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Abstract

In this paper, we propose a new tactile sensor for arts-
ficial fingertips uttlizing a 3-D structured elastic body
combined with vertical sampling pressure probes as a
built-in feature extraciton unit. Besides the vertical

sampling principle, the presenied sensor is given two

new features in 1) orthogonally arranged vertical sam-
pling probes, and 2) variable contact realized by a flexs-
ble spherical surface. Using these architecture we pro-

pose three algorithms for the sensation of 1) surface .

texture 2) 2-D rubbing velocily, and 8) deepness of
contact. The archilecture and the algorithms are ezx-
amined by several experiments using scale-up model of
the sensor.

1 Introduction

In this decade, various types of tactile sensors
have been proposed and developed for the advanced

robotics applications. The most sophisticated ones

will be the 2-D arrayed pressure sensor or some po-

sition sensitive devices utilizing conductive rubber,

piezoelectric effects, capacitive techniques, magnetic
transduction, optical methods, and so on{1]. Recently

the importance of 1) smart sensing, i.e., integrated

information processing capability to provide some so-
phisticated tactile features to the central processing
unit{2), 2) active sensing, i.e., combined sensing under
a proper control of manipulators[3], 3) sensor fusion,
1.e., cooperative sensing with different devices such as
a TV camera[4], have been more and more recognized.
This means a future design of tactile devices must de-
pend upon what kind of tactile information is essential
under the scenario of active sensing and multiple sen-
sor fusion.

Here let us consider the human skin perceiving very
fine profile or roughness of a surface texture while
touching and sliding. Two most important features
which we can not find in usual tactile sensors will be
that the receptors are locating 3-D scatteredly and
very 3parsel¥ (maximum density is only about 1 end-
ing per mm“ near fingertips[5]) in the elastic body of
skin. This structure will suggest firstly the importance
of flexibility; i.e., it enables the sensory units to main-
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Figure 1: The divergence transfer function and verti-
cal sampling.

tain sufficient contact although they are moved along
the complex surface. Secondly, it suggests a certain
role of 3-D structure in the tactile sensation. Since
the sensation of this information in 2-D arrayed static
sensors requires densely located elements and sophis-
ticated signal processing, the roles of skin mechanism
have been aimed at by many recent research works.
A compliant stress rate sensor[6] which detects fine
surface features under shding motion, an analysis of
contact-induced stress distribution in the skin [7, 8],
and its use to an inversion of the elastic contact|[8],
etc. But we consider there would be some additional
schemes which will benefit the sophisticated tactile
sensation of human.

The purpose of this paper is to clarify a role of 3-D
flexible structure in the tactile sensation and then re-
alize a fingertip-like tactile sensor based on this mech-
anism under slip motion. In section 2, we introduce




the 3D vertical sampling method for tactile sensa-
tion, and show this structure enables us to obtain 1)
fine spatial frequency information of the surface tex-
ture and 2) slipping velocity between the sensor and
the object[9] while holding sufficient contact with var-
10us objects. In other words, the skin is modeled as
an information processing field to extract both statis-
tic and dynamic features of a touching surface. In
section 3 we extend this basic principle to a more
practicable theory of fingertip tactile sensors involv-
ing an architecture of the active sensing algorithms.
Two important features of our sensor reside in 1) or-
thogonally arranged vertical sampling probes, and 2)
variable contact with a spherical surface, which are

introduced to carry out some delicate and ingenuous

work as is seen in the human one. Using this archi-
tecture, we propose three algorithms for the sensation
of 1) surface texture, 2) 2-D rubbing velocity, and 3)

deepness of contact. The architecture and the algo-

rithms are examined by several experiments using a
scale-up model of the sensor.

2 What 1s a Vertical Sampling
Method ?

Consider for simplicity a half-infinite 2-D r—z2(z < 0) |

space filled with elastic body. Consider a divergence
u = divu of a displacement vector u caused by a
touch. The divergence is easily measured as a hole
pressure(see 3), and is also equivalent to a diagonal
sum of a stress tensor, because

- {1-20)(1+ o)
B E

u

where o 1s a Poisson’s ratio, and o;-, 0, are the diag-
onal stress tensor elements. Then a divergence u(z, z)

inside the elastic body caused by a divergence ug(z)
just below the surface is shown[9] to be

u(z,z) = / Us(k) exp{ikz + \klz)dk (2

which means that spatial frequency k& components of
surface profile decrease, during downward propaga-
tion, in such ways that each decreasing rate 1s just
equal to each spatial frequency k£. Based on this re-
lation and a sensor architecture shown in Fig.1, we
have shown two important tactile information can be
obtained by using only a couple of vertically located
probes as follows(9].

