Development of Artificial Skin Surface Ridges with Vibrotactile
Sensing Elements for Incipient Slip Detection

Yoji Yamada, Isao Fujimoto,
Tetsuya Morizono and Yoji Umetani

Toyota Technological Institute
2-12-1, Hisakata, Tenpaku,
Nagoya 468-8511, Japan

Abstract

This paper deals with the development of artificial
skin surface ridges for incipient slip detection in pur-
suit of elucidating the mechanism of static friction
sensing. We have two design phases of developing ar-
tificial skin with vibrotactile sensing elements incorpo-
rated in the skin surface ridges, before we can reach
a solulion to the oplimized shape, size and functions.
Phase §1 is to examine dynamic characteristics of the
sensing elements following the resulls from circuit sim-
ulation analysis. Phase 2 is to design shapes and sizes
of the artificial skin using FE analysis. In the study,
we select PVDF film as the transducer of the sensing
elements, and verify that the PVDFE film transducer
connected with an emplifier displayed unique charac-
teristics of stress-rale and stress-jerk sensing func-
tions. The characteristics are separated by a cut-off
frequency of approximately 1.2 kHz in the frequency
domain. We show by both analyses and experiments
that the signal obtained from the transducer circuil
with the above cut-off frequency characteristics con-
vey useful information to predict o gross slip through
detection of incipient slip.

1 Introduction

Most of the conventional approaches to construc-
tion of various robot tactile sensor mechanisms hold
a fundamental problem of a spatial limitation when
they are attempted to be mounted on & small area
of a robot fingertip for integration of their individ-
ual functions. This is because the limited space at
a robot fingertip cannot house many sensor mech-
anisms without causing any mechanical interference
with one another. By contact, a variety of human tac-
tile perceptions are attained through integrated pro-
cessing of tactile information from only several kinds
of mechanoreceptors. Therefore, we consider it very
important to build tactile sensing systems based upon
a design policy of taking the behavior of tactile sensing
elements and the tissue embedding them at the same
time. Consequently, it becomes worth notice to realize
artificial skin with sensing elements incorporated into
the skin tissue so that they can be expected to have
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various robot tactile perception capabilities under a
novel platform concept: The sensing elements shouid
have a wider frequency detectable range and acquire
meaningful information by their elaborate spatial allo-
cation. In the study, we demonstrate the effectiveness
of this design policy by pursuing incipient slip detec-
tion which plays an important role in elucidating the
static friction sensation mechanism.

For this purpose, we decided to attain vibrotactile
sensing capabilities on a skin tissue that has softness
like humans. Early, Johansson et al.[l] examined in
their study of human static friction sensation that a
parallel change in the grip and the load forces is ob-
served during precision grip of an object and the ratio
between the two forces is adapted to result in the static
friction coeflicient between the finger skin surface and
the object. According to their suggestion that insipi-
ent 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 stress sig-
nal patterns allowed them to find the incipient slip.
However, this method is different from the standard
detecting method of incipient slip: An object in con-
tact with a rubber surface is slid on a curved surface
and the peripheral area of the contact is initiated to
slip.

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

Similarly, J.S.Son et al.[4] also devised the surface
of the rubber skin to have molded surface texture with
arrayed tiny nibs for the purpose of easily obtaining
the incipient slip. However, we can still design bet-
ter 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. As the background of
establishing a novel design strategy, we have studied
the dynamic response of human finger skin for tactile
receptors focusing on the effect of epidermal ridges us-
ing FE analysis [5]. We have also proposed to detect
impulsive high-frequency vibratory signal at robotic
finger surface ridges where PVDF film strips are em-
bedded for isolating a slip phase from various other
contact phases [6].

