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Design of a Large-scale Three-dimensional Flexible Arrayed
Tactile Sensor

12Junxiang Ding, 'Yunjian Ge, * *Shanhong Li, *Fei Xu, ‘Feng Shuang
! Institute of Intelligent Machines, Chinese Academy of Sciences, 230031, China
2 Department of Automation, University of Science & Technology of China, 230027, China
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Abstract: This paper proposes a new type of large-scale three-dimensional flexible arrayed tactile
sensor based on conductive rubber. It can be used to detect three-dimensional force information on the
continuous surface of the sensor, which realizes a true skin type tactile sensor. The widely used
method of liquid rubber injection molding (LIMS) method is used for "the overall injection molding"
sample preparation. The structure details of staggered nodes and a new decoupling algorithm of force
analysis are given. Simulation results show that the sensor based on this structure can achieve flexible
measurement of large-scale 3-D tactile sensor arrays. Copyright © 2011 IFSA.

Keywords: Flexible tactile sensor, Three-dimensional, Array.

1. Introduction

Flexible tactile sensor is among many basic sensors for the development of advanced humanoid robots.
Current researchers have tried for the development of three-dimensional tactile sensor based on
capacitance, PVDF and optical waveguide etc. Z. Chu of Delft University of Technology, Laboratory
for Electronic Instrument has proposed 3-D tactile sensor based on theory of capacitance [1]. Dargahi
of Simon Fraser University of Canada analyzed the Piezoelectricity and thermoelectricity of PVDF,
and proposed a piezoelectric tactile sensor with three sensing elements for robotic [2]. Scientist Yoji
Yamada of Japan designed soft viscoelastic robot skin with a contact object-location-sensing capability
[3]. Jin-Seok Heo of Korean National Academy of Technical Sciences proposed a 3-D tactile sensor
with architecture of 3x3 arrays based on fiber Bragg grating technology [4]. Hefei Institute of
Intelligent Machines, Chinese Academy of Science, produced three-dimensional tactile sensor array by
MEMS technology in 1999[5] and multi-dimensional armor structure of flexible tactile sensor in 2005
[6]. Some of above sensors are not 3-D tactile sensor [7], some of these are not flexible enough to be
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used as robots’ skin. On the other hand, the current sensor arrays based MEMS are designed with rigid
silicon underlay. The sensor has great encapsulation volume with a great deal of discrete sensors,
which have difficulty in obtaining more accurate continuous information, and the package cost for this
kind of sensor is much higher than a discrete sensor.

To develop flexible tactile sensor, especially used as the skin of humanoid robots, conductive rubber
has been applied widely [8-15] due to its good pressure-sensitivity and flexibility. Current conductive
rubber based sensor is basically single-dimensional because of the bad forming processing of it. We
propose the structure of 3D design consists of two 2D-scanning configurations based on conductive
rubber. The widely used method of liquid rubber injection molding (LIMS) method was used, the
conductive rubber is injected into the complex multi-layers nodes structure [16]. The LIMS based
design can meet the need of flexible and multi-dimension of the tactile sensor. The nodes design
together with its circuit design is described in detail in this paper. We solve the force-bearing point of
the sensor with a new graphic algorithm. The decoupling algorithm and the simulation of the sensor
under ideal situation are also described in detail in this paper. This skin liked flexible tactile sensor
which is proposed in this paper can meet the urgent demand of the intelligent operation of humanoid
robots. It can also be applied in many fields such as sporting training and rehabilitation biomechanics,
etc., with a broad application potential.

2. Theory of the Flexible Tactile Sensor

Experimental sample composes of GD-401-type silicone rubber, CB3100-type carbon black,
Hn-2002g-based nano-SiO2 and other supporting materials [17-18]. These filler groups are placed into
a cylindrical model and mixed to full dispersed by ultrasonic instrument when added organic solvents.
We disperse the filler again after the silicone rubber matrix is added. We can find with experiments
that the conductive rubber of above components ratio has good pressure-sensitivity and piezoresistive
properties that can meet the need of the flexible and other sensitive characters of the sensor.

A structure of two-layer wired nodes is selected in this tactile sensor, by which the conductive rubber
is divided into three layers. The upper layer nodes are staggered with the lower layer nodes. The
schematic diagram is shown in Fig. 1 and Fig. 2.

