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Knotting Manipulation of a Flexible Rope
by a Multifingered Hand System based on Skill Synthesis

Yuji Yamakawa, Akio Namiki, Masatoshi Ishikawa and Makoto Shimojo

Abstraci—In this paper, we examine the relationship be-
tween a knotting process and the individual skills of which a
robot hand is capable, To determine the necessary hand skills
required for knotting, we first analyzed the knotting action
performed by a human subject. We identified loop production,
rope permutation, and rope pulling skills. To take account of
handling of the two ends of the rope, we added a rope moving
skill. We determined the characteristics of these skills using
an intersection-based description. The knolting process was
examined based on the analysis of knots and the characteristics
of the robot hand skills. Finally, we show experimental results
of an overhand knot and a half hitch performed using a high-
speed multifingered hand system.

I. INTRODUCTION

Manipulation of flexible lincar objects is an important
problem in the field of robotics, and the number of studies
looking at this problem has been increasing recently.

The authors have developed strategies for the skills re-
quired by a multifingered hand in a knotting task [1]. To
improve the robustness of these strategies, we proposed high-
speed visual and tactile sensory feedback control. We demon-
strated successful completion of a so-called overhand knot
by sequential application of the individual skills involved.

However, it has not been demonstrated that many knots
can be produced using only these proposed skills. Therefore,
in this paper we examine this point based on an original
knot theory. The goal of this paper is to analyze the knotting
process and to define the relationship between the knotting
process and the individual skills that can be performed by a
robot hand.

Finally, two kinds of knot (overhand knot and half hitch)
were realized using a high-speed multifingered hand with
tactile sensors and a visual sensor.

In this paper, “task™ is defined as one manipulation carried
out by the robot, and “skill” is defined as a minimum required
element to achieve the task and a meaningful element that
changes the rope state. Therefore, one “task™ is achieved by
the combination of a certain number of “skills™. In order 1o
further develop the manipulation theory, it is important not
only to achieve many tasks, but also to integrate the skills
that are needed for task realization (Fig. 1(a)).

Y. Yamakawa and M. Ishikawa are with the Dept. of Information Physics
and Computing, Univ. of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-8656,
Japan. Yuji_ Yamakawalipc.i.u-tokyo.ac.jp

A. Namiki is with the Dept. of Electronics and Mechanical Engineer-
ing, Chiba University, 1-33 Yayoi-cho, Inage-ku, Chiba 263-8522, Japan.
namiki@faculty.chiba-u, jp

M. Shimojo is with the Dept. of Mechanical Engineering and Intelligent
Systems, Univ. of Electro-Communications, 1-5-1 Chofugaoka, Chofu-shi,
Tokyo 182-8585, Japan. shimojo@mce, uec.ac. ip

978-1-4244-2058-2/08/$25.00 ©2008 IEEE.

Production process of knot

(a) Skill synthesis.

(b) Concept.

Fig. 1. Purpose of this research,

IT. RELATED WORKS

Some researchers have focused on manipulation of flexible
lincar objects. For example, Inaba et al. proposed a method
of knotting a rope with a manipulator [2]. Matsuno et al.
used an imaging system Lo recognize the shape of a rope and
demonstrated knotting using dual manipulators [3]. Mitul et
al. suggested a topological motion planner for manipulating
flexible linear objects [4]. Monta et al. proposed a knot
planning technique by using a system called Knot Planning
from Observation (KPO) [5]. Wakamatsu et al. formulated a
description of knots and a process of knot manipulation [6].

In this study, we focus on the relationship between the
structure of a knot and the individual robot hand skills
required to implement the knot, and we propose a new
method of producing a knot with a robot hand. In addition,
we also propose a new description that takes the type of
grasp into account.

Knot manipulation has been demonstrated in numerous
studies. These studies generally considered the geometry of
the knot and proposed a knotting process; however, they
did not match the actual type of manipulation performed
by the hand. For example, even if the geometric condition
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Fig. 2.

One-handed knotting by human hand.

of a rope is the same, the knotting process substanually
changes depending on the type of grasp (for example, loop
production). Thus, to consider the actual manipulation by
a robot hand, it is necessary to determine the relationship
between the knotting process and the individual manipulation
skills of the hand. In addition, a description of the knotting
process that is appropriate to the robot hand should be
considered.

The aim of this research is to identify the knot manipula-
tion skills required by a general robot arm and robot hand
to achieve a knotting process, as shown in Fig. 1(b).

ITT. EXTRACTION OF KNOTTING SKILL

It is extremely important to identify the skills that are
appropriate to the knotting task. There are two main reasons
why the manipulation of a flexible linear object is difficult:

1) Deformation of the rope during manipulation, and

2) Difficulty of predicting the rope deformation.

To overcome these difficulties, the following strategies are
considered:

1) Using sensory feedback control by real-time measure-

ment of the rope deformation,

2) Identifying a manipulation skill that cancels rope de-

formation, and

3) Identifying a manipulation skill that exploits the rope

deformation.

Based on these strategies, in order to identify manipulation
skills required for knotting, we analyzed a one-handed knot-
ting process performed by a human hand, as shown in Fig. 2.
Fig. 2(a) is the initial state, Fig. 2(b) shows loop production
using rope deformation by arm motion, Fig. 2(c) shows rope
permutation by finger motion, and Fig. 2(d) shows rope
pulling by arm motion. As a result, we identified three skills
required to achieve one-handed knotting: loop production.
rope permutation, and rope pulling.

Loop production is categorized as a manipulation skill that
utilizes the rope deformation. Rope permutation is catego-
rized as a manipulation skill that cancels rope deformation.
Rope pulling is a motion required to complete the knot.

In addition, in order to allow handling of the ends of
the rope, one more manipulation skill called rope moving

%
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Fig. 3. Intersection sign [6],
is added. In summary, the essential manipulation skills for
knotting are:

1) Loop production,
2) rope permutation,
3) rope pulling, and
4) rope moving.

IV. DESCRIPTION OF INTERSECTION AND HAND SKILL

First, we define the description of a rope intersection thal
constitutes the knot, by referring to the method proposed in
[6].

The beginning of a rope is represented by Ej (or [} or
ri) as the initial location. In the same way, the end of the
rope is represented by E. (or [3 or r3) as the final location.
Descriptions of the intersections ' - I(i 1,2,3.-4)
are assigned for all intersections from E; to E,, where
i is an intersection number. The sign “+4. " shows the
intersection sign, The sign “+" is clockwise, and the sign

” is counterclockwise, as shown in Fig. 3. As a result, the
description of the intersection is defined as shown in Fig. 3.

Moreover, we introduce a new description here. First. the
two directions of the rope at “outlets™ of the intersection are
summed. Second, the line that connects the two fingers grasp-
ing the intersection is considered. Finally, the relationship
between the summed rope direction and this connecting line
is examined. If the relationship is parallel, the description
of the intersection shown in Fig. 4(a) is obtained. If the
relationship is orthogonal, the description of the intersection
shown in Fig. 4(b) is obtained. This description method is
used in loop production, in particular.

Next, the characteristics of the identified hand skills are
clarified based on the intersection description. In this paper.
a skill is defined as a minimum required element to achieve
a task. In addition, the objective of this study is to clarify
the relationship between the knot production process and
manipulation skills. This relationship can be obtained from
a description of the knot and analysis of the knot. Thus.
recognition of the rope by a visual sensor is not taken into
account in this paper.

A. Loop Production

Loop production is an operation that makes one intersec-
tion. Thus, the description of the intersection is given by:

By — B — By— G e VB, fa)

E-E—E-civ Yl - E ()
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(a) Grasp type |

(b) Grasp type 11

Fig. 4. Grasp rype.
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Fig. 5. Loop production.

This skill is equivalent to Reidemeister move 1 in knot theory.
The intersection sign depends on the direction of the loop.

Loop production strategy

The process of loop production is shown in Fig. 5. In
this skill, a loop that serves as the starting point of the
knot is produced on the rope. First, the rope is grasped by
two fingers. A loop is produced by the two dimensional
translational motion of the hand. There are two different
types of loop production depending on the grasp type of the
two fingers, as shown in Fig. 5. This difference is important
for performing the actual knotting process by robot fingers.

To achieve robust loop production, the hand motion should
be controlled by real-time visual feedback [1].

