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Abstract. The paper considers the approach to the struanedysis and synthesis of parallel
structure robots based on the mathematical apgacdtgroups of screws and on a concept of
reciprocity of screws. The results are depictedsyfthesis of parallel structure robots with
different numbers of degrees of freedom, correspantb the different groups of screws.
Power screws are applied with this aim, based erptinciple of static-kinematic analogy; the
power screws are similar to the orts of axes ofdroten kinematic pairs of a corresponding
connecting chain. Accordingly, kinematic screws the outlet chain of a robot are
simultaneously determined which are reciprocal tover screws of kinematic sub-chains.
Solution of certain synthesis problems is illusdatvith practical applications. Closed groups
of screws can have eight types. The three-membgredps of screws are of greatest
significance, as well as four-membered screw grddpsand six-membered screw groups.
Three-membered screw groups correspond to progedgsiuiding mechanisms, to spherical
mechanisms, and to planar mechanisms. The four-medlgroup corresponds to the motion
of the SCARA robot. The six-membered group includikpossible motions. From the works
of A.P. Kotelnikov, F.M. Dimentberg, it is knownathclosed fifth-order screw groups do not
exist. The article presents examples of the meshantcorresponding to the given groups.

1. Introduction
In this paper, the structural analysis and synshe$irobots of a parallel structure based on the

mathematical apparatus of groups of screws arddamesl. The results of synthesis of mechanisms of
a parallel structure with a different number of ideg of freedom are presented. It is establishad th
closed groups of screws can be of eight forms. greatest attention is paid to three-member groups
of screws, four-member groups and six-member gro@igsrews.

2. Description of the algorithm of structural synthesis
The algorithm of structural analysis and synthésisased on structural formulas that corresporttig¢o
order of the corresponding closed group of screws.

Three-member groups of screws correspond to tiEmsdé mechanisms, spherical mechanisms, and
plane mechanisms. The four-member group corresgorttie movement of the robot SCARA. The six-
member group includes all possible movements.

The article presents examples of mechanisms camdspy to these groups.
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As noted, the mechanisms of the parallel strucfpfg] can be described in the most effective
manner on the basis of the theory of screws [Ghimcase, each kinematic pair is associatedavithit
screw - ort. To analyze the power screws transfarehe output link, it is necessary to find teesvs,
reciprocal axes of the axes of these unactuates! [

Such consideration is used to ascertain wheth&pttthat position corresponds to the limiting ealu
of the pressure angles [7-8]. It is worthwhile talerstand what angle is between the line of acidhe
force and the velocity vector, which is formed dtir except for one fixed, generalized coordinates.

This problem is adjacent to the problem of consitngcrobots with a kinematic solution, in which
each drive controls the motion with only one coaati [9]. Similar problems are also solved when
creating robots of a parallel structure with aatifint number of degrees of freedom and kinematic
chains [10].

As an algorithm of structural synthesis, the agpitn of the modified structural formula proposed i
1991 for mechanisms of parallel structure can lopased [5]. The meaning of this formula is that a
solid body moving in space, corresponding to onammther closed group of screws, hadegrees of
freedom, wher@ can be equal to six, four, three, two and onéérlimiting case.

Each attached kinematic chain can impose some cbong, the number of which i8-0), where p
is the number of moving kinematic pairs.

In the particular case whar= 6, the following structural formula was obtained

here W — the number of degrees of freedom, k— timsber of kinematic chaing; — the number of
single-kinetic kinematic pairs.

In the general case, the structural formulas cpamding to the spaces of the mechanisms of the
parallel structure become:

K
w:/]—_zl(/l—g), )
1=

whereA - the dimension of the space in which the robboéshanism functions.

The use of groups of screws to construct robotsprallel structure and a spherical mechanism of a
parallel structure (Fig.1) is considered. Each kiatc chain consists of one driving rotational and
two rotational pairs, with the axes of all pairgeinsecting. Unit screws characterizing the posstioh
kinematic pail‘s arek’; (l, 0,0,0,0, O)K]_g (k]_gx, k12y. k]_gz, 0,0, O),K]_g (k]_gx, k13y, k13z, 0, 0, 0),[(21 (O, 1,
O. 01 01 O)KZZ (kZZXy k22y- k222- 01 0! O)vK23 (k23Xy k23yv k23z: 0! O: O)KSI (O- O- 11 0! O- O)K32 (k32Xy k32yv k3221
0, 0, 0),K33(Kszx Kssy, kssz, 0, 0, 0).
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Figure 1. Spherical mechanism

For this mechanism, the structural formula takes f(2).

