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ABSTRACT 
In t h i s paper we p r o v i d e a b r i e f d i s c u s s i o n o f 

t he r e l a t i o n s h i p o f t a c t i l e sensa t i on t o o the r 
sensory m o d a l i t i e s c u r r e n t l y showing prominence i n 
i n d u s t r i a l r o b o t s . A t a c t i l e sensor i s p resented 
which p r o v i d e s a m a t r i x o f t he f o r c e s e x i s t i n g 
between i t and the o b j e c t w i t h which i t i s i n 
c o n t a c t . The p o s s i b l e uses o f t h i s i n f o r m a t i o n i n 
the c o n t r o l o f t he m a n i p u l a t i o n o f o b j e c t s by a 
r o b o t arm/hand system are c o n s i d e r e d . Examples o f 
the da ta r e t r i e v e d from the sensor are g i v e n and 
p o s s i b l e i n i t i a l p rocess ing s teps are d i s c u s s e d . 

A . I n t r o d u c t i o n 
To d a t e , t h e dominant area in r o b o t sens ing 

resea rch has been v i s i o n . Notab le e x c e p t i o n s 
i n c l u d e the f o r c e feedback o r a c t i v e accommodation 
work done in connec t i on w i t h t he t a s k o f peg 
i n s e r t i o n , e . g . [ 6 ] and [ 1 1 ] , and the use o f 
v i s i o n and f o r c e sens ing i n assembly [ 1 ] , [ 1 1 ] , 
[ 1 2 ] , [ 1 8 ] and [43 ( p a s s i v e accommodat ion) . Other 
areas o f sensor resea rch i n c l u d e range f i n d i n g 
t e c h n i q u e s , [ 1 4 ] [ 1 5 3 , p r o x i m i t y sens ing and some 
l i m i t e d i n v e s t i g a t i o n s i n t o the use o f t a c t i l e 
f o r c e sensor a r r a y s i n m a n i p u l a t i o n (see b e l o w ) . 
For a comprehensive rev iew o f the c u r r e n t s t a t e o f 
r o b o t sensor t echno logy t h e reader i s r e f e r r e d t o 
[ 1 3 3 . 

An area r e c e i v i n g l i m i t e d a t t e n t i o n in t he 
l i t e r a t u r e , bu t compr i s i ng an i m p o r t a n t area in and 
o f i t s e l f i s t h a t o f t he use o f t a c t i l e sensory 
da ta i n t he c o n t r o l o f r o b o t sys tems. Research i n 
t h i s area has been in p r o g r e s s , and f o r f u r t h e r 
d i s c u s s i o n s , t h e reader i s r e f e r r e d t o [17] and 
recen t work by Dixon [ 3 3 . Research in the use of 
t a c t i l e da ta by r o b o t m a n i p u l a t o r s has been 
g e n e r a l l y l i m i t e d t o g ross f o r c e sens ing i n the 
w r i s t , and in some cases the f i n g e r s , f o r two 
gene ra l r e a s o n s . F i r s t , u n t i l r e c e n t l y , t h e r e has 
been a l a c k o f h i g h r e s o l u t i o n sens ing a r r a y s which 
c o u l d be u t i l i z e d in t he end e f f e c t o r s o f a 
m a n i p u l a t o r . Second, and p robab ly more i m p o r t a n t , 
peop le a re f a r l e s s consc ious o f the r o l e t h a t the 
"sense o f t ouch ' ' p l ays i n everyday a c t i v i t y , a s 
compared t o v i s i o n . Whi le v i s i o n may c o n t i n u e t o 
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b e the p r ima ry sense u t i l i z e d i n r o b o t s , t a c t i l e 
sens ing f i l l s a n i m p o r t a n t r o l e , no t o n l y when 
v i s i o n i s i n a p p l i c a b l e due t o i n h e r e n t a m b i g u i t i e s , 
bu t i n t he ve r y f i n e c o n t r o l o f d e l i c a t e 
m a n i p u l a t i o n . 

T a c t i l e sensors can be d i v i d e d i n t o t h r e e 
genera l c a t e g o r i e s depending upon the type o f 
i n f o r m a t i o n they p r o v i d e . Contact sensors compose 
the f i r s t c l a s s and y i e l d i n f o r m a t i o n i n d i c a t i n g 
e i t h e r the presence o r absence o f p h y s i c a l s t i m u l i . 
A r o b o t hand w i t h c o n t a c t sens ing on s e v e r a l s i d e s 
was developed by Goto [7 3 to handle b l o c k s p laced 
on a t a b l e . In l a t t e r work , G a r r i s o n and Wang [ 5 ] 
c o n s t r u c t e d a hand c o n t a i n i n g an a r r a y o f c o n t a c t 
senso rs . Recent sensor a r r a y s have u t i l i z e d woven 
g r a p h i t e f i b e r s as the p h y s i c a l t r ansduce r [ 1 0 3 . 
The Labo ra to r y f o r Automat ion and Systems A n a l y s i s 
at CNRS in Tou louse , F rance , has deve loped an 
" a r t i f i c i a l s k i n " t a c t i l e sensor s u i t a b l e f o r g ross 
o b j e c t r e c o g n i t i o n [ 2 3 . A h i g h s p a t i a l r e s o l u t i o n 
c o n d u c t i v e rubber c o n t a c t sens ing a r r a y has been 
developed a t the A r t i f i c i a l I n t e l l i g e n c e L a b o r a t o r y 
at M . I . T . and has been s u c c e s s f u l l y used to 
i d e n t i f y a b o l t f rom i t s c o n t a c t p a t t e r n [ 9 3 . 