B. Rope Permurtation

Rope permutation is categonized into two types, depending
on the grasp type. In the case shown in Fig. 6(a), the
description of the intersection is the following:

B e L S LR Y
B -t gt e _gfh g

In the case shown in Fig. 6(b). the description of the
intersection is the following:

E-cl ) ol g
Eri('l{+-"} (12{1- J_Cué*.‘#} (‘1[ }
of i -,
The difference between the two types of rope permutation

depends on the grasp type used in the loop production.

Rope permutation strategy
The process of rope permutation is shown in Fig. 7. Both

fingers are moved while remaining parallel. At some point,

—_— ,

E 3 E,  Eotee .-

E; & :
b)

Rope permutation.

Fig. 6,

Fig. 7.

Rope permutation strategy.

two sections of the rope engage each other by virtue of
friction. By continuing to move the two fingers in parallel,
the two sections of the rope are permuted (exchange places).
At the moment of permutation, the grasp force is increased.
In order to achieve smooth permutation, it is necessary to
increase the distance between both fingers at this moment.
Therefore, grasp force control based on tactile feedback is
needed [1].

C. Rope Pulling

Rope pulling is an operation that basically removes the
intersection, as shown in Fig. 8. This skill is effective when
used together with rope permutation. Two effects can be
realized by utilizing these two skills: One is the ability to
create one intersection. Another is the ability to change the
sign of any intersection. When one intersection is produced
(Fig. 9), the description of the intersection is:

E ~E— B-ci™ ) _E
When the sign of an intersection is changed (Fig. 10), the
description of the intersection is:

By~ Ot - g
4 E} _C.l{+‘ -}

s Bt
Rope pulling strategy
In general, rope pulling can be achieved by the transla-
tional motion of the robot hand.

v e
o ('1{‘-‘} E,

D. Rope Moving

Rope moving is defined as the three-dimensional free
motion of the end of the rope without other parts of the
rope acting as obstacles. Assuming that the rope is located
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T

Fig. 8. Rope pulling.

£-1X

Fig. 9. Rope permutation + rope pulling (1).

in a plane, this skill is the free motion in the space above
(or below) the plane. Rope moving is used to cross the two
sections of the rope or to set one section close to another.
When the two sections are intersected as shown in Fig. 11(a),
one intersection is made. The description of the intersection
can be written as

E-E — E-Ct7 - E,.

When one section of the grasped rope approaches another,
as shown in Fig. 11(b), the intersection is not created.
Rope moving strategy
Rope moving can be carried out by the three-dimensional
motion of the robot hand.

V. ANALYSIS OF KNOT AND SKILL SYNTHESIS

In this section, we analyze the feasibility of some knots
based on synthesis of the individual skills described above.
Then, a knot production process is proposed.

Wakamatsu et al. have proposed a process of knot manipu-
lation based on four skills that consist of Reidemeister moves
and rope crossing [6]. Although they described a systematic
knot production process, the relationship between the knot
production process and the required knot manipulation skills
was not discussed.

In order to achieve actual knotting, it is necessary to
consider not only the knot production process, but also the
relationship between the production process and individual
hand skills. For this reason, we propose the following anal-
ysis method.

Analysis Method

1) Represent a knot based on the description of the

intersections that constitute the knot.

2) Unravel one intersection of the knot, starting from the

intersection nearest the end of the rope.

3) Iterate 2) until the intersections disappear. As a result,

a sequence of operations o remove the intersections is
obtained.

4) Apply appropriate skills to the sequence, while follow-

ing the sequence obtained in 3) in reverse.
By this process, the location and sign of each intersection is
identified. As a result, it can be determined how to generate
the intersections. This analysis can be applied not only to
a knot generated by one rope, but also to a knot generated

@*&f P

Fig. 10. Rope permutation + rope pulling (11).
‘ %

(a) (b)

Fig. I1. Rope moving,

by one rope and one object and a knot generated by two
ropes. Although the knot production process obtained by the
proposed analysis method may not be optimal, this method
can always provide one solution of the knot production
pl’ﬂL‘ESS.

A. Knor Generated by One Rope

Here, we consider the description and production method
of a knot generated by one rope. The start of the rope is
located at the beginning of the rope (represented by £j).
The end of the rope is represented by £,.. As an example,
here we analyze an “overhand knot”.

Overhand Knot (Fig. 12(a))

An overhand knot is the simplest knot that is created on
a rope. This knot prevents the rope unraveling.

Analysis of overhand knot

First, the description of the intersection in the overhand
knot is

B8 - & - G - O — 8 - &5 — B P, i)

Next, removing one intersection (C'y ), starting from the
intersection near the end ( £, ) of the rope, gives the following
description of the intersections of the overhand knot:

E,— C; - Cy — Cy —Cy — E, (Fig. 12(b))

Iterating this operation until the intersections disappear yields
the following description of the intersection

Ey - Cy —Cy — E, (Fig. 12(c))
E; — E, (Fig. 12(d)).

The production process of the overhand knot can be obtained
by following this process in reverse while considering the
description of the intersections.
Production process of overhand knot

__First, loop production is performed, and the intersection
C, s created (Fig. 13(a)). Second, the intersection C,
is produced. However, it is not effective to produce only
the intersection C'; . By checking the final type of knot,
it is found that two intersections should be made after the
intersection (', . In addition, the final intersection ' should
pass under the rope. For these reasons, the state shown in Fig.
13(b) can be produced only by performing rope permutation
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Fig. 12, Analysis of overhand knot.
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Fig. 13, Production process of overhand knot.

(Fig. 6(b)). Finally. using rope permutation and rope pulling
(Fig. 10), the overhand knot is achieved, as shown in Fig.
13(c). The description of the intersections for the overhand
knot production process can be represented by the following:

E; — E; (Fig. 12(d))
E - Cf — Cy — E. (Fig. 13(2))
E - C{ - C; - C} - C - C7 — Cf — E, (Fig. 13(b))
E —Cj —C; — C5 — Cf —C; - C5 — E; (Fig. 13(c))

The eight knot and the stevedore’s knot can be produced
based on skill synthesis in the same way.

B. Knot Generated by One Rope and One Object

In this section, we consider the knotting process of a knot
generated by one rope and one object. As an example, we
analyze a “half hitch”,

Half hitch (Fig. 14)

The half hitch is one of the knots that make a connection
between a rope and an object. Although it is an easy task to
make this knot, the strength of the knot is very low. However,
the strength can be increased by combining the half hitch
with other knots.

Production process of half hitch

Here, we omit the intersection description of the half hitch.
The left end and the right end of the rope are represented by
l1 and I3, and the left end and the right end of the object are
represented by ry and r2. The description of intersections on
the rope and the object is performed in the order of initial
location.

First, the intersection " is created by rope permutation
(Fig. 14(b), (c)). Second, the rope is wrapped around the
stick by rope moving to produce the intersection €'y (Fig.

14(d)). Next, the intersection C'| is made by loop production
(Fig. 14(e)). Finally, the half hitch is finished by performing
rope permutation twice and rope pulling once (Fig. 14(f),
(g)).

A knot generated by two ropes can be considered in the
same way; however, it is omitted in this paper.

r‘l 2
| —
& + i, 1 ("1 -v;
1, 2
h 1

(a) (b) (e)

(8)

Fig. 14,

Production process of half hitch.

VI. EXPERIMENT
A. Experimental system

The experimental system consists of a high-speed multi-
fingered hand, high-speed tactile sensors, and a high-speed
visual sensor.

The hand has three fingers and two wrist joints. The joints
of the hand can be closed at a speed of 180 deg./0.1 s.

The tactile sensor measures the center position of a two-
dimensionally distributed load, and the total load is measured
within 1 ms. This sensor is used for grasp force control
during rope permutation [1].

The visual sensor measures the center position (r, y)
and the angle of the principal axis of inertia within 1 ms.
This sensor is used for the wrist-joint control during loop
production in order to achieve robust control against rope
deformation.

In order to prevent the rope from slipping on the fingers
of the robot hand, a fingerstall is attached to each top link,
One end of the rope is grasped by the robot hand, and the
other end is held in a pulley so as to allow free up and down
motion.

B. Experimental Results

Fig. 16 and Fig I8 show sequences of continuous pho-
tographs of the knotting tasks (overhand knot and half
hitch). The knotting strategy used was the one proposed in
a previous paper [1].

Overhand knot

The experimental system is shown in Fig. 15. Fig. 16(a)
~ (e) show loop production. In Fig. 16(f). the rope sections
are pressed by the free finger to strengthen the contact
state between the (wo sections. Fig. 16(g) ~ (i) show rope
permutation. Fig. 16(j) ~ (1) show rope pulling.

