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(7) ABSTRACT

The invention relates to a tactile sensor capable of obtaining
information for a plurality of degrees of freedom at each
point on a surface by introducing multi-channel sensing that
uses color or optical spectrum to an optical tactile sensor. An
optical tactile sensor is provided with a tactile section and
imaging means, the tactile section comprising a transparent
elastic body and a plurality of groups of markers provided
inside the elastic body, each marker group being made up of
a number of colored markers, with markers making up
different marker groups having different colors for each
group, and behavior of the colored markers when an object
touches the elastic body being photographed by the imaging
means. Preferably, the marker groups have mutually differ-
ent spatial arrangements.
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OPTICAL TACTILE SENSOR

TECHNICAL FIELD

[0001] The present invention relates to an optical tactile
sensor, and preferably to a tactile sensor used for a robot
hand.

BACKGROUND ART

[0002] When considering understanding the contact state
of a contact surface using a tactile sensor, there are vectors
of three components representing size and direction of force
acting at each point of the contact surface. This is repre-
sented as f(x,y) in the coordinate system of FIG. 10.
However, f is a vector, and so actually has three components
X, y and z at each point. When explicitly expressing each
component, it is represented as f(x,y)=[fx(x,y), fy(x.y),
t2(x,y)]

[0003] Since force distribution has three components at
each contact point, in order to reconstitute force distribution
of a contact surface using a tactile sensor it is necessary to
acquire information for each contact point on the contact
surface with at least three degrees of freedom. However, a
lot of surface type tactile sensors that are presently being
used only acquire information for at best one degree of
freedom for each point of the contact surface, as in cases
where, for example, conductive rubber is used. Therefore,
even if it is possible to ascertain the condition of a force
generally acting and its distribution, it is difficult to deter-
mine whether this force is perpendicular to the surface, for
example, or acting horizontally. This is because only a third
of the information is obtained that would allow such deter-
mination to be made.

[0004] On the other hand, as specific sensing means,
optical type tactile sensors have recently been attracting
attention. With this method, differing from the conventional
method where mechanical elements (such as piezoelectric
elements) are used for direct measurement of stress, a sensor
body is implemented as a transparent elastic body and a
marker buried inside the transparent elastic body for causing
variation in optical behavior using any force. The condition
of the contact surface is then estimated by photographing
behavior of the marker using an imaging system such as a
CCD element. The advantage of this is that with the
advancement of imaging elements in recent years they have
become much cheaper than mechanical alternatives, and it is
possible to construct high density tactile sensors. With this
method, however, in a lot of instances this information has
upward or downward displacement or pressure and the
previously described problem where information is lacking
is not resolved. Even with a conventional optical tactile
sensor, derivation of only one type of information (one
dimensional information) is achieved. The present invention
has been conceived to resolve the drawbacks of conven-
tional tactile sensors, and has as an object to provide a tactile
sensor that can acquire information for a plurality of degrees
of freedom at each point on a surface by introducing
multi-channel sensing using color, that is, a light spectrum,
to an optical tactile sensor.

DISCLOSURE OF THE INVENTION

[0005] The present invention has been conceived to
resolve the problems mentioned, and provides an optical
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tactile sensor provided with a tactile section and imaging
means, the tactile section comprising a transparent elastic
body and a plurality of groups of markers provided inside
the elastic body, each marker group being made up of a
number of colored markers, with markers making up dif-
ferent marker groups having different colors for each group,
and behavior of the colored markers when an object touches
the elastic body being photographed by the imaging means.
At least one of displacement, strain and inclination of the
colored markers when the elastic body is touched by a body
is observed by photographing behavior of the colored mark-
ers. Strain information inside the transparent elastic body is
detected from information about the colored markers when
a contact object touches the sensor, and the shape of the
contact object calculated from strain information, and infor-
mation about force acting on a contact interface (including
both the elastic body surface and the contact object surface)
are also detected. According to the present invention, it is
possible to separately collect a plurality of types of infor-
mation with a simple method called “color coding”, and it is
possible to acquire a plurality of types of tactile information
at the same time with an optical system. According to the
present invention an unknown number or more of indepen-
dent observed values are collected using color coding, and
it is possible to estimate and reconstruct force vectors by
stably resolving a reverse problem.

[0006] The colored markers are photographed by imaging
means, in a preferred example, a CCD camera, and image
processing is carried out. For example, an image at the time
of body contact and an image of a previous condition (a
condition where external force is not acting on the trans-
parent elastic body) are compared, and an amount of move-
ment of the markers is detected. Alternatively, the markers
are buried in the transparent elastic body in such an arrange-
ment that they can not be recognized normally (in a state
where external force is not acting on the transparent elastic
body), and a configuration is such that markers are recog-
nized in response to displacement deformation and inclina-
tion of markers caused by strain in the vicinity of positions
where each of the markers exist when an object contacts the
transparent elastic body, and information is detected from
the appearance of the colored markers.

[0007] Inone preferred embodiment, the imaging means is
arranged at a position opposite to the side of the transparent
elastic body contacted by the object. Also, in the case where
there are a plurality of colored markers having different
colors from each other, it is desirable to carry out convenient
processing after imaging by selecting only markers of a
particular color and looking at them separately. Selection of
a particular color marker is carried out by, for example,
using a color filter.

