288

ISSN 1392 - 1207. MECHANIKA. 2011. 17(3): 288-295

The structural synthesis of the parallel robots

V. Dolga*, L. Dolga**

*Politehnica™ University of Timisoara, B. M Viteazu N. 1, 300222 Timisoara, Romania, E-mail: valer.dolga@mec.upt.ro
**”Politehnica” University of Timisoara, B. M Viteazu N. 1, 300222 Timisoara, Romania, E-mail: lia.dolga@mec.upt.ro

crossref http://dx.doi.org/10.5755/j01.mech.17.3.505
1. Introduction

Parallel kinematic chains were initially proposed
in the context of tire-testing machine and flight simulators.
In 1942, Willard L.V. Polland designed a first parallel,
robot for painting [1]. In 1947, Eric Gough invented a new
six degree-of-freedom (DOF) parallel robot. In 1965,
Stewart published a paper describing a 6 DOF motion plat-
form that was designed as an aircraft simulator. Steward
platforms are extensively analyzed as structural solutions
or as conceptual solutions of the parallel elements [1]. In
the early ’80s, Reymond Clavel used a parallelogram
mechanism to construct a parallel robot — Delta- with 6
DOF (3 translations and 3 rotations).

Parallel manipulator is a complex closed loop
structure. Parallel robots have inherent advantages over
conventional serial mechanisms: high rigidity, high load
capacity, high velocity and high precision [2].

The parallel robot is a mechatronic system and re-
quires the design in the spirit of the mechatronic philoso-
phy [3-6]. Reduced workload involves to not talking
about a universal parallel robot. The use of a parallel robot
in a given application implies a careful analysis of the
structure and of the essential parameters. Structural synthe-
sis of mechanisms for parallel robot is addressed in detail
in [2], is found in an approach based on the Lie Group of
displacements in [7] or on topological synthesis of transla-
tional parallel manipulators [8]. Structural analysis and
synthesis viewpoints for the TRIGLIDE robot, with rele-
vance in medicine [9, 10], are encountered in [3, 11, 12].
Synthesis aspects of 6-DOF complex structures are ad-
dressed in [13, 14].

This paper proposes a method for structural syn-
thesis of the parallel robotic mechanism using two con-
cepts: the mechatronic philosophy and the kinematic con-
nections. The mechatronic philosophy, as a support in the
design of parallel robot structure, makes the object of Sec-
tion 2 as well as the structural analysis of the mechanisms
related to the concept of kinematic connections. The design
of the robot structure is addressed in Section 3. Section 4
studies kinematic connection and structural analysis of the
mechanisms. Section 5 deals with principles of structural
synthesis based on the concept of the kinematic connec-
tion; models are reviewed in Section 6. Conclusions-
Section 7 and References- Section 8 complete the paper.

2. “Mechatronic philosophy” & parallel robot design

Parallel robot belongs through concept, design
and application to the mechatronic product class designed
using the principles and procedures of the “mechatronic
philosophy". The V design model - V design cycle - is cur-
rently recognized and accepted in the field of mechatronic
design (Fig. 1).
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Fig. 1 V design cycle

The systemic approach and the methods for de-
veloping new ideas play a key role in this growth.

Taking a decision in the design process can be
greatly simplified by the system decomposition according
the system function. Patterns development is achieved by
evolving from abstract to concrete, from simple to detail.
Fig. 2 shows a case of system decomposition for a parallel
robot, in correspondence with the previously facts.

Material,
Energy, : PARALLEL ::: Process
Information ROBOT

Fig. 2 Decomposition of the robot system, based on the
function to be performed

The development of the parallel mechanism will
ensure the mobility function for the robot system. The con-
ception of several structural variants, which will be further
dimensionally synthesized, according to a given applica-
tion, corresponds to the incipient stage in the system de-
sign and has to be based on a well defined, simple and
rapid model. One can use the kinematic connections
method to solve this question.

