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Abstract: A novel three-dimensional force flexible tactile sensor using conductive rubber with 
"overall injection molding" technique is presented. The sensor is based on conductive rubber’s force-
sensitive property. The sensor is flexible and can measure 3-D force. The rubber’s characteristics, the 
sensor’s structure and its principle are described. The results of simulation will be also presented. 
Copyright © 2010 IFSA. 
 
Keywords: Tactile sensor, Three-dimensional force, Conductive rubber, Force-sensitive property. 
 
 
 
1. Introduction 
 
Tactile sensor is defined as a device or system can acquire the external information via interaction. 
Being an important sensing capability of ideal robots, tactile sensor can help robots to complete a 
variety of complex tasks with accurate perception. Especially, the tactile sensor used as a robot’s skin 
should be able to measure 3-D force and also need to be so flexible that it can be mounted on curved 
robot’s surface. 
 
With the development of robot technology, much attention has been attracted to the research on tactile 
sensor, and different types of techniques have been explored in realizing the tactile sensors, they are 
MEMS [1, 2], capacitive [3], piezoelectric [4, 5], optical [6], pressure-conductive rubber [7, 8] and so 
on. 
 
The authors propose a new tactile sensor utilizing piezoelectric vibration [4]. This tactile sensor 
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comprises two piezoelectric materials, one is used for the vibration of the sensor element and the other 
is used for the measurement of the change in mechanical impedance induced by an external force. 
Although this tactile sensor has a high sensitivity, wide measurement range and goo flexibility, the 
force it measured is limited to pressure. In [1], a tactile sensor which can measure three components 
forces is designed. The authors have fabricated the tactile sensor using flexible MEMS technology 
based on polymer material. Because the tactile sensor is composed of 100 micro force sensors, its 
fabrication is complex. 
 
We discuss a new three-dimensional force flexible tactile sensor made via "overall injection molding" 
technique in this paper. A type of conductive rubber is adopted as sensitive material. This sensor is 
flexible and it can also measure 3-D force. The other advantage of the sensor is that we can fix its 
structure first, and then fill the model with conductive rubber, so we can produce three-dimensional 
force flexible tactile sensors in batches. 
 
 
2. Characteristics of Conductive Rubber 
 
Conductive rubber has many excellent features, such as flexibility and workability, and especially, its 
electricity-conducting is required. Especially, in state of force applied, conductive rubber’s resistance 
will change. 
 
Based on quantum tunnel effect theory [9-11], we suppose the statistic average value of the conductive 
particle space is , and relationship between the macro current density ( )J  and   is: 
 
 2

0 0( ) exp ( 2)( 1)J J        , (1) 

 
where, 0  is the field between spaces without external forces,   is the field between spaces in state of 

external force applied,  1 222 /m   is the tunneling constant, m  is the electronic mass,   is the 

reduced Planck constant, and   is the barrier height. 
 
When there is no external force applied, the rubber’s length is 0l , and its initial resistance is 0R . In 

ideal condition, in state of force F applied, the relationship of F  and rubber’s deformation l  meets 
the Hook’s Law within the elastic deformation, 
 
 

1 0 1( )F k l l k l    , (2) 

 
where 1k  is the Hook constant. 

 
Secondly, we assume 2k l  , so 

 
 

0 0 0l l      (3) 

 
In fact, according to Ohm’s law, the resistance of rubber has the form 
 
 R l S , (4) 

 
where, l  is the length, S  is the cross-sectional area,   is the resistivity. 
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We bring (1)-(3) to (4), then the relationship of resistance value change along with external forces is as 
follows: 
 
  R F l S Jl ES   

  2
0 1 0 1 2 1 1 0( ) ( ) exp (2 ( ))l k F Sk k F k k l F        

  2
0 1 0 1 2 1 1 0( ) ( ) 1 (2 ( ))l k F Sk k F k k l F           

  2 2 2 2 2 3 4
0 0 1 0 2 0 1 0 2 0 1 0 1 0( ) (2 ) (8 ( ))R R k l F k R k l F k R k l k l F F               

(5) 

 
In actual use, we adopt the quadratic term, 
 
   2

0R F R AF BF    (6) 

 
Among this 0 1 0( )A R k l , 2

2 0 1 0(2 )B k R k l . According to (2), if the external force is pressure, F is 

negative, and F is positive in state of pull applied. 
 
