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High Sensitivity Slip Sensor utilizing Characteristics of Pressure Conductive Rubber
-Relationship between Transformation and Resistance change-
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By the recent research, we found that the electrical resistance change occurs when the transformation of
not only the transformation of the nonmal direction but also the shear direction occurred to the pressure conductive
rubber. -In this paper, we verified the characteristic to the niormal force and the tangential force about variotis
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pressure conductive rubbers,
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High Sensitivity Slip Sensor utilizing Characteristics of Pressure Conductive Rubber
-High Frequency Components of Resistance Change-
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Seiichi Teshigawara. (UEC),  Satoru Shimizu (UEC), Kenjiro Tadakuma (UEC),
Aiguo Ming (UEC), Masatoshi Ishikawa (Univ. of Tokyo), Makoto Shimojo (UEC)

Slip detecting tactile sensors are essential to achieving a human-like gripping motion with a robot hand.
Up until now, we have proposed flexible, thin and lightweight slip sensor utilizing characteristics of pressure
condugtive rubber. However, this sensor was difficult to distingnish between the object slip and the normal force
change. So, we consider the separative method wusing high frequency components generated by object slip. In
this paper, we will discuss about the high frequency components.
Key Words : Tactile Sensor, Slip Detection, Pressure conductive rubber
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A High-Speed Mesh of Tactile Sensors
Fitting Arbitrary Surfaces

Makoto Shimojo, Takuma Araki, Aigou Ming, Member, IEEE, and Masatoshi Ishikawa

Abstract—-—A tactile sensor is developed w1th the aim of covering
_a robot’s entire structure, while reducing wiring requirement
and ensuring high-speed response. The sensor detects the center
point of load distribution on 2-D surfaces as well as the overall
load. There are only four signal wires from the sensor. The sensor
response time is nearly constant (within 1 ms) regardiess of the
number of detection elements, their placements or sensor areas.
In this paper, the principles behind the operation of this sensor
and the results of experiments using the sensor are described.

Index Terms—High-speed response, mesh structure, reducmg
wiring, robot skin, tactile sensing.

I INTRODUCTION

MONG many researches done on tactile sensors, many

of them are about sensors for attaching to the hands of
robots for the purpose of gripping and manjpulating their hands
[1], [2]. Recently, however, with the increased interest on re-
search and development of robots in human-like form, research
on the development of tactile sensors covering the whole body
of the robot itself has become popular [3]-[5]. Although the ap-
plications for which these researches are intended do not require
high spatial resolution of these sensors, they do require that the

sensors be attachable to arbitrary surfaces that can cover a wide

area. Moreover, rapid response is desired to ensure safety. Be-
cause these full body skin tactile sensors cover a wide atea, the
detection elements need to be spread over a wide range which
in tuen requires a lot of wiring for signal transmission. For this
feason, when sensors are aftached to movable parts such as the
wrists and fingers, many problems oceur from design limita-
tions due to restrictions on niovement imposed by the wirings
{61, Several studies have been done to solve these problems. We
would like to introduce some of these attempts as follows.
First, tactile sensors have been developed by Inaba er al
where the number of wirings is the same as the number of
detection elements [7]. This structure uses a mesh-structure
spacer sandwiched between conductive sheets. When load is
applied, the conductive sheets come into contact through the
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mesh to. detect load. This developed sensor is flexible and can
cover a wide area. However, the number of wmnos increases
as the area covered becomes larger.

Next, some tactile sensors have been developed with the ma-
trix arrayed system. In this structure, the detection elements are
placed on the intersection of the vertical and horizontal lines.
The detection element is identified from the intersection of the
row and column. This structure requites (m +n) lines of wiring
for an (m x n) matrix. For example, Seki et al. developed a
glove-structured sensor for the purpose of measuring the srip of
humans [8]; In this structure, conducting wires are sewn alter-
nately along horizontal and vertical directions on pressure con-
ductive rubber. While this sensor is flexible and durable, many
wiring restricts free finger motion. Another type developed is a
sensor made of sheets printed with siripes of pressiire sensitive
ink. Two sheets are laid over each with the stripes on one sheet
along the horizontal and the other the vertical direction [9]. The
intersections of the horizontal and vertical stripes serve as the
pressure sensitive area. A stripe is as thin as about 0.1 mm, it is
possible to realize high spatial resolution: However, the sensor
is sheet like form, it is hard for the sensor to cover a curved sur-
face.

Recently, a method called Electrical Impedance Tomography
(EIT) was developed, Electrodes are arranged at the periphery of
a conductive sheet. And the distribution of the resistance inside
the conductive sheet is measured using inverse problem method
[10]. Since there is no need for wiring inside the measurement
area, the sensor can be made flexible, thin and extensible. How-
ever, on the other hand, a large number of electrodes may be’
needed to increase spatial resolution;

Other sensors developed uses serial bus as a way to reduce
witing. For example, Ohmura ef al. proposed the reduction in
the number of wirings by arranging a MPU (micro processing
unit) on a sensor sheet with 32 pressure sensitive parts consid-

- ered as a unit and combining high-speed serial buses of each

sensor sheet [11]. However, scanning time problems results
from the increase in number of elements. Other sensor types
proposed are such as that: multiplexes the signal from the
detection elements via spread spectrum transmission method
[12], sequentially transmits the signal from detection elements
through one line using delay circuitry [13]. Shinoda er af.
proposed a very unique wireless technique through the use of a
sensor chip whose transmission frequency changes with Ioad.
This sensor chips: were dispersed under a flexible form that
was formed to the desired shape, and transmission of power
and signal is done through an external coil [14]. However, their
development is now at a stage of the first trial prototype.

