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Abstract

A practical procedure for achieving an enveloping grasp
is presented especially for cylindrical objects. It is com-
posed of three phases, the approach phase, the lifting
phase and the grasping phase. For the grasping phase,
we introduce the natural computation mode in which a
preset torque is commanded to each joini, so that both
the equilibrium position and the contact forces may be
determined automatically. A sufficient condition for
achieving the enveloping grasps is shown for the given
procedure. Exzperimental results are also shown to verify
the effectiveness of the proposed grasping procedure.

Key words: Enveloping Grasp, Approach Phase, Lift-
ing Phase, Grasping Phase, Constant Torgue Control.

1 Introduction

Although there have been a number of works concern-
ing multi-fingered robot hands, most of them address
a finger tip grasp, where it is assumed that a part of
inner link of finger never makes contact with the ob-
ject. Enveloping grasp (or power grasp) provides an-
other grasping style, where multiple contacts between
one finger and the object are allowed. Such an en-
veloping grasp can support a large load in nature and
is highly stable due to a large number of distributed
contact points on the grasped object. While there are
still many works discussing enveloping grasps, most of
them deal with the grasping phase only, such as con-
tact force analysis, robustness of grasping and contact
position sensing. The goal of this work is to provide
a practical strategy for finally achieving an enveloping
grasp under the assumption that the object is initially
placed on a table.

Suppose that human eventually achieves an enveloping
grasp for an object placed on a table. Actually, such a
situation is often observed in a practical environment,
for example, in grasping a table knife, an ice pick, a
hammer, a wrench and so on. In many cases, the tool
handle can be modeled as a cylindrical shape. This
is why we focus on cylindrical object as the first ex-
ample, while the procedure is later extended to more
general objects. When approaching an object on the
table, human unconsciously makes a preshape of hand
according to the shape and the size of object. Then,
based on the initial contact between the finger and the
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object, human quickly envelops and lifts up the object
by the finger. To cause the object to lose the contact
with the support, human often utilizes the wedge ef-
fect, in which each finger is pushed between the object
and the table, so that a lifting force can be generated.
We are particularly interested in the utilization of such
wedge effect for lifting phase, while there are, of course,
many objects in which human directly envelops with-
out utilizing the slipping motion between the finger and
the object.

Although the series of human motion are so fast that
we can not clearly decompose it into individual mo-
tions, for robot application, we separate the whole pro-
cedure into three phases, the approach phase, the lifting
phase and the grasping phase, respectively. At the end
of approach phase, we command the finger tip to in-
sert into the space existing between the table and the
bottom part of the object. Then, by forcing each fin-
ger between them, the finger tip can produce a lifting
force on the bottom surface of the object and, as a re-
sult, the object is lifted from the table. During such
a lifting phase, the freedom for the object motion is
lost gradually by closing each finger. When the fin-
ger satisfies some constraint condition, we switch into
the natural computation mode, where constant torque
commands are simply sent to all joints. Such a natural
computation mode releases us from computing the ex-
act contact forces as well as the exact object’s position,
since they are naturally determined by the combination
among the commanded torque, the object’s weight and
the geometrical relationship. Therefore, we can expect
that the enveloping grasp can be easily achieved with-
out any complicated motion planning. Assuming the
friction coefficient between the finger and the object,
we consider a sufficient condition for. finally achieving
an enveloping grasp. One emphasis is that the suffi-
cient condition spans a large area which is desirable
for a practical utilization. We show an optimum palm
position, in which the finger can complete both the ap-
proach and the lifting phases for the largest range of
diameter of objects. We also show a disirable region
of joint torque command for achieving an enveloping
grasp for various size of objects. Experimental results
are also shown to verify the effectiveness of the pro-
posed grasping procedure.
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2 Related Work

Approach phase: Jeannerod{l] has studied human
grasping intensively and has shown that during the ap-
proaching phase of grasping, the hand preshapes in or-
der to prepare the shape matching with the object to
be grasped. Bard and Troccaz{2] introduced such a
preshaping motion into a robotic hand and proposed
a system for preshaping a planar two-fingered hand by
utilizing low-level visual data. Kaneko and Honkawa(3]
proposed an active sensing method for localizing mul-
tiple contact points for an inner link based grasp.
Lifting phase: Trinkle and Paull4, 5] proposed the
concept of grasp liftability and derived the liftability
regions of a frictionless planar object for use in manip-
ulation planning.

