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Abstract— Tactile feedback is of crucial importance for object of researchers therefore have started to emphasize thefrole
manipulation in unknown environments. In this paper we de- passive compliance (for example through the use of elastic
scribe the design and realization of a fingertip which includes a \atarials) for dealing with uncertainties [7][8][9][10Even
capacitive pressure sensor with 12 sensitive zones. It is natuha . the ab ¢ histicated ol . .
shaped and its size is small enough so that it can be mounted'" ”e absence o SOP ISticated con ro’ passive comgianc
on the fingers of the humanoid robot iCub. It also embeds facilitates movements in unknown environments.
the electronic device which performs A/D conversion: This is  Therefore, passive compliance is an important basis for
beneficial for the signal to noise ratio and reduces the number of grasping. It has the benefit of immediate response without

wires required to connect the fingertip to the robot. The fingertip anv time-delav and no computational effort. The araspin
is made of silicone, which makes its surface and inner structure y Y P ) grasping

compliant and flexible. We present preliminary experiments (@SK is split up between the controller and the morphology
performed with the first prototype. of the robot. A compliant finger leads to the compensation

of small errors in the configuration of the grasp. This allows
. INTRODUCTION for example, faster grasping movements and a more robust
Robotic agents can manipulate objects quickly, precisefyandling of objects. It creates grasp adaptability andilgtab
and reliably in controlled settings, such as industrialiem+ and provides protection against impacts [11].
ments. However, they often fail to achieve such abilities in When the compliant material is attached on top of the
unknown environments, or with novel objects. Humans, afensory surface, the drawback is that it acts as a low paas filt
the other hand, are consistently skillful at such actionse Owhich reduces the spatial resolution of the sensor [1]. lileo
of the reasons why current robotic systems lag behind is that therefore beneficial if no material was mounted on top of
they lack accurate and precise tactile feedback. the transducer, but instead the transducer was compliadt, a
Therefore, to achieve human-like object manipulation, gdditionally was also mountable on top of a flexible material
robotic hand not only needs a high degree of actuation (i.e.A number of robotic hands for object manipulation have
many degrees of freedom), but should be also equipped WiBen built. For example, the 6-axis force sensor used in DLR-
sophisticated haptic sensors [1]. This sensory informato H|T hand [12], the GIFU IIl hand [13] and the 3-axis force
essential for adapting the grasp, and in addition can be usRhsor in the Paloma hand [14] can measure pressure and shear
to actively explore the object in-hand. Thus, it is possiblgyrces. The GIFU Il hand has 859 sensing points, however
to obtain information about objects that is hard or eveecause of the nature of the sensors, the skin is not soft
impossible to acquire through other sensing modalitieb 8SC and the signal conditioning happens at a distance from the
vision or sound. This is important because grasping andcbbjgensitive area. The Obrero hand [15] has 40 contact points
manipulation do not depend only on visible properties si&eh ghich embeds 4 sensors each. The Shadow hand [16] has a
size, orientation and shape, but also, for example, on weighigh dexterity, comparable to that of the human hand. It also
slipperiness, texture and hardness. Even visible featate$ has a high number of sensors in its fingertips (based on QTC
as the shape and the edges of an object, are sometimes egsi®ology) and adjustable compliance in the actuatiotesys

to detect with haptic sensors. which is pneumatic.
In general, object manipulation enables active object ex-
ploration and induces sensory-motor correlations. Mary re || T4z HANDS OF THEHUMANOID ROBOT ICUB

searchers see perception as an active process, where @n agen
actively structures its own sensory input by manipulating t The fingertip described here will be mounted on the hu-
world to obtain “good” sensory data, enabling categorizgati manoid robot iCub [17] (see also Figure 1). iCub has a
adaptation and learning (see for example [2][3][4]). complete body with two legs, two arms, two hands and a
Another important aspect when designing a robotic handhgad. It has 53 controllable degrees of freedom altogether,
compliance. On the one hand, planning movements accurat@lyf which belong to each hand, excluding the wrist. The
beforehand is often too hard, on the other feedback cordgrolrobot is about 1m tall, that is roughly the size of a three and
often too slow to affect control appropriately [5][6]. A niver a half years old child. It is equipped with an active stereo



