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ABSTRACT

In this paper, we propose a new tactile sensor skin system. The
system consists of two components. One is a sensor element which
detects a contact area in addition to a contact force. The element is
inspired by the fact that humans can discriminate sharpness of ob-
jects sensitively on any parts of their bodies in spite of their several-
cm Two Point Discrimination Thresholds. We have developed the
element that has such characteristics in a very simple structure; two
layers of compressible insulators (urethane foam) sandwiched be-
tween three pieces of stretchable conductive sheets (conductive fab-
ric). The other component is a sensor/communication chip. The
chips are arranged at the boundaries of the elements, and the chips
measure the capacitances between the conductive layers and send
signals through the same conductive layers. The chips enable us to
connect the elements and compose a soft robot skin including no
long wires.
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1 INTRODUCTION

Realizing an elastic senor skin to provide suf�cient contact infor-
mation is one of classical and unsolved problems in haptics. Re-
cently, there is a growing interest in home robots that can care for
the aged and young children [1, 2] and that can be alternatives to

Figure 1: Proposed tactile sensor skin system. It is soft, stretchable,
and capable to cover a large area easily.
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companion animals [4, 3]. A skin covering such a robot is in an
urgent need. The skin is not only a device for autonomous motions
of a robot but also a new form of interface between humans and
arti�cial systems [5].

The major requirements for practical robot skins are as follows.

� They should sensitively detect rich tactile information related
to such parameters as shape, pressure, friction, temperature,
and so on.

� They should cover several-cm2 large areas such as whole sur-
faces of robots.

� They should be soft and stretchable to contact humans safely
and �t robot surfaces. Softness is one of important factors to
detect touch feelings, too.

In order to realize such a robot skin, various arrays of pressure-
sensitive tactile sensor elements have been tried [6, 7, 8, 9, 10, 11].
One approach to enhance the ability of the sensors for practical
uses is to array the elements in high density. However, we have
no practical techniques available now with which we can mount
a million of tactile elements with 1 mm spacing in a stretchable
sensor skin.

We have proposed a new tactile sensing method to solve the
problem [12]. In our method, a sensor element dares to have a large
sensing area (several cm2) unlike the other elements in the litera-
ture, and it acquires not only a contact force but also a contact area.
Owing to the additional parameter, the contact area, a robot skin
which detects minute shape features is easily realized by arraying
the elements in low density. In consequence, we can cover a whole
surface of a robot with a small amount of the elements (Fig.1).

The above proposition is inspired by the characteristics of the
human tactile sensation. While Two Point Discrimination Thresh-
olds (TPDT) of humans are as large as several cm except on es-
pecially sensitive parts, faces and hands, humans can discriminate
sensitively sharpness of objects even on such large TPDT parts. Al-
though we still don’t know exactly why and how the human skins
perform like that, from these facts, we consider that sharpness is
one of key components to produce general human tactile sensation
[13], and suppose that sensitivity to sharpness is a high priority for
human-like sensor skins.

Based on the proposition, we developed a new tactile sensor el-
ement [12]. The element consists of two layers of compressible
insulators and three pieces of stretchable conductive sheets. In or-
der to acquire the contact force and the contact area, we make use
of the nonlinear elasticity of the insulators.

In this paper, we also present a connecting method well suited
to the tactile elements. In the method, the conductive pieces work
not only as sensor elements but also as communication paths when
sensor/communication chips are placed at the boundaries of the
conductive pieces [14]. Thus, wires to the sensor elements are no
longer needed and stretchable skins can be realized.

The rest of this paper is organized as follows. Firstly, section
2 describes the structure and the sensing theory of the sensor ele-
ment. We show results of experiments examining the feasibility of
the element. After that, we explain about the proposed sensor skin
system in section 3. Developed CMOS LSI chips for connecting
the sensor elements without long wires are introduced.
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Figure 2: Cross-section of sensor element prototype.

Figure 3: Supposed surface stress distribution.

2 SENSOR ELEMENT

2.1 Structure

The structure of our sensor element is very simple. In Fig.2, we
show schematically the cross-section of the sensor element proto-
type. The sensor element consists of two compressible insulator
layers; the upper and lower layers are soft (15 kg/m3) and hard
(60 kg/m3) urethane foam, respectively, and each layer is 2 mm in
thickness. There are three pieces of stretchable conductive fabric on
the soft layer, between the soft and hard, and under the hard. Each
piece has an area of 30�30 mm2. The side length of the conductive
fabric piece is comparable to the TPDT on human forearms. The
insulator layers and the conductive pieces adhere to each other by
soft double-faced tape, and two capacitors are formed in the lay-
ers. Supposing that a surface of a robot body is hard, we attach the
bottom of the sensor element prototype to an acrylic base.

