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Abstract—It is believed that the use of haptic sensors to measure the magnitude, direction, and distribution of a force will enable a

robotic hand to perform dexterous operations. Therefore, we develop a new type of finger-shaped haptic sensor using GelForce

technology. GelForce is a vision-based sensor that can be used to measure the distribution of force vectors, or surface traction fields.

The simple structure of the GelForce enables us to develop a compact finger-shaped GelForce for the robotic hand. GelForce that is

developed on the basis of an elastic theory can be used to calculate surface traction fields using a conversion equation. However, this

conversion equation cannot be analytically solved when the elastic body of the sensor has a complicated shape such as the shape of a

finger. Therefore, we propose an observational method and construct a prototype of the finger-shaped GelForce. By using this

prototype, we evaluate the basic performance of the finger-shaped GelForce. Then, we conduct a field test by performing grasping

operations using a robotic hand. The results of this test show that using the observational method, the finger-shaped GelForce can be

successfully used in a robotic hand.

Index Terms—Force sensor, surface traction field, finger shape, robotic hand.

Ç

1 INTRODUCTION

HUMANOID robots are made to adapt to the environment

in which human beings live and assist humans in their
daily life. Human beings have longed for such robots found

in science fiction and tried to realize them. In recent years,

there has been a remarkable development in humanoid

robots; in addition, robots that are capable of assisting

patients or doing housework instead of human beings have

been developed. Haptic information acquired by a sensor is

important in enabling these robots to perform dexterous

operations. In particular, a haptic sensor for a robotic finger
is considered to be an important device because the finger of

a humanoid robot is the most useful part of its body when it

is used to manipulate an object. These robots can stably grasp

an object using their hands on the basis of haptic information

such as reflective force, frictional force, and point of contact

with the object. Therefore, a number of haptic sensors for use

in robotic hands have been developed [1], [2].
The objective of this study is to develop a finger-shaped

haptic sensor for a humanoid robot (Fig. 1). While develop-

ing such haptic sensor for a robotic finger, we should take

into consideration its requirements. These requirements are
described as follows: First, the sensor should be able to
measure the magnitude, direction, and distribution of an
applied force or a surface traction field. Human beings
perceive all three parameters and grasp an object safely
and dexterously, even if the object is fragile. Similarly, robots
must be able to detect surface traction fields. Second, the size
of the sensor should be small. In order to integrate many
haptic sensors in a humanoid robot hand, it is preferable to
use compact sensors. Finally, the sensor should be a high-
performance device. In order to use this sensor in our daily
life, we need to ensure that the magnitude, spatial, and
temporal sensing performance are the same as those
perceived by human beings. For example, human begins
can detect approximately 0.5 mN force applied to the skin [3],
distinguish two applied forces separating approximately 1.2-
1.7 mm [4], and perceive vibration up to 700 Hz [5].

Nearly all existing haptic sensors for robotic hands [6],
[7], [8] belong to one of the following two categories.
Sensors that belong to the first category are used to measure
a force vector at a single point; we call them force vector
sensors. Sensors that belong to the second category are used
to measure the distribution of forces; however, these
sensors can only measure the magnitude of a force and
not its direction. We call such sensors as force distribution
sensors. These sensors are employed with a sensing unit,
where mechanical pressure is exerted. Therefore, sensors
that can be used to measure surface traction fields can be
developed by integrating many force vector sensor ele-
ments. However, it is difficult to realize a sensor with small
size and high resolution, because the use of many sensors
can complicate the sensor structure.

Another approach to measure the surface traction fields
involves the use of optics [9], [10], [11], [12]. However, it is
still difficult to satisfy all the abovementioned requirements
using optics. For example, Ferrier and Brockett [10] have
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developed a small tactile sensor that can be used to track
dots on an elastic material in order to compute the
3D configuration of a finger-shaped elastic membrane.
Unfortunately, a complex processing method is required for
this sensor to acquire the direction of force, which could
potentially lead to inaccuracy and instability of calculation
of the surface traction fields. In addition, Kamiyama et al.
[12] have developed a GelForce that is based on an elastic
theory. GelForce has a simple structure; therefore, it
satisfies the second and third requirements, i.e., it is small
in size, and it has high resolution. However, the elastic
theory is applicable to a semi-infinite elastic body. There-
fore, the surface of a conventional GelForce is a plane.