Fig. 3. A picture of the first version of the fingertip. The outer conductive
layer is black because of a carbon black-silicone depuwsitiade to create
a flexible conductor. The fingertip includes a capacitivespoee sensor with
12 sensitive zones. The PCB with the electronics is includetie fingertip.
Not only the outer layer, but also the inner core and the eldet structure
can be made of highly flexible silicone, which makes the fingestimpliant.

Fig. 1. The humanoid robot iCub. It has 53 controllable degrees of freedom
that are driven by electrical motors. It is roughly 90cm tall.

Fig. 4. A picture of the hard fingertip prototype without its outer la yer.
One can see the inner core and the PCB. The sensitive zonesaaie of
conductive ink (silver).

IIl. DESCRIPTION OF THEFINGERTIP

Figure 4 and 3 show the prototype of the fingertip. It was
designed to fit the avilable space on the hand. As a result it is
14.5 mm long and 13 mm wide (see Figure 7). The sensors are
capacitive. In practice the fingertip is made of compliard an

deformable silicone patches whose capacitance varies when
Fig. 2. A hand of the humanoid robot iCub. It has 9 controllable degrees ressure is applied at the surface. The capacitors surriiend
of freedom, not including the wrist, and most of the actuateeslacated in p PP . . L P
the forearm. inner core of the fingertip, which is mounted on a small pdnte
circuit board, as shown in Figure 5 and 6.

A. Capacitive Pressure Sensor

vision system, microphones, acceleration sensors in the he The transducer of the capacitive pressure consists of two
and joint position sensors in all the joints. conductive layers separated by a soft insulator made obsiéi

The hand of the iCub is roughly 140mm long and 60mrfoam. The inner conductive layer is separated into 12 areas
wide. It has five underactuated fingers (see Figure 2) cdetrol (see Figure 7), forming the taxels, acting as electrodes.nWhe
by 9 motors. In practice two motors control independently thpressure is applied to the fingertip, the silicone foam gets
motion of the proximal and medial phalanges of the indesompressed, and the capacitance between the inner and outer
finger; the most distal phalange is mechanically coupleth witonductive layers changes as they get closer. The change of
the medial one to naturally bend when the finger closes. dapacitance is taken as an estimation of the deformation of
similar configuration is repeated for the middle finger. Rinthe silicone foam. This in turn is proportional to the pressu
and little fingers are coupled together and controlled only applied to the sensor.
one motor. The thumb is actuated by three motors: it cangotat The PCB with the electronics is included in the fingertip. It
around the palm and flex at the level of proximal and mediabnnects all the electrodes of the capacitive pressuredteer
phalanges. Finally, another motor controls the abductfdhe to an off-the-shelf capacitance to digital converter (CDC)
index, ring, medium and little finger. (AD7147 from Analog Device in the present implementation),
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Fig. 5. A cross-section of the fingertip.The board is shown in green; the

inner core, which can be either hard or soft, is yellow; tHea foam is Fig. 7. Drawing of the inner core and the silicone foam from below.

red; the conductive material black. The electrodes, which act as the receptive fields, are lgigteld in orange.
The silicone foam is also visible, shaded in grey, to showwerall size of
the fingertip. Taxel 4, which is referred to in Fig. 9 and 12sk®wn in red.

because it compresses easily after the first contact. THiesna
the sensor very sensitive to light touch. The foam is filled
with bubbles that when compressed enough make the whole
structure somewhat stiffer. A stronger force is then neangss

to compress the silicone even more. This non-linearity éuls

to enhance the range of measurable forces. This princige ha
already been exploited in [11] although the scale of the air
gaps was different. A similar property holds for the sensors
described in [15]. The difference in this case is that therfoa
Fig. 6. A section of the internal structure of the fingertip: the inner guarantees a homogeneous deformation that does not depend
core/electrodes support (yellow), the aluminum phalangeefo, the PCB in  on the point of pressure.

