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Scale-Dependent Grasp
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Abstract—This paper discusses the scale-dependent grasp. What grasp patterns ?
Suppose that a human approaches an object initially placed on a ———
table and finally achieves an enveloping grasp. Under such initial I I
and final conditions, he (or she) unconsciously changes the grasp )/—\|
strategy according to the size of objects, even though they have ‘ \
similar geometry. We call the grasp planning the scale-dependent ~ A
I I

grasp. We find that grasp patterns are also changed according to
the surface friction and the geometry of cross section in addition
to the scale of object. Focusing on column objects, we first classify
the grasp patterns and extract the essential motions so that we can
construct grasp strategies applicable to multifingered robot hands.

i
The grasp strategies constructed for robot hands are verified by Initial state Final state
experiments. We also consider how a robot hand can recognize

the failure mode and how it can switch from one to another. Fig. 1. Enveloping grasp for an object placed on a table.

Index Terms—Grasping strategy, multifingered robot hand,

scale-dependent grasp. . . . .
P grasp to the size of object, even though they are geometrically similar.

We call the grasp planning tlseale-dependent grasp planning
I. INTRODUCTION We would note that thecale-dependent gragjoes not mean

HERE have been a number of works concerning multifif' final grasp style but means the change of grasp patterns ob-
T gered robot hands. Most of them address a finger tip gra§&rved be_tween the initial and the final states according to the
where it is assumed that a part of inner link never makes cotZe Of objects.
tact with object [1]-[3]. Enveloping grasp (or power grasp) pro- In t_his paper, we first o_bser\_/e the h_uman behavior for
vides another grasping style, where multiple contacts betwe@i@SPing column objects with different size, shape of cross
one finger and an object are allowed. Such an enveloping gr&§stion, and contact friction. Then, we extract the essential
can support a large load in nature and is highly stable due t§"gtions (or functions) from human behaviors so that we can
large number of distributed contact points on the grasped G#Ply them to a multifingered robot hand. It should be noted
ject. We focus on the enveloping grasp in this work. While theffat we do not intend to transfer the exactly same human
are still many works discussing the enveloping grasp, most iotions to a robot hand just like a master-slave system. The
them deal with the grasping phase only, such as contact foff§Proach by a master-slave operation may succeed in grasping
analysis, robustness of grasp, contact position sensing, and§object if the robot hand has the same degrees of freedom,
forth. On the other hand, we are interesting to consider the wh&f@hfiguration, number of fingers, and surface material as those
grasping procedure starting from an approach phase. Thro@j{iuman. The developed robot hands [4]-{6], however, have
experiments for getting the hint of this problem, we found olipeir own mechanical configurations and some are too far from
an interesting human behavior. Suppose that human eventullgt of human hand. Under such a situation, the approach by
achieves an enveloping grasp for an object placed on a taffidnaster-slave operation may easily fail in grasping an object.
as shown in Fig. 1. Actually, such a situation is often observddnis is the reason why we intend to transfer the basic functions
in practical environment, e.g., in grasping a table knife, an i#gstead of the exact motions. In such sense, it is important
pick, a hammer, a wrench, and so on. In many cases, the tiextract the basic functions from human grasping patterns.
handle can be modeled as a cylindrical shape. For a cylindriddifough human observation, we learn that an enveloping grasp
object having a sufficiently large diameter, human wraps it d¢@n be achieved by three essential tasks: 1) detaching motion
rectly without any regrasping process since the table makesHm @ table; 2) lifting up motion toward the palm; and 3) firmly
interference with the finger links at all. As the diameter de3rasping. For robot application, we prepare grasping strategies
creases, human is obliged to utilize a different strategy so thatgfdnposed of the above three tasks which are changed according
(or she) may avoid interference caused by the table. By expég_the size, the shape of cross section and the contact friction of
ments, we show that human chooses a grasp planning accord@Bigct. A question is how a robot chooses an appropriate one
among a number of strategies. As for both shape and size of
. . . _ objects, vision sensor is greatly helpful for making decision on
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depending on the sensor information available. The way fbe decomposed into active and passive. Omata and Nagata [19]

switching is also an important issue in this work. have analyzed the indeterminate grasp force by considering that
This paper is organized as follows. In Section I, we briefly resliding directions are constrained in power grasps. Ztedrad.

view conventional works. In Section Ill, we observe the humg@a0] have evaluated the robustness of power grasp by utilizing

grasping and show that human changes his (or her) graspihg virtual work rated for all directions of virtual displacements.

