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Introduction
 Tactile receptors in the skin allow humans to sense multimodal 

tactile information such as the contact force, slippage, shape, position 
and orientation of a contacted object. Humans easily control their 
muscles by feeding back information from tactile receptors. Therefore, 
tactile sensing is a key factor in enabling robots to imitate skilled 
human behaviors. Precise control and dexterity in robots are due to 
information feedback from tactile sensors. 

When considering practical applications, tactile sensors should 
meet three specific requirements. First, flexible sensor surfaces are 
optimal, as sensors should fit the object geometrically. Second, a simple 
structure is required for a compact robot. Third, in order to achieve 
multifunctional and dexterous robots, we need a sensor that allows the 
simultaneous acquisition of multiple types of tactile information.

Various tactile sensors have been developed using resistive, 
capacitive, piezoelectric, ultrasonic or electromagnetic sensing 
elements [1,2]. A sensor with strain gauges embedded in an elastic body 
has been proposed [3] for estimating the slippage of a contacted object. 
Noda et al. have developed a sensor including standing cantilevers and 
piezo resistors arrayed in orthogonal directions for detecting shear 
stress [4]. Schmitz et al. have arrayed twelve capacitance-to-digital 
converter (CDC) chips in an array on the body of each robot finger; 
these provide twelve 16-bit measurements of capacitance [5]. Hakozaki 
et al. have arrayed sensing elements on conductive rubber at regular 
intervals to measure three components of stress based on a capacitive 
method [6]. However, the key practical issues remain unresolved. 
Since these sensors require multiple sensing elements and complicated 
wiring, their structures are complex and cannot satisfy the second 
important requirement as described in the previous paragraph. A wire-
free tactile sensor based on transmitters/receivers [7], and a sensor 
based on micro coils for changing impedance by contact force [8], 
were housed in complex structures. Although compact sensors using 
microelectromechanical system (MEMS) can be manufactured, the 
surfaces of these sensors are minimally deformable [9-12] and cannot 

satisfy the first requirement as described above. 

However, vision-based approaches are extremely suitable for tactile 
sensors [13-15]. Typical vision-based sensors include the following two 
components: a deformable contact surface made of elastic material to fit 
its shape to contacted objects; and a camera to capture the deformation 
of the contact surface. Tactile information is acquired by analyzing 
the deformation of the surface. Compact vision-based sensors can be 
easily fabricated, as they do not require multiple elements or complex 
wiring in the contact region. Moreover, using elastic material does not 
decrease sensitivity in this type of sensor. K. Kamiyama et al. estimated 
a three-axis contact force by detecting the sensor body’s deformation, 
using a two-layered dotted pattern and a charge-coupled device (CCD) 
camera [16,17]. The sensor reported in [18,19] consists of rubber sheets 
with nubs, a transparent acrylic plate, a light source and a CCD camera. 
Light travels through the transparent plate and is diffusely reflected 
where the nubs come in contact with the plate. The three-axis contact 
forces are obtained based on the intensity of the reflected light as 
captured by the CCD camera. Yamada arranged reflector chips on the 
surface of an elastic body [20]. In this case, deformation of the contact 
surface is estimated using the four corner positions of the reflector 
chips. However, these sensors can only detect one form of tactile 
reception. In order to achieve the dexterous handling of robots in a 
dynamically changed environment, various types of tactile information 
should be acquired simultaneously.

We have proposed a vision-based tactile sensor that can sense 
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Abstract
This paper presents a new approach for estimating contact force and slippage by using a vision-based tactile 

sensor with a fluid-type touchpad for the dexterous handling of robots. The sensor consists of a CCD camera, LED 
lights, a transparent acrylic plate and a deformable touchpad. The sensor can obtain a variety of tactile information, 
such as the contact force, shape, contact region, position and orientation of an object in contact with the fluid-type 
touchpad. The previous method for measuring contact force requires extensive calculation; this paper proposes a 
new method based on lookup tables for measuring normal force, tangential force and moment, using a fluid-type 
touchpad. Additionally, we clarify the mechanism of slippage between a fluid-type touchpad and a contacted object. 
This mechanism is efficient for applying the proposed slippage estimation method to a fluid-type touchpad. The 
validation of the proposed methods is confirmed in the experimental results.
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multiple types of tactile information simultaneously [21,22].The 
sensor consists of a CCD camera, LED lights, a transparent acrylic 
plate and a transparent hemispherical elastic touchpad for contacting 
the object. Here, the touchpad is deformable and the structure of the 
sensor is simple. Our proposed sensor satisfies the above requirements: 
simultaneous acquisition of various kinds of tactile information; simple 
structure; and a deformable surface for the sensor. This sensor measures 
normal force, tangential force and rotational moment based on 
preliminarily-constructed lookup tables, which relate the deformation 
of the elastic touchpad to force and moment [21]. This sensor can also 
estimate slippage between the touchpad and a contacted object [22].

