Appropriate Lengths Between Phalanges
of Multijointed Fingers for Stable Grasping

Tokuji Okada and Takeo Kanade

CMU-RI-TR-83-13

Robotics Institute
Carnegie-Mellon University
Pittsburgh, Pennsylvania 15213

22 July 1983

Copyright © 1983 Carnegie-Mellon University






Abstract

An appropriate arrangement of finger joints is very important since the stability of grasping an object
greatly depends on that arrangement. Multijointed fingers can grasp an object with many points of contact
cach of which is pressed against the object as if wrapping up that object. The amount of the wrapped up area
and the form of the finger when an object is grasped are thercfore important factors for determining the
stability of grasping. We propose the wrapping factor to be used for the cvaluation of the stability of grasping
by using these factors. We consider twenty cight models for the finger having three joints, and perform a
simulation of their ability to grasp various shapes stably. Based on the simulation results, an appropriate

arrangement of lengths between phalanges for a multijointed finger is presented.
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1. Introduction

Two kinds of end effectors for grasping an object have been developed: One is the gripper and the other
is the multijointed finger. Most grippers have simple mechanisms and grasp an object by pinching it since the
grippers can only close and open. Although grippers are useful for grasping objects of limited shape and size,
controlling the pressing force of the fingers against the object would make those grippers more versatile {1,2].
Multijointed fingers exhibit this versatility since they have increased mechanical flexibility and are able to
grasp objects of a wider variety of shapes and sizes [3,4]. While these are desirable features, the main
requirement for grasping objects is that the grip is stable. One way of determining this stability in both types
of end effectors is by measuring the force exerted between the fingers and an object. Asada[2] and Chen(5]
studied the problem of achieving a stable grip from this point of view. Multijointed fingers, however, grasp an
object in a complex manner and this complexity makes it difficult to determine the stability of grasping based
solely on the force between the fingers and object. We propose another method for assessing the stability of
grip in multijointed fingers based on their inherent ability to wrap around an object. In a previous paper [6]
we used the amount of wrapped up area as a guide to assessing the stability of the grip. However, we
considered neither the number of points of contact between the fingers and the object nor the position of the
fingers where that contact occurs. Salisbury treated contact configurations for designing a most suitable
articulated hand (Stanford/JPL Hand), his treatment, however, was limited to mobilities and connectivities

for acceptable hand mechanisms and did not include stability of grasping [4].

In this paper we examine the role of these additional factors in evaluating the stability of grasping. Since
the number of points of contact between fingers and object depend on the arrangement of the joints and the
lengths between the phalanges, two criteria are important to the stability of grasping: the amount of the
wrapped up area and the form of the fingers including tactual conditions when the object is grasped. Thus, by
taking notice of these two criteria, we will evaluate the stability of grasping by multijointed fingers having

three joints. The results are applied to the problem of design of multijointed fingers.

2. Evaluation of Grasping by a Form of Fingers

The size of the fingers is determined depending on the sizes of the objects to be handled. After
quantifying sizes of fingers and objects, we evaluate the stability of the graspings in the relationships between
the objects and the fingers relatively. We will present the criteria which use the configuration of the fingers

and tactual conditions.



2.1. Relationships Between Sizes of Fingers and an Object

The total length of a finger is detcrmined mainly by the size of an object to be grasped. For our
purposcs, most objects are assumed to be lumps except for pillar-shaped objects. In order to express the size
of the lumps, let the maximum width of an object be Wd, and the minimum width be WS. When the object
is not considered to be a lump, these are measured in the perpendicular plane to the longitudinal axis of the

object.