1530-437X/$26.00 © 2010 IEEE
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Flg 1. Outline of the sensor. Net-like structure and only four ourpuit Jines from
the sensor,

There are many other researches going. on other than those
mentioned above [15]. But these have a common problem de-
scribed as follows.

1) Mounting on arbitrary surfaces: Many of the tactile sensors
currently developed are of the sheet variety and cannot be
mounted on arbitrary surfaces.

2) Excessive wiring: A lot of wiring are required for many
detection elements when covering a wide area;

3) Sluggish response due to scanning: Since the number of
detection elements becomes too many, scanning of every
detection element results to delayed response time.

In this study, a mesh of tactile sensors that can be attached
by arbitrary surfaces with reduced wiring requirement and rapid
response was. developed. The conceptual outline of the sensor is
shown inFig. 1. The sensor is formed into a structure resembling
anet Jtcanbe attached to arbitrary surfaces, and can detect the
center of the load distribution as well as the overall load on 2-D
surfaces. There are only four output lines from the sensor and
internal connection is required only between adjacent detection
elements. Moreover, since the sensor structure is analog circuit,
the response speed is almost constant regardless of the number
of detection elements, placement and surface area of the sensor.
In summary, the sensor features the following.

1) Covers arbitrary surfaces: the sensor can be Iaid out like a

net to cover arbitrary surfaces.

2) Reduced wiring: Lines from the sensor consist of four
wires only regardless of number, surface area, or place-
ment of detection elements.

3) High-speed response: Response time is less than 1 ms
without regard to the nuraber of detection elements which
means that the sensor is adequate for use in control loops
around 1 kHz; the standard used in robotics control.

II. 'SENSOR STRUCTURE

The structure of the sensor is shown in Fig. 2. As shown in
this figure, the structure is a three-layered structure. Layer A'is
a'm X n arrayed resistors. All resistors at the leftend of layer A
are connected to electrode B which is connected to a voltage
of +V} through the external resistor Ry. In like manner, all re-
sistors at the right end are connected to the electrode Ej and
are counected to a voltage of +Vy. The network structure of
layer B is the same as that of layer A. However, the electrode

Luyer A

(a) )

Fig. 2. Structure of the sensor. A detector layer is sandwiched by m X n matrix
arrayed resistor layers. (a) Three layered structure. (b) Detection element.

connections of layer B are found at the upper and lower ends
unlike in the case of layer A, Layers A and B are connected
by detection element r, whose resistance varies with the load.
Fig. 2(b) shows a unit element. The output of the sensor consists
of the voltages from the four electrodes, By, B, E3, Ey. The
advantages gained from this kind of a structure are: 1) Sensor
size can be varied easily by connecting any number of elements
sequentially along the horizontal and vertical directions on the
m X n matrix. 2) The unit detection element 1, can be replaced
if the electrical resistance or electrical current changes with the
physical value. For example, if a photo-reflector is used instead
of pressure-conductive rubber, distance is detectable instead of
force. That is, the sensor can be used easily not only as a 2-D
10ad sensor but also as a 2-D proximity sensor. 3) Since the ad-
jacent unit elements are connected into a net-structure, it is pos-
sible to cover arbitrary surfaces in the same way as covering an
object with anet.

III.  SENSOR PRINCIPLE

The detection element r,, changes its electrical resistance with
load. When load is applied to the sensor, the value of the resis-
tance rp, drops and the value of the electrical current increases.
That is, in other words, the distribution ot the load on the sensor
is copverted into the distribution of the electrical current flowing
from layer A to laver B. For this sensor, the center of the load
distribution cas 1« derected as the center of the current distribu-
tion [16], [17].

A. Equivalent Circuit and Basic Equation

Fig. 3 shows the equivalent circnit at the neighborhood of a
unit element. Current flowing from layer A to layer B through
the resistor 7,(4, 1) is set to I(4, 7). The voltage V,(i,7) and
Vi(4, ) are the voltage of the corresponding nodes on layers
A and B respectively. Applyma Kirchhoff’s current law on the
layer A, the current flowing through the node indicated by the
voltage V(7. 7) is equal to the current I(4,4) passing through
the resistor r,,(4, 7) as shown in Fig. 3. Thus, the following equa-
tion can be established:

1 ; FOP
VL= L0+ Vali+ 1)+ Valij = 1)

V(] + D) - 4Vu(i )} = 1. g). (1)
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layer B

- Replacing the left side of (1) with the discrete Laplace oper-
ator V2, (1) can be written as (2) [18]

1
;V"’Va(i,j) = I(4,4). @

Using the same method, the following equations can be derived
for layer B:

V(i) = 16, ). ©

B. Position Coordinates of the Detector Element

Fig. 4 shows the position coordinate for the placement of a
detector element. The detector elements are assumed to be dis-
tributed equally. Further, it is assumed that origin of 2 ; falls on
- the center of the sensor. In order to satisfy these assumptions,
3,5 is defined in (4), thus

2j=(n+1 ; ;
w0 Ly
- n—1 :
Also, for y direction position coordinate y; ;, set as defined in
(&) b

~2%+m+1

= (=l <wm; <+1). (5)

Yig =
In this manner of setting the coordinates, the placement of the
detector elements form a matrix with uniforn infervals and the
position coordinates x; ;, ; ; for all detector elements form an
arithmetic progression. The Laplace operator then becomes zero
as shown in (6)

Vi = Vi; =0. (6)
This relationship will be used in Section [11-D.