2.1 Sensation of a single dominant fre-
quency

Let pi(t), p2(t) be temporal output signals of pressure
probes which are located at (0, z1), (0, z2) respectively.
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Suppose a periodic object is touched but we do not
know its dominant spatial frequency ko. Then, taking
the ratio of a lower probe output p,(¢) to an upper
one p;(t), we know

ﬁg; = exp{—|ko|(z1 — 22)} (3)

which means the ratio is solely determined by the spa-
tial frequency ko and the probe separation z; — z,.
Since we know the separation, the unknown spatial
frequency ky is solved from the ratio as

-1 p1(t)
Y=o, o8 p2(t) )

2.2 Sensation of slipping velocity and
- surface spectra

Suppose an unknown arbitrarily textured object is
slipping with a constant but unknown velocity v. Sup-
pose temporal spectra P,{w) and Pz{w) are computed
from the output signals p;(t), p2(t) respectively, and
then the ratio are taken between them frequency by
frequency. Notice, under the motion, a temporal fre-
quency w is a contribution of a spatial frequency w /v.

~_ Therefore, by using the similar arguments as the previ-
" ous section, the ratios are expressed as a unique func-

tion of the spatial frequency kv /v| as

Pl =ew(-l2la-2)  ©

. This means we can determine the velocity v of the
slipping object such that

]z - 29)
log (P2(w)/Pr(w))

lv] =

(6)

It will be clear, if the velocity v 15 determined, the sur-

face spectra are obtained by only a ssmple conversion
k = w/v of the temporal spectra P, (w).

To understand this principle graphically, please see
Fig.5. Plotting log |Ps(w)/P(w)| with respect to w
will result 1n a linear distribution. The slipping speed
|u| is determined by the slope of this line.

It should be emphasized that this operation is com-
pletely aliasing free, moreover because this operation
is carried out by ideally continuous and homogeneous
media, the execution is most reliable without complex
fabrication.

3 New Architectures for Fin-
gertip Tactile Sensors

In this section, we extend the principles described
above to realize more practical tactile sensors like an
artificial fingertip. In order to do this, we introduce
two new architecture into the sensor as shown in Fig.2.
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Figure 2: Spherical surface and orthogonal arrange-
ment of vertical sampling probes.
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3.1 Orthogonal 1-D probes: genera-
tion of directional sensitivity

First, we assume four 1-D probes (fine straight holes
of which pressures are guided to each microphones)
are locating along lines z =0,z =2z; and y=0,z=2;
(i=1,2) in an elastic body. Since a probe pressure is
an integral e.g.

p:1=/u(0!ylzl)dy ’ (7)

it can be sensitive only to variances being perpen-
dicular to the line. In this case, a temporal out-
put of each probe to a moving surface deformation
ug(z — v,y — v,t) are expressed as

pri(t) / Up(ky,0)e=tk=vsteléslzgr  (8)

pyi(2) ] Uo(0, ky )e— Evoxteltslad,  (9)

which show we can actually pick out two orthogonal
cross-sections Up(k.,0) and Ug(0, k) of the 2-D spec-
trum U(k,,k,) independently through the temporal

: spectra of each probe outputs

Poi(w) = Ug(—w/uz,0)el/vels (10)
Pyi(w) = Up(0,—w/vy)et/vslz (11)

3.2 Flexible convex surface: Realiza-
tion of active variable contact

Secondly, we assume the sensor surface is spherically

- convex. The spherical surface enables us to keep good

contact with various objects, but moreover it brings
us an important merit for tactile sensation. Suppose
a rough but globally plane object is touching at the
origin of the sensor. Since the sensor is farther more
flexible than the object, the sensor surface becomes
flat under the contact and a normal pressure distribu-
tion there will be written as

P 4
palz.) = { paoy/1 — ZHE (2% 447 < a7
0 (otherwise)
(12)
where a is a radius of the touching area, and p,g I1s a
pressure at the origin [10].

From now on, we approximate an effective diver-
gence pattern just below the surface #%; is a product of
an actual pattern ug and the spatial window w(z,y,a)
as

ig(z,y) = w(r,y,a)up(z — vl Yy — ”yt) (13)

which is equivalent to say that its spectrum is a
convolution of an original spectrum by a spectrum



Wk, ky,a) of w(z,y,a) as

ffﬂ(krrky) — (14)
]j Wk — a,k, — 13, a)Un(u,ﬁ)e'i(“"""'ﬂ“")dadﬁ.

