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Abstract tant to build a tactile sensing system based upon a design

The goal of our study is realization of static friction sensation policy of taking the behavior of tactile sensing elements
using a piece of artificial finger skin for robot hand manipula- and the tissue embedding them at the same time. Conse-
tion. In order to realize the sensation, we recall the importance quently, it becomes worth notice to realize artificial finger
of incipient slip detection. First, artificial finger skin is designed skin with sensing elements incorporated into the skin tis-
which is mimicked to have characteristics similar to that of a hu- Sue so that they can be expected to have various robot tac-
man finger with respect to the shape and a part of the sensing tile perception capabilities under a novel platform concept:
functions which such enable the incipient slip detection: The fin- the sensing elements should have a wider frequency de-
ger skin has ridges on the surface in each of which a pair of ar- tectable range and acquire meaningful information by their
tificial FAI receptors are embedded. The design process of artifi- €laborate spatial allocation. In the study, we demonstrate
cial finger skin is also shown that includes three phases. Design the éfectiveness of this design policy by pursuing incipient
phasefl is to design the characteristics off&l receptor as the  Slip detection which plays an important role in elucidating
transducer of which, we choose PVDF film sheets which have the static friction sensation mechanism.

a dynamic stress rate characteristic. Design ph#é&dnvolves For this purpose, we decided to attain vibrotactile sens-
determination of the shape and size of artificial finger skin, and ing capabilities on a skin tissue that has softness like hu-
the location of the transducers in a ridge. We analyze the stress mans. Early, Johansson et al.[1] examined in their study of
in the finger skin when incipient slip occurs at the surface. The human static friction sensation that a parallel change in the
signal from transducer is analyzed what the best situation of the grip and the load forces is observed during precision grip of
position of transducer and the using information of transducer at an object and the ratio between two forces is adapted to re-
the future process. Design phag@is to manufacture artificial ~ Sult in the static friction coicient between the finger skin
finger skin. Experimental result that incipient slip occurs at the surface and the object. According to their suggestion that
surface of artificial finger skin reveal that thefféirential output incipient slip information should play an important role in
voltage signal from a pair of artificiaFAl receptors embedded  such precision grip, several studies on robotic incipient slip
in a ridge captures not only low-frequency vibration to generate detection have been reported. Gaetano et al.[2] proposed a
a predictive signal which warns incipient slip of the ridge, but tactile sensor system capable of detecting the incipiency
also high frequency vibratory signal which indicates slip of the 0f slip between an object and the sensor surface using the
ridge. In order to judge automatically that incipient slip occurs normal and shear stress information from arrays of PVDF
we use multi-layered ANN. The result to judge incipient slip use transducers. They showed by both simulation and exper-
ANN shows that the system is robust to noise and can detect theimentation that a trained neural network with the normal
incipient slip. and shear stress signal patterns allowed them to find the
1 Introduction incipient slip. However, this method isfEérent from the

Most of the conventional approaches to construction of standard detecting method of incipient slip: An object in
various robot tactile sensor mechanisms hold a fundamen-contact with a rubber surface is slid on a curved surface
tal problem of a spatial limitation when they are attempted and the peripheral area of the contact is initiated to slip.
to be mounted on a small area of a robot fingertip for in- In this respect, Tremblay et al.[3] demonstrated the ef-
tegration of their individual functions. This is because the fectiveness of incipient slip detection more early using
limited space at a robot fingertip cannot house many sen-the peripheral slip signal from accelerometers which were
sor mechanisms without causing any mechanical interfer- mounted on a curved soft surface.
ence with one another. By contact, various kinds of hu-  Similarly, J. S. Son et al.[4] also devised the surface of
man tactile perception are attained through integrated pro-the rubber skin to have molded surface texture with arrayed
cessing of tactile information from only several kinds of tiny nibs for the purpose of easily obtaining the incipient
mechanoreceptors. Therefore, we consider it very impor- slip. However, we can still design better shape and struc-
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ture of the skin surface ridges with vibrotactile sensing el- we can expect high sensitivity of piezoelectricity with dy-
ements because the mechanical behavior of nibs and thenamic responses of technical interest. We consider that this
directivity of the sensors are not necessarily optimized in phase of determining the equivalent circuit of the PVDF
the above two proposals due to their separate allocation. Asfilm in connection with an amplifier is important for later
the background of establishing a novel design strategy, weuse of designing more desired PVDF transducer circuits.
have studied the dynamic response of human finger skin forIn design phas¢2, we design the shape and size of ar-
tactile receptors focusing on thé&ect of epidermal ridges ftificial finger skin. In this phase, it is important to iden-
using FE analysis[5]. We have also proposed to detect im- tify where the PVDF transducers should be localized and
pulsive high-frequency vibratory signal at robotic finger whatkind of tactile information from the transducers is sig-
surface ridges where PVDF film strips are embedded for nificant in detecting incipient slip. The above two design
isolating a slip phase from various other contact phases[6]. phases are conducted independently, and design giBase

