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Abstract. A current topic of research in kinematics is the structusaithesis and classification of kinematic chains. The
structural synthesis consists of the generation of a cotajit of kinematic chains based on methods that enumeliate a
kinematic chains with a determined mobility. However, éregthods normally generate a large number of isomorphisms.
A significant and unsolved problem in structural synthestié precise elimination of all isomorphisms. In the eatdye

of design, it is preferable the generation of duplicate dséb the omission of a potentially useful chain. In the sysith
process, thousands of chains enumerated must be classified but the most promising ones that satisfy the functional
requirements required by the task. For the classificatiothese kinematic chains we can use the concepts of conmgctivi
redundancy and variety. This paper reviews methods of stralcsynthesis aiming at identifying the most promising
method for the generation of all kinematic chains withoohi®rphisms. Other goal of this paper is to present selection
criteria of kinematic chains based on the concepts of cotivigg redundancy and variety. The synthesis of kinematic
chains for robot hands is used as an illustrative example.
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1. INTRODUCTION

The most important phase in the design of a mechanism is téHenthost adequate topology for the accomplishment
of a determined task. This phase is called structural sgigher enumeration of kinematic chains with determined
mobility and number of links. The topology characteristidésmechanisms are entirely determined by the pattern of
interconnections among links and are unaffected by metapgrties. The mobility of a kinematic chain is the number of
independent parameters required to completely specifgdhéguration of the kinematic chain in the space, with respe
to one link chosen as the reference. The mobility of a kinenedain, withn links andj single-degree of freedom joints,
may be calculated by the general mobility criterion

M=Xn—-j—1)+j (1)

where is the order of the screw system to which all the joint screalsitg.

A kinematic chain can be uniquely represented by the grapisw/hertices correspond to the links of the chain and
whose edges correspond to the joints of the chain. In gragbryhterms, the structural synthesis of kinematic chains
corresponds to the enumeration of graphs satisfying thergémobility criterion and having given a number of versice
and edges. However, the problem of graph enumeration is aHe:HAIl method of graphs enumeration generate a
great amount of isomorphisms which must be eliminated, hvahit eliminating any chain with useful potential for the
accomplishment of the task. In practice, since the numb&m&matic chains generated is often too large, it is dificult
to manually consider the individual merits of each chain.r this reason, the concepts of connectivity, variety and
redundancy can be used as criteria to classify kinematiosfacording to the constraints required for the task.

This paper first reviews the methods of structural syntheesisthe concepts of connectivity, variety and redundancy.
After that, based in kinematic restrictions for robot handlason and Salisbury (1985) summarized in Tischler et al.
(1995b), we investigate the functional requirements oftzotdiand and transform these functional requirements into
purely kinematics characteristic. Then we enumerateakihematic chains withoutisomorphisms and apply thercaise
(connectivity, variety and redundancy) to classify theraatated chains to find alternative mechanisms for robot$iand

2. LINK ASSORTMENTS

The first common step of the works in enumeration of kinenddtains is the determination of the possible assortments
of binary, ternary, quaternary, etc. links that can existhia desired chains. These are given by the solutions of the
following equations:

n=mng+n3+ng+--- (2)
2j =2ng+2ng +2ng4 + - -- 3)

wheren; is the number of links withi connections each, is the number of links anglis the number of single-degree of
freedom joints.
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The subsequent step is the formation of distinct structpadierns in which polygonal (non-binary) links can be
connected together, the addition of available binary littkthe polygonal-link patterns in all possible ways to proglu
closed chains and finally discarding degenerate chainstaunttigrally equivalent or isomorphic chains to producesée
of distinct chains.

For the purpose of classification, each link assortmentliscta partition. Algorithms for finding all the partitions
are well documented (James and Riha, 1976). Table 1 shovpsittigons for constructing ten-bar kinematic chains with
A = 3 (not necessarily planar motion) add = 3, where number 2 represents binary links, 3 ternary linkd,samon.

Table 1. Partitions of the kinematic chains with ten linkghw\ = 3 andM = 3.