strategy depending upon the size, friction, and geometry of ob-

jects. In order to obtain the orientation for constructing gra€p. Enveloping Style Manipulation

strategies suitable for a multifingered robot hand, we extract theryinkle et al[21] have analyzed planning techniques for

e;sential functiong from hum.an obsgrvation. In Section 1V, Weweloping without friction. Trinkle and Paul [22], [23]
discuss the grasping strategies applicable for a general mylfiye proposed thinitial Grasp Liftability Chart (IGLIC) to
fingered robot hand. We also include the discussion on howdQ,\y7e Jiftable condition for a frictionless object by using
choose an appropriate one among many strategies and howd@era| pushers. Trinklet al. have discussed the quasi-static,
swnch fromone to another when the robot hand falls.ln graspiRgihole-arm,” dexterous manipulation of enveloped slippery
an object. In Section V, we try to relax some assumptions, so tk}@érkpieces. They have considered grasp planning only under

we can apply the results to more general cases. In Section Yls assumption of low friction, while contact friction generally

we conclude our work. plays an important role to determine the grasp planning. Under
constant torque control, Kanela al[25] have discussed the
Il. RELATED WORK transition stability ensuring that the object moves stably from a
A. Human Grasping-Based Approach table to the palm. They have proposed thece-flow diagram
In robotic hands. there have been a number of | sh8wing the accelerated direction at the point where the object
! bapers learfie grasped. Kleinmanet al. [26] have showed a couple of
by human behaviors [7]-[10]. Cutkosky [7] has analyzed manu-

facturing grips and correlation with the design of robotic han(fé)proaches for finally achieving the power grasp from the

2 : . inger tip grasp.
by examining grasps used by humans working with tools anHThere have been a number of papers discussing finger

metal parts. Bekegt al.[8] have presented the automatic grasp

; . |g—based manipulation, where we can expect dexterous
planner which generates an order set of grasp according to task. . . ST
manipulation by using many degrees of freedom existing in

description, heuristics, and geometry of an object. Kang ajd, system. For example, Sarketral[27], Cherif and Gupta

Ikeughl [9] have prop_osed d oy nta_lct welnnd thegrasp COhe'W[ZB], Kao and Cutkosky [29], and Colet al. [30] discussed
sive indexor automatic classification of human grasping. How= : ) ; - .
e rolling-based manipulation and the sliding-based manip-

ever, the grasping taxonomy proposed in these works 8], tion. Also, there have been a couple of research groups

have focused on either the final grasp mode or finding an ap: . . .
: . Where they focused on nonprehensile manipulation. For
propriate grasp posture, while our work focuses on the graspin

A . e>9amp|e, pushing manipulation [31], graspless manipulation
procedure for size of objects. [32], orientation of planar polygonal parts [33], and toppling
manipulation [34].

While there have been many works concerning the grasp,

Jeannerod [11] has shown that during the approaching phgsgre is no work discussing the grasping strategy based on the
of grasping, human hand preshapes in order to prepare the shapge_effecof objects.

matching with the object to be grasped. Bard and Troccaz [12]
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 [13] havé. Grasp Pattern Classification

proposed a method for detecting a local contact point between dn order to observe human behaviors, we asked a subject to
robot hand and an object by utilizing tself-posture changing achieve enveloping grasp for an object placed on a table, as
motionwhere a finger link system with compliant joints carshown in Fig. 1. For column objects, we observe how human
change its posture while making contact with an object.  changes his (or her) grasping strategy according to the size,
the shape of cross section and the contact friction of object.
Fig. 2 shows the objects used in our experiments, where the
Salisburyet al.[14], [15] have proposed the Whole-Arm Ma-white and the black surfaces denote that they are covered by
nipulation (WAM) capable of treating a big and heavy objea@ drawing paper and a rubber, respectively, so that we can
by using one arm allowing multiple contacts with an objecpurposely change the contact friction. Now, suppose two sub-
Mirza and Orin [16] have applied a linear programming agects, where they have a big hand and a small hand, respec-
proach to solve the force distribution problem in power grasps/ely. Also, suppose that each subject approaches and grasps
and showed that the maximum weight of object which a robtte same object. In such a case, the subject with a big hand
hand can grasp increases significantly when the completely should feel the object relatively smaller than the subject with
veloping type of power grasp is utilized. Hiroseal.[17] have a small hand feels. To avoid such scale effect depending on
proposed thesoft gripperwhich can always produce constanthe size of object, we introduce the normalized object gize
torgque in each joint simultaneously by using only two actuatordefined byd = L,/L;,, whereL;,, and L, denote the length
Bicchi [18] has showed that internal forces in power grasps ciiom the tip of thumb to the tip of index finger, and the

B. Approach Phase

I1l. OBSERVATION OF HUMAN GRASPING

C. Enveloping Grasp (or Power Grasp)
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Fig. 3. Explanation oL, andL,,.

length of the

in Fig. 3. For experiments, we prepared six kinds of objects

whose sizes

Fig. 4 shows the experimental results for column objects,
where “No.” denotes the number of subjects taking the partic-
ular grasp pattern, and the cross section of object is illustrated

in the bottom
the following.