In this study, in order to satisfy all the above mentioned
requirements, we develop a finger-shaped haptic sensor
using GelForce technology. Because of the complicated
shape of a finger, the elastic theory cannot be analytically
resolved by the finger-shaped GelForce. Therefore, we
propose an observational method to calculate surface
traction fields using the finger-shaped GelForce. In this
paper, we present the principle, design, and observational
method of the finger-shaped GelForce. Then, we present the
result of an evaluation of a prototype finger-shaped GelForce
to confirm 1) that proposed method is applicable and 2) that
the finger-shaped GelForce can be applied to operations
conducted by a robotic hand. We compared the basic
performance of the finger-shaped GelForce with that of the
conventional GelForce. We also conducted a field test on the
finger-shaped GelForce using a robotic hand.

2 FINGER-SHAPED GELFORCE

2.1 Basic Principle of GelForce

We developed a finger-shaped sensor using the same
technology used to develop GelForce [12]. This sensor
consists of a transparent elastic body, light (red) and dark
(blue) gray marker matrixes, and a color charge-coupled
device (CCD) camera that captures the movements of the
markers. When a force is applied to the surface, the markers
move in response to the magnitude and direction of the force

(Fig. 2). The movements of the markers are captured by the
camera. We calculate the center of the markers before and
after the application of the force to calculate the movements.
When we assume that the deformation of the elastic body is
linear, the relationship between the two-dimensional move-
ments of m-markers u and the three-dimensional n-force
vectors f is given by using conversion matrix H.

u ¼ Hf:

u ¼

uRx
uRy
uBx
uBy

2
664

3
775; H ¼

hRxx; hRyx; hRzx
hRxy; hRyy; hRzy
hBxx; hByx; hBzx
hBxy; hByy; hBzy

2
664

3
775; f ¼

fx
fy
fz

2
4

3
5: ð1Þ

In this equation, uRp, uBp, hRqp, hBqp, and fq indicate the
p-directional captured movement of the light gray (red)
marker, that of the dark gray (blue) marker, an element of
the conversion matrix of the light gray (red) marker, that of
the dark gray (blue) marker, and the q-directional applied
force, respectively. We obtained f from u by solving the
inverse of (1).

It should be noted that GelForce uses a single camera for
capturing the movements of the two layers of markers. To
calculate the three-dimensional force vector, it is necessary
to measure the movements of the markers in a three-
dimensional manner. A stereo camera would be suitable but
would be too bulky and difficult to calibrate. Hence, to
overcome these problems, we used two layers of markers,
each of different color, and one camera. The two different
colors make is easier to distinguish between the markers.
However, the measured marker movements for each layer
are not perfectly independent. Therefore, it is difficult to
solve the inverse of (1). Thus, we applied the dumped least-
squares method [13].

f ¼ H�gu
H�g ¼ ðHTH þ !IÞ�1HTu:

ð2Þ

In this equation, ! and I represent the dumping factor and
unit matrix, respectively.

GelForce does not require any electronic components
such as resistors or capacitors. Therefore, it is easy to adapt
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Fig. 2. Movements of markers in the elastic sensor body caused by force

applied to the sensor surface [12].

Fig. 1. Example of operation performed by a robotic hand using our
finger-shaped sensor. The top and bottom surfaces shown on the laptop
display represent surface traction field measured by the sensors
mounted on the index finger and the thumb of the robotic hand,
respectively.
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the shape and size of the GelForce to those of the fingertip.
In addition, new developments in camera technology may
help us to improve spatial and temporal resolutions of the
sensor further. The elastic body of the sensor provides an
added advantage. The elasticity enables the sensor to
measure haptic information accurately by reproducing the
physical interaction involved in the sense of touch. The
sensor is also highly durable.

2.2 Design of the Finger-Shaped GelForce

2.2.1 Configuration of the Prototype

Based on the GelForce technology, we constructed a
prototype of the finger-shaped GelForce. Ideally, the
performance of the sensor should be comparable to that of
human beings, as mentioned in chapter 1. However, it was
difficult to achieve this performance with current (2008)
camera technology. Therefore, we constructed the proto-
type for the evaluation using a commercially available
camera with a video graphics array (VGA) resolution and a
frame rate of approximately 60 fps.

The configuration of the prototype is shown in Fig. 3. The
transparent elastic body and the CCD camera are attached
to the plastic base of the robotic hand. The transparent
elastic body is made from silicon rubber (Shin-Etsu
Chemical Co., KE-109). Because the conventional GelForce
is also made from the same silicon rubber, the linearity of
the finger-shaped GelForce appears to be less than 7.5 N
[12]. The shape of the elastic body is partly spherical and
partly cylindrical; hence, it resembles a human fingertip.
The dimensions of its cylindrical and spherical parts are
18� 9� 10 mm3 and 18� 9� 9 mm3, respectively. The
boundary between the elastic body and the base of robotic
hand is fixed by a transparent acrylic plate. The camera is
custom made comprising a video compression unit and
four image-capturing units (ViewPLUS Inc.). The size of the
video compression unit and the image-capturing units are
100� 100� 10 mm3 and 14� 16� 1:5 mm3, respectively.
Each image-capturing unit is connected to the video
compression unit using a flexible cable. In addition, the
video compression unit is connected to a PC using a USB
cable. The size of the cable is 20� 10� 0:5 mm3. The
resolution of each image is 640� 480 pixels (VGA). The
frame rate of the camera is 67 fps. We used a camera with a
wide-angle lens to capture the movements of all the
markers. The lens angle of the camera is 110 degree. The
diameter and the height of the lens are 14 mm and 6.5 mm,
respectively. The constructed prototype and its dimensions

