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Abstract: This paper deals with development of compliant artificial finger skin surface ridges with a pair
of PVDF film strips embedded in each of them as sensing transducers for incipient slip detection in pursuit
of elucidating the mechanism of human static friction sensing. We describe design and manufacture of the
surface ridges and distinctive detection of incipient slip from rolling.
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1. Introduction

Most of the conventional approaches to construction of various
robot tactile sensor mechanisms hold a fundamenta problem of a
spatial limitation when they are attempted to be mounted on a small
area of arobot fingertip for integration of their individua func-
tions. Thisis because the limited space at a robot fingertip cannot
house many sensor mechanisms without causing any mechanical
interference with one another. By contact, a variety of human tac-
tile perceptions are attained through integrated processing of tactile
information from only several kinds of mechanoreceptors. There-
fore, we consider it very important to build atactile sensing system
based upon adesign policy of taking the behavior of tactile sensing
elements and the tissue embedding them at the same time. Con-
sequently, it becomes worth notice to realize artificial finger skin
with sensing elements incorporated into the skin tissue so that they
can be expected to have various robot tactile perception capabili-
ties under a novel platform concept: the sensing elements should
have a wider frequency detectable range and acquire meaningful
information by their elaborate spatial alocation. In the study, we
demonstrate the effectiveness of this design policy by pursuing in-
cipient dip detection which plays an important role in elucidating
the static friction sensation mechanism.

For this purpose, we decided to attain vibrotactile sensing capa-
bilities on a skin tissue that has softness like humans. Early, Jo-
hansson et al.?) examined in their study of human static friction
sensation that a parallel change in the grip and the load forces is
observed during precision grip of an object and the ratio between
the two forces is adapted to result in the static friction coefficient
between the finger skin surface and the object. According to their
suggestion that insipient slip information should play an important
role in such precision grip, several studies on robotic incipient slip
detection have been reported. Gaetano et al. 2 proposed a tactile
sensor system capable of detecting the incipiency of slip between
an object and the sensor surface using the normal and shear stress
information from arrays of PVDF transducers. They showed by
both simulation and experimentation that a trained neural network
with the normal and shea stresssignal patterns allowed them to find
the incipient slip. However, this method is different from the stan-
dard detecting method of incipient dlip: An object in contact with a
rubber surfaceis slid on a curved surface and the peripheral area of
the contact isinitiated to slip.

In this respect, Tremblay et al. 3 demonstrated the effectiveness
of incipient dlip detection more early using the peripheral slip signal
from accelerometers which were mounted on a curved soft surface.

Similarly, J. S. Son et al.¥) also devised the surface of the rubber
skin to have molded surface texture with arrayed tiny nibs for the
purpose of easily obtaining theincipient dlip. However, we can till
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design better shape and structure of the skin surface ridges with
vibrotactile sensing elements because the mechanical behavior of
nibs and the directivity of the sensors are not necessarily optimized
in the above two proposals due to their separate allocation. Asthe
background of establishing a novel design strategy, we have stud-
ied the dynamic response of human finger skin for tactile recep-
tors focusing on the effect of epidermal ridges using FE analysis®.
We have aso proposed to detect impulsive high-frequency vibra-
tory signal at robotic finger surface ridges where PV DF film strips
are embedded for isolating a slip phase from various other contact
phases ©).

Moreover, what kind of transducers with 20 dB/dec or higher
order dynamic sensing characteristics we should use isalso an im-
portant technical issue. Though the above approach by Tremblay et
al. to using accelerometers is considered to have higher sensitivity
in acquiring vibrotactile information, they cannot be easily down-
sized. PVDF film transducers which were introduced to this study
field by Dario et al. 7 are promising due to their flexibility and
high sensitivity. Later work on texture distinguishment by Patter-
son et a. & isalso notable, from the viewpoint that the work was
the first proposal of using the PVDF film transducers in dynamic
tactile sensing which is a widely applicable concept developed by
Howe et a.9 They also used the same PVDF film transducers re-
ferring to it as stress rate sensor in their work on monitoring contact
conditions for dextrous robot hand manipulation. It isinteresting to
note that a PVDF transducer has the possibility of exhibiting vari-
ous frequency characteristics in connection with an amplifier 10