_‘b2 . ‘b3 . ‘b4 v Ib5, ‘b6 v M7 colomn yire
'B2d  1B3g  1B4g  +B5Q 1BGg ¢B7 _
-—6—.—’—.—’—.—’—.—’—.— B2 “B3>" B3 — .
0 c2 1c3 s c4 1c5 1c6 ’©e7 L 77.% 7./CT - Row wire
i S0 G e et
\C C C C C C7 e S — —|— -
" " " 0 0 Upper node |
-idZ ' ‘d3 ' ‘d4 ' ‘dS ' ‘d6 ' d7 n Lower nod 2___:3__-@_,__;2_ o
.2 > d - * i- 2 4 47" ¢S5
‘D D3 D4 DA DGR D7 8 s WL A — — —
AZ LTI i
) ' c3 Ve 95 Se6 Se7 w3 —
o A =2l o .
oE oF oF oF oE WE7 2
Upper wire 7 s - -
o 2 o 3 s 4 g 5 2 f6 o 7 e colomn wire
e o s e e
-——— ® Upper node —Ypper wire
Lower wire =] ower node ———+Lower wire
Fig. 1. Top view of the sensor. Fig. 2. Stereogram of the sensor.

Every node of the sensor has two identical nodes stick together by insulating cement, so that the two
nodes pasted together is insulated to each other. Fig. 3 shows the details of arrangement of every node
of the sensor. The upper nodes of the same layer are connected by the row conductors, while the lower
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nodes of the same layer are connected by column conductors as Fig. 4. Nodes are conductive to the
wire, so nodes on the same row or column are electrical conductive to each others. The conductors are
coated by insulating material and are insulated to the rubber.

@‘
@
P @

Fig. 3. Single node of the sensor: Two nodes are put together with insulating cement (expressed as shadow).

—_——,

node wire

Fig. 4. Node of the sensor: The nodes are conductive to the wire which is insulating to the conductive rubber.

In order to satisfy the designing need we have the above and the bottom rubber layer of the sensor as
thin as possible. Then it can be assume that the upper layer nodes are deformed by the force applied
and the lower layer nodes are fixed. With this structure, resistance matrix can be measured by the
digital circuit designed below. We design a sample with upper layer node matrix of 9 by 7 and lower
layer node matrix of 10 by 8, The size of node is ignored. The full-scale of force: Z direction 20N, X,
Y direction: 10N. The size of the conductive rubber: 40x50x5 mm.

3. Sample Circuit of the Sensor

The main function of circuit part of the sensor is to acquire signal from conductive rubber, hardware
filtering of signal, and transfer signal to host computer. The circuit board consisting of two different
parts, one is controller and interface circuit, which is responsible for the signal output to AD
conversion, storage, and conversion results to host computer at a time when communications.
Controller, memory and interface circuit is included in this part. The other part is for signal acquisition
and it includes counters, encoders, multi-selection analog switches, as well as op-amp, etc, which
responsible for the signal acquisition from conductive rubber, loading the voltage to the rubber,
acquiring and amplifying signal. The circuit is shown in Fig. 5.

With the circuit board we measure the body resistances between the lines of the different layer in
order. For example, we measure the resistance between the first row line of the upper layer and the
first row line of the bottom layer and get the r11, and then we can measure resistance between the first
row line of the upper layer and the second row line of the bottom and get the ry,, and so on. With these
resistances we can get the arrays of R1 (row-row resistance), R2 (row-column resistance), R3
(column-column resistance), R4 (column-row resistance). The paper below will discuss the method to
decouple the force pressed on the sensor with these resistance matrixes.

4. Decoupling Algorithm for the Sensor

The resistance arrays change when the sensor is subjected to external force, the force pressed on the
sensor can be decoupled by analyzing these matrixes.
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signal acquisition board of sensor conductive rubber
single acquisition from
interface circuit <= specified row/ column (=
with controller of sensor
nodes array of
loading voltage to conductive rubber
specified row/column
of sensor
Qomroller and interface circuilﬁ
signal filtering and signal controlling
AD converting block interface
d
power and controller  data storage block
reset circuit
JTAG interface usb interface

Host computer

Fig. 5. Control circuit of sensor.

4.1. Assumption

For conductive rubber has the characteristic of a highly nonlinear material and usually possesses
hysteresis effect. Tactile sensor based on the conductive rubber may face trouble if we take the
nonlinearity and the hysteresis characteristic into account. To simplify the analysis process, we assume
that the rubber characteristic is linear and isotropic. Artificial intelligence arithmetic will be used to
correct the error in the post-processing of the decoupling.