3. Conceptual design of the parallel robot mobility

Definitions and explanations on the notations and
names in the field of parallel robots are widely presented in
[3]. A parallel robot is defined as the "... robot in which
end effector is connected in parallel to reference link by
k >2 kinematic chains called limbs or legs" and a fully
parallel robot as “...a parallel robot in which the number of
limbs is equal to the robot mobility and each limb inte-



grates just one actuator” [3]. Under this concept, one can
consider that a parallel mechanism is typically made of two
rigid bodies, one movable and one fixed, connected by at
least kinematic chains. A fixed platform (PF) is used as
support/ frame for the assembly and positioning of the cre-
ated mechatronic system - the parallel robot. The end ef-
fector (EF) for the given application is attached to a mobile
platform (MP) of a specific geometrical shape and the
characteristic point P is associated to the effector.

The mobile platform will be assembled to the
fixed platform in a mechanical structure, through a parallel
mechanism. Relative positioning in space of the two plat-
forms offers various design alternatives to achieve the de-
sired application, depending upon the specific employment
requirements (Fig. 3).

(EF)

Fig. 3 Relative position of the two platforms within the
structure of the parallel robot

Structural synthesis generates the structure of par-
allel mechanisms that integrate the two platforms.

The complexity of the application to be achieved
has a decisive role in determining this structure and the
number of the DOF of the mobile platform.

4. About the structural analysis of the parallel
mechanisms and the kinematic connection

For a given mechanism, the desmodromy is ob-
tained as a result of a number of constraints imposed in the
relative motion of the elements and of the ruled and gov-
erned kinematic pairs. The totality of the means that
achieve constrains in the relative motion of the elements in
a mechanism are named connections [1]. The connections
(K) and their definitions are presented in Table 1.

Table 1
The connections (K) and their definition
C . Symbol and | Association with the theory of
onnection .
DOF mechanisms
Ka K A(— L, ) Kinematic pair
Kg Kg (— L, ) 1 element + 2 kinematic pairs
Kc Kc (— L, ) Kinematic chain

The DOF number of the connection is defined by
LK :6nk_zicik_zl-pk _zLidk (D
i=1

Where: ny is the number of the elements, ¢ is the
number of the i class kinematic pairs enclosed in the con-
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nection; Ly and Lig are the DOF number of the passive
links, respectively the number of the superfluous DOF in-
troduced in the mechanism by means of the connection.
Table 1 presents the mode of symbolizing the de-
grees of freedom Ly of each connection. Using the symbols
and notations from the theory of mechanisms and ma-
chines, one can present the equivalences of the structures
for the previous described kinematic pairs. Table 2 summa-
rizes the variations of the K, connections with the number

of DOF in the structure of planar and spatial mechanisms.
In Table 3, variants of the connections K are presented,

while in Table 4 a number of possibilities to achieve a
connection K. are outlined.

Structural synthesis of a mechanism envisages de-
termining the mechanism’s structural scheme, meaning the
number of the elements, the class of kinematic pairs and
the way they are assembled in an ultimate totality with a
well-determined motion of the elements.

Let np, be the number of the driving elements — in-
clusively those representing driving kinematic links — and
n. the number of the driven elements. The mechanism
desmodromy is ensured if the sum of DOF for the connec-
tions that realize the link between the mentioned elements
( Z L, ), is given by the relationship (2) for a spatial

mechanism, respectively (3) for a planar one
YL =—(5n,+6n,)

YL =—(2n,+3n,)

2
3)

In a broad approach, structural synthesis of the
mechanism pursues the following path:
step 1: the sum of DOF is determined for the con-
nections that have to be introduced between the
fixed motor elements and the driven elements;
step 2: nature and position of the introduced con-
nections are established.
The previous methodology, typically applied in
synthesizing planar or spatial mechanisms, is as well
proper for the structural synthesis of the parallel robots.