are shown in Fig. 4a. The total dimension of the prototype is
18� 23� 36 mm3. Fig. 4b shows the images of the markers
captured by the camera. To capture the markers clearly, we
set their diameters to 0.5 mm (approximately 15 pixels). To
prevent the overlapping of the light (red) and dark (blue)
gray markers, we also separated them by a distance of
2.5 mm. The light (red) and dark (blue) gray markers were
placed at a depth of 0.5 and 2.0 mm, respectively, from the
surface of both cylindrical and spherical part. The numbers
of light (red) and dark (blue) gray markers are 25 and 23,
respectively. We printed the disk markers using a silk-
screen printmaking technique. The markers are made from
silicon rubber and a colorant. Because the sensor uses
vision-based technology, light from the environment
produces noise. Therefore, the surface of the sensor is
covered with a black sheet made from silicon rubber. In
addition, to capture the marker movements clearly, we
illuminated them using a light-emitting diode (LED)
mounted near the camera. We used eight high-intensity
LED chips (audio-Q Inc., AQ-KS1609WC).

2.2.2 Accuracy of Capturing the Marker

The surface traction field is calculated from the movements
of the centers of the markers captured by the camera.
Therefore, an error that occurs while capturing the move-
ments of the markers may produce noise in the measure-
ment of the force. In this section, we evaluate the accuracy
of the measurement of the movements of the markers when
no force is applied to the surface of the sensor.

We capture two images of the markers when no force is
applied. Then, we displace the markers in one of the images
by 5.0 pixels along the x-direction. Displacement vectors of
the markers are calculated using these two images. Table 1
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Fig. 3. Configuration diagram of the finger-shaped vision-based haptic

sensor.

Fig. 4. (a) Constructed prototype of finger-shaped GelForce. This picture
was taken from the same view as that of Fig. 3. (b) Captured image of
markers by camera. The white dashed line represents the outline of the
finger-shaped GelForce from the z-directional view.
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lists the average and the standard deviations of the x- and
y-displacements of the light (red) and dark (blue) gray
markers. This result shows that the movements of the
markers are measured with subpixel accuracy.

2.3 Conversion Matrix H

2.3.1 The Conventional Analytic Method and Its

Disadvantages

In the case of the conventional GelForce, the conversion
matrix H in (1) is analytically constructed. On the basis of
the assumption that the sensor is a semi-infinite elastic
body, we can calculate the elements of H using the elastic
theory [14].

Unfortunately, this assumption is not applicable to a
finger-shaped GelForce because the shape of this sensor is
curved. It may be possible to obtain the conversion equation
under a boundary condition that the surface of the elastic
body is curved. However, development of a conversion
equation is quite difficult.

Another approach to constructing the H involves a
planar approximation of the sensor surface. The surface
traction field was calculated using elastic theory under the
assumption that the curved sensor surface is flat. However,
in the finger-shaped GelForce, the movements of markers
are captured intricately. Unlike the arrangement of markers
in the conventional GelForce, the markers in the finger-
shaped GelForce are arranged along the surface, which has
a complicated shape. Also, to construct a small sensor, we
used a camera with a wide-angle lense. The wide-angle lens
distorts the camera image. Therefore, the patterns of the
marker movements captured by the camera differ from one
marker to the other. The intricacy of marker movements
complicates the conversion of marker movements, which is
required for satisfying the elastic theory.

2.3.2 Observational Method

Due to the above-mentioned problem, we could not
determine H of the finger-shaped GelForce using the
analytical method. Therefore, with the finger-shaped
GelForce, we estimated the elements of H by observational
method. Fig. 5 shows the algorithm used for constructing H.
First, we applied forces at each force sampling point and
recorded the applied force. Then, we measured the move-
ment of markers. From the recorded forces and measured
movement of markers, we estimated H.

