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KINETOSTATIC ANALYSIS OF LINKAGE MECHANISMS
TAKING INTO ACCOUNT THE FRICTION IN KINEMATIC PAIRS

The paper deals with a problem of designing of linkage mechanisms that can be used
in various types of machines in different fields of machinery. One of the important
parts of mechanisms’ design process is carrying out their kinetostatic analysis in order
to find forces in the kinematic pairs of mechanisms. But the kinetostatic analysis of
linkages is usually performed without friction considerations, so the development of
the numerical and analytical methods to carry out the kinetostatic analysis of linkage
mechanisms taking into account the friction in the kinematic pairs is an important task
that can be solved using a modular approach. In this paper we consider the second-
class linkage mechanisms (at the classification of Assur-Artobolevsky), and it is known
that there exist 5 types of structural groups of the Il class. Since every mechanism of
the second class can be divided into several structural groups of certain types, so for
every type of the structural group the general analytical dependencies can be written.
It can be used to calculate kinematic and kinetostatic characteristics of every links and
points of mechanism. It is established that such calculations can be performed with the
friction taken into account by means of consecutive approaching method. So, the al-
gorithms of the kinetostatic analysis of the second-class linkage mechanisms with con-
sidering the friction in the kinematic pairs and the appropriate software on their basis
have been developed. An optimization procedure using different parameters can be
also carried out. Some results of carried calculations are given, in particular the ki-
netostatic analysis of the sample six-link linkage mechanism.

Keywords: linkage mechanisms, kinetostatic analysis, friction in kinematic pairs, opti-
mization, unified algorithms.

Introduction. The usage of linkage mechanisms has a number of essential ad-
vantages over the other types of mechanisms: the absence of higher kinematic pairs,
geometrical closure of the links, the possibility to transfer higher loads with high work-
ing velocities of machines etc. As a result, the linkage mechanisms are more reliable
and have a number of essential advantages in many cases in comparison to other types
of mechanisms, in particular cam mechanisms, gear or Geneva-type mechanisms.

State of the problem. As it is known, the process of creating new mechanisms
consists of the following steps [4]: 1) structural synthesis, which defines the structural
scheme of the mechanism; 2) kinematic synthesis, which includes the task of determin-
ing of the size of the mechanism’s scheme to provide the necessary kinematic and dy-
namic characteristics of the output link; 3) kinematic analysis of the mechanism and its
approximate force calculation, which is made taking into account only the load on the
output link; 4) preliminary development of the structure, determination of masses, mo-
ments of inertia of the links and carrying out a full force calculation of the mechanism
(kinetostatic analysis); 5) refined calculation of strength, rigidity, other requirements,
followed by refinement of the mechanism design. So, to make the final decision about
the dimensions and design of the mechanism, it is necessary to carry out the force cal-
culations in the step 4 as precise as it is possible in order to make correct final decisions
in step 5. But the kinetostatic analysis of linkage mechanisms is usually performed with-
out friction considerations [1,3,5], so the development of the numerical and analytical
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methods to perform the kinetostatic analysis of linkage mechanisms taking into account
the friction in the kinematic pairs is an important task. The analytical dependencies for
the kinetostatic calculations with friction in kinematic pairs is considered in [2], but it
can be used only for the mechanisms with the structural group of the 1% type (RRR
Assur group). It is also known, that it is possible to carry out Kinetostatic analysis of the
mechanisms with the friction considered using CAD systems, but the usage of the pro-
posed unified algorithms enables completing the multiparametric optimization proce-
dures.

Purpose of the paper. The aim of the research that was carried out in the paper is
to develop the methods and algorithms of the kinetostatic analysis of the second-class
linkage mechanisms (including all possible types of structural groups) with taking into
account friction in their kinematic pairs. The task is also to estimate the influence of the
friction forces on the results of the kinetostatic analysis.

Main part. The process of analysis of linkage mechanisms (as described in step 3
above) can be divided into 2 parts:

1) Kinematic analysis, which includes calculation of velocities and accelerations of
any point or link of mechanism. The appropriate graphs and trajectories of points can be
calculated,

2) Kinetostatic analysis, which includes the following: the calculation of reaction
forces in kinematic pairs with the inertia and friction forces taken into account; the deter-
mination of counterbalancing force or moment; the drawing of hodographs of reaction
forces in kinematic pairs, graphs of moments of inertia forces; the drawing of plans of
forces for the given position of mechanism.

