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SIMULATION OF KINEMATIC PAIRS IN THE CALCULATION MANIPULATORS
BY FINITE ELEMENT METHOD
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1 Introduction.

One of the methods for calculating manipulators of constructions lever mechanisms (LM) is the finite
element method (FEM). Here is given the original approach, which allows the use of the finite element
method for the analysis of stiffness and strength LM with kinematic pairs with arbitrary orientation in
space. The idea of the proposed method is that the basic equilibrium equation solved by the method rigid
of nodes in local coordinate systems. The basic algorithm FEM is not changed.

2 Types of rod constructions considered in FEM

Flat LM have kinematic pairs with mutually parallel axes, so their calculation on the stiffness and
strength of FEM can be applied [1-6]. For spatial LM - orientation kinematic pairs is arbitrary. Let as
consider the problem of accounting for such kinematic pairs in the calculation FEM - given the lack
connections between some elements of kinematic pairs. As is well known in the rotational pair - the
reaction torque is zero and of the slider - is zero reaction from its direction of motion. To account for the
missing component, i.e. in order to equate it to zero, it is necessary to consider the equilibrium equation
containing these components of the reaction. Obviously, such equations are the equations of equilibrium
in the projections on the axis kinematic pairs. But in the FEM basic system of equations is composed of
the equilibrium equations of nodes in projections on the axes of the global coordinate system (GCS).
Hence, GCS should be chosen so that its axis is parallel to the kinematic axis. But, GCS can not
simultaneously be all parallel to the axes of the kinematic pairs of a spatial mechanism.

Here we propose a method that allows to use the FEM for the analysis of any kinds of spatial LM
with arbitrarily oriented kinematic pairs. The basic ideas and scheme of FEM realization in this case
practically do not change. To make the missing components equate to zero it is necessary to consider the
vectors of reactions to the balance equation of kinematic pairs in projections onto axis containing these
components. To get these equations into each kinematic pair introduce local coordinate system (LCS) in
such a way that the axis of kinematic pair and LCS axis coincide [7]. Then the equilibrium equation
kinematic pair to the LCS this kinematic pair will include zero components of reactions. For example, if
the hinge axis or the axis of the slide — is not parallel to the axis of the GCS, the equilibrium equation
kinematic pairs in the projection on the axis GCS does not contain zero reaction components.
Consequently, the possibility of accounting the absence of these reaction components is lost. Therefore,
the FEM can always be used for flat LM since all kinematic pairs parallel to the some axis of GCS.

3 Simulation of kinematic pairs. Method of hard nodes

For the modeling of kinematic pairs it is used a method that was developed by the author [7]. It is
called the method of hard nodes - by analogy with [8]. In general, if the kinematic pair are connected "n"
the groups of rods (n>1). Each group consists of k, >1, i=1,..,n; rigidly connected rods. And for each

degree of freedom, these groups have their own kinematic and force parameters. Then any kinematic pair
is a combination of hard knots in one coordinate point and having " x* common degrees of freedom (" K™
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- class kinematic pairs). In other words, the kinematic pair is modeled not as a whole, as it is usually
modeled in the FEM for rod constructions, but as each element of the kinematic pair. Let as consider an
arbitrary spatial kinematic pair. Total number of degrees of freedom of its constituent units is equal to the
number of connections " k™ imposed on it. That is the class of kinematic pair. Consider kinematic pairs
for which 3< K <5. Let us find degree of freedom W (in terms of FEM) kinematic pairs consisting of k
hard nodes. Obviously, this is the sum of common degrees of freedom and the additional degrees of
freedom of nodes: W =K +k(6—K). Number N of degrees of freedom of the LM model are:

N =6n, +"Z‘”:(Ki +k (6-K,))—n,» Where n,. - the number of hard nodes without kinematic pairs (single
i=1

nodes); n,, - the number of kinematic pairs; n, - the number of degrees of freedom of the boundary

conditions; k, (i=1..,n,,) - number of hard nodes included in the i—th kinetic pair; K, (i=1...,n,,) -

I —the grade kinematic pair.
Thus, in compiling the finite element model LM any i —the kinematic pair represents a combination

k, hard knots. It is located in one coordinate point and has K; common of degrees of freedom (class of

kinematic pair). Method of hard nodes has the following advantages over the known method of
accounting in the kinematic pairs FEM [10]:

) Possibility of accounting of complicated hinge connections, for which have can not be applied the
traditional methods of modeling. For example, the hinge between two or more base triangles;

) No need to transform the stiffness matrices of elements kinematically connected elements before
building a global SMS;

) Introduction to the number of unknowns of the problem is linearly dependent displacement
components of the kinematic pair.

