
 
 

 

  

Abstract—This paper analyzes grasp synthesis in 
multi-fingered robot arm equipped with a tactile sensor to 
handle objects located at arbitrary positions. We developed an 
11-dof multi-fingered arm and a novel optical three-axis tactile 
sensor system based on an optical waveguide transduction 
method. The tactile sensor can simultaneously acquire normal 
and shearing forces. We analyzed normal and shear force 
distribution to grasp real object. The slippage direction 
acquired from the shear force data was used to control arm 
movements in the incipient grasp and release motion. Normal 
force is used to distinguish object stiffness and to generate 
optimum grasp pressure. The analysis results are compiled in a 
control algorithm inside the robot control system. The 
algorithm was evaluated in experiments with real objects, and 
the results revealed good performance of the robot arm when 
handling arbitrary located objects. 

I. INTRODUCTION 
ECENTLY interest has been growing in dexterous robot 
manipulation using tactile sensors. Tactile sensors offer 

great potential for improving the grasp synthesis in robot 
manipulation due to their extreme sensitivity and capability 
of measuring normal and shearing forces. In addition, 
material and stability recognition capabilities are advantages 
of a robotic arm equipped with a tactile sensor. 

Object grasping is a typical human ability that is widely 
studied from both biological and engineering points of view. 
The problem of synthesizing the control of real-time grasp is 
an essential component of dexterous manipulation. To 
address this problem, Dubey [1] proposed a controller based 
on fuzzy logic that can perform the optimal grasp of objects 
without knowing their mass and frictional properties. 
Tomovic [2] analyzed grasping tasks as performed by 
human beings that indicated geometric modeling in target 
identification to complete the grasping task. In addition, Lim 
[3] proposed a real-time grasp planning architecture in 
multi-fingered hands to find grasp configurations that satisfy 
force-closure condition of arbitrary shaped objects.  

Manipulation of objects located at an arbitrary position is 
also an essential component of dexterous manipulation task, 
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Fig. 1. Two multi-fingered robot arms equipped with optical three-axis 
tactile sensors at fingertips. 
especially for robots that share workspace with humans. 
Several projects are focusing on these issues. For example, 
the ARMAR project, which is investigating manipulation in 
human environments, has shown results including the 
bimanual opening of a jar [4]. In addition, many groups are 
researching autonomous mobile manipulation in human 
environments [5][6], and robot manipulation for 
human-robot interaction using humanoid robots [7][8] that 
included the handling and transferring of objects between a 
humanoid and human. However, most of these projects have 
yet to consider tactile sensation for grasp synthesis in detail, 
whereby active visual perception is the main sensing 
modality used to recognize object and control grasping 
motions. Obviously, robots must be able to perform 
human-like grasp based on tactile sensation so that they can 
assist humans and work effectively in built-for-human 
environments. 

In this research, we developed two units of 11-dofs 
multi-fingered robot arms to improve their maneuvering 
when handling real objects, as shown in Fig. 1. We present 
grasp synthesis analysis of arbitrary located objects based on 
tactile sensing. We developed a novel tactile sensor system 
to mount on each fingertip of the robot arm to realize tactile 
sensation. The tactile sensor is based on an optical 
waveguide transduction method and applies image 
processing techniques.  Such a sensing principle is expected 
to provide better sensing accuracy to realize contact 
phenomena by acquiring the three axial directions of the 
forces, so that normal and shear forces can be measured 
simultaneously. 
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II. HARDWARE STRUCTURE AND SENSING PRINCIPLES OF 
OPTICAL THREE-AXIS TACTILE SENSOR  

In this research, we analyzed grasp synthesis in robot 
manipulation by acquiring tactile sensing information using 
a multi-fingered robot arm equipped with an optical 
three-axis tactile sensor that is based on the principle of an 
optical waveguide-type tactile sensor. Fig. 2 shows the 
structure and the sensing principle of the tactile sensor 
system. The tactile sensor is designed in a hemispherical 
dome shape that consists of an array of sensing elements. 
This shape mimics the structure of human fingertips for easy 
compliance with various shapes of objects. 