Next, a tactile sensor using a fluid-type touchpad has been proposed 
for estimating the shape, contact region, position, orientation and 
contact force of an object in contact with the touchpad [23-25]. The 
surface of the fluid-type touchpad is made of a silicon rubber elastic 
membrane. The inside of the membrane is filled with translucent 
red-colored water. Implementation of the fluid-type touchpad has 
extended the sensing ability of our tactile sensor. However, the issue of 
how to estimate slippage using the fluid-type touchpad has not yet been 
addressed in these papers [23-25]. The difficulty is that the mechanism 
of slippage in the case of a fluid-type touchpad differs significantly 
from that of an elastic touchpad. Moreover, the method for measuring 
contact force by using a fluid-type touchpad requires extensive 
calculation [25], while the elastic touchpad can measure the contact 
force rapidly with the use of look-up tables [21]. In consideration 
of applications requiring rapid sensor response, the methods using 
lookup tables are much more efficient.

The purpose of this study is to estimate the contact force and 
slippage of an object by using a fluid-type touchpad. Firstly, we will 
propose a new method based on lookup tables for measuring normal 
force, tangential force and moment. Secondly, we will clarify the 
mechanism of slippage in the case of a fluid-type touchpad, comparing 
it to an elastic touchpad. Finally, the validation of our proposed 
methods will be confirmed in the experimental results.

Vision-Based Tactile Sensors 
Figure 1 shows the configuration of a vision-based tactile sensor 

consisting of a CCD camera, LED lights, a transparent acrylic plate and 
a touchpad. The dimensions of the CCD camera and the LED lights 
are 8 × 8 × 40 mm and 60 × 60 × 60 mm, respectively. The touchpad 
is hemispherical, with a curvature radius and height of 20 mm and 13 
mm. The two types of touchpads are presented in Figure 2: one is a
transparent elastic touchpad, and the other is a semitransparent fluid-

type touchpad. The elastic touchpad consists of a simple, transparent 
elastic body. The surface of the fluid-type touchpad is made of an elastic 
membrane constructed of silicon rubber; the inside of the membrane 
is filled with translucent, red-colored water. A dotted pattern is printed 
on the inside of the touchpad surface for observing the touchpad’s 
deformation. Analysis of the deformations formed when the touchpad 
comes in contact with objects yields multimodal tactile information, 
using an image of the inside of the deformed touchpad captured by the 
CCD camera. Figure 3a and 3b show the captured images, sized 640 × 
480 effective pixels, in the cases of the elastic touchpad and the fluid-
type touchpad, respectively. This sensor can obtain multiple types of 
tactile information, including the shape, contact region, position and 
orientation of an object [23-25].

V-Measurement of Contact Force
Method for measuring normal force

The previous method in [21] regarded the elastic touchpad and a 
contacted flat object as an elastic spherical object and a rigid flat object, 
respectively. The contact region in this case is a circle. Xydas et al. and 
Kao et al. analyzed the stiffness and contact mechanics of soft fingers 
based on the relationship of the Hertzian contact model [22,23]. Their 
approach calculates the relationship between the radius of a contact 
region and normal force, which is given as follows:

 γ
nc cfr =   (1)

Here, rc, c and fn are the radius of the contact region, the constant 
coefficient and normal force, respectively. The constant coefficient c 
depends on the mechanical properties of the touchpad, such as shape 
and stiffness. However, the above relation cannot be applied to the 
fluid-type touchpad because of the difference in structure.

Therefore, we newly consider the contact between a fluid-type 
touchpad and a flat object based on the following approach. When the 
fluid-type touchpad comes in contact with the flat object in a normal 
direction, the object is subject only to the inner pressure of the contact 
region by the touchpad. Therefore, the equilibrium equation of the flat 
surface in a normal direction can be expressed as follows:

cinz SpF = . (2)

Here, Fz signifies normal force. pin and Sc represent the inner 
pressure of the touchpad, and the contact area between the touchpad 
surface and the object, respectively. Note that the contact area Sc and 
the inner pressure pin increase along with the depth D of the contact 
between the touchpad and the object, as shown in Figure 4. There is 
a non-linear relationship between the contact area Sc, the contact 
depth D and the inner pressure pin. Moreover, the acquisition of inner 
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Figure 1: Configuration of the vision-based tactile sensor.
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 Figure 2: Configuration of the elastic touchpad and the fluid-type touchpad.
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pressure pin is not straightforward, while the previous methods can 
obtain the contact area Sc and the contact depth D in [23,24]. Therefore, 
we express pin as the function of Sc or D, and thus normal force Fz can 
also be given by the function of Sc or D as follows:

( )
( )




=
DF
SF

F
D

cS
z

 .              (3)

Here, FS and FD are the functions of Sc and D, respectively. We 
approximate the functions FS and FD as quadratic functions.

Method for measuring tangential force

 Tangential force was measured in the previous method by the 
displacement of the central dot and the radius of the contact region, 
using the elastic touchpad [21]. Figure 5a shows the displacement of 
the central dot when an object is in contact with the touchpad.

In the case of the fluid-type touchpad, we measure tangential force 
by using the displacement of the central dot, the contact area Sc and the 
depth of the contact D with tuning parameters. Adapting the complex 
characteristics of the fluid-type touchpad is achieved by the tuning 
parameter which are newly introduced. Here, this relationship depends 
on normal force, transformed into the contact area Sc or the depth of 
the contact D. When normal force is large, a tangential force is gained 
with reference to the displacement. In reverse, a smaller tangential 
force is generated with reference to the displacement when normal 
force is small. Therefore, we normalize the displacement of the central 
dot by using the contact area Sc or the depth of the contact D with the 
tuning parameters as follows:
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Here, d0
nor, d0, Sref and Dref are the normalized displacement of the 

central dot, the displacement before the normalization, the reference 
contact area and the reference depth, respectively. TS and TD are the 
tuning parameters for adapting the complex characteristics of the fluid-
type touchpad, not used by the previous method in [21].