[0008] In one preferred embodiment, a plurality of groups
of markers are embedded in the transparent elastic body,
each group of markers being made up of a lot of markers,
markers constituting different marker groups having differ-
ent colors for each group, and the marker groups having a
different spatial arrangement. As an example of this differing
spatial arrangement, there are a plurality of marker groups
arranged in a laminated manner inside the elastic body, or a
plurality of marker groups arranged so as to intersect each
other. In doing this, an acquired image is put in a state where
particular information processing (for example, provision of
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a particular type of two dimensional information) has
already been performed. These preferred embodiments will
be described in detail later.

[0009] The shape of the colored markers is not particularly
limited, and in an applied example can be spherical, cylin-
drical, columnar, strip shaped or flat, and the advantages of
these shapes will be described in detail later.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] FIG. 1 is a drawing of the principle of a sensor of
the present invention;

[0011] FIG. 2 is a drawing of the principle of a sensor of
a first embodiment;

[0012] FIG. 3 is a drawing showing a manufacturing
process for a sensor of the first embodiment;

[0013] FIG. 4 is a drawing of the principle of a sensor of
a second embodiment;

[0014] FIG. 5 is a drawing showing an example of an
image acquired at the time of contact in the sensor of the
second embodiment;

[0015] FIG. 6 is a drawing showing a manufacturing
process for a sensor of the second embodiment;

[0016] FIG. 7 is a drawing of the principle of a sensor of
a third embodiment;

[0017] FIG. 8 is a drawing showing a manufacturing
process for a sensor of the third embodiment;

[0018] FIG. 9 is a drawing of the principle of a sensor of
a fifth embodiment;

[0019] FIG. 10 is a drawing showing force vector distri-
bution arising between a tactile sensor and a contact object;

[0020] FIG. 11 is a drawing showing an optical tactile
sensor using movement measurement of markers;

[0021] FIG. 12 is a drawing showing reconstructed force
vector distribution for the case where a single point has been
pressed vertically;

[0022] FIG. 13 is a drawing showing reconstructed force
vector distribution for the case where a single point has been
pressed horizontally;

[0023] FIG. 14 is a drawing showing reconstructed force
vector distribution for the case where two points have been
pressed;

[0024] FIG. 15 is a drawing of a stepping method of a
fourth embodiment, looking from the side;

[0025] FIG. 16 shows images acquired by observation
from an upper surface of the elastic body shown in FIG. 15,
with FIG. 16(a) showing normal conditions, FIG. 16(b)
showing the case where horizontal force has been applied to
a contact surface, and FIG. 16(c) showing the case where
vertical force has been applied to the contact surface;

[0026] FIG. 17 shows a pyramid shaped bottom surface,
with three groups of surface facing in the same direction
colored red, green and blue, respectively, each color being
combined, when observed from above, to give white;

[0027] FIG. 18 is a drawing showing coloring of each
separately inclined surface;
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[0028] FIG. 19 is a drawing showing the case where light
scattered from a white surface is observed using a direc-
tional light source;

[0029] FIG. 20 is a drawing showing a sensor having a
combination of stepped type optical tactile sensors and light
guide films; and

[0030] FIG. 21 is a drawing showing change in contact
between a stepped surface and the waveguide as a result of
force exerted on the waveguide as changes in the observed
image.

PREFERRED MODE OF EMBODYING THE
INVENTION

[0031] The basic structure of the present invention will
now be described. FIG. 1 is a drawing of the principle of an
optical tactile sensor of the present invention, the sensor
comprising a transparent elastic body 1 formed of a trans-
parent elastic material, with colored markers 2 embedded in
the transparent elastic body 1 and a tactile section being
constituted by the transparent elastic body 1 and the colored
markers 2. The structure is such that if an object 3 comes
into contact with the transparent elastic body 1, the colored
markers 2 provided inside the transparent elastic body 1 are
displaced or distorted. The sensor is also provided with a
camera 4 as imaging means and a light source 5. The optical
camera 4 is arranged at a position on an opposite side to
where an object 3 touches so that the transparent elastic body
1 is interposed between the optical camera 4 and the object
3, and displacement or distortion of the markers 2 is pho-
tographed by the camera 4. The light source § may be guided
using a waveguide (optical fiber).

[0032] The transparent elastic body 1 is preferably made
of silicone rubber, but it can also be made from another
elastic material such as another type of rubber or elastomer.
The markers are preferably made from an elastic material,
and more preferably made from the same material as the
transparent elastic body 1, and in one preferred embodiment
are formed by adding pigment to silicone rubber. Since
deformation of the elastic body should not be inhibited by
the markers, the markers are also preferably made from an
elastic material (preferably having the same elastic constant
as the elastic body). The material of the markers is not
particularly limited as long as the extent to which deforma-
tion of the elastic body is inhibited is sufficiently small. It is
also possible for a part of the elastic body to constitute the
markers.