blue and the cover silicone (only partially shown, in pujple Two versions of the fingertip have been built for comparison
reasons, with hard and soft inner cores respectively. Tiee la

which is mounted on the PCB. The CDC is able to provid%cmew.as .maX|maI comphgnce W'thOl.Jt decreasing the- sensor
resolution: here also the inner core is made of soft silicone

tw_elve 16. bits measurements of capamtance_a_nd s_end th%gl]mely Ecoflex 00-30 silicone from Smooth-On. We use it
using serial bus communication, through a digital line.sTh

is beneficial because it allows digitizing the signal as elas (\/E;g?gssi?y'ogc;so TSQ f;gfi?gaggggah;zﬁse?g: g;zgg;;é’_a bil
possible to the transducer, thus improving the signal tsenmgoo%' tensile strength: 200 psi). Moreover, the 12 eleesod

:ﬁgﬁér:\r/‘gf f:?):ihlgnﬁr?rfr?img t'(t) ;ﬁguﬁaer? dthlre; &L:;n?aesreozﬁgpﬁeceptive fields) have to be elastic and are therefore made
gertip ) "7 7 from conductive silicone, the same material that is used for

only four wires are necessary. the outer electrically conductive layer

The data from all the CDCs of one hand is sent to aThe first tentativeya roach was )l;as.ed on conductive dyes to
microcontroller unit, which is small enough to be included . entative app y
. . T g . ~build generic tridimensional electrodes. Several offghelf
in the forearm of the iCub; in its current implementation i . ;
. . . onductive dyes were tested but none proved effective. In
is 25 mm long and 17 mm wide. Each microcontroller unone ” .

H’:\ctlce the surface of the silicone layer deforms subistignt

can collect the measurements from up to 16 CDC chips aR

send the data to a host using a CAN bus. The microcontrolfg4>""Y the dyes electrodes to break. Electrical condcetan

unit is also used to program the CDC chips for different 2> also too low for our appl!gatlon. More importantly, they
re not fully adhesive to silicone. For these reasons, we

behaviors. The CDC chips are able to measure either all w5

taxels independently at 50 Hz or an average of the 12 taxe ed a mixture of silicone glue CAF-RTV1 from Rhodia-
P y 9 ﬁicones and carbon-black particles Vulcan XC72 from Gabo

at a higher frequency (about 500 Hz). Each fingertip cap . : . ; »
therefore be used adaptively to either detect contactsgt h?ﬂus material had excellent elasticity, adhesion to sileo

f . and sufficient conductivity (namely 108. We sprayed this
requency with low accuracy or at a lower frequency with : :
higher precision material with the help of toluene.

' Another problem was the realization of the 12 electrodes.

B. Slicone Sructure This was mainly because the small size and three-dimerisiona
The silicone layer is overall only 2mm thick in order tg©und shape of the fingertip made it hard to deposit the con-

maintain good spatial resolution. We use the silicone foaflylCtive materials solely on the electrode areas. Most arand

(Soma Foama 15 Flexible Silicone Foam from Smoottpn Production methods are not suitable as they only work on two-
dimensional flat surfaces. In the prototype the electroda®w

Lwww.smooth-on.com/ produced manually. The conductive material was deposited o
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Fig. 8. Test setup with a load cell that can measure static forcesThe
off-center load cell (3 kg AL series, from Laumas) and the nrizeter (TESA
Micromaster IP54) are shown.