Half hitch

The experimental system is shown in Fig. 17. In the initial
state, the rope is wrapped around the object, as shown in Fig.
17. Fig. 18(a) ~ (c) show loop production. In Fig. 18(d). the
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Tactile sensor

Visual sensor

Fig. 15.

(a) =0.00 [s]

(h)1=2.10 [s]

(b) 1=0.43 [s5]

(€) 1=0.63 [s]

(d) t=1.00 5]

(e)1=1.33s] (N =1.73[s) 1g|r"00[s]

(i) £=2.27 [s] () =2.37[s] (k) =2.67 [s]

(1) 1=3.13 [s]

Fig. 16.  Contnuous photographs of overhand knot,
rope sections are pressed by the free finger to strengthen
the contact state between the two sections. Fig. 18(e) ~ (g)
show rope permutation. Fig. 18(h) ~ (i) show rope pulling.
Finally, Fig. 18(j) ~ (I) show additional rope pulling by a
human hand to tighten up the knot.

These video sequences can be viewed on our web site [7].

VII. CONCLUSIONS

First, to identify the necessary skills for knotting, we
analyzed a knotting action performed by a human subject.
As a result, we identified four skills.

Next, we proposed a method to produce a knot. The
proposed method is based on a description of the intersec-
tions that constitute the knot. and it is described by the
sequence of operations achieved using the four identified
skills. We analyzed three types of knot: a knot generated
by one rope, a knot generated by one rope and one object,
and a knot generated by two ropes. These knots could be
produced by the synthesis of the four skills. In addition, we
also determined the relationship between the knot production
process and the individual skills required by the robot hand
in knot manipulation.

Finally, we demonstrated production of an overhand knot
and a half hitch by using a high-speed multifingered hand
system. In the future, we will attempt to apply our approach

Fig. 17.  Overall system for half hitch production.

(a) 1=0.00 [s] (b) t=0.13 [s] (c) t=0.56 [s]

\

(0 =129s]

‘ \
— | "
(d) t=1.02 [s] (e)+=122s]

(g) 1=1.49 [s] (h) 1=1.58 [s]

(j) =498 [5] (k) 1=5.58 [s]

(1) 6,50 [s]

Fig. 18.  Continuous photographs of half hitch production

to other types of knots.
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Abstract: To achieve a human like grasping with a multi-fingered robot hand, the grasping force should be controlled
without using information from the grasped object such as its weight and friction coefficient. In this study, we propose a
method for detecting the slip of a grasped object using the force output of Center of Pressure (CoP) tactile sensors. CoP
sensors can measure the center position of a distributed load and the total load applied on the surface of the sensor, within
I ms. These sensors are arranged on the fingers of the robot hand, and their effectiveness as slip detecting sensors is
confirmed in tests of slip detection during grasping. Finally, we propose a method for controlling grasping force to resist
tangential force applied to the grasped object using a feedback control system with the CoP sensor force output.

Keywords: hand, tectile sensor, slip detection
1. INTRODUCTION

In order for robots to achieve the same level of preci-
sion in manual operation that humans achieve, many re-
searchers are working on highly versatile, multi-fingered
robot hands that offer a high degree of freedom. A typ-
ical operation of hands is grasping objects. In the past,
since it was assumed that robots would grasp specific ob-
jects, it was sufficient to use a simple gripper structure
as a hand, and to set its grasping force to the required
value. However, since each grasped object has a different
coefficient of friction and weight, to achieve human-like
grasping, it is necessary to set the grasping force appro-
priately for each object without being aware of this data
in advance. Moreover, in order to grasp objects with-
out damaging them, it is desirable to grasp them with the
minimum force without slip. Various slip sensors have
been proposed to achieve this kind of grasping ability [1].

In human grasping, Johansson et al [2][3] showed that
localized slip between the skin and the grasped object is
an important factor in adjusting grasping force. Maeno et
al [4][5] proposed an elastic finger for distributed sensing
using strain gauges with a curved surface, and showed
that by imitating the method of grasping objects used by
humans, it is possible to pick up any object for which
the weight and friction coefficient is not known, at any
speed. However, this approach involves the disadvan-
tages of having to produce dedicated fingers, and the re-
quirement for many strain amplifiers to support the arrays
of strain gauges. Melchiorri [6] has proposed a method
of controlling grasping force by detecting translation and
rotational slip using force/torque sensors based on strain
gauges, and distributed tactile sensors. However, with
this approach the static friction coefficient of the object
must be known. Furthermore, since distributed tactile
sensors are used, wiring them into the robot is a prob-
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lem. Ikeda et al [7] have proposed a method of control-
ling grasping force by measuring the degree of eccentric-
ity of the contact surface using a camera. With methods
such as this using vision, how to incorporate cameras in
relatively small places such as hands is a problem. Fur-
thermore, processing speed depends on the frame rate of
vision, and it is generally difficult to achieve slip detec-
tion at high speeds.

This paper shows an approach to slip detection using
thin, flexible, lightweight two-dimensional center of pres-
sure tactile sensors (Center of Pressure sensors, hereafter
“CoP sensors™) [8][9] that can be mounted on a robot
hand. CoP sensors can measure the center position of
a distributed load applied to the surface of the sensor and
the total load itself within 1(ms). Thus, rapid slip detec-
tion can be achieved. Furthermore, only four wires are
needed, irrespective of the size of the sensor area, mak-
ing it easy to mount them on a robot hand. This paper de-
scribes slip detection tests using CoP sensors and shows
that slip can be detected immediately before it occurs
based on the force output of the CoP sensors. Next we
show that when force is added to a grasped object caus-
ing slip, it is possible to achieve grasp control 1o resist
the force using a force control system with feedback from
the force output of the CoP sensors. Finally we propose
a method of grasping with optimal grasping force for the
object even when its friction coefficient is not known, by
adjusting the grasping force based on slip detection using
the output of the CoP sensors.

2. STRUCTURE AND FEATURES OF
THE SENSOR
2.1 Structure and Features of the CoP Sensor

CoP sensors can measure the center position of a dis-
tributed load and the total load itself [8][9]. The structure
of the CoP sensor, as shown in Fig.1, consists of pres-
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Conductive Film A Laver
Pressure Conductive Rubber
Conductive Film B Layer

Fig. 1 Structure of CoP Sensor

sure sensitive material sandwiched between two sheets of
conductive film, Layers A and B (upper and lower layers
respectively). Both edges of the conductive film are elec-
trodes. and we can derive the center position of the cur-
rent distribution from the potential difference of the elec-
trodes on both conductive film layers. Considering the
pressure characteristic of pressure conductive material, it
is possible to regard the center position of the current dis-
tribution as the center position of the load distribution,
and the total current which flows circuit as the total load
applied to the sensor.

Since CoP sensors consist of thin and flexible materi-
als, they can be used arranged on curved surfaces. Fur-
thermore, they find the center position of load distribution
using the potential difference of the electrodes on both
conductive film layers, so only four wires are required
for the sensors, irrespective of their area, ensuring com-
pact wiring. That is to say, CoP sensors have features that
suit them to mounting on robot hands.

The arithmetic processing of the CoP sensors is
achieved with simple analog circuits alone. Therefore,
the time taken for calculation is very short, thereby
achieving a high-speed response within 1(ms). Thus the
sensors can be used directly in control loops of 1(kHz).

2.2 Output Characteristics of CoP Sensor

2.2.1 Position and Total Force Output

The position and the total force output characteristics
of CoP sensor are shown in Fig.2 and Fig.3 respectively,
when arranged on cylinder with diameters of 18(mm)
equivalent to the finger-tip of the hand to use for an ex-
periment. The point where pressure is applied and the
output voltage of the sensor are in proportional relation-
ship. The results show that as the pressure applied in-
creases, the output of the sensor increases. In addition,
with increasing and decreasing pressure the output dif-
fers, demonstrating hysteresis properties.
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2.2.2 Slip Detection

We inspected behavior for tangential force ol CoP
sensor with the experimental system as shown in
Fig.4 Firstly, the two fingers of the hand with the CoP
sensors grasped an object. After grasping the object starts,
the hand was made to maintain the same joint angle. The
grasped object is connected to a DC motor by a wire,
and was started to slip vertically downwards due to ro-
tation of the DC motor. Vertical slip displacement of the
grasped object was measured with a laser displacement
sensor (Omron: ZX-LDA11-N) above the object. The
outputs of the sensor and laser displacement sensor were
input into a computer via an AD board (Interface: PCI-
3168). The control cycle of the hand and the sensor out-
put sampling cycle was 1(ms).

