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Fig. 9. Output change between 0 (s) and 1 (s)

IV. SLIP PREVENTION BY PROTOTYPE OF SLIP SENSOR

From the results shown in the prior chapter, detection of
initial stage slippage appeared possible by focusing on the
output change of the prototype slip sensor produced in the
initial stage of slippage. In this experiment, the object slip
was detected utilizing the differential value of prototype slip
sensor output, and this information was fed back to the auto-
linear stage, and the slippage of the object was prevented.

A. Experimental setup

The experimental apparatus utilized in these experiments
is shown in Fig.10. The prototype of slip sensor was de-
ployed on the horizontal plane. Above the sensor was placed
an acrylic plate of 3 sm in thickness, which was sandwiched
between the load cell above and sensor below. The load cell
was attached to the automatic Z stage, and by the movement
of the stage, it was possible to apply any grip force to
the acrylic plate. The acrylic plate was connected by wire
through a pulley to a cup-like container. To create slippage,
a transverse load could be applied to the acrylic plate by
putting weights into this container.

That is, an algorithm was used to monitor the sensor
output differential value just before the occurrence of slip
displacement and move the stage a fixed amount if the value
exceeded the threshold, thus increasing the grip force. The
threshold of 5 V /s was established in this experiment by
comparing the change in sensor differential values when
slippage was produced with when no slippage occurred.
The sampling cycle of the slip sensor was 1 ms, and the
control cycle of the automatic stage was 10 ms. After a

small grip force (approximately 1.5 N in this experiment)
was applied to the acrylic plate, weights of 50 g, 100 g, and
150 g were placed into the container, and measurements were
made of prototype slip sensor output, grip force change, and
displacement of the acrylic plate from the time the container
was gently released.

T

Gripping forc\e /Load cell

Laser Displacement

i L

Sensor Pulling force
—— _—>f Pulley
Prototype of slip sensor  Acrylic plate
Weight
//

Fig. 10. Experimental equipment for slip prevention experiment

B. Experimental result and Discussion

The results of 100 (g) are shown in Fig.11. The upper
graph indicates the prototype slip sensor output, the middle
graph shows the sensor output differential value, and the
lower graph displays the load cell output, and the laser
displacement sensor output (resolution: 0.1 pm). From this
data, we found that when the slip sensor differential value
exceeded an established threshold, the grip force (load cell
value) was restored. In each case, no slippage visible to
the naked eye was produced. That is, it was possible to
prevent slippage for three different types of transverse loads
applied. Table I summarizes the convergent load cell value
(grip force) and the displacement quantity of the acrylic plate
as measured by the laser displacement sensor. It is apparent
that the quantity of the displacement increased with each
increase in the transverse load, and the grip force utilized
also increased. Adjustment of the grip force was realized in
response to the weight of the load.

In this experiment, there was not the sharp change in
slip displacement immediately prior to the onset of slippage
as was the result obtained in the prior chapter (Fig.8-upper
graph). This is attributable to the fact that the transverse load
was applied slowly and produced a slow shear deformation
of the rubber. However, if the transverse load were to be
applied suddenly, there would be a sharp change as seen in
the preceding section. The sudden addition of a transverse
load is the cause of greater slippage, and in such a case,
action that prevents slippage is possible through utilization
of the change.
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TABLE I
GRASPING FORCE AND DISPLACEMENT FOR OBJECT WEIGHT

Weight
50(g) | 100(g) [ 150(g)
Displacement (mm) | 0.12 0.18 0.25
Grasping force (N) 2.6 33 42

V. SUMMARY AND FUTURE WORKS

We manufactured a prototype of a slip sensor utilizing
the special characteristics of pressure conductive rubber and
performed experiments in which an object was made slip
over the sensor. We were able to find the following results:

o It was found that slip sensor output rose just before
onset of slippage, and complecated output change was
produced. Detection of the initial stage of slippage (slip
prediction) was possible due to these factors.

o There was a small change in slip sensor output over
the interval where slippage was produced. This was
attributable to the detection of stick-slip produced be-
tween the sensor and the object.

We also performed experiments in which the initial stage of
slippage was detected utilizing the change in prototype slip
sensor output, and a simple algorithm was used to prevent
object slippage. As a result, we were able to prevent slippage
for the three quantities of transverse load applied. Moreover,
the convergent grip force value varied with the size of the
transverse load, and the feasibility of grip force adjustment
in response to a transverse load was shown.

Existing slip sensors are structurally complex and difficult
to install in small areas such as the fingertips of a robotic
hand. The slip sensor that we propose is low-profile, flexible,
and extremely simple in structure as it has rubber as its main
constituent. Furthermore, it is of extremely high sensitive
with regard to the detection of the initial stage of slippage.

