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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 fundamental problem of a
spatial limitation when they are attempted to be mounted on a small
area of a robot fingertip for integration of their individual functions. This is 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 tactile perceptions are attained through integrated processing of tactile
information from only several kinds of mechanoreceptors. Therefore, we consider it very important to build a tactile sensing system
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 finger skin
with sensing elements incorporated into the skin tissue so that they
can be expected to have various robot tactile perception capabilities under a novel platform concept: the sensing elements should
have a wider frequency detectable range and acquire meaningful
information by their elaborate spatial allocation. In the study, we
demonstrate the eﬀectiveness of this design policy by pursuing incipient slip detection 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.1) 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 stress signal patterns allowed them to find
the incipient slip. However, this method is diﬀerent from the standard detecting method of incipient slip: An object in contact 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
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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. 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 using FE analysis 5) .
We have also proposed to detect impulsive high-frequency vibratory signal at robotic finger surface ridges where PVDF film strips
are embedded 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 sensitivity
in acquiring vibrotactile information, they cannot 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 distinguishment 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
tactile sensing which is a widely applicable concept developed 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 dextrous robot hand manipulation. It is interesting to
note that a PVDF transducer has the possibility of exhibiting various frequency characteristics in connection with an amplifier 10)
In this study, we show the development process of artificial finger skin surface ridges in each of which a pair of PVDF film strips
are embedded. The design process of the artificial finger skin regarding the shape and size is described in chapter 2. In chapter 3,
the frequency characteristic of a PVDF 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 a minimum phase FIR digital filter to remove
a high-frequency signal. When a robot 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 is finally 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. The first proce-
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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
PVDF film as the transducer of artificial mechanoreceptors because
the film has high mechanical flexibility and we can expect high sensitivity of piezoelectricity with dynamic responses of technical interest. We consider that this phase of determining the equivalent
circuit of the PVDF film in connection 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 finger skin. In this phase, it is important to identify where
the PVDF transducers should be 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
as the second process to find the optimal design solution to the artificial finger skin with more highly sensitive and reliable incipient
slip detection capability.

2.2 Design of the artificial finger skin

Figure 3: Circuit diagram of a PVDF circuit (a PVDF transducer + a diﬀerential amplifier)
Figure 3 is the circuit diagram of a PVDF circuit composed of
a PVDF 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 vout by the
succeeding diﬀerential amplifier. We can monitor the two parameters lo and vout , and compute the Gain of the linear PVDF circuit
system which is defined as
vout
|
(1)
lo
ω
where Gain is a function of frequency fPV = 2π because the PVDF
circuit exhibits a dynamic characteristic due to the parallelly connected CR circuit components of both the PVDF film and the OP
amp input.
Gain = 20log|
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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 211) . Figure 2(a) shows the artificial finger skin with nine ridges. The detail
of one ridge is shown in Figure 2(b). We designed the artificial
finger skin imitating the following characteristics of human fingers.
First, tissue of a human finger except for bones consists of flexible
materials. The materials transform contact information to tactile receptors 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 ridge12) . It is analyzed by FEM that all of the nine ridges
contact a flat object when normal force of 4 N is applied.
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oscilloscope

Figure 4: Experimental setup for examining the frequency
characteristic of a PVDF circuit
The experimental setup for examining the frequency characteristic of a PVDF circuit is shown in Figure 4. The PVDF film transducer is preloaded at 25 N between the indentor of a vibrator and a
force sensor probe. The area of the contact plane between the film
surface and the indentor is about 8 mm2 . 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 regardless of the
input frequency fPV which ranges from 2 to 20000 Hz.
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Figure 7: Computed result of Gain(24 dB is subtracted to the
calculated result in order to match the experimental characteristic.)

Figure 5: Experimental result
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Table 1: Calculated parameter
3.0 × 10−11 [F] C OPi 1.5 × 10−12 [F]
8.0 × 105 [Ω]
ROPi 3.0 × 105 [Ω]
ROPo 15 [Ω]
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Figure 6: Overall equivalent circuit of the PVDF circuit

3.2 Experimental results
The experimental results of the frequency characteristics of a
PVDF circuit are shown in Figure 5.
The result of data1 indicates the following points to 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 Howe et.al.9) . From
the result, we can model the approximated Gain as
Gain = 20log10 ( fPV ) + b

(2)

where b is the value of Gain at 1 Hz. (ii) Gain saturates and the first
order frequency characteristic disappears over 2000 Hz. (iii) We
can observe rapid drops at fPV =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 PVDF film (i) Gain has a linear relation
for the load applied. (ii) Comparing data2 with data1, 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
a break point at 1.2 kHz. After intensive examination for the characteristics, we hereafter declare that the characteristics need to be
corrected almost equivalently as the well-known first-order one as
shown in Figure 5 of this paper.
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In order to analyze the actual frequency characteristic in Figure 5, we propose to apply a parallel CR circuit model to the
PVDF transducer as an equivalent circuit. Figure 6 shows the overall equivalent circuit diagram including that of the succeeding OP
amp14) .
Electric charges qPV 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. qPV is proportional
to the applied stress lo,
qPV = d33 lo