The results of the tests are shown in Fig.5. The figures
show the slip displacement of the grasped object mea-
sured with a laser displacement sensor and the CoP sensor
output (force output and position output). The change in
CoP sensor position output due to the occurrence of slip
is small with a maximum of 0.3(V). Immediately before
slip displacement occurs, the total force output of the CoP
sensors falls significantly (the shaded area of sensor force
output in Fig.5). Thereafter at the stage where slip dis-
placement is happening, the force output increases again,
and during slip, complex changes are indicated. Since
these characteristics may change depending on covering
material, we performed the same experiment about some
materials. As a result, the almost same characteristic was
confirmed for all materials. Thus, It is thought that falling
of total force output of CoP sensor can use slip detection.

Laser Dwplscement Sensor

Fig. 4 Experimental system of slip detection on grasping
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Fig. 6 Installation of CoP sensor

3. MULTI-FINGERED ROBOT HAND

In this research we used the high-speed three-fingered
hand developed by Namiki et al [10]. This hand has three
finger modules with two degrees of freedom, and it com-
prises joints that swivel the fingers on both sides. The
finger modules incorporate an AC servomotor, harmonic
drive, and encoder for driving the joints, and each joint is
driven with a bevel gear.

Although small and light, this hand can open and close
180 degrees in 100(ms). In addition, it achieves high in-
stantaneous output, obtaining greater grasping force than
earlier hands. Furthermore, the hand has the superior
characteristic in that backrush in the fingers overall is al-
most 0.

The maximum torque of the fingertip joints of the fin-
ger modules is 0.35(Nm), while that of the basal joints
and swivel joints is 2.65(Nm). The control system feeds
back the current target joint angle in relation to the target
joint angle and sends commands regarding the torque of
cach joint using PD control. The control system was built
on a PC with ART-Linux (kernel-2.4.22-0vI2. 1 1ART) as
the OS. The control cycle is 1(ms).

CoP sensors were mounted on each joint of the finger
modules. The method used to mount the sensors on the
finger modules is shown in Fig.6.
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4. CONTROL OF A MULTI-FINGERED
ROBOT HAND TO RESIST SLIP

4.1 The Basic Concept behind Grasping Force Con-
trol

From the test results in Section 2.2,3t is clear that im-
mediately before slip displacement occurs, the CoP sen-
sors show changes in force output. Using this charac-
teristic, we propose a method of control in which grasp-
ing force is increased when tangential force causing slip
is detected. Hereafter, we will call the proposed control
system anti-slip control.

In the test described in Section 2.2, dertical downward
force was applied to the grasped object therefore there
should be no change in normal force even at the stage
when CoP sensor force output is changing. That is to say,
force output of the CoP sensors actually shows a smaller
value than for normal force. In relation to this, we consid-
ered control that achieves a certain sensor force output. If
the sensor force output falls due to the occurrence of slip,
control works to increase the force output. As a result, it
is supposed that as an amount of slip lorce increases, the
grasping force also increases through control.

In other words, with only a force control system that
feeds back the CoP sensor force output, grasping force
control that resists tangential force without any special
control should be possible.

The proposed anti-slip control can be achieved with
just a simple force control system, and no information
about the grasped object whatsoever is required. How-
ever, if there is no margin in the target grasping force for
the limits of friction, or if strong tangential force is ap-
plied, it is possible that increased grasping force from the
control system will be insufficient and slip will occur.

4.2 Control System

As described in the previous section, with only a force
control system that feeds back the CoP sensor force out-
put, grasping force control that resists tangential force is
possible. So damping control as shown in formula (1)
was added to the PD control of the joint angle of the hand
as anti-slip control.

Bret = Or@f t 44/[“.!){! - Il’rr‘r) dt (1)
Here, 6 is the target joint angle, A is the coefficient, V,,,
is the CoP sensor force output, Vi, is the target value for
sensor force output, and #,.¢ is the new target joint an-
gle. Normally, the force output of the CoP sensors and
the relevant target values should be converted from volt-
age levels to force, but here for the sake of simplicity, the
voltage levels themselves are used as is. Also for sim-
plicity’s sake, the position of the hand is not considered.
Fig.7 shows the configuration of the control system.

4.3 Test Method

The hand grasped an object and when tangential force
was applied to the grasped object, changes in the grasping
force were measured.
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Fig. 7 Control system of muti-fingered robot hand

As shown in Fig.8 (a), an object with a load cell
built into it was grasped by the fingertip joints of the
hand. Anti-slip control was only applied to the basal joints
of the fingers grasping the object. The target value of the
sensor force output was Viop — 3.0(V).

After the object was grasped, tangential force was ap-
plied by human hand (o the grasped object. As shown
in Fig.8 (b), tangential force was applied to the grasped
object from three different directions in the tests, from
above, from below, and from the front.

4.4 Test Result

Fig.9 shows the grasping force measured from the sen-
sor force output and load cell with anti-slip control. The
time shown shaded in the figure is when tangential force
is applied. Furthermore, the numbers shown in circles in-
dicate the direction of tangential force, corresponding to
Fig.8(b). Irrespective of the direction in which the tan-
gential force is applied, it is apparent that the load output
of the CoP sensors falls significantly at the same time as
tangential force is applied.

When anti-slip control is applied, grasping force in-
creases significantly as soon as tangential force is ap-
plied. Furthermore, it is apparent that in all cases grasp-
ing force increases, irrespective of the direction of tan-
gential force.

Therefore, the speed at which grasping force increases,
in other words the responsiveness to the application of
tangential force, changes with the gain of the control sys-
tem. The influence of integration gain A in particular can
be thought to be significant. The greater A is, the faster
the response, but there is a greater possibility that instan-
taneous grasping force will be excessive, breaking the ob-
ject.

The results of the tests show that with simple force
control that feeds back the CoP sensor force output, il
is possible to achieve grasping force control that resists
tangential force.

Wood

Laad Cell

(b) Tangential force direction

(a) Grasping object
Fig. 8 Experimental method

98

-897 -

CoP S:n.wrl

Tangential force
( 0] [e] ®
" Force Outpul
[E a —
g
¢ a0 50 10 '
x Tieme 1]
Graspng Force]
1o

Fig. 9 Experimental result (anti-slip control)

5. MULTI-FINGERED ROBOT HAND
GRIP CONTROL BASED ON SLIP
DETECTION

5.1 Basic Concept

As one of the necessary sufficient conditions for a
multi-fingered robot hand to be able to grasp an object
in a still state there exists the condition that the power
of each fingertip of the hand is within the friction cone
[11]. Based on this, it is possible to prevent slip if con-
trol is performed so that fingertip power always remains
within the friction cone. However, for this control a static
friction coefficient is required as a parameter. In order
lo avoid restrictions on the objects that can be grasped,
an approach is required that allows control even when
the static friction coefficient is unknown. Therefore this
paper proposes a method of control in which appropri-
ate grasping force for the grasped object can be achieved
even when the coefficient of friction and weight of the
grasped object are unknown, using the force output of
CoP sensors.

The basic concept of the proposed approach is as fol-
lows. When a hand grasps an object, if the grasping
force is too weak, the object will slip. However, if
this slip is detected and the grasping force is increased
slightly, when the required grasping force is reached, slip
no longer occurs. In the above process, all that is required
is detection of slip and a corresponding increase in grasp-
ing force, and no information about the grasped object
is required whatsoever. This approach is similar to the
control method that humans may be supposed (o use.

From the test results in Section 2.2.2it is clear that
immediately before slip displacement of the grasped ob-
ject occurs, the force output of the CoP sensors falls.
Therefore, we propose a control method that regards this
change in output as occurrence of slip, and increases the
grasping force with a target in accordance with the oc-
currence of slip. With the proposed method, grasping
force is controlled based only on sensor output, so no
information about the grasped object such as the coef-
ficient of friction is required whatsoever. Furthermore,
since changes in sensor output can be obtained immedi-
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ately before slip displacement occurs, if the hand operates
fast enough, it should be possible to adjust grasping force
before slip displacement occurs in most cases.

5.2 Control Method

The basic control system is the anti-slip control pro-
posed in Section 4. Here, grasping force is adjusted by
changing the target value for sensor force output Vi.p in
relation to the sensor output. Hereafter, we will simply
call the target value for sensor force output Vi.p the “tar-
get valu™,

In the proposed method, a low value is first set for Vi,
and grasping of the object starts. After grasping starts,
Vier 18 changed in accordance with formulas (2) and (3).
At is the control cycle.