Fig. 6 shows the apparatus used for constructing H. The
surface of the sensor was pushed using a probe. The edge of
the probe is spherical. The probe ideally has a small diameter.
However, when we applied a force using the small probe, the

probe slipped on the surface of the finger-shaped GelForce.
Therefore, we used the acrylic probe with a diameter of both
cylindrical and spherical part 5.0 mm. The probe is mounted
on a six-axis force sensor (BL NANO, BL Autotech, Ltd.) to
measure the magnitude of the applied force. In addition, we
used an xyz stage (VSQ-601XYV, Chuo Precision Industrial
Co., Ltd.) to control the applied force. The points at which
force is applied are shown in Fig. 7. The number of the force
sampling points of GelForce depends on the number and
density of the markers. In the prototype, the numbers of
markers are 25þ 23 ¼ 48 and they are separated by a distance
of 2.5 mm. Therefore, the number of the force sampling points
should be less than 32. In this prototype, we applied forces at
5� 5 ¼ 25 points on the surface of the sensor. These points
are also separated by a distance of 2.5 mm.
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TABLE 1
Measurement of Marker Movements

Fig. 5. (a) Algorithm for construction of conversion matrix H. The
elements of H are calculated from the measured force f 0n and the
movements of the markers denoted by un. (b) Application of force to z-
and x- (or y-) direction.

Fig. 6. Image of apparatus used for constructing H.
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First, forces were applied to the one of the force sampling
points along three directions. When we applied a force
along the z-direction, the magnitude of the applied force
was approximately 1.2 N. It is impossible to apply a force
only along the x- or y-direction. Hence, we first applied a
force along the z-direction, and then, we applied suitable
forces along the x- and y-directions (Fig. 5b). The
magnitudes of the applied force along z-direction and x-
or y-direction were approximately 1.0 and 0.25 N, respec-
tively. Then, we recorded the force elements resulting from
the application of the force by the six-axis force sensor.
After applying force along three directions, the recorded
forces at the sampling point f 0n were denoted as follows:

f 0n ¼
fx0x; fy

0
x; fz

0
x

fx0y; fy
0
y; fz

0
y

fx0z; fy
0
z; fz

0
z

2
4

3
5; ð3Þ

where fp0q is the q-directional element of the force when an
p-directional force is applied.

Next, we captured the movements of markers un. The
movement of this marker is given by (4).

un ¼
uxx; uyx; uzx
uxy; uyy; uzy

� �
; ð4Þ

where upq is the q-directional movement of the marker when
the p-directional force is applied. Using fn and un, we can
calculate the elements of H at the sampling point as follows:

hn ¼ unf 0�1
n h ¼ hxx; hyx; hzx

hxy; hyy; hzy

� �� �
ð5Þ

In this equation, hn; un, and f 0n represent 2m� 3 conver-
sion matrix, 2m� 3 matrix of m-marker movements, and
3� 3 matrix of a force, respectively. Using this equation
at N-force sampling points (in this prototype, N ¼ 25), we
can construct H by (6).

H ¼ h1; h2; . . . ; hn; . . . ; hN½ �: ð6Þ

When we calculate the H�g from the constructed H, the
damping factor causes some errors to the H�g in (2) [13].
Therefore, to calibrate the finger-shaped GelForce, we
determined a constant that fits the magnitude of the force
calculated using the finger-shaped GelForce to that of the
force measured using the six-axis force sensor.

3 EVALUATION OF SENSOR PERFORMANCE

In this section, we evaluate the basic performance of the
constructed prototype. We evaluate the following three
criteria: force magnitude, spatial resolution, and the time
required for carrying out various calculations such as
evaluation of the conventional GelForce [12]. By drawing a
comparison between the performance of the finger-shaped
GelForce and that of the conventional GelForce, we examine
the validity of the observationally constructed H. The
apparatus used for evaluating the environment is the same
as that used for constructing H (Fig. 5).

3.1 Magnitude

We evaluate the linearity, resolution, and independency of
the magnitude of the applied force along the following three
directions: x, y, and z. Because of the small size of the
finger-shaped GelForce, the linearity of its elastic body
seems not to be assumed when a large force is applied.
Therefore, first, we evaluate the linearity of the sensor along
z-direction. Then, we evaluate the resolution and indepen-
dency of the magnitude of the force along the above-
mentioned three directions.

While evaluating the magnitude of the applied force, we

draw a comparison between the measured force vectors F
and the applied force F 0. The applied force F 0 is measured
using the six-axis force sensor and the controlled xyz stage.
Force is applied at the center of the surface of the sensor,
where x ¼ 5:0 mm and y ¼ 5:0 mm, as shown in Fig. 7. In
this evaluation, we applied a force using a cylindrical probe
with a diameter of 10 mm. When a finger touches an object,
the contact area is usually a surface, and not a point.
Therefore, we used a wide probe to evaluate the perfor-
mance of the sensor in a manner similar to an actual contact.
Furthermore, the measured force from GelForce should be
evaluated by the total of force at every sampling point
because independency of each sampling point is not
confirmed. Therefore, each directional force, denoted by
Fx, Fy, and Fz, is calculated using (7).