Table 2

Variants for the K, connection

DOF of the connection
Connection Planar Spatial
mechanisms | mechanisms

L, =-2 L, =-5

L, =-2 L, =-5

L, =-3
""" ?)

NS &

A \ | L==2 | L =-5

Type H _'fl)\',/’-\_:/




Table 3

Variants for the Ky connection

Kg TypeR-R Fr=- S ~~-===-=--- "

Planar / Spatial
mechanism DOF:

L =-1/L, =4 R

Kg Type P-R

Planar / Spatial
mechanism DOF:

Lo=-1/L =—4

Kg Type S-S

r

Spatial mechanism K ( Ly )/:/ A (j: (2)

DOF: ! 1
@) i

L, =-1

Table 3 (continuation)

Kg Type P - H

Planar / Spatial
mechanism DOF:

L =-1/L, =-4

Kg Type R-H

Planar / Spatial
mechanism DOF:

L =-1/L, =4

Kg Type U

Planar / Spatial
mechanism DOF:

Lo=-1/L =—4

Table 4

Possibilities of achieving K. connections

Connection

Connection’s DOF

3
L, :12—2|j =L — Lig

j=1

L =-2

5. Structural synthesis of parallel robots’ mechanisms

Practical solutions of mechanisms for parallel ro-
bots, which are applied also in medicine, consider 2 DOF
for planar variants and DOF > 3 for spatial variants.

Within a spatial general approach, n motor ele-
ments N, =n, identified by E;,i=1,...,n together with the
fixed element “0” will constitute n kinematic connections
corresponding to the actuators of the parallel robot. The
connections belong to the K, ,, category, type R, P or H
(Table 2), so that each connection limits a number
ofL,, =—2 DOF. The mobile mechanical structure has a
single driven elementn, =1, identifiable by the mobile
platform (MP) (see Fig. 4). A particular case of the mecha-
nism structures for the parallel robot is given when the
mobile platform is reduced to a point (n, =0).

y

T
®A\ e X AFP)
(MP)~L7 -, 0

Fig. 4 Planar structure synthesis for a parallel robot

Accordingly to the relationship (3), the DOF that
must be introduced using kinematic connections will be:

L, =—(2n+3) 4)

Taking into account that the n motor elements be-
long to n connections K, , the inserted DOF are:

2L=-2n (5)

From the previous relationships (4) and (5), it fol-
lows that other kinematic connections should be inserted;
their DOF sum should equate the value AL, :

AL =L -Y L =—(2n+3)—(-2n)=-3 (6)

The number of the DOF distributed on each paral-
lel chain must be an integerL, € Z. Table 5 shows the

analysis of a potential distribution of the DOF.

As a result of the earlier analysis, one concludes
that symmetrical planar parallel robot with n, =1 can be
obtained forn=3.

Table 5

Potential DOF’s distributions on parallel chains

oA, =3 Asymmetric structure:
Caselnoa| L, = =2 g 7

3 Kg(_;yconnections used

Symmetric structure of type
3x L, =3-(-1)=-3;

3 Ky, connections used

Case| _ : -3
Redundant asymmetric solu-
tion:

3 Ky and K¢ connec-

tions used




In the specific case of a mechanism structure for
the parallel robot (n, =0), the number of the DOF that

must be introduced by means of kinematic connections is

L, =—(2n+3-0)=-2n @)

After the constitution of the motor kinematic con-
nections, one can easily determine, based on relationship
(5), that other connections must be introduced, which have
to accumulate the number of DOF equal to
AL =L -3 L =-2n)~(-2n) =0 ®
The construction of the parallel robot is achieved

by attaching K, connections to the motor elements.

Within a general spatial approach, n motor ele-
ments N, =N, nominated by E;, i=1,..,n will compose,
together with the fixed element “0”, n kinematic connec-
tions that are equivalent to the actuators of the parallel ro-
bot. If considering these connections from within the
Kacs) category of R, P or H type (Table 1), each of them

limit L, =—5 DOF. The mobile mechanical structure has
a single driven elementn, =1, identifiable by the mobile
platform (MP) (Fig. 5).