2.2 Sensing theory

We suppose the surface stress as illustrated in Fig.3; the constant
surface stress distribution s(x;y) [Pa] is vertically loaded to the
surface of the sensor element in the contact �eld S, that is,

s(x;y) �

�

F=S if (x;y) 2 S
0 if (x;y) =2 S

(1)

where F [N] is the total intensity of the contact force and S [m2] is
the area of S. Now we take note of the area of S, not the shape, so
we suppose that S is circular for simplicity.

Figure 4: Relationship between surface stress and extension ratio.
Soft layer 1 is more easily compressed than hard layer 2.

Figure 5: Simulation result. Calculated capacitance variations for
various forces and areas. D is the diameter of S for a circular object.

We also assume the following. First, the nonlinear elasticity of
the insulator layers is the entropy elasticity [15] expressed as
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where n is the layer identi�cation; n=1 means the upper soft layer
and 2 the lower hard layer. En [Pa], ln and dn [m] are the elasticity
modulus, the extension ratio and the initial thickness of the layer
n, respectively. E1 is 4.8 kPa and E2 is 15 kPa. The following
expression of ln (Fig.4) is obtained by solving Eq.(2),
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Second, the conductive pieces have negligible tensions and the
Poisson’s ratios of the insulator layers are zero, which means that
a displacement distribution Ddn(x;y) [m] is determined simply by
the local value of s(x;y).

We measure electric capacitances Cn [F] between the conductive
pieces to detect Ddn(x;y). Ignoring fringing �elds, the capacitances
are formulated as

Cn =

Z Z

Element

en

dn � Ddn(x;y)
dxdy (5)
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Figure 6: Photograph of sensor element prototype.

Figure 7: Experimental result of basic performance. Measured tra-
jectories of capacitance variations for the stimulators with diameters
of (A) 0.5 mm, (B) 10 mm, (C) 20 mm, and (D) 40 mm.

whereen [F/m] is the dielectric constant of the layern. If we can
make the second assumption mentioned above,(C1;C2) is uniquely
determined by(F;S). Then the key question is whether the inverse
mapping from(C1;C2) to (F;S) is possible or not for the layers, 1
and 2, having different hardness.

Figure 5 shows a numerical simulation result for the elasticity
moduli E1=4.8 kPa andE2=15 kPa. It shows that(DC1;DC2)s for
various (F;S)s span a two dimensional space, where(DC1;DC2)
are the capacitance variations by the applied force, andD [m] is the
parameter de�ned as

D � 2

r
S
p

(6)

to represent the diameter of S for a circular object. It implies that
we can determine(F;S) uniquely from(DC1;DC2) whenF is larger
than a threshold, now around 1.0 N.

Note that the nonlinear elasticity of the insulator layers plays a
key role in the sensing theory. In the case of linear elastic insulator
layers, that is,s � En, it is impossible to estimateSfrom (C1;C2).
Ddn(x;y) of the linear elastic insulator is represented as

Ddn(x;y) =
dn

En
s : (7)

Then Eq.(5) can be approximated as

Cn ' Cn0 +
en

dnEn
F (8)

whereCn0 is the initial capacitance of the layern. Eq.(8) means that
neitherC1 norC2 contains the parameterS.

Figure 8: Base with hemispherical bump.

Figure 9: Experimental result on e�ect of surface con�gurat ion.
Measured trajectories of capacitance variations for the stimulators
with diameters of (A) 0.5 mm, (B) 10 mm, (C) 20 mm, and (D) 40
mm.

2.3 Experiments and results

We conducted experiments to examine the feasibility of the pro-
posed sensing method. We measuredCn of a sensor element pro-
totype (Fig.6) by a self oscillation method; we generated a RC os-
cillation including the sensor element as the capacitor, and counted
pulses par 2 ms by a 16-bit counter. A PC imported data via a digital
I/O, and achieved around 80 Hz effective sampling rate.

2.3.1 Basic performance

This experiment examined whether the sensor element prototype
could discriminate four different acrylic-circular-cylinder stimula-
tors; A:D=0.5 mm (as a concentrated load), B:D=10 mm, C:D=20
mm, and D:D=40 mm (as a whole-area load). Each stimulator was
vertically pressed at the center of the sensor element by hand with
increasing force up to around 10 N in 0.5 s. Then the values ofDC1
andDC2 increased with the contact force.

In Fig.7, the(DC1;DC2)s during the motion are plotted. It is
con�rmed possible to discriminate the four stimulators.

2.3.2 Effect of surface con�guration

A robot surface to which the sensor skin is attached is not always
�at. This experiment examined whether the prototype could dis-
criminate the four stimulators A, B, C, and D even when it was
placed on the base with the hemispherical bump shown in Fig.8.
As in Section 2.3.1, each stimulator was vertically pressedat the
center of the sensor element by hand with increasing force upto
around 10 N in 0.5 s.

In Fig.9, the(DC1;DC2)s during the motion are plotted. It is
con�rmed possible to discriminate the four stimulators when the
sensor element is attached to the curved surface.
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