device | was plated with gold on the contact side.
AU devices showed good mechanical durability and,
after an initial settling period, stable electrical char-
acteristics. (The first prototype. almost a year ald,
shows mo noticeable change in contact resistance.)
The highest-resolution device (1) was a 16-by-16
array, | cm in area. This is the sensor used with the
finger. Sample images of the top of a screw, an elec-

S
Rewtt

g
whe

tronic connector, a /4-in ring, and a cotter pin are
shown in Fig. 6.

Method of Use

The touch sensor was mounted on a tendon-

controlled finger that has approximately the same
shape, size, and range of motion as the human fore-
finger. Like the human finger, it has three joinis: a
pivet with two degrees of freedom at the base and
two hinge joints with one degree of freedom. These
joints are controlled by four pairs of tendons, which
are driven from four electric motors mounted behind

the base of the finger. Torque and position are mea-
sured only at the motors, sa that joint torques and
angles were computed as described below. The
finger and associated metors are mounted an a fixed
base, with a small platform, extending just below the
finger, on which objects may be placed for testing.

The tendons of the finger are arranged in opposing
pairs-—-one bends the joint, the other straightens it. :
A system of pulleys keeps the total length of each
pair constant. This allows both ends of a tendon pair
to be driven from a single motor. The lever arm of
the tendon pulling agains: the joint is kept constant
aver all angles by winding the tendon over a pulley
fixed to the joint. The tendons in the mechanical
finger are arranged to give independent control of
the torque and angle of each joint. The finger and its
control are described in mare detail elsewhere (Hills
1981).
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Fig. 3. Performance curves
offwo SEnSErs.
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The tendon finger and the touch sensor were used
together in the discrimination proxram. The pro-
gram used the finger to press and probe the object
placed in front of th. Bascd on how the object felt,
the program guessed the shape and orientation ofthe
object. The device was programmed to recognize
commonly used fastening devices such as nuts,
bolts, flat washers, lock washers, dowel pins, cotter
pins, and set screws. The program was written in
Lisp and ran on a specially augmented Lisp Machine
(Weinreb and Moon 1979}, with independent micro-
processors to control fow-level input/output func-
tions.

The program worked, as will be described, but it
never worked well. Its most impressive weakness
was that it would confidently identify any object
placed in front offt as one of the six test objects. It
is, however, a Starting point. Many of the techniques
used in the discrimination task should be applicable
in more sophisticated programs of the future.

Why Touch is Easier than Yisiou

in writing the discrimination program, we shame-
leasly retraced the steps of early researchers in ma-
chine vision. There is good reason to believe that
these simple techniques have a better chance of

38
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working in the tactile domain than they did in the
visual. For one thing, there are far fewer data to be
analyzed than in a visual image. This means that
even with a high-resolution tactile array, conmyplex
processing raay be performed in real time. Another
factor is that collection is more readily contralled.
Since placement and pressure of the fingertip are
controlled by the program, analyzing a tachle image
is ike analyzing a visual image with controlled back-
ground, ilhimination, and point of view.

There is also a third factor responsible for making
tactile recognition the easier task: the properties that
we actually measure are very close, in kind, to the
properties that we wish ic infer. In vision, it is oaly
possible to discover mechanical properties (shape,
orientation, absolute position) by deducing them
from optical properties (shading, projection, reflec-
tivity). In touch, we measure mechanical properties
directly,

Active Sensing

There are two possible approaches to any kind of
sensory recognition, The first is the analytic ap-
proach. In the analytic approach. we start with an
image of some sort, extract features of the image,
and then, from the features, abstract some kind of a
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model of what is shown in the image. The analytic
approach is bottom-up, or data-driven. The second
approach, the active approach, is top-down, or
knowledge-driven. When taking the active approach,
we begin with a lrypothesis of what is in the image.
Based on that hypothesis, we make measurements or
perform experiments to test the validity of the hy-
pothesis. The results of the theory are then analyzed
using the same techniques as the analytic approach,
and, based on the result of the analysis, the hy-
pothesis may be modified or confirmed. If R is modi-
fied, we try experiments to test the new hypothesis,
and so on, until we arrive at a conclusion that aprees
with the data. The two approaches are represented
schematically in Fig. 7.

We believe that the active approach is more
appropriate in the tactile domain. For one thing, the
formation in a single mage ts offen insufficient for
recognition of the object. Moving the finger to make
different measurements is the best way ofcollecting
enough data, and in arder to decide haw to move the
finger. the program must have some expectation of
what object it is feeling. The program should operate
at all times with a hypothesis of what it is feelmg. ft
recognizes the obiect by actively probing it with the
finger, raodifying Us internal ‘hallucination’ of the
object to conform with the measured reality.