Assume that the space between the adjacent nodes of same layer is s, the distance between layers is s

/6

too, and the space between the adjacent nodes of different layer is 502765. We can set up the origin of

coordinate system at every node of upper layer, point D4 for example. We rotate the coordinate system
and show as follows (Fig. 6).

Az
d4(-s/2,-s/2 $/2,-8/2,3)
/
/
95(5/2,5/2/;{
e4(- /
D4(x5.2)
s
/ :
@ — o>
o D5(s,0,0)

Fig. 6. Node D4 move to D4' acted by force.
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We define the distance between the nodes of different layers. For example, we denote sl as the
distance between one upper node and its upper left node of lower layer, s2 as the distance between
upper node and its lower left node of lower layer, s3, s4,...... s12 etc. of all upper nodes. Specifically,
we define s1, s2...... of Al as Al(sl), A1(s2)....... The distance diagram of upper nodes is shown as
follows. Similarly, s1, s2, s3, s4 of all nodes of the sensor can also be set as Fig. 7.

Under ideal condition, we make the following assumptions according to the characteristics of the
conductive rubber: (1). Arbitrary resistance between two different nodes is proportional to the distance
between two nodes; (2). Arbitrary resistance between two different lines is proportional to the shortest
distance between nodes on two different lines as Fig. 8 shows.

b1(z8/2,5/2,5) b2(s/2,s/2,8)

A
AO(-&Q,D_)_S_AL“O,O,O) A28,0,0)

Fig. 7. Define of distance between nodes. Fig. 8. The resistance between layers.

Assuming that nodes b0,b1,b2...... are on linebb, , nodes A0,ALA2...... are on lineAA, , the
resistance between lines is shown as Fig. 8, then

R., =gxmin(JAObO],|A0b1],JAOb2|......|ALbO},|A1b1] JALb2|....../AnbOJAn bl |Anb2l......), (1)

where g is the coefficient of the material between the resistance and the distant of lines of sensor.

Although conductive rubber belongs to viscoelastic material, the conductive rubber complies with the
elasticity theory when the deformation of the material is not significant. That is to say, deformation of
the flexible conductive rubber is compliance with Hook’s law when being forced. The force is
proportional to the deformation of the rubber:

F=k X As, (2)
which implies that:

Fx=k xAx, Fy=k xAy, Fz=k xAz. (3)

4.2. Analysis of Location of the Force-bearing Point

Upper node D4 as an example, assume D4 is pushed to D4’ when a force is exerted on the sensor as
shown in Fig. 7, we denote that |D,'d,|=sl’, |D,'d,|=s2’, |D,'c,|=83’, |D,'c,|=s4’. We assume the
maximum deformation of force is smaller than s. So we can conclude that s1’, s2’, s3’, s4’ cannot be
larger than sO at the same time. Set ss(i, )= min(sl, s2, s3, s4) (i, j) be a measurement of
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deformation in an neighborhood of the i-j-th node, we then have that: if ss(i, j)=s0 then the node is free
of the force; if ss(i,j)<s0 then force-bearing point F is detected at i-j-th node. The magnitude of force
can be assured with the ss(F) at the same time.

We define matrix E, made by a number of sub-matrix e, each is corresponding to a node of upper
layer, so there are 9 by 7 sub-matrixes in the E. Each sub-matrix has four elements, with initial value
0’s, reflect line segments s1, s2, s3, s4 of one node the possibility of less than sO.

€.,,€ €..,e €, €

s ) s IERRRRE shre el,l’el,Z ’e1,3 ’e1,4 """ e1,15 ’el,16
€51 €4l |58 e, €

! AO s31¥s4d|a1 s31 ¥s4|a8
E: - e2,1’e2,2’e2,3’92,4 """ e2,15’e2,16

e..e e,.e e.e,| | [

sl ¥s2 sl ¥s2 sl ¥s2

) yreeees €1411€1421€143:€14 4+ €14,15+€14,16

es3’es4 GO eSS’eS4 G1 es37es4 G8

The seventh line of matrix E for example corresponds with the following line segments in Fig. 9 from
left to right, the other line of E have the similar corresponds. Element at row 2i-1 and 2i and column
2j-1 and 2j corresponds to the node (i, j).

do dl1 d2 d3 d4 ds dé d7 d8 d9

€p1 €p2 €pag €pag €psg €ps €p7 €pg
D €p €Dsg3 €p €psgs €p €bad7 €dgds

DO D1 D2 D3 D4 D5 D6 D7 D8

Fig. 9. First line of matrix E corresponds with the line segments of nodes.