(3)

where d33 is the piezoelectric strain constant: d33 means the ratio of
the charges generated in the 3-axis (in the direction of film thickness) when a mechanical stress is 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
d33 jωe jωt
|
(4)
A3 A2
where A2 through A4 in formula (4) are developed as follows.
Gain = 20log|(ROPo + A4 )

A2 =

ROPi
ROPi + R1 + R2 + RPV (1 − A1 )

1
jωC OPi ROPi (1 − A2 ) + 1
jωCOPi
A4 =
1 − A3 + jωC OPi (R3 + R4 + ROPo )
A3 =

where A1 is:

(5)
(6)
(7)

jωCPV RPV
(8)
1 + jωCPV RPV
Finally, Gain obtained from (4) through (8) is plotted as the dotted line in Figure 7 by a use of the parameters in Table 1. For
comparison, the experimental result of Gain which has been already shown in Figure 5 is again plotted in the same Figure 7.
From the two characteristic curves, we conclude that the PVDF circuit can be modeled as shown in Figure 6 and the circuit gain has
a stress rate characteristic.
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P B is a period in which incipient slip occurred in the ridge. The
artificial skin can grasp the slip phenomenon even though a lowfrequency 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 slip occurs on the artificial finger skin.
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Figure 10: Experimental result

4. Detection of incipient slip
4.1 Experimental setup for generating incipient slip
Figure 8 is a photograph of the manufactured artificial finger 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, mechanical behavior in the artificial finger skin would be changed. The
artificial finger skin was fixed to a thick 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 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 1000 Hz sampling rate.
The diﬀerential signal vd 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 PA 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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4.2 Simulation of detecting incipient slip
When an external force consisting of a normal and tangential
force components, Fn and Ft respectively, is applied to the artificial
skin as designed in Figure 2, the diﬀerential stress signal which is
computed from the stresses at S 1 and S 2 in Figure 11 is analyzed
using FEM. The external force is applied as shown in Figure 12.
Only a normal force is applied at first. Then, an additional force
is applied in the tangential direction of the contact surface. Partial
incipient slip nearly occurs from time step 200 to 300, because the
divided value Ft /Fn is close to the static friction coeﬃcient. On
the other hand, the partial incipient slip does not easily occur from
step 300 because the divided value Ft /Fn is considerably 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 × 10−6
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 stress rate increases gradually after the lifting force sta-
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The result shows that a low-frequency signal pattern can be extracted from the original time series signal even when an event of
incipient slip occurs and a high-frequency signal component is superposed.
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 succeedingly occur. If such a predictive signal is monitored, a highfrequency signal pattern in the original data during PB 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.

oscilloscope

rotary stage

5. Distinction of incipient slip from
rolling

XY-axis stage

Figure 16: experimental setup
rts to be added. Second, when gross slip occurs in the third ridge,
the diﬀerential stress rate signal suddenly decreases at step 450 in
Figure 13.

4.3 Derivation of a low-frequency signal pattern using a FIR digital filter
The signal pattern just before the incipient slip occurs is characterized as a whole by a low-frequency signal component with a
high-frequency component of noise superposed. So a signal processor has a potential of misjudgment 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, a minimum 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.
The filter in this figure presents a low pass filtering 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
is shown in Figure 15.
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We showed that we could monitor the patterns of both slip predictive 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 contact of an object with the skin surface may generate such a highfrequency signal component as shown in Figure 10. We set rolling
contacts as another typical contact phenomenon when a robot hand
manipulates an object. If distinction of incipient slip from rolling
is successful, the robot hand does not need useless control action.
The experimental setup for examining the distinction is shown
in Figure 16. A rolling contact is produced by a use of a moving 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 φ is 3.5 deg.
The experimental result is shown in Figure 19. The two sequences of noisy signals in the figure correspond to the output voltage 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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4. We manufactured the experimental setup to produce rolling
contact phenomena and observed the output from PVDF circuits. The result showed that the time series of signal did not
contain any high-frequency component, and we could demonstrate 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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that there are two experimental result patterns during a rolling contact, both time series signal data do not include any high-frequency
component while the signal contains a high-frequency component
when an event of incipient slip occurs.
Consequently, We demonstrated distinctive detection of incipient slip 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 extracted for prediction of an incipient slip signal pattern which may
include a slip predictive signal as well as a rolling occurrence signal. 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 vibrotactile sensing elements based upon our design policy for verifying that incipient slip detection plays a central role for static friction
sensing. The study is summerized in the following four items.
1. We showed design processes of artificial skin, which was followed by detailed design phases for attaining incipient slip
detection.
2. We designed PVDF circuits and examined the frequency characteristics. 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 capacitance.
3. PVDF film strips were embedded in the artificial finger skin
and incipient slip was produced at the contact area with an object. We showed that such an incipient slip could be detected
as follows; First, a low-frequency signal pattern was extracted
for prediction of a incipient slip signal which might succeedingly occur. If such a predictive signal was monitored, we
could attain successful detection of incipient slip. Finally, if
the slip occurrence signal was detected, the grasping force of
a robot hand could be increased to avoid dropping an object.
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