Taxel 4 (unprocessed output values)
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. x x Fig. 10. The output of one of the receptive fields vs. the pressure
Q2407 k3 kS ] as calculated from the measurements of the load cellhe pressure was
=] k3 x increased and decreased uniformly. The process was repbagedtimes in
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2 E.F the pressure is calculated as the ratio of the force over the
<] =
g 180 3 1 contact area.
g = We moved the probe in small steps 0ftmm each, to
5 160§ 1 cover the available range. In each step we collected data fro
% s the fingertip and the load cell for about 5 seconds and then
= 14012 1 manually changed the position of the probe. Figure 9 shows th
120 < output of the taxel immediatly below the probe (taxel 4) and
0 002 004 006 008 01 012 0.14 the measured pressure. Figure 10 reports data collected whe
Pressure (N/mm?) continuously increasing and decreasing the stimulus akver

. o times over the course of a couple of minutes. The figure shows
Fig. 9. The output of one of the receptive fields vs. the pressure as how much the measurements change between repetitions
calculated from the measurements of the load cellThe pressure was . . . )
increased and decreased is small steps, by moving a probe bysroean YWhen increasing the pressure we could observe the nonlinear
micrometer in steps of 0.1 mm toward and then away from the fipgdfor response predicted by the deformation of the silicone foam a
each step the average measurement of taxel 4 (the taxel plaeetlydbelow ; ; ; ; ;
the probe) together with the standard deviation is showre €am clearly see dlsgussed previously. T_hls property was e?(peCted and |_h'm|g
the nonlinear response of the capacitive sensor, with aehigénsitivity for D€ mde_ed US?fL" allowmg.? wider dynamic range. While the
lower pressures. sensor is particularly sensitive to very low pressures, owdd

measure pressure up to about3 N/mm?. Unfortunately, we
could also clearly observe hysteresis, which is probably du
the whole surface of the inner core and was then removed ogdythe relaxation of the silicone foam.

between the eleCtl’OdeS, USing a small metal tool (SmaBlS[SS In a second set of experiments we used a System which

and a file). applies periodic pressure to the fingertip against a loatl cel
(PCB 208 C01 dynamic load cdlisee Figure 11). Stimulation
IV. EXPERIMENTAL RESULTS AND DISCUSSION is achieved by placing a vibrating probe against the fingerti

Initial tests have been performed with the hard inner cok#hich in turn lays against the load cell; this setup allows
prototype. We used an off-center load cell (3 kg AL serie§ontrolling the amplitude and the frequency of the vibratio
from Laumag) suitable to measure static forces. Pressure [§1€ load cell measures the force between the probe and the
applied with a micrometer (TESA Micromaster IP54) by movsurface of the fingertip. We compared the data obtained from
ing a metal probe vertically against the sensor. The mictemetaxel 4 of the fingertip and the force read from the load cell.
position can also be monitored. When it is moved downwarbiigure 12 reports the data we collected and it shows that the
it applies pressure to the fingertip (see Figure 8). The contdWo are qualitatively similar (values are scaled to faatét
area between the metal part and the fingertip is constantc@mnparison). This plots also shows the dynamic response
about 18.6mm?. The fingertip is mounted on the load cellof the sensor, although more tests are required to properly

2www.laumas.com Swww.pch.com/techsupport/tedbrce.php
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Fig. 12. The scaled output of the dynamic load cell (black, dashed)
and the capacitive pressure sensor (red)The shaker moved the fingertip
vertically with a sinusoidal profile, and simultaneously taeplitude was
modulated sinusoidally. One can clearly see the similarlietsveen the two
measurements. The different amplitudes of the two signals stdety from
the different output ranges of the sensors.

Fig. 11. Experimental setup with dynamic load cell used to measure . . .
the response of the sensoinitial tests have been performed with a shaker e The CDC chip and the receptive fields are on the same

moving the fingertip vertically with a sinusoidal profile. Thiata obtained side of the PCB; this adds noise to the signal as the signal

from one of the receptive fields was compared to the force medsby a PTrS— : :

PCB 208 CO1 dynamic load cell, condmon!ng and tht_a signal meas.ure.ment influence each
other. This can be fixed by redesigning the PCB.

Future developments include increasing the resolution of

measure its frequency response. the sensor to 24 receptive fields (the size of the CDC chip
is compatible with this hypothesis), and thus making smalle
V. CONCLUSIONS ANDFUTURE WORK receptive fields.
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