Partition 1| 3 3 3 3 2 2 2 2 2 2
Partition 2 | 4 3 3 2 2 2 2 2 2 2
Partition 3| 4 4 2 2 2 2 2 2 2 2
Partition 4| 5 3 2 2 2 2 2 2 2 2
Partition5| 6 2 2 2 2 2 2 2 2 2

3. REVIEW OF THE METHODS OF SYNTHESIS

Applied to the field of project of mechanisms, Reuleaux ()8¥&ines synthesis as the process of transformation
of the project specifications of a mechanism. Structurattmgsis is the process of finding the arrangements of a given
number of bodies and joints which result in kinematic chaifithe desired mobility.

We now consider the traditional methods of synthesis. Hewethey generate isomorphisms whose elimination
requires a great computational effort.

3.1 Method of Franke

The Franke’s notation is a graphical simplification of thpresentation of kinematic chains (Franke, 1958). In the
Franke’s notation, each polygonal link is represented g/ @rcle with a labeh inside, that corresponds to number of
connections of the link and binary links, are representetinas. Figure 1(a) shows one 12-links kinematic chain and
Fig. 1(b) shows the corresponding Franke’s notation ofid®slkinematic chain.

ol[[l /

(@

Figure 1. Franke’s notation.

In the synthesis procedure based on Franke’s notation, stecbnsider all the possible mappings of the polygonal
(non-binary) links for each possible partition. For eacrtipan, each circle is connected by lines in all possibleysya
being the incident line number in the circle equal to labet.dEach line receives a numbkr> 0, k& = 0 if no binary link
exists between two polygonals (Davies and Crossley, 1966).

Care must be taken to guarantee that degenerate chaingaugtenmobile subchains are not produced. A disadvan-
tage of the method is that it generates a great number of ig@risons which must be eliminated.

3.2 Method of Assur

Another approach for structural synthesis is due to Assat8). He introduced the concept of fundamental groups,
later called Assur’s groups. Assur’s groups are kinemdtairts in which some links contain free or unpaired elements
such that when the group is connected to the frame througfis &lée elements it becomes a structure with zero mobility.

Assur also proposed that chains of greater complexity (igh greater number of links) could be built up by the
sequential addition of these Assur’s groups to simplerrchéie. with fewer links). The basis for this idea lies in thet
that addition of an Assur’s group to a link or links of an exigtchain do not modify the mobility of the original chain.
The method is based on visual inspection and does not redgiieemination of partitions. Degenerate chains do nog¢aris
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if the initial simpler chains are free from immobile subatwand if the free elements of an Assur’s group are not all@dde
to a single link. Figure 2 shows the addition of an Assur'sugrto a 4-link chain.

]

4-link chain Resulting 8-link chains

Figure 2. Aggregation of the Assur’s group to 4-link chain.

However the method produces a large number of isomorphstfiyunjaya, 2003) . Also, it is necessary to have
available atlases of chains with mobilifif and number of links less that, as well as complete atlases of all Assur
groups with(n — M — 1) links.

3.3 Method of Heap

Heap’s method produces all the graphs withertices (or bodies) andedges (or joints) by extending all the distinct
graphs withj — 1 vertices and — i; edges, wherg; is the degree of thgth vertex (Heap, 1972). For the purpose of
generating kinematic chains, all the ways of joining jlie vertex using; edges are found and the process is repeated
until the number of vertices in the graphrisand the number of edges;jis

The advantage of this method is that no initial graphs arelegsince more complicated graphs are gradually built
up as each vertex is added. The disadvantages of this mettioat ithe intermediate graphs do not necessarily represent
kinematic chains, Heap’s method generates some graphmtiaspond to improper kinematic chains and Heap’s method
also generates isomorphs (Tischler et al., 1995a).