[0033] With the present invention, a plurality of optical
markers are distributed within the transparent elastic body 1,
and information about a contacting object and information
about displacement and deformation within the elastic body
produced by contact are detected by photographing situa-
tions where displacement, deformation and inclination arise
in the markers due to deformation of the elastic body 1 as a
result of the object coming into contact with the elastic body
1 using a camera.

[0034] A camera, as imaging means, is a digital camera,
namely a camera for outputting image data as electrical
signals, and in one preferred example is a CCD camera. It
goes without saying that the imaging means of the present
invention is not limited to a CCD camera, and it is also
possible to use, for example, a digital camera using a
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C-MOS type image sensor. The fact that the colored markers
are identified according to their color is one of the most
important factors in increasing the intelligence of the sensor
of the present invention, and it is desirable to mount color
filters on the imaging elements. Even in the case where there
are no color filters on the imaging elements (in this case,
strength of light, specifically, only black and white images
are taken), if only light sources of colors having a spectrum
that is within the color spectrum reflected by the markers are
prepared as light sources inside the sensor, since an image
taken when each light source is shone contains only light
radiated from the corresponding markers, it will function in
the same way as color filters on the imaging elements. In the
situations specifically described above, if three types of
markers are prepared in red, green and blue, there are two
methods of perceiving these three colors individually. (1) A
method of separating using color filters (looking at RGB
output from the camera in this case, each marker is indi-
vidually photographed directly). (2) A method where imag-
ing elements perceive only light intensity and light sources
of red green and blue are prepared (When red is shone, light
is only reflected from the red markers while the red light is
absorbed by the markers of the other two colors, and so the
camera effectively only perceives the red markers. If this is
also carried out at separate times for green and blue,
information equivalent to that using method (1) can be
acquired.). The three colors red, blue and green mentioned
here are only a example, and in actual fact the color
spectrum is not limited and theoretically the colors of the
markers (more precisely the spectrum of reflected light) can
be selected from an infinite number of colors as long as they
are independent from each other.

[0035] In a typical embodiment of the present invention,
giving markers a plurality of different colors allows the
photographed image to have information for a plurality of
degrees of freedom. The examples described in the follow-
ing convert displacement and shear strain in the vicinity of
position where the markers exist to image information.

[0036] The present invention is characterized by the fact
that colored markers are used, but the present invention can
be broadly divided into two features. Firstly, the design of
the markers themselves is not particularly inventive, but
strain information is acquired for the elastic body by pro-
cessing an acquired image on a PC, which is referred as
image processing, and this is equivalent to the first embodi-
ment described later. Secondly, the markers themselves are
endowed with intelligence and an acquired image already
constitutes elastic body information, which is referred as an
intelligent material method, and this is equivalent to the
second, third, fourth and fifth embodiments described later.

[0037] First Embodiment

[0038] The first embodiment has spherical markers
arranged in a depth direction. As shown in FIG. 2, micro-
scopic colored spherical particles are used as the markers,
and these are distributed separately in a plurality of layers
according to color. For example, if they are divided into
RGB (red, green and blue), these are simple to perceive by
separating for each layer using color filters of a camera. With
the arrangement shown in the drawing, a marker group 2A
made up of red microscopic spherical markers is embedded
in the shallowest section (the side distance from the camera)
from a surface of the transparent elastic body 1 that an object
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3 comes into contact with, a marker group 2B made up of
green microscopic spherical markers is embedded in a
section that is deeper than the layer marker group 2A is
embedded in, and a marker group 2C made up of blue
microscopic spherical markers is embedded in a section that
is deeper than the layer marker group 2B is embedded in (the
side close to the camera). In FIG. 2, although not shown in
the drawing, the camera is arranged so as to face towards a
surface opposite a surface touched by the object 3.

[0039] The spherical markers forming each layer are pref-
erably not overlapped with each other in the layer direction
(in the drawings, a direction from top to bottom), and in this
embodiment for example spherical markers making up each
layer are randomly distributed at a certain density. Since
there are images with extremely small spatial autocorrela-
tion if the markers are positioned in a disordered manner
(binarized so-called white noise images), for respective
images it is possible to compare images when an object
touches and images before the object touches to obtain
amount of pixel movement for each point. Specifically,
correlation computation is performed for images taken in
advance and images taken after contact, and movement
vectors for each point are detected. In order to do this, the
markers are preferably of such a size that they can be
arranged from 1x1 to not greater than 10x10 camera pixels.

[0040] By providing colored markers of different color at
differing depths of the elastic body, it is made possible to
measure amount of horizontal movement at separate depths.
Also, the density at which markers exist in each layer is
preferably made smaller approaching the upper layer (a side
furthest from a surface touched by an object), that is,
approaching the camera. The reason for this is that firstly
markers in the upper layer tend to hide markers of the lower
layers, which is not preferred from an image processing
viewpoint, and secondly, as there is greater separation from
the contact surface moving towards the upper layers, spatial
frequency of displacement is lowered, and in order to
calculate this a high density of markers is not required.