Moreover, what kind of transducers with 20 dBc or connect these two phases. In this phase, artificial finger
higher order dynamic sensing characteristics we should useskin is manufactured and analyzed mechanism of our main
is also an important technical issue. Though the above ap-concern that incipient slip occurs at the surface of the ar-
proach by Tremblay et al. to using accelerometers is con- tificial finger skin. We analyze the signal from artificial
sidered to have higher sensitivity in acquiring vibrotactile mechanoreceptors and consider how to detect the incipient
information, they cannot be easily downsized. PVDF film slip at the surface of the skin. Design procBssill be the
transducers which were introduced to this study field by future work to consider after taking the design procéss
Dario et al.[7] are promising due to their flexibility and into account to seek for an optimal solution to artificial fin-
high sensitivity. Later work on texture distinguishment by ger skin with more highly sensitive and reliable incipient
Patterson et al.[8] is also notable, from the viewpoint that slip detection capability.

the work was the firs§ prop(_)sal of l_Jsing the I?VDF ]‘ilm ———————] frequency _
transducers in dynamic tactile sensing which is a widely AAMAAMA%WM‘:“S“CS

Model of equivalent

applicable concept developed by Howe et al.[9]. They | Hypothesis of human e ey

. . f static friction sensation
also used the same PVDF film transducers referring to it SN Design the artificial
as stress rate sensor in their work on monitoring contact contact model ﬂ mechanoreceptor
conditions for dextrous robot hand manipulation. Itis in-  [Stress-strain analysis |~ LDesign phase #3 %
teresting to note that a PVDF transducer has the possibility ﬂ L b
of exhibiting various frequency characteristics in connec- hEe

: ; s Determination of shape and Design process B
tion with an ampllfler[lo]. size of an artificial finger skin - >
. " Advanced artificial finger skin
In this study, we show a development process of artifi-

cial finger skin surface ridges in each of which a pair of Figure 1: Design process of artificial finger skin
PVDF film strips are embedded. The design process of ar-  In order to realize the static friction sensation, restric-
tificial finger skin regarding the shape and size is described tion is given from the following two keys features which
in chapter 2. In chapter 3, the frequency characteristic we hypothesize from an engineering viewpoint. First, the
of a PVDF circuit is examined with the equivalent circuit sensation can be realized principally by detection of incipi-
modeled. Inchapter 4, artificial finger skin is designed ent slip. Second;Al is the mechanoreceptor in the human
mimicking human digital skin. Ichapter 5, artificial fin- digital skin that plays the major role of incipient slip detec-
ger skin is manufactured and we demonstrate that the senstion.

ing function of artificial finger skin allows us to detect the 3 Design phasefl: Examination of the fre-

incipient slip. Inchapter 6, multi-layered ANN is applied quency characteristic of a PVDF circuit
to judgment of incipient slip generation using transducer 3.1 A circuit model

signal. The conclusion for this study is finally made in

chapter 7. IH\

. - . d
2 Design Processes of Artificial Skin load lo 7500k o i
There are two processes of designing artificial finger 50k Hy(w)
skin for this study, which are schematically described in \ _\_ 7
. : . . =3 o
Figure 1. The first proces® consists of three design N / K v S
phases; desigiil, §2 andf3. Design phasgl is to exam- pPVDF 30k OP amp O -pass-filter out
ine the frequency characteristics and the sensitivity of the 7500k (ADS47IN) with 200 Hz n]r
7 Vo cut-off frequency 7

transducer circuit used in artificial finger skin. We select o o
PVDF film as the transducer of artificial mechanorecep- Figure 2: Circuit diagram of a PVDF circuit (a PVDF
tors because the film has high mechanical flexibility and transducer a differential amplifiert signal processing
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Figure 2 is a schematic of a PVDF circuit we made for
our study, which is composed of a PVDF film transducer
followed by a diterential amplifier. The output signel;
of a differential amplifier is connected to a low-pass filter
with a cut-df frequencyf; = 200 Hz and the filtered signal
Sout IS Obtained. The amplitude characteristic of the low-
pass filter is expressed as