C. Boundary Conditions

Considering the electrical boundary conditions for the sensor
shown in Fig. 4, the boundaries .S and Sy of layer A do not
have any external contact so that these layers are open terminals,
Hence, no current flows from the outside and the voltage does
not change. The boundary conditions therefore are shown, asin
4

Va(0,9) = Va(1,5), Valm+1,5) = Vo(m,5). (D
Next, letus constder the boundaries 5y and S3 for layer A which
are connected to the electrodes £y and Fj, respectively; such
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Fig. 4. Position of a detector element in la);er A and electrical boundary con-
ditions for the sensor.

that current flows in from the electrodes. This current passes
through the externally connected resistor K. Hence, the value

- of this current can be determined from the voltage drop between

the ends of Ry. Since the total of the currents that passes through
the detector elements are equal to current that flows through Ry,
(8) and (9) are established as follows:

'R%{Vo Vo) =< {Z(Vm — Vali, 1))} ®

=]

3%;{% ~Vps} = = {i(VE;g - Vu(i,n))} )

! ==l

Further, since 7 = 0 forelectrode E; and § = n+-1 forelectrode
Ej, the boundary conditions becomes as

V,,(Z',‘O) =Ve, Vili,n41)=Vg. (10
Since layer B is similarly situated, the boundary conditions for
this layer are similarly established, as in (7)-(10).

D. Total Current and Center of the Current Distiibution

To determine the center of the distribution. of the current
value, it is necessary to determine the primary moment of cur-
rent distribution with respect to the = direction. This primary
moment I, with respect to the & direction of the % X 7 matrix
formed by the detector elements can be expressed as (11)

mon
Lﬂ = Z th.’](t‘7)

i=1j=1

(1

Replacing current I(i, j) with (2) in the equation above gives
(12) as follows: '

L= 13 S e, vd).

i=1j=]

(12)
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Expanding the Laplace operator V2 of (12) results to (13),
which in turn can be expressed as in (14) with expanding and
organizing it

1 & & . -
I, = ;: szi,‘j‘jn(z - 1)7)
i=1 =1
ne k£

+ Zzwi,jVa(i +1,7)

f=1 =1
mon

+D .2 wiValini 1)

=1 =1

k{2 Kt m k43
DD ACYESVEV DI I A CE)

=1 j=1 i=1§=1

(13

T

I = .} 3 S Va6, )V

izl je=1

n
+ Z(wm,jva(rn' + I5.7) - mm+1,jVa(‘m‘7j))
=1

+ ¥ (@1,3%(0,9) — m0,Va(1,9)

=1

m .
+ Z(mi,nva('i; n+ 1) fsast R | Va (i, n))

=1

N mn i
+> (@i1Va(4,0) — 21,0Va(3, 1))

i=1

(14)

Next, let: us apply the proper position coordinates and the

boundary conditions to: (14) and simplify the result. Firstly, -

the first item in (14) can: be reduced to zero by applying the
position coordinates settings defined by (6). Next, since ‘z;;
is. the function only for j, therefore, it is constant toward the
direction of 4, that 1S, £, ; = @my1,;. With the boundary
conditions given by (7). the second and third items of (14)
become zero and (14) simplifies into the following equation;

1 : .
I = ; {Z(mi,nva(%n + l) = $i,n.+1V;x.('l-z ’ﬂ})

i=1
+ Z(Jh 1V

1=1

(1,0) — z:0Va(i, 1»} (15)

Applying the boundary conditions given by (8) and (9) to (15)
and imposing the boundary conditions given by (10) further re-
sults fo (16) below

i 2mooon4l - ~ }
[,;—-”1_1(—17-4-‘}%')'(‘51“‘/1:73)- (16

In like manner, the primary moment I, with respect to the y
direction can be expressed in the following equation:

1 2. mil
Iyum,——l <?+ Bg

) Vi = Ve). (D)

Here, m,n,r and R, are constants, Hence, I, can be com-
puted as a constant multiplier of the voltage potential difference
(E1, E3) between the electrodes of layer A, Similarly, I. , canbe
determined from the voltage potential difference (£, Ey) be-
tween the electrodes of layer B. Moreover, since the total cur-
rent flowing from layer A to layer B is the current that flows
through- Ry, the total current Iy s given by (18)

m w

Lu=Y"%"1(i,j)

i=17=1 )
WVo—Ve, Ve, 2+ Ve, + Vg,
R v Ry ’

(18)

With the above, the center of the current distribution defined as
zp and gy, can now be determined from (19)

B0 = (Ls)/(Lan), o = (Ly)/(Zan)- (19)

E. Numerical Modeling of the Load Distribution

The previous discussion established that the total current and
the center of the current distribution can be determined from
the voltage difference between the electrodes, In this section, we
shall investigate the relationship between current I(z, y) and the
resistance of the pressure sensitive element 7,(3, j). Let us con-
sider layer A first. The current I(z, y) flowing through 7, (%, §)
as shown in Fig. 3 can be expressed as (20)