[0041] Tt is preferable to use a camera ranging from a pin
hole camera handling focal points at all depths to a deep
focal point depth camera, but in the case of using a camera
with a lens of shallow focal point depth, it is better to focus
on the lowest layer. The reason for this is that as described
previously displacement of the upper layer has low spatial
frequency and in order to perceive this displacement, high
resolution is not required, and even if there is focus at the
lowest layer, fuzziness at layers above does not have any
effect on the image processing.

[0042] Reconstruction of force vectors by movement of
markers and the effects of this in a sensor provided with the
two layer marker group shown in FIG. 11 will now be
described. A plurality of small colored spheres (markers) are
embedded inside an elastic body, a movement at each point
is measured by photographing with a CCD camera. Move-
ment measured at this time is horizontal movement, and
therefore has two components, namely x and y. Accordingly,
information for two degrees of freedom are obtained from
each marker. It is possible to ultimately obtain surface
distribution of the movement vectors. As described previ-
ously, since the force vectors have three components at each
point, it is insufficient to reconstruct the force vectors with
a sensor for only two components for each point on the
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surface, as described above. However, if the markers are
prepared for one more layer as shown in FIG. 11, it is
possible to acquire distribution for another group of move-
ment vectors. Since it is ultimately possible to independently
detect four movement components for each point, it is
possible to reconstruct ternary surface force vector distribu-
tion. By making the marker groups embedded in separate
layers respectively different colors (here they are red and
blue), each marker group is separated from a taken image
and it is possible to separately calculate respective move-
ment vectors. The markers can be microscopic white noise
or spheres with a diameter of a few millimeters. In a current
prototype, the markers used have a diameter of about 1 mm,
and for this reason there was a problem that markers of the
lower layer were shielded by markers of the upper layer. In
order to avoid this, the markers of each layer were arranged
at positions that do not overlap each other.

[0043] FIG. 12 to FIG. 14 are force vectors reconstructed
as the results of an experiment. FIG. 12 is for the case of
pressing vertically at one point in the center of a contact
surface, and FIG. 13 is for the case of pressing horizontally
at the same point. From these two results, it is understood
that reconstruction is possible for at least force vectors
acting at one point. FIG. 14 is for a case where two points
of the contact surface are pressed, and it will be understood
from these results that distribution of forces contacting the
surface are being reconstructed. This system has a simple
theory and can be manufactured easily, but because the
images as they are do not constitute tactile information, it is
necessary to obtain horizontal movement vectors from the
images by calculation. However, with the advance in com-
puters in recent years the problem of computing load has
been substantially resolved, and in the example actually
described the time taken to obtain force vector distribution
from taking the image was less than 100 ms (using a
Pentium III® 800 MHz PC), and this time is substantially
proportional to the area of the contact surface in question.

[0044] One preferred manufacturing process for the sensor
of the first embodiment will now be described.

[0045] (1) First of all, each of the layers mixed with
colored microscopic spheres is made. In this case, in order
to prevent the markers having any effect on deformation of
the sensor body, they are preferably made by adding pigment
to an elastic body that is the same as the main body, but it
is also possible to make the markers from a different material
having the same elastic properties. Also, any material can be
used as long as the size of the markers is sufficiently small
for it to be determined that it is possible to disregard any
effects on deformation of a sensor body. The shape of the
markers is spherical, and the thickness of the layers made at
this time is preferably substantially the same as the diameter
of the markers. In this way, it is ensured that the same color
markers exist at the same depth. (2) Next, each marker layer
10A (single elastic body having markers distributed) and a
transparent layer 10B (single elastic body with no markers)
are laminated. In the event that the elastic body itself is
self-adhesive, it is possible to use the transparent layer as an
adhesive material, but it is also possible to carry out lami-
nation using a transparent adhesive that has little effect on
separate elastic bodies. In the drawings, three marker layers
10A are shown, but as described above, the density of
marker distribution becomes higher going from the upper
layer to the lower layer (that is, going from a side that is
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close to the camera to a side that is far away from the
camera). The size of markers described from now on will be
governed by the required resolution for all applications. As
an example of applications, it is possible to consider a case
of using as a tactile sensor for a robotic hand, and the
diameter of spherical markers in one such example is from
0.1 mm to 0.2 mm.

[0046] Second Embodiment

[0047] A second embodiment of the present invention will
now be described based on FIG. 4 and FIG. 5. With the
second embodiment, markers are extremely thin cylinders or
columns having microscopic cross sections and in the draw-
ings the markers are embedded vertically inside a transpar-
ent elastic body. The markers extend along imaginary lines
connecting an object coming into contact with the elastic
body and a camera. A marker group is formed in an elastic
body 2 by providing a large number of markers in rows at
a specified depth, with markers being provided in three
stages at differing depths. In the drawings, a marker group
20A made up of extremely thin red cylindrical markers is
embedded in the shallowest section from a surface of the
elastic body 1 that an object 3 comes into contact with, a
marker group 20B made up of extremely thin green cylin-
drical markers is embedded in a section that is deeper than
the layer marker group 20A is embedded in, and a marker
group 20C made up of extremely thin blue cylindrical
markers is embedded in a section that is deeper than the
section the layer marker group 20B is embedded in.