4 Simulation of kinematic pairs. Types of kinematic pairs

Consider the scheme LM in some position. Position of the axis kinematic pairs with respect to GSC
OXYZ is known through corners o, 3,y between the kinematic axis and the axes OX, OY, OZ,

respectively. Number of the kinematic axes depends on type of a kinematic pair. Translational, rotational
and cylindrical couples have only one axis "s", which coincides with the direction of the translational
motion or rotation axis. Spherical hinge with a finger has two axes s and "s. One coincides with the

axis of the finger and the other - with the line extending perpendicularly the slit of a finger. For each
kinematic pair LM is necessary to build LCS Oxyz. LSC single (non-paired) nodes and nodes spherical
pair can be selected in parallel GSC OXYZ because of an arbitrary orientation of degrees of freedom of
these nodes. For pairs class IV and V with one axis "'S", the local axis Ox will direct along the axis "S".
Axis Oy, Oz is obtained from the condition that the triple Oxyz was right. For a spherical pair with a
finger we will direct the Ox-axis along the axis of the finger S, and the Oy-axis along the axis S,

extending perpendicularly the slit of a finger. Then the direction the axis Oz is uniquely determined.
Obviously, each pair is having a single common LSC. Information about the arrangement LSC of nodes
relative to GSC is obtained by using matrix of direction cosines. For kinematic pair also we give degrees
of freedom. That is for a pair you must specify the information - which are the degree of freedom nodes
are common, and what - kinematic. Table 1 shows the types of kinematic pairs used in the LM. There are
shown the orientation in space on their LCS, and also are shown the components of the reactions which
are absent.

Table 1 - Types of kinematic pairs

pair rotational translational cylindrical sphere with a finger
unit Fi B 7 o 7
designation /);/.( % % ¥

M. =0 N - N, =0, M =0 M_ =0, M_ =0
zero efforts ) N, =0 * * 7y
LCS ox — along the axis of | ox — along the | ox —along the axis of | ox — along the finger

rotation direction of the | rotation axis, oy — L slits

slide
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There was a software developed on the basis of a computer program STAP [7]. In this program there
was modified on input array ID, which is now formed as follows:

- If for j-th degree of freedom (j = 1, ..., 6) i-node imposed boundary condition, then ID(i,j)=-1

- If for the j-th degree of freedom of movement is possible, the ID (i, j) = 0.

- If the nodes 1i,,1,,...,1, creates single kinematic pair, then:

is selected 1 =minfi,,i,,...,i, }, (1)

ID({, j)=0, Vj, (2)

ID(i,, j) = ID(,, j) =...= ID(i,, j) =1, if j - common degree of freedom of the pair,
ID(i,, j) = ID(i,, j) =...= ID(i,, j) =0, if j —the kinematic degrees of freedom.

That is, total j-th degree of freedom of the nodes belonging to the same kinematic pair, is described in
the ID array one zero in the j-th column and in a row, which corresponds to a node of the pair with the
minimum number | . For the rest of nodes kinematic pair in the j-th column is stored number | . Number |
shows that these nodes constitute a kinematic pair with the | -st node. Each row of the matrix ID is given
in the LCS corresponding node. That is, the elements of the i-th row describe the degree of freedom of the
| -st node in its LCS. Then when counting the number of global degrees of freedom and their the
numbering:

-"0" in the ID array successively replaced by the global degrees of freedom;

-"-1"is replaced with "0";

- and each of an integer |1>0 in the j-th column is replaced by the ID( ,j), that is the global number
of j-th degree of freedom of i-th node already previously determined from (1,2). This procedure is simple
and can be written in the form:

1) Assignthe N =1.

2) Inthecyclefori=1,..n,andj=1, .. 6:

1)) if ID (i, j) <O, then assign the ID (i, j) = O;

2)) if ID (i, j) = O, then assign the ID (i, j) = N;

3)) if ID (i, j)> O, then assign the ID (i, j) = ID (ID (i, j), j);
4)) assignedto N=N + 1.