Method for measuring moment around normal direction 

In a manner similar to the measurement of tangential force, the 
previous method using the elastic touchpad also measured moment 
in a normal direction perpendicular to the contact surface [21]. The 
rotation angle of the touchpad’s surface yields the moment after 
identifying the relationship between the rotation angle of the contact 
surface and the moment. Figure 5b shows the rotation angle when an 
object is in contact with the touchpad.

When we use the fluid-type touchpad, this relationship also depend 
on normal force, transformed into the contact area Sc or the depth of 
the contact D. Moment increased or decreased with reference to the 
rotation angle according to Sc and D. Therefore, we normalize the 
rotation angle of the contact surface by using Sc and D with the tuning 
parameters as follows:
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Here, θnor and θ are the normalized rotation angle of the contact 
surface, and the rotation angle before the normalization, respectively. 
RS and RD are the tuning parameters for adapting the complex 
characteristics of the fluid-type touchpad, not used by the previous 
method in [21].

Estimation  of Slippage
Definition of stick ratio

 In order to achieve dexterous handling by robot hands, it is 
necessary to obtain not only contact force, but also information on 
slippage between a touchpad and a grasped object. Moreover, it is 
difficult for a robot to control grip force before macroscopic slippage 
occurs unless the sensor can predict the slippage. The grasped object 
may drop due to a delay in controlling the grip force. If macroscopic 
slippage occurs, a bigger grip force is required to stop slippage because 
the friction coefficient decreases in a dynamic situation.

The slippage degree between a touchpad and a grasped object has 
been focused on in [26,27]. Slippage degree refers to the various slip 
phases, such as perfect sticking, incipient slippage and macroscopic 

(a) (b)

Figure 3: Captured images; (a) The elastic touchpad. (b) The fluid-type 
touchpad.

Non-contact state

Touchpad

ObjectNormal
force

Contact area

Contact depth
Contact state

Figure 4: Relationship between the contact area, the contact depth and 
normal force.

(a) (b)

Figure 5: Deformation of the surface of the touchpad; (a) The displacement 
of the central dot. (b) The rotation angle of the contact surface.
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slippage. The contact state between an elastic sensor and an object is in 
a state of continuous change from a sticking phase to a slipping phase 
until macroscopic slippage occurs. When tangential force is small, 
the elastic sensor surface is partially deformed and incipient slippage 
occurs in the contact region. Incipient slippage increases along with 
tangential force until macroscopic slippage finally occurs. If incipient 
slippage is detected, a robot can keep grasping an unknown object 
and prevent it from slipping, even if the mass and friction coefficients 
are unknown. Watanabe et al. proposed a method to calculate and 
maintain appropriate grip force on an unknown object by feeding 
back the slippage degree, based on proportional control [28]. When 
the slippage degree indicates perfect sticking, increasing the grip force 
should be avoided because it may crush the object. When incipient 
slippage becomes evident, the grip force should be increased before 
macroscopic slippage occurs.

In order to evaluate the method for estimating slippage degree, 
and to apply it to various systems, we first must represent the slippage 
degree quantitatively. The area ratio of the stick region to the total 
contact region is called the stick ratio ϕ, which is defined in [21,22] as 
follows:

c

s

S
S

≡φ  . (6)

Here, Ss is the area of the stick region, and Sc is the area of the 
contact region. When ϕ = 1, the contact region exists perfectly in 
the sticking state. As we increase the ratio of tangential force divided 
by normal force, the stick ratio then decreases. A slippage region 
appears in the contact region and gradually increases. This state is 
called incipient slippage. When incipient slippage progresses and 
the entire contact region becomes the slippage region, the slippage 
of the object is macroscopically visible and ϕ = 0. This state is called 
macroscopic slippage. The stick region and the slippage region are 
graphically represented as shown in Figure 6. In the following section, 
the estimation of the stick ration is presented.

Method for estimating stick ratio 

We obtained the stick ratio from captured images of the surface 
of the touchpad. We used the relative displacement of each dot to 
the object between the reference image and the current image. The 
reference image is a previously captured image, such as the initial 
image taken before testing, which is appropriately updated [22]. Figure 
7 shows the displacement of the dots between the reference and current 
images. If the relative displacement of a certain dot to the object is zero, 
the dot remains in its original position relative to the object. Otherwise, 
the dot slips on the object. Here, the displacement of the object can be 
approximated as the displacement of the central dot in the dot pattern 
[21]. Therefore, the dot k satisfies the following inequality as regarded 
in the stick region:

δ<− kdd0
.                     (7)

Here, d0 and dk are the displacement of the central dot and the dot 
k, respectively, between the reference image and the current image. δ 
is the minute threshold value. Next, we approximate the two regions 
Ss and Sc as the number of contacting and sticking dots. Therefore, the 
stick ratio is obtained in [22] as follows:

c

s

N
N

≅φ  . (8)

Here, Nc and Ns represent the number of the dots in the contact 
region, and the number of the dots satisfying (7), respectively. When 
estimating the stick ratio, each dot in the contact region is evaluated 

based on whether it satisfies (7) between the reference image and the 
current image.