As it is known, it is convenient to divide the whole process of analysis of linkage
mechanisms using the modular principle [1,3-5]: the main idea is to make up the unified
algorithms for every type of structural groups. For the mechanisms of the second class,
there are 5 types of groups [4,5]. For example, such algorithms (and appropriate software)
can be made up using Mathcad, as it is described in [5]. In this paper we shall use such
algorithms, but with the friction forces in kinematic pairs taken into account.

The possible procedures of kinetostatic analysis with the friction considered is also
described in [4]. The first proposed method is the following: the main equations that are
used to calculate reaction forces can be modified in such way that friction forces and mo-
ments of friction forces will be taken into account. But in this case, even for the simple
structural group of the 1% type (for example, 4-5 group in fig.1), there will be 6 equations
of equilibrium that can be composed for both links of the group. But this method signifi-
cantly complicates the reaction forces definition procedure, so we can consider another
method that is also described in [4]. The main idea is to use the consecutive approaching
in defining the reaction forces, which is convenient for the practical usage.

So, initially, at first approximation, we define the moments of friction forces as zero
values: M, =0. So, for example, for the group 4-5 (fig. 1) we should assume that

M,, =0,M,; =0,M;, =0. Inthis case, the task can be solved as ordinary one without the
friction forces taken into account and the necessary reaction forces R,,,R,,,R;, can be

found. Then, during the second iteration, the values of moments of inertia can be calcu-
lated as follows:

M2f4 = R24 fcrc;Mztfs = M5f4 = R54 fDrD; Msfo = Rso fErE’ (1)
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where R,,,R,;, Ry, —reaction forces in kinematic pairs C,D,E; f., f,, fo — coefficients
of friction in the mechanism’s kinematic pairs; r.,r,,r. — radiuses of appropriate pivots.

Thus, the values of the reaction forces R,,,R,s, Ry, in kinematic pairs can be defined more

precisely. So, using (1), we can also define the moments of inertia forces M more pre-
cisely. During the further iteration, it is possible to refine the values of R and continue that
process until the difference between the values of R in the current and previous iteration
become insignificant.
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Fig. 1. The sample kinematic scheme of the six-link linkage mechanism

The same procedure can be applied for sliding kinematic pairs. Unlike the rotational
ones, in this case it is necessary to consider not the moment of friction force M, but the

friction force F; = fR, where R is the reaction force in appropriate sliding kinematic pair

(for example, B in the fig. 1).
It is also important to find the values of counterbalancing force F, with the friction
forces in the kinematic pairs taken into account. So, for the defined sizes of mechanisms’
links (for example, for the mechanism in the fig.1), it is possible to calculate the reaction
forces in the kinematic pairs and counterbalancing force. The samples of received results
are shown in the fig.2.
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Fig. 2. The samples of the results of kinetostatic analysis of the linkage
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For the visualization of the calculated results, it is convenient to build the hodographs
of the reaction forces that show not just the value of the found forces, but also their direc-
tions (fig. 3).

The mentioned algorithm was extended for all types of structural groups of the sec-
ond-class mechanisms and the appropriate software was also developed. Thus, the kineto-
static analysis was carried out for the different types of second-class mechanisms, and it
was established that the values of reaction forces in rotational kinematic pairs in case of
taking into account the friction forces differ insignificantly from ones that were obtained
from the calculations without friction considerations. But the opposite situation is with the
sliding kinematic pairs: if take into account the friction forces in sliding pairs, the results
of calculated reaction force can differ up to 15-20%.
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Fig. 3. The samples of hodographs of inertia forces and reaction forces
in kinematic pairs with friction took into account

Conclusions. The kinetostatic analysis of the second-class linkage mechanisms is an
important part of the mechanisms’ design process. So, the developed refined methods of
the definition of their kinetostatic characteristics with the friction forces in kinematic pairs
are taken into account, can help to carry out their optimal synthesis. The developed soft-
ware also allows to perform optimization procedures using different criteria.
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B.O. XAP)KEBCbKHH, M.B. MAPYEHKO