The structure of the multijuinted fingers we will consider is shown in Figure 1. In the figure, the
multijointed finger moves in onc planc and has £ links, L. L,, L3,...,l,k which arc connccted to joint IR
13,...,Jk, respectively. The angular values of cach joints are denoted by 01, 02, 03 ..... 0k. The horizontal link at
the bottom is a palm and Lp stands for its length. L, is the length of the link which plays an auxiliary role
for grasping an object with the multijointed finger. 'The angular value of the joint Jyis expressed by 00. The
palm Lp is fixed, but the links Ly, L, (i=1,2,...k) rotatc about the corresponding joints. The ranges of
angular rotation of proximal joints J, and J, are 0<00(-rr and 0<@ <=, and thosc for other joints are 0<0i<7'/2
(i=2.3,...,k). Letus denote the total length of the finger as L. (= IZ.“__IL'.). It scems reasonable to impose the

following three conditions on the relations of L., Lp and LO:
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The first condition states that the total length I..is longer than the length between the tip of [, and the
joint J 1 when I,l and the palm make a right angle, and shorter than that when the joint stretches, The total
length of the finger should be longer than the maximum width of an object by the second condition. The
third condition is understood by considering the case of £ = 3; the minimum size of an object Ws is larger
than the diameter of the circle which touches the links Ly L > L, and L3(ﬁngcrtip) when
0,=6,=0,= 03=1r/2.

As the size of the object increases, so the length of the fingers must also increase. Intuitively, the reverse
must also be truc. ‘The length L0 would be determined therefore depending on the length of Lp. We quantify
this rclationship by using u which is the ratio of L .to L » (u =L, /Lp). We will investigate the case when p =
1.8, and L0=Lp. Figure 2 illustrates the size of the finger relative to that of the objects which satisfy the
inequality conditions (1-3). Given the threc-jointed finger shown in the lower right, the maximum and

minimum sizcs that can be handled by the finger are illustrated for each shape. The rectangle and cllipse



show the longest and slenderest tigures that can be handled.

2.2. Definition of Wrapping Factor

In the previous paper [6], the valuc O = 6,+ [2:"101, was used to cvaluate the stability of grasping, where
m was the maximum number of link where there was a contact between the object and the finger (in<k). The
point of contact in the fingertip was treated in the same way as the point of contact in the middle point of the

link. Also the position of the point of contact on the link L, was not considered.

In order to take these factors into account, we define a new measure named a wrapping factor w,,

which can be expressed as follows:

W = 2_"_:%"_‘_9;_)_ @)

The concept of wrapping factor is illustrated in Figure 3. In this definition, @ ! is the angular displacement of
the point at which the link LO touches the object, and 0/ is the angular displacement of the joint J, to the most
distal position at which the finger touches the object. When 6 = 0r , the finger wraps the object completely
and the value W _becomes cqual to 1. At this value the grip is considered to be most stable. The larger the

valuc of Wrbccomcs, the more stable grasping the finger provides.

A finger having large values of L.-and & tends to wrap the finger around the object morc than one turn.
Under the conditions that k=3, 2V 2(;1(2, and cquations (1), (2) and (3) are valid, the maximum valuc of Wr
is 1+ tan'l(LO/I,.p)/Zw, which occurs when 01= 'n-tan'l(LO/Lp) and 0r= w. If Lp= Lo , this maximum value of
W is 1.125.

3. Simulation for Finding Appropriate Lengths between Phalanges

In order to tind appropriate finger constructions for the stable grasping of objects having various shapes
and sizes, we simulate the graspings and evaluate them by using the wrapping factor. Various constructions of
a finger are considered and various objects arc grasped by each construction. The results depend not only on
finger constructions but also on the size and shape of the objects. Mutual relationships among these factors

arc investigated.

3.1. Control Sequence of Finger
Grasping an object by a finger is realized by the following control scquence. It is important to have the
palm Lp touch the object since this contact enables the finger to grasp the object stably. In our sequence of

grasping, this contact is requircd. The control sequence is:



1. Stretch the finger so that 01.::0 (i=1.2.....k). An objcct is placed on the palm link.

2. Starting with joint JO, bend the joints in turn from proximal to distal. Joint J{.+l begins to bend
when a contact occurs with the object on the link 1.;, or when the angular displacement of joint Ji
rcaches its maximum.