In this study, we show the development process of artificial fin-
ger skin surface ridges in each of which a pair of PVDF film strips
are embedded. The design process of the artificial finger skin re-
garding the shape and size is described in chapter 2. In chapter 3,
the frequency characteristic of a PV DF circuit is examined with the
equivalent circuit modeled. We demonstrate in chapter 4 that the
sensing function of the artificial finger skin allows us to detect the
incipient slip and use aminimum phase FIR digital filter to remove
ahigh-frequency signal. When arobot hand manipulates an object,
slipping and/or rolling contact can be observed, and two contact
phases must be distinguished from each other. Whether they can be
distinguished or not is examined in chapter 5. The conclusion for
this study isfinally made in chapter 6.

2. Design Processes of Artificial Skin

2.1 Design Processes of Artificial Skin

In this study, there are two processes of designing artificial finger
skin which are schematically described in Figure 1. Thefirst proce-



|design phase #1]
PVDF transducer
model of amplifies

b~ ——~—" —~
Determination of N
skin shape and size

Model of equivalent
transducer circuit

frequency characteristics
detection sensitivity

Artificial skin

contact model

| Stress-strain analysis |

Process B

|design phase #2]
(future work)

Figure 1: Design process of artificial finger skin

ss A consists of two design phases; design ##1 and #2. Design phase
#1 is to examine the frequency characteristics and the sensitivity
of the transducer circuit used in the artificial finger skin. We select
PV DF film asthe transducer of artificial mechanoreceptors because
the film has high mechanical flexibility and we can expect high sen-
sitivity of piezoelectricity with dynamic responses of technical in-
terest. We consider that this phase of determining the equivalent
circuit of the PVDF film in connection with an amplifier is im-
portant for later use of designing more desired PVDF transducer
circuit. In design phase #2, we design the shape and size of the ar-
tificial finger skin. In this phase, it is important to identify where
the PVDF transducers should be localized and what kind of tac-
tile information from the transducers is significant in detecting the
incipient dip. The above two design phases are conducted indepen-
dently, and reconsidered after taking the other phase into account
as the second process to find the optimal design solution to the ar-
tificial finger skin with more highly sensitive and reliable incipient
slip detection capability.

2.2 Design of the artificial finger skin
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Figure 2: Design of artificial finger skin

In the design phase #2, we manufactured an artificial finger skin
whose shape and size are designed as shown in Figure 2D, Fig-
ure 2(a) showsthe artificial finger skin with nineridges. The detail
of one ridge is shown in Figure 2(b). We designed the artificia
finger skin imitating the following characteristics of human fingers.
First, tissue of a human finger except for bones consists of flexible
materials. The materialstransform contact information to tactilere-
ceptors through elastic deformation of the tissue. Second, a human
finger has a curved surface in broad perspective. Third, epidermal
ridges are distributed at a finger surface. A pair of FAI receptors
is observed to be located at the top dermis papilla underneath one
epidermal ridge'?. Itisanalyzed by FEM that all of the nineridges
contact aflat object when normal force of 4 N isapplied.
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3. Examination of the frequency char-
acteristic of a PVDF circuit

3.1 A circuit model and an experimental setup

load lo

’

Figure 3: Circuit diagram of a PVDF circuit (aPVDF trans-
ducer + adifferential amplifier)

Figure 3 isthe circuit diagram of a PVDF circuit composed of
aPVDF film transducer followed by a differential amplifier that we
produced for our study. The differential amplifier, 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 transducer.

A load lo is applied to the PVDF film transducer. It generates
electric charges which are converted to output voltage Vo, by the
succeeding differential amplifier. We can monitor the two param-
eters lo and vy, and compute the Gain of the linear PV DF circuit
system which is defined as

Gain = 20|og|%| )

where Gainis afunction of frequency fey = 5 because the PVDF
circuit exhibits a dynamic characteristic due to the parallelly con-
nected CR circuit components of both the PVDF film and the OP
amp input.
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Figure 4: Experimental setup for examining the frequency
characteristic of a PVDF circuit

The experimental setup for examining the frequency character-
istic of aPVDF circuit isshown in Figure 4. The PVDF film trans-
ducer is preloaded at 25 N between the indentor of avibrator and a
force sensor probe. The area of the contact plane between the film
surface and the indentor is about 8 mn?. The vibrator is driven by
asinusoidal input signal. The magnitude of the sinusoidal load lo
is observed by aforce sensor, and is kept constant regardless of the
input frequency fpy which ranges from 2 to 20000 Hz.