The novel hardware consists of an acrylic hemispherical 
dome, an array of 41 pieces of sensing elements made from 
silicon rubber, a light source, an optical fiber scope, and a 
CCD camera. The optical fiber-scope is connected to the 
CCD camera to acquire the images of sensing elements 
touching the acrylic dome inside the sensor. The silicone 
rubber sensing element is comprised of one columnar feeler 
and eight conical feelers that remain in contact with the 
acrylic surface. The light emitted from the light source is 
directed towards the edge of the hemispherical acrylic dome 
through optical fibers. When an object contacts the 
columnar feelers, resulting in contact pressure, the feelers 
collapse. At the points where the conical feelers collapse, 
light is diffusely reflected out of the reverse surface of the 
acrylic surface because the rubber has a higher reflective 
index. The contact phenomena, which consist of bright spots 
caused by the collapse of the feelers, are observed as image 
data, retrieved by the optical fiber scope connected to the 
CCD camera, and transmitted to the computer.  

In the shearing force detection, when the tangential force 
is applied to the sensing element, it collapses based on the 
applied load direction. At the same time, the centroid point 
of the bright spot is also shifted. Therefore, the shearing 
force can be calculated based on the horizontal displacement 
of this centroid point. 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
In the measurement process, the normal forces of the Fx, 

Fy and Fz values are calculated using integrated gray-scale 
value G, while the shearing force is based on horizontal 
center point displacement. The displacement of gray-scale 
distribution u is defined in (1), where i and j are the 
orthogonal base vectors of the x- and y-axes of a Cartesian 
coordinate, respectively. This equation is based on 
calibration experiments, and material functions are initially 
identified with piecewise approximate curves [9]. 
Consequently, each force component is defined in (2): 

  u = uxi + uyj                                      (1)  

Fx = f(ux), Fy = f(uy), Fz = g(G).                      (2) 
The integrated gray-scale value of contact area g(x,y) is 

proportional with contact force p(x,y), as shown in (3): 
p(x,y)= Cv△g(x,y).                               (3) 

Here, Cv is a transformation coefficient, and △g(x,y) is 
increment of the integrated gray-scale value. Based on this 
relationship, we define the normal force from the gray-scale 
distribution of the contact area. The measurement of contact 
force P is defined by the following integration, where S is 
size of the gray-scale measurement area. 

∫= S dSyxpP ),( .                             (4) 

Here, when (3) is applied to (4), we can define 
measurement of contact force P as following Eq. (5): 

∫ ∆= Sv dSyxgCP ),( .                        (5) 

Next, we calculate the centroid position, which is 
measured based on the center point of the bright spots area 
that equals to the center position of the integrated gray-scale 
measurement area. When tangential force is applied to the 
sensor element, the conical feeler`s contact area at sensing 
element with the acryl surface is shifted horizontally. To 
define the shearing force, we measure the horizontal 
centroid point displacement at the x and y axes.  

Conical feeler (cone shape) 

Columnar feeler 
(cylinder shape) 

 

Fig. 2. Structure of optical three-axis tactile sensor and its sensing principles.
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First, by applying the increment of integrated gray-scale 
value △g(x,y), the centroid positions at the xy-axes, which 
are described as xG and yG are defined within the 
measurement area of the integrated gray-scale value, as 
shown in Eqs. (6) and (7), respectively: 
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Based on the above equations, the displacement of the 
centroid point at the xy-axes in time t is defined as follows: 
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III. GRASP SYNTHESIS ANALYSIS 
In this research, we analyze the grasp synthesis of robotic 

fingers that handle an object located at an arbitrary position. 
The analysis is based on normal and shearing forces 
acquired by tactile sensors.  

A. Analysis of Normal Force Distribution  
We conducted a series of experiments using the two 

robotic fingers to grasp real objects to clarify normal force 
distribution of our tactile sensor. The objects were a 
cube-sized aluminum block and a paper box. The 
experiment conditions are shown in Fig. 3; the robot fingers 
grasped the object to lift it up to the z-axis direction. Fig. 4 
shows the normal force distributions of the sensing elements 
in both experiments.  

In the experiment with an aluminum block, as shown in 
Fig. 4 (top), the normal force was increased drastically in 
incipient grasp due to the object’s hard surface. At this 
moment, the finger control system recognized the incipient 
grasp and lifted the object up while maintaining grasp 
pressure on it. In the experiment with the paper box, as 
shown in Fig. 6 (bottom), the increment of the normal force 
is small due to the object’s soft surface. However, since the 
response of the normal force can still be detected, the finger 
control system recognized the incipient grasp and then lifted 
the object.  

From both experiments results, we conclude that it is 
possible to estimate object stiffness as indicated in the 
normal force distribution data. The methodology measures 
the increment of normal force data in a specified progress 
time so that it can be used to control the grasp pressure by 
refining the re-push velocity on the object.  

 
Fig. 3. Robot fingers grasp and lift aluminum block and paper box. 