3.4 Method of Farrell

We implement a modified version of the Farrell's method farreeration of kinematic chains avoiding to enumerate
the fractionated kinematic chains; therefore, it will bescléed here with more detail and our method will be desdribe
in the section 3.7. The Farrell’'s method imposes a treetsireién the kinematic chains generation process and is sum-
marized in the following steps (Farrell, 1977) (Tischleakf 1995a):

Step 1: Each body in the partition is assigned by a numerical labebading to its degree. One of the bodies with the
highest degree is given the number "1", while the body withltwest degree is given the highest number. Two bodies
cannot be assigned by the same number. For example, thegpattin Tab. 1 has four ternary bodies, which we now
label 1, 2, 3, and 4, and six binary bodies we label 5, 6, 7, 8n6,10. At this stage all bodies are unconnected. Sees the
Fig.3.

Step 2: The body with the lowest number (i.e. 1) is selected and ¢éneaining bodies, {2, 3, ... , 10} are grouped so
that connecting body 1 to any member of the group would reswudn identical, partially connected, form. Here, two
distinct groups materialise, namely a group of ternary esdi2, 3, 4}, and a group of binary bodies, {5, 6, 7, 8, 9, 10}.
Connecting body 1 to any member in the group {2, 3, 4} woulditeim two connected ternary bodies, and connecting
body 1 to any member of {5, 6, 7, 8, 9, 10} would result a ternaogy connected to a binary body.

Step 3: The number of connectionsneeded to make the body with the lowest number fully conmestdetermined. In
this casec = 3, because body 1 is ternary and no connections have yet bedm md the different ways of selecting

¢ = 3 bodies to connect to body 1 from the groups of Step 2 are folihdse are; three ternary bodies {2, 3, 4}, two
ternary bodies and one binary body {2, 3, 5}, one ternary bamatytwo binary bodies {2, 5, 6}, and three binary bodies {5,
6, 7}. The partial forms which result from each of these sid&s are shown in Fig.3. In each case the lowest numbered
members of each group are selected first. Each of the fouap@rnms represents a branch in the tree.

Step 4: Each of the branches in Step 3 are selected in turn and angdwatiich are fully connected are ignored; Steps
2, 3 and 4 are repeated for the next lowest numbered body waiddt fully connected. In this case the lowest numbered
body will be body 2. Steps 2, 3 and 4 are repeated until allrdibdies are fully connected or it is impossible to connect
the remaining bodies. When either of these two situatioisearthe algorithm back-tracks and continues with the next
unexplored branch.

Step 5: When no unexplored branch remains the next partition excsetl, and all of the above steps are repeated until no
further partitions remain.

Step 6: Elimination of improper kinematic chains and isomorphésamd finality enumeration of the found kinematic
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chains.
One of the disadvantages of the method is that it generatag imamorphisms which must be eliminated and the
elimination requires a great computational effort.

oy i, i, o, 5 3 B 5

Figure 3. Example Farrell's method with possible connedifor boby 1.

3.5 Method of Melbourne

Tischler et al. (1995a) proposed a method of enumeratioringnkatic chains, called Melbourne’s method. The
Melbourne method’s is a modification of Farrell's methodhwtihe objective to reduce the number of isomorphism in
the output list. The modification consists of a set of fouesul To apply these rules they introduced four concepts;
symmetrical body, equivalent body, proper connectionsaebnical connections, for more details consult (Tischter
al., 1995a). However, the method also generates isomocphias which must be eliminated.

The Melbourne’s method was applied to synthesise kineroh&ins suitable for application as robot hands
(Tischler et al., 1995b).

3.6 Method of Sunkari and Schmidt

Recently, Sunkari and Schmidt (2006) presented a methoghtffissis of kinematic chains based on the group theory
techniques. He uses the McKay’s method for generation obrmdsphism class representative in combination with an
efficient degeneracy testing algorithms. According to thhars of the method, the algorithm is computationally effit
and it generates 318,162 planar kinematic chains whit ddimd M = 1 in 37.28s on Pentium 11l 1.7GHz with 512MB
RAM. The authors claims that the computational speed athwtiie kinematic chains are generated depend on McKay-
type algorithms that greatly minimize the explicit isomloigm detection by using group theoretic techniques.