[0048] 1In FIG. 4, the camera is not shown, but the camera
is arranged so as to face towards a surface opposite to the
surface touched by an object 3. In this way, the three stage
marker groups are color-coded into respectively different
colors, and in the drawing they are color-coded blue green
and red, but the marker colors are not limited to this and as
long as they can be identified by the camera the markers can
be any color. Each of the markers constituting the marker
groups 20A, 20B and 20C embedded in each layer prefer-
ably do not overlap each other in between each layer (in the
up down direction).

[0049] Each marker constituting the marker groups has a
microscopic cross section, which means that usually it is not
possible to see anything when looking from the camera
arranged at the upper side in the drawing. If shear strain is
caused at the marker position due to contact with an object,
the markers will be at an inclination proportional to the shear
strain and it will suddenly be possible to see color in the
transparent elastic body when viewed from above.

[0050] With this embodiment, because the marker groups
are aligned in a color-coded manner in the depth direction,
the colors observed correspond to the shear strain at that
depth. Ideally, for example, in the case where an object is
simply pressed against the elastic body, a rainbow pattern
(FIG. 5) is observed with the contact point as the center.
This represents only shear strain variation corresponding to
depth, and it is possible, for example, as will be described in
the following, to separate vertical direction components and
horizontal direction components of stress acting on the
contact surface and respectively measure them. With a
conventional tactile sensor, stress at the contact surface is
only calculated on the assumption that it only acts in the
vertical direction, but with this sensor since attenuation of
shear strain conveyed in the depth direction of the elastic
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body differs for vertical stress and horizontal stress it is
possible to separate and detect the two types of stress by
looking at variation of shear strain in the depth direction.

[0051] Also, in the case where the contact surface is
vibrating, nodes and antinodes of vibration arise inside the
elastic body depending on the mode of the vibration (such as
building vibration). At this time, markers at the node sec-
tions are subjected to the maximum shear strain and so there
is large inclination. Accordingly, by looking at an image it
becomes possible to detect the vibration mode of the inside
of the elastic body and also the frequency of the vibration.

[0052] A manufacturing process for the sensor of the
second embodiment will now be described. FIG. 6 is one
example of a manufacturing process for the sensor. First of
all, a stock solution of colored markers is put into a container
having a lot microscopic holes at the bottom, and high aspect
ratio cylinders are formed by extruding before the solution
sets. The cross-sectional diameter of the extremely fine
markers is 0.1 mm 0.5 mm in one example, and the length
is from about 10 times to 100 times the diameter, in one
example. This is placed in a transparent elastic body stock
solution before setting. These process can be integrated and
the colored markers extruded into the transparent elastic
body stock solution. Also, after the solution has set, it is
sliced to an appropriate thickness. This is done for each
differently colored marker and a sensor is formed by lami-
nating into a multilayer structure.

[0053] Third Embodiment

[0054] A third embodiment of the present invention will
now be described based on FIG. 7. Extremely thin strips are
used as the markers (for example, about 0.001 mm), and a
large number of strips are aligned in parallel to constitute a
marker group. Also, other color codes marker groups are
aligned at a different angle to the first marker group. In the
drawing, as one preferred aspect, two marker groups 200A
(marker group comprising a plurality of thin red strips
arranged in a row) and 200B (marker group comprising a
plurality of thin blue strips arranged in a row) are aligned so
that respective markers are orthogonal to each other, but the
spatial arrangement relationship between the plurality of
marker groups is not limited. It is also possible for the two
sides of the strips constituting the marker to have different
colors.

[0055] The strip shaped markers are embedded inside a
rectangular parallelepiped shaped transparent elastic body 1
having a specified thickness. The strip shaped markers
extend perpendicular to a surface of the elastic body 1
touched by an object and a camera is arranged so as to face
towards a surface that is opposite the surface touched by the
object 3. Because the strip markers are extremely thin, it is
not normally possible to see anything when looking from
above (from the camera). If shear strain arises at marker
positions due to contact with an object, the markers are
inclined to an extent proportional to the strain and it sud-
denly becomes possible to see the colors in the transparent
elastic body, similarly to the first embodiment.

[0056] Also, since the markers are aligned in different
directions in a color-coded manner, a color that appears
already contains strain direction component information.
For example, with the example in the drawing when there is
warping in the x direction red appears, and section where
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warping occurs at 90 degree to that appear as blue. At a
number of places it is possible to see intermediate colors that
are a mixture of the colors used, and if R and B of the camera
RGB output are seen this directly constitutes X and Y
components of shear strain. In a holding task (carrying a
held object without dropping it) which is an essential basic
operation for a robot hand, it is possible to estimate frictional
force being produced on a contact surface by seeing what
direction shear strain is acting in, making it possible to
anticipate application in that direction.

[0057] Tt is also possible to consider observation not from
directly overhead but from a slightly inclined position. In
this case, colors will be observed from the beginning
because the colored layers are inclined. A zero point (state
where colored layers are vertical and there is no color) is
avoided by an offset that is provided by the inclination.
Specifically, since only the one side of the colored layers is
observed, it is not necessary to have different colors on the
front and rear sides. The structure shown in FIG. 7 can also
be laminated to form a sensor.