Fx ¼
X5;5
i;j

fxij;

Fy ¼
X5;5
i;j

fyij;

Fz ¼
X5;5
i;j

fzij:

ð7Þ

In this equation, i and j are the numbers of the force

sampling point in Fig. 7, fxij, fyij, and fzij are represented

as one-dimensional force vectors along each direction.
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Fig. 7. Force sampling points. (i, j) represents two-dimensional number of
sampling points. The black dashed line represents the same outline of the
finger-shaped GelForce from the z-directional view illustrated in Fig. 4.
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3.1.1 Preliminary Experiment of Linearity

While evaluating linearity, we applied an increasing force
and investigated the limitation of linearity. Because of the
complicated shape of the sensor, it is difficult to apply a large
force along the x- or y-direction. Therefore, we evaluate the
linearity of the magnitude only along the z-direction.

We applied a force of 1.0-10.0 N along the z-direction
by increasing its magnitude in steps of 1.0 N. Values of the
z-directional force obtained by using the finger-shaped
GelForce and six-axis force sensor are recorded. The
measurement procedure is repeated five times.

Graph shown in Fig. 8 presents the results of evaluation.
The horizontal and vertical axes represent the applied force
and the measured force, respectively. The dots show the
results of each trial. The line shows that the applied force is
equal to the measured force. From these results, it is
observed that the linearity of the magnitude is below 4.0 N.

3.1.2 Resolution, Independency, and Linearity

While evaluating resolution and independency, we inves-
tigated the measurement accuracy of the magnitude and
direction of the force along the three directions. In the
evaluation of the conventional GelForce, resolution of
magnitude along the z-direction and the resolution of angle
are examined. In addition, it is also essential to examine the
resolution of the magnitude and the coupling effect of
the sensor along the three directions. It is found that due to
the complicated shape of the sensor, measurement noise is
generated along the x- or y-direction. Therefore, in the case
of the finger-shaped GelForce, we examine the resolution of
magnitude instead of the resolution of angle along the x-
and y-directions.

To investigate the resolution of magnitude along the x-
and y-directions, we first applied a force of 2.0 N along
the z-direction. Then, we applied the force of 0.2-2.0 N
along the x- or y-direction by increasing its magnitude in
steps of 0.2 N. To investigate the resolution of magnitude
along the z-direction, we applied a force of 0.2-2.0 N
along the z-direction by increasing its magnitude in steps
of 0.2 N. From Fig. 8, it can be observed that the finger-
shaped GelForce seems to be linear under these applied
forces. The force values obtained using the finger-shaped
GelForce and six-axis force sensor is recorded. We
recorded all the directional forces applied for each

experiment. The measurement procedure is repeated five
times for each direction.

Graphs shown in Fig. 9 present the results of evaluation.
The horizontal and vertical axes represent the applied force
and the measured force, respectively. The black squares,
triangles, and dots represent the absolute value of Fx, Fy,
and Fz, respectively. Each outline dots represent coupling
effects in each direction. To clearly show the measured force
in each graph, we compensated the values of directional
forces other than the force applied direction. For example,
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Fig. 8. Evaluation of linearity of the finger-shaped GelForce in
z-direction.

Fig. 9. Relationship between the applied force and measured force

along the (a) x-direction, (b) y-direction, and (c) z-direction.
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when we applied an x-directional force, we subtracted the y-
and z-directional applied forces F 0y and F 0z from Fy and Fz,
respectively. The line in this graph shows that the applied
force is equal to the measured force. From these results, it is
observed that the maximum resolution of the magnitude of
the force is 0.3 N along each direction. The magnitude of the
other directional elements of the force is approximately
below 0.3 N, other than y-directional element of graph (c);
0.5 N.

3.2 Spatial Resolution

In this section, we evaluate the spatial resolution of the
sensor. To carry out this evaluation, we determine the
magnitude of each force vector when a force is applied at a
certain point on the surface of the elastic body. The
magnitude of the force vector fij is calculated using (8).

fij ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
fx2

ij þ fy2
ij þ fz2

ij

q
: ð8Þ

It should be noted that the sampling interval is too large to
evaluate the spatial resolution. Therefore, we adopt the
following procedure to evaluate the spatial resolution. Two
adjacent sampling points on the surface of the sensor are
selected. The distance between these two points is sub-
divided into n points, and a known force is applied along
the z-direction at each point. Then, the force vectors at each
point are calculated by considering each point as the origin.
A graph is constructed by plotting the distance from each
origin and the calculated force magnitude on the horizontal
and vertical axes, respectively. By using the method
explained above, the density of the points in the sampling

region increases. The spatial resolution of the force
distribution can be obtained from the slope of the graph.