In this paper, the sensor’s design is just based on the conductive rubber’s property as expressed in (6). 
Recently, there are many existing study on conductive rubber’s force-sensitive property. In Fig. 2(a), 
piezoresistive effect experiment was discussed to test the relationship between pressure and resistance 
using some different samples [12], and the relationship of resistance value change along with external 
pull is shown in Fig. 2(b) [13]. According to the previous research, we can describe the relationship 
between rubber’s resistance and external force with quadratic polynomial. 
 
 

 
 

Fig. 1. The conductive rubber. 
 
 
3. Structure of the Sensor 
 
Most of the conventional types of sensor structure are armor-type arrangement, and their flexibility 
can not meet actual need of the humanoid robot. In [7], Makoto Shimojo used pressure-conductive 
rubber as sensitive material to discuss a new tactile sensor. It is primarily based on the fact that the 
rubber’s resistance value would reduce when there is pressure force applied. The sensor is thin and 
flexible, but detected tactile information is generally limited to pressure force. 
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(a) Pressure 
 

(b) Pull 
 

Fig. 2. The relationship between conductive rubber’s resistance and external force. 
 
 

We present a novel structure of the sensor, and its sensitive element is an integral mold. In order to 
achieve the integrity of sensitive element, we have designed a special mold to make the sensitive 
element, as shown in Fig. 3. We first fix electrodes and wires as the sensitive element’s structural 
frame, and then fill the mold with liquid conductive rubber. 
 
 

                                    
 

Fig. 3. The sensor’s sensitive element. 
 
 

As shown in Fig. 4, the sensor’s sensitive element is a special integral model. Electrodes and wires are 
disposed as two layers in the interior of the conductive rubber. We can adjust the quantity of electrodes 
and wires according to the actual size of the sensor which is adapted to the object. The upper 
electrodes are connected by wires in the horizontal direction and the lower electrodes are connected by 
wires in the vertical direction. In this paper, we call upper row-wire and lower column-wire as “row” 
and “column” respectively, and the resistance of the rubber between each upper row-wire and each 
lower column-wire is called as “row-column resistance”. 
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(a) The schematic diagram of sensitive element 
 

(b) Top view of the sensor’s sensitive element 
 

Fig. 4. The structure of sensitive element. 
 
 

The structure breaks through the armor-type arrangement of those previous tactile sensors. This sensor 
is more facile to fabricate, and the complexity of its external circuit is also reduced. 
 
Fig. 5 shows the sensitive element’s size in detail. 
 
 

 
 

Fig. 5. Size of the sensor’s sensitive element. 
 
 

4. Principle of 3-D Force Sensing 
 
4.1. Scanning Method 
 
Because the rubber is conductive, there is a resistance between two electrodes on different layers. In 
this paper, we call electrode as “node” for convenience, so this resistance is called as “node 
resistance”. As shown in Fig.6, the resistance between node cC  and node 6B  is denoted as

6cC Br . 

 
The scanning method used in this paper is based on the zero potential scanning method which is 
presented in [14], as shown in Fig. 7. Voltage is applied to the row c  to be selected, and other rows are 
brought to zero voltage. As for column direction, operational amplifiers were connected to all of the 
columns, and all of the columns are brought to zero voltage. By doing this, the error in measurement 
due to leak resistance between electrodes can be excluded. 
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Fig. 6. Resistance between node cC  and node 6B  (node resistance
6cC Br ). 

 
 

 
 

 (a)        (b) 
 

Fig. 7. Resistance between row-wire c and column-wire 6. 
 
 
Through this scanning method, we can see that the row-column resistance is in fact a parallel 
resistance of a number of node resistances. In Fig. 7 (a), the row-column resistance 6cr denoted as: 

 
 

 
(7)

 
According the theory of parallel resistance, the row-column resistance 6cr can be expressed as, 
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Fig. 7 (b) is the equivalent circuit for row c, and the voltage outV  is expressed in (9). 
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4.2. Principle of the Sensor 
 
When there is no force applied on the sensor, 
 
 

6

0 0 0

cC Br l S Hl  , (10)

 
where, 0

6cl C B  is the length of the rubber between node cC  and node 6B , H S . 