Pattern-1

Pattern-2

Pattern-3

Pattern-4

circumference of object, respectively, as shown

are.80 > d > 0.26.

of each figure. Each grasp pattern is explained in

Direct grasp: Without any re-grasping motion,
human directly grasps the object [Fig. 5(a)].
$liding-based gragp This pattern utilizes the
sliding motion between the finger link and the_.
object. Finger tips push the part between the?d ™
bottom of object and the table, such that the ob-
ject can be lifted up [Fig. 5(b)]. This is what we For a large objecf2.8 > d > 1.0), human directly grasps
call the wedge-effect where an object receives (Pattern-J), irrespective of the shape of cross section and the
quite a big lifting force produced by finger tipscontact friction. As the size of object decreage8 > d > 0.5),
inserted into narrow gap between the table arféatterns-2 through 4 appear according to the personal choice as
the object. well as the conditions set for the experiment. For this size of
Rolling-based grasp The object is rolled up object, some subjects take thiiding-based grasgPattern-2,
over the surface of thumb (or index finger). Aftewhen the surface friction is small. On the other hand, for the
the object is lifted up from the table, each fingepbject with significant frictionsliding-based grasgPattern-2
link is closed to achieve an enveloping graspisappears and, instead, batilling-based grasp(Pattern-3
[Fig. 5(c)]. andregrasping-based gragfrattern-4 become dominant. The
Regrasping-based gragpThe object is first change of grasp patterns is naturally understandable, because it
picked up by thumb and index (or middle) fingelis hard to achieve a sliding motion under a significant friction
tips. The remaining fingers hook the object andvhile both rolling and regrasping motions can be realized ir-
then squeeze it till the finger tip grasping isrespective of the contact friction. Pattern-4 especially becomes
broken. Finally, the object comes in contact wittdominant for a small obje¢d.5 > d > 0.26). For such a small
the palm [Fig. 5(d)]. object, human tries to avoid interference between the finger tip

O Drawing paper
(d) Cylindrical column

Grasp pattern classification map.
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- (a) Pattern-1 (Direct Grasp)
/ / |
| >

(b) Pattern-2 (Sliding based Grasp)

V7

Fig. 7. Relation between the robot hand and the object.

B. Interpretation of Grasping Motions

Human grasping provides a good hint for constructing
grasping strategies of a robot hand. However, as mentioned in
Introduction, transferring the exact grasping motion to a robot
hand may often fail in grasping an object, since each robot
hand has its own mechanical configuration and structure. In

/ this section, we provide an interpretation for human grasping,
so that we can construct grasping strategies easily applicable to

] => => multifingered robot hands. While it is hard to decompose the

o S I human behaviors in grasping phase into individual motions,

B L except the direct grasp, we can roughly separate the grasping
5 } ; g § procedure into the following three tasks.

Task 1: Detaching the object from a table and putting

(c) Pattern-3 (Rolling based Grasp)

T

g ; it into the robot hand.
(d) Pattern-4 (Regrasping based Grasp)

Task 2 : Lifting up the object within the hand.

Fig. 5. Grasp patterns. Task 3: Grasping the object firmly.
g o Detaching the object from a table is the starting motion for
5\7 b further steps. For example, detaching can be achieved by uti-
:é:“ 60 lizing the wedge-effect or picking up motion or rolling motion.
25 o Lifting up can be achieved by sliding motion or rolling motion.
s g 30
b — i
§§ ‘0 IV. APPLICATION TO ROBOT HANDS
Q % & 3 i i i
§ 5 § 3§ For our convenience, we first define several parameters for
. C:ss mﬂ‘:’n o o:um e robot hands, as shown in Fig. 7. We utilize the normalized length
0 ®) dyonot defined byd,opot = Lo/ L,-, WwhereL, andL,. denote the
_ o _ circumference of the object and the length between finger tips,
Fig. 6. Initial adjustment motion. respectively.L, corresponds to the parametgy, for human

hand. The parametéf.,;,;.. is the height of object, and the cor-

and the table. As a result, human first picks up the object afponding diameter for finger tip is defined BYinge: . Ocject,
achieves the target grasp through regrasping process frommhg @;; andb are the geometrical center of object, a unit normal
finger tip to the enveloping grasps. vector perpendicular to the surface of ligkof i — A finger,