I(i,5) = ( )(V u(i,5) = Va(i. 7). (20
P
With this, (1) becomes
{+ i 0 s = Wiy
T
—[Valijz1 = Valijor — ———=[Vli; = 0. (21
[ ],Jl [V]'-J'i‘l Tp(z,j)[b] 5J (1)

Next, let us consider the boundary conditions. From (8), and
considering electrode £y

Ry
(1 + Tm) Ver=Vo+ 2 ZV @1). @2
Similarly, from (9) and considering electrode Ej
120 . - ' Rl) e
<1 + Tm By = Vo ob = ZV ). (23)

i)

Equations similar to those for layer A can likewise be estab-
lished for layer B. The equations for each point in layers A and B
and the equations for each electrode F1, B, Fs, and Fy above,
when taken altogether, form (2mn + 4) simultaneous equations.
These equations serve as the numerical model for the sensor.

F. Toral Load and Center of Load Distribution

In this section, the relationship between current I(z, j) and
load F'(4, §) is investigated. Let us suppose that, for this sensor.
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resistance 7, and load F'(%, 7) are inversely related, as shown in
(24

ro(i, §) = kP20, ) (24)
where. k is'a constant. Here; 1f the resistance 7 is much lower
than resistance r,, (r, > 7), the voltage drop due to 7 would
be very small. This means that we can say that the voltages at
layers A and B, V;(4, j) and V3 (4, 7). are practically constant.
Eq. (20) thus becomes (25)

Volind) = Vo(i,d)  Va—Vs

rp(ivj) TP(?::j)
From this, we can say that the current I(z, 7) and the load F'(4, j)
are directly proportional as (26) indicates

1) = o= 12)

16, 5) = 25)

F(i,5). (26)
Consequently, the center of load distribution i§ the same as the
center of the current distribution, zp and yq defined by (27) and
(28)

T e PG
B > () B
YR ) L
2 UiF)
y(,:%_,_;zé,g sl 4 28)
1 =1 ‘,J) all

Moreover, since V. and Vg are assumed to be practically con-
stant; Vq is the average of Ve and Ves, while Vi is the average
of Vgy and Vpy. Using these valies, total load will be (29)

zkIaﬂ
(Ve1+ Ves — Vs — Ves) |

L 1

Fa= ZZF(’J)

i=1j=1

(29)

IV. SIMULATION

The sensor consists of #, R and r,,. Among them, 7, is de-
cided from an actual detector. However, » and [g are parameters
determined by the designer. Therefore, how r and Ry atfects the
sensor characteristics is established from simulation.

A Simulation Model

- The numedcal model of the sensor is made up of (2mn + 4)
simultaneous algebraic equations established in Section HL-E
and shown in (30)

Sv =c¢. (30)
Here, v represents the voltage, V,(4,7) and Vi (3, 5), respec-
tively, and ¢ represents the external applied voltage +Vy. Both
are (2nm + 4) dimensional vectors. Moreover, \S represents a
(2nm+ 4) x (2nm -+ 4) coefficient matrix, The value of S is
determined from (21) with the boundary conditions defined by
(22) and (23). The numerical solntion to the equanons of (30)
was obtained using MATLAB. :
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Fig. 5. Voltage V(4. ) on the layer A with one point load. Elements are ar-
ranged in 41 X 41 grid, Vo = 15V, Ry = 10k, r = 109, 7, = 864 Q

B. Effect of Network Resistance R

In this section, we will establish the retationship between the
resistance r and sensor properties. First, let us look at an ex-
ample of the simulation results for the voltage distribution in
layer A shown in Fig. 5. In this case, a single load of Fy = 5
N is applied at the center of the sensor. In the simulation, the
voltage drop due to = is less than 0.02 V. It is very small.

In Section III-F, We suppose that resistance r,(i, 7) and load
F'(4, 7) are inversely related and the resistance 7 is much lower
than resistance 7, as shown in (31). Then, the center of Ioad
distribution is the same as the center of the current distribution,
2y and yo defined by (27) and (28)

1> r/r,. 31

This assumption was verified by the simulation. Simulation
was conducted with the values of 7 set at 10 (2, 47 §2, 100 €,
and 150 Q. The result is shown in Fig. 7. The figure clearly
shows that when 7 increases, the voltage distribution of V,, (4, §)
changes. In Fig. 7, when ris 10 €, voltage V,(4,7) can be
considered practically constant. However, as the value of r in-
creases, the value of V,(z, j) tends to vary from a constant value.
Also, although the polarity of voltage V(2. 7) is opposite to
Va(i,7), the same changes occur in V3 (4, 7). As a result, the con-
dition that (V,(2,7) — V3(¢, 7)) should be constant is no longer
satisfied. It means that the curent 1(4, 7) and the load F'(i;§)
are-not proportional as (26) indicates. Therefore, it cannot be
considered that the center of current distribution is the same as
the center of load distribution.