3.7 Proposed Method

The proposed method in this paper is a modification of theefarmethod in order to avoid generation of fractiona-
ted kinematic chains. We notice that, in the majority of tpelecations, the fractionated chains are generated withou
necessity. We present, as illustrative example, the projea robotic hand where fractionated chains do not attead th
project specifications. We also notice that some methodsotiemumerate fractionated chains and the authors of these
methods do not justify why they do not enumerate them. We ar&ing in a fractionated chains generation method for
aggregation similar to the Assur's method , thus we enuradrattionated chains only when is necessary (i.e. fraation
ted chains satisfy the project specifications). One of tsadliantages of the proposed method is that it generates many
isomorphisms which must be later eliminated.

The method was implemented in C++ using graphs as data wwteucThe method imposes a tree structure in the
generation process similar to the Farrell's method, see &idrhe input data of the algorithm is the number of vertices
and the degree of each vertex. The vertices are orderly asingeof degree and labeled with gradual number. The graph
of the root of the tree is formed by a set of vertices labell@dmbinations of the degrees of the vertices are made and
edges are connected in accordance with the label of eadxvéditie process of adding edges is repeated to complete the
degree of all the vertices. In the generation process, ibplyhas a connected subgraph with the degrees of the vertices
complete except one of them such graph do not generate mitddeechbecause in this case the children will originate
fractionated kinematic chains, see Fig. 5. Some fractazhahains are generated in leaves of the tree, in this caseave u
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Figure 4. Structure of proposed method.

the test of biconnectivity (time complexity is polynomiaf)the Boost Graph Library (BGL, 2002) to exclude them. Thus
we avoid the generation of graphs that originate fractieti&tnematic chains. In the graphs of leaves of the tree we run
the test of isomorphisms of the Boost Graph Library (BGL, 20@8hose worst-case time complexityGg|V|!), where

V' is the number of vertices.

Figure 5. Eliminated graph, avoiding generate fractiot&teematic chains.

Table 2 shows some of the results known in the enumeratiolanfpkinematic chains. A reason for the discrepancies
in the results of Tab. 2 is the generation of kinematic chaiitlsout fractionation for Sunkari and Schmidt (2006) and
Tuttle (1996) and with fractionation for Hwang and Hwang429and Tischler et al. (1995a). Another reason can be
related the imperfections in the tests of isomorphisms atdation of degenerated kinematic chais. In the testedscase
the results of our method are in accordance with of SunkariSahmidt (2006).

After this review we evidence that the problem of generatibkinematic chains is still an unsolved problem.

Table 2. Summarises of some known cases of planar kinenfetin€enumeration.

Loops | Mobility
1 2 3 4
2 2 3[11[2], 4 [3] 5[1][2], 7 [3] 6 [2], 10 [3]
3 16 35 [1][2], 40 [3] 74 [1][2], 98 [3][4] 126 [2], 189 [3]
4 230 753 [1][2], 839 [3] 1962 [1][2], 2442 [3] 4356 [2], 5951 [3]
5 6856 [1][2], 6862 [3] | 27496 [1][2],29704 [3] | 83547 [1][2] 216291 [2]
6 318126 [1], 318162 [2] 1432608 [1],1432730 [2] 4805382 [1], 4805764 [2] 13743920 [2]

Legend of references:
[1] - (Tuttle, 1996); [2] - (Sunkari and Schmidt, 2006);
[3] - (Hwang and Hwang, 1992); [4] - (Tischler et al., 1995a);
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4. DETECTION OF ISOMORPHISM S

A major problem in the study of kinematic structures is thfal@tecting a possible isomorphism (structural equiva-
lence) between two given chains. Two kinematic chains orraeisms are said to be isomorphic if they share the same
topological structure. In terms of graphs, there exists @torone correspondence between their vertices and edges
that preserve the incidence. We now consider the traditioeghods of detecting isomorphism and their weaknesses,
admitting that, in the general case, no efficient solutiothefgraph isomorphism problem has been found yet.

Uicker and Raicu (1975) suggested that the characterislympmial could be used to test for isomorphism. However,
if two kinematic chains are isomorphic, it is necessarynmitsufficient, that their characteristic polynomials aeritical
as there are counter-examples where this method failsh€iset al., 1995a)(Mruthyunjaya, 2003).