The second c a t e g o r y c o n t a i n s the sensors which 
p r o v i d e i n f o r m a t i o n r e g a r d i n g the magni tude o f t h e 
f o r c e at each sens ing p o i n t . A hand c o n s t r u c t e d by 
H i l l and Sword [83 employed analog f o r c e sens ing 
a r r a y s . Severa l o f the c o n t a c t sens ing a r r a y s 
ment ioned above can and are be ing extended to 
p r o v i d e ana log f o r c e images. Depending upon the 
compl iance o f t he m a t e r i a l s u p p o r t i n g such s e n s o r s , 
t he f o r c e i n f o r m a t i o n can be r e l a t e d to t h e amount 
o f d e f l e c t i o n o f the senso r , t h u s p r o v i d i n g 
i n f o r m a t i o n d e s c r i b i n g the t h r e e d imens iona l shape 
o f the o b j e c t be ing sensed. 

The f i n a l c l a s s o f t a c t i l e sensors p r o v i d e s 
t h i s i n f o r m a t i o n d i r e c t l y . Th i s g roup c o n s i s t s o f 
sensors which are des igned to t r ansduce t h e t h r e e 
d imens iona l shape of an o b j e c t . Page and Pugh [163 
presented a sensor which b u i l d s a con tou r map of 
the o b j e c t be ing sensed as t he sensor i s lowered 
onto the o b j e c t . Takeda c o n s t r u c t e d a hand w i t h 
a r r a y s o f f r e e f l o a t i n g need les as s e n s o r s . The 
need les would conform to the shape o f t he s u r f a c e 
be ing t o u c h e d , t h e r e b y p r o v i d i n g i d e n t i f i c a t i o n 
i n f o r m a t i o n [ 1 7 3 . 
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B. The Tac t i l e Sensor 
This section describes the physical and 

e l ec t r i ca l charac ter is t i cs of the conductive 
elastomeric t a c t i l e sensor cur rent ly being 
investigated by the authors in the D ig i t a l 
Corporate Research Group. The sensor is designed 
to provide an analog image of the forces produced 
when an object comes in contact with the sensor. 
The columns are arranged in a square matrix with 
the i r center to center spacing equal to .1 inches, 
providing a resolut ion of 100 detectors per square 
inch of sensor surface. Along the upper surface of 
the sensor, the force elements are connected by 
f ine wire in such a way as to form 10 rows. The 
sensor rests on a printed c i r c u i t board which 
provides connection in the orthogonal d i r e c t i o n . 
The matrix is scanned by an LSI-11/23 computer 
which co l l ec ts the data and provides some i n i t i a l 
preprocessing. 

As indicated by Larcombe [10] and H i l l i s [ 9 ] , 
sensing of a s ingle pressure point is possible in 
an array as j u s t described. However, complex force 
patterns are d i f f i c u l t to understand due to the 
e l ec t r i ca l interconnection of the ind iv idua l force 
detect ing elements. This problem is a l lev ia ted in 
the present design by the inser t ion of a diode in 
series with each of the elements. 

The scanning process produces a raster of force 
values that we c a l l a " force image". Of cource any 
sampling sequence is possible since the sensor is a 
random access device. The values returned are 
proport ional to the resistance across the force 
detector connected to the selected d i g i t a l l i n e . 
Since the resistance is proport ional to compression 
of the element, the value returned is an ind ica t ion 
of the force being experienced at that detector . 
The diodes el iminate interference due to a l ternate 
current paths in the network. 

The second funct ion of the computer is to 
provide some preprocessing of the raw sensor data. 
This includes the removal of the o f fse ts of the 
ind iv idua l detectors , scal ing of the data, and the 
removal of non l i nea r i t i e s . The change in 
resistance of the detectors versus the amount of 
force applied is nonl inear. The degree of 
non l inear i t y and the range over which the detector 
is appl icable is the subject of a series of ongoing 
t es t s . Experiments are also being performed to 
determine the e f fec ts of ambient temperature 
changes and d r i f t of the resistance during 
prolonged appl icat ion of fo rce. A l l of these 
charac ter is t i cs have yet to be understood but the 
i n i t i a l tes t resu l t s are qui te favorable. 

