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SUMMARY
To evaluate our three-axis tactile sensor developed in
preceding papers, a tactile sensor is mounted on a robotic
finger with 3-degrees of freedom. We develop a dual
computer system that possesses two computers to enhance
processing speed: one is for tactile information processing
and the other controls the robotic finger; these computers are
connected to a local area network. Three kinds of experiments
are performed to evaluate the robotic finger’s basic abilities
required for dexterous hands. First, the robotic hand touches
and scans flat specimens to evaluate their surface condition.
Second, it detects objects with parallelepiped and cylindrical
contours. Finally, it manipulates a parallelepiped object put
on a table by sliding it. Since the present robotic hand
performed the above three tasks, we conclude that it is
applicable to the dexterous hand in subsequent studies.

KEYWORDS: Tactile sensor; Three-axis; Surface measure-
ment; Contour measurement; Object manipulation; Robotic
finger.

1. Introduction
Since three-axis tactile sensors can simultaneously detect
normal and shearing forces, their sensing ability is superior
to other tactile sensors1−5 and can detect the contact
physics between an object and a finger surface. They can
also provide tactile information for material handling.6,7

Since flexible and impact resistant surfaces are the most
important, we improved conventional optical waveguide-
type tactile sensors8−12 and developed an optical three-axis
tactile sensor.13,14

In previous papers15,16 subsequent to our work,13,14 we
developed a hemispherical tactile sensor for general-purpose
use with our three-axis tactile sensor to mount on the
fingertips of a multifingered hand. When we examined
the repeatability of the present tactile sensor with 1,000
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load/unload cycles, the respective error of the normal and
shearing forces was 2 and 5% for evaluating the basic charac-
teristics needed for application to robotic dexterous hands.

On the other hand, so far several researchers have mounted
tactile sensors on robotic multifingered hands to enhance
manipulation and stable grasping abilities. Kaneko et al.11

and Maekawa et al.12 formulated dynamics including tactile
information obtained by conventional optical waveguide-
type tactile sensors mounted on fingertips. These studies are
considered important milestones because they showed the
effectiveness of tactile information on multifingered hands.

If the three-axis tactile sensor is used instead of the
conventional tactile sensor, robotic hand can obtain the
differences in an object’s attitude, friction coefficient, and the
subtle unevenness of its surface. Therefore, application will
increase by equipment that uses three-axis tactile sensors.
Humanoid robots must be able to grasp slippery or flexible
objects, especially in living environments with human beings,
in contrast to industrial robots that handle standardized
objects in controlled environments. Since the three-axis
tactile sensor is effective in such cases, its importance will
increase with improvements of humanoid robots.

In this paper, we discuss a robotic finger equipped with
the three-axis tactile sensor that was developed in our
previous study16,17 as the first step in a series of studies for
a dexterous multifingered hand. Our present robotic hand
possesses three motorized joints and a three-axis tactile
sensor on each fingertip. To exploit the present results for
the multifingered hand in subsequent studies, we performed
experiments on such basic motions as surface scanning and
object manipulation that we performed in object recognition
and stable grasping.

2. Three-axis Tactile Sensor
Figure 1 shows a schematic view of the present tactile
processing system to explain its sensing principle. The
present tactile sensor is composed of a CCD camera, an
acrylic board, a light source, and a computer. The light
emitted from the light source is directed into the optical
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Fig. 1. Principle of three-axis tactile sensor.

waveguide dome. Contact phenomena are observed as image
data, acquired by the CCD camera, and transmitted to the
computer to calculate the three-axis force distribution.

The sensing element presented in this paper is comprised
of a columnar feeler and eight conical feelers, as shown
in Fig. 1. The sensing elements, made of silicone rubber,
are designed to maintain contact with the conical feelers
and the acrylic dome so that the columnar feelers touch an
object. Each columnar feeler fit the flange into a counter bore
portion in the fixing dome to protect the columnar feeler from
horizontal displacement caused by shearing force.