When Vigr () — Vex (8) > Vi,

(( | A’] - "!nl (f) | !\’f[l{vr-!f “} - "!Hxl. ("]}
When V., < ¢ and Vigg (£) — Vi (1) > 0
vml' U 1 A” Vrcl l{) e [\,f:ill::‘xl

’
ref

(3)

Here, Vi, (> 0)(V) and e{< 0)(V/s) are appropriate
threshold values, and Ky, and K¢y are coefficients,

It can be said that the smaller the threshold value Vy,
and ¢ in each conditions, the greater the sensitivity to slip.
However, if the threshold value is too low, even if slip is
not occurring, the target value will be increased, and the
grasping force will be excessive. In additon, since the
bigger the coefficients Ky, and Ky, the faster the target
value is increased, it is possible to reduce the occurrence
of slip displacement, but at the same, the possibility that
grasping force becomes excessive also increases. There-
fore, it is necessary lo set appropriate values for these
paramelters, taking into account the responsiveness of the
multi-fingered robot hand used for grasping.

5.3 Test Method

We tested the proposed control method on the multi-
fingered robot hand, grasping an object for which the co-
efficient of friction and mass were unknown. The experi-
mental system is shown in Fig.10.

The grasped object is a plastic bottle with water in
it. By changing the amount of water in the bottle, its
weight was set at 100(g), 150(g), and 200(g), and testing
was conducted with each weight. Slip displacement of
the bottle was measured with a laser displacement sensor
(Omron: ZX-L.DA11-N) above the object. The outputs of
the sensor and laser displacement sensor were input into
a computer via an ADD board (Interface: PCI-3168). The
control cycle of the hand and the sensor output sampling
cycle was 1(ms).

First, the robot hand was made grasp the plastic bottle
held by a human. After the hand grasped the bottle, the
human let go of it so that only the hand was holding it.

Grasping control was only applied to the basal joints
of the fingers grasping the bottle. Slip-resistant mesh
(approx. 1(mm) latlice, thickness 0.5(mm)) was used to
coat the surface of the sensors. The initial target value
was Vigp 6.0(V). The sensor force output voltage

(2)
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Fig. 10 Experimental system of grasping force control

Table 1 Experimental result of grasping force control

Weight
100(g) | 150 (g) [ 200(g)
Viet (V) -0.24 1.4 3.7
Vier (Min) (V) -1.5 1.0 35
Slip (mm) 0.54 1.4 215
Adjustment time (s) 0.60 1.09 (.83

when unloaded was -8.0 V. The various parameters were
Vin = LO(V), ¢ = =30.0(V/s), K¢, = 3.0 x 1073, and
Krg = 5.0 x 1074,

Separately from the above test, we also examined the
minimum grasping force that can be used to grasp the
same object as in the test above without slip, in order to
evaluate the proposed control method. Using the anti-slip
control proposed in Section 4.we repeatedly changed the
target value Vref in increments of 0.5 V for each weight
of the grasped object until the hand grasped it without
slip. The results for the minimum necessary grasping
force were target values of -1.5 V (100 g), 1.0 V (150
), and 3.5 V (200 g) respectively.

5.4 Test Results

Fig.11 shows the slip displacement of the grasped
object with weight of 100(g), the sensor force output,
and the target value. Table 1 shows the grasped ob-
ject with weights of 150(g) and 200(g), with the tar-
get grasping force at the point when stable grasping was
achieved Vi.¢(V), the minimum necessary grasping force
Vier (Min) (V), the displacement that occurred up to sta-
ble grasping, and the time required up to that point.

The results of the test show that for all weights of ob-
ject, grasping force was adjusted in accordance with the
weight of the object using the proposed control method.
When slip displacement and sensor force output are com-
pared, the force output of the sensors falls significantly
when slip displacement occurs, and the target valoe is
increased accordingly.  Furthermore, in all cases, ad-
Justment of grasping force was performed in about 1(s),
The slip displacement from the start of grasping o sla-
ble grasping is 0.5(mm) (100{g)), 1.4(mm) (150(g)), and
2.5(mm) (200(g)) respectively, and the heavier the object,
the greater the slip displacement that occurs before stable
grasping is achieved.
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5.5 Discussion

Regarding the stable grasping state in the test results,
when the target values obtained with the proposed con-
trol method and the minimum grasping force found in
other tests are compared, the values are somewhat greater
for objects of 100(g). but with objects of 150(g) and
200(g), values that largely maich were obtained. Fur-
thermore, the time required from the start of grasping
to when grasping force was adjusted and stable grasp-
ing was achieved is short at 1(s). Even under the strin-
gent conditions in this test when the object was passed in
midair and the force was changed suddenly, stable grasp-
ing was achieved with relatively little slip displacement.

6. CONCLUSIONS AND FUTURE
WORKS

6.1 Conclusions

In this paper we proposed an anti-slip control method
using these characteristic force output changes, and con-
firmed the effectiveness of the proposed method through
testing. Furthermore, we proposed a method of adjusting
grasping force in response to slip detected using sensor
force output, and in testing using the proposed method,
we showed that optimum grasping force can be obtained
even when no information about the grasped object is
known.

6.2 Future Works

The reasons for the occurrence of the characteristic
changes in sensor force output immediately before slip-
ping occurs must be clarified. In addition, by covering
the sensor surface with appropriate material, it should be
possible to infer the direction of slip of an object from
changes in the sensor position output. We will confirm
these matters in future testing.

This paper describes tests with a relatively simple
grasping position, but the proposed control method can
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probably also be applied to more complex grasping posi-
tions such as power grasps. Therefore in future we will
examine control methods that take grasping position into
consideration, with the aim of achieving dexterous grasp-
ing similar to that of humans.
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Abstract—Slip detecting tactile sensors are essential to
achieving a human-like gripping motion with a robot hand.
Up until now, we have developed flexible, thin and lightweight
center of pressure (CoP) sensor. The sensor, constructed of
pressure conductive rubber sandwiched between two sheets of
conductive film, is able to detect the center position of the load
distribution and the total load. Recently, detection of initial
slip has been shown to be possible. However the detection
principles are unclear. Therefore, we carried out verification
experiments of the slip detection properties of CoP sensor and
the detection principle. In the results, we found a change in
clectrical conductivity produced with a shear deformation of the
pressure conductive rubber. In this paper, we will discuss the
slip detection properties of CoP sensor and detection principle.
We will also apply these principle to describe the structure of
high speed/high sensitivity slip sensor.

I. INTRODUCTION

With the aim of achieving a human-like robot hand, or
one that is sperior to the human hand, much research have
been carried out [1][2]. Even with eyes closed, humans can
grip with minimum force an object with unknowns such as
weight and coefficient of friction, etc, We are also able (o
perform smoothly such motions as handing the object off
or setting it down. To achieve these motions with a robot
hand requires tactile sensors having slip sense in addition to
contact position and load.

So, up until now various slip sensors detecting slip have
been proposed. Trembley et al. [3] developed a sensor, ar-
ranging acceleration sensors in sets of two inside a spherical
silicon rubber with a projection called a *“nib”, that detected
the vibrations which occur on the surface of the sensor as a
result of initial slip. Son et al. [4] developed a sensor with
four sheets of PVDF film arranged in a semi-circular silicon
rubber tube that similarly detected the vibrations occurring
from initial slip. Maeno et al. [5] developed sensor that lined
up inside a curved elastic surface at regular intervals along
a strain gauge. Shinoda et al. [6] proposed a slip sensor
using Acoustic Resonant Tensor Cell (ARTC). The ARTC is
composed of a resonance cavity within the elastic body and
ultrasonic receiving probe, the slip direction stress is detected
from changes in the ultrasonic wave resonance frequency.

As shown above, much research have been conducted
regarding slip sensors. However, as of yet, a practical slip
sensor does not exist. This is thought to be for the following
causes. Firstly, there is the problem of reduction in size and

*Mechanical Engineering and Intelligent Systems, The University of
Electro-Communications, 1-5-1 Chofugaoka, Chofu-shi, 182-8585 JAPAN

*“*Department of Information Physics and Computing, Graduate School

of Information Science and Technology, The University of Tokyo, 7-3-1
Hongo, Bunkyo-ku, Tokyo 113-0033, Japan

weight. The space where sensors can be located for most
robot hands is limited from the point of view of mechanism
function. Accordingly, structures with devices embedded
inside the fingers and thick sensors are undesirable. Secondly,
there is the problem of wiring. When sensors using strain
gauges or PVDF films are configured over a large are,
it is necessary to increase the number of sensing elements
and wires, Excessive wiring becomes a burden on the hand.
Finally, there is the problem of response. Especially when
cameras are used, response is dependent on the processing
time of the data. Since a delay in response lime increase
the slip displacement of the object, high speed response is
desirable.