In the following section, we consider the mechanism of slippage in 
order to apply this estimation method to the fluid-type touchpad.

Mechanism of slippage degree

 In order to estimate slippage degree, tactile sensors must satisfy the 
structure generating incipient slippage. This means that the stick region 
and slippage region occur simultaneously in the contact region. For 
example, if rigid objects are in contact with each other, macroscopic 
slippage occurs immediately, without incipient slippage, since the 
objects are barely deformed. When we used the elastic touchpad, we 
confirmed that the touchpad’s structure generated incipient slippage 
based on Hertzian contact [29]. Here, Hertzian contact addresses the 
contact between an elastic spherical object and a rigid flat surface. 
Therefore, Hertzian contact is inefficient when considering fluid-type 
touchpads, as a fluid-type touchpad consists of a membrane surface 
and inner liquid.

In order to understand the mechanism of slippage occurring 
with the fluid-type touchpad, we compartmentalize the surface of the 
touchpad into many small segments, as shown in Figure 8. We consider 
the theory of small segments on the surfaces of both the elastic and 
fluid-type touchpads from a mechanics viewpoint. We also focus on 
the differences in the small segments between the elastic and fluid-type 
touchpads. 

We formulate the balance of force of a small segment from the 
viewpoint of the static mechanics, dividing the sensor surface into 
an I × J array of segments. Figure 9 shows the balance of the segment 
i, j (i=1,2,…, I, j=1,2,…, J), which is subjected to forces on the four-

Normal force

Contact region

Touchpad

Object

Slippage region

Tangential force

Stick region
Tangential force

Figure 6: The stick region and the slippage region.

Reference image
(Initial image)

Current image

d

Figure 7: Displacements of dots between the reference image and current 
image.
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sided cross-section surface fside
i,j,k (k =1, 2, 3, 4), and a force on the 

inner cross-section surface fini,
j. External force is also applied when the 

touchpad is in contact with an object. The segment of the sensor surface 
is balanced as follows:

( ) ( ) 0åfåff sidesideininext =++ ∑
=

4

1
,,,,,,,

k
kjikjijijiji

. (9)

Here, fext
i,j is the external force applied to the segment i, j. fside

i,j,k (k 
=1, 2, 3, 4) and fini,j represent the functions of the strains of each cross-
section surface εside

i,j,k (k =1, 2, 3, 4), and the function of the strain of 
the inner cross-section surface εin

i,j, respectively. Here, the strain vector 
ε consists of normal strain and two-directional shear strains. The 
strains εside

i,j,k (k =1, 2, 3, 4) and εin
i,j are the functions of the gradient of 

the displacement distribution udis(p
seg

i,j) at the point pseg
i,j of the sensor 

surface, where pseg
i,j is the three-dimensional position of each small 

segment i, j based on the orthogonal coordinate system, as shown in 
Figure 8. Therefore, the forces on the cross-section surface are given 
as follows:

( ) ( )( ) ( )4,3,2,1,,,,,,, =≡ kjikjikjikji
seg

dis
sidesideside pugåf , (10)

( ) ( )( )seg
dis

ininin pugåf jijijiji ,,,, ≡  . (11)

Substituting (10) and (11) into (9) expresses the external force for 
balancing the segment statically as follows:

( )( ) ( )( )∑
=

−−=
4

1
,,,,,,

k
jikjijijiji

seg
dis

sideseg
dis

inext pugpugf  . (12)

Here, we consider the relation between the external force and the 
position of the segment pseg

i,j. We also define the orthogonal coordinate 
system X(i, j, k)-Y(i, j, k)-Z(i, j, k), such that the X(i, j, k) axis and Z(i, 
j, k) axis are perpendicular to each cross-section surface and the outer 
surface of the segment i, j, respectively. When the segment i, j is in 
contact with the object and does not slip, the X(i, j, k) and Y(i, j, k)-
directional gradients of the displacement distribution udis(p

seg
i,j) are not 

changed regardless of udis(p
seg

i,j), as the deformation on the X(i, j, k)-Y(i, 
j, k) plane is fixed. Therefore, the following equation is satisfied:
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Here, [U*]XY represents the X(i, j, k) and Y(i, j, k)-directional 
components of U*. Therefore, the relation between the external force 
and the segment position pseg

i,j satisfies the following equation:
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Here, the size of the external force increases with the displacement 
udis(p

seg
i,j) in reference to the initial state, which in most cases is the non-

contact state of the touchpad. This result, when taken with the elastic 
touchpad, is straightforward.

On the other hand, in the case of the segment of the fluid-type 
touchpad, fin

i,j is not the function of the strain of the segment, but also 
the inner pressure of the membrane pin as follows:

( )( )[ ]
( )( )[ ]
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0pug

pug
seg

dis
in

seg
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XYjiji
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jiZjiji pS
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Here, [U*]Z represents the Z(i, j, k)-directional component of U*. 
Sin

i,j is the area of the inner surface of the segment i, j, and the direction 
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Figure 8: Small segments on the surface of the touchpad; (a) Compartmen-
talization of the surface. (b) Array of small segments.
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Figure 9: Balance of the small segment for formulation; (a) The small 
segment of the elastic touchpad. (b) The small segment of the fluid-type 
touchpad
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of the inner pressure pin is vertical to the inner surface. Inner pressure 
is independent of segment position psegi,j as follows:
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pug
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,, . (16)

From (14) and (16), fext
i,j is also independent of segment position 

psegi,j as follows:
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This characteristic of the fluid-type touchpad is different from that 
of the elastic touchpad. This indicates that the external force applied to 
the segments that do not slip does not increase by the displacement of 
the segment, even if the touchpad’s surface is significantly deformed. 
For example, tangential force applied to the sticking segment does not 
change when a flat object, in contact with the touchpad, moves in a 
tangential direction. This characteristic is helpful for understanding the 
mechanism of incipient slippage when using the fluid-type touchpad.