KIHETOCTATUYHU AHAJII3 BAXKIIbHUX MEXAHI3MIB
3 BPAXYBAHHSAM TEPTS Y KIHEMATHNYHHUX ITAPAX

Y HaBeneHiH poOOTi pO3MIIAAAETHCS MPOOIEMa ONTUMAIBHOTO IPOEKTYBaHHS BaKUIBHUX MeXa-
HI3MIB, SIKi MOKYTh BUKOPHUCTOBYBATHUCh B PI3HUX MallIMHAX y PI3HOMaHITHHX TaTy35X MaIlUHO-
OynyBaHHs. BUKOpHCTaHHS TakMX MeXaHI3MiB Ma€ psifi CyTTEBUX IE€peBar mepel] iHINUMH TH-
NaMU MEXaHi3MiB, 30KpeMa: BiJICYTHICTh BUIIMX KIHEMAaTHYHHX Iap, TEOMETPHUYHE 3aMUKAHHS
JIAHOK, MO>KJIMBICTD Tiepe/ayl OIbIINX HaBaHTaXeHb Ta OLIbII poOOTI IBUAKOCTI MatuH. Ox-
HHUM 3 BKJIMBHMX €TaliB MPOEKTYBAaHHS TaKMX MEXaHI3MIB € IPOBEACHHS 1X KIHETOCTATUYHOTO
aHaizy, 30KpeMa, 3 METOI0 BU3HAYCHHSI peakiiil y KiHeMaTnyHux napax. [Ipore kineTocraTHy-
HUH aHaJi3 BaXXIIFHUX MEXaHi3MiB 3a3BHYall IPOBOIATE O3 BpaxyBaHHS TEPTS Y KiIHEMATHIHHAX
mapax, OTXe po3poOKa METOIiB KIHETOCTATUYHOTO aHAIIi3y BaXKUIPHUX MEXaHI3MiB 3 BpaxyBaH-
HSIM CHJI TEPTSI € BOXIIMBOIO 33/1a4€I0, sIKa MOXKe OyTH pO3B’si3aHa 3 BUKOPHCTaHHSIM IOTPYITHOTO
METOAY IOCTiIKeHHS. B maHiit poOoTi po3risaaroThes BaXinbHI MexaHi3mu 11 kiracy (3a kimacu-
¢ikamiero Accypa-ApToO0IEBCEKOT0), IO CKIAMy SKUX, SK BiIOMO, MOXYTh BXOJIUTH CTPYKTY-
pHi rpyn# 5-TH BHAIB. OCKUIBKH JUIS KOKHOTO BUAY CTPYKTYPHHX TPyl MOXKHA CKJIACTH aHAJIi-
THYHI 3aJIE)KHOCTI, OTXKE MOYKHA ITPOBECTH PO3PAXyHOK SIK KIHEMAaTHYHUX, TaK 1 KIHETOCTATHY-
HHX XapaKTEePUCTHK, BAKOPUCTOBYIOUH yHi(iKOBaHi HianporpamMmu po3paxyHky. [Ipuuomy, pos-
POOJICH] aJITOPUTMH JI03BOJISIIOTH POBOIMTH BiIIOBIIHI PO3PaxXyHKH 3 BpaXyBaHHIM CHJI TEPTS
y KIHEeMaTHYHHUX Mapax, BAKOPUCTOBYIOUHM METO/] IOCIIITIOBHUX HaOIkeHb. Ha ocHOBI 3a3Haue-
HHUX JITOPUTMIB PO3pOOJICHO BIINOBIJHE NMpOTrpaMHe 3a0e3NeUeHHs, IKe J103BOJISIE BU3HAYATH
KIHETOCTaTHYHI HapaMeTpH MMPOEKTOBAaHNX MEXaHi3MiB, a TAKOX IIPOBOJUTH ONITHMI3allilo 3 Bpa-
XYBaHHSIM Pi3HOMaHITHUX KpuTepiiB. B po0oTi HaBeeHO /esiKi pe3ysbTaTh MPOBEICHNX po3pa-
XYHKIB, 30KpeMa NPUKJIQN KIHETOCTATHYHOTO aHaJIi3y IECTUIAHKOBOTO MEXaHI3MYy.

Ki040Bi ci10Ba: BaXiJIbHI MEXaHI3MH, KIHETOCTATHYHUH aHai3, TEPTS B KIHEMaTHYHHX Mapax,
ONTHMIi3alis, yHI(IKOBaHI alNrOpUTMH.
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