Enveloping grasp or power grasp: Mirrza and
Orin[6] applied a linear programming approach to for-
mulate and solve the force distribution problem in
power grasps, and showed a significant increase in the
maximum weight handling capability for completely en-
veloping type power grasps. Trinkle[7] analyzed plan-
ning techniques for enveloping, and frictionless grasp-
ing. Salisbury(8, 9] has proposed the Whole-Arm Ma-
nipulation (WAM) capable of treating a big and heavy
object by using one arm which allows multiple contacts
with an object. Vassura and Bicchi[10] have proposed a
dexterous hand using inner link elements to achieve ro-
bust power grasps and high manipulability. Melchiorri
and Vassura(11] discussed mechanical and control is-
sues for realizing such a dexterous hand. Bicclfl{lZ]
showed that internal forces in power grasps which allow
inner link contacts can be decomposed into active and
passive. Omata and Nagata[13] analyzed the indeter-
minate grasp force by fixing their eyes upon that con-
tact sliding directions are constrained in power grasps.
Zhang et. al[14] evaluated the robustness of power
_ grasp by utilizing the virtual work rate for all virtual
displacements. Kumar[15] used WAM as an example to
explain their minimum principle for the dynamic anal-
ysis of systems with frictional contacts.

Work combined with more than two phases: For
a two-fingered hand whose opening is controlled by a
single parameter, Rimon and Blake{16] discussed a pre-
shaping problem combining with grasping phase. For
an initial hand configuration, an object has some free-
dom to move but finally leads to the desired immo-
bilizing grasp by simply closing the fingers. Klein-
mann et.al.[17) showed a couple of approaches for finally
achieving power grasp from finger tip grasp. In our pre-
vious work(18], we have shown that human chooses the
grasp planning according to the scale of objects, even
though they are geometrically similar (Scale-Dependent
Grasp). Based on the observation of human grasping,
we introduced three grasping strategies depending upon
the size of objects for cylindrical objects placed on a ta-
ble.

3 Grasping Procedure

3.1 Hand and grasp model

We assume a three-fingered robot hand as shown in
Fig.1. While most of the developed hands have a swing

Fig.1 An exémple of emveloping grasp.

joint at the base of each finger, it is regarded that the
swing joint is locked so that each finger can move only
in 2D plane. The motion plane of finger is parallel in
each other. Each joint has a joint position sensor and
a joint torque sensor. The joint position sensor is in-
dispensable for determining the finger posture and the
joint torque sensor is conveniently utilized for detect-
ing the contact between the finger and the table (or the
object) and for realizing either torque control or com-
pliance control. We assume that the object has cylin-
drical shape and it is placed on a flat table. We also
assume that the object is placed at the center between
the right and the left fingers. These assumptions allow
us to discuss the grasping problem in 2D space. We fur-
ther assume that the palm is already positioned close to
the object and, therefore, do not discuss the approach
phase of the robot arm itself. Also, the diameter of the
object is roughly given by a visual sensor.