Now, we consider the mechanism by which incipient slippage 
occurs when using the fluid-type touchpad. When the spherical surface 
of a fluid-type touchpad is in contact with an object, the pressure is 
uniformly distributed across the contact surface. This occurs because 
the applied normal force is balanced by the uniform inner pressure of 
the fluid-type touchpad, in contrast to the elastic touchpad, as shown 
in Figure 10. As described in the previous paragraph, tangential force 
applied to the sticking segment does not increase even when a flat 
object, in contact with the touchpad, moves in a tangential direction. 
Tangential force applied in the slippage region remains almost 
constant, and tangential force increases only at the border between 
the slippage region and stick region. Therefore, incipient slippage 
also occurs gradually in the border between the stick region and the 
slippage region. In our analysis, we demonstrated that the method for 
estimating slippage degree can be successfully applied to the fluid-type 
touchpad.

Experimental Results
In this chapter, the proposed methods for using the fluid-type 

touchpad are confirmed by the experiment’s results. The proposed 
sensor was fixed on a movable stage, in contact with a flat object in 
a normal direction. When we moved the object and sensor on the 
movable stage, normal force, tangential force, moment and slippage 
were simultaneously generated. A laser displacement meter measured 
the displacement of the object to estimate and evaluate the slippage 
degree.

Measurement results of normal force 

We measured normal force when the fluid-type touchpad was in 
contact with the object in a normal direction, altering the magnitude 
of the force. Figure 11 shows the measurement result of normal force. 
We can thus determine the relationship between normal force and the 
contact area Sc. The relationship between normal force and the contact 
depth D can also be successfully calculated. These relationships, defined 
as the functions FS and FD in (3), were identified as follows:
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( )
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Next, the above relationships changed when normal and tangential 
forces were simultaneously applied. In this case, we compensated the 
relationships by using the displacement of the central dot d0, based on 
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Figure 11: Configuration of the experimental setup.

Normal force

Stick region

Touchpad

Object

Tangential force

Slippage region

Normal force

Stick region

Tangential force

Touchpad

Object

(a)

(b)

Slippage region

Figure 10: Mechanism of incipient slippage; (a) The elastic touchpad. (b) The 
fluid-type touchpad.
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the results of regression analysis as follows:

( )
( )
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Figure 12 shows the results of this compensation. We can see its 
success when normal and tangential forces were applied, as the average 
absolute measurement errors in Figure 12a and 12b were 0.54 (N) and 
0.46 (N), respectively.

Finally, we also compensated the relationships change when 
normal force and moment were simultaneously applied. Regression 
analysis yielded the following compensation:
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Figure 13 shows the results of this compensation and its success 
when normal force and moment were applied. The average absolute 
measurement errors of the results in Figure 13a and 13b were 0.20 (Nm) 
and 0.090 (Nm), respectively. In all results, we confirmed that using 
the contact depth D obtained more accurate results. This is because the 
contact depth D is calculated more precisely than the contact area Sc, 
when using the previous methods in Ito et al. [23,24]. 
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The average absolute measurement errors in Figure 12a and 12b 
were 0.54 N and 0.27 N, respectively. The maximum errors in Figure 
12a and 12b were 1.49 N and 0.72 N, respectively.
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Figure 12: Measurement results of normal force; (a) Measurement using the 
contact area. (b) Measurement using the contact depth.
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Figure 13: Measurement results of normal force when tangential force is 
applied; (a) Measurement using the contact area. (b) Measurement using 
the contact depth
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Figure 14: Measurement results of normal force when moment is applied; 
(a) Measurement using the contact area. (b) Measurement using the 
contact depth.
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Figure 15: Measurement results of tangential force; (a) Measurement using 
the contact area. (b) Measurement using the contact depth.

Figure 16: Measurement results of moment; (a) Measurement using the 
contact area. (b) Measurement using the contact depth.
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Figure 17: Results of the estimated stick ratio.

The average absolute measurement errors in Figure 13a and 13b 
were 0.20 N and 0.16 N, respectively. The maximum errors in Figure 
13a and 13b were 0.49 N and 0.43 N, respectively.

Measurement results of tangential force 

We measured tangential force when the object moves in a 
tangential direction while keeping in contact with the touchpad, as 
reported in Figure 14. The proposed method using the normalized 
displacement of the central dot d0nor in (4) can be successfully 
applied to tangential force as well, since the relationship between the 
normalized displacement and tangential force is almost linear. The 
parameters Sref, Dref, TS and TD were identified as 100 mm2, 10 mm, 0.65 
and 0.75, respectively. In this experiment, using the contact depth D 
also obtained more accurate results.