Therefore, in this research, our goal is to develop thin,
lightweight slip sensor with high speed response that could
be installed on existing robot hands. Until now, we have
carried out the research and development of center of pres-
sure (CoP) tactile sensor for detecting two-dimensional load
distribution with the following properties [7].

1) Flexible, thin(approximately 0.7 mm),
lightweight(approximately 0.2 g/cm?)

2) Wire saving(4wires)

3) High speed responsibility(1ms)

CoP sensor can detect the center of the load distribution
and the weight of the load added to a surface. In recent
experiments, it was found that these could be utilized as
sensor to detect the initial slip as well [8]. However, the
detailed detection mechanism is unclear. In this paper, we
will simply mention the slip detection experiment using
CoP sensor, and report on the slip detection properties and
mechanism.

<

Electrode

. Electrode S:
1 conductive film
2 pressure conductive rubber

Fig. 1.

Structure of CoP sensor

101

-900 -
Authorized licensed use limiled to: UNIVERSITY OF TOKYO. Downloaded on January 12, 2010 at 04:42 from IEEE Xplore. Restrictions apply.

PR0001/08/0000-0900 ¥400 © 2008 SICE



I1. SLIP DETECTION USING COP SENSOR

In this section, we show that CoP sensor can detect initial
slip. So, we compared the CoP sensor load output with the
gripping force measured by a load cell. The experimental
apparatus utilized in this experiment is shown in Fig. 2.
CoP sensors were arranged around two cylinders (diame-
ter 18 mm), and fixed face-to-face. As in the figure, the
object (plastic cylinder = 18 mm) was sandwiched by CoP
sensors (Fig. 2-(1)), and this was connected by wire to the
tension side load cell (we call “Loadcell(Z)” below). The
gripping object was made to slip downward vertically (Fig.
2-(2)). Loadcell(X) in Fig. 2 denotes the normal vector force
(gripping force) and Loadcell(Z) denotes the tangential force

. (tensile force). The slip displacement of the plastic cylinder
was measured by a laser displacement sensor (resolution;
0.1mm). The results of this experiment are shown in Fig.
2. The graphs show, (a) CoP sensor load outpul, and (b)
two load cells and laser displacement sensor output. From
the laser displacement sensor output, the slip displacement
occurs from the time of the vertical line shown on the graph.

We compared the CoP sensor load output with the grip
force according to Loadcell(X). Looking at the grip force, its
change was approximately 0.2 N and increasing just before
the occurrence of slip displacement. Meanwhile, looking at
the CoP sensor load output, there is a large decrease at the
same time. The right side CoP sensor output decreased by
approximately 4 V. According to the sensor load output char-
acteristics, a decrease of approximately 1 N was produced.
There was a decrease of appraximately 1.3 N at the left
side CoP sensor. We can say that the change is not one-
sided because there was a simultaneous decrease in left and
right outputs. Like this, in spite of the increase in the grip
force, both sides CoP sensor load output decrease before slip
displacement occurs. So, using these load output change of
CoP sensor, it is possible to detect the start of slip (referred
to as “initial slip™).

Laser Displacement Sensor
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Fig. 2. Result of Slip detection experiment

From the above result, we expect that the change of CoP
sensor load output is produced by the following phenomena.
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The following phenomena are believed 1o be produced in
relation to the change in sensor load output (we call “slip
output”™). Looking at the colored area of Fig. 2-(a) and (c),
CoP sensor load output begins to decrease at the same
instant, and we find that the tangental force (Loadcell(Z)
output) also begins 1o increase. From this, we expect that
a shear deformation of pressure conductive rubber occurs
inside the CoP sensor by the tangential force. some kind
of internal change in the CoP sensor is produced in regard
1o the tangential force. Namely, that a shear deformation is
produced in the pressure sensitive conductive rubber inside
the CoP sensor by the tangential force. On the other hand, the
change of CoP sensor load output is dependent on the electri-
cal resistance change of the pressure conductive rubber. This
indicates that there is some relationship between the shear
deformation of the pressure conductive rubber and the change
of electrical resistance. So, we conducted an experiment 1o
observe the change of electrical resistance when pressure
conductive rubber undergoes a shear deformation.

R=co
Electrode

Puressure conductive rubber

(a) Initial state

abject object

(a) Normal deformation (b) Sheer deformation

Fig. 3. Sheer deformation and Change of resistance

ITT. PRESSURE SENSITIVE CONDUCTIVE RUBBER SHEAR
DEFORMATION EXPERIMENT

A. Experimental Method

In this experiment, we reveal why CoP sensor output
change when an object slip on CoP sensor. So, we inserted
pressure conductive rubber electrodes, and measured the
voltage between electrodes when it was made (o undergo a
shear deformation. The experimental apparatus is shown in
Fig. 4. The electrodes (gold plated) were attached to acrylic
plates, which were aligned facing each other (the circled area
of Fig. 4). In the experiment, the electrodes were connected
to a regulated power supply through a resistance of 1 k€Q,
and a voltage of 5 V was applied. The voltage (Va) was
then stable at 5V. The X-stage installed on the right side of
the experimental apparatus was activated, and the pressure
conductive rubber (7 mun’) was sandwiched between the
electrodes (Fig. 4-(1)). This X-stage was equipped with a
dedicated actuator, with a travel speed of 0.1 mm/s and a
positioning accuracy of 0.017 mm. Therefore, the quantity of
the normal direction deformation of the pressure conductive
rubber could be finely controlled. The X-stage was activated
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again, and the normal direction load was increased. At this
time, the voltage between electrodes was decreased from 5
V (load cell output : ON) to 2 V (load cell output : approx-
imately 1.7 N). From now on, this voltage is referred to as
initial voltage (V;). Next, the automatic stage installed on
the left side was activated producing a shear deformation of
pressure conductive rubber (Fig. 4-(2)). The automatic stage
had a positioning accuracy of 0.012 »un and its speed could
be adjusted from 1 gm/s 10 100 mm/s. The quantity of the
shear deformation of the pressure conductive rubber could
be measured by the laser displacement sensor (resolution
0.1 pm). In this experiment, the shear deformation of the
pressure conductive rubber was set to (0.3 mm, and the three
deformation speeds was set such as 0.05 mm/s, 0.1 mm/s,
and 1 mm/s. The voltage between electrodes and the laser
displacement sensor output were measured.

Voltage stabilizer

Laser displacement sensor

Electrode
(20mm x 20mm) |

~ v 4
Pressure conductive rubber %
(7mmx7mm) b &
Y
Fig. 4. Experimental system for deformation of pressure conductive rubber

B. Experimental Results

The results of the experiment are shown in Fig. 5. Time(s)
is along the horizontal axis and the voltage between elec-
trodes and laser displacement sensor output (mm) are along
the vertical axis. The voltage between electrodes increased,
when the shear deformation of the pressure conductive rubber
occurred. Taking the rise of the voltage at this point as
AV. Moreover, the voltage remained constant during sheer
deformation of the rubber. When the sheer deformation
stopped, the voltage gradually returned toward the initial
voltage (V)).

TABLE 1
CHANGE OF VOLTAGE BETWEEN ELECTRODES

[ Sheer deformation speedinim/s) T AVIV) ]

0.05 1.4
0.1 1.6
I 2.1

IV, DISCUSSION

1) Change in Electrical Resistance of Rubber: There was
a large rise in the voltage between electrodes at the lime
of the shear deformation of the pressure conductive rubber.
The rise of voltage indicated an increase in the electrical
resistance of the rubber. As in the above hypothesis, we
found that a change of electrical resistance was produced
when a shear deformation of the rubber occurred. This fact
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Fig. 5. The voltage difference between electrodes, sheer deformation speed
: 0. Immvs

was designated as a decrease in the load output of the CoP
sensor. Looking at the result, the voltage difference AV raised
more than 1.5 V with a shear deformation of only 0.05
mm. This time, there was a large increase in the electrical
resistance of the pressure conductive rubber, This agrees with
the large decrease of the CoP sensor load output that occurred
before the change in the laser displacement sensor outpul
utilized. Therefore, it is clear that the slip output of CoP
sensor was generated by the change in electrical resistance
of the pressure conductive rubber at the time of its shear
deformation.