The approximation error will be experimentally ex-
amined later, but this approximation is sufficient for
rough argument in this first stage. Since we can ob-
serve this window effect by using 3-D structure, then
the touching area can be estimated by an algorithm
discussed in next section.

4 New Algorithms for Finger-
tip Tactile Sensation

In this section, we describe the sensing algorithms
brought by the above mentioned architecture.

4.1 Sensation of 2-D slip motion

When the touching area is sufficiently large, -t_he win-
dow effects described above can be ignored.- Im this
case, we can solve vz, vy from Eq.(10) and (11) such
that

_ lwl(z = 22)

vl = @ Pa@y P
_ lwl(z = 29

|1’y| - lﬂg(PyE(”)/Pyl(W)} (16)

It is equivalent to say that we can determine a 2-D
velocity (vz,vy) except signs of each components. In
order to reduce window effects, the objects must be
pressed rather deeply to the sensor.

4.2 Sensation of 2-D surface textures

We assume again the touching area is sufficiently large.
Because of the directional selectivity of the probes, we
can obtain surface texture informatiﬂn as follows.
First, if Ug{ks,0) or U(0,k,) is known to have a

single dommant peak but its f{*equency kzo or kyg 18
unknown, they are determined by taking an amphtude
ratio of the probe outputs under an arbitrary (not
necessarily constant) motion as (¢ = z; —23)

1. pc2(t) | py2(t)
ko= —=lo . kyo=—~1lo ot A 17
° € 8 pz1(1) vo e ° py1(t) (17)

Secondly, if the surface has an arbitrary texture
and is moving with an unknown but constant velocity,

its 2-D spectrum is determined on two cross-sections
Uo(kz,0) and Uy(0, k). This is because determination
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of the velocities v, v, is equivalent to determine the
cross-sections such that

Us(ks,0) = Poy(—kyvy)e ik=ln (18)
Uo(0,ky) = Pya(—kyvy)etorls (19)

4.3 Sensation of contact deepness

In this subsection, we show an actual touching area
of the sensor surface to a flat textured surface can be
estimated from outputs of probes under a known mo-
tion. In following discussion, we assume the slipping
direction, i.e. z-axis, i1s known, and the slipping ve-
locity v, is known. Such information is often obtained
by the movement instruction given to the arm. Sup-

pose the Fourier transform of py(t) = [ Ug(k,, ky =
0,t) exp(lk. |z )dk, combined with Eq.(14) i1s written
by

Pu()= [ [ W(ke + 2=, —B,0)U(~ 2=, B)elt<l=:dpdk

X
(20)
Eq.(20) implies if we assume that the window function
1s separable, i.e.,

Wi(kz, ky,a) = Wo(kz, a)W,(ky,a), (21)
then, since P.; 1s decomposed into
Pxi(w) -~ (22)
/Un(-;"“’-, BYW,(—B,a)dB | W (ks + ;“i a)elt=ls gk,
X

-

we can express simply the ratio of P;; and P2 as

Poa(w) [ Welk: + 2, a)e keladpe
P:cl(u.:) - fwx(kr-"f;,a)e k:|31dkx
= R(Ui,zl,zg,ﬂ). (23)

The Integrals in a numerator and a denominator of
the above equation are convolutions of exp(|k|z2) and
exp(|ky|z1) respectively by W (k.). Because the ratio
is expected to be a varying function of z;, z2 and q, if
z1, 7z and v, are known, the radius of touching area a
can be determined so that the plot of Pro(w)/Pyi(w)
with respect to w fits to the w vs. R(w,v., 21, 22, a)
curve.

Since the object 1s assumed to be flat, to determine
the radius a is equivalent to determine the deepness
of contact between sensor and object.

For calculating the function R, we use an approxi-
mation such that

w(z,,0) = woexp{-oo5 (= +¥7)}  (20)

Then W_(k,,a) 1s given as

alk?

Wo(ks,a) = =), (25)

Wo exp(—



Figure 3: Photograph of the sensor.

