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Abstract: This paper discusses the scale-dependent enveloping grasp. Human unconsciously
changes the grasp strategy according to the size of objects, even though they have similar
geometry. In wrapping a cylindrical object placed on a table, the grasping process by human
can be roughly classified into three patterns according to the object’s size. For a large
cylindrical object, human wraps it directly without any regrasping process. As the diameter
decreases, human begins to use the slip between finger link and the object. For a further
small diameter, human first picks it up by finger tips and then makes grasp transition from
finger tip to wrapping. We extract the essential motions from human grasping by utilizing
the idea of virtual finger. A practical procedure for achieving an enveloping grasp is also
presented especially for the second grasp pattern that utilizes the slipping motion.
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1 Introduction

There have been a number of works concerning 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 object. Enveloping
grasp (or power grasp) provides another grasping style,
where multiple contacts between one finger and the ob-
ject are allowed. Such an enveloping 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 en-
veloping grasps, most of them deal with the grasping
phase only, such as contact force analysis, robustness
of grasping and contact position sensing. 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 exam-
ple, 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 example. For
a cylindrical object having a sufficiently large diame-
ter, human will wrap it directly without any regrasp-
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ing process, since the table makes no interference with
the finger links. As the diameter decreases, human be-
gins to use the slip between finger link and the object.
For a further small diameter, however, human can not
wrap it directly since the table interferes with finger
link. Under such a case, human first picks it up by fin-
ger tips and then achieves the target style through the
phase transition from the finger tip to the wrapping.
More complicated transition phases may be observed
depending on the diameter of the cylinder and on the
person-dependent choice of grasp planning. These ex-
amples suggest that human chooses the grasp planning
according to the scale of objects, even though they are
geometrically similar. We call the grasp planning the
scale-dependent grasp planning. Although the series
of human motion are so fast that we can not clearly
decompose it into individual motions, for robot appli-
cation, we extract the essential motions from human
grasping by utilizing the idea of virtual finger.

In this paper, we are particularly interested in the slip-
based grasp, where human utilizes the wedge effect by
pushing each finger between the object and the table,
so that a lifting force can be generated. A practical



procedure for achieving an enveloping grasp is also pre-
sented especially for the slip-based grasp.

2 Related Work

Human grasping based approach: In robotic
hands, there have been a number of papers learnt by
human behaviors[1]-[5]. Cutkosky and Wright(1] have
analyzed manufacturing grips and correlation with the
design of robotic hands by examining grasps used by
humans working with tools and metal parts. They clas-
sified the human grasps into two big categories, one
is emphasized on stability and security (power grasp)
and the other on dexterity and sensitivity (precision
grasp). Stansfield discussed the robotic grasping based
on knowledge{4]. These works [1]-{4], and [5] focus on
either the final grasp mode or finding an appropriate
grasp posture under a set of grasp modes, target geo-
metric characteristics and task description.

Jeannerod[6] has shown that during the approaching
phase of grasping, the hand preshapes in order to pre-
pare the shape matching with the object to be grasped.
Bard and Troccaz|7] introduced such a preshaping mo-
tion into a robotic hand and proposed a system for
preshaping a planar two-fingered hand by utilizing low-
level visual data. Kaneko and Honkawa|8] proposed an
active sensing method for localizing multiple contact
points for an inner link based grasp.

Enveloping grasp or power grasp: Mirrza and
Orin[9] 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[10] analyzed plan-
ning techniques for enveloping, and frictionless grasp-
ing. Saﬁsbmy[ll& 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. Bicchi[12] showed that internal forces
in power grasps which allow inner link contacts can
be decomposed into active and passive. Omata and
Nagata[13] also analyzed the indeterminate grasp force
by fixing their eyes upon that contact sliding directions
are constrained in power grasps. Zhang et. al.[14] eval-
uated the robustness of power grasp by utilizing the
virtual work rate for all virtual displacements. Klein-
mann et.al.[15] showed a couple of approaches for fi-
nally achieving power grasp from finger tip grasp. In
our previous work[16], we have shown a preliminary
work on Scale-Dependent Grasp.

3 Observation of human behavior

A subject sitting on a chair is commanded in such a way
that he grasps a cylindrical object placed on a table in
finally a wrapping style. Each examinee executes eigh-
teen trials for various cylindrical objects with eighteen
different diameters D. Fig.1 shows the change of grasp
strategy according to the diameter of cylinder, where
the horizontal and vertical axes are the length L from
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d=D/L