The steps of solving the location of force-bearing point with the resistance matrixes are as follows:

o Step 1: E=0 when the sensor is kept free of the action of force and the map indicates as Fig. 10 (a);

e Step 2: If R1 (i,j)<R10(i,j) (j<=i), that means s1,s2 of all nodes of row(i) may be possible less than
sO, then all elements of row(2i-1) of E should be added by 1, while if R1(i,j) <R10(i,j) (j>i), that
means s3, s4 of all nodes of row(i) may be possible less than sO, and all elements of row(2i) of E
should be added by 1;

o Step 3: If R2(i,j)<R20(i,j), that means s1, s3 of node(i,j) or s2, s3 of node(i,j-1) may be possible
smaller than s0, then E(2i-1,2j-1), E(2i,2}-1), E(2i-2,2)-2), E(2i-2,2j-2) should be added by;

o Step 4: If R3<R30(i,j) (i,j)(j<=i), that means s1, s3 of all nodes of column (i) may be possible less
than sO, then all elements of column (2i-1) of E should be added by 1. While if R3 (i,))
<R30(i,j)(j>1), column (2i) of E should be added by 1;

o Step 5: If R4(i,j)<R40(i,j), that means the s1, s2 of node(i,j) or s3, s4 of node(i-1,j) may be possible
smaller than s0, the E(2i-1,2j-1), E(2i-1,2)), E(2i-2,2j-1), E(2i-2,2j) should be added by 1;

o Step 6: The largest element of matrix E corresponds to the shortest distance between line segments
of nodes.

Assume that the sensor is single-point forced and the force-bearing point is D4, the line segments of

D4 is s1<s0, s2>s0, s3>s0, s4>s0, the resistance matrixes changes. Then the matrix E changes
according to above steps and is shown as Fig. 10(b) ~ 10(e):

42



Sensors & Transducers Journal, Vol. 124, Issue 1, January 2011, pp. 37-47

Bz B3 ;3.4\ BS B6
D2@& @D::( @D::.\ g;s(@f}oé
E2€, E3) iE4 QX@:XZ)%

e

(a) Map of E when no force.

‘@c?ﬁcal&(
R S I

B.Z\]%B4:{3.5\$6 12133134}313
czﬁycgl cg\;gf g( 6 czt@ Cﬁ%{ Cgf g(
ds %d@/ \Qxé/ I
D2( §3 Dél)( Dg)(@g)m Dzo( DQ)( D4) DS\( Q)Dé
o 50 Ein Kiw o \
E2 @EG} f%;@é:;%j(% E2 &é 1%;4 ", a;%:( E6

. A LA S A

(b) Map of E according R1. (c) Map of E according R2.
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Fig. 10. Map of matirx E according to the resistance matrix.

0..0,1,0,1,0,0...0
0..0,1,0,2,1,0...0
1..1,1,24,2,1...1
0..0,0,1,2,0,0...0

0..0,0,0,1,0,0,...0

From the above analysis D4 can be easily found as force-bearing point of sensor, and line |D4d4 is the
shortest line segment between all nodes. With above step we can solve the point-bearing of the sensor
correctly.

4.3. The Magnitude of Force
If node D4(0,0,0) move to D4’(x, y, z) when sensor is acted by force F, the resistance between row

|D4’D5| and row |d4d5| becomes smaller than resistance between row |D4D5| and row |d4d5|. Then,
|D4’d4| <|D4d4| according to equation (1), the distance is shown in Figs. 11-12.

ID4'd3)=/(D4'0")? +(O'P) +(P'd4 + d4cd)’
=J(D4'0")2 +(O'P)? +(P'd4)? +2x (P'd4)(d4c4) + (d 4cd)?
=\(D4'd4)? + 2 (P'd4)(d4c4) + (d 4cd)?

As |D4’d4|<|D4d4|, Similarly, we conclude

ID4°d3|<|D4d3).

|P’d4|<|Pd4|, then we can find |D4’c4|<|D4c4|.
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Fig. 11. Distance between nodes of sensor. Fig. 12. Distance between nodes.

Thus if resistances between row/column of upper layer and row/column of lower layer become
smaller, then the resistance between the row/column of upper layer and other row/column of lower
layer of same direction shall become smaller according to conclusion (1). We can find the resistance
R1(4,4)=g*|D4’d4=g*sl|, R1(4,3)=g*|D4’c4|=g*s6 and R2(4,3)=g*|D4’d3|=g*s5. For s5, s6 and sl
can be obtained by R1, R2, R3, R4 according to conclusion (1), X, y, z can be obtained by the
following function groups:

sl=yf(x+5/2) + (v +5/2)" +(z+5)’

s6=f(x+35/ D +(y+5/ D+ (2 +9)°

5= J(x+s/ 2 +(r+35/2) +(z +5)°

If node D4 (0,0,0) move to D4’ (X, vy, z) acted by force F, the direction of F consistent with the
direction of line segment D,D,' according to conclusion (3).