The power screws of the links have the followingrdinatesQ; (1, 0, 0, 0, 0, 0X-(0, 1, 0, O, 0, 0),
Qs (0,0, 1, 0, 0, Ond the kinematic screws of the output link haweftlim: @, (1, 0, 0, 0, 0, 0)®, (O,
1,0,0,0, 00@; (0, 0, 1, 0, 0, O)These three screws are reciprocal to the indigad@ger screws and
correspond to the required movements of the olitgut

The plane mechanism of the parallel structure (Bigis considered. In this mechanism, two
kinematic chains contain three rotational pairshvgarallel axes, and one kinematic chain contains a
rotary drive pair and two translational pairs. Wsdtews of kinematic pairs have the coordinakes(0,
0,1,0,0,0)K12 (0, 0, 1, ko kizy 0),Ki5 (0, O, 1, ks kizy 0), K2 (0, 0, 1, 0, 0, O)K2, (0, 0, 1, Koy Kooy,
0), K (0, 0, 1, ksy, kosy, 0),K5 (0, 0, 1, 0, 0, 0)K52(0, O, O, kyy Kszy, 0), K350, O, O, Ky, Kssy, 0).

ﬂ“.

=

Figure 2.Planar mechanism
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For the mechanism under consideration, the straidiommula (2) takes the form (3). In this case, th
kinematic chains impose the same bonds. The powmws of the links have the following
coordinate); (0, 0, 0, 1, 0, 0)Q-(0, O, 0, 0, 1, 0)s(0, 0, 1, 0, 0, O)Kinematic screws of the motion
of the output link#, (O, 0, 0, 1, 0, O)@, (O, O, 0, 0, 1, 0)@5 (0, O, 1, O, O, O)These three screws are
reciprocal to the indicated power screws and cpamd to the required movements of the output link.

3. Application of the algorithm for the synthesis of sometypes of manipulators

In more detail, let us consider the manipulatorthefparallel structure, which correspond to trsesaf
overlapping kinematic chains of various connectiolms particular, it will be a question of the
mechanisms that ensure the Schoenfliesor moveiker8BCARA. These movements are very important
from the point of view of practice and represent¢htranslational movements and rotations arouad ax
parallel to any one axis.

There are schemes [11], in which chains imposedhstraints, are of different nature. The algorithm
for constructing these manipulators should be basethe fact that for each chain, its own strudtura
formula must be used.

Let two kinematic chains superimpose one bond tlaadhird chain give two links (Fig. 3). The first
and second kinematic chains consist of a singleedranslational pair (linear motor) located onhse
of three intermediate rotational pairs located wsitks parallel to the axis of the linear drive trafinal
rotational pair (the axes of the final rotationalirp of the two chains coincide). The third kineimat
chain contains one rotary drive pair (rotary drire)unted on the base, one driven translational(fbesr
axes of the two pairs coincide), and two trangtatigpairs made in the form of hinged parallelograms
The unit screws characterizing the positions of d@lxes of the indicated kinematic pairs have the
Coordinateg{ll (0, 0,0,1,0, 0),(12 (1, 0, 0,0, sz, K7122), K13 (1, 0, 0,0, k.3y1 K)13Z)1 K14 (0, 0,1, R14X,
kUl4y- O)! K21(01 01 0: Ov 11 O)KZZ (01 O, O, r]<22x: O! KZZZ)I K23 (01 O, O, r]<23x: O! le23z)- K24 (01 O, 1, r]<24x:

K24y 0),Kz (0, 0, 1, 0, 0, 05, (0, 0, 0, 0, 0, 1)K53(0, O, O, Kszx, K'szy, 0),K34(0, O, 0, Ksas, K'3ay, 0).

The screwsKy;, Ko, Kap, Kzz and Ky, have an infinitely large parameter [1], or infinpigch. The
remaining screws have a zero parameter. The fidtsacond kinematic chains impose one bond, the
third chain corresponds to two bonds. These linkshe first and second kinematic chains can be
considered repetitive, since they do not affecttte number of degrees of freedom equal to fobe
power screws of the bonds imposed by the kinenchtdins have the coordinates [12]:(0, O, O, 1, O,

0), Q. (0, 0, 0, 0, 1, O)All kinematic screws of the motion of the outputdican be represented as
screws reciprocal to the indicated power scra®s0, 0, 0, 1, 0, 0)¢2, (0, 0, 0, 0, 1, 0)¢ (0, O, O, O,
0,1),2,(0,0,1,0,0, 0). 8ews2,, 2 andare of an infinitely large parameter, scr&4 of a zero
parameter.