[Hi(w)l = =

——1 1
1+ (3%)? @
wherew = 2nf, andf is frequency. The signaly is
obtained that/, is differentiated. The dierential ampli-
fier, which is mainly a high input impedance operational
amplifier OP amp and plays an important role of rejecting
common mode noise, is connected to a PVDF film trans-
ducer.
Aloadlois applied to the PVDF transducer. It generates
electric charges which are converted to output voltage
by the succeeding fierential amplifier. We can monitor
the four parameten®, Vout, Sout andugyt, and compute the
Gainof the linear PVDF circuit system which is defined as

*out (2)

lo
whereGain(xoy) is a function of frequency = w/2r be-
cause the PVDF circuit exhibits a dynamic characteristic
due to the parallelly connected CR equivalent circuit com-
ponents of both the PVDF film and the OP amp input.

Et>”‘?um

__\__o

Low-pass-filter TS”“'

Gain(xoyr) = 2010g10 (x=Vv,sU)

Figure 3: Overall equivalent circuit of the PVDF circuit

Figure 3 shows the overall equivalent circuit diagram
including that of the succeeding OP amp[13]. Electric
chargegpy induced at the electrodes of a polarized PVDF

transducer due to the applied stress results from free elec-

trons existing in the vicinity of the electrodegpy is pro-
portional to the applied stress,

Qpv = da3lo ©)
wheredss is the piezoelectric strain constadt; means the
ratio of the charges generated in the 3-axis (in the direction
of film thickness) when unit mechanical stress is applied to
the same 3-axis.

Solving the linear simultaneous equations for the circuit
system inFigure 3, the PVDF circuit gain is formulated as

, dagjwel!
Gmm@0=mbm*%m+N%%5g— @

whereA, throughA, in formula (4) are developed as fol-
lows.

A2 _ ROPO (5)
Ropi + Ry + R21+ Rev(1 - Aq)
= - 6
JwCopiF\]_opi(l -A)+1 ©)
wCopi
As = . 7
hereA. is: 1- Az + jwCopi(Rs + Rs + Ropo) ()
whereA, Is: _ jCUCPVRPV (8)
1+ ja)vaRpV
3.2 Experimental setup
function enerator PVDF is stressed that
shape is sin waveform.
PVDF charge amplifier
1gnal of
A force sens r% D
I — _f '
“ o O
oo X588

oscilloscope
Figure 4: Experimental setup for examining the frequency
characteristic of a PVDF circuit

The experimental setup for examining the frequency
characteristics of a PVDF circuit is shownRigure 4. The
PVDF film (Kureha Chemical Industry Co.: KF Piezofilm)
is preloaded at 20 N between the indentor of a vibrator
(IMV Co.: PET-05) and a force sensor probe (KISTLER
CO.: 9213A1). The film is a strip-shaped with 30 mm
length, 2 mm width and 8am thickness. The area of the
contact plane between the film surface and the indentor is
8.7 mnt. The vibrator is driven by a sinusoidal input sig-
nal. The magnitude of the sinusoidal lolads 4 N which
is observed by a force sensor, and is kept constant regard-
less of the input frequencywhich ranges from 10 to 1000
Hz. Ten PVDF films are explained to deté&ain as same
condition.

3.3 Experimental results

} experimental results
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Figure 5: Experimental result
Experimental results of the frequency characteristics of

a PVDF circuit are shown ifrigure 5. We obtain the ex-

perimental results from ten samples for each plot of fre-

quency.
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5 Design phaseff3: Manufacture artificial

Table 1: Calculated parameter . . . .
finger skin and experiment of incipient

Cpv | 30X 10_11[F] Copi | 15X 10_12[F] .
Rev | 80x10°[Q] || Ropi | 3.0x 10°[Q] slip
Roro | 15[Q] 5.1 Experimental setup for generating incip-
ient slip

Calculated results ofain obtained from (4) through
(8) are plotted as the dotted lineskigure 5 by use of the
circuit parameters iffable 1.