20 -datal -data2 |
i 0 ,‘{"./—':;‘
= =
&-20 — e
-40 o
-60 10 100 1k 10k
frequency [Hz]
= 0
=
o 45
£ 90 -
ES v T gl | g
5-135 :
=
5180 10 100 Tk T0k

frequency [Hz]

Figure 5: Experimental result
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3.2 Experimental results

The experimental results of the frequency characteristics of a
PV DF circuit are shown in Figure 5.

Theresult of datal indicatesthefollowing pointsto note. (i) First
order (20 dB/dec) frequency characteristic appears in the range
from 2 to 2000 Hz. This characteristic is called
stress rate which was originally pointed out by Howeet.al 2. From
the result, we can model the approximated Gain as

Gain = 20log,o(fpy) + b 2

wherebisthevalue of Gainat 1 Hz. (ii) Gain saturates and thefirst
order frequency characteristic disappears over 2000 Hz. (iii) We
can observe rapid drops a fp,,=500, 2400, and 9000 Hz. We have
already traced that the drops resulted from mechanical resonance
of the system comprising the vibrator indentor and the PVDF film.

We also note the following points concerning the result of data2
where 5 kinds of load ranging from 0.2 to 10 N for every sampled
frequency are applied to the PVDFfilm (i) Gain hasalinear relation
for the load applied. (ii) Comparing data2 with datal, Gain differs
when the PVDF film sheet is replaced. If one wants to detect the
amount of load applied, the value of b in equation of (2) must be
determined.

Our previous report 13 described that this PVDF circuit has
stress-rate and stress-jerk characteristics connected in series with
abreak point at 1.2 kHz. After intensive examination for the char-
acteristics, we hereafter declare that the characteristics need to be
corrected almost equivalently as the well-known first-order one as
shown in Figure5 of this paper.
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Figure 7: Computed result of Gain(24 dB is subtracted to the
calculated result in order to match the experimental charac-
teristic.)

Table 1: Calculated parameter

Cpy | 30x 1071 [F] || Copi | 1.5x 10772 [F]
Rev | 8.0x 10°[Q] Rori | 3.0x 10° [Q]
Ropo | 15[Q]

3.3 A PVDF circuit mode

In order to analyze the actual frequency characteristic in Fig-
ure 5, we propose to apply a parallel CR circuit model to the
PV DF transducer as an equivalent circuit. Figure 6 showsthe over-
all equivalent circuit diagram including that of the succeeding OP
amp®9.

Electric charges gy induced at the electrodes of the polarized
PVDF transducer due to the applied stress results from free elec-
trons existing in the vicinity of the electrodes. gy is proportional
to the applied stresslo,

gpv = dgslo ©)
where ds3 isthe piezoel ectric strain constant: ds; means the ratio of
the charges generated in the 3-axis (in the direction of film thick-
ness) when amechanical stressis applied to the same 3-axis.
Solving the linear simultaneous equations for the circuit system
in Figure 613, the PVDF circuit gain is formulated as

H jowt
Gain = 20log|(Ropo + A4)—d3‘2“;eﬂ | @
32
where A; through A, in formula (4) are developed as follows.
Ropi
A = 5
?” Ropi+ Ri+ R + Rev(1- A) ®)
1
Az = - 6
®~ jwCopRopi(1— Ag) + 1 ©
_ jwCopi
As = 1- Az + jwCopi(Rs + Ry + Ropo) @)
where A; is: C
A, = JwCpyRpy C)

B 1+ j(uCp\/va

Finally, Gain obtained from (4) through (8) is plotted as the dot-
ted line in Figure 7 by a use of the parameters in Table 1. For
comparison, the experimental result of Gain which has been al-
ready shown in Figure 5 is again plotted in the same Figure 7.
From the two characteristic curves, we conclude that the PVDF cir-
cuit can be modeled as shown in Figure 6 and the circuit gain has
astress rate characteristic.
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Figure 10: Experimental result