When the three components of a force vector, Fx , Fy ,
and Fz, are applied to the tip of the columnar feeler, contact
between the acrylic dome and the conical feelers is measured
as a distribution of gray-scale values that are transmitted to
the computer. TheFx , Fy , and Fz values are calculated using
integrated gray-scale value G and horizontal displacement
of the centroid of gray-scale distribution u = ux i + uyj as
follows:

Fx = f (ux), (1)

Fy = f (uy), (2)

Fz = g(G), (3)

where i and j are the orthogonal base vectors of the x- and
y-axes of a Cartesian coordinate attached to the base of the
sensing element, respectively; f (x) and g(x) are approximate
curves estimated in calibration experiments.

Since the tactile sensors must be fitted to a multifingered
hand, we are developing a fingertip to include a hemispherical
three-axis tactile sensor in which the fingertip and the three-
axis tactile sensor are united, as shown in Fig. 2. The sensing
elements are concentrically arranged on an acrylic dome that
is illuminated along its edge by optical fibers connected to
a light source. Image data consisting of bright spots caused
by the feelers’ collapse are retrieved by an optical fiberscope
connected to the CCD camera.

3. Dual Computer System
Since the present tactile sensor is based on image processing
that requires heavy calculation time, we only use a computer
to process image data acquired by the CCD camera. Toward
a dexterous robotic hand equipped with the present tactile
sensors, as shown in Fig. 3, we have tentatively developed
a system of a robotic finger system that possesses two
computers; one is for tactile information processing; the
other is for controlling the robotic finger; these computers
are connected to a local area network.

Image data acquired by the CCD camera are divided into 41
subregions, as shown in the tactile sensor system on the right
of Fig. 3. The dividing procedure, digital filtering, integrated
gray-scale value, and centroid displacement are processed
on the image processing board. Since the image warps
due to projection from a hemispherical surface, software
installed on the computer modifies the warped image data
and calculates G, ux , and uy to obtain the three-axis force
applied to the tip of the sensing element using Eqs. (1)–(3).

On the left of Fig. 3, a robotic finger system is shown
that is comprised of a robotic finger, a motor drive, a digital
I/O board, and another computer. The robotic finger includes
links, fingertips equipped with the three-axis tactile sensor,

Fig. 2. Fingertip including three-axis tactile sensor.

https://doi.org/10.1017/S0263574708005213 Published online by Cambridge University Press

https://doi.org/10.1017/S0263574708005213


Object exploration and manipulation using a robotic finger equipped with an optical three-axis tactile sensor 765

Fig. 3. Overview of the present system.

and micro actuators (YR-KA01-A000, Yasukawa) which are
used in every movable joint, that consist of a micro-AC servo
motor, a harmonic gear (reduction ratio: 1/80, maximum
torque: 0.7 Nm), and a digital encoder.

After tactile data are obtained by the above process, they
are sent to the computer for robotic finger control through the
local area network. In the computer, signals applied to the
joint motors of the robotic finger are calculated so that the
fingertip follows a trajectory based on an algorithm called
resolved motion rate control described in the next section.
The signals are sent to the motor driver through the digital
I/O board to drive the micro actuators.

4. Resolved Motion Rate Control
As shown in Fig. 4, the present robotic finger has three
movable joints. The kinematics of the present hand is derived
based on the Denabit–Hartenberg notation shown in Fig. 4.
The frame of the workspace is set on the bottom of the

Fig. 4. Robotic finger equipped with a three-axis tactile sensor.

z-stage and defined as O-xyz. The frames of Oi−xiyizi(i =
0, 2, . . . , 5) (in the following, O-xyz is used instead of
O0−x0y0z0) are attached to each joint, the basement of the
z-stage, or the fingertip. The velocities of the micro actuators
(θ̇ = ( θ̇1 θ̇2 θ̇3 )) are calculated with

θ̇ = J−1(θ )ṙ (4)

to satisfy specified velocity vector ṙ(= (ẋ ẏ ż)), which
is calculated from the planed trajectory. Jacobian J(θ) is
obtained by the kinematics of the robotic hand as follows:

J(θ )