To form the corresponding structural formula, inecessary to consider the kinematic chains in more
detail. The chain number three (located in the tajdinposes two connections.Chains numbered one
and two (located on the sidesimpose one bond hesetlinks are repeated with the average kinematic
chain.)

Each three intermediate rotational pairs can blaced by two parallelograms.
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Figure 3. Mechanism with four degrees of freedom and threainsh imposing differer
connections.

Next, let us consider thmechanisr in which two kinematic chains superimpose two boffdg. 4),
and the third kinematic chain of links does notasg The first and second kinematic chains, alse
previous case, consist of one drive rotational fratary drive) located on the ba:wone intermediate
rotational pair located with an axis parallel te #xis of the rotary drive and a final cylindri¢alo-
movable pair (the finite cylindrical pairs of thed chains coincide). The third kinematic chain e
one rotary drive pair moted on the base, one driven translational pair &kes of the two pail
coincide), and two cardgnints, each of which is made in the form of twdatmnal kinematic pair
with perpendicular intersecting axes arranged iizbotal planes (Fig. 4

The unit screws characterizing the positions of tkesaof the indicated kinematic pairs have
coordinatesKi; (0, 0,1, F(11><1 K711y, 0), Kiz (0, 0,1, F(12><1 kolzy, 0), Kiz (O, 0,1, R13><1 kolgy, O), Kia (0, 0, 0,
0,0, 1)Ka (0, 0, 1, Rozy, K21y 0), K22 (0, 0, 1, Kooy, K'22y4 0), K23 (0, 0, 1, Koay, K'23 0)=Ky3 (0, O, 1, Ky,
K13y 0),K24 (0, 0,0, 0, 0, 1)K, (0,0, 0, 0, 0, 1)K5 (0, 0, 1, 0, 0, OK5 (0, 0, 0, 0, 0, 1)Kss (Kszx Ky
Oa K)33x, l<733ya k033z)1 K34 (k34><a k34ya Oa k034x, l<734y7 K)342)1 K35 (k35x, k35y7 01 I’g35x, k035y7 k0352)a K36 (k36>o k36yy 01
K’se K'asy K'367). Let us note thektas, = Kasy, Kasy = Kasy, Kaax = Kaex Kaay = Kaey
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Figure 4. Mechanism with four degrees of freedom, one chhlimks does not impose.

The screwsKy,, Kau, Kz have an infinitely large parameter. The remainioigws have a zero parameter. The
first and second kinematic chains impose two bowtig;h can be considered repetitive, they deterrtiaenumber
of degrees of freedom equal to four. The third kiaic chain of links does not impose. The poweewsrof the
bonds caused by the kinematic chains, as in thequ® cases, have the coordinat@s:(0, 0, 0, 1, 0, 0)Q,(0, O,

0, 0, 1, 0)Accordingly, all the kinematic screws of the motimfithe output link can again be represented as\scr
that are reciprocal to the indicated power scradd0, 0, 0, 1, 0, 02, (0, 0, 0, 0, 1, 0¥ (O, O, O, 0, 0, 1), (O,
0,1,0,0,0).

Specific provisions related to the loss of one @rendegrees of freedom arise if the kinematic ssrew
corresponding to the unit vectdfs, Ki,andKs (i = 1, 2) or K3, K34, Kas andKsg are linearly dependent. This is the
case if any three screws;, K, andKis (i = 1, 2) or if four screwsKz;, Kag, Kzs andKsgare in the same plane. In
particular, if any three screwg, , Ki,andK;; (i = 1, 2) are located in one plane parallel to yhexis, then there are
three power screws of the bonds imposed by tharatie chainsQ, (0, 0 0, 1, 0, 00Q,(0, 0, 0, 0, 1, OandQ 3
(0, 1, 0, 0, 0, 0)And only three kinematic screws of the output lamk reciprocal to these scre¥i% (0, 0, 0, 1, O,
0),£(0,0,0,0,0, 1and€% (0, 0, 1, 0, O, O)Let us note tha 5, is located along the axis.

This mechanism has the property of a partial kirienmdecoupling. Rotary drivers of the first and
second kinematic chains move the output link inoaizbntal plane. The linear driver of the third
kinematic chain moves the output link along thdigal axis.

To form the corresponding structural formula, iniscessary to consider kinematic chains. Chain
number three (located in the middle) does not imposnnections. Chains numbered one and two
(located on each side) impose two identical commegtcorresponding to the movements of Schoenflies
or the robot SCARA

Since the third chain does not impose connecttbedormula is also valid for the entire mechanism.