Ambekar and Agrawal (1987) suggested a method of ideniiicatalled the optimum code. The method involves
a technique for labeling the links of a kinematic chain suwdt & binary string obtained by concatenating the upper
triangular elements of the adjacency matrix row by row, edilg the diagonal elements, is maximized. This is called
the MAX code. We can also search for a labeling of the chaihrfinimizes the binary string of the upper triangular
elements, called the MIN code. There is a need to develop & efaient heuristic algorithm for determination of the
optimum code (Tsai, 2001)(Mruthyunjaya, 2003).

Rao and Raju (1991) present a method for detecting isomdrgded on Hamming numbers of the adjacency matrix.
Although no counter-examples are known, when the algoritbas applied to the detection of isomorphs among the
number of inversions of the plana¥/ = 1, ten links, some non-isomorphic inversions were omitteidgfler et al.,
1995a).

The algorithm of generation of kinematic chains implemdnitethis paper uses the test of isomorphisms detection of
the Boost Graph Library (BGL, 2002) whose worst-case tinmagexity isO(|V|!), whereV is the number of vertices.

Kdbler et al. (1993) have examined the structural complexdithe graph isomorphism problem and state that there
is strong evidence to suggest that no efficient algorithnist éar this problem (i.e. the problem of isomorphisms is
NP-Hard).

5. DEGENERATED KINEMATIC CHAINS
5.1 Fractionation

Sets of kinematic chains with mobility/ > 1 contain some chains that are fractionated; these membezreaent
body-fractionation and joint-fractionation.

A body-fractionated chain contains a body which divideschain into two closed, independent, kinematic chains.
A closed kinematic chain is one in which every body is cone@db at least two other bodies. A body-fractionated
chain must have at least two independent loops and a mobility 2 (Tischler et al., 1995a). Figure 6(a) shows one
body-fractionated planar kinematic chain with three loapd M/ = 3.

A joint-fractionated chain is one in which the remotion ofaint divides the chain in two closed kinematic sub-
chains. A joint-fractionated kinematic chain must have dility A/ > 3 and at least two independent loops. When one
fractionating joint is removed the combined mobility of tha resulting chains id4/ — 1 (Tischler et al., 1995a) . Figure
6(b) shows one joint-fractionated planar kinematic chaiits with three loops and/ = 3.

Our method not enumerate fractionated chains eliminatomgputational efforts for generation and identification of
the fractionated chains.

@) (b)
Figure 6. Fractionated planar kinematic chain.

5.2 Improper Kinematic Chains

An improper kinematic chain is a kinematic chain where asieae biconnected subchain has mobilify < 0. The
subchain with mobility = 0 are called Baranov chains (Manolescu, 1979). Impropemnshatie of no interest in pure
kinematic analysis. Some methods of synthesis generat®papchains which must be identified and eliminated.



Proceedings of COBEM 2007 19th International Congress of Mechanical Engineering
Copyright © 2007 by ABCM November 5-9, 2007, Brasilia, DF

6. CRITERIA FOR CLASSIFICATION OF KINEMATIC CHAINS

In general, the number of generated kinematic chains inyththesis process is great and it is difficult to evaluate
each chain individually. Therefore, it is necessary to tigve set of criteria to evaluate the merit of each chain witho
eliminating a chain with possibilities to develop the deditask. For selecting the enumerated chains the criteria of
variety, conectivity and redundancy are presented.

6.1 Variety

Variety is a useful property for determining the relativanectivities within a chain and also for selecting actuated
pairs. Variety may also be used to classify kinematic chagt®rding to the constraints required (Tischler et al. 5199

A kinematic chain is variety’ if it does not contain any loop, or subset of loops, with a righof less thanM — V/,
but does contain at least one loop, or subset of loops, wlastahmobility ofA/ — V' (Tischler et al., 1995b).