3.2 The grasping procedure

Fig.2 explains three phases for grasping a cylindrical
object where (a)—{(c), (d), (e) and (f) are the approach
phase, the lifting phase, the grasping phase and the co-
ordinate system, respectively. In the approach phase,
each finger first takes the designated initial posture (see
Fig.2(a.)% and then the first link is rotated until the
finger tip detects the table. By monitoring a torque
sensor output in each joint, we can detect any contact
between the finger and table as shown in Fig.2(b) (ta-
ble detection). After the table detection, the finger tip
is commanded to move along the table until it makes
contact with a part of the object as shown in Fig.2(c).
(object detection). The approach phase is composed of
these two sub-steps. Since the finger tip is commanded
to follow the table, it is most probable for the finger tip
to make contact with the bottom part of the object. In
the lifting phase, the finger tip is further commanded to
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{b) Table detection

{a) Initial posture

(c) Object detection (d) Lifting phase

LI 777777 ///////%///7//
(¢} Grasping phase ) Coordinate system
Fig.2 The procedure for achieving an enveloping grasp.

move along the table to make the most use of the wedge
effect. Therefore, there is no real switching point be-
tween the approach and the lifting phases. The object
height during the lifting phase varies according to the
finger tip position, and finally both the first and the sec-
ond links will make contact with the object (two-points-
contact mode), as shown in Fig.2(d). At this moment,
the outputs from joint torque sensors abruptly increase,
because the degree of freedom for the finger tip to move
along the table surface is no more available under such
multiple contacts. By utilizing a large joint torque as
a trigger signal, we switch from the lifting phase to the
grasping phase. The grasping phase is realized by the
natural computation mode, in which a constant torque
is commanded in each joint for finally making the object
contact with the palm in addition to both the first and
the secoond links as shown in Fig.2(e). Whether the
object really reaches the palm or not and how firmly
the hand grasps the object, strongly depend on how
much torque command is imparted to each joint.

4 A Sufficient Condition

4.1 Some definitions

Define the vector, u = (R/l, h/1)!, where R, h and !
are the radius of cylinder, the height between the palm
and the table and the link length, respectively. The
area F is defined, such that u € F can ensure that the

tip reaches the table and the second link makes contact’

with the object before the other part of the finger link

makes contact with the object. The area V is defined
such that v € V can ensure that the object is lifted
until the two-points-contact mode is achieved. We stop
the lifting phase if the two-point-contact mode is not
achieved before the finger link results in the straight-
lined posture. Define the vector v = (ry, 72.)*, where
Ti. and 7p. are the command torque for the first and
the second joint, respectively. The area 7 is defined,
such that v € 7 can ensure that the finger completely
ex;;eiops the object until the object finally reaches the
palm.

4.2 Problem formulation

Problem 1:
Find two areasu € VNF andv € 7T.

The answer for the Problem 1 provides a sufficient con-
dition for finally achieving an enveloping grasp. A
larger area is of course desirable, because we can easily
find h, 7. and T3, without any complicated process.
Our second goal is to find h that can succeed in en-
veloping various size of objects. Mathematically, this
is formulated as follows:

Problem 2:

Find h, mazimizing B,, where R, = Rypaz — Ronin,
Ryper = max{(1, 0)u}, Rpin = min{(1, 0)u} end
u= (R, ) €EVNF. :

The answer for the Problem 2 is conveniently utilized
for practical application. Because we can simply set k,
irrespective of the size of object for completing both the
approach and the lifting phases, if Rnin € R £ Ruin-

4.3 The approach phase: F

Although there are many possible postures during the
approach phase, for simplicity, we assume that the sec-
ond joint is controlled so that it always keeps a certain
angle 59 with respect to the absolute coordinate sys-
tern as shown in Fig.2(a) and (b). As described before,
the approach phase is composed of two sub-steps (table
detection and object detection). For each step, we now
consider a couple of conditions for obtaining F.

Step 1 (table detection):

(a) To avoid for the object to penetrate the palm, A
must be larger than 2R(k > 2R).

(b) The tip must contact with the floor. This condition
varies according to how much @y is imparted to the
second link, where the subscript “0” denotes the initial
value,

(c) The first link should not make contact with the ob-
ject before detecting the table. In other words, the link
posture should not have any intersection between the
link and the object when the finger detects the table,

Step 2 (object detection):

(d) The first link should not make contact with the
object before the second link contacts the object, while
the finger tip is moved along the table.