An interesting behavior is observed at the initial phase g&nd the length between the surface of liplf ¢ — ¢4 finger
grasping triangular objects. Almost 70% of subjects first rota@dOon;ect, and the distance between the palm éhg;e.:, re-
the object around an edge so that a couple of fingers can beSRectively.Giip is defined by the distance between finger tips,
serted in the gap between the object and the table, as showasrshown in Fig. 7(b), where we s&t;,; = 0 when each finger
Fig. 6(b), where Fig. 6(a) explains the basic motion at the irink has an intersection.
tial phase and Fig. 6(b) shows percentage of subjects utilizingve show several assumptions for simplicity:
the rotating motion. For grasping a triangular object, such a ro-(A-1) Objects have column shape and their cross sections are
tating motion is indispensable for detaching the object from the regular polygon where all sides of cross section and
table. We call this motionnitial adjustment motionWe note angles are equal.
that theinitial adjustment motiodominantly appears only for  (A-2) Size of the objects are smaller than the size where the
triangular objects. robot hand can cover more than the half of the circum-
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Fig. 8. Map for choosing an appropriate strategy for achieving envelopi
grasp.

TABLE |
GROUPS OFGRASPING STRATEGIES

Group ” Grasping strategy
A Direct grasp
B, Sliding based grasp
B: Rolling based grasp
Ch Regrasping based grasp
Cs Regrasping based grasp with Rolling motion
Dy Without Rotating motion
D With Rotating motion
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grasp planning so that a part of object can make contact with
the table as much as possible until the object is firmly grasped
within the hand. Therefore, executing the detaching motion by
a robot hand will differ from that of human. Task 2 (Lifting

up the object) is achieved either by sliding or rolling motion,
depending upon the contact friction over the object’s surface as
human does. We execute Task 3 (Grasping the object firmly)
by constant torque control which is widely used in the research
of power grasp [20], [25], [38]. The constant torque control
can be achieved by adjusting actuator’'s current based on the
torque sensor output. The control has an advantage where
both finger posture and contact force between the finger links
and the object are determined automatically according to the

immand torque. While the grasping motions may differ from

those of human and also vary depending upon the mechanical
structure of robot hands, the basic tasks constructing the
grasping strategy do not change irrespective of the hardware of
robot hands.

Fig. 8 shows a guide-line-map for choosing an appropriate
strategy according to the size, the shape of cross section and
the contact friction of objects. Table | shows the names cor-
responding each groupg ~ D in Fig. 8. Letow andé be an
angle of friction and an angle between the horizontal line and
the normal vector at the contact point, respectively. Fig. 8(a)
shows the guide-line-map under the condition that the contact
friction between finger links and the object is sm@l > «),
where the horizontal and the vertical axes denote the nondimen-

ference, and greater than the size where the robot hai@nal object sizel...... and the shape of object, respectively.

can pick up or achieve a rotating motion on a table.
(A-3) Each finger motion is restricted to a planar motion.

On the other hand, Fig. 8(b) shows the guide-line-map under
the condition where the contact friction is significdfit< ).

(A-4) Robot hand is attached to the end of an arm. The handBefore proceeding the precise discussion, we define the suc-

position is measurable.

cess condition for achieving an enveloping grasp in our work.

(A-5) Objects are placed within the reachable area of robdtippose arobot hand havindingers andn; links for thei—th

hand.
(A-6) Robot hand includes a joint torque sensor, joint angul
sensor and a tactile sensor in the palm.

(A-7) Each joint of robot hand can produce enough torque

manipulate an object.

With both Assumptions (A-4) and (A-6), the robot hand ca

obtain H.p;ect, While it can be detached more easily if it has
a vision sensor. The robot hand used in the experiment cq
sists of three same finger units and each finger has three lin
The length of each link ig; = 40 [mm], I» 25 [mm],
andl; = 30 [mm], respectively. Rotary encoder is used as a
angular sensor. The palm is equipped with ON/OFF type ta
tile sensor. More precise information on the robot hand wi
be obtained in our previous work [35]. With these assumptio
and the mechanical configuration of the robot hand, we impli
itly assume that the study is essentially one of two-dimension
grasping in which object symmetry and, to some extent, han
symmetry is assumed.
Let us now discuss how to realize three tasks given

Section [lI-B. The simplest way for achieving Task 1 (De

finger.