The Domain: Nuts and Bolts

For the purpose of festing the senser, the finger, and
the recognition techniques, we chose arestricted
range of test objects that the program would be ex-
pected to recngnize. Specifically, we chase a set of
commonly used mechanical fastening devices that
are important for potential industrial applications of
robaties. Recognition of fasteners and determination
of their position and orientation when they are.
grasped by a manioulator is an important industrial
problem. It is also a problem that is unlikely to be
solved by machine vision because the hand obscures
the object and because forces cannot be seen. In this
domain, tactile and visual sensing would coraplement
each other well: vision for locating objects and mea-
suring their absolute pasition, touch for sensing focal
shape, orientation, and forces once they are grasped.
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Fig. 7. Twe approaches to
FECORNITION. ‘

Sense image Hypathesize

DebugAnalyze features
¥ Measure

Abstract model Analyze

'

Analytic approach Active approach

The particular objects, chosen because they have
simple shapes that are easy to represent and easy to
distinguish, were machine screws, set screws, flat
washers, lock washers, dowel pins, and cotter pins.
Restricting the range of possible objects to such a
small and easily distinguishable subset makes the
recognition task less difficult, but it alse introduces
the possiblity that the recognition methods used are
not really generally applicable. This may be the case
here. Recognizing a larger range of objects would
certainly require identifying a richer set of tacule
features.

The objects were all small (not more than /4 in. in
any dimension). In general, the smallest commonly
used size in a given category was used for testing.
For example, the machine screw was #0-80 by 36 in.
and the cotfer pin was 14 in, long by ‘/16 in. in diam-
eter, Using such small abjects allowed the entire
image to be read in one impression of the sensor.
This avoided the problem of coordinating multiple
sensor irapressions into a single tactile image.

Representation: Describing How Something
Feels

Based on features of the test object that make it
identifiable by human touch, a simple language was
developed for describing the object's tactile proper-
ties. Three categories of fealures, or parameters,
were chosen to represent the feel of an object.
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i. Shape. For the fastener micra-world there
are only two possible shapes: round and
long. The shape maytherefore be determined
direcily from the height /width ratio of the
image.

2. Bumps. The locations of local pressure
anomalies are expressed in object-relative
coordinates, far example, in coordinates rela-
tive to the major and minor axes of the
image. Bumps may be positive (convex) or
segative (concave). (In the implemented pro-
gram, only the sign and position of a bump
are considered significant for matching pur-
poses. There is no intensity information.)

3. Stability. This property indicates how easy it
is to roll the object in various directions. (in
the program, two Boolean values represent
the stability of an object. These mdicate
whether or not the object rolls freely along
each of the primary axes.)

These three parameters were sufficient for distin-
guishing among any of the objects in the test set.
Figure &§ shows which properties were exhibited by
each object.

Implementation

The control tasks are divided among a Lisp Machine
and five 4-80 microprocessors. Most of the cade is

written in Lisp and ran on the Lisp Machinc. Each
microprocessor is dedicated to a simple task with
real-time constraints. One scans the tactile image
array, while others take specifications for joint mo-
tions and execule them in real time. The memories

of the microprocessors are directly accessible by the
Lisp Machine. This shared memory provides a con-
venient interface between the iwo levels of pro-
cessing. The output of the tactile array, for example,
is available as a Lisp array object.

The top-level loop program is just a translation of
the active approach diagrammed in Fig. 7. The pro-
gram begins by assuming that the object is whatever
best matches the information that it has so far. This

is the “hypothesize’’ step. It then tests assumptions
that it has made about the object and, unjess they

Fig. 8. Table ofobjects.
+ =: bump; 0 = depression.

Shape Stability

 
 
  Machine screw|Long

Dowel pin | Long

 
 
 

Lack washer 

Flat washer

are all correct, repeats the process from the begin-
ning. Testing the assumption may involve moving
the finger to roll or probe the object, or may just in-
volve making a computation from already collected
data.

Flow of control in this process depends on what
information is needed. When a property queried is
not already known, it is computed or measured. In
the process of computing the value, the program
may make queries about properties that, in turn,
may need ta be computed. For example, if we ask
an object’s shape and it is not known, then if must
be computed fromthe abject’s dimensions along the
primacy axes, If these axes are not Known, they
must be computed from the image of the object. f
no image has been read in, the finger must be
pressed against the object, and so on. This is ‘‘call
by need" control flow. It prevents information from
being measured or computed unless it is actually
needed in the recognition process.

After an image is read in, it must be processed to
determine the object's location, the primary axes,
and the location of any bumps. The first step in pro-
cessing the tactile image is the elimination of un-
wanted detail. This is accomplished by averaging the
value of each pixel with those of its immediate
neighbors. The image is then contrasi-enhanced to
two bis per pixel by comparing it to fixed threshold
values. If the offset pressure has been chosen prop~
erly (see below) the four possible pressure values
correspond to background, depressions, primary fig-
ure, and bumps,

Next, the aspect ratio and major and minor axes
of object are determined. Computation of the aspect
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