Thus, the type and class of a kinematic pair specified using ID. Suppose, for example, nodes i and j
constitute any kinematic pair and i <j. Then the the i-th row of the array ID willbe: [0 0 0 0 0 0 ]

1341

Row “j” is dependent on the type and class of the kinematic pair. We show a string array ID,
corresponding to the j-th node:

1. For the rotational pair (Class 5): [i i i 0 i i ], the 4th degree of freedom, ie, rotation around
the axis Ox LCS pair is the kinematic; and the remaining five degrees of freedom - common to i-th node.

2. For translational pair (Class 5): [0 i i i i i ], 1st degree of freedom, ie, translational motion
along Ox LCS pair is the kinematic; and the remaining five degrees of freedom - common to i-th node.

3. For a cylindrical pair (Grade 4): [0 i i 0 i i ], kinematic are 1st degree of freedom, ie,
translational motion along Ox LCS pair and kinematic are 4th degree of freedom, ie, rotation around the
axis Ox LCS pair; while the remaining four degrees of freedom - common to i-th node.

4. For a spherical pair with a finger (Grade 4): [i i i 0 0 i ], kinematic are 4th and 5th degrees
of freedom, ie, rotation around the axes Ox and Oy LCS pair; while the remaining four degrees of
freedom - common to i-node.

5. For a spherical pair (Grade 3): [i i i 0 0 0 ], the kinematic are 4th, 5th and 6th degree of
freedom, ie, rotation around the axes Ox, Oy and Oz LCS pair; remaining 3 - common to i-th node.
5 Conclusion

The paper gives a simulation methodology that allows the use of finite element method to analyze the
stiffness and strength of manipulators with kinematic pairs of an arbitrary orientation in space. The solution of the
basic equation of equilibrium finite element method proposed to be considered in the local coordinate system
nodes. It is shown the use of this simulation method with different spatial kinematic pairs.
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Annorammsi. OOBEKTOM HCCIIEOBaHMS SIBISIIOTCS MAHUITYJSITOPHI Ha 0Oa3e PHIYaKHBIX MeXaHW3MOB. Llenpio paboTsl
SBJIAICTCA M3JI0’KEHHE METOAUKH PacyeTa Ha KeCTKOCTh, CYIIHOCTh KOTOPOil 3aKiIroyaeTcs B cienyromeM. Kak nu3BecTHO, 0JUH U3
CaMBIX PacIpOCTPaHEHHBIX METOJIOB pacyeTa Ha MPOYHOCTh U KECTKOCTh MaHUITYJISITOPOB SIBISIETCS METO KOHEUHBIX JIEMEHTOB
(MKD). B »stoii pabore maercsi MoAXoA, KOTOPHIM MO3BOJsSET Mcmoib3oBath MKD nnst aHamu3a »KECTKOCTH M MPOYHOCTH
MaHUITYJSITOPOB C KHUHEMAaTHYECKHMMH ITapaMH MPOM3BOJIBHON OpHEHTAIlMU B MPOCTPAHCTBE. PelleHHe OCHOBHOTO ypaBHEHUS
paBHOBECHS] METOJlda KOHEUHBIX 3JIEMEHTOB IIPH 3TOM PAacCMaTPHUBAETCS B JIOKAIBHBIX CHCTEMaX KOOpAMHAT y3JoB. ITokazaHo
NPUMEHEHHE MPEeUIaraéMoro IoaxoJaa I MOJeleH ¢ pa3iIMYHBIMM IPOCTPAHCTBEHHBIMH KMHEMATHYECKUMH Iapamu:
BpalaTelbHbIMH, OCTYIIATEIbHBIMHU, IMIMHAPHYECKUMH, chepruaecknMu, cheprieckuMu ¢ nanbieM. [Ipu 3ToM MCToNb3yeTcs
pa3paboTaHHBIl paHee aBTOPAMHM METOJ JKECTKHX y3J0B. Takke Ul YMCICHHOH peanu3alud pa3paboTaHa KOMIIBIOTEpHas
nporpamMma. B oTiauume oT mpoToTHma, 3Ta ImporpaMMa MMeeT HEKOTOphle M3MEHEHHs, B TOM 4YHcie BXOIHOH maccuB ID,
MO3BOJISIIOIINIT B OTHOM TOYKE pa3MeIlaTh HECKOJIIBKO KOHEYHBIX AJIEMEHTOB, IMEIOIINX OOIINE CBSI3H.