From the relationship (2), the number of the DOF
that have to be introduced by kinematic connections is:

L, =-(5n+6) )

Because the n motor elements belong to n con-
nections K, a certain number of DOF are added:

YL, =-5n (10)

Based on the relationships (9) and (10), other new
kinematic connections must be inserted, with DOF

AL =L =YL, =—(5n+6)—(=5n)=—6 (11)

Fig. 5 Generalized case for the synthesis of the spatial
structure incorporated into the parallel robot

The number of DOF allocated on each parallel
chain must be an integer L, € Z . An analysis of a potential

distribution of the DOF is shown in Table 6.
A similar analysis can be performed too in the
case were the robot actuator is equivalent to a Kg _, con-

nection (linear actuator — Table 3).
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Table 6
Analysis of a potential distribution for the DOF
. AL, -6 Symmetrical structure:
n—3 Lk_ n _7——2 3><ka:3.(_2):_6;
Asymmetric structure of type:
2xL, =2-(-2)=-4,
n=4 Li=—geZ 2x Ly, =2:(-1)=-2;
" 3><L'k3:3‘(_2):_6,
L'k4 =0
Asymmetric structure of type:
4xLy, =4-(-1)=—4,
n=>5 L'k:_—6eZ Ix Ly, =1-(-2)=-2;
3x L, =3-(-2)=-6,
L'k4 = L'kS =0
. AL, -6 Symmetrical structure:
n—6 Lk_ n _T——l 6><Lyk26~(—1):—6;

6. Examples of structural syntheses for parallel robots’
mechanisms

Case 1

The synthesis of planar parallel mechanisms can
readily offer multiple structural variants. Two 5th class
motor kinematic pairs —in any combination (see Table 1) -
constitute  two K, ~ connections that count

> L, =—4DOF (Fig. 6); the number of the motor ele-
ments is N, = 2. If admitting for the parallel robot the exis-

tence of one and the only one driven element,n; =1, one
can determine the number of the required DOF that must
be added by means of connections, that
isL, =—(2-n, +3-n.)=—(2-2+3-1)=-7.

Given the sum of the introduced DOF, the balance
of the DOF further requires the introduction of a number of
connections to totalize the value of
AL, =L, =X L, =-7—(-4) =-3 DOF. Three DOF can be
distributed through three Kg ) connections, which, to-

gether with the mobile platform, would build the parallel
kinematic chains (Fig. 7). Thus, a planar parallel robot is
achieved. Fig. 8 shows the robot structure.

MP i

=

Ka)
N

Fig. 6 Structural synthesis of a planar parallel robot pro-
vided with two power sources

\ 4
/\7

Fig.7 DOF distribution through Kg ) connections
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Fig. 8 Possible representation of a planar parallel robot

The insertion mode of the connections allows any
functional combinations; one can obtain new variants for
the parallel robot. Conforming to the connections’ property
No. 2, two Ky, connections from the total of three con-

nections provided to be introduced, allow obtaining a par-
allelogram kinematic chain (K _,, connection) without the

modification of the DOF sum (Fig. 9).

Fig. 9 Switching from two planar connections to the paral-
lelogram kinematic chain in a parallel robot

The robot’s structural representation allows modi-
fications, thus providing new variants (Fig. 10). The motor
kinematic pairs assimilated with the K, , connections

can become concrete by linear or rotation actuators. If con-
sidering the motor kinematic pairs as being linear (pris-
matic) and admitting the distribution of the K; _, connec-
tions in the specified way, one can obtain the variant of a
planar parallel robot characterized by the kinematic dia-
gram shown in Fig. 10 [15 - 16].