=

⎡
⎢⎣
−R13(l2+l3c2+l4c23) l3(R11s3+R12c3)+l4R12 R12l4

−R23(l2+l3c2+l4c23) l3(R21s3+R22c3)+l4R22 R22l4

−R33(l2+l3c2+l4c23) l3(R31s3+R32c3)+l4R32 R32l4

⎤
⎥⎦ ,

(5)
where

⎡
⎢⎣
R11 R12 R13

R21 R22 R23

R31 R32 R33

⎤
⎥⎦

=

⎡
⎢⎣
a11c23 + a13s23 −a11s23 + a13c23 −a12

a21c23 + a23s23 −a21s23 + a23c23 −a22

a31c23 + a33s23 −a31s23 + a33c33 −a32

⎤
⎥⎦,

⎡
⎣

a11 a12 a13

a21 a22 a23

a31 a32 a33

⎤
⎦

=
⎡
⎣

cφ1c1+sφ1sφ2s1 −cφ1s1+sφ1sφ2s1 sφ1cφ2

cφ2sφ1 cφ2sφ1 −sφ2

−sφ1c1+sφ1sφ2s1 sφ1s1+cφ1sφ2cφ1 cφ1cφ2

⎤
⎦

(6)
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ci ≡ cos θi, si ≡ sin θi, cφi ≡ cos φi, sφi ≡ sin φi,

cij ≡ cos(θi + θj ), sij ≡ sin(θi + θj ), (i; j = 1, 2, 3).

In the above equations, the rotations of the first frame around
the x0- and y0-axes are denoted as φ1 and φ2, respectively. The
distance between the origins of the mth and m+1th frames
is denoted as lm. The joint angles of the micro actuators are
θ1, θ2, and θ3 (Fig. 4).

Position control of the fingertip is performed based on
resolved motion rate control,18,19 in which joint angles
are assumed in the first step, and displacement vector r0 is
calculated with kinematics. Adjustment of the joint angles
is obtained by Eq. (4) and the difference between r0 and
objective vector r

d
to modify joint angle θ1 in the next step.

The modified joint angle is designated as the current angle in
the next step, and the above procedure is repeated until the
displacement vector at kth step r

k
coincides with objective

vector r
d

within a specified error. That is, Eqs. (7) and (8) are
calculated until |rd − rk| becomes small enough:

ṙk = J θ̇ k (7)

θ k+1 = θ k − J−1(rd − rk) (8)

5. Evaluation Experiments

5.1. Scanning on flat surfaces
In subsequent studies, we will develop a multifingered hand
composed of the present robotic finger and perform object
recognition and manipulation tests using the hand. To exploit
the present results for the multifingered hand in subsequent
studies, we perform experiments on such basic motions as
surface scanning and object manipulation.

First, in scanning on a flat surface, a sensing element
located on the vertex of the tactile sensor makes
perpendicular contact with a flat table by adjusting angles θ2

and θ3. After that, a z-stage equipped with a robotic finger is
adjusted to obtain appropriate contact force (0.1 N). Precision
abrasive paper (produced by Sumitomo 3M) is mounted on
the table. In this experiment, three kinds of abrasive paper,
1, 30, and 60 μm, were adopted as specimens. To examine
the dependence of friction coefficient on scanning speed, we
chose three speeds: 1.4, 6.2, and 25 mm/sec.

5.2. Contour tracing
In contour tracing, the robotic finger moves linearly and
traces the object contour after touching it (Fig. 5). Functions
are shared among sensing elements to realize this behavior
with a simple algorithm. In this experiment, the robotic finger
seeks the table with a linear downward motion before the
contour-tracing mode. If the sensing element accepts the
normal force that exceeded 0.2 N, the robotic finger judges
that it has reached the table and designates the element and
the neighboring elements as a table detector. After finding
the table, the robotic finger moves 5 mm up and switches
to the contour-tracing mode. Since the fingertip orientation
maintains a perpendicular direction to the table, sensing
elements touch the object contour, except for the element
and the neighboring elements.

Fig. 5. Contour detection test.