C. Sensor Data 
This section presents some of the force image 

data produced by the sensor. The sensor was 
mounted on a c i r c u i t board and placed on a t a b l e . 
A stimulus was applied to the sensor by pressing 
the object to be sensed down onto the sensory 
surface. The computer was programmed to 
cont inua l ly scan the sensor and store each image in 
a f i l e . The images were la te r transported to a VAX 
11/780*computer where they were displayed on a 
color graphics terminal ana a p l o t t e r . 

• LSI-11/23 and VAX are registered trademarks of 
the D ig i ta l Equipment Corporation 

The most common usage for such sensors is to 
record the s ta t i c image produced by an ob ject . 
Figures 1 through 4 contain grey scale 
representations of four s ta t i c force images 
produced by various s t i m u l i . Each grey scale 
d isplay Is composed of a square array of 100 
" f o r ce l s " ( force elements), one corresponding to 
each force detector in the sensor, where the 
brightness of the forcel is proport ional to the 
force at the corresponding element. Figure 1 is 
the image produced when a spherical object is 
pressed onto the sensor. Note that there are three 
bad force ls in the image: the element in the upper 
l e f t corner and the two near the center of the 
pattern of forces produced by the st imulus. Figure 
2 resulted when a long th in cyl inder was used as 
the st imulus. The force image of a plate with a 
hole through it appears in Figure 3 and Figure 14 
shows a "V" shaped object depressing the sensor. 

Figure 1 
Grey scale image of the forces 
sensed when the stimulus is a 
hemispherical ob jec t . 

Figure 2 
Grey scale Force Image of a th in 
cy l i nd r i ca l ob jec t . 
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F i g u r e 3 
Grey s c a l e Image produced by a 
r i g i d p l a t e w i t h a h o l e . 

F i g u r e 4 
Grey s c a l e Force Image produced 
by t h e jaws o f a p a i r o f p l i e r s . 

Another form o f da ta can be c o l l e c t e d w i t h t h i s 
sensor and computer sys tem. That i s , t h e sensor 
can be used to r eco rd the sequence of f o r c e images 
r e s u l t i n g when an o b j e c t moves across the sensory 
s u r f a c e . F i g u r e 5 c o n t a i n s fou r c o n s e c u t i v e f o r c e 
images c o l l e c t e d as a c y l i n d r i c a l o b j e c t r o l l e d 
across t he sensor from the upper l e f t c o r n e r . The 
mot ion o f t he o b j e c t i s c l e a r l y v i s i b l e and 
measureable r e l a t i v e t o the senso r . Thus, i f t he 
sensor had been mounted on a robo t g r i p p e r , t h e 
mot ion o f t he s t l m u l s would b e d i r e c t l y a v a i l a b l e 
t o the computer system c o n t r o l l i n g the r o b o t . 
N o t i c e aga in t h e bad f o r c e l s . 

The g rey s c a l e r e p r e s e n t a t i o n i s one p o s s i b l e 
form f o r the d i s p l a y o f such d a t a . Reca l l t h a t the 
f o r c e s produced are p r o p o r t i o n a l t o t he d e f l e c t i o n 
o f the senso r . I t i s then reasonab le t o p l o t t h e 
da ta as a s u r f a c e where t he h e i g h t o f t he p o i n t 
co r respond ing t o a n i n d i v i d u a l f o r c e d e t e c t o r i s 
p r o p o r t i o n a l t o the f o r c e a t t h a t l o c a t i o n . 
F i g u r e s 6 t h rough 9 cor respond to the g rey s c a l e 
r e p r e s e n t a t i o n s shown in F igu res 2 t h rough 4. 

D. Use of the Data 
The t a c t i l e sensor p r o v i d e s t he hos t computer 

w i t h an a r r a y o f numbers, o r a " f o r c e image " , 
r e p r e s e n t i n g t he magni tudes o f t h e f o r c e s be ing 
a p p l i e d ac ross t h e sensory s u r f a c e . The q u e s t i o n 
now becomes one of how t h e c o n t r o l s t r u c t u r e s of 
the r o b o t system are t o u t i l i z e t h i s i n f o r m a t i o n . 
One such use is to p r o v i d e accu ra te i n f o r m a t i o n 
r e g a r d i n g the i d e n t i t y , p o s i t i o n , and o r i e n t a t i o n 
o f t he o b j e c t be ing t ouched . 