Moreover, what kind of transducers with 20 dB/dec
or higher order dynamic sensing characteristics we
should use is also an important technical issue.
Though the above approach by Tremblay et al. to
using accelerometers is considered to have higher sen-
sitivity in acquiring vibrotactile information, they can-
not be easily downsized. 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 distinguish-
ment by Patterson et al. [8] is also notable, from
the viewpoint that the work was the first proposal
of using the PVDF film transducers in dynamic tac-
tile sensing which is a widely applicable concept devel-
oped by Howe et al.[9] They also used the same PVDF
film transducers referring to it as stress-rate sensor in
their work on monitoring contact conditions for dex-
trous robot hand manipulation. It is interesting to
note that a PVDF transducer has the possibility of
exhibiting various frequency characteristics in connec-
tion with an amplifier [10]

In this study, we show the development process of
artificial skin surface ridges in each of which a pair
of PVDF film strips are incorporated. The design
process is addressed in chapter 2. Examination of
the PVDF transducer characteristics is intensively de-
scribed in chapter 3, which is followed by the shape
and size design of artificial skin as well as its mechan-
ical behavior analysis in chapter 4. Chapter 5 demon-
strates the usefulness of our proposal.

2 Design Processes of Artificial Skin
In this study, there are two processes of design-
ing artificial skin which are schematically described
in Figure 1+ The first process A consists of two de-
sign phases; design §1 and #2. Design phase {1 is to
examine the frequency characteristics and the sensi-
tivity of the transducer circuit used in the artificial
skin. We select PVDF film as the transducer of arti-
ficial mechanoreceptors because the film has high me-
chanical flexibility and we can expect high sensitivity
of piezoelectricity with dynamic responses of technical
interest [9]. We consider that this phase of determin-
ing the equivalent circuit of the PVDF film in con-
nection with an amplifier is important for later use of
designing more desired PVDF transducer circuit. In
design phase 2, we design the shape and size of the
artificial skin. In this phase, it is important to iden-
tify where the PVDF transducers are localized and
what kind of tactile information from the transducers
is significant in detecting the incipient slip. The above
two design phases are conducted independently, and
reconsidered after taking the other phase into account
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as the second process to find the optimal design so-
lution to the artificial skin with highly sensitive and
reliable incipient slip detection capability.

Model of equivalent
transducer circuit

Determination of
skin shape and size

contac%odu@

I Stress-strain analysiﬂ

detectigyl sensitivity

Artificial ski

Pracess B
{future work)

Figure 1: Design process of artificial skin

3 Design Phase ]1: Examination of the
PVDF Circuit Frequency Character-
istic

3.1 Experimental setup

Figure 2 is the circuit that we made for our study.

A 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. Hereafter, a

PVDF film transducer followed by a differential am-

plifier is termed a PVDF circuit.
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Figure 2: Circuit diagram of a PVDF circuit (a PVDF
transducer + a differential amplifier)

A load lo is applied to the PVDF film transducer.
It generates electric charges which are converted to
output voltage v,,; by the succeeding differential am-
plifier. We can monitor the two parameters lo and
Uout, and compute the gain of the linear PVDF cir-
cuit system which is defined as

Gain = 20109!3'“‘—tt (1)

lo
where Gain is a function of frequency f = % be-
cause the PVDF circuit exhibits a dynamic charac-

teristic due to the parallel-series resonant property of
the PVDF film and the input capacitance of the OP

freque 45' haracteristics



amp. The experimental setup for examining the fre-
quency characteristic of the PVDF circuit is shown
in Figure 3. The PVDF transducer is preloaded at
25 N between the indentor of a vibrator and a force
sensor probe. The radius of the circular contact area
between the film surface and the indentor is 1.95 mm.
The vibrator is driven by a sinusoidal input signal.
The magnitude of the sinusoidal load lo is observed
by a force sensor, and is kept constant regardiess of
the input frequency f which ranges from 10 to 20000
Hz.

funetion geperator

PYDE film

vibrator

indenter clectrie charges

from PVDE transducer

PVDF cirsuit ooo

/

oscilioscope

Figure 3: Experimental setup for examining the fre-
quency characteristic of a PVDF circuit