During the contour-tracing mode, if one of the sensing
elements accepts normal force that exceeded 0.3 N, the
robotic finger comes off the object’s side surface and moves
5 mm from the surface. Then it moves linearly 5 mm
in a direction perpendicularly intersecting the coming-off
direction. Then it approaches the object’s surface again. The
above cycle is repeated to trace the object contour until the
robotic finger returns to the designed trajectory.

5.3. Object manipulation
If slippage occurs between a finger and an object, the
robotic hand cannot manipulate the object without any
control based on acquired slippage information. In object
manipulation tests, we verified its capability to acquire
slippage information using one-finger manipulation.

The robotic finger moves the parallelepiped object that is
put on the acrylic table (Fig. 6). During this manipulation,
if the time derivative of the shearing force caused on the
tactile sensor exceeds a specified threshold, slippage is
assumed, and the finger moves slightly downward to increase
compressive force. Since the sensing element is made of
silicone rubber, friction between the finger and the object
can be increased without greatly increasing friction between
the object and the table.

In this experiment, the robotic finger moves along a
rectangular trajectory, and its movement is measured by
a position sensitive detector (PSD; PS1100, Toyonaka
Kenkyusyo, Co.).

6. Experimental Results and Discussion

6.1. Scanning on flat surface
First, Fig. 7 shows variations in normal force, shearing force,
and friction coefficient obtained during scanning to examine
the dynamic characteristics of the tactile sensor. It also shows
the case of 1-μm and 6.2 mm/sec.

Shearing force starts at zero because it is not applied at
zero speed. After the start, it abruptly increases to reach
a constant value. Normal force shows almost a constant
value. The coefficient of friction shows almost a constant
value except near the origin. The mean value of the friction
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Fig. 6. Object manipulation.

Fig. 7. Variation in force components and friction coefficient during
scanning test (1-μm abrasive paper and velocity of 6.2 mm/sec).

coefficient is 0.39. Friction coefficients for 30- and 60-μm
abrasive paper are 0.40 and 0.53, respectively.

Next, variation in friction coefficient against variation in
scanning velocity is shown in Fig. 8. 1-μm abrasive paper
was adopted as a specimen, and eight trials were performed
for each scanning speed. Variation in friction coefficient
decreased slightly with an increase of scanning velocity.
Since cutting resistance decreased with an increase of cutting
speed in grinding theory, we assume that this effect will arise
in our experiment.

Fig. 8. Dependence of friction coefficient on scanning velocity.

6.2. Contour tracing
Contour-tracing tests for cylindrical and parallelepiped
objects are shown in Figs. 9 and 10, respectively. Maximum
deviation from the desired trajectory is about 3.6 mm in
Fig. 9. The disconnected portion on the trajectory is caused
by the searching process. Based on the present program,
since the finger’s motion is limited to the x- or y-direction
for programming simplicity, tangential touching causes lost
contour trajectory. At that time, the robotic finger searches the
contour by a small square of trajectory 10 times 10 mm until
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Fig. 9. Contour tracing for cylindrical surface.

it finds the contour again. Except for the above deviation
and the disconnected portion, the robotic finger traces the
cylinder’s contour.

On the other hand, since the parallelepiped object’s contour
is composed of straight lines, exploring precision is higher
than for the cylinder. However, since it has corners, it loses the
contour at the corner. Except for the corners, the maximum
deviation from the contour is 2.7 mm.

6.3. Object manipulation
Figure 11 shows the trajectory and attitude of the manipulated
object. To simplify seeing the attitude, the parallelepiped
object is shown as 1/10 size in Fig. 12. As shown in
Fig. 11, the object moves along the desired trajectory with
considerable deviation. To analyze the slippage phenomenon,
variations in normal and shearing force derivatives are shown
in Fig. 12. In this experiment, since sensor elements #00 and
#07 emit rather large signals compared to elements #01, #03,

Fig. 10. Contour tracing for parallelepiped surface.