[0058] FIG. 8 is one example of a method of manufac-
turing the sensor of the third embodiment. (1) A transparent
elastic body and a colored elastic body are laminated. At the
prototype stage, respective thicknesses were 1 mm for the
transparent elastic body and 0.01 mm for the colored layers,
but in order to apply the sensor to a robotic hand or the like
preferred thicknesses are 0.1 mm for the transparent elastic
body and 0.001 mm for the colored layers. (2). The lami-
nated body obtained in (1) is cut up in the direction perpen-
dicular to the laminated direction. The cutting thickness is
preferably the same as the thickness of the transparent
elastic body described previously. (3) Each cut strip is
bonded by interposing an elastic body between them that is
a different color from the colored elastic body of (1). Since
silicone rubber has self adhesion, if this is used the bonding
step is simple, but it is also possible to use a special adhesive
layer. (4) The laminated body from (3) is cut off along a
surface orthogonal to the two orthogonal layers (two elastic
bodies having different colors mentioned above). The cut off
thickness depends on the use or the hardness of the elastic
body, but if the distance between the laminated colored
layers is taken as 1, the cutting thickness can be considered
to be from 1-20. In the previous manufacturing step (4), it is
also possible to cut off at an angle, as shown in (4'). In this
case, when being used as shown in FIG. 7, if observation is
carried out from directly overhead it is possible to observe
color because from the start colored layers are already
inclined. That is, an offset is set in order to avoid a zero point
(a state where the colored layers are vertical and there is no
color at all) and it is therefore not necessary to provide
separate colors on the two sides of the colored layers.

[0059] Fourth Embodiment

[0060] The fourth embodiment is an improvement to the
third embodiment. The biggest problem when the strips are
aligned is that that manufacturing step is difficult. A method
of simplifying the manufacture while maintaining the same
sensor capability is the so-called step method, as described
in the following. As shown in FIG. 15, a step-shaped
interface is prepared (parts of the elastic body constitute the
markers). Because of the stepped shape, the interface can be
divided into two surface groups, all surfaces in a group
having the same direction. The surfaces in each group are
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made the same color (here they are red and blue). In doing
this, an image taken from above becomes as shown in FIG.
16. If the width of each strip is sufficiently thinner than one
pixel on an imaging element the colors of two strips are
mixed together and observed as an image of a single color.
If the sensor body is touched, the respective inclination of
the strips varies, but this is observed as a variation in color.
In the case where horizontal force is applied to the contact
surface (FIG. 16(b)), each strip is subjected to rotational
movement at respective locations, and as a result, on an
image taken from above, one of the surface groups is seen
to be compressed while the other surface group is seen to be
expanded. Specifically, it is observed as a variation of the
ratio of the two colors. Also, if a vertical force is applied to
the contact surface (FIG. 16(¢)), the inclination of the strips
is similarly altered, but there is no variation in the ratio of
the two colors but a variation in the brightness of the image.
Specifically, since the “difference” and “sum” of brightness
for each color being observed (red and blue) varies due to
force components in the horizontal direction and the vertical
direction, it is possible to acquire observation values con-
taining vertical and horizontal components of force vectors
at a particular point as information by observation of bright-
ness of the two colors at that point. By sensing the obser-
vation values, it is possible to reconstruct surface distribu-
tion of force vectors. This system can be said to be the same
as the previously described strip type sensor in that surface
inclination plays a fundamental role, but it has the advantage
from a manufacturing viewpoint that compared to the strips,
the step-shaped surfaces can be made in a single process by
filling silicone undiluted into a die. Also, in order to simplify
the description, a method using two colors has been
described, but as shown in FIG. 17, using so called pyramid
manufacturing where microscopic cubes are gathered at a
bottom surface, if three groups of surfaces facing in the same
direction are respectively made the same color (for example,
red, green and blue), then similarly to the previous discus-
sion it is possible to respectively obtain two degrees of
freedom for force acting in a horizontal direction on a
contact surface as brightness ratios for three colors, and
force acting in a vertical direction using a total brightness of
the three colors.

[0061] A marker coloring method and use of light sources
will now be described. In coloring each surface group
having different inclination as shown in FIG. 15 and FIG.
17, it is possible to spray paint from a direction perpendicu-
lar to each surface, as shown in FIG. 18. However, as each
surface becomes smaller and smaller, coloring using this
method is particularly difficult as the size of the particles
contained in the paint approaches the size of the surfaces.
Two methods can be considered to overcome this difficulty.
First of all, photosensitive material that takes on color due
to light is coated on the stepped surface, and a surface is
selectively exposed at that inclination using horizontal light
from a direction vertical to each surface. This method is
already being used in microfabrication on silicon wafers. An
other simpler method involves forming each surface as a
totally white scattering surface, irradiating each color of
light to be used as a sensor from directions perpendicular to
each surface, and observing dispersed reflected light (FIG.
19). Using this method, since it is possible from the start to
color the silicone undiluted white when forming the stepped
surfaces, the manufacturing process is made extremely
simple, crosstalk between each color channel is reduced by
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adjusting a light amount of each light source during use as
a sensor, and higher precision sensing is achieved.