 
 

 
Fig. 4. Fingertip position and normal force distribution at left finger in 
experiments with aluminum block (top) and paper box (bottom). 

B. Analysis of Shear Force Distribution  
In the handling tasks of an arbitrary located object, 

slippage which occurred during the incipient grasp normally 
reflects the object’s weight resistance. During the release 
motion, slippage that occurs is the result of the object 
contacting the ground surface. In this situation, without 
proper control of the robot arm, the possibility is high that 
the robot fingers will over-push toward the object during 
incipient grasp and towards the ground during release 
motion. Therefore, to avoid such problems that can damage 
the object or the tactile sensor, shear force characteristics 
and distribution must be analyzed during incipient grasp and 
release motion.  
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Fig. 5. Experiment of sudden weight change using robot fingers. 

 
Fig. 6. Shear force data and right fingertip’s position at x-axis in sudden 
weight change experiment. 

First, we analyzed the shear force response in the optical 
three-axis tactile sensor. We conducted experiments to 
clarify the tactile sensor response against a sudden change of 
object weight using two robot fingers mounted on a test jig 
as shown in Fig. 5, where the finger orientation is about 
horizontal with the table surface. The optical three-axis 
tactile sensors were mounted on both fingertips. The object 
was an empty paper cup that weighed about 4 grams. Motion 
planning was designed so that both fingers could move 
along the x-axis direction to grip the cup, lifting it along the 
y-axis direction within 80 sec of the progress time. Next, at 
40 sec we poured 60 ml of water into the cup, and then after 
55 sec we poured another 30 ml, and finally another 20 ml 
after about 70 sec.  

The fingertip movements and the detected shear force 
data of both fingers are compiled in graph. In Fig. 6, the 
movement of the right fingertip can be observed at the x-axis 
against the detected shear force. In this experiment, when 
water was poured into the cup, slippage was detected by 
tactile sensors as shown in centroid changes at the 
x-directional of the sensor elements. The finger system 
recognizes the slippage and responds quickly by adjusting 
the fingertip position to tighten the grip so that the paper cup 
will not slip. The robot fingers managed to react to the 
object’s sudden weight change of object weight by 
acquisition of shear force data from the tactile sensor.  

 
Fig. 7. Centroid displacement of tactile sensor elements in analysis of shear 
force and slippage direction when force applied at object’s center. 

 

 
Fig. 8. Centroid displacement of tactile sensor elements in analysis of shear 
force and slippage direction when force applied at object’s edge. 

From these experimental results, we conclude that the 
optical three-axis tactile sensor used in this research can 
detect sudden slippage sensations. Therefore it is suitable to 
classify incipient grasp and release motion while arbitrary 
located objects are being handled. 

Force

Force
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Second, since clarifying the shear force characteristics 
and distribution is important in both the incipient grasp and 
release motion, we conducted a simple experiment in which 
the robot finger held a cube-shaped object as illustrated in 
Fig. 7 and 8. First we applied force to the center of the object, 
as shown in Fig. 7, and then at its edge as shown in Fig. 8, 
which caused the object to slightly rotate. We defined the 
shear force characteristics and distribution by calculating the 
centroid point displacement of the sensing elements, as 
indicated in the graphs for both experiments.  

The graphs in Figs. 7 and 8 show the directions of the 
centroid displacements of the related tactile sensor elements 
are toward the applied force direction. In Fig. 8, the 
directions of the centroid displacement for the tactile sensor 
elements are based on to the object’s rotation direction.  

From both experiment results, we conclude that the shear 
force direction reflects the applied force direction. Therefore 
slippage direction can be used as a control parameter in the 
robot arm control system to distinguish incipient grasp and 
release motion. In addition, the optical three-axis tactile 
sensor is highly sensitive for detecting shear force that 
enables the robot arm to precisely control the finger motion 
during incipient grasp and release motion. 

IV. VERIFICATION EXPERIMENT 
In our previous works [10][11], we defined suitable tactile 

sensing-based control parameters in our robot arm control 
system using the optical three-axis tactile sensor. The 
parameters are shown in Table 1. Based on these parameters, 
we proposed a control algorithm to classify object stiffness 
and generate suitable grasp motion.  

We classified objects into three classifications to control 
the optimum grasping pressure: soft, medium, and hard. 
These classifications are used to select the velocity ratio for 
the velocity of re-push motion vp. The threshold of normal 
forces F1 and F2 functioned to control finger movement 
during grasping and manipulating objects.  