3.2 Experimental result

The experimental result is shown in Figure 4. We
should note the following three points concerning the
result: (i) First order (20 dB/dec) frequency charac-
teristic is maintained until a characteristic cut-off fre-
quency f. which is observed to be approximately 1.2
kHz in the frequency domain. (ii) Then, the slope
is changed to the third order (60 dB/dec). We call
this stress-jerk sensing characteristic in the study, we
can conclude that the PVDF circuit exhibits not only
stress-rate frequency characteristic which was origi-
nally pointed out by Howe et al.[9] but also stress-jerk
characteristic which has never been examined before.
(iil} We can observe a rapid drop at f =9 kHz. We
have already traced the cause that the drop resulted
from mechanical resonance of the system comprising
the vibrator indentor and the PVDF film.

3.3 PVDF circuit model

In order to analyze the actual frequency character-
istic in Figure 4, we propose to apply a parallel-series
resonant circuit model to the PVDF transducer as an
equivalent circuit. Figure 5 shows the overall equiv-
alent circuit diagram including that of the succeeding
OP ampl(11].

Electric charges gpy induced at the electrodes of
the polarized PVDF transducer due to the applied
stress results from free electrons existing in the vicinity
of the electrodes. ¢py is proportional to the applied
stress lo,

qpy = dazslo (2)
where d33 is the piezoelectric strain constant: dag

means the ratio of the charges generated in the 3-axis
(in the direction of film thickness) when a mechanical
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Figure 4: Experimental result
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Figure 5: Overall equivalent circuit of the PVDF cir-
cutt

stress is applied to the same 3-axis. Electric current
tpy is obtained by computing the derivative of gpy,
Le.

7 (3)

We can derive the following equations for the un-
known node currents i,(n = 1,2, 3,4) applying Kirch-
hoff’s voltage law and using other constant circuit pa-
rameters defined in Figure 6:

i1 i1—1»
—_— =0 4
JWC%Vd Yoot ()
iz ~ iy . .
7—1‘, + (R1 + RQ)ZZ -+ Rop;(lz — !3) ={ (5)
.. i3 — 4
Ropiliz — =
opi{ia ~ i) + FuCore (6)

ig — 13
JwCop;

+(R3+ Ra+ Ropolia — Aug =0 (7}
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Figure 6: PVDF circuit modeling for computing Gain
defined in (1)

(8)
(9)

Solving the linear simultanecus equations (4)
through (9), the PVDF circuit gain defined in (1) is
formulated as

ug = Ropi(is — i2)

Uout = Avg — Ropo 14

d33jwelt
AzA;

where A; through A4 in formula (10) are developed as
follows.

1
Gain = 201'og|(A—4 - Ropo) | (10)

YmatROPi

Ay = 11
2 14+ Ymo!(R1 + RZ) + YmotROPi . A1 ( )
1
Az = 12
* T T+ jwCopiRop: - Az (12)
JwCop;
Ay = - 13
47 14 jwCopi(R3 + Ras + Ropo) — A3 (13)
where A, is:
jwC
Ay = TV (14)

Yot + jwCpva

Finally, Gain obtained from (10} through (14) is
plotted as the dotted line in Figure 7.

For comparison, the experimental result of Gain
which has been already shown in Figure 4 is again
plotted in the same Figure 7. From the two character-
istic curves, we conclude that the PVDF circuit can
be modeled as shown in Figure 6 and the circuit gain
is characteristic of having both stress-rate and stress-
jerk properties.

In the PVDF circuit model, the series resonance cir-
cuit component affects the magnitude of Gain while
the OP amp input impedance shifts f.. These sim-
ulation results lead to a conclusion that it is neces-
sary to analyze the PVDF circuit Gain characteristic
by combining the PVDF transducer with the input
impedance of the succeeding circuit (the differential
amplifier in our study).
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Figure 7: Computed result of Gain (166 dB is added
to the experimental result in order to match the com-
puted characteristic.)