T

e

[Success condition of enveloping grasp|

dtis defined that a robot hand completes an enveloping
grasp for an object, if the following conditions are satis-
fied.

s

Ia S Iae n Ib S Ibe n Gtips < Hobject7 (1)
nvhere
ks. P | (Hopgect/2) — aij]

I, =max< I, = Hobjes A

Z Hobject

n
C-
1 i:1727"'7n ) (2)
ns %
- I = , 3
al - Hob ect ( )

Jae andl,. are thresholds fof andr,, respectivelyl, is

the maximum value amonky,; throughli,,. I,; represents
the normalized distance between each link surface and
object surface, and,, represents the normalized distance
between the palm and the representative position of obj

taching the object) is to pick up an object by finger tips.

However, if a robot hand regrasps an object from finger tip to

an enveloping grasps in the open space in the air, it will oftenFor a cylindrical objectl, = 0 and,

the

ect

1 if the object

drop the object on the table. If the object is fragile, it will banakes contact with all finger links and the palm. However, for
broken. To avoid such a undesirable scenario, we make #hgeneral column object, boflj = 0 and/, = 1 are not kept
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For an object satisfying this condition, the robot hand uti-
lizes a sliding motion between the object and fingers for de-
taching the object from a table. Initially each finger is opened,
as shown in Fig. 10(a) and then approaches the table until the
finger tip makes contact with it, where the table detection can be
easily checked by torque sensor outputs. In the next step, each

{n} Enveloping phase b} Ohjert munsfer phose finger tip follows along the surface of table until a part of finger
link makes contact with the object, as shown in Fig. 10(b). This
Fig. 9. Direct grasp. phase is what we call approach phase. The approach phase is

inserted for every strategy except for ttieect grasp while we

omit the explanation of approach phase in the following discus-
sions. Then, each finger tip pushes the bottom part of object each
other, so that we can make the most use of the wedge-effect. The
object will be automatically lifted up by slipping over the finger
surface, as shown in Fig. 10(c). At the same time, each link is
gradually closed to fully constrain the object. In this strategy,
constant torque control is also effectively utilized for achieving
Tasks 1 through 3. Whether the object really reaches the palm
or not strongly depends on how much torque command is im-
parted to each joint.

Task 1 (Detaching motion) : Constant torque command

Task 2 (Lifting motion) : Constant torque command

ic) Lifting id] Eneeclaping Task 3 (Grasping motion) : Constant torque command

Fig. 10. Sliding-based grasp. . e . . .
Fig. 11 shows the success classification map for a cylindrical

] ] object withH p,ject = 32 [mm] andw = 0.7, where the horizontal
anymore, even if the robot hand fully envelops the object. Tayq the vertical axes denote the normalized command torque
cope with this, we have to choose the thresh@Mds, i.) care- - /(mgl,), ,/(mgly) for the first and the second joints under
fully. For computingl, and/;, we needOopjec:- If the robot - /(1,41,) = 7, /(mgl,), respectively, an@) and the other three
hand includes a vision sensor, it can directly ob@if;e.. from marks(x, m, &) correspond to the final grasping postures, as
the image information. Even if this is not the case, the robot cafown in the top of the graph. The judgment of success or failure
judge thesuccess condition of enveloping graspjoint angular is gchieved by examinind, and I, which are also given in

sensor to some extent, which is described in Appendix.  Fig. 11. From Fig. 11, we can see that a large area of torque
» ) ) commands is obtained for achieving an enveloping grasp under
A. Without Initial Adjustment Motion: Group-D 1 =0.7.
O Group — B,
O Group — A (drobot > 1.0): Direct grasp ((mDsinger)/ L < diobor < 1.0 N Contact friction is large)

For an object satisfying this condition, constant torque control : Rolling based grasp

is applied to each joint after the palm makes contact with the _. e L

. S : . Fig. 12 shows the success classification map for a cylindrical
object, as shown in Fig. 9(a). After an enveloping grasp is com: . " =

. L ject (Hopject = 32 [mm]) undery, = 1.3. We note that the
pleted, the robot arm can move the object, as shown in Fig. 9(D): . .
o . region(O) where the hand envelops an object successfully, dis-
We note that it is not necessary for the hand to realize detachin _ o o .
ears under. = 1.3. This is because a sliding motion based

and lifting motions, since they are achieved by the arm a
9 ' y y ' on wedge-effect is blocked under a significant surface friction.

Therefore, we need an alternative strategy for enveloping the
object under a significant friction.