3. Finger control cends cither when the final link Lk touches the object or when its angular
displacement reaches its maximum while joint Jk bends,

Application of these rules to the finger control results in various types of finger configurations. Configurations
of unstable graspings arc included too. For instance, those graspings shown in Figure 4 are considered as
unstable. The configuration in Figure 4(a) is 0, =0,=w/2 [rad], and the object does not touch L, and L,
Figure 4 (b) shows the unstable grasping which occurs when the amount of 00+ IE_:"IHi is less than o [rad].
This configuration is not stable since the object has a tendency to move out from the palm arca. We exclude

thesc unstable graspings before we calculate the wrapping factor W described in Section 2.2.

3.2. Finger Models

The finger we consider has three joints whose rotational axes are all paraliel. Table 1 shows the twenty
cight modecls we considered cach of which has different combinations of the lengths of L, L, and I.;. Each
number in the table expresses the proportion of the length of a link to the sum of L, L, and L. These

models are classificd into 5 categories.
1. I-type; distal lengths are larger than those of the proximal,
2. D-type; distal lengths are less than those of the proximal,
3. M-type; middle link (i.c. L,) is longer than the others,
4. V-type; middle link is shorter than the others,

5. K-type; three links are the same length.

Figure 5 illustrates this classification by segmenting the plane whose horizontal and vertical axes represent

proportions of L2 and L3, respectively. This figure makes it easy to see which type a model belongs to.



3.3. Dimensions of Objects for Grasping

If we were considering the grasping of objects in three-dimensional space, we would usc objects like a
ball, a cylinder and a four-cornered pillar. However, sinvcc our finger moves in cne plane, we can simulate
calculations for the stability of the grip reliably by using two-dimensional shapes. For simplicity, we exclude
rhomboids and ellipses and restrict ourselves to considering circles, squarcs and rectangies. The ratio of the
long side to the short side of the rectangles is sct as 312 Dimensions of the finger arc l.O:Lp:SOmm and
p=1.8. The radii of the circles are chosen from 25mm to 70mm in increments of 2.5mm. The diagonal
lengths of the squarcs and rectangles are from S0mm to 140mm in incremeats of 10mm. All of these shapes
satisfy the conditions of cquations (2) and (3) in Section 2.1. Under these conditions, graspings of circles,

squarcs and rectangles are simulated.

3.4. Simulation Process

This scction cxplains in detail how the simulation of grasping circles is performed. At first, a circle is
placed at the left side of the palm to touch the link Lp. Then, the auxiliary link LO closes to find the angular
displacement 00 at which link LO touches the circle. When contact is made between the object and link Lo
link L., is driven next, and then L, and L3, according to the rules described in Scction 3.1, For stable grasping
we imposce a tactual condition that the total number of points of contact on L, L2 and 1.3 is greater than or
equal to two. Figure 6 shows an example of finger configurations satisfying the tactual conditions for circles.
When this condition is satisfied, the wrapping factor W _is calculated. The grasping is then evaluated by the
magnitude of the wrapping factor; that is,. the grasping is regarded as a stable grasping when the magnitude is

greater than a threshold value (Wr ) p In our simulation we set (Wr ) .= 08.

The same circle is then shifted to the right by d/=2mm along Lp and the next check is performed in the
same manner. When the contact is made on the tip of L, or the tactual conditions arc not satisfied, the data
are not taken into consideration and we examine the next grasping. When the circle is moved to the right end
of the palm, the next circle having a different size is tested. Many circles of different sizes are tested in
different positions relative to the palm, and the total number of graspings whic.h are regarded as stable

graspings are obtained.

For other shapes, simulations of grasping are performed in ways similar to those for circles. The only
difference is that rotations of those figures are also considered by rotating the shapes about their centers as
well as moving the position along the palm Lp . The range of rotation is w/2 and = for squares and rectangles,
respectively, and the increment of rotation is dp=2 degrees. Finger configurations shown in Figure 7

illustrate the stable tactual conditions for rectangles .