Fig.1 Grasp strategy classification map
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Fig.2 Two-VFs-based transition grasp

thumb’s tip to pointer’s tip and the normalized diam-
eter of cylinder d given by d = D/L. The discussion
utilizing d is very convenient since it is non-dimensional
and, therefore, suppress the scale effect brought by the
hand size. o denotes that a subject cannot grasp the
object due to its large diameter, + denotes that the
person’s hand wraps around it directly without any re-
grasping process, o denotes that the person first lifts
the object from the table by utilizing a wedge effect be-
tween the fingers and the object, as shown in Fig.2(b),
and then closes each finger around the object to achieve
the target grasp (Fig.2(c)), and x denotes that the sub-
ject first picks up the object between his/her index fin-
ger and thumb, and then the remaining fingers hook
the object and squeeze it till the finger tip grasp is bro-
ken and the object contacts the palm, as shown in Fig.3.
Both the second and the last grasps are accompanied by
grasp transition, such as that from finger tip to wrap-
ping grasps. In both the first and the second grasps,
the remaining fingers except thumb can be replaced by
a virtual finger (VF), since they act as if they were just
one finger. In the last grasp, the fingers other than the
index finger and thumb can be regarded as a VF in the
last grasp. Although there are, of course, some subjects
utilizing exceptional grasp strategies, most of them ex-
hibit a similar tendency to change the grasp strategy
according to the size of object. If we remove the un- .
graspable region from Fig.1, the grasp strategies can
be classified into three groups, direct grasp, Two VFs-
based transition grasp, and Three VFs-based transition
grasp, respectively.
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Fig.3 Three-VFs-based transition grasp

4 Scale-Dependent Grasp by
Multi-Fingered Robot Hands

Since the direct grasp can be easily realized if a robot
hand can satisfy the geometrical condition, we do not
discuss this strategy here. Instead, focusing two other
grasp strategies, we extract essential motions which are
applicable for a robot hand. Also, to simplify the dis-
cussions, we assume that a three-fingered robot hand
has three d.o.f for each finger and each link and the
palm are of equal length, and that the robot knows the
object shape and its position in advance.

A. Two VFs-Based Transition Grasp

As the diameter of the cylinder decreases, there exists a
critical switching point where the direct wrapping can
be realized any more since the table causes interference
with the fingers. As mentioned before, the grasp strat-
egy can be explained by two VFs as shown in Fig4,
where each finger tip makes contact with the object
surface in Fig.4(a). In the next step, each finger tip
pushes the object each other, so that we can make the
most use of the wedge effect. Then, the object will be
automatically lifted up by the slip between the finger
tip and the object surface. Each finger link is closed
to remove the degrees of freedom of the object grad-
ually. By this motion, both the second and the third
links will make contact with the object (two-points-
contact mode), as shown in Fig.4(b). At this moment,
the outputs from joint torque sensors abruptly increase,
because the degree of freedom of finger along the table
surface is no more available under such multiple con-
tacts. By utilizing a large joint torque as a trigger sig-
nal, we switch to a constant torque control mode, in
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Fig.4 Two-VFs-based transition grasp

which a constant torque is commanded in each joint
for finally making the object contact with the palm in
addition to all links as shown in Fig.4(d). Whether the
object really reaches the palm or not and how firmly
grasp the object, strongly depend on how much torque
command is imparted to each joint.

B. Three-VFs-based transition grasp

The Three-VFs-based transition grasp can be decom-
posed into two basic motions. One is the motion for
picking up the object by using the index finger (fin-
ger 1) and thumb (finger 2) as shown in Fig.5(b), and
the other is a series of motions for achieving the target
grasp by using the last finger dexterously as shown in
Fig.5(c)-(f). The first motion plays an important role
in allowing no interference from the table, and can be
easily realized if the object shape and location are per-
fectly given to the robot hand. In the following series
of motions, the tip of the finger 3 first hooks the object
and draws it toward the palm. By this finger motion,
the object will rotate around the grasp axis formed by
the fingers 1 and 2, unless the contact distance between
the finger 3 and the finger 2 (or the finger 1) is too small.
In order to realize the rotating slip, we can apply the
existing approaches. After a part of object does make
contact with the palm, we can regard the contact point
between the palm and the object as a support point for
a lever. Therefore, on increasing the drawing force, the
finger tip grasping by the fingers 1 and 2 will eventu-
ally be broken for a large drawing force imparted by the
finger 3{Fig.5(e)). By utilizing the inertia effect after
breaking contact, the finger 3 can hold down the ob-
ject against the palm. After that, both fingers 1 and 2



o
Fig.5 Three-VFs-based transition grasp

wrap the object quickly. This motion planning is sim-
ple enough so that we may be able to implement it to
a multi-fingered robot hand, even though human being
exhibits more complicated motion planning for such an
object. ~

5 Analysis of Two-VFs-based
transition grasp

For simplifying the discussions, we impart the following
assumptions.

Assumption-1: The robot hand has two fingers and
each finger has two joints.

Assumption-2: Each link always has one contact
point.

Assumption-3: The base distance and the link
length have unit length.

Fig.6 shows the coordination and the definitions of no-
tation for 2D cylindrical model, where R, (z¢, yc)7,
T=(T11, Ti,2, T2,1, T2.2)° and 6;; denote the radius
of the object, the position of the center of gravity of
the object, the commanded torque, and the joint posi-
tion with respect to the horizontal line. If R and (z¢,
ye)T are given, it is clear that the posture of the link
is uniquely determined. As a result, the posture of the
object and the link is a function of (zg, yg)” alone. Let

778

Fig.6 Definition of notation for 2D cylindrical model

Pi;=(Pijzes Pijy)” be a position vector of the contact

point on the ith finger and jth link (i=1, 2, j=1, 2)

and e; ;=(e; j =, €i,jy)" be a position vector of the tip

of each link, respectively. Since a contact force always

gppears within the friction cone, it can be represented
v .