[0062] The essence of the stepped method is that rotational
movement of each point of the stepped section corresponds
to a difference in brightness of each color, while compres-
sion in the vertical direction corresponds to average incli-
nation of each surface, namely to a sum of the brightness of
each color, but there is a problem that sensitivity for upward
and downward compression is low compared to that for
rotational movement. However, it is possible to improve
sensitivity to upward and downward displacement with the
following few modifications.

[0063] In FIG. 20, a light guide is a film made from the
same material as the sensor body or somewhat hard trans-
parent elastic body, and has a thickness of 0.5 mm-1 mm.
White light from a white light source is led to this light
guide, light floods in to the inside of the light guide due to
the principle of total reflectance exactly the same as an
optical fiber, and it is possible to create a state where no light
leaks out. At this time, in each stepped surface of the stepped
type transparent elastic body described above, a transparent
elastic member making up a color filter that only allows red
and blue to pass is arranged on the light guide with a stepped
surface downwards. This color filter can be formed using the
same process as for the colored surface described previously.
This sensor system comes into contact with an object
through the light guide. When there is no contact, there is
also no contact between the light guide and the stepped
surface, and the camera image remains dark. However, if
contact between the light guide and the vertex of the stepped
surface starts because of contact with a contact object, white
light filled inside the light guide passes through the color
filter of the stepped surface and is imaged as colored light.

[0064] FIG. 21 shows this state. Depending on the direc-
tion of force vector distribution acting on the light guide
surface, the contact state between the stepped surface and
the light guide varies. In the case of vertically acting force
(right side of FIG. 21), since the vertex of the step is
deformed with left right symmetry, an image is obtained
with red and blue mixed to the same extent. The brightness
of the image at this time represents vertical resistance. Also,
in the case of force acting close to the horizontal, the step is
deformed sideways, and asymmetry arises in the contact
between the light guide and each surface of the stepped
surfaces. This asymmetry, namely a ratio of red to blue,
indicates force in the horizontal direction.

[0065] The fact that a difference and sum of brightness for
each color channel are sensing objects is the same as
described previously, but compared to the previously
described case, in this case there are two advantages as
described in the following. First, sensitivity to force acting
in the vertical direction is improved significantly. Second,
compared to the previously described sensor, where an
image is obtained that has a certain brightness from an initial
non-contact state, meaning that the dynamic range as a
sensor up until saturation of the camera elements (ratio of
the maximum signal to a minimum signal that can be
processed by the device) is narrow, which is linked to
degradation in precision of a tactile sensor, since the sensor
of this embodiment normally has a dark image in an initial
state when there is no contact, there is the advantage that the
dynamic range of the CCD camera pixels themselves can be
sufficiently exploited.
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[0066] Fifth Embodiment

[0067] A fourth embodiment will now be described. With
this embodiment, stereoscopic markers are not formed, and
instead markers are printed on the surface of the transparent
elastic body, and these are accurately overlapped and
bonded. In FIG. 9, two overlapping stages are shown, but
the number of stages is not limited to two stages and any
number of stages is possible.

[0068] The sensor is formed by laminating unitary elastic
bodies 10 having a rectangular parallelepiped shape and a
specified thickness. With the sensor shown in the drawing,
an object is contacted from below and photographed from
above by a camera, and the object contacts a lower surface
of the lower layer unitary elastic body 10. A plurality of
completely round planar markers 200 are provided on the
upper surface of the lower layer unitary elastic body. With
the sensor shown in the drawing, the circular markers 200
are divided into three from the center of the circle to separate
them into three fan-shaped sections 200A, 200B and 200C,
and each section is coated with a different color, in this
embodiment red, green and blue. The shape of the markers
is not limited to being round, and the number of colors
coated on is not limited to three, and two colors or four or
more colors are also possible. The diameter of the planar
markers is 1 mm-2 mm in one example.

[0069] Black concealment markers 6 having the same size
and the same shape as the circular markers 20 are provided
on the upper surface of the upper layer unitary elastic body
10, and when looking from the camera (from above) the
concealment markers 6 completely overlap the circular
markers 20 and the upper and lower single elastic bodies 10
are then laminated and bonded.

[0070] Usually, the lower layer colored markers 20 are
shielded by the upper layer concealment markers 6 and can
not be seen, but if when shear strain arises, the positions of
the concealment markers 6 and the colored markers 20
become offset, giving color. With the sensor in the drawing,
the markers are coated with three colors RGB, and it is
possible to ascertain the strain direction from the color
produced.

INDUSTRIAL APPLICABILITY

[0071] The present invention can be widely applied to
tactile sensors, and as an applied example can be used in a
tactile sensor for a robot hand.

1. An optical tactile sensor having a tactile portion and
imaging means, said tactile portion comprising a transparent
elastic body and a plurality of marker groups provided in
said body, each marker group being comprised of a number
of colored markers, with markers constituting different
marker groups having different colors for each group, and
behavior of colored markers being photographed by said
imaging means when said elastic body is contacted by an
object.

