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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 or-
der 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 link-
age mechanisms taking into account the friction in the kinematic pairs is an im-
portant 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 II class. Since eve-
ry 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 depend-
encies can be written. It can be used to calculate kinematic and kinetostatic charac-
teristics of every links and points of mechanism. It is established that such calcula-
tions can be performed with the friction taken into account by means of consecutive
approaching method. So, the algorithms of the kinetostatic analysis of the second-
class linkage mechanisms with considering 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 calcula-
tions are given, in particular the kinetostatic 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, geo-
metrical closure of the links, the possibility to transfer higher loads with high working ve-
locities 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 mecha-
nisms, 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 deter-
mining of the size of the mechanism’s scheme to provide the necessary kinematic and
dynamic 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,
moments of inertia of the links and carrying out a full force calculation of the mecha-
nism (kinetostatic analysis); 5) refined calculation of strength, rigidity, other require-
ments, followed by refinement of the mechanism design. So, to make the final deci-
sion about the dimensions and design of the mechanism, it is necessary to carry out the
force calculations 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 per-
formed without friction considerations [1,3,5], so the development of the numerical
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and analytical methods to perform the kinetostatic analysis of linkage mechanisms
taking into account the friction in the kinematic pairs is an important task. The analyt-
ical 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 ki-