Fx=k*x
Fv=k*y —

Fe=k*z. Fx, Fv, Fz can be obtained.

5. Simulation

Using the ideal model of a conductive rubber sensor array, the algorithm mentioned was simulated for
the cases that a force with different magnitude was extorted at a number of points. The real applied
force, given by Fx, Fy and Fz, and their locations, given by x and y coordinate, are listed in Table 1,
from the top to the bottom rows, respectively.

Table 2 shows the simulation results. Following table from top to bottom rows, respectively, expresses

Fx, Fy, Fz, x and y coordinate of force-bearing point which is obtained by analyzing the resistance
matrix.
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Table 1. The force applied to the sensor.
F......___ |

1 2 3 4 5 f 1 i g 10 11 12 13 14 15 16 17
1 102 103 104 104 106 107 108 108 v 101 120 13 114 15 1 117

515 03 o4b 56 A7) 58 605 B2 63 R GBS BA 68 71 7 T4 THh

02 04 06 08 1 12 14 16 18 2022 24 26 28 3 37 34

2 2 4 7 12 3 3 i 3 3 i3 4 4 4

2
3
4
5 2 3 4 8 B 7 2 2 3 4 8 B 72 23 4

Table 2. The force obtained by decoupling algorithm.

1 2 3 4 g f T g q 10 11 12 13 14 15 16 17
1009510199 10.3 104 10501085 107 108 105 110 10011.201)11.301)11.359) 11.501)  11.6) 11.701
5.149(5.2997 5.4504 5.5995/5.7497 59006 5.0509 6.1996) 6.3601| 6.5007) 6.6496|6.7996| 5.9498|7.0983) 7.2502| 7.4004) 7.5502
0.20...|0.40...|0.60... 0.8006) 0.99.../1.2002 1.3998 1.5997|1.7937| 1.5505) 2.2005|2.3997) 2.59932.8011) 2.9994| 3.1598| 3.392

2 2 2 2 2 2 2 3 3 3 3 3 3 3 4 4 4
2 3 4 ] B 7 2 2 3 4 ] B 7 2 2 3 4

[ SN VI ST

We can find the simulation result corresponds to the force acted on the sensor very well under the ideal
condition. The simulation of the sensor is based on the assumption that the characteristic of conductive
rubber sensor is ideal, while the real characteristic of conductive rubber is not ideal linear, the
repeatability and stability of materials is not very well, the noise introduced by the acquisition circuit
and so on, the measurement results exist a lot of error, how to eliminate these disturbances are also a
problem for us to deal with.

The measurement exist blind spots in this sensor, that is to say, if the force is acted on the most lateral
nodes of the rows/columns of upper nodes, the magnitude of force on these nodes may unable to solve.
Node A0 for example, if s1 (A0) <s0, s2 (A0)>s0, s3 (A0)>s0, and s4 (A0)>s0, then we can find that
the s5, s6 of AO can’t be obtained by the existing arrayed structure, so we can’t solve the magnitude of
the force of these nodes.

6. Conclusion

The paper presents a conceptual design of three-dimensional flexible arrayed tactile sensor based on
conductive rubber. We can include from the simulation that the sensor can be applied for tactile
detection. It is three-dimensional and flexible and can be used to simultaneously solve the problem of
flexibility and three-dimensional acquisition. The measurement of this sensor is based on the overall
flexible tactile arrayed matrix varies with the current so-called arrayed tactile sensor. The sensor will
meet the urgent need of the intelligent operation of current humanoid robot which has broad
application prospects.

As we didn’t consider the nonlinearity and the hysteresis characteristic of the conductive rubber in this
paper, we should correct these errors with advanced intelligent algorithm when the real character is
taken into account. The three-dimensional flexible arrayed tactile sensor based on conductive rubber
can correctly detect the force acted on the sensor with the intelligent information processing model.
Moreover the resistance matrix is proportional to the nodes scale, the improvement of the resolution
and increasing the scale of the sensor will cause the increase in the ranks of the rows and column. We
can improve the processing technology to increase the distinguish radio and reduce the volume of the
sensor.
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