F is given by the common area satisfying all conditions
(a), (b), (c) and (d).
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4.4 The lifting phase

(e) The contact point should always keep the sliding
condition, which is given by 8; > o, where 2a denotes
the top angle of the friction cone at the point of contact
as shown in Fig.2(c). Although 8, varies according to
the link posture, we utilize the minimum 6, during the
approach and the lifting phases. The sliding motion is
always guaranteed if the minimum 8; > « is satisfied.
Because the contact force finally comes out from the
friction cone under.the condition, when the grasping
force is increased.

{f) Two-points-contact mode should be completed be-
fore the finger posture results in the straight-lined pos-
ture.

{g) Two-points-contact mode should be completed be-
fore the object makes contact with the palm.

Both constraints (f) and (g) come from the grasping
procedure explained in 3.2. V is given by the common
area satisfying all conditions (e}, (f) and (g).

4.5 The grasping phase

Under two-points-contact mode, the link posture is
uniquely determined when the position of object is
given. Assuming the contact position p; = (piz, Piy)*
for i-th link (i=1 or 2), we can express the relationship
between the contact force f; = (fiz, fiy)® and the joint
torque 7; as follows:

oS +p,0F,; (1)
(p,—er)®f, (2)

where e; = (ei;, e;)' is the vector indicating i-th
link tip, and @ denotes a scalar operator performin,

Wi Way — Wa Wy, for two vectors wy = (wy,, wy)

and wy = (wz:, wey)’. The contact force is decom-
posed into two components and is described by using
the normal and tangential unit vectors, n; and ;.

I = finni + futs (3)
~ ptfin < fit < pfin | (4)

where g is the frictional coefficient at the point of con-
tact, and f;, and f;; are the normal and the tangential
force components at the contact point in the i-th link,
respectively. The vertical component of the force is

given by
fo= ;(fl‘i‘fz) (5)

where ¢, denotes the y-directional unit vector as shown
in Fig.2(f). Under egs.(1), (2), (3) and ineq.(4), let
us now consider the linear programming problem to
maximize f,. Let f} and f; be the maximum and the
minimum values, respectively. If both 2f} — mg and
2f. —mg are positive for all possible heights, the object
moves upward until it finally reaches the palm, where
2f} (or 2f;) denotes the vertical force by two fingers.
If both are negative, the object moves downward and
the hand will finally fail in enveloping the object.
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Fig.4 V in the lifting phase.

4.6 Simulation for F, Vand T

Fig.3 and Fig.4 show F and V, respectively, computed
for the hand shown in Fig.2, where 8¢ and a are cho-
sen as parameters. As 0y increases in Fig.3, the area
of F reduces. Similarly, as o increases in Fig.4, the
area of V reduces. Note that we can still obtain a large
area V under a relatively large a. Since we do not know
the friction coefficient in advance, this result is desir-
able. Fig.5 shows the intersection between F and V),
where a=n/36 and 80=7/36. One important remark
is that F NV still keeps a large area and if h/I=1.75
is chosen, the procedure ensures to complete both the
approach and lifting phases for an object whose diam-
eter is in the range of 0.02 < R/l < 0.87. In other
words, an object ?0.02 < RJl < 0.87) on the table fi-
nally results in the two-points-contact mode by simply
choosing h/1=1.75. This result is very noticeable from
the viewpoint of actual application. Because as far as
h/1=1.75 is selected, the exact size of object is not nec-
essary, while most of the grasping procedures need the
exact information of object size. The answer for the
Problem 2 is h,=1.75 with 0.02 < R < 0.87, for this
particular example. One remark is that we can keep
h,=1.75 with 0.02< R <0.87, even though the fric-
tional angle increases up to a=7r/45. Fig.6 shows 7
computed for the hand shown in Fig.2, where the area
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Fig.5 Intersection between F and V (o=x/386,
830’-—'31!' /36).
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Fig.6 7 in the grasping phase (a=r/36).