Measurement results of rotational moment around normal 
direction 

When we simultaneously applied normal force and moment in 
a normal direction, moment was measured by the proposed method 
using a normalized rotation angle of the contact surface θnor in (5), as 
reported in Figure 15. Figure 15 shows the linear relationship between 
the normalized rotation angle and moment. As demonstrated, the 
fluid-type touchpad can successfully measure moment. The parameters 
Sref, Dref, RS and RD were identified as 100 mm2, 10 mm, 1.7 and 2.2, 
respectively. Using the contact depth D also obtained more accurate 
results in this experiment.

Results of Estimation of Object Slippage: In this section, we 
demonstrate the results achieved when the slippage estimation method 
was applied to the fluid-type touchpad. Tangential force was applied 
when the touchpad was in contact with a flat object. Figure 16 shows the 
result of the estimated stick ratio when using the fluid-type touchpad. 
The upper and lower figures show the stick ratio and the displacements 
of the central dot and the object, respectively. We can see that the stick 
ratio was successfully estimated after macroscopic slippage occurred. 
The rapid increase of the stick ratio after initial macroscopic slippage 
occurred because a section of the incipient slippage region remained 
in a deformed state and joined the stick region. This shows that we can 
estimate the stick ratio in spite of a deformation in the stick region. 
When macroscopic slippage occurs in the opposite direction, the 
proposed method can still estimate the stick ratio. Since these results 
are equivalent to the results achieved when using the elastic touchpad 
[22], this demonstrates that the slippage estimation method can be 
successfully applied to the fluid-type touchpad. We confirmed that 
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the fluid-type touchpad can also estimate slippage degree using the 
proposed method.

Conclusion
We have achieved an estimation of contact force and slippage by 

using a tactile sensor with a fluid-type touchpad. Consequently, we 
have proposed a new method based on look-up tables with newer, more 
efficient compensations for measuring normal force, tangential force 
and moment. Secondly, we have clarified the mechanism of slippage 
when using the fluid-type touchpad. We have shown that the fluid-type 
touchpad is able to generate and estimate slippage degree accurately. 
Finally, the validation of our proposed methods using the fluid-type 
touchpad has been confirmed in the experimental results.

Our developed sensor can be fabricated easily and at a low cost, as 
the sensor has a simple structure and does not require complex sensing 
elements or wiring. Although the size of the sensor developed and used 
in this study is relatively large, it can be easily downsized by using a 
smaller CCD/CMOS camera.

In the process of contributing to this paper, our vision-based 
sensor with a fluid-type touchpad was developed to a greater level of 
practicality. Combined with the previous work [23-25], our sensor has 
demonstrated that it can simultaneously obtain multiple types of tactile 
information, including the contact force, moment, slippage degree, 
shape, contact region, position and orientation of an object in contact 
with the fluid-type touchpad. Future work involves the implementation 
of fluid-type tactile sensors across the industrial and medical fields and 
in various practical applications, such as robot hands for dexterous 
handling.
References

1. Lee MH, Nicholls HR (1999) Tactile sensing for mechatronics-a state of the art 
survey. In Proc. of the Mechatronics 1-31.

2. Dahiya RS, Metta G, Valle M, Sandini G (2010) Tactile Sensing—From Humans 
to Humanoids. IEEE Trans. on Robotics 26: 1-20.

3. Yamada D, Maeno T, Yamada Y (2002) Artificial Finger Skin having Ridges and 
Distributed Tactile Sensors used for Grasp Force Control. Journal of Robotics
and Mechatronics 14: 140-146. 

4. Noda K, Hoshino K, Matsumoto K, Shimoyama I (2006) A shear stress sensor
for tactile sensing with the piezoresistive cantilever standing in elastic material. 
Sensors and Actuators A: Physical 127: 295-301. 

5. Schmitz A, Maggiali M, Natale L, Bonino B, Metta G (2010) A Tactile Sensor for 
the Fingertips of the Humanoid Robot iCub. In Proc. of IEEE/RSJ International 
Conference on Intelligent Robots and Systems 2212-2217. 

6. Hakozaki M, Shinoda H (2002) Digital tactile sensing elements communicating 
through conductive skin layers. In Proc. of IEEE/RSJ International Conference
on Intelligent Robotics and Automation 3813-3817.

7. Yamada K, Goto K, Nakajima Y, Koshida N, Shinoda H (2002) Wire-Free
Tactile Sensing Element Based on Optical Connection. In Proc. of 19th Sensor 
Symposium 433-436. 

8. Yang S, Chen X, Motojima S (2006) Tactile sensing properties of protein-like
single-helix carbon microcoils. Carbon 44: 3352-3355. 

9. Takao H, Sawada K, Ishida M (2006) Monolithic Silicon Smart Tactile Image
Sensor With Integrated Strain Sensor Array on Pneumatically Swollen Single-
Diaphragm Structure. IEEE Trans. on Electron Devices 53: 1250-1259. 

10. Engel J, Chen J, Liu C (2003) Development of polyimide flexible tactile sensor 
skin. Journal of Micromechanics and Micro Engineering 13: 359-366.

11. Mei T, Li WJ, Ge Y, Chen Y, Ni L, Chan MH (2000) An integrated MEMS three-
dimensional tactile sensor with large force range. Sensors and Actuators A:
Physical 80: 155-162.