3.5. Simulated Results

Figure 8 summarizes the simulation results for the case in which we limit the rotational range of the
proximal joints to half way, i.c., O<0O<7r/2 and 0<@ <x /2. Figure 8(a) shows the score of stable graspings for
circles. In the figure, horizontal and vertical axes are proportions of l.2 and 1. 3 respectively, and thus each
grid position corresponds to each finger model in Table 1. The size of the circle is proportional to the number
of stable graspings. The threshold of the stable wrapping factor we used is (W, )1:0.8. Triple circles indicate
the finger modcl with the most stable graspings: Double circles indicate the model with the sccond most
stable graspings. Similarly, Figurc 8(b) and (c) show the simulated results for the squares and rectangles,
respectively. Figure 8(d) shows the result when the score of stable graspings for both squares and rectangles
arc combined. ‘T'he results shown in Figure 8 imply that the most stable finger model for circles and

rectangles is the M-type (refer to Figure 5).

Figure 9 shows similar simulation results for the case in which 0 <z and (K8,<=. Here the link and
the joint can bend completely. unlike the case of Figure 8 in which the auxiliary link LO and the proximal joint

can bend only half way. Notice that the stable graspings are found by different models from thosc in Figure 8.

By selecting two models with high stability for both circles and rectangles, those finger constructions
shown in Figurc 10 arc extracted for stable grasping of various shapes. In the figure, (a) shows the result
where (00)max=(01)ma = a/2, (b) shows the result where (00)max='"/2 and (8 l)”mz 7, (c) shows the result
O)max:(al)
the auxiliary link used in the simulations. The next two couples from the left to the right correspond to the

where (00)max= 7 and (8 1)max: a/2, and (d) shows the result where (8 =a. The left finger is

max
appropriate fingers for circles and rectangles, in this order. Hatched and dotted areas show the most proximal

and the most distal links (L, and L,), respectively.

By comparing the four finger constructions in Figure 10, it is observed that the lengths of I,3 ait not
very different from cach other, but the lengths of I.l in (a) arc much smaller than in the other three. Also, L2
in (a) and L, in (b) are longer than any other three. Figure 8(a) implics that the M-type model is the most
suitable for grasping circles, squares and rectangles when 0<00<'n/2 and 0(01<'n/2. However, when the
auxiliary link or the proximal joint can be bent extensively (that is, the range of 00 and 01 is cnlarged from
w/2 to «), the D-type model is uscful for circles as shown in Figure 9 and the V-type for squarcs and
rectangles. In general, when the ranges of motion of 00 and @ | become large at the same rate, the appropriate

length of L, becomes larger without changing the lengths of L3.

Simulations have also been carried out with different tactual conditions such thosc under which the
finger makes contact with the object only on‘L3 (except the tip) and only on L2. However, no significant

difference has been observed between the results for these conditions and those for the oncs previously



discussed.

4. Conclusions

Wc have proposed the wrapping factor as a criterion for cvaluating the stability of grasping by
multijointed fingers. In the simulation of grasping, a multijointed finger having three joims is uscd and
circles, squares and rectangles are considered as possible shapes of an object.  Positions and oricatations of
these two-dimensional shapes are changed systematically to cxamine various graspings. From the simulation,
we have found that appropriate finger lengths between phalanges depend on the angular ranges of proximal
joints. The results obtained from the simulation would be uscful for determining the lengths between

phalanges of multijointcd fingers.
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Figure 1: Finger structure.

Figure 2: Relationships between the sizes of fingers and objects.



Figure 3: lllustration of the amount of wrap-up.

Figure 4: Unstable graspings in general.
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Figure 5: Classification of finger models into five types.
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Figure 7: Finger configurations to explain tactual conditions for rectangles.
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Figure 8: Simulated results of graspin
and 0<01<7r/2.
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Figure 10: Appropriate finger lengths between phalanges for grasping circles,
squares and rectangles.
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