Especially, this effect becomes a problem when multiple
loads are applied on the sensor. As an example. Fig. 6 shows
what happens when loads are applied on three points. It was
assumed that the total of the loads on the three points is 5 N. As
clearly shown in the figure, loading positions affected voltage
distribution ¥, (2, ) so that (V, (7, j) — V4{4, 7)) changed. This
indicates that the location where load is applied affects: the
sensor -output. The following section will investigate these
effect.
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Va@i-VilL (V)

Fig. 6. Voltage of the (V, (i, j) — Vi(i 7)) by the three-point ioad. Ele-
ments are arranged in 41X 41 grid, Vo =215 V, Ry = 10k Q. r =106,
Total load =3 N, :

—%— = 00
=6 r= 470
—a— =00
o rwl500

}@@«%’f‘%"

Yol (V)

0. 50 30 35 40

Pig. 7. Change of the Y, (1, j) with tesistance “#"'. Elemisnts are arranged in

4l x 4l grid, Vo = 15 V. Rg = 10 kQ,r, =864 Q (Fy =5 N),

TABLE]
CHANGE OF #/r; BY INPUT LOAD. (k = 4320 [N §1])

il ! 100 47Q 1000 | 1500
5N 0.0L15 0.0544 01157 0:1736
10N 0.02315 0.01088 0.2315 0.3472
3N 0.03472 0.1632 03472 0.5208
20N 0.04630 02178 04629 0.6944

C Verification of Sensor Output Error

The measurement error increases according to the increase in
7. This is because the ratio »/r, increased. However, when F
increases, (24) states that 7, decrease. As a result, the ratio » /T
increases. Table I shows the result of computing the ratio r /7,
when r,, is changed by input force F,

Hence, simulation was done to determine the measurement
error when the load F'(4, j) and r are made to change. Simu-
lation of the sensor output when the loads are applied on mul-
tiple points was conducted. Six loading points were considered
inthe simulation. The conditions in the simulation were, random
load position with six loading positions and total loads of 5 N;
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Fig. 8 The position output error by change of the total load. Elements are ar-

ranged in 41 X' 4L @id, V4 = 15V, Ry

= 10 k £2, loading point: random,
- number of loading = 6.
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o " = 100

S W wpggg St B

= w =100

3 w =1500

S o

5 10 5 20

Input load (N) :

Fig. 5. The total load output error by change of the total lond. Elements are
arrangedin 41 x 41 orid; Vo = 16V, By = 10 kO londing point: random,
number of loading = 6.

10N, 15 N and 20 N. Moreover, the computations were done
for values of r of 10 2,47 £2, 100 £, and 150 2. One-hundred
computation runs per simulation condition were performed. The
sensor error was shown by the average and standard deviations.
Fig. 8 shows the position output error while Fig. 9 shows the
total Topd error. The vertical axis of Fig. 8 represents the ratio
of the position output error while that for Fig. 9 represents the
Tatio of the sensor output error for total load. Further, the hori-
zontal axis for both figures represents the total load. It is clear

- that an error increases as total 1oad increases, However, the re-

sults of the simulation described above show that for + = 10 £,
the position error is within 0.5% while that for total load was
within 2%. It means that this sensor operates with sufficient ac-
curacy when r/r,, is less than 0.05.

D. Effect of Resistance 10

Tt is clear from sensor structure shown in Fig. 2 that as Ry
increases, the total cutrent Iy decreases. At the same time, the
voltage drop due to Ry increases; thus the voltage of (V,(¢,7)~
Va(4, 7)) becomes smaller. At the same, the voltage differenices
between electrodes, (Ve, — Vg,) and (Vg, — Vg,), become
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Fig: 10. . Experimental result of the position output by two-point load.

small. These results mean that the S/N ratio of the sensor will
decrease in the electrical noise environments. However; it was
shown in this simulation that error of the position and the total
load output were not affected by a change in the external resis-
tance Rp. ‘

V. PROTOTYPE VALIDATION OF SENSOR PROPERTIES

In this section, the behavior of a prototype sensor was veri-
fied. The sensor is an electrical circuit made up of resistances
only. The sensor is construcied of network resistance 1 and de-
tector element 7. For example, as-a material that the resistance
changes with force, a préssure conductive rubber may be used.
However, pressure conductive subber undergoes hystetesis and
creep etc. Thus, uncertainties in the relationship between the
10ad and resistance exist. Hence, a quantitative evaluation of
this sensor is difficult. For this reason. adjustable resistors were
used as detector element ;. In the experiment, elements were
arranged in 5 X 5 grid. The circuit constants were assigned as:
r =47 Q and Ry =10 k (. Moreover, the load and resistance
Ty, were assumed to satisfy the relationship defined by (24), and
k was set to 4320 [N €21,

A. Position Measuring Experiment
The sensor is able {o detect the center of the load distribu-

tion. A validation experiment was conducted on the position

output under two point loading. The sensor outputs the center
position of the load distribution. First of all, loads F; and Fy
were applied at the sensor coordinate positions (—1.0, ~1.0)
and {(+1.0,+1.0). Then the sensor position output was mea-
" sured. In the experiment, the sum F; 4+ F5 = 10 N was fixed,
F; was made to change from O'N to 10 N with 1 N-increnents.
Henice, the sensor position output must be changed by steps from
(—~1.0,—1.0) to (+1.0, +1.0). The results of the experiment are
shown in Fig: 10. With an increase in Toad, the sensor output
correctly moved the straight lines connecting the load positions.
The figure shows that the simulation resulis and the measured
values agree very well.