2. The sensor of claim 1, wherein said behavior of the
markers comprises at least one of displacement, strain and
inclination of the markers.

3. The sensor of claim 1 or 2, wherein said marker groups
have different spatial arrangements from each other.

4. The sensor of claim 3, wherein said marker groups are
laminated in the elastic body.
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5. The sensor of claim 3, wherein said marker groups
intersect each other in the elastic body.

6. The sensor of claim 4, wherein the markers constituting
the marker groups are microscopic spherical particles and
the spherical markers constituting the marker group for each
layer have different colors from each other.

7. The sensor of claim 6, wherein said imaging means is
arranged at a position opposite to a surface touched by the
object, the layers are laminated away from said surface in
said transparent elastic body, and the distribution density of
markers for each marker group is made smaller away from
the surface.

8. The sensor of claim 4, wherein the markers constituting
the marker groups are extremely thin cylindrical or colum-
nar bodies having microscopic cross sections, a number of
markers are aligned in parallel to form each marker group,
and the extremely thin markers constituting the marker
group for each layer have different colors from each other.

9. The sensor of claim &8, wherein said extremely thin
markers extend along an observation direction.

10. The sensor of claim 7, wherein the markers consti-
tuting the marker groups are thin strips, a number of strip
markers are aligned in parallel to form each marker group,
and the strip markers constituting each marker group have
different colors from each other.

11. The sensor of claim 10, wherein said marker groups
are two marker groups embedded in the elastic body.

12. The sensor of claim 11, wherein the strip markers for
each marker group perpendicularly intersect each other.

13. The sensor of any one of claims 10 to 12, wherein side
portions of the strip markers extend along an observation
direction.

14. The sensor of claim 13, wherein the side portions of
the strip markers have different colors for each side.

15. The sensor of any one of claims 10 to 12, wherein the
side portions of the strip markers are inclined to an obser-
vation direction.

16. The sensor of claim 3, wherein the tactile portion
comprises a plurality of plane markers arranged facing an
observation direction, said plane markers are normally con-
cealed by concealment markers, each plane marker is par-
titioned into a plurality of portions having different colors
for each portion, and the partitioned portions having the
same color constitute each marker group.

17. The sensor of claim 16, wherein said plane markers
and said concealment markers are provided and spaced with
each other in the elastic body, and an arrangement is made
such that said plane markers are concealed by said conceal-
ment markers and not observed in a state where external
force is not acting on the transparent elastic body.

18. The sensor of claim 3, wherein each marker group is
a plane group comprised of a plurality of planes extending
in the same direction, and extending directions and colors
thereof are different between each marker group.

19. The sensor of claim 18, wherein planes constituting
the plane group for each marker group are spacedly arranged
with each other, each plane constituting one marker group is
arranged between each plane constituting another marker
group.

20. The sensor of claim 19, wherein edges of each plane
are adjoining.

21. The sensor of any one of claims 18 to 20, wherein said
tactile portion comprises two marker groups.
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22. The sensor of claim 21, wherein the plane groups for
respective marker groups comprise inclined surfaces that
mutually extend in different directions with respect to the
contact surface, and when viewing along an observation
direction, all inclined surfaces extend in parallel to each
other.

23. The sensor of any one of claims 18 to 20, wherein said
tactile portion comprises three marker groups.

24. The sensor of any one of claims 18 to 23, wherein the
planes constituting each marker group are adjoining with
edges thereof to form stepped surfaces, said planes comprise
a color filter that only allows a respective different color,
said stepped surface is contacted by the object via a light
guide film, there is no contact between the light guide and
the stepped surfaces when there is no contact with the object,
and contact between the light guide and the stepped surfaces
starts when there is contact with the object such that white
light filled inside the light guide passes through the color
filters of the stepped surfaces and is imaged as colored light.

25. The sensor of claim 1, said sensor further comprising
one or more light source.

26. The sensor of claim 1, wherein said imaging means is
arranged at a position opposite to the side of the transparent
elastic body contacted by the object.

27. The sensor of claim 1, wherein said markers are made
of an elastic material.

28. The sensor of claim 1, wherein portions of the elastic
body constitute colored markers.
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29. A tactile portion for an optical tactile sensor, said
portion comprising a transparent elastic body and a plurality
of marker groups provided in said elastic body, and each
marker group being comprised of a number of colored
markers, with markers constituting different marker groups
having different colors for each group.

30. The portion of claim 29, wherein said marker groups
have different spatial arrangements from each other.

31. A sensing method using an optical tactile sensor
having a tactile portion and imaging means, said tactile
portion comprising a transparent elastic body and a plurality
of marker groups provided in said body, each marker group
being comprised of a number of colored markers, with
markers constituting different marker groups having differ-
ent colors for each group, said method comprising taking
images of behavior of colored markers by said imaging
means when said elastic body is contacted by an object and
processing said images, and observing at least one of dis-
placement, strain and inclination of markers to obtain tactile
information about a plurality of degrees of freedom.

32. The method of claim 31, the method comprising

selectively perceiving makers of a certain color from a
plurality of colored markers having different colors.