2

fog = A0 Q2o (@)
mazl
= VijAij (2)
where V;; is the unit vector directing the boundary
of the friction cone, V;; = [v};,v};] and A;; =

(AL )\?_j]T. For two fingers, we have the following re-
lationship.

T = Jf 3)
f = VA (4)
where
FJT JT, o 0
T _ 1,1 1,2
7= . © o Jg:l J:{z } %)
[ i i —€{0,z -+ 3,1,z
J?} — €10,y Op,i,y 0, 0 Di1, } (6)
T - _ [ €,0y —Pi2y €0zt Pi2x
J"z L €y ~ P2y Tl +Pi2x ] (7)
Vi, o o o
o Viz o 0o
V=1 o o Vi o ®)
| o o o Vi
o _ [ —sin(8;; —a) —sin(f;; +a)
Vii = | cos(fiy—o) costéi;+a) | @)
T
A = [A’{,DA{mAg)y)\g‘,g} (10)
The resultant force f, is given by
2 2
f, = ZZfi,j+Mg (11)
=]l F=1

= [Vi1,...,V22]A+ Mg (12)
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Fig.7 7 in the constant torque command mode

Furthermore, we decompose the total force in the hori-
zontal component f, and the vertical component f, as
follows.

I

clf, (13)
crf, (14)

Ia

Under constant torque control, both f, and f, are
bounded between the maximum and the minimum val-
ues of each axis of f,. We can compute both the max-
imum and the minimum values by applying the linear
programming problem given as follows.

Maximize or Minimize

fo = CT[Vyii,...,VaslX (15)
or
fv = Cg’[vl,lr"':VTZ,?}A.*‘Mg(lﬁ)
Subject to
JIVa=r an
AT >0 (18)

(i=1,2,7=1,2 m=1,2)

Let f;t and f; be the maximum and minimum values

of f,, respectively. If 0 < f < fF is satisfied, the
object always receives the upward force, and a result,
it starts to move toward the palm. On the other hand,
if f7 < f < Oissatisfied, the object moves downward.

The hatched line in Fig.7 shows 7 computed for the
hand in Fig.6, where 7 is defined such that the area
ensures that the finger completely envelops the object
until the object finally reaches the palm and mg is cho-
sen by mg=1.0. From Fig.7, we can see a large area,
while the area varies rather strongly depending upon
the radius of the object. This radius dependency does
not make much problem. Because the robot hand can
roughly estimate the size of object by utilizing the link
posture when a two-points contact is achieved. There-
fore, we can choose the pair of 7.; and 7.2 for the object
whose radius is roughly given.
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Fig.8 Grasping experiment {R=151mm]}
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Fig.9 Grasping experiment (R=30[mm])

6 Experiments

Fig.8 shows continuous photos for a grasp experiment,
where the radius of the object is R=15{mm)]. The hand
can complete the task very quickly, for example, the ex-
ecuting time for finally enveloping the object by the fin-
gers was just 2.8 [sec]. Fig.9 also shows continuous pho-
tos for a different object whose radius is 30[mm]|. Fig.10
shows the success and failure map (R=22.5(mm]) ob-
tained by experiments when changing the commanded
torque for each joint, where the black and the white
symbols denote the success and the failure of enveloping
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Fig.10 Map for judging the success or the failure
(R=22.5{mm])

grasp, respectively. To avoid the complicated display,
Te3=T.9 i$ imparted to the third joint. In the exper-
iment, there are basically two failure modes. One is
that the commanded torque are not big enough to fi-
nally lift up the object to the palm, where this case is
shown by +. The other is that the command torque
for the first joint is too big compared with that of the
other joints and, as a result, the first link closes ear-
lier than the remaining links envelop the object. The
second case is shown by x. In the second case, the ob-
ject can not reach the palm. The second failure mode
comes from the redundancy of the system, while it is
more difficult for the two-link finger to have the sim-
ilar configuration after 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.10, we would note that there exists a large
number of combinations for achieving the target grasp.
Through the whole experiments, the success rate was
almost 100% for the object which can be enveloped by
the hand.

7 Conclusions

We discussed the Scale-Dependent Enveloping Grasp
based on the observation of human grasping and showed
that human switches his (or her) grasp strategy ac-
cording to the size of object, even though the object
has a similar geometry. We also found that there are
roughly three regions, the Direct-grasp, the Two-VFs-
based transition grasp, and the Three-VFs-based tran-
sition grasp. Focusing on Two-VFs-based transition,
we showed the determination of joint command torque
for finally making the grasp object reach the palm.
We confirmed that the proposed procedure works ef-
fectively by utilizing the Hiroshima Hand. Finally, we
would like to express our sincere gratitude to Mr. N.
Thaiprasert, Mr. Y. Hino, and Mr. Y. Tanaka for their
cooperation for this work.
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