Task 1 (Detaching motion): no need

Task 2 (Lifting motion) : no need . . . . .
. . When the robot recognizes any failure, it switches grasping
Task 3 (Grasping motion): Constant torque command - . . .
strategy from sliding to rolling-based strategies after putting
down the object on the table. Fig. 13 shows an example of
rolling-based graspMore precise motion planning is given in
[38].
O Group — B,
((WDﬁnger)/L,, < drobot < 1.0 Task 1 (Detaching motion) : Rolling motion
N Contact friction is small) Task 2 (Lifting motion) : Rolling motion
. 1. Task 3 (Grasping motion): Constant torque command
: Sliding based grasp
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(2] Reymsping (I Emveloping

Fig. 14. Regrasping-based grasp.
O Group — C,

o fingers. In the next step, the left finger is swung a bit, as shown
(drobot < (7 Dfinger)/Lr N Contact friction is small)

in Fig. 14(d) so that both the right and the left fingers may not
: Regrasping based grasp interfere with each other during the finger closing motion. After
) _ _ every finger is inserted into the bottom of object, as shown in
For an object whose diameter is small enough to ensytgy 14(e), constant torque control is applied for achieving an
that any finger tip can not be inserted into the bottom part @hveloping grasp, as shown in Fig. 14(f). While human regrasps
object, it becomes difficult to utilize the wedge-effect. In sucthe object in the air, the robot hand uses the surface of table
a caseregrasping-based grasmay be an appropriate strateg¥effectively in order to prevent the object from falling down.
decomposed of two basic motions where one is the motion
for p|Ck|ng up the ObjeCt by using two fingers, as shown i Task 1 (Detaching motion) : Alternative finger insert—
Fig. 14(a), and the other one is the regrasping motion, as shown
in Figs. 14(b)-(e). The first motion plays an important role .. 2 (Lifting motion) :
in allowing no interference from the table. In the following| 1, 5
motion, the remaining finger hooks the object so that we can
make a small gap between the object and the table, as shown in
Fig. 14(b), even though two fingers picking up the object are
released from the object. After these finger motions, the object Group — C
is supported by one finger and the table, as shown in Fig. 14((2@. 2 o
We note that under such object’s posture we can find an enoughrobot < (" Dfinger)/ Ly 0 Contact friction is large)
space between the object and the table for inserting the released : Regrasping based grasp with Rolling motion

ing motion

Constant torque command

(Grasping motion) : Constant torque command
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Fig. 16(d). After the finger tip is inserted into the gap between
the object and the table, we apply the same grasping mode as
those taken for cylindrical objects.

' o C. The Switching Algorithm among Strategies
_Fig. 15. Examples of_ objects Where the_ upward force (a) is expected and (b)\\e now discuss how to choose an appropriate one from var-
is not expected by a simple pushing motion. . . . .

ious strategies prepared according to the size, the shape of cross
section, and the contact friction of objects, and how to switch
from one to another when a robot hand fails in grasping an ob-
ject. First of all, a robot hand needs to know the size of object, so
that it can choose a strategy appropriate for the scale. An appro-
priate candidate is to utilize a tactile sensor installed in the palm.
Suppose that each finger is fully opened initially and we make
the hand come down until either the palm sensor or the finger
link makes contact with an object. By this contact, the robot
can detect the height of objef,p;ec; andd;onor COMputed by
7 Hobject/ Ly While mHgpjec, dO€s not provide the circumfer-
ence of object in general, it denotes the exact one for a cylin-
drical object. Anyway, the robot can roughly estimate the size
of object byr Hqy,ject /L. Even for two objects having the same
(=1 Rutsting () Finger inscriimg d.ohot, there are some cases where two different strategies exist.
In such a case, we take the idea of Easier-Strategy-Comes-First
which starts from the easier strategy and switches into the other

one when an easy one fails. Fig. 17 shows the flow-diagram of

~ Foran object satisfying this condition, the regrasping motiqRie grasping strategies, where relatively complicated strategies
just same as the motion for Group-(Regrasping-based grasp gre placed in lower parts and strategies surrounded by a bold
can be applied for detaching the object from the table and ife entail theinitial adjustment motion

serting the finger into the bottom of object. However, the object 1o strategy block-1 consists afirect grasp It is difficult

can not slide over the finger link surface under a large contagh the robot hand lifts up a triangular or a rectangular object
frlct[on. Thgs, af_ter detaching thgobject from thetgble, a.rolllngom the table bydirect grasp without rotating motigrexcept
motion u_t|I|zed in (_3roup-B (Rolling-based graspis applied o the case that the contact friction is large. In such a case, the
for carrying the object to the palm. robot hand applies thdirect grasp with rotating motioWhen

the robot hand fails in grasping the object, it estimates that the
object is small for achieving thdirect grasp then it switches

the block-I to the block-II.