The magnitude of the force applied along the z-direction
is fixed at 2.0 N. The diameter of the spherical probe that is
used to apply the force is 5.0 mm. In this condition, the
displacement of the probe into the skin is approximately 1.3
mm. Adjacent sampling points are located at the center and
edge of the area in which the force field is measured. The
actual sampling interval is 2.5 mm, and the distance between
adjacent points is subdivided into intervals of 0.5 mm. In the
case of the conventional GelForce, the spatial resolution is
examined only at the center of the sensor. However, in the
case of the finger-shaped GelForce, the shape of the sensor
influences its spatial resolution. Therefore, we evaluate the
spatial resolution at both the center (x ¼ 5:0 mm and y ¼ 5:0
mm in Fig. 7) and the edges (x ¼ 5:0 mm and y ¼ 0:0 mm,
x ¼ 0:0 mm and y ¼ 5:0 mm in Fig. 7) of the surface of the
sensor and along both the x- and y-directions.

We obtained approximately the same results for all
measurement points and directions. Fig. 10 shows the
representative results of the experiment. The first graph
shows the results obtained by applying a force at the
center of the sensor. The second graph shows the results
obtained by applying a force at the edge of the sensor. The
values plotted on the vertical axis are normalized using
the maximum value of the force magnitude. The dots in
the graphs represent the points at which the force is
applied (x [mm], y [mm] in Fig. 7).

From the graphs shown in Fig. 10, it can be observed that
the full width half maximum is approximately 5.0 mm.
Therefore, the spatial resolution of the force is estimated to
be approximately 5.0 mm. These results are identical to
those obtained by carrying out evaluations at other points
and directions.

3.3 Time

To perform a dexterous operation, we need to obtain haptic
information from multiple sensors. Therefore, we must
process a large amount of information obtained from
different sensors simultaneously. In this section, we
evaluate the calculation times of the single finger-shaped
GelForce and four sensor units.

Calculation time is obtained from the frequency of the
CPU. In this experiment, the speed of the processor used in
the PC is 2.8 GHz (Intel PentiumD processor). The program
runs on Windows XP SP2. The accuracy of measurement is
1 �s. The calculation time is measured over 100 trials, and
the average and standard deviation of the calculation time
are listed in Table 2. The sensor units represent the finger-
shaped GelForce attached to the video compression unit.

In this prototype, the camera unit captures four images
at 67 fps. Therefore, the PC must calculate the surface
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Fig. 10. Force measured by high-density sampling. (a) and (b) graphs

show the results of applying a force at the center and edge of the sensor,

respectively.

TABLE 2
Calculation Time
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traction fields of the four sensors within 14 ms. The result
of this experiment satisfies this requirement even when
we process information obtained from the four sensor
units simultaneously.

3.4 Discussion

We compared the performance of the finger-shaped
GelForce with that of the conventional GelForce; the results
of this comparison are summarized in Table 3. Because of
the small size of the finger-shaped GelForce, it is confirmed
the linearity of force is below 4.0 N. However, Fig. 8 shows
a one-to-one relationship between the applied and mea-
sured forces. Therefore, we can measure a force rather than
4.0 N by compensating for the nonlinearity of the sensor.

The resolution of magnitude of the finger-shaped Gel-
Force is same as that of the conventional GelForce. However,
Fig. 9b shows an offset in the y-directional force, and Fig. 9c
shows a y-directional element of approximately 0.5 N. We
consider that the shape of the sensor is responsible for the
formation of an unintended directional element of force. We
also consider that the shape of the sensor is responsible for
the nonlinearity of the x- or y-directional force greater than
1.0 N. The coupling effect of the sensor is small in all
directions. Furthermore, when we estimate the resolutions of
angle from the results of Figs. 9a and b, the resolution is
approximately 6 degree. Therefore, the three directional
force vectors seem to be calculated correctly. Furthermore,
because the magnitude resolution is depend on the camera
resolution in GelForce, we can expect further improvement
of the resolution and archive 0.5 mN [3] in the future.

The spatial resolution of the finger-shaped GelForce is
lower than that of the conventional GelForce. However, in
this prototype, we construct the conversion matrix in 2.5 mm
force sampling interval. From the sampling theory, 5.0 mm
spatial resolution is reasonable. The spatial resolution is
expected to improve with an increase in the density of the
sampling points and markers. For example, in the case of the
sensor, to obtain a spatial resolution similar to that of the
human fingertip (approximately 1.2-1.7 mm [4]), the dis-
tance of force sampling point should be under 0.9 mm. To
archive this value, the distance between the markers and the
diameter of each marker should be approximately 0.2 mm
and 0.9 mm, respectively. In the prototype, the diameter of
the marker is 0.5 mm or 10-20 pixels, and the error in the
measurement of the marker movement is 0.15 pixels.