4. Detection of incipient dlip

4.1 Experimental setup for generating incipi-
ent dlip

Figure 8 is a photograph of the manufactured artificia fin-
ger skin of 20 mm width, which consists of silicone rubber
(KE12:Shinetsu silicone). There are two PVDF film strips of 30
mm length in the third ridge. The glued parts are circled A as
shown in the figure. A PVDF film strip is longer than the width
of the skin because the glued connection parts between the PVDF
strip electrodes and signal wires are harder than the silicone rubber
material. If the harder part was in the artificial finger skin, mechan-
ical behavior in the artificial finger skin would be changed. The
artificial finger skin was fixed to athick acrylic substrate.

The experimental setup is shown in Figure 9. As shown in the
figure, artificial finger skin is fixed to a block plate which is driven
in the x and z directions by a x-z stage. The skin is sensitive to
slip incipiency in the x direction. The aluminum plate which isin
contact with the skin surface at a constant normal force is dlid in
the x direction. Two channels of the output voltage signals from
the third element are monitored at 1000 Hz sampling rate.

The differential signal vq which was obtained by subtracting two
output signals from each other out of a pair of PVDF circuits is
depicted in Figure 10. In phase P, of the figure, low-frequency
differential signal pattern is observed which contains a small drop
component at about 195 steps. The drop of the signal is considered
to be resulted from an incipient slip which occurred in the ridge
located next to the third according to own simulation results. Phase
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Figure 12: History of external force

Pg is a period in which incipient dip occurred in the ridge. The
artificial skin can grasp the slip phenomenon even though a low-
frequency signal pattern in the time series of the signal before the
incipient slip and the impulsive signal pattern telling the incipiency
of the slip are superposed.

Next we show the results of simulation experiments using FEM
where incipient dip occurs on the artificial finger skin.

4.2 Simulation of detecting incipient dlip

When an external force consisting of a normal and tangential
force components, F, and F; respectively, isapplied to the artificial
skin as designed in Figure 2, the differential stress signal which is
computed from the stressesat S; and S, in Figure 11 is anayzed
using FEM. The external force is applied as shown in Figure 12.

Only anormal forceisapplied at first. Then, an additional force
is applied in the tangential direction of the contact surface. Partial
incipient dlip nearly occurs from time step 200 to 300, because the
divided value F/F, is close to the static friction coefficient. On
the other hand, the partia incipient slip does not easily occur from
step 300 because the divided value F/F, is considerably smaller
than the static friction coefficient. Finaly, the partial incipient slip
easily occurs again from time step 450 toward the gross dip. All
the time is divided into 550 steps. Time of one step is 1.0 x 1078
s. The computed stress rate component in the third ridge from an
end are shown in Figure 13. The change of the differential stress
is described when incipient slip occurs in the third ridge: First, the
differential stressrate increases gradually after the lifting force sta-
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Figure 13: Velocity of the substracted stress inside third
ridge
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Figure 15: incipient slip signal (after filtered)
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rts to be added. Second, when gross slip occurs in the third ridge,
the differential stress rate signal suddenly decreases at step 450 in
Figure13.

4.3 Derivation of a low-frequency signal pat-
tern using a FIR digital filter

The signal pattern just before the incipient slip occurs is char-
acterized as a whole by a low-frequency signal component with a
high-frequency component of noise superposed. So asignal proces-
sor has a potential of misudgment when the incipient slip occurs.
In order to avoid this problem, we designed a minimum phase low
pass FIR digital filter for removing the high-frequency noises. The
reason why such a FIR filter was used is because a robot hand is
required to be controlled as quickly as possible to avoid dropping
an object. Thus, aminimum phase filter is used whose phase lag is
smallest.

The frequency characteristics (gain) of a minimum phase low
pass FIR filter that we designed is shown in Figure 14.

Thefilter in thisfigure presents alow passfiltering characteristic
whose lag phase is 9 degree at 1 Hz and cut off frequency 28 Hz.
The result of the data after the above low pass FIR filter is applied
isshown in Figure 15.
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Figure 18: Illustration of arolling contact between the finger
skin and an object

The result shows that a low-frequency signal pattern can be ex-
tracted from the original time series signal even when an event of
incipient dlip occurs and a high-frequency signal component is su-
perposed.