The strategy block-11 consists @&fliding and rolling-based
grasps At first, the robot hand tries thsliding-based grasp
since it is simpler than thmlling-based graspWhen the con-

N i i tact friction is large, the robot hand can not utilize #ieling-
B. With Initial Adjustment Motion: Group-b based graspWhen the cross section of object has triangle or

For an object whose cross section is circle, as shown riectangle, the robot hand needs thiial adjustment motion
Fig. 15(a), an upward force can be produced by pushing thefore further steps. Based on thigccess conditiqrthe robot
bottom of the object toward the horizontal direction. For ahand recognizes the failure. In either case that the object has tri-
object whose cross section is triangle or rectangle, as showraimgular or rectangular cross section, ithiéal adjustment mo-

Fig. 15(b), the finger tip forces may produce a downward ford®n is necessary before starting Tasks 1 through 3. Therefore,
or balance each other within the object. Under such a situatidine robot hand needs the information concerning the shape of
the lifting force is not produced even though the contact foraeoss section of the object when it recognizes the failure. While
is increased. From grasp experiments by human, the rotatthe robot needs the bottom shape of object, it is not necessary
motion is obviously a key for detaching an object from théor the robot to know the full shape of cross section for choosing
table if it has rectangular or triangular cross section. For eithan appropriate strategy. The bottom shape of object can be es-
object, a robot hand also conveniently utilizes the rotatirtgnated by measuring width’; and W,, whereW; and W,
motion for producing a space for inserting fingers betweeare the width at the bottom and the width at a bit higher po-
the object and the table. For thisitial adjustment motiorwe  sition, as shown in Fig. 17, respectively. W < W,, cross

can also apply the toppling manipulation where the rotatirggctions are, for example, pentagon, hexagon, circle, and so on.
motion is guaranteed by just one finger [34]. Fig. 16 shows ahen the robot fails in grasping und8r; < W,, it judges
example of thenitial adjustment motionOnce a sufficient gap a large contact friction of object. Based on this estimation, the
is produced,as shown in Fig. 16(c), one finger is removed awapbot hand chooses thelling-based graspOn the other hand,
from the object’s surface and inserted into the gap, as showrifii¥’; > W,, the shape of cross section should be triangle or

Fig. 16. Initial adjustment motion (rotating motion).

Task 1 (Detachingmotion): Alternative finger insert—
ing motion

Task 2 (Liftingmotion) : Rolling motion

Task 3 (Grasping motion): Constant torque command
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Fig. 17 is-based on tactile information, each block becomes
much simpler under a vision sensor. The video proceeding [39]
contains the experiments based on this switching algorithm.

V. DISCUSSION

As for the generality issue, we first try to relax the assumption
given in Section IV and consider the following cases, toward
general column objects, a new robot hand, and a new task. We
also discuss the torque determination in theoretical sense.

A. Toward General Column Objects
la‘,ge mi&dle small For general column objects, the most important point is to
[d b,>1.(3 [1. 0= drtor 2 %J (’”L)# > d,oh.J confirm whether the robot hand can detach the object from the
I i I table or not (Task 1).
r B 2oy B R Al ﬂ‘ r——_y— 7 While the switching in the strategy flow diagram givenin Let
| P pasiiding | | 5;%3“;;;;% } /31 andjs be angles between an edge of the object and the table,
) Lt | : (Wiibout Rowing) | as shown in Fig. 18. We classify general column objects into
] ‘ three groups, as shown in Fig. 18, where bgthand 3, are
} | } : - -] greate% thal?wr/2 [rad] in Fig. 1%(51), eithef3; or 3, is greater
N B _ N | thanz/2[rad]in Fig. 18(b), and bot/3; ands. are less than /2
e DTS |1 | [rad], respectively. For an object shown in Fig. 18(a), we can
| ] I | apply the same grasping strategy as those used for a cylindrical
\ : : ves || [[Resrooping Regsping | | object. The objects classified into Fig. 18(b) are not included in
| 3 } : (Without Roming)|| - Wit Rotatioe) } the strategy flow diagram. Now, suppose that two fingers push
the bottom part of object, as shown in Fig. 19(a). While the right
based” grisp } | } finger does not contribute to lifting up the object, the left finger
(With Rotating) | [ _ - ] | produces the wedge-effect and rotates the object around one
= M Rolline | _edge of the object, as shown_m _F|g. 19(b). Ifthe surfgc_e friction
B | s small e_nough, the hand will lift up_the object by sliding mo-
Relline Rorimg | | | tion and finally complete an enveloping grasp. Thus, the object
Rased gl o || — 3 — — — —]— 4 shown in Fig. 18(b) can be included in the same group which
I middle ) can be achieved bysliding-based grasff the contact friction
(o) is small. Now, let us consider an object classified into the group
I TR T in Fig. 18(c). Such an object needsiaitial adjustment motion
(__targe or small ) requested for either a triangular or a rectangular objects. For