Therefore, we can reduce the size of the markers and the
distance between them in order to meet the desired
specifications. Furthermore, we can expect a further im-
provement in the spatial resolution with an increase in the
camera resolution. The discontinuous result shown in
Fig. 10a is considered to be obtained due to an error in the
calculation of the pseudoinverse matrix using (2).

Time resolution of the sensor can also be improved.
When we consider the human performance of haptic
perception, it is required to maintain the refresh rate of
the force sensor to greater than 700 Hz [5]. In the case of the
prototype sensor, the calculation time is small, i.e., less than
2.5 ms even after using four sensors. Therefore, a time
resolution of 700 Hz can be easily archived by improving the
performance of the computer and frame rate of the camera.

From these results, we consider that the finger-shaped
GelForce can be used to measure surface traction fields using
the observationally constructed conversion matrix. There-
fore, we believe that the implementation of this haptic sensor
will enable robotic hands to perform dexterous operations.

4 FIELD TEST

We developed a finger-shaped GelForce as a haptic sensor
for a robotic hand. In this section, we have discussed the
implementation of the finger-shaped GelForce for use in a
conventional robotic hand and performed a grasping of an
object as a field test.

Through the grasping operation, we have illustrated an
operation that is performed using the haptic information
acquired by the finger-shaped GelForce. Furthermore, we
have shown that the finger-shaped GelForce can be used to
correctly measure the surface traction field in actual use.
When we implement the finger-shaped GelForce for the
robotic hand, the vibration and movement of the robotic
finger can prevent the accurate measurement of the surface
traction fields. Therefore, we have evaluated those surface
traction fields that were measured during the grasping
operation performed by the robotic hand.

4.1 Implementation to Robotic Hand

We use a multifingered robotic hand [15] as a humanoid
robotic hand. Fig. 11 shows a robotic hand with the finger-
shaped GelForce. This hand has a total of 15 degrees of
freedom (DOFs)—five DOFs for the thumb, one for
abduction of other fingers, three for the index finger, and
two each for the remaining fingers. Each fingertip also has
an independent DOF. The thumb has a number of DOFs,
which enables to cover wide range of movements of the
thumb. In addition, this DOF allows the index finger and
the thumb to be countered.

The control unit is placed on the back of the hand. This
unit is connected to the PC through a Controller Area
Network (CAN) interface card (CBI4852, Interface Corp.).
We control the robotic hand by using a PID control at 1 kHz.
However, time resolution of the finger-shaped GelForce is
approximately 67 Hz. This large calculation time causes
instability and hampers the control of the robotic hand.
Therefore, we use two PCs, i.e., one for controlling the
robotic hand, and the other for calculating the finger-
shaped GelForce. We connect both these PCs through LAN
and transmit haptic information at 67 Hz using a UDP.
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TABLE 3
Performance of Conventional and Finger-Shaped GelForce

Value shown in parentheses is the estimated one.
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We attach four finger-shaped GelForces at the fingertips
of the thumb, index finger, middle finger, and annular
finger of the robotic hand. Properties of the finger-shaped
GelForce are the same as those of the constructed prototype
discussed in chapter 2. The video compression unit is
placed on the back of the robotic hand.

4.2 Grasping Operation

In order to perform a field test on the finger-shaped
GelForce, we performed simple grasping operations using
the robotic hand. Ideally, the operation using the measured
surface traction field is desired. However, because the
surface traction field contains much information, it is
difficult to clearly show the efficiency of surface traction
field. Therefore, we shrunk the surface traction field and
conducted two operations. One operation involved the
control of the grasping force using the three-dimensional
force. In this evaluation, we used the finger-shaped
GelForce as a force vector sensor. The other operation
involved the control of the grasping position using the
center of the force vector distribution. In this evaluation, we
used the singer-shaped GelForce as a force distribution sensor.

4.2.1 Control of Grasping Force

The measurement and control of the grasping force avoids
the application of a considerable force to an object. This
control enables soft grasping so as not to damage the object
and the robotic hand. Furthermore, the measurement of a
frictional force and an increase in the grasping force prevent
the dropping of the object. Therefore, controlling the
grasping force using the three-dimensional force informa-
tion is important in order to ensure the safety and stable
grasping of the object.