B(-1)

MP

Fig. 10 New structural variant for the parallel robot with
linear actuators

If admitting the K, _, connection as being of type

R, structural synthesis of the robot can be achieved also by

additional interleaving of two K¢, connections, besides
the Ky, connections, without modifying the sum of the
DOF:

step 1: KC(O) + KCH);

step 2: KC(O) + KBH) .

The resulted variant of the parallel robot structure
is shown in Fig. 11.

S

r [ r 1
o I | KA(fz) I | )
I + \ )
}'\\ L o = L o = A
Fig. 11 Structure of a planar parallel robot with rotating
actuators
Case 2

One considers the case in Fig. 12. The fixed plat-
form (FP) is equipped with three motor elements n, =3
arranged in the same plane and making the motor kine-
matic pairs A, B and C. As shown before, the three motor
kinematic pairs are assimilated each of them by a
K2 connection. The mobile platform (MP) is equivalent

to the driven elementn, =1.

Ka— B 4
e 5 "" (R
RN
FP_
\::. MP X
l=sh oo, m- i

K

Fig. 12 Structural synthesis of a planar parallel robot with
three motor elements arranged in the same plane

Synthesis of the parallel mechanisms that must be
interleaved between motor elements and driven element
keeps the following steps:

— step 1 — computation of DOF sum for the connec-
tions that must be interleaved (from the relationship
(3):L,=—(2-3+3-1)=-9;

— step 2 — distribution of the DOF over the connec-
tions that have to be interleaved. Because three

K2 connections were formerly interleaved, they



already accumulate ) L, =3- (— 2) =-6 DOF.
The balance of the DOF involves that a number of
AL =L - L, =-9-(-6)=-3DOF still have to be
introduced. The three DOF will be distributed over three
Kg, connections. The mechanism in Fig. 13 is got.

Fig. 13 New structural synthesis for a planar parallel robot
with three motor elements in the same plane

If, for the achieved structure, a redundancy is con-
sidered necessary, an additional K, connection may be

introduced; this does not modify the DOF balance. In this
way, the parallel robot in Fig. 14 is achieved.

Fig. 14 Structural synthesis of a planar parallel robot pro-
vided with redundancy (Case 3)
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Planar motion of a point on a given path, based on
a parallel structure, can be achieved using a mechanism
with two DOF.

In correspondence with the expected goal, one es-
tablishes the number of motor elements ton, =2; the

number of driven elements isn, =0. DOF of the connec-
tions to be interleaved, with the aim of ensuring the des-
modromy, is given by the equation (12) and balance of the
DOF is outlined by the equation (13)

L =—(2n,+3n,)=—(2-2+3-0)=—4 (12)

AL =L -3 L, =—4—(-4)=0 (13)

This balance requires the introduction in the sec-
ond step of a connection K, . The parallel structure in

Fig. 15 is obtained. The end effector position in the synthe-
sized structure is shown in Fig. 16.

Fig.

15 Planar parallel structure provided with 2 DOF

d PT(3)

EF

P
o

Fig. 16 End effector position in the robot structure (Case 3)

Case 4

One refers to the previous problem, which is the
planar parallel robot that might locate point C on a given
curve. One admits the possibility to achieve two motor
kinematic pairs by using two linear actuators. Equivalency
with the theory of the kinematic connections corresponds
to two Ky, connections with their sum of the DOF given

by the following relationship:

=D + (=) =-2 (14)
T T
KB(—I) KB(—I)
Balance of the remaining DOF
equals AL, =—4—(-2)=-2. To ensure the desmodromy,

the interleaving of a connection with L, =2 is required
(Fig. 17). Insertion of a connection K, _, allows achiev-

ing a new variant of a parallel robot with two DOF
(Fig. 17) [13]. If a kinematic chain, composed of two con-
nections - K, , and K¢ - is interleaved, balance of the

DOF is complied, but another variant of the parallel robot
is achieved, solving the expressed problem.