12. Engel J, Chen J, Liu C (2003) Development of a multimodal, flexible tactile 
sensing skin using polymer micromachining. In Proc. of 12th International
Conference on TRANSDUCERS, Solid-State Sensors, Actuators and
Microsystems 2: 1027-1030.

13. Ferrier NJ, Brockett RW (2000) Reconstructing the Shape of a Deformable
Membrane from Image Data. International Journal of Robotics Research 19:
795-816.

14. Saga S, Kajimoto H, Tachi S (2007) High-resolution tactile sensor using the
deformation of a reflection image. Sensor Review 27: 35-42. 

15. Johnson MK, Adelson EH (2009) Retrographic sensing for the measurement
of surface texture and shape. In Proceedings of the IEEE Conference on
Computer Vision and Pattern Recognition 1070-1077.

16. Kamiyama K, Vlack K, Mizota T, Kajimoto H, Kawakami N, et al. (2005) Vision-
Based Sensor for Real-Time Measuring of Surface Traction Fields. IEEE
Computer Graphics and Applications 25: 68-75.

17. Sato K, Kamiyama K, Nii H, Kawakami N, Tachi S (2008) Measurement of
Force Vector Field of Robotic Finger using Vision-based Haptic Sensor. In
Proc. of IEEE/RSJ International Conference on Intelligent Robots and Systems 
488-493.

18. Ohka M, Mitsuya Y, Matsunaga Y, Takeuchi S (2004) Sensing characteristics
of an optical three-axis tactile sensor under combined loading. Robotica 22:
213-221.

19. Ohka M, Takata J, Kobayashi H, Suzuki H, Morisawa N, et al. (2009) Object
exploration and manipulation using a robotic finger equipped with an optical 
three-axis tactile sensor. Robotica 27: 763-770.

20. Yamada Y, Iwanaga Y, Fukunaga M, Fujimoto N, Ohta E, et al. (1999) Soft
Viscoelastic Robot Skin Capable of Accurately Sensing Contact Location of
Objects. In Proc. of IEEE/RSJ/SICE International Conference on Multisensor
Fusion and Integration for Intelligent Systems 105-110.

21. Obinata G, Ashis D, Watanabe N, Moriyama N (2007) Vision Based Tactile
Sensor Using Transparent Elastic Fingertip for Dexterous Handling. Mobile
Robots: Perception & Navigation 137-148.

22. Ito Y, Kim Y, Obinata G (2011) Robust Slippage Degree Estimation based on
Reference Update of Vision-based Tactile Sensor. IEEE Sensors Journal 11:
2037-2047.

23. Ito Y, Kim Y, Nagai C, Obinata G (2011) Contact State Estimation by Vision-
based Tactile Sensors for Dexterous Manipulation with Robot Hands Based on 
Shape-Sensing. International Journal of Advanced Robotic Systems 8: 225-
234.

24. Ito Y, Kim Y, Nagai C, Obinata G (2012) Vision-based Tactile Sensing and
Shape Estimation Using a Fluid-type Touchpad. IEEE Trans. on Automation
Science and Engineering 9: 734-744.

25. Ito Y, Kim Y, Obinata G (2011) Multi-axis Force Measurement based on
Vision-based Fluid-type Hemispherical Tactile Sensor. In Proc. of IEEE/RSJ
International Conference on Intelligent Robots and Systems 4729-4734. 

26. Xydas N, Kao I (1999) Modeling of contact mechanics and friction limit surface 
for soft fingers in robotics with experimental results. International Journal of 
Robotics Research 18: 941-950.

27. Kao I, Yang F (2004) Stiffness and Contact Mechanics for Soft Fingers in
Grasping and Manipulation. IEEE Trans. on Robotics and Automation 20: 132-
135.

28. Watanabe N, Obinata G (2008) Grip Force Control Using Vision-Based Tactile 
Sensor for Dexterous Handling. In Proc. of the European Robotics Symposium 
44: 113-122.