During the re-push motion, the selection of the thresholds 
of normal forces F1 and F2 and the re-push velocity are 
decided based on the object hardness classification. Based 
on the normal force thresholds, the velocity ratio was defines 
to re-push toward the object and to decide to stop the 
motion.  

In the control algorithm, first the control system sees the 
threshold of centroid change dr before performing stiffness 
distinction using the increment of normal force ∆F. Then the 
fingers reinforce the grasping pressure to re-push the object 
based on the velocity ratio. Regarding the threshold of 
normal force, if the object was detected as soft, the finger no 
longer re-pushes the object when the detected normal force 
exceeds F1. Meanwhile, F2 is used for emergency stops so 
that the finger will not over-push the object. 

 

TABLE I.  CONTROL PARAMETERS OF  OBJECT MANIPULATION 

 
As mentioned in Section III, the slippage direction is 

based on the applied force direction. In our robot control 
system, we fixed the slippage direction to classify the 
incipient grasp and set the timing of the release motion. 
When the distribution of the shear force direction is 
downward (positive side), the robot control system classifies 
the motion as incipient grasp. If the distribution of the shear 
force direction is upward (negative side), the control system 
automatically realizes that the object is contacting the 
ground. Therefore, the arm will not move any further, and 
the fingers gently release the object. 

We conducted an object transferring motion experiment 
to verify the performance of the multi-fingered robot arm 
when handling a cube-shaped wood block object located at 
an arbitrary position. The optical three-axis tactile sensors 
are mounted on the fingertips of both fingers. Fig. 9 shows 
photographs of the experimental conditions. The robot arm 
grasped, moved and released the object. Fig. 10 shows the 
relationship at the left finger between the fingertip positions 
and the shear force distribution which were calculated from 
the arm’s global coordinates. 

In this experiment, the fingers start to grasp and release 
the object when the slippage value exceeds the fixed 
threshold value. This can be observed in the graph at the 
changes of fingertip movement that correlate with the 
detection of the shear force distribution. Related with the 
shear force direction, during incipient grasp, both positive 
and negative directions can be observed. This is caused by 
the rotation of the object due to the weight to adjust its 
position. At this moment, the finger control system managed 
to perform grasp and release motions since the first 
detections of slippage are at the positive side.  

Meanwhile, during the release motion, both positive and 
negative directions can also be observed due to the object 
rotation when the object touches the ground. However, the 
first shear force was detected at the negative side, as shown 
on the right in Fig. 10. The robot arm knows that the object is 
touching the ground and stops further movement toward it. 
Then the fingers slowly release the object. 

Category Parameter 
Sensor 100 ms 

Sampling interval 
Finger 25 ms 

F1 0.5 N 
Threshold of normal force

F2 1.8 N 
Threshold of shearing 
force dr 0.004 mm 

Velocity of re-push vp 2 mm/s 

Velocity ratio (Soft, 
medium, hard) (0.25,1.00,1.25) 

Increment of normal force ∆F soft< 0.08 N <hard

Progress time ∆t 0.1 s 
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V. CONCLUSIONS 

Tactile sensors have great potential for improving grasp 
synthesis in robot manipulation. The problem of 
synthesizing the control of real-time grasp is an essential 
component of dexterous manipulation. Furthermore, 
handling objects located at arbitrary positions based on 
tactile sensation is a new challenge in robot manipulation. 

In this report, we presented an analysis of grasp synthesis 
based on tactile sensation for grasping and handling an 
object located at an arbitrary position. The analysis was 
conducted using a multi-fingered robot arm equipped with 
an optical three-axis tactile sensor. To manipulate an 
arbitrary located object, we conducted an analysis of normal 
force and shear force distribution. Furthermore we analyzed 
the slippage direction to distinguish grasp synthesis in the 
incipient grasp and release motion. We proposed a control 
algorithm based on tactile-slippage sensation to define 
object stiffness and to generate suitable grasp pressure. The 
analysis results were applied in the control algorithm to 
define suitable timing to lift and release an object.  

Finally, the proposed control algorithm’s performance 
was experimentally evaluated using real objects. The 
experimental results revealed good performance for robot 
fingers in defining optimum grasp pressure and in 
autonomously controlling the grasp and release motions of 
the object at an arbitrary position.  
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Fig. 10. Object transfer experiment data of left finger using wood block. Relationship between x-directional centroid displacement calculated about x-axis 
arm`s global coordinate, and x-directional fingertip position. (Left) For all motions. (Right) During release motion.  

Fig. 9. Sequential photographs in object transferring experiment using wood block. 
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