B. . Load Measurement Experiment

The sensor also can be used to output the total value of the
distributed Joads: Two loads, Fy and F5; were applied on the
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@

Fig. 12.. Prototype of the mesh of tactile sensors. Detector elements are pressre
conductive rubber arranged in 3 X 3 grid. (a) View of the sensor. (b) Attached
on semi-sphere;

coordinate positions (0; 0) and (4-0.5, +0.5) and the sensor load
outputs were measured. During the expériment, (£ = Fy. = F5)
and I was made to vary from O N to 10 N with 0.5 N-increments;,
The results of the experiment are shown in Fig. 11, The figure
shows that the simulation results and the measured values agree
very well. However, Fig. 11 also clearly shows that as the load
increases, the measured values departed from the ideal values.
"This difference is the influence of the two load which affected
each other; as shownin Fig. 6. -

VI. SENSOR PROTOTYPE USING
PRESSURE CONDUCTIVE RUBBER

Fig. 12 shows. the prototype of a sensor. The prototype
sensor used a pressure-conductive rubber manufactured: by
Inaba Rubber Company, Ltd., as the detector element rp,. The
clements were arranged in a3 X 3 grid. The resistance r was
set to'+ = 47 . As the sensor has a netstructure, it can be
mouited on a sphere as shown in Fig. 12(b).

A. Response to Impulse Load

The sensor was tested to measure the time of the response.

“The experiment was conducted to apply an input load on the

sensor by an Impulse Hammer (Ono sokki, GK-300) and to mea-
sure the time until the sensor outputs a constant voltage corre-
sponding to the input position. Fig. 13 shows the time response
of the position output just after the input load is applied. As
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shown in the figure, it took about 0.6 ms to output the input
position after the load is applied. In general, the sensor feed-
back control cycle is 1 ms ot less. The sensor is adequate for
use in control loops around 1 kHz; the standard used in robotics
control.

B. Semi-Spherical Surface Attachment Experiment

Fig. 14 shows detector elements arranged on'a semi-spherical
sutface and these elements were covered by a semi-spherical
<tyrofoam [19]. Fig. 15 shows the sensor output when the cover
top is pushed so that a circle may be drawn by a fingertip. It can
be seen from the figure that a neat locus is formed: Even when
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the elements are arranged discretely, the output can be obtained
continuously through the use of a cover serving as sensor’s skin.

VII. SUMMARY

A mesh of tactile sensors is developed with the aim of
covering - a robot’s. entire - structure; while reducing - wiring
requirement and ensuring high-speed response. The sensor has
a nef-structure, can cover arbitrary surfaces and can detect the
center of load distribution applied to 2-D surfaces as well as
the-towal load. The wirings of numerous detection elements are
connected only to adjacent elements such that there are only
four output signal lines from the sensor. Further, the sensor,
regardless of the number of elements, placement, and sensor
area, the speeds of response were practically constant (within
1 ms). In this study, the sensor principle was explained and
the prototypes were made. The basic characteristics defining
the sensors were shown in the experiment results on position
detection, load detection, and response characteristics.
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Skillful Manipulation Based on High-speed Senskory-MOtor Fusion

Taku Senoo, Yuji Yamakawa, Satoru Mizusawa, Akio Namiki, Masatoshi Ishikawa and Makoto Shimcjo

Abstract— This video introduces the demonstration of skillful
manipulation using a high-speed robot system. The system
consists of visual and tactile sensors at a rate of 1kHz and
a high-speed hand-arm manipulator. The high-speed sensory-
motor fusion improves not just the speed of existing. robot
manipulations, but robotic skills by introducing the features
peculiar to high-speed mation. Based on such a concept, new
variations of skillful manipulation were achieved.

I INTRODUCTION

n recent years, many robotic manipulation systerns have
been developed. However such systems were designed with
4 primary goal of the emulation of human capabilities, and
Iess attention to pursuing of the upper limit in terms of speed
for mechanical systems.

To achieve such dynamic fast motion, we have developed
a high-speed manipulation system. This system consists of
a multi-fingered band with tactile sensors, a wire-drive arm,
and 4 stereo active vision system. The cycle time of sensor
feedback and control processing is set at lms. Therefore the
robot can react quickly to target motion in unpredictable
conditions:

Moreover new strategies for high-speed manipulation are
developed utilizing the feature of high-speed motion. Several
tasks show that high-speed active control enables stable and
robust manipulation. In addition such a high-speed control
strategy can be applied to various complicated manipulation.
This result indicates that high-speed manipulation improves
robotic skills. ‘ ‘

1. SYSTEM CONFIGURATION
A. Motor System '

The hand [1] consists of three fingers and a wrist. It has 10-
DOFY in total. A small harmonic drive gear and a high-power
mini actuator are fitted in each finger link. The design of this
actuator is based on the new concept that maximum power
output, rather than rated power output, should be improved.
The hand can close its joints at 180 [deg] per 0.1[s]. Its
maximum velocity is 300 [rpm}; and the maximum output is
12[NL

The arm is a wire-drive manipulator (Barrett Technology
Inc.). The manipulator has 4-DOF consisting of alternately
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Fig. 1. System configuration

revolution and bending motion. High-speed movement with
maximum velocity of the end-effector of 6 [m/s] and maxi-
mum acceleration of 58 [m/s?] is achieved.