Identification of the incipient slip can be realized as follows.
First, a low-frequency signal pattern (Figure 15) is extracted for
prediction of an incipient slip signal pattern which may succeed-
ingly occur. If such a predictive signal is monitored, a high-
frequency signal pattern in the original data during Pg in Figure
10 exceeds the threshold and the excess will be detected. Finally, if
it is detected, this means that an incipient slip phenomenon occurs,
and the grasping force of the robot hand can be increased to avoid
dropping the object in contact.

5. Distinction of incipient dlip from
rolling

We showed that we could monitor the patterns of both dlip pre-
dictive and slip occurring signals, when incipient slip occurred on
the artificial finger skin. But we may not be able to isolate incipient
slip occurrence because it is anticipated that other types of con-
tact of an object with the skin surface may generate such a high-
frequency signal component as shown in Figure 10. We set rolling
contacts as another typical contact phenomenon when arobot hand
manipulates an object. If distinction of incipient dlip from rolling
is successful, the robot hand does not need usel ess control action.

The experimental setup for examining the distinction is shown
in Figure 16. A rolling contact is produced by a use of a mov-
ing rotary stage. The movements of the rotary stage are shown in
Figure 17. The geometric relationship between the artificial finger
skin and an object with a semi-spheric head is shown in Figure 18.
The rotated angle ¢ is 3.5 deg.

The experimental result is shown in Figure 19. The two se-
quences of noisy signalsin the figure correspond to the output volt-
age signals from the pair of PVDF circuits in the third ridge of the
artificial finger skin. Bold arrows in the figure point out when a
rolling contact occurs. As the results of the experiment, we could
observe two patterns of experimental results: one pattern reveals
that the two output voltages increased at the same time when a
rolling contact was produced as shown in Figure 19(a). In the
other pattern, one output voltage sequence generates a positive peak
while the other generatesa negative one as shown in Figure 19(b).
The filtered result of Figure 19 is shown in Figure 20. Despite
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Figure 20: Experimental result of vq4 for rolling contact of an
object (after filtered)

that there are two experimental result patterns during arolling con-
tact, both time series signal data do not include any high-frequency
component while the signa contains a high-frequency component
when an event of incipient dlip occurs.

Conseguently, We demonstrated distinctive detection of incip-
ient dlip from rolling contact by implementation of detecting the
combined low- and high-frequency components of the signals.
Thus, at first, a low-frequency signal component needs to be ex-
tracted for prediction of an incipient slip signal pattern which may
include a slip predictive signal as well as arolling occurrence sig-
nal. Next, even when an original series of signal are monitored,
however, the signal does not exceed a certain threshold when any
rolling contact occurs.

6. Conclusion

In the paper, we described development of artificial skin with vi-
brotactile sensing elements based upon our design policy for verify-
ing that incipient slip detection plays acentral rolefor static friction
sensing. The study is summerized in the following four items.

1. We showed design processes of artificial skin, which was fol-
lowed by detailed design phases for attaining incipient slip
detection.

2. Wedesigned PV DF circuits and examined the frequency char-
acteristics. We showed that the PVDF circuit displayed a
stress rate characteristic, and modeled the equivalent circuit
consisting of a parallely connected a resistance and a capaci-
tance.

3. PVDF film strips were embedded in the artificial finger skin
and incipient slip was produced at the contact areawith an ob-
ject. We showed that such an incipient slip could be detected
asfollows; First, alow-frequency signal pattern was extracted
for prediction of aincipient slip signal which might succeed-
ingly occur. If such a predictive signa was monitored, we
could attain successful detection of incipient slip. Finaly, if
the slip occurrence signal was detected, the grasping force of
arobot hand could be increased to avoid dropping an object.
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[12] Delcomyn. Fred:

[13] Y.Yamada et.al.:

4. We manufactured the experimental setup to produce rolling
contact phenomena and observed the output from PV DF cir-
cuits. The result showed that the time series of signal did not
contain any high-frequency component, and we could demon-
strate clear distinction of the signal when either incipient slip
or rolling occurred through observing the succeeding low- and
high-frequency components in the time series of signals.
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