Fig. 11. Manipulation of parallelepiped object.

and #05, which touch the surface, their variations are shown
in Fig. 12. Such elements as #00, #01, #3, and #05 are shown
in Fig. 6. To show the relationship between the representative
points of Figs. 11 and 12, corresponding points are shown
in both figures as identical characters. For our controller, the
absolute time derivative of the shearing force is compared to
a threshold. Two horizontal solid lines at a value of −0.06
and 0.06 N/s in Fig. 12 show the threshold of shearing force
derivative. If the time derivative of shearing force derivative
exceeds the band sandwiched by these two horizontal lines,
the controller registers that slippage has occurred.

In this experiment, since finger moving starts when
the compressive force exceeds 0.5 N at point A, normal
force abruptly decreases just after point A in terms of
the inclination of the sensing element. Since the present
robotic finger only possesses 3-degrees of freedom and
cannot control its inclination, the contact point is changed.
Consequently, just after point B’s normal force of element
#00 decreases, the normal force of element #07 increases.

Fig. 12. Time derivative of shearing force in object manipulation.
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Fig. 13. Detail variation in time derivative of shearing and normal
forces (a) Near point C (b) Near point E.

Next, we examine the time derivative of the shearing force
in Fig. 12. If the derivative vibration is examined on the
segments, the derivative on BC, CD, DE, and EF is larger
than on AB. This result means that slippage on BC, CD,
DE, and EF is more considerable than on AB. Consequently,
deviation after point C in Fig. 11 becomes considerable in
terms of slippage.

To examine the above variations in normal force and
the time derivative of the shearing force, their details are
shown in Fig. 13(a) and (b), which are around points C and
E, respectively. In order to depict the location of sensing
element, the local coordinates of sensing elements #00 and
#07 and manipulation direction are shown in Fig. 13. Since
manipulation direction of Fig. 13 (a) is opposite from that
of Fig. 13(b), detected time derivative of shearing force is
reversed between Fig. 13(a) and (b).

The finger control program regulates the fingertip velocity,
not the force. Based on the finger control program, if
the absolute time derivative of the shearing force exceeds
an appropriate threshold (0.06 N/s in the present paper),

z-directional velocity is determined to be 2 mm/sec during
the absolute time derivative of the shearing force that exceeds
the threshold to enhance the contact force between the sensor
tips and the object. For Fig. 13(a), a salient peak of the time
derivative of the shearing force is observed around t = 24 sec.
Although the finger control program recognizes slippage due
to the salient peak, normal force apparently does not increase
because of the sole peak.

On the other hand, time derivatives of the shearing force of
#00 and #07 show bumpy variation including several peaks
in Fig. 13(b) to increase periodically the normal force of
#00. The normal force of pin #07 does not increase despite
the peaks occurring at pin #07. Although it seems strange,
the following is reasonable: since four pins around pin #00
are touching the object, and pin #07 is one of the four pins
(#01, #03, #05, and #07), the result of Fig. 13(b) shows that
slippage occurs in the periphery of the contact area. Since
our robotic finger does not have six joints but three joints,
it cannot control fingertip attitude. The fingertip touches the
target at an angle almost perpendicular angle to the table
on EF, while it cannot keep the perpendicular angle on CD.
Therefore, the normal force of #00 increases on EF because
element #00 is located at the sensor vertex.

The above three experimental results show that the present
robotic finger possesses sufficient sensing ability to acquire
the friction coefficients of the object surface, its contour, and
the slippage phenomenon; these are useful bits of information
for a multifingered hand. Since a mechanism for modifying
object movement from the deviation in terms of feedback is
presently not incorporated into the finger control program,
our program must be improved in the future.

7. Conclusion
In the present paper, a three-axis tactile sensor was mounted
on a robotic finger of 3-degrees of freedom to evaluate
the tactile sensor for dexterous hands. A series of three
kinds of experiments was performed. First, the robotic
hand touched and scanned flat specimens to evaluate their
friction coefficient. Second, it detected the contours of
parallelepiped and cylindrical objects. Finally, it manipulated
a parallelepiped object put on a table by sliding it. Since the
present robotic hand performed the above three tasks, we
believe that the hand is applicable to dexterous hands in
subsequent studies.
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