Figure 5(a) shows the experimental result@hin(vqy)
which indicates a linear characteristic to be expressed as

Gain(Vour) = aloghol f| + b (9)

wherea andb are constant parameters which are experi- = ‘
gﬁ rl';]a;lyo;ggrtrl:‘;en% ,acao:st;ﬁti i?&ic,cbalczule_ltégg rgfljlt < ofigure 7: Picture of the manufactured artificial finger skin
Gain(Vouw) area = 20.0 dB/dec,b = —46.8 dB. There is . Figure 7 is a photogra_ph of th.e manu_fgctured skin
1% significance of constamt between the calculated and  Pi€Ce of 20 mm width, which consists of silicone rubber

the experimental results. Frequency characteristics of fil- (Shinetsu silicone: KE12 ). There are two PVDF film
tered outputGain(Sou) is shown inFigure 5(b). The re- strips of 30 mm length in the ridge. The glued parts are

sult shows a band-pass characteristic with 200 Hz peak fre-A @S shown in the figure. A PVDF film strip is longer than
quency. the width of the skin piece because the glued connection

parts between the PVDF strip electrodes and signal wires
. . e g are harder than the silicone rubber material: If the harder
4 DQSIgn phase2: Design of artificial finger part was in artificial finger skin, mechanical behavior in ar-

skin tificial finger skin would be changed. The artificial finger
skin was fixed to a thick acrylic substrate.

PVDF film s g Z-axis stage
: X ey $ force sensor
I I X )
b Zex

f alminum plate

y [
A L 3 ; artificial _—"
fourth ridge third rigge § ; finger skin
ridge A -

R 800 m,LEL\I_ALS"‘ : block plate/{ o o

QAR 800mm \ +E- e Il [NXeess

- J 10mm I
20min 90mm X-axis stage amplifiers )
- ] oscilloscope
(a) artificial finger skin (b) section of a ridge

Figure 8: Experimental setup to examine incipient slip de-
tection performance

The experimental setup for examining the performance
In design phasg2, we manufactured an artificial fin-  of incipient slip detection is shown fRigure 8. As shown
ger skin piece whose shape and size are designed as showim the figure, artificial finger skin is fixed to a block plate
in Figure 6[11]. Figure 6(a) shows the overall skin piece  which is driven in the x and z directions by a x-z stage. The
with nine ridges, and the detail of one ridge is shown in skin is sensitive to slip incipiency in the x direction. The
Figure 6(b). We designed the artificial finger skin piece aluminum plate which is in contact with the skin surface at
imitating the following characteristics of human fingers. constant normal force is slid in the x direction. Two signall
First, tissue of a human finger except for bones consists of channels of the output voltage from the third and fourth

flexible materials. The materials transform contact infor- elements are monitored at 10 kHz sampling rate.
mation to tactile receptors through elastic deformation of 5.2 Experimental results

the tissue. Second, a human finger has a curved surface in We define the name of PVDF film shown in tR&gure
broad perspective. Third, epidermal ridges are distributed 9 and output signalg’™®, s~ anduA™ of PVDF § A-1

out

at a finger surface. A pair d&fAl receptors is observed to andvﬁﬁt‘z, ﬁt—2 anduﬁﬁ{z of PVDF # A-2 and diferential

be located at the top dermis papilla underneath one epider'output ofvA,, &, andu?,, as follows:
mal ridge [12]. It is analyzed by FEM that all of the nine OUA ! Al o A2 (x =V, 5 U) (10)
out -

. ; ; *out = Fout T *
gggﬁ:dcontact a flat object when normal force of 4 Nis |\ o A is constant ofA = 3.4.

located at an end

Figure 6: Design of artificial finger skin
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fourth ridge third ridge 6 Judgment for occurrence of incipient slip
6.1 Method for the judgment _
#4_2#111 l;.\z#“ In order to judge whether any incipient slip occurs at the

finger skin surface or not, we made an approach to use of
Figure 9: Definition of the PVDF transducers embedded multi-layered ANN(Artificial Neural Network). The archi-
in two ridges tecture of the proposed for this judgment purpose ANN is
The experimental result of the detected signal is shown inFigure 12. The output neurons of ANN angjip
monitored when incipient slip occurs at the surface of fin- for incipient slip judgmenty,o, for non-slip judgment and
ger skin as shown ifrigure 10. In this figure, when the vy, 4 for possibility indication of incipient slip occurrence.
aluminum plate is slid in the x direction, low frequency The input neurons of ANN argyut, Uout aNdVYind. Vind IS @
components in signak, begin to increase. The arros  feedback element. Outpytg is used for control of a robot
shows when the signal begin to increase. We refer to the hand which requires aimdication signalof incipient slip

signal in which low frequency components are dominant occurrence to start increasing grasp force not to drop an
asindication signal When incipient silp occurs on the sur-  object.