Classification of kinematic chains by varielty allows generalizations to be made about the relative cdiwitgcof
bodies within the kinematic chain therefore if a variétykinematic chain has a mobility/ greater than the order of the
screw system that generally prevailsi.e. if M > A, then any two links, separated by at least V' joints, have relative
connectivityC' > X\ — V. The variety of the kinematic chains also affects the choictne joint to be actuated. If the
Variety of a kinematic chain with joints isV = 0, the actuated pairs may be selected at random. The Fig. 7shtam
links planar kinematic chain with variety = 0.

6.2 Connectivity

In a kinematic chain represented by a graph G, the connchigiween two linkg and; is defined in Carboni and
Martins (2006) as

Cij = IniIl : {Dmin[ivj]a Ma Mr/ninv )\} (4)

where D,y [4, j] is the minimum distance between verticeand j of G, M is the mobility of the kinematic chain
considered)\} ;. is the minimum mobility closed-loop biconnected subchdi@aontaining vertices andj, and\ is
the order of the screw system (Carboni and Martins, 2006).

The connectivity is an important criterion for selectingdiatic chains. For example, the Fig.8 represents a closed
planar kinematic chain with mobility/ = 3, but the connectivity between any two linkand;j cannot be greater than 2.
From this simple example, it is evident that connectivityt mobility, determines the ability of an output link to penfn

a task relative to a frame.

Figure 7. Planar kinematic chain with V=0. Figure 8. Planar k. c. eliminated for the connectivity.

6.3 Redundancy

Redundancy is one of the most important parameters in a kitiechain together with connectivity and variety. To
introduce the redundancy concept we need the degreesatietooncept. In a kinematic chain represented by a graph
G, the degrees-of-control between two linkandj is defined in Carboni and Martins (2006) as

Kij = min : {Dmin[iaj]v Mv Mrlnin}' (5)

The degrees-of-contrdl;; between two linkg and;j of a kinematic chain is the minimum number of independent
actuating pairs needed to determine the relative positeiwéen the two linkg and j, possibly leaving some other
link-relative position undetermined as whéR; is less than the mobility/ (Belfiore and Benedetto, 2000)(Carboni and
Martins, 2006).

In a kinematic chain represented by a graph G, the redundstaieen two links andj is the diference betweel; ;
andC’ij

Rij = Kij — Cjy. (6)
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The redundancy can be used to prevent collisions in marigmslavhich operate in confined environment (Simas,
2005).

7. KINEMATIC CHAINSFOR ROBOT HANDS

In this section, we examine the specific application of kinochains as robot hands. Our starting point is the work
described by Tischler et al., (1995a, 1995b). Our objedivi® enumerate and to classify alternative mechanism for
robot hands. Our method is applied to generate the kineriadims and the connectivity is applied to classify kinemati
chains that are suitable for application as robot hands. rékelts are compared with those obtained by for Tischler
et al. (1995b). The contact types suitable is point contattt fxiction. A point contact with friction is kinematicall
equivalent to a spherical pair (Tischler et al., 1995b)sthpherical pairs are required to represent the contacesefidre,
if a kinematic chain with single-freedom joints is suitaliée application as a robot hand in accordance with above
specifications it must contain the subchain shown in Fig.9.

Figure 9. A three dimensional subchain representing a gohlspdy and three point contacts with friction which must be
included in all suitable kinematic chains for potentialebbands consistent with these specifications.

To maintain static equilibrium, three point contact witkcfion are required. Since three point contact are required
between the grasped object and the finger-tips, we mustesisthkinematic chains which contain at least one ternary
body. The desired connectivity of the grasped object radat the grounded body i = C. To synthesise one entire
robot hand, we need three spherical pairs to represent thtaate in the linkage. The only screw system which has
full-cycle mobility and can admit three distinct spheripalrs is the general six-systeth~= 6 (Hunt et al., 1991). Since
we require a ternary body in the linkage and at least two iaddpnt loops, i.es = 2.

Fractionated chains with/ = 6 andv = 2 are not suitable for the specifications of robot hand. Badgtfonated
chains, with only two independent loops, do not contain aaer body which has to be present to represent the grasped
body, hence they can be disregarded. Joint-fractionatedishwith\ = 6 andv = 2, are also unsuitable, because it is
not possible to choose a grounded body such that the grasplgchias a connectivity af' = M relative to the ground.