of T is denoted by the hatched line and mg is chosen
by mg = 1.0. From Fig.6, we can again see a large
area, while the area varies rather strongly depending
upon the radius of the object. This radius dependency,
however, does not make much problem. Because the
robot hand can roughly estimate the size of object by
utilizing the link posture when the two-points-contact
is achieved. Therefore, we can choose the pair of 7y,
and 7. for the object whose radius is roughly given.
As a general tendency, for a small cylinder, the suffi-
cient condition for achieving an enveloping grasp is eas-
ily satisfied if we choose large and similar joint torque
for both joints, while for a large cylinder, the possible
area reduces. One desirable feature of 7 is that if we
choose the pair of 71, and 15, within Tg=0.3, it can cover
the object whose radius is less than R=0.8 and greater
than R=0.2.

5 Experiments

5.1 Mechanical description of Hiroshima-
Hand

The Hiroshima-Hand is composed of three finger units,
where each finger unit has completely same configura-
tion. Fach finger unit has three joints and the joint
assignment is same as that of human finger except the

Fig.7 A grasping experiment (R=15{mm]}).

swing motion. Because of simplification of the mech-
anism and limited research purpose, the swing degree
of freedom (d.o.f) is not included on purpose. If we
really need this d.o.f, however, we can impart it to the
connection part between the finger unit and the base.
The finger size is almost same as that of human and
the length of each link segment is chosen with 40[mm],
25[mm| and 25[mm], respectively. The power is trans-
mitted from an actuator to each joint through tendon-
pulley driving system. The compliance coming from
the tendon often produces undesirable behaviors, such
as control instability and a large positional error. Three
actuators are, therefore, placed just close to the base
joint, so that the tendon length may become as short
as possible. Each joint has a tension-differential type
joint torque sensor[19]. Each joint angle is measured
by the encoder directly connected to the rotor shaft of
the actuator. For our particular experiments, we utilize
three finger units, where two are fixed in the right side
and one is in the left side. Since each finger has three
links, we can keep a large and constant @3 during the
approach phase, which provides a larger V compared
with that of two-link model.

5.2 Grasp experiments

Fig.7 shows continuous photos for an experiment, where
the radius of the object is R=15|mm]. The hand can
complete the task very quickly. For example, the exe-
cuting time for finally enveloping the object by the fin-
gers was just 2.8 [sec|. Fig.8 shows the map for judging
the success or the failure (R=22.5mm]) obtained by
experiments when we change the command torque for
each joint, where + and x denote failure for enveloping
grasp, and () denotes the success. To avoid the compli-
cated display, 73, = 72 is imparted to the third joint.
In experiments, there are basically two failure modes.
One is that the command torques are not big enough
to finally lift up the object to the palm, which is shown
by +. The other is that the command torque for the
first joint is too big compared with that of the other
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Fig.8 Map for judging the success or the failure
(R=22.5[mm]).

joints and, as a result, the first link closes earlier than
the remaining links envelop the object. The second
case is shown by x. In the second case, the object can
not reach the palm. The second failure mode mainly
comes from the redundancy of the system, while it is
more difficult for the two-link finger to have the simi-
lar configuration after a two-points-contact mode. Of
course, there are some ambiguous region between the
success and the failure regions. This result is shown
by A. From Fig.8, we note that there exists a large
number of combinations for achieving the target grasp.
Through the whole experiments, the success rate was
almost 100% if we choose the torque commands from
the region with 0.

6 Conclusions

We proposed a grasping procedure for finally achiev-
ing an enveloping grasp for an object placed on the
table. The approach and the lifting phases were also
included as well as the grasping phase. We showed
that if the height between the palm and the table is
selected by h=1.75, the finger can cover the most var-
ious size of cylindrical objects. We also showed that
the determination of joint command torque during the
natural computation mode has much choice. We con-
firmed that the proposed procedure works effectively
by utilizing the Hiroshima Hand. It was shown that by
inserting the additional phase, the proposed procedure
can be easily extended to more general column objects
whose cross sections are polygon. Finally, we would like
to express our sincere gratitude to Mr. Thaiprasert for
his cooperation in the experiment.
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