From this approximation and Eq.(23), a curve of R
is determined numerically. Therefore the radius a
can be estimated through a least squares fitting so
that the w — logR curve is closest to the plot of
w—log|Pa(w)/ Py (w)|. To help understanding, we show
an very rough approximation of Eq.(23)

3(zi — 7o)

2a’ )
(26)

4 &
From the factor Exp{ailzf,i"-l) in Eq.(26), we can ob-
tain the radius a of the touching area.

o W
R{?: £0, :;'.’1,-&} = EIP{—‘;‘(SI - 32)} E:{p(

5 Fabrication of Sensor

The senor body was made by molding a silicone rub-
ber. At first it was made flatly with straight probes,
and then the same material was inserted on a back-
ing plate so that the sensor surface was hited spheri-
cally with radius of curvature £=3cm at the top of the
sensor. Each probe is a fine cylindrical hole (0.1mm
diameter) in which pressure is guided to microphone.
The outputs of opposite side of probes are added elec-
trically to obtain orthogonal pairs of signals. The
depth zy, z» at which the probes are located are 0.265
mm and 0.925 mm respectively. Eq.(7) i1s good with
a low frequency with which the wave length in the
probe-hole air is sufficiently larger than the scale of
the probe, with negligible viscosity effect.

6 Experiments

6.1 Examination of directional Selec-
tivity

Fig.4 shows the amplitude of the output signal pr;

when a surface with a periodic 1-D texture 1s sliding
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Figure 5: (a) Spectra of p-1(1) and p2(f) when a plate
of foaming polystyrene which has a random surface 1s
slid on the sensor. (b) The ratio of Pz2 to FPr;.
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Figure 6: Sensing of 2-D slip motion for an ob)ect
which has random surface (of foaming polystyrene}.

on the sensor in various directions. A radius a of the
touching area was 3mm. The horizontal axis indicates
an angle # between directions of the probe and the
texture. The vertical axis means a selectivity s which
is normalized so that s = 1 at 8§ = 0. To make

the periodic 1-D surface, we arranged fine long pipes .

with 1.5 mm pitch. This results show that directional
selectivity of the 1-D probe is fairly good, therefore its
output spectra can be approximated well by U (k;, 0).

6.2 Determining 2-D slip motion

Fig.5(a) shows the spectra Ppy(w), Pr2(w) when a ran-

dom surface made of foaming polystyrene is shding -

along z-axis with a velocity v=2.3cm/s. Fig.5(b)
shows the ratio Pra(w)/Pz1(w). The solid line 1n
this figure indicates a theoretical value calculated by
Eq.(15). Good agreements are found between experi-
mental results and the theoretical values. Fig.6 shows
the results of determining 2-D slip motion when the
surface of foaming polystyrene is shd on the sensor
with various velocities and directions. Each compo-
nent of the velocity was estimated from the slope of w
- log|Piz(w)/ Pii{w)}(i = z, y) plots as the least square
solution.

6.3 Determining deepness of contact

Fig.7 shows the two way plots of log|Pz2(w)/Pri(w)|
with respect to w obtained by rubbing an object (
which is a wire net whose wire by wire intervals are
0.5mm ) on the top of the sensor with contact deep-
ness d=0.04mm and 0.16mm. The slipping speed 1s
4.7cm/s. The solid lines in this figure illustrate the
best fitting curve of R(w,a). The R curves fit the
two kind of plots best when ¢=0.85mm and 2.2mm
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Figure 7: Plots of log|Pz2(w)/ Pri(w)| when a wire net
was rubbed on the sensor with deepness of contact
d= 0.04 mm and 0.16 mm. The solid curves indicate
the best fitting R(w,a) curves. The slipping velocity
vy, =4.7cm/s.
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Figure 8: Sensing of touching area.



respectively. Therefore we can estimate the touch-
ing radii as 0.85mm and 2.2mm respectively. Fig.8
shows the areas a? estimated by this method vary-
ing the objects and the depth d at which an object
was pressed down on the sensor surface. The objects
are above mentioned wire net ,random surface used
in subsection 6.2 and lattice used in subsection 6.1.
Theoretically, the square of radius of contact area a*
is expressed as a2 = Rd where R is a radius of curva-
ture of sensor surface[10]. The solid line in this figure
shows a calculated value when R=3cm that is the ra-
dius of curvature of the sensor. This results show the
approximations adopted previous sections are reason-
able, and we can believe it i1s sufficiently possible to
estimate a contact area by using this algorithm.

7 Future Developments

Since in every experiments an actually used area of

the sensor surface was within only about 5mm diame-
ter, there will be no essential problems in down-sizing
the sensor. Our goal in this respect is the size by
which several sensors can be attached around a finger.
Another important feature of the sensor 1s an active
control capability of the contact deepness. To improve
flexibility of the sensor, we are designing a new type
of sensors with an air-filled cavity behind the elastic
body. By changing a pressure of the cavity, we will be
able to control easily a deepness of contact as well as
a touching force.
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