Table 3 shows the results for the synthesis of kinematicnshaith A\ = 6 andv = 2. The column 1 shows the
mobility, column 2 the total number of kinematic chains witit fractionation for a given mobility, column 3 how many
of the total number of kinematic chains in column 2 contai@ slubchain shown in Fig. 9, column 4 the number of
useful inversions (i.e. number of choices for the groundedybstrictly only linkages can be inverted) for each of the
kinematic chains represented in column 3. Of the inversioeslumn 4, the only suitable mechanisms for application as
robot hands are those which have a relative connectivitydsen the grasped object and the grounded body equal to the
mobility M shown in column 1.

The relative connectivity between the grasped object aadjtbund was calculated through the automatic method of
Carboni and Martins (2006). Tischler et al. (1995b) calithe connectivity for the method based on the variety of the
kinematic chain. Of the inversions of column 4 were elimgmat81 chains in the total that has connectivity of grasped
object relative the groundetll < C. The suitable inversions are shown in column 5. The altermatechanisms for
robot hands satisfying our specifications are derivatifélseinversions show in column 5 of Tab. 3.

Table 3. Synthesis of kinematic chains with= 6, » = 2 and k.c’s suitable as robot hands.

1 2 3 4 5
Mobility | Total number of k.c’s Unique k.c’s Useful inversions of| k.c’s suitable
M without fractionating| containing subchain k.c’s with subchain| as robot hands
2 7 4 21 19
3 10 6 34 26
4 12 7 50 22
5 15 9 71 16
6 18 11 97 9

Figure 10 shows the kinematic chain and potential mechafisrobot hand that operates in the general screw system
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with M = 6 andv = 2. The mechanism of Fig. 10 is known as Stanford/JPL or Salbhand (Mason and Salisbury,
1985)(Ruoff et al., 1984). The other eight structures cafobad in Tischler et al. (1995b).

Figure 10. Potential mechanism known as Stanford/JPL ast&ad/’s hand.

Figure 11(a) shows a symmetrical kinematic chain and thergia mechanism for robot hand and Fig. 11(b) show
a non-symmetrical kinematic chain and the potential meisharboth operates in the general screw system with- 3
andv = 2. The others 24 mechanisms can be easily sketched.

The results of the Tab. 3 are in accordance with results iddiain Tischler et al. (1995b). The difference in the Tab.
3 is that Tischler et al. (1995b) enumerate fractionatedrkiatic chains which must be eliminated because they are not
suitable for the specifications of robot hand and our metfmdat enumerate fractionated kinematic chain eliminating
computational efforts for the generation and the identificethese chains.

(b)
Figure 11. Potential mechanism for robot hand.

8. CONCLUSION

In this paper, we review some methods of synthesis of kinienchtiins and we present our method for generation
of kinematic chains. A kinematic chain can be uniquely repnted by the graph whose vertices correspond to the
links of the chain and whose edges correspond to the jointeeothain. Representing a kinematic chain as a graph
allows consideration of its kinematic structure with miainneference to its geometrical proportions. This is a usefu
simplification in the preliminary stages of design. The peaf of the synthesis of kinematic chains is reduced to the
problem of enumeration of graphs that satisfy the mobilitiecion. One of the unsolved problem in structural synithes
is the precise elimination of all the kinematic chains stually equivalent (i.e. isomorphism). It is necessaryttadyg
the problem of isomorphisms and search new methods to fgeéhné isomorphisms.

We present the criteria of variety, connectivity and recamay to classify kinematic chains. Based in kinematic
constraint for robot hands in Mason and Salisbury (1985)msarized in Tischler et al. (1995b), we enumerate all
the kinematic chains that satisfy the mobility criteriordarumber of loops for robot hands. In order to identify those
kinematic chains most suitable for application as robotisawe apply the criteria of connectivity to classify thedimatic
chains generated. One table of alternative mechanismsliot hands is presented and is in accordance with the pieviou
work of Tischler et al. (1995b).

This application validates our method of automatic getenadf kinematic chains and the criteria of classification
applied.
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