The -rise in the electrical resistance of the pressure con-
ductive rubber can be considered to be due to the following
reasons. The pressure conductive rubber was a high polymer
malterial primarily composed of silicon rubber with carbon
particles uniformly distributed within. In an unloaded con-
dition, because the carbon particles were separated from
each other as in Fig. 6-(a), electric current would not flow.
However, when the pressure was increased, the distribution
of the carbon particles inside the rubber changed, and the
carbon particles contacted each other as in Fig. 6-(b) forming
a conduction route. when there is an increase in conduction
routes due to contact of carbon particles in pressure con-
ductive rubber, this appears as a change in electrical resis-
tance. Therefore, If we add a shear deformation to pressure
conductive rubber as in Fig. 6-(c), the conduction routes
fragment, and the number of conduction routes decreases.
This situation show the electrical resistance (o increase. the
state in Fig. 6-(b) as in Fig. 6-(c), the internal state of
the rubber, namely the conduction routes, fragments, and
the number of conduction routes decreases, resulting in an
increase in the electrical resistance. When the deformation
stops, as in Fig. 6-(d), the conduction routes inside the rubber
are restored. So, the electrical resistance seems to gradually
decrease and returns 1o the former state.

2) Speed of Rubber Shear Deformation: Here we shall
discuss the relationship between the shear deformation speed
of the pressure conductive rubber and the change of voltage
between the electrodes. As shown in Table I, the size of the
voltage difference AV changes according to the deformation
speed of the rubber. This change tends to be significant as the
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Fig. 6. Structure of Pressure conductive rubber

deformation speed becomes greater. Accordingly, the shear
deformation speed was varied at appropriate intervals from
0.01 mm/s to 10 mm/s, and the new voltage differences
were measured. The voltage differences AV for each shear
deformation speed plotted in a graph are shown in Fig. 7.
This graph showed a nonlinear increase in voltage difference
AV accompanying increases in the shear deformation speed
(v,) of the rubber. Regarding the conductive mechanism of
pressure conductive rubber, the following items are to be
considered. With slow shear deformation, only deviation
in the conduction routes is produced and they are not
fragmented. Meanwhile, with rapid deformation, conduction
routes that were not fragmented with slow deformation are
broken due to the sudden deformation. Therefore, the voltage
difference AV increased more with rapid shear deformation.

Voltage cheange (AV) [V]

0 2 4 3 8 10 12
Sheer displacement speed of rubber [mmy/s]

Fig. 7. Relation between voltage change AV and sheer displacement speed

V. SUMMARY

To investigate the slip detection properties of the CoP
sensor, an experiment comparing the outputs of a load cell
and CoP sensor was conducted. The results showed that the
CoP load output varied with slip of the object being gripped.
This change was more sensitive than alaser displacement
sensor (resolution 0.1 mm), and so it could be utilized to
detect the initial slip. An experiment in which pressure
conductive rubber was made to undergo a shear deformation
was also conducted to clarify the CoP sensor slip detection
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mechanism. We found that when the pressure conductive
rubber underwent a shear deformation, the resistance greatly
increased. It was made clear that the load output change of
CoP sensor depends on the special properties of pressure
conductive rubber.

It is suggested that, through this experiment, the slip
sensor without the CoP sensor could be configured using
pressure conductive rubber. For example, when the simplest
structure of pressure conductive rubber sandwiched between
two electrodes is used, as in this experiment, the object
is set on the sensor, made to slip, and simultaneous with
it slipping, the potential across the electrodes changes. By
measuring this change, it is possible to detect slippage. When
pressure conductive rubber is utilized to configure a slip
sensor, considering the special properties, it will have the
following characteristics.

Since the pressure conductive rubber is thin, approxi-
mately 0.5mm, and light, so even with the electrodes are
attached, a thin, lightweight sensor can be configured. Since
there is a change in the potential across the electrodes with
a shear deformation of only 0.01mm as shown in the shear
deformation experiment, it is of extremely high sensitivity.

The sensor has a high speed responsibility. Since the
voltage is held constant during the shear deformation of
the pressure conductive rubber (Fig. 5), detection is possible
in the course of the object slipping. As shown in section
IV-.2, if the speed of shear deformation of the rubber (Vy)
and the speed of slippage of the object are set equal, the
slip speed of the object can be detected from the potential
difference (AV) at the time of the shear deformation and
the initial potential (V;). In this paper, we proposed highly
sensitive slip sensor which can be configured of pressure
conductive rubber and electrodes, we will conduct more
detailed experimental analysis regarding the properties of
pressure conductive rubber, and apply it (o slip sensors.
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Abstract— To achieve a human like grasping with a multi-
fingered robot hand, the grasping force should be controlled
without using information from the grasped object such as
its weight and friction coefficient. In this study, we propose
a method for detecting the slip of a grasped object using the
force output of Center of Pressure (CoP) tactile sensors. CoP
sensors can measure the center position of a distributed load
and the total load applied on the surface of the sensor, within 1
ms. These sensors are arranged on the fingers of the robot hand,
and their effectiveness as slip detecting sensors is confirmed in
tests of slip detection during grasping. Finally, we propose a
method for controlling grasping force to resist tangential force
applied to the grasped object using a feedback control system
with the CoP sensor force output.

I. INTRODUCTION

In order for robots to achieve the same level of precision in
manual operation that humans achieve, many researchers are
working on highly versatile, multi-fingered robot hands that
offer a high degree of freedom. A typical operation of hands
is grasping objects. In the past, since it was assumed that
robots would grasp specific objects, it was sufficient to use
a simple gripper structure as a hand, and to set its grasping
force to the required value. However, since each grasped
object has a different coefficient of friction and weight,
to achieve human-like grasping, it is necessary to set the
grasping force appropriately for each object without being
aware of this data in advance. Moreover, in order to grasp
objects without damaging them, it is desirable to grasp them
with the minimum force without slip. Various slip sensors
have been proposed to achieve this kind of grasping ability
[1]. :

In human grasping, Johansson et al [2][3] showed that
localized slip between the skin and the grasped object is
an important factor in adjusting grasping force. Maeno et
al [4](5] proposed an elastic finger for distributed sensing
using strain gauges with a curved surface, and showed
that by imitating the method of grasping objects used by
humans, it is possible to pick up any object for which
the weight and friction coefficient is not known, at any
speed. However, this approach involves the disadvantages of
having to produce dedicated fingers, and the requirement for
many strain amplifiers to support the arrays of strain gauges.
Melchiorri [6] has proposed a method of controlling grasp-
ing force by detecting translation and rotational slip using
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force/torque sensors based on strain gauges, and distributed
tactile sensors. However, with this approach the static friction
coefficient of the object must be known. Furthermore, since
distributed tactile sensors are used, wiring them into the
robot is a problem. Tkeda et al [7] have proposed a method
of controlling grasping force by measuring the degree of
eccentricity of the contact surface using a camera. With
methods such as this using vision, how to incorporate cam-
eras in relatively small places such as hands is a problem.
Furthermore, processing speed depends on the frame rate of
vision, and it is generally difficult to achieve slip detection
at high speeds.

This paper shows an approach to slip detection using
thin, flexible, lightweight two-dimensional center of pressure
tactile sensors (Center of Pressure sensors, hereafter “CoP
sensors”) [8](9] that can be mounted on a robot hand. CoP
sensors can measure the center position of a distributed load
applied to the surface of the sensor and the total load itself
within 1(ms). Thus, rapid slip detection can be achieved.
Furthermore, only four wires are needed, irrespective of the
size of the sensor arca, making it easy to mount them on
a robot hand. This paper describes slip detection tests using
CoP sensors and shows that slip can be detected immediately
before it occurs based on the force output of the CoP sensors.
Next we show that when force is added to a grasped object
causing slip, it is possible to achieve grasp control Lo resist
the force using a force control system with feedback from
the force output of the CoP sensors. Finally we propose a
method of grasping with optimal grasping force for the object
even when its friction coefficient is not known, by adjusting
the grasping force based on slip detection using the output
of the CoP sensors.

I1. STRUCTURE AND FEATURES OF THE SENSOR
A. Structure and Features of the CoP Sensor

CoP sensors can measure the center position of a dis-
tributed load and the total load itself [8][9]. The structure of
the CoP sensor, as shown in Fig.I, consists of pressure sen-
sitive material sandwiched between two sheets of conductive
film, Layers A and B (upper and lower layers respectively).
Both edges of the conductive film are electrodes, and we
can derive the center position of the current distribution from
the potential difference of the electrodes on both conductive
film layers. Considering the pressure characteristic of pres-
sure conductive material, it is possible to regard the center
position of the current distribution as the center position of
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Fig. |

Structure of CoP Sensor

the load distribution, and the total current which flows circuit
as the total load applied to the sensor.