face of finger skin, the impulsive signal is monitored. The L+ slip judgment
arrow T shows when incipient slip occurs. We call the im- output: y;,
. . . . [ non-slip judgment
pulsive signaklip signal output: 3
[ e | e o
1 M[ - — f]omfl“h :%1 e 1_0%’0 —|—> lzr;lilcatlon judgment
= o 0.0.5 . . .
520 ‘ 102 Figure 12: Structure of ANN with 5 input and 3 output
T . EYE neurons
£ 09 e e 6.2 Experimental result to judge the incipi-
=-1.0 .
'§"-24 % lent Sllp 1.
0.4 0.8 12 ;

Figure 10: Differential ou[t]put voltage signat,,; of the
third and fourth ridges

Figure 11shows the experimental result in whichsgf
andug,; are monitored when incipient slip occurSigure
11(a) shows ofsy,t and Figure 11(b) shows ofuyy. The
result ofs,,: shows that the signal can pick upiadication
signal pattern but cannot detestip signal On the other
hand, the result dfi,,: shows that the signal can detstip

0.4 1.2

signalbut cannot pick up thandication signal
20> ———20%

— third ridge > — third ridge Z

|— fourth ridge [{1.0 2", | — fourth ridge [ ] 1.0 &
= . g . ‘ T
Z Gt 0.0 2 ' WM 0.0 =
% 3 5 g
220 10g 220 102
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b 2z
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(a) (b) (a) third ridge (b) fourth ridge

Figure 11: Differential output voltage signal: (a)filtered  Figure 13: Result of judgment the incipient slip occurs

signal s,y (b)differential signabigy The experimental result for judgment of the incipient
5.3 Strategy for detecting the incipient slip slip occurrence is shown iRigure 13. Figure 13(a) and
In subsectiorb.2, we showed that not onblip signalbut (b) show the results of the judgment output signals in the

alsoindication signalcould be monitored when incipient third and fourth elements. The upper four figures show
slip occurred at the surface of the artificial finger skin. We input signals o), si;2, UAit andub;2 whereA denotes

set a strategy for automatically detecting incipient slip as number of ridge shown ifigure 9. The third and second
follows: First,indication signalis detected through mon-  figures from the bottom depicts output signalygi, and
itoring Sout, While slip signalis through monitoringugy:. Ynon- The bottom figure traceg,q. These results show the
Second, if the two kinds of signal were detected, we judged following: First, when arindication signalgrows, signal
that the incipient slip occurs at the skin surface. We do not yjnq Starts to increase. This means that there is a possibility
usevqy: because it is not capable of separate gty and of incipient slip occurrence. Second, when an incipient slip

indcation signaldrom each other. occurs at the surface of the finger skin, which is shown as
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stress acceleration. The other feedback signal was
prepared as an input channel to indicate the occur-
rence. The experimental result shows that the indi-

Table 2: Experimental result of judgment of incipient slip
and noise signals

. : Slip judgment| Noise judgment cation signal began to increase when a low frequency

Judgr_nent[ume]_ 6 0 signal pattern occurred, andji, rose to hit a peak

non-judgmentjtime]| 0 6 when incipient slip occurred. From the result, we
an impulse signal in the third and fourth figures, signal demonstrated that the proposed ANN system success-
ysiip rises and indicates it with a certain peaked range. If fully detected the incipient slip occurrence.

a threshold voltage is set appropriately, and the amplitude ACKnowledgments

of ysiip €xceeds the threshold, the incipient slip occurring ~ We are indebted to Mr. Daisuke Yamada at Toyota Cen-

at the finger skin surface is exactly. tral Research and Development Laboratory Inc. for his
The statistical experimental result of judging incipient helpful advice throughout this study. This study was sup-

slip occurrence while some noise signal is also added pur-ported by the Ministry of Education, Culture, Sports, Sci-

posely in diferent phases in an experiment is showfian ence and Technology under Grant-in-Aid for Scientific Re-

ble 2. The slip judgment means whether the answer from search No.10450161.
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