In the operation that involves the control of the grasping
force, the robotic hand grasps a styrofoam ball between the

thumb and the index finger, as shown in Fig. 12. The
diameter and weight of the ball are 60 mm and 5.7 g,
respectively. To grasp the ball, we apply a torque to rotate
the index finger and thumb about the x-axis. The grasping
force is controlled at an arbitrary value to ensure that the
ball does not move. When we apply a force to the ball along
the x-direction, the finger-shaped GelForce detects the
frictional force and increases the grasping force of the
fingers. The applied force is approximately 0-1.5 N. The
additional grasping force is proportional to the frictional
force. The proportionality constant is determined by
performing a preliminary experiment whose objective is
to ensure that the grasped ball is not dropped. When the
grasping force exceeds 4.0 N, the torque of the thumb is set
to zero. We have measured the grasping force Fz and the
frictional force Fx of the thumb using (7). In addition, we
have measured the torque Tx that rotates the base of the
thumb about the x-axis.

The results of the abovementioned experiment are
shown in Fig. 13. In this figure, the horizontal and vertical
axes represent the operation time and the measured value,
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Fig. 11. Robotic hand with finger-shaped GelForce.

Fig. 12. Setup for controlling robotic hand. Robotic hand grasps a
Styrofoam ball by its index finger and thumb. Thumb moves along the x-
or z-direction in each experimental operation.

Fig. 13. Result of controlling grasping force. Fz, Fx, and Tx represent
grasping force, frictional force, and torque of thumb, respectively.
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respectively. This figure shows that Fx increase with the
applied force. Furthermore, Fz and Tx increase in propor-
tion to Fx. During this operation, the ball did not move.
Therefore, we confirmed that the force vector was measured
correctly enough to control the grasping force.

4.2.2 Control of Grasping Position

When a robotic hand grasps an object, attention must be
paid to the grasping position on its fingertip. Recognition of
the grasping position enables the robotic hand to control the
object dexterously.

In the operation that involves the control of the grasping
position, the robotic hand grasps the same styrofoam ball as
that used before, as shown in Fig. 12. Then, the robotic hand
rotates its thumb about the z-axis such that the thumb
alternately moves to the right and then to the left along the
x-direction. During this movement, the finger-shaped
GelForce measures the grasping position C (Cx;Cy) of the
ball on the thumb. Using (9), C (Cx;Cy) is calculated to be
the center of the size of the force vectors.

Cx

Cy

� �
¼ 1

S

X5;5
i;j

fij
i

j

� �
;

S ¼
X5;5
i;j

fij:

ð9Þ

In this equation, i and j are the numbers of the force
sampling point in Fig. 7, and fij is the size of the force
vector calculated using (8). When the grasping position Cx
exceeds 7.5 mm or is below 2.5 mm, the direction of
rotation of the thumb is inverted. We measure the grasping
position cx and the torque Tz that is responsible for rotating
the thumb.

The results of the abovementioned experiment are
shown in Fig. 14. In this figure, the horizontal and vertical
axes represent operation time and measured value, respec-
tively. When Cx exceeds 7.5 mm or falls below 2.5 mm, Tz is
inverted to move the thumb in the counter direction. This
control ensures that the grasping position is maintained
around the center of the thumb, i.e., at 5.0 mm. Therefore,

we confirmed that the grasping position is correctly
measured and used for controlling the robotic hand.

4.3 Discussion

From the above two examples of grasping operations, we
confirmed that the finger-shaped GelForce can be used in
practice. In these simple operations, we used the finger-
shaped GelForce as a force vector sensor or force distribution
sensor. We reduced the surface traction fields to the three-
dimensional force at a point or the center of the force
vectors. Therefore, these two experiments do not show the
full performance of the developed sensor. We believe that it
is possible to perform more complicated operations by
combining this reduced surface traction field or directly
using the surface traction fields. It is a future work to design
and conduct an experiment in order to show the full
performance of the developed sensor

5 CONCLUSION

We developed a finger-shaped GelForce as a haptic sensor
for a robotic hand that can be used to measure surface
traction fields. This sensor was developed on the basis of
technology used in the vision-based haptic sensor GelForce.
Because of the complicated shape of the finger-shaped
sensor, we proposed an observational method in order to
develop a prototype of the sensor. Then, we evaluated the
basic performance of the sensor and conducted a field test
using a robotic hand. The results of the evaluation show that
the finger-shaped GelForce is applicable to the robotic hand.

The finger-shaped GelForce is a vision-based surface
traction field sensor that has a simple structure and
processing method. Therefore, the performance of the sensor
can be easily improved using a high quality camera. We
believe that a humanoid robot with the finger-shaped
GelForce will be able to perform dexterous operations in
our daily life.
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