4 Design Phase }2: Structure Design
and Behavior Analysis of Artificial
Skin
Shape and size design for artificial
skin

A human hand can grasp an object by voluntary
lifting speed of the fingers, even when the weight of the
object or the friction coefficient between the fingers
and the object is unknown. In the stage of designing
artificial skin, we analyzed the mechanical behaviour
of the skin of a human finger with surface ridges [12].
The artificial finger skin can be designed by imitating
the characteristics of human fingers as follows: First,
the tissue of a human finger except for bones con-
sists of flexible materials. The material transforms
contact information to the tactile receptors through
elastic deformation of tissues. Second, a human fin-
ger has curved surface in broad perspective. Third,
epidermal ridges are distributed at the finger surface.
A pair of FA1 receptors is located at the top dermis
papilla underneath one epidermal ridge.

Incipient slip easily occurs at the edge of the contact
area between the artificial skin surface and an object
because the surface is geometrically curved. When the
incipient slip occurs, elastic deformation is suddenly
reduced at the ridges located at the edge of the contact
area. The motion speed of the ridges is supposed to
be constant which depends on the natural frequency
of the ridge, even when the friction coefficient between
the skin surface and the object, and the applied force
change.

A pair of FA1 receptors are located near the bor-
der between the epidermis and dermis underneath the
epidermal ridge [13]. A stress concentration occurs at
the location of FAl receptors. A stress distribution
inside the ridges is closely related to the deformation
of ridges as shown in Figure 8. The stress exerted at
the location of the paired FA1 receptors is considered
to be symmetrically equal only when the normal force
F,, is applied to the ridge summit as shown in Figure
8(a). However, the stress at the pair of FA1 receptors
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differs each other when both F,, and the tangential
force component F; are applied to the ridge as shown
in Figure 8(b). If the two stress components at the pair
of FA1 receptors are subtracted, the resultant value is
zero when only F, is applied as in Figure 8(a). How-
ever the subtracted value is not zero when the external
force contains not only F, but also F,. Particularly,
when the incipient slip oceurs, a velocity of the sub-
tracted value is sharply decreased in the direction. It
is expected that the incipient slip can be detected for
gross slip prevention even when the friction coefficient
of the object is unknown.

external Fa Fut Fu external

fn:ruel \forcﬂ
X 2

equal compressive siress tensile stress compressive stress

(b)Normal and tangential
forces are apptied

() Normal [orce is applied

Figure 8: Destribution of stress inside the ridge

The artificial skin is designed in detail in consider-
ation of the above mentioned characteristics of human
skin: First, the shape of ridges is determined. Second,
locations and directions to acquire the paired stress
information inside the ridge are determined. Third,
the radius of curvature for the artificial skin surface is
decided. It is analyzed by FEM that all of the nine
ridges contact a flat object when the normal force of 4
N is applied. The weight is about 4 N when the static
friction coefficient is 1.0. Artificial skin is designed
from the above conditions as shown in Figure 9.

(b) section of a ridge
located at an end

(a) artificial skin
Figure 9: Design of artificial skin

4.2 Simulation of detecting incipient slip

When an external force consisting of a normal and
tangential force components, F,, and F; respectively,
is applied to the artificial skin as designed in Figure 9,
the diflerential stress signal which is computed from
the stresses at S7 and Sz in Figure 10 is analyzed
using FEM. The external force is applied as shown in
Figure 11. Only the normal force is applied at first
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for avoiding gross slip. Then, the tangential are in-
creased. Partial incipient slip 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 partial incipient slip does not easily occur
from step 30G because the divided value F,/F, is con-
siderably smaller than the static friction coefficient.
Finally, the partial incipient slip easily occurs again
from time step 450 toward the gross slip. All the
time is divided into 550 steps. Time of one step is
1.0¢ 1075 5. The computed stress-rate and stress-
jerk components in the third ridge from an end are
shown in Figure 12 and Figure 13, respectively.
The change of the differential stress is described when
incipient slip occurs in the third ridge: First, the dif-
ferential stress-rate increases gradually after the lift-
ing force starts to be added. Second, when gross slip
occurs in the third ridge, the differential stress-rate
signal suddenly decreases at step 450 in Figurel2, and
the differential stress-jerk component attains a peak
value at the same step 450 in Figure 13.