Let us consider the 6-DOF mechanism of a paratleicgire with three connecting kinematic
chains 3R-R-R-P-P-F(Fig. 5). Each kinematic chain includes one rotdiye pair, one translational
drive pair, two rotational pairs and two translatibpairs. To ensure kinematic decoupling, the akes
all rotational pairs intersect at poid@, and the axes of the drive rotational pairs arduaily
orthogonal.
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Figure 5. Mechanism with six degrees of freedom.

Unit screws directed along the axes of the kinemadirs are described by the following plucker
coordinatesK;; (1, 0,0,0,0, O)KlZ (k12x, k12y1 kios O, O, 0),K34 (O, 0,0,0,0, 1)K35 (0, 0, 0, ks, k35y,

0), K35(0, 0, O, ksy, ksey, 0). The possible movements of the output link (thdisplacements along the
coordinate axes and three rotations around theem)dascribed by the following kinematic screws
(which are reciprocal to six power screws of theeknatic chains): ¥2; (1, 0, 0, 0, 0, 02, (0, 1, 0, O,
0,0),25(0,0,1,0,0,0%2,(0,0,0, 1, 0,025 (0,0,0,0, 1,042 (0, 0, 0, 0, O, 1).

Thus, a new 6-DOF mechanism is synthesized, wighsthucture described by formula (1). In this
case, the kinematic chains do not impose any aintgron the motion of the output link.

The disadvantage of this structure is the arrangeroé translational drives on the moving parts loé t
mechanism. The location closest to the base is mai@al. In addition, coaxial installation of th@anslational
drive and the rotary drive is possible. Here igaample of a mechanism based on three kinematio<Bd&R-R-R-
R-P (Fig. 6).

Figure 6. Mechanism with drives on the base.

Each kinematic chain includes one rotary drive pail one translational drive pair placed on the
base, as well as two rotational pairs and two tasiomal pairs. All rotational pairs with their axe
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intersect at poinO, which is taken as the center of the coordinastesy. With moving translational
drives, pointO does not change its position. The kinematic pairews’ plucker coordinates have the
fO||OWing form: K11 (1, 0,0,0,0, O)Klg (O, 0,0,1,0, O)Klg (klgx, k]_3y, klgz, 0, 0, 0),K14 (k14x, k]_4y, k14z,

0, 0, 0)Ky5(0, 0, 0, 0, ks, kisp), K16 (0, O, 0, 0, ks, kisp), , K2 (0, 1, 0, 0, 0, 0)K» (0, O, O, 0, 1, O)Kz3
(k23X1 k23y1 k23Z! Oa O! O)1K24 (k24X1 k24y1 k24Z! Oa O! O)KZS (Ov 0’ 0’ l55X1 01 I&52)1 K26 (0! O! 01 Kfix’ O, l&62)! K3l
(0,0,1,0,0,0)Ks(0,0, 0,0, 0, 1)Ks3 (Kssx Ksay Ksz» O, 0, 0),Kss (Kzax, Ksay Ksan O, O, 0),Kss5(0, O, O,
k35X1 k35ya O)! K36 (Ov 0’ 0’ KGX! k36y1 O)

ScrewsKy1, Kiz, K14’ K1, Koz, Koa, K31, Kas, Kas have zero parameter; screllis, Kis, KigKso, Kos,

Kas, K2, Kss, K3s have an infinite parameter. The following groupkafematic screws (reciprocal to
power kinematic chains’ screws) determines theiplessmovements of the output lin?, (1, 0, 0, O,
0, 0),@,(0,1,0,0,0, 0)@;(0,0,1,0,0, 0w,(0,0,0, 1,0, 0s(0, 0, 0,0, 1, 0)s(0, 0,0, 0,0,
1).

Translation drives move the output link with fixexdlary drives and unchanged orientation, similar to
how it occurs in the 3-DOF translational mechaniémthis case, translational kinematic pairs are
operating, which correspond to kinematic scrédys Kis, Kis (i=1,2,3). With fixed translation drives,
rotary drives perform rotations of the output liskpilar to how it occurs in a spherical mechanism.
this case, rotational pairs are operating, whiahespond to the screws, Kis, Kis (i=1,2,3). This new
6-DOF mechanism, like the previous one (Fig. 5flasoupled and corresponds to formula (1) with all
six drives located on the base, which gives sigaifi advantages.

4. Conclusion
Thus, the article presents an algorithm for thacstrral synthesis of parallel structure mechanisms.
The algorithm is based on consideration of closexlgs of screws and corresponding structural
formulas.

On the basis of the apparatus of closed groupscoéws, planar and spatial systems are
synthesized.

In particular, a number of decoupled mechanismé witvarious number of degrees of freedom
were obtained.
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