Fig. 17 Planar structure of a parallel robot with 2 DOF

Case 5
A K¢, connection was presented in Table 4 and

is based on a universal kinematic pair. Another K., con-
nection is achieved by the combination of two Kg ) con-

nections built of spherical kinematic pairs (S) (Fig. 18).

Fig. 18 K, connection — namely a parallelogram (Pa)

achieved by means of two Ky, connections

The calculation of the DOF Ilimited by the
K¢ connection takes into account the redundant DOF,

namely L, =2, induced by rotation of elements (1) and

(2) around the longitudinal axis of the elements.

L, =62 -3.4 -2=-2 15
K 3 1 3 (15)
n c, ka

For a parallel robot with 3 DOF (Fig. 19), the
K¢, connection is inserted between the motor elements

and the mobile platform (MP). The structural variants de-
rived from the Delta robot are achieved [2], Triglide [10].

Fig. 19 The K¢ ,,connection — namely a parallelogram

(Pa), within the structure of a parallel robot
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7. Conclusion

1. Numerous applications of parallel robots in
medical field bring this field closer to mechatronics. As
robots are, by their own nature, mechatronic systems, de-
signing a parallel robot according to mechatronic design
philosophy is a logical decision that allows general sys-
temic approach.

2. Analysis and structural synthesis are together
the mandatory first stage in designing a parallel robot.

3. The connections method is a procedure for
analysis and structural synthesis of mechanisms with broad
applicability in the field.

4. The use of the connections method is simple
and fast to implement.

5. The connections method offers many options in
the inventics field because it can be combined with inven-
tics procedures for developing parallel structures.

6. Numerous and diverse variants of planar and
spatial parallel robots were defined for many practical ap-
plications based on the same design approach.

7. Ensuring desmodromy for mechanisms can in-
volve dynamic approach too; in this case, the item of “dy-
namic connection” might be used as a continuation of the
“kinematic connection”.

8. In order to achieve final design solution, one
has to follow all the stages in the design of a mechatronic
product, namely concept, detailed design, modelling and
simulation & control.
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V. Dolga, L. Dolga
LYGIAGRECIUJU ROBOTU STRUKTURINE SINTEZE
Reziumeée

Lygiagretieji robotai paplito dél pranasumuy, ku-
rivos jiems teikia iprasti serijiniai mechanizmai, turintys
dideli standuma, didele galia, didelj greitj ir didelj tikslu-
ma. Lygiagretusis robotas yra mechatroniné sistema, todél
ji projektuojant reikia vadovautis mechatronikos dvasia.
Straipsnyje sitilomas struktiirinés sintezés metodas, parem-
tas mechatroninés filosofijos koncepcija ir kinematiniais
rysiais.

Pritaikytas V modelis ir V projektavimo ciklas. Si
metodologija ivertina iteracini procesa atitinkancias gami-
nio projekto tobulinimo stadijas. Projektavimo metu uni-
versalaus lygiagreciojo roboto negalima vertinti pagal mi-
nimaly darbo kriivi. Naudojant lygiagretyji robota konkre-
¢iam tikslui, reikalinga kruopsti struktiiriné analizé ir tiks-
lis parametrai; straipsnyje detaliai iSdéstyta struktiiriné
lygiagreCiyju roboty mechanizmy sintezé.

Nustatyti ir suklasifikuoti kinematiniai rySiai: de-
talizuota operacijy schema ir mechanizmy struktiiriné ana-
lizé. Aptarti struktiirinés sintezés principai pagristi kinema-
tiniy rySiy koncepcija ir apibendrinti tokios sintezés ploks-
¢io bei erdvinio lygiagretaus roboty struktiiros mokomieji
pavyzdziai.

V. Dolga, L. Dolga

THE STRUCTURAL SYNTHESIS OF THE PARALLEL
ROBOTS

Summary

Parallel robots have received special interest due
to their advantages over conventional serial mechanisms:
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high rigidity, high load capacity, high velocity and high
precision. Parallel robot is a mechatronic system and re-
quires to be designed in the spirit of mechatronic philoso-
phy. This paper proposes a method of structural synthesis
of parallel robotic mechanism according to the concept of
mechatronic philosophy and of the kinematic connections.