PYDE film

Figure 10: Points and directions for substracting the
stress

Rl

L] Lo o
T T

tangential Force IF, [N]

normal Force Fn [N]

Figure 11: History of external force

It is suggested from the analysis that predicting
gross slip is possible using the stress-rate and stress-
jerk signals obtained in the artificial skin., Conse-
quently, it is evident that PVDF transducers are useful
for the gross slip detection because a PVDF circuit has
the characteristics of stress-rate and stress-jerk as has
been examined already. That is, we can use the dif-
ferential information of the stress-rate and stress-jerk
from the PVDF circuits.

We conducted the second experiment of verifying

‘that the simulated results of the FE analysis for incip-

ient slip detection could be practically observed when
using the manufactured artificial skin piece in Figure
9. The experimental setup is shown in Figure 14. As
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shown in the figure, artificial 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 the slip incipiency in the
x direction. Two pairs of vibrotactile sensing elements
made of PVDF film sheets are inserted in the second
and the third ridges from a side. The aluminum plate
which is in contact with the skin surface at a constant
normal force is slid in the x direction. Two channels
of the output voltage signals from the third element
are monitored at 650 Hz sampling rate.

The differential signal v4 which is obtained by sub-
tracting Sy output difference from S output is de-
picted in Figure 15. In phase P4 of the figure,
low-frequency differential stress-rate signal is observed
which contains a small drop component at about 160
steps. The signal profile appears to be very similar to
that of the simulated result in Figure 12. The drop of
the signal results from the incipient slip occurred in
the ridge located next to the third. Phase Pg is the
period when the incipient slip occurred in the ridge.
The artificial skin can grasp the incipient slip phe-
nomenon even though the low-frequency component
in the time variation of the signal before the incip-
ient slip and the impulsive signal component telling
the incipiency of the slip are superposed. It comes
from the combined stress-rate and stress-jerk sensing

force sensor
alminum surface iR
artificial skin —(J
with two pairs of

vibrotactile sensing|
clements

Z-axis stage
amplifers
Y oscilloscope

Figure 14: Experimental setup

characteristics of the PVDF circuit. We obtained the
same experimental result as shown in Figure 15.
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Figure 15: Experimental result

5 Conclusions

In the paper, we described the development of ar-
tificial skin with vibrotactile sensing elements based
upon our design policy of considering the skin shape,
location of the sensing elements, and their detectable
frequency band width at the same time. We showed
the design process of artificial skin, which was followed
by the detailed design phases for attaining incipient
slip detection. Phase #1 in the first process examined
that a PVDF circuit, which we built as the transducer
circuit had unique characteristics of stress-rate and
stress-jerk. The cut-off frequency separating the two
characteristics in the frequency domain was observed
to be 1.2 kHz. In the design phase §2, we verified in-
cipient slip detection on the curved skin surface with
ridges where the differential stress-rate signal com-
puted from the output data obtained at two points in
the third ridge increased gradually. When gross slip
at the ridge occurred, the differential stress-rate sig-
nal suddenly dropped and accordingly, impulsive dif-
ferential stress-jerk signals were generated. The above
verification in the first design process showed that the
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sensor could predict a gross slip of the artificial skin
surface from incipient slip detection.

Our ongoing work for the second design process
should include separately extracting the two kinds of
differential stress signals: stress-rate and stress-jerk
components which cannot isolate each other at the
present stage. It is also interesting to devise a trans-
ducer circuit of the PVDF film which would allow us
to detect the stress itself.
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