The hand-arm system is shown in Fig.1 (a).

B. Sensory Sysiem

Figure 1(b) shows ‘a column parallel vision  system
(CPV)[2] mounted on the 2-DOF (uilt, and pan) active
mechanism. The CPV has 128x128 pixel photo detectors
and an all pixel parallel processing array. Various visual
processing (moment detection, segmentation and so on) are
achieved within 1 ms because execution is in parallel.

The tactile sensor[3] is a sheet-like object as shown in
Fig.1(c). The sensor consists of the two outer clectrically
conductive films and the inner pressure-conductive rubber.
The sensor can measure the center position of a two dimen-
sional distributed load aid the total load within 1 ms. The
sensor is attached to the top link of each finger.

III. SKILLFUL MANIPULATION
A. High-speed Manipulation k

A high-speed robot system improves not just the speed
of existing robot manipulations. Pursuing the upper limit in
terms of manipulation speed, we have developed appropriate
new control for high-speed manipulation. Here stable and
robust manipulation by introducing the features peculiar to
high-speed motion are presented as shown in Fig.2.

1) Dribbling: The hand dribbles a small ball between
two fingers [4]. The dribbling period is around 100 ms, In
this task, new concept called “dynamic holding” is pro-
posed. This means that high-speed active control enables the
maintaining of periodically stable motion. Through dynamic
holding states, there is an increasing possibility that novel
transition of contact state is achieved.

1611 R O
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Fig. 2. High-Spé‘ed manipula(ipn

2).Pen Spinning: The hand repeats alternately the rotation
of a pen-shaped object using left and center fingers and using
right and center fingers [5]. The spinnirg strategy is based
on the feature that rotational motion is stable when its speed

is fast. Moreover thie contact force and the timing of shifts

about the axis of rotation are controlled in real-time by tactile
feedback.

3) Throwing: The hand-arm manipulator throws a ball
towards the target [6]. The release control with three fingers
is designed so that the error of the ball direction is reduced
using the apparent force, which is generated by high-speed
arm swing. In order to achieve high-speed arm swing a ki-

netic chain algorithm is also presented, which is a mechanism.

to explosively radiate kinefic energy.

B. Complicated Manipulation

Such new. control strategies for high-speed manipulation
can be expanded to more complicated manipulations. We
achieved skillful handlmg of more practical ob]ects as shown
inFig3..

1) Knotting of a Rope Manipulation of flexible objects
with robotic hands is a difficult issue. We have challenged to
koot a rope as a simple example [7]. By high-speed sensory
feedback control; the hand can dexterously control a flexible
ohject regardless of its unpredictable moiton. Moreover a
new strategy. of motion. for robot hands corresponding to
mathematical elements of knot theory is presented.

2) Grasping with Tweezers: Considering robots work in
human saciety, it is important for robot hands to handle a
typical human tool. We achieved grasping a rice grain and a
screw with tweezers [8]. High-speed visual servoing enables
the control of force between a finger and a tool in real-time.
This result means that a robot hand can handle many objects
of various sizes with a fool.

3) Dynamic Regrasping: A new type of regrasping us-
ing high-speed performance is developed [9]. The dynamic
regrasping consists of throwing and catching unlike with
previous one while keeping a contact state. We achieved
dynamic regrasping for objects of which mass distribution
is not uniform and different-shaped objects.
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Regrasping -

Fig: 3. ~Complicated manipulation

IV, CONCLUSIONS

These videos show that high-speed sensory-motor fusion
has great potential to produce new control strategies and new
robotic skills. Integrating high-speed dynamic manipulation
as shown in this video and conventional static manipulation,
moreé suitable robotic work for practical use would be real-
ized. ~
These experimental results and other manipulations: are
shown on the web site [10].
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Humans can grasp an object without information such
as a coefficient of friction or weight. To implement
this grasping motion with the robot hand, sensors have
been proposed that detect an incipient slip within the
contact surface or stick-slip. ‘A large number of slip
sensors have been proposed; but small, flexible, and
practical slip sensors are currently not available yet.
We have been involved in research and development
activities for a center of pressure (CoP) tactile sensor
that is small and flexible, This sensor uses a pressure
conductive rubber to detect the central position of the
load distribution and total load. As a result of us-
ing the sensor to make experiments on slip detection,
we found that a peculiar change appeared in the load
output of the sensor immediately before the slip dis-
placement of an object occurred, Based on this output
change, we proposed a control methed that was capa-
ble of setting a grasping force in accordance with the
weight of an object. However; the principle was not
made clear that caused the output change to occur.
We hypothesized that the change was caused by the
characteristics of the pressure conductive rubber used
for the material of the sensor. As a result of making
verification experiments based on this hypothesis, we
found that the output change was due to a change in
the resistance value when the pressure conductive rub-
ber shear deformed. It was also found that the scale of
a change in the resistance value was dependent largely
upon the shear deformation speed of the pressure con-
ductive rubber. This paper describes the principle that
a peculiar change occurs in the CoP sensor immedi-
ately before the occurrence of an object slip. It also
reports the characteristics of the pressure conductive
rubber that have newly been made apparent.