YK 621.01
AD0 MAVJTAJIAHBIIT MAHUITYJISATOPJIAPJbI ECENITEYIE KHHEMATUKAJBIK ITAPJIAPAbI
MOJEJIBJAEY

Temipoexos E.C.
AIIMaThl TEXHOJIOTHSUIBIK YHUBEPCUTETI

3eprTey 00BEKTiCI HIHTIPEKTI MeXaHI3MAep 0a3acklHIa MaHUITYISTOPIApABI 3epTTey Oombin Tabsimaasl. XKyMmbIc MaKcaTsl
KaTaHJBIKKA CCENTEYIiH o/iciH KepceTy OoMbIn TabblIapl. benrini xarmait GOWBIHIIA MAHHITYISATOPIAPABIH KaTaHIBIKKA JKOHE
OepiKTIKKe ecenTey oNiCiHiH KeH TaparaH TYpi OOJBIN akbIpIIBI 31IeMeHTTep ofici (ADO) ansiHanpsl. KeHicrikTe epikTi Oarmapiist
KMHEMAaTHKaJBIK apajibl MaHHITYJIITOPIapIbl KATAHABIKKA JKoHe OepikTikke Tanaay ymin ADO naiinanananst. bepinin oTeipran
QNiCTEMEHIH HAEsCHI, Tere-TeHIiK TeHeyiHiH Heri3i mapiapbiHbIH JKallblIaHFaH KOOpAWHATAJIap )KYHEeCiHIH KaTaH TyHiHAEpiHIH
onmiciMen menrineni. KeHiCTikTeri KMHEMAaTHKalBIK MapiapblH op TYpJi: alHalIMaibl, UIrepineMeri, LUWIHHIPII, chepaibl,
caycakThl cepansl yirinepi yuriH xagamaap kepcerinreH. CoHbIMEH Oipre aBTOPABIH aJABIH-ajia jKacallFaH KaTaH TYHiHIep
omici xonmanpurraH. CaHIBIK TNalifanaHy YIIiH KOMIBIOTEpPJIiK Oarjapiiama »acairaH. byn OarmapiamMaHBIH MPOTOTHIITEH
e3remieiri, 6ip HykTere OipHeIIe aKbIPJBI JJIEMEHTTEp chIiibicaThiH 1D Kipy MaccuBiHAe opTak OaitmaHeicTap Oap.

Mocrynmna 11.09.2015 r.
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in such a way that there is no conflict of interests with respect to the research, the authors and/or the
research funders.

The editors have complete responsibility and authority to reject or accept a paper, and they will only
accept a paper when reasonably certain. They will preserve anonymity of reviewers and promote
publication of corrections, clarifications, retractions and apologies when needed. The acceptance of a
paper automatically implies the copyright transfer to the National Academy of sciences of the Republic of
Kazakhstan.

The Editorial Board of the National Academy of sciences of the Republic of Kazakhstan will monitor
and safeguard publishing ethics.

[TpaBuna opopmieHHs CTaTby AJIs MyOJIMKALIMK B )KypHaJle CMOTPETh Ha caiiTe:

www:nauka-nanrk.kz

http://www.reports-science.kz/index.php/ru/

Penaxropsl M. C. Axmemosa, /[. C. Anenos, T.A. Anenoues
Bepctka Ha kommbiotepe C.K. Jocaesoil

IToamucano B meuars 08.10.2015.
dopmat 60x881/8. Bymara odcernas. [leuars — puzorpad.
14,2 .. Tupax 2000. 3akas 4.

Hayuonanvnas akadoemus nayk PK
050010, Anmamut, yn. Llleguenxo, 28, m. 272-13-18, 272-13-19



http://www.elsevier.com/publishingethics
http://www.elsevier.com/journal-authors/ethics
http://www.elsevier.com/postingpolicy
http://publicationethics.org/files/u2/New_Code.pdf
http://www.elsevier.com/editors/plagdetect
http://www.reports-science.kz/index.php/ru/