 

In state of [ , , ]T
c c cF Fx Fy Fz  applied on cC , there is component of the force F  along 6cC B


, as 

shown in Fig. 8, the three components are 1 2 3, ,f f f , we have 
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where, 2 2arctan( 2 )xc d h s   , 2 2arctan( (2 ) )yc s h d   , 2 2arctan( (2 ) )zc d s h   , 1f  and 2f  

are both positive, and 3f  is negative. 

 
 

 
 

Fig. 8. Component of the force F. 
 
 
According to (6), in state of F  applied on cC , the node resistance 

6cC Br  will be 
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Analogously, other node resistances between node cC and other nodes on low column 6 have the form 

 
 

 

(13)

 
Because of the rubber’s elasticity, there are also 3-D forces applied on other upper nodes around node 

cC , and these forces are defined as , , ,c c c c c cFx Fy Fz = A ,B D E ,F ,G   （ , ） , we have 
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According to (12) and (14), 6cr can be expressed as a function of variables , ,Fx Fy Fz    

, ,c c c c c c c= A ,B C D E ,F ,G（ , ） 

 
 

6 6( , , , , , , )
c c c c c cc A A A G G Gr f Fx Fy Fz Fx Fy Fz   (15)

 
Similarly, other row-column resistances can be expressed as, 
 
 ( , , , , , , )

c c c c c cci i A A A G G Gr f Fx Fy Fz Fx Fy Fz  1, 2, , 20, 21i  （ ） (16)

 
We can obtain three displacements of all nodes on row c  by solving above equation (16). 
In actual use, the sensor measure 3-D force as follows: 
 
Step 1: When there is no force applied on the sensor, we can obtain the row-column resistance matrix 
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; 

 
Step 2: Similarly, in state of force applied on the sensor, we also can obtain the other row-column 
resistance matrix  
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1 2 20 21

1 2 20 21

a a a a

g g g g

r r r r
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; 

 
Step 3: Making a compare of 0R  and R , if 0R R , then there is no force applied on the sensor, else 
if 0R R , then there is force applied, and we can analyze the force by step 4; 
 
Step 4: According to step 2, we have ( 1,2, , 20,21)cir i   , then by solving (15), the 3-D force 

applied on the node , , , , , ,c c c c c c cA B C D E F G  can be obtained. Analogously, the information of 3-D 

force applied on every node will be obtained with analysing all row-column resistances 
'( , , , , , ; 1, 2, , 20,21)ir a b d e f g i     . 

 
Fig. 9 illustrates the program simply. 
 
 

 
 

Fig. 9. Program of 3-D force sensing. 
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5. Simulation Results and Discussion 
 
We also have two simulations for the sensor’s principle mentioned. Firstly, we put a square block on 
the sensor’s surface (Fig. 10(a)), and the block’s quality 1m kg , so its gravity 9.8G N . Because 
the block’s gravity, there is a pressure 9.8Fz N  applied on the sensor. The simulation result is 
shown in Fig. 10(b). 
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Fig. 10. There is pressure Fz applied on the sensor. 

 
 

Secondly, several forces with different magnitude were applied on node cD (Fig. 11 (a), 11 (c),  

11 (e)) , and Fig. 11 (b), 11 (d), 11 (f) show the simulation results. 
 
From above simulation results, we can find the simulation results correspond to the actual forces very 
well. But the simulation is based on an ideal model, i.e., the characteristic of conductive rubber is ideal. 
However, in actual condition, the characteristic of conductive rubber is not as ideal as our assumptions, 
for example, the repeatability and stability of rubber is not very good, and the rubber’s resistance and 
its volume may not make a linear relationship very well, these problems are our next work to deal with. 
 
 
5. Conclusions 
 
In this paper, we presented a novel three-dimensional force flexible tactile sensor based on conductive 
rubber. Instead of a conventional array structure, an "overall injection molding" structure was adopted. 
As a result, we were able to incorporate the advantages of a thin, flexible property, as well as the 
ability of measuring 3-D force. 
 
This paper provides a new idea for the study of 3-D tactile sensor, and this idea has a broad prospect 
for application. Because of the especial character of conductive rubber and the complexity of the 
sensor’s structure, there is still a lot of work to do to improve the performance of the sensor. The 
improvement of structural design, a large number of complex information processing and so on will all 
be our next work. 
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 (a)  (b) 
 

 
 
 (c) (d) 
 

 
 
 (e)  (f) 
 

Fig. 11. There are several forces with different magnitude applied on node cC . 
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