Keywords: slip detection, pressure conductive rubber,
tactile sensor
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-1. Introduction

A tactile sensor that collects information such as con-
tact force, slip, and temperature senses is needed for a
robot to take action in such a way that it works instead of
the human hand. Particularly, if the robot grasps an object
of which weight is unknown, puts the grasped object on
the table smoothly on the table, or delivers it to someone;
the slip sense plays an important role. For this reason a
variety of slip sensors have been proposed.

Johansson et al. [1, 2] researched human grasping mo-
tion and clarified that humans grasped an object with the
minimum grasping force causing a slip to occur. They
also showed a partial slip is important between the skin
and the grasped object. A partial slip is the one that oc-
curs between an object within the contact surface and the
skin surface. It is said that the slip displacement of an

‘object is generated by the extended area of a partial slip

and then its transition to the entire slip.: If a partial slip
is detected that occurs immediately before its fransition
to the entire slip, an object can be grasped with the mini-
mum grasping force and without slipping it off. Trembley
et al. [3] proposed a slip sensor detecting this partial slip
at the first time. They placed two dcceleration sensors
in a spherical silicon rubber with projections called the
“nib’ to develop a sensor that detected vibration when a
partial slip occurred on the surface of the sensor. Howe
et al. [4] placed four PVDE films in a semi-cylindrical
silicon rubber to develop a sensor that detected vibration
when a partial slip occurred on the surface of the sensor.
Maeno et al. [5] modeled the structure of the human fin-
ger tissue by using the infinite element method in addition
to the perception of Johansson et al. to clarify the nature
of an individual tactile receptor. They simulated a human
grasping method to develop a sensor with strain gauges
arranged within a curved elastic body at certain intervals
[6, 7]. This indicated it possible to detect a partial slip and
grasp an object whose weight and coefficient of friction
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are unknown. Ikeda et al. [8] proposed a method to use a
camera to observe the surface of contact between an elas-
tic body and a rigid plate and presume a slip tolerance. As
described above, the detection methods are different, but
many research and development activities are reported for
such sensors that detect a change immediately before the
slip of an object; that is, an “incipient slip.”

On the other hand, we propose a method that utilizes
a sensor detecting the load of a tangential force generat-
ing an object to slip to increase a grasping foree before a
slip displacement occurs in an object and prevent it from
slipping [9]. This method employs the 2-dimensional
CoP sensor developed by our laboratory. We have exper-
imentally confirmed the characteristics that if an object is
slipped on the CoP sensor, the load output drops imme-
diately before the slip displacement of the object and that
if the slip displacement occurs, the load output returns to
its original level. . The sensor uses these characteristics
to detect a change immediately before a slip occurs [10].
We have proven that this method is capable of grasping
an object with a proper grasping force and almost no slip
displacement even if the weight of an object is different. (oo
The method has also succeeded in grasping a cup whose ”
weight changes on the way (Fig. 1). . s

Reference [9] does not clarify the principle that slip of tinie [+
an object causes a change to occur in the load output of
the CoP sensor. In this paper, Section 2 briefly describes
the principle of the CoP sensor and a change in the load
output due to a slip. In Section 3, we use a simple confi
uration consisting of electrodes and a pressure conduct
rubber to make an experiment that an object is slipped on };;:'g‘:ggi)m) . :
the silicon tubber surface and then describes the principle el
that a change occurs in the load output of the CoP sen-
sor. Scction 4 discusscs an experiment that investigated
the characteristics of a change in the resistance value for
the shear deformation of the pressure conductive rubber
and that reports the characteristics of the rubber that have o ~ -
been made apparent. slipped. However, it was found that the load output of the

' ‘ CoP sensor significantly decreased (area graph-circled in

Fig. 2). As the CoP sensor is a sensor to detect the load in

~ the normal direction, such an output change cannot usu-
2. Load Output Change of Cob Sensor ally be thought to occur. On the other hand, compared

The CoP sensor is structured in such a way that apres-  With the tangential force, the timing of a decrease in the
sure conductive rubber (made by Inaba Rubber Co.) is lqz}d output. of the CoP sensor.ls‘cmn.mdent with that of
sandwiched between two conductive films on layers A the tangential force to act. This implies that the tangen-
and B [12]. It is capable of detecting the central position tial fqrce was added to cause some change in the sensor,
of the load distribution and the total load. It is charac-  Iesulting in such a change as above. The next section ex-
terized mainly by flexibility, thinning, lightweight, wire  amines the cause of this output change.
saving, and high-speed responsiveness within 1 ms.

Reference [10] made an experiment that the CoP sensor .
was mounted on a cylinder silr)nulating the fingertip of the 3. Load QOutput Change in CoP Sensor and
robot hand to grasp an object with a certain force and slip Resistance Change in Pressure Conductive
it vertically downwards. The model of this experiment is Rubber
illustrated in the left of Fig. 2. We measured a normal S
force and a tangential force (tensile force of an object) by From the principle, a load output change in the CoP
using the load cell to compare a change in the output of the sensor is dependent upon a resistance change in the pres-
CoP sensor with the actual force working on the surface of -~ sure conductive rubber, It is.presumed that the deforma-
the sensor. As aresult, almost nio change was found in the tion of the pressure conductive rubber occurring when an
normal force from immediately before and after the object - object slips causes its resistance to change. In the con-

Fig: 1. Grasping force conirol for the object whose welght
change (pouring water into a cup).
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Flg. 2. Resultof slip detectxon expenment using CoP tactile
sensor.
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