achieving thenitial adjustment motionthe robot has to detect

F. where the rotating moment is produced as far as the contact
friction is not zero. Sincé’. does not always exist for general
rectangle. In case diV; > W, the robot hand chooses thecolumn objects, the robot often meets an object wizris not
sliding-based grasp with rotating motioti both approaches in found. In such a case, the robot anyway pushe¥ athere P’
block-Il do not work successfully, the robot hand switches th#enotes the top of object, as shown in Fig. 18(c). When the robot
strategy block to either block-1 or block-Ill. can not rotate the object, it gives up grasping the object.

The strategy block-Ill consists akgrasping-based grasp  As far as the surface friction is large enough, the robot hand
First, the robot hand triesegrasping-based graspVhen the can not grasp the object whose shape is extremely flat, and both
robot hand fails in grasping, it checks the status where the objggtand/3, are smaller than /2 [rad], while it can grasp an object
is. When the object is in the robot hand, it switches the strategy3, > = /2 [rad] and3, > 7/2 [rad]. In other words, if the
to regrasping-based grasp with rolling moti@tcording to the robot hand can not find any contact points which can produce
reasoning that the contact friction is too large for lifting up thapward force, it can not grasp the object firmly in the air.
object by utilizing constant torque control. On the other hand,
whgn the object is not detachgd from the table, the robot_ haﬁ_d Toward the Utilization of a New Robot Hand
switches the strategy teegrasping-based grasp with rotating
motionaccording to the reasoning that the object is triangular Now, let us consider the same grasping task with a new hand.
or rectangular column. When all strategies in block-11l do ndthe functions do not change irrespective of the hardware of
work appropriately, the robot hand switches the strategy bloobbot hands, while the motions have to be changed so that they
to the block-II. may match with the hardware. Therefore, we can cope with this

Fig. 17. Strategy flow diagram.
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Fig. 18. Grouping of column objects whose cross sections are convex.  Fig. 20. Estimate that the area@f,;cc; -

APPENDIX

The success condition of enveloping graspcomposed of
three conditions concerninGyips, I, andl,. Giips Can be ob-
tained by joint angular sensor only, while bathand , need
Ogpject t0 cOMputes;; andb. Suppose that the shape of cross
section is not given. Since the palm sensor is available by As-
sumption A-6, the robot hand can measure the object’s height
Fig. 19. Wedge-effect at one edge of the object. Hpicer. However, since the robot does not know the shape of
cross section of object, the candidat&®y,;... generally forms

issue easily by changing the software, so that we can achi@areas, as shown in Fig. 20(b). To obtaifi, we define the

the basic functions obtained through the human observationcircle C whose diameter is equal to that of the inscribed circle of
the cross section. For example, Fig. 20(a) shows the relationship

betweenH ;e and the diameter of’ for a triangular object.
Since the finger link never reaches the insid&gfwe can ob-

As for a new task, the first thing to do is to extract the basi@in the candidate @opjec:, as shown in Fig. 20(b). Now, we
functions (tasks) from the human grasping and then we deve sider the worst scenario in a sense of having the Iargest area
software so that it can achieve these functions instead of re@l<- The worstscenario is expected when we assume triangular
izing the exactly same motions as human do. cross section, while we have the smallest areé @dr a cylin-

drical object. For all possibl@,p;ect in S, we obtain the largest
o I, max @andIy ...+, SO that we can evaluate the worst case. If
D. Clue for Determining Torque Command I max @ndl,_ ... satisfy the following success condition, we

Under multiple contacts, it is generally difficult to find a set of @Y that the enveloping grasp is completed
torque commands sufficient for lifting up the object to the palm. <I.n I <D N Giipe < Hopieor. (4)
This is because we have to solve a kind of inverse problem where™ “~ %% = 7 T e i orIee
we obtain a set of torque commands producing a stable motion
of object toward the palm. To cope with this, we have proposed ACKNOWLEDGMENT

the force-flow diagram{25] where we can see how the object The authors would like to express their sincere thanks to \N.

will move fo_r agven set of torque._ By utlizing this d'agramTé1aiprasert, Y. Hino, M. Higashimori, Y. Tanaka, K. Nakagawa,
we can easily examine whether a given set of torque commands

are sufficient for moving the object to the palm or not. and M. Sawada for their cooperation for this work.

C. Toward a New Task
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