Since CoP sensors consist of thin and flexible materials.
they can be used arranged on curved surfaces. Furthermore,
they find the center position of load distribution using the
potential difference of the electrodes on both conductive
film layers, so only four wires are required for the sensors,
irrespective of their area, ensuring compact wiring. That is
to say, CoP sensors have features that suit them to mounting
on robot hands.

The arithmetic processing of the CoP sensors is achieved
with simple analog circuits alone. Therefore, the time taken
for calculation is very short, thereby achieving a high-speed
response within 1(ms). Thus the sensors can be used directly
in control loops of 1(kHz).

B. Output Characteristics of CoP Sensor

1) Position and Total Force Output: The position and the
total force output characteristics of CoP sensor are shown in
Fig.2 and Fig.3 respectively, when arranged on cylinder with
diameters of 18(mm) equivalent to the finger-tip of the hand
to use for an experiment. The point where pressure is applied
and the output voltage of the sensor are in proportional
relationship. The results show that as the pressure applied
increases, the output of the sensor increases. In addition,
with increasing and decreasing pressure the output differs,
demonstrating hysteresis properties.

2) Slip Detection: We inspected behavior for tangential
force of CoP sensor with the experimental system as shown
in Fig.4.Firstly, the two fingers of the hand with the CoP
sensors grasped an object.After grasping the object starts,
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the hand was made to maintain the same joint angle. The
grasped object is connected to a DC motor by a wire, and
was started to slip vertically downwards due to rotation of the
DC motor. Vertical slip displacement of the grasped object
was measured with a laser displacement sensor (Omron: ZX-
LDA11-N) above the object. The outputs of the sensor and
laser displacement sensor were input into a computer via an
AD board (Interface: PCI-3168). The control cycle of the
hand and the sensor output sampling cycle was 1(ms),

The results of the tests are shown in Fig.5. The figures
show the slip displacement of the grasped object measured
with a laser displacement sensor and the CoP sensor output
(force output and position output). The change in CoP sensor
position output due to the occurrence of slip is small with a
maximum of 0.3(V). Immediately before slip displacement
occurs, the total force output of the CoP sensors falls
significantly (the shaded area of sensor force output in Fig.5).
Thereafter at the stage where slip displacement is happening,
the force output increases again, and during slip, complex
changes are indicated. Since these characteristics may change
depending on covering material, we performed the same
experiment about some materials. As a result, the almost
same characteristic was confirmed for all materials. Thus, It
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Fig. 4. Expenmental system of slip detection on grasping
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is thought that falling of total force output of CoP sensor
can use slip detection.

ITI. MULTI-FINGERED ROBOT HAND

In this research we used the high-speed three-fingered
hand developed by Namiki et al [10]. This hand has three
finger modules with two degrees of freedom, and it comprises
joints that swivel the fingers on both sides. The finger
modules incorporate an AC servomotor, harmonic drive, and
encoder for driving the joints, and each joint is driven with
a bevel gear.

Although small and light, this hand can open and close
180 degrees in 100(ms). In addition, it achieves high instan-
taneous output, obtaining greater grasping force than earlier
hands. Furthermore. the hand has the superior characteristic
in that backrush in the fingers overall is almost 0.

The maximum torque of the fingertip joints of the finger
modules is 0.35(Nm), while that of the basal joints and
swivel joints is 2.65(Nm). The control system feeds back the
current target joint angle in relation to the target joint angle
and sends commands regarding the torque of each joint using
PD control. The control system was built on a PC with ART-
Linux (kernel-2.4.22-0vI2.11ART) as the OS. The control
cycle is 1(ms).

CoP sensors were mounted on each joint of the finger
modules. The method used to mount the sensors on the finger
modules is shown in Fig.6.

IV. CONTROL OF A MULTI-FINGERED ROBOT HAND TO
RESIST SLIP

A. The Basic Concept behind Grasping Force Control
From the test results in Section II-B.2, it is clear that
immediately before slip displacement occurs, the CoP sen-
sors show changes in force output. Using this characteristic,
we propose a method of control in which grasping force

Film Layer A

Sensor Cover

Fig. 6. Installation of CoP sensor

is increased when tangential force causing slip is detected.
Hereafter, we will call the proposed control system anti-slip
control.

In the test described in Section I1-B.2, vertical downward
force was applied to the grasped object therefore there should
be no change in normal force even at the stage when CoP
sensor force output is changing. That is to say, force output
of the CoP sensors actually shows a smaller value than for
normal force. In relation to this, we considered control that
achieves a certain sensor force output. If the sensor force
output falls due to the occurrence of slip, control works (o
increase the force output. As a result, it is supposed that as
an amount of slip force increases, the grasping force also
increases through control.

In other words, with only a force control system that feeds
back the CoP sensor force output, grasping force control that
resists tangential force without any special control should be
possible.

The proposed anti-slip control can be achieved with just
a simple force control system, and no information about the
grasped object whatsoever is required. However, if there is no
margin in the target grasping force for the limits of friction,
or if strong tangential force is applied, it is possible that
increased grasping force from the control system will be
insufficient and slip will occur.

B. Conirol System

As described in the previous section, with only a force
control system that feeds back the CoP sensor force output,
grasping force control that resists tangential force is possible.
So damping control as shown in formula (1) was added to
the PD control of the joint angle of the hand as anti-slip
control.

Um=%ﬂﬂ/ﬂm—ﬁmﬂ M

Here, @ is the target joint angle. A is the coefficient, Vi, is
the CoP sensor force output, Vi is the target value for sensor
force output, and ¢ is the new target joint angle. Normally,
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the force output of the CoP sensors and the relevant target
values should be converted from voltage levels to force, but
here for the sake of simplicity. the voltage levels themselves
are used as is. Also for simplicity’s sake, the position of the
hand is not considered. Fig.7 shows the configuration of the
control system.

C. Test Method

The hand grasped an object and when tangential force was
applied to the grasped object. changes in the grasping force
were measured.

As shown in Fig.8 (a), an object with a load cell built into
it was grasped by the fingertip joints of the hand.Anu-slip
control was only applied (o the basal joints of the fingers
grasping the object. The target value of the sensor force
output was Vs = 3.0(V).

After the object was grasped, tangential force was applied
by human hand to the grasped object. As shown in Fig.8 (b),
tangential force was applied to the grasped object from three
different directions in the tests, from above. from below, and
from the front.

D. Test Result

Fig.9 shows the grasping force measured from the sensor
force output and load cell with anti-slip control. The time
shown shaded in the figure is when tangential force is
applied. Furthermore, the numbers shown in circles indicate
the direction of tangential force, corresponding to Fig.8(b).
Irrespective of the direction in which the tangential force
is applied, it is apparent that the load output of the CoP
sensors falls significantly at the same time as tangential force
is applied.

Wood

Load Cell

(b) Tangential force direction

(a) Grasping object

Fig. 8. Experimental result (without anti-shp control)
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When anti-slip control is applied, grasping force increases
significantly as soon as tangential force is applied. Further-
more, it is apparent that in all cases grasping force increases,
irrespective of the direction of tangential force.

Therefore, the speed at which grasping force increases.
in other words the responsiveness to the application of
tangential force, changes with the gain of the control system.
The influence of integration gain A in particular can be
thought to be significant. The greater A is, the faster the
response, but there is a greater possibility that instantancous
grasping force will be excessive, breaking the object.

The results of the tests show that with simple force control
that feeds back the CoP sensor force output, it is possible to
achieve grasping force control that resists tangential force.

V. MULTI-FINGERED ROBOT HAND GRIP CONTROL BASED
ON SLIP DETECTION

A. Basic Concept

As one of the necessary sufficient conditions for a multi-
fingered robot hand to be able to grasp an object in a
still state there exists the condition that the power of each
fingertip of the hand is within the friction cone [11]. Based
on this, it is possible to prevent slip if control is performed
so that fingertip power always remains within the friction
cone. However, for this control a static friction coefficient
is required as a parameter. In order to avoid restrictions on
the objects that can be grasped, an approach is required that
allows control even when the static friction coefficient is
unknown. Therefore this paper proposes a method of control
in which appropriate grasping force for the grasped object
can be achieved even when the coefficient of friction and
weight of the grasped object are unknown, using the force
output of CoP sensors,

The basic concept of the proposed approach is as follows.
When a hand grasps an object, if the grasping force is
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