Hereafter, we will investigate how the slip sensor output
changes with differences in such factors as the type or
sensitivity of the pressure conductive rubber. In this paper,
the object which was made slip was limited to an acrylic
plate and other objects were not considered. Therefore, we
will examine the effects of differences in object surface and
friction coefficient. In our slip prevention experiments, we
made use of the simplest method of utilizing the prototype
slip sensor differential value. However, when it is practically
used as a slip sensor, it will be necessary to isolate this
value from output change caused by external forces other
than slippage. Accordingly, we will investigate an algorithm
to separate the disturbance of forces other than slippage by
the combination with the force sensor etc.
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Abstract-—Slip detecting tactile sensors are essential to achieve
a human-like gripping motion with a robot hand. In previous
researches, we have proposed flexible, thin and lightweight slip
sensor. utilizing characteristics of pressure conductive rubber.
However, It was hard for this sensor to distinguish between the
object slip and the normal force change. Therefore, we consider
the separative method using high freguency elements generated
by objcct slipping. In this paper; we design the information pro-
cessing method and developed the sensor detecting both contact
and initial slip in high sensitivity and a simple composition,

1. INTRODUCTION

Humanoid robots are researched to assist and support human
life at the various research institutions. However; in order to
advance the robot to the human living space, there is a need
to adapt to'its environment. If a humanoid robot thinks about
the operation of grasping. an object, the robot hand must have
many degrees: of freedom, and using it, they must be able
to: grasp: a variety of objects and operate them. To do. this
operation, factile sensors are required: to obtain information
such as contact position and contact force, and slip. Especially
if robot want to grasp in the minimum force without destroying
the object and to operation the object dexterously; the sensation
of slip plays an important role[1].

So far, a variety of sensors have been developed stich as type
of sensors to detect vibration when the slip occurred[21[3];
and type of sensors to detect the occurrence of stress and
strain change[41[5]. Many types of sensors detect changes
which occur just before the slip of an object, or Vinitial slip”.
However, these sensors are complex structures and there is a
problem of wiring, saving smaller and lighter. Also, as you
need to embed inside the sensitive element, we consume time
and the cost.

In our laboratory, we propose a thin (0.5mm) and flexible
slip sensor using pressure sensitive conductive rubber[6). This
sensor uses a peculiar resistance change when shear deforma-
tion of the pressure conductive rubber occurs [7). However, It
is difficult to separate a resistance change of the normal force
and a resistance change of the object slip. In other words; it is
hard to realize the separation with the normal direction force
change and the object slip. Therefore, we designed the use
of a complicated resistance change immediately before a slip
occurs: (It is a round part in fig.1):
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Fig. 1. Resistance change of pressure conductive rubber when object slipped
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1. STRUCTURE OF SLIP SENSOR

The configuration of this sensor is shown in Fig. 2. In the
configuration of the slip scnsor, fwo electrodes are alternately
coiled around a spiral structure, and on the electrodes rests
pressure conductive rubber (6rmmx6mm). The electrode is

- connected to a DC power supply (5V) through a resistance

of '1k£). Sensor output is a voltage potential between: the
electrodes(V5.,¢). Since this sensor utilizes rubber, it is flexible,
light weight, and low-profile (0.5 mm). We estimate  that
the minimum size of this sensor is 3mmx 3mmx 0.5mm.
Moreover; As an amplifier circuit is not needed, it is an
extremely simple structure, Also, the larger the detector plane,
saving wiring: (just only 2 wires).
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Fig, 2. Stracture of slip sensor

J1I. SLIP SENSOR’S OUTPUT AND FREQUENCY ANALYSIS

‘We expect that can separate object slip and normal direction
force by using a complex change in sensor output when the
object slip. Here, we refer to the complex output change for
object slip, and result of continuous wavelet analysis to the
complicate change. Furthermore; we will compare with a the
frequency of the normal force, and describe the difference
between the two frequencies.

A.Frequency components when object slip

The experimental apparatms is shown in Fig.3. After we
placed the sensor on the horizontal plane; put a acrylic plate
on the slip sensor, and add the normal force by using the
hemisphere pressure part. We set the normal force to 2N by
using position control of automatic Z-stage. Next, we installed
the wire in the edge of the placed acrylic plate and hitched it
to an automatic linear stage through the load cell and slided
the acrylic plate on the surface of the sensor. A sliding speed
of acrylic plate set to 1mm/s. Moreover, we measured the
slip sensor’s output(V,,:) and the output of the load cell by
the sampling frequency 10k Hz.

- o
Shp sensot!

Fig. 3. Bxperimeuntal apparatus @ object slip generator

Experimental data i§ show in Fig.4. The vertical axis shows
the output. of the load cell and slip sensor’s output and the
horizontal axis is time. Seeing a change of tensile force, it
increase till 35 and it is constant after the time of vertical
line. This fact means the change from static friction (o kinetic
friction:. Therefore, the slip between the surface of slip sensor
and an acrylic plate are occur from the fime of verdeal line. On
the other hand, looking at the slip sensor’s output, it is found
that a complex voltage has occurred immediately before ‘an
acrylic plate slides.