The V design model - V design cycle - is adopted.
The methodology considers an iterative process corre-
sponding to the stages of product design development.
During the design process, one cannot consider a universal
parallel robot due to the reduced workload. The use of a
parallel robot in a given application requires careful analy-
sis of the structure and of the indispensable parameters.
Structural synthesis of mechanisms for parallel robots is
addressed in detail.

The kinematic connections are defined and classi-
fied; the conceptual mode of operation and the structural
analysis of the mechanisms are noted. Principles of struc-
tural synthesis using the concept of the kinematic connec-
tions are discussed; edifying examples of planar and spatial
parallel robot structures for this synthesis are summarized.

B. Homnra, JI. Jonra

CTPYKTYPHbIN CUHTE3 ITAPAJUJIEJIbHBIX
POBOTOB

Pe3smomMme

[MTapannensHble pOOOTHI PacpOCTPAHUINCH M3-32
MPEUMYHIECTB HUCIIOJb30BaHNA B HUX O6I)I‘IHBIX CepHﬁHLIX
MEXaHHU3MOB, MMEIOIIUX OOJIBLIYIO JKECTKOCTh, OOJIBIIYIO
MOIITHOCTh, OOJBIIYI0 CKOPOCTH M BBICOKYIO TOYHOCTE.
[MapannenbHbId poOOT SABJIACTCS MEXaTPOHHON CHCTEMOH,
M03TOMY TpeOyeT, YTOOBI MPH €ro MPOEKTUPOBaHUH HEOO-
XOAMMO HCIIOIb30BaTh IyX MEXaTpoHHOW ¢uiocopun. B
CTaThe U1 MEXaHW3Ma MapajieIbHOro podoTa mpeyiara-
€Tcs METOJ CTPYKTYPHOTO CHHTE3a IO KOHIIETIIMH MeXa-
TPOHHOHN GHUIOCOPUH U KHHEMAaTHIECKOW CBA3CH.

[Ipumensiercst V moznens 1 V LUK OPOEKTUPOBA-
HU. DTa METOJOJIOTHSI OLEHWBACT WTEPALIOHHBIA IIPO-
1[eCC, COOTBETCTBYIOLIMN CTaIUsIM Pa3BUTHS MPOEKTA U3-
nenusi. Bo BpeMs mpoeKTHpOBaHUS HEOOXOJIMMO OIICHH-
BaTh YHHMBEPCAJIBHBIA MapaJulelbHBI POOOT MO MUHH-
ManbHOW Harpyske. [Ipu McHonap30BaHHMU THapaiieIbHOro
poboTa sl KOHKPETHOM 3a/laud HEOOXOIUM TIIATCIbHBIN
CTPYKTYPHBI aHaJlM3 W TOYHBIE TNapamMerpbl. B crarbe
MOJAPOOHO M3IJI0KEH CTPYKTYpPHBIA CHHTE3 MEXaHM3MOB
napajuleNbHBIX poboToB. OmpeneneHbl U KiacCH(pUIMpo-
BaHbl KMHEMAaTHYeCKHE CBS3U: JCTaJM3MPOBaHA CXeMa
omepanyuyd ¥ CTPYKTYPHBIA aHamu3 MexXaHHu3MOB. OOCyx-
JICHbI TIPUHIIBI CTPYKTYPHOTO CHHTE33, OCHOBAaHHBIE Ha
KOHLIETIINY KHHEMATHYECKHUX CBA3EH, U OLICHEHBI yUcOHbIC
9K3EMIUIIPBl TaKOTO CHHTE3a I CTPYKTYPHI IUIOCKOTO U
HPOCTPAHCTBEHHOTO IapajlIeNbHbIX POOOTOB.
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