29. Johnson KL (1987) Contact Mechanics. Cambridge University Press.

Adv Robot Autom, an open access journal
ISSN: 2168-9695 

http://www.sciencedirect.com/science/article/pii/S0957415898000452
http://www.sciencedirect.com/science/article/pii/S0957415898000452
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=5339133&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D5339133
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=5339133&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D5339133
http://www.sciencedirect.com/science/article/pii/S0924424705005534
http://www.sciencedirect.com/science/article/pii/S0924424705005534
http://www.sciencedirect.com/science/article/pii/S0924424705005534
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=5648838&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D5648838
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=5648838&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D5648838
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=5648838&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D5648838
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=1014314&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D1014314
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=1014314&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D1014314
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=1014314&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D1014314
http://www.alab.t.u-tokyo.ac.jp/~shino/research/pdf/02optac.PDF
http://www.alab.t.u-tokyo.ac.jp/~shino/research/pdf/02optac.PDF
http://www.alab.t.u-tokyo.ac.jp/~shino/research/pdf/02optac.PDF
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=1624709&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D1624709
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=1624709&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D1624709
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=1624709&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D1624709
http://iopscience.iop.org/0960-1317/13/3/302
http://iopscience.iop.org/0960-1317/13/3/302
http://www.sciencedirect.com/science/article/pii/S0924424799002617
http://www.sciencedirect.com/science/article/pii/S0924424799002617
http://www.sciencedirect.com/science/article/pii/S0924424799002617
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=1216943&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D1216943
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=1216943&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D1216943
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=1216943&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D1216943
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=1216943&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D1216943
http://ijr.sagepub.com/content/19/9/795.short
http://ijr.sagepub.com/content/19/9/795.short
http://ijr.sagepub.com/content/19/9/795.short
http://www.emeraldinsight.com/journals.htm?articleid=1593194&show=abstract
http://www.emeraldinsight.com/journals.htm?articleid=1593194&show=abstract
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=5206534&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D5206534
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=5206534&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D5206534
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=5206534&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D5206534
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=1381228&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D1381228
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=1381228&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D1381228
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=1381228&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D1381228
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=4650712&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D4650712
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=4650712&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D4650712
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=4650712&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D4650712
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=4650712&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D4650712
http://journals.cambridge.org/action/displayAbstract;jsessionid=B20F3CEBF7D6ECDF447B9300A3C8D2FE.journals?fromPage=online&aid=215615
http://journals.cambridge.org/action/displayAbstract;jsessionid=B20F3CEBF7D6ECDF447B9300A3C8D2FE.journals?fromPage=online&aid=215615
http://journals.cambridge.org/action/displayAbstract;jsessionid=B20F3CEBF7D6ECDF447B9300A3C8D2FE.journals?fromPage=online&aid=215615
http://journals.cambridge.org/action/displayAbstract?fromPage=online&aid=6047948
http://journals.cambridge.org/action/displayAbstract?fromPage=online&aid=6047948
http://journals.cambridge.org/action/displayAbstract?fromPage=online&aid=6047948
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=815973&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D815973
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=815973&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D815973
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=815973&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D815973
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=815973&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D815973
http://cdn.intechopen.com/pdfs/135/InTech-Vision_based_tactile_sensor_using_transparent_elastic_fingertip_for_dexterous_handling.pdf
http://cdn.intechopen.com/pdfs/135/InTech-Vision_based_tactile_sensor_using_transparent_elastic_fingertip_for_dexterous_handling.pdf
http://cdn.intechopen.com/pdfs/135/InTech-Vision_based_tactile_sensor_using_transparent_elastic_fingertip_for_dexterous_handling.pdf
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=5682002&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D5682002
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=5682002&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D5682002
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=5682002&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D5682002
http://web.b.ebscohost.com/abstract?direct=true&profile=ehost&scope=site&authtype=crawler&jrnl=17298806&AN=69598316&h=vyPWj8t77g0WHUaITNMmvTi8N3xPwRFmMb2ECclsn5xSAcB9ze9TIuBgdPWlEMy3k%2bNDyspc8WJFbjy468Jt%2bA%3d%3d&crl=c
http://web.b.ebscohost.com/abstract?direct=true&profile=ehost&scope=site&authtype=crawler&jrnl=17298806&AN=69598316&h=vyPWj8t77g0WHUaITNMmvTi8N3xPwRFmMb2ECclsn5xSAcB9ze9TIuBgdPWlEMy3k%2bNDyspc8WJFbjy468Jt%2bA%3d%3d&crl=c
http://web.b.ebscohost.com/abstract?direct=true&profile=ehost&scope=site&authtype=crawler&jrnl=17298806&AN=69598316&h=vyPWj8t77g0WHUaITNMmvTi8N3xPwRFmMb2ECclsn5xSAcB9ze9TIuBgdPWlEMy3k%2bNDyspc8WJFbjy468Jt%2bA%3d%3d&crl=c
http://web.b.ebscohost.com/abstract?direct=true&profile=ehost&scope=site&authtype=crawler&jrnl=17298806&AN=69598316&h=vyPWj8t77g0WHUaITNMmvTi8N3xPwRFmMb2ECclsn5xSAcB9ze9TIuBgdPWlEMy3k%2bNDyspc8WJFbjy468Jt%2bA%3d%3d&crl=c
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=6268299&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D6268299
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=6268299&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D6268299
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=6268299&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D6268299
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=6697037&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D6697037
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=6697037&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D6697037
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=6697037&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D6697037
http://ijr.sagepub.com/content/18/9/941.short
http://ijr.sagepub.com/content/18/9/941.short
http://ijr.sagepub.com/content/18/9/941.short
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=1266654&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D1266654
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=1266654&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D1266654
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=1266654&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D1266654
http://link.springer.com/chapter/10.1007/978-3-540-78317-6_12
http://link.springer.com/chapter/10.1007/978-3-540-78317-6_12
http://link.springer.com/chapter/10.1007/978-3-540-78317-6_12

	Title
	Corresponding author
	Abstract 
	Keywords
	Introduction 
	Vision-Based Tactile Sensors  
	V-Measurement of Contact Force 
	Method for measuring normal force  
	Method for measuring moment around normal direction  

	Estimation  of Slippage 
	Definition of stick ratio 
	Method for estimating stick ratio  
	Mechanism of slippage degree 

	Experimental Results 
	Measurement results of normal force  
	Measurement results of tangential force  
	Measurement results of rotational moment around normal direction  

	Conclusion 
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8
	Figure 9
	Figure 10
	Figure 11
	Figure 12
	Figure 13
	Figure 14
	Figure 15
	Figure 16
	Figure 17
	References
	Untitled