Complicated voltage change

Object Slip

Loadcell output [N]
Sensor output [V]

time [s]

Fig. 4
object

Experimental' results -+ Output of slip sensot and Tensile force of

Next, we show the result of a continuous wavelet trans-
form in Fig5. The upper graph is a change of slip sensor’s
output, middle graph is a contimious wavelet transform' for
the upper graph. This vertical axis is “scale” corresponds to
the frequency and the horizontal axis is time. Upper side
of vertical axis shows low frequency, and lower side is a
high frequency. Also, the shade of color shows the power.
of frequency. Moreover, the bottorn three graphs are enlarged
graghs of square areas. In the first stage of the voltage change
by the tensile force addition, the high frequency component
has hardly included and power is also small. On the other
hand; we found that the high frequency component increases
aiming at immediately before the plate’s beginning (o slip;
and the high frequency of 1kH 2 or more appears. After that,
this sensor can detect initial slip by using this high frequency
components.

B.. Compare with frequency components of normal direction
Sforce change :

Here, we compare the frequency component by object
slip with the frequency component by normal direction force
change, and we perform the continnous wavelet transform

* for output change of normal direction force addition. The

experimental equipment is shown in Fig.6. As shown; we
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Fig. 5. Continuous Wavclet Transform for the object slip

placed the sensor on a horizontal plane and put 20mm x20mim
acrylic plates on this sensor. Next, we add a perpendicular
load to normal direction of the surface of slip sensor using a
automatic linear stage. We measured for the output change of
the slip sensor at this time and perform continuous wavelet
transform to this data.

The result of this experiment is shown in Fig.7. From
the result, we found that frequency for normal direction
force change is about 600H 2 at highest. The high frequency
component did’t appeared when the object slips. From above;
it was clarified that the frequency component generated by
slip was higher than that by the normal direction force
change. Therefore, we can separate these change by using the
difference of this frequency components:

[Loadcell]
i3 A

2

I
Slip sensor

Fig. 6. Experimental Equipment : Adding normal force

Release

06 08 K]
tise (s}

Sensor's output (V)

Scale (Frequency)

e LT e
Scale of colors fram MIN o MAY
Fig. 7. Continuous Wavelet Transform for the loading and unloading

TV. SEPARATION METHOD USING HIGH FREQUENCY
COMPONENT

From: above, we found that the high frequency component
of 1kHz or more is included in'a complex voltage change
when' object slip is generated. In addition, it is higher than the
frequency when only normal force is added. That is, it seems
that it is possible to separate slip and the normal force change
by the detection of this high frequency component.. Then,
we propose the technical way : usage the Discrete Wavelet
Transform (As follows | DWT). When perform DWT, the
oufputs giving the detail coefficients (from the high-pass filter)
and approximation coefficients (from the low-pass); This time,
we measured the output change of slip sensor under following
conditions, and excused DWT of levell to these data by using

'the wavelet of Haar.

« Set initial normal force to 2N; 3N, 4N and slided an

acrylic plate (on Fig:3)

» ‘Add normal force on the surface of slip sensor (on Fig.6)
This corresponds to processing that puts the high-pass filter
for the output of the slip sensor. Analytical results arc shown
in Fig.8, 9, 10, and Fig.11. These upper graph is slip sensor’s
output, and lower graph is DWT for this. ‘As'a Fig:11, when
normal force change only oceur; the wavelet cocfficient has
hardly changed. On the other hand, from Fig.8 and Fig. 10,
it can be observed the wavelet coefficient increase just before
object slip occur. Therefore, we can separate the initial slip of
the object and the normal force change by setting the threshold
to the result of filtering by DWT. Also; there is hardly a
difference. in the power of the wavelet coefficient when the
normal direction power changes as 2N, 3N, and 4V Hence,
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even if the normal direction force changes, we can detect slip
of the object by using the same threshold.
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V. CONCLUSIONS AND FUTURE WORKS

We produce a ¢ ple structural slip scnsor using the charac-
teristics of pressure conductive rubber. If the object is slided on
this sensor, 2 com]ilsx output change oceur immediately before
the object slip. And, we discovered the high frequency com-

Analysis results : Discrete Wavelet Transform for the loading and

ponent of several kHz to be contained as a result of analyzing

to this output change by using a continuous wavelet transform.
In addition, we found that this high frequency component
is about one digit higher than the frequency: component in
the normal direction force change. Then, we proposed the
algorithm which separate information of slip from the slip
sensor’s output change concluded the normal direction force
change by using the difference of this frequency component.
Here, we extracted the frequency component of slip by using
the function of the high-pass filter of DWT. As a result; we
found that can separate slip and normal force change by setting
the threshold to the detail wavelet coefficient of DWT(level1).
In the future, we verify when the object collides with the
surface of the sensor, and will confirm the performance of
this slip detection method. In uddition, we will research the
influence changing the slip velocity and the slip object.
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