I n p a r t i c u l a r , g i v e n the geomet r i c d e s c r i p t i o n 
o f t he s u r f a c e o f an o b j e c t , t h e exac t l o c a t i o n and 
o r i e n t a t i o n i n space o f the o b j e c t can be d e r i v e d 
from a r r a y s o f such l e n s o r s . The a r r a y o f f o r c e 
v a l u e s may be t hough t of as compr i s i ng a se t of 
c o n t r o l p o i n t s f o r a s u r f a c e pa tch [ 1 9 3 . Th i s 
pa tch can be compared w i t h t he r e p r e s e n t a t i o n o f 
the s u r f a c e o f t h e o b j e c t , t hus a l l o w i n g 
d e t e r m i n a t i o n o f the l o c a t i o n and o r i e n t a t i o n o f 
the co r respond ing patch on the o b j e c t . The 
accuracy i n t h i s case i s l i m i t e d b y t he p o s s i b l e 
p lacements o f t he s u r f a c e pa tch on t h e o b j e c t due 
to symmetry. When two or more f i n g e r s are 
u t i l i z e d , t h e f o r c e images r e p r e s e n t ve r y l o c a l i z e d 
v iews o f t h e comple te o b j e c t . Each v iew p r o v i d e s 
t h e o r i e n t a t i o n o f a subpatch on the o b j e c t . 
F u r t h e r I n f o r m a t i o n i s a v a i l a b l e from t h e known 
s p a t i a l r e l a t i o n s h i p s between the f o r c e sens ing 
a r r a y s a t t he ends o f t h e f i n g e r s . I n t h i s case 
t h e subpatches are c o n s t r a i n e d I n t h e i r r e l a t i v e 
l o c a t i o n s in space. One has ve r y l o c a l i z e d 
sampl ings o f t he s u r f a c e contour d e t a i l b y t h e 
f o r c e sens ing a r r a y s and g l o b a l sampl ing o f the 
con tour by knowing the r e l a t i o n s h i p s between the 
f i n g e r t i p s . T h i s i n f o r m a t i o n can be used to 
de te rm ine the p o s i t i o n o f t h e o b j e c t , c o n f i g u r a t i o n 
o f t he g r a s p , e t c . 

A l l o f t h e work c i t e d e a r l i e r and t h e approach 
o u t l i n e d in t h e d i s c u s s i o n above have one bas i c 
i dea i n common. That i s , t h e i n f o r m a t i o n sensed i s 
s t a t i c . The sensors a re employed to take a 
" s n a p s h o t " o f t h e env i ronment which i s then 
processed t o y i e l d the d e s i r e d i n f o r m a t i o n . The 
concept o f t ouch ex tends beyond t h i s t o i n c l u d e the 
sens ing and a n a l y z i n g of the dynamic 
c h a r a c t e r i s t i c s o f t he t a c t i l e i n f o r m a t i o n . 
Cons ide r , f o r example , t h e case when one reaches 
beh ind a c o f f e e cup and " f e e l s " f o r t he h a n d l e . In 
many cases p a r t i a l match ing in one sensory 
m o d a l i t y , e . g . v i s i o n , may e l i c i t a c t i o n s which 
focus sensors i n o t h e r m o d a l i t i e s i n the area 
c o n t a i n i n g the o b j e c t i n q u e s t i o n . B i o l o g i c a l 
ev idence o f t h i s comes w i t h bo th f o v e a t i o n ( i n 
v i s i o n ) , and e x p l o r a t i o n w i t h the g l a b r o u s s k i n i n 
h a p s i s . Th i s a l l o w s i n i t i a l hypotheses t o b e 
con f i rmed by o b t a i n i n g a d d i t i o n a l sensory 
i n f o r m a t i o n . 

Jus t as s t a t i c image p rocess ing t echn iques 
c o u l d be a p p l i e d to s t a t i c f o r c e images, moving 
image a n a l y s i s t echn iques cou ld be a p p l i e d to 
dynamic f o r c e images. Consider the i nc rease in 
r e s o l u t i o n o r r e d u c t i o n i n no ise t h a t can be 
o b t a i n e d by compar ison o f s e q u e n t i a l v i s u a l images. 
One would expect s i m i l a r improvements w i t h dynamic 
f o r c e sensed images. A l though no r e s u l t s are g i v e n 
f o r such p r o c e s s i n g , exper iments are underway to 
e v a l u a t e i t s a p p l i c a b i l i t y . 
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Figure 5 
A sequence of images produced by 
a c y l i n d r i c a l o b j e c t moving 
across the sensor represented as 
grey scale images. 

E. Conclusion 
We have b r i e f l y reviewed the pos i t ion of 

t a c t i l e sensory research for robots In l i g h t o f the 
other n o d a l i t i e s and have out l ined the research to 
date In t h i s a r e a . A t a c t i l e sensor was presented 
and examples of the data from the sensor were 
g i v e n . The work being conducted by the authors in 
t h i s area is Just beginning and an extensive 
program for the i n v e s t i g a t i o n of t a c t i l e sensation 
and i t s app l i ca t ions to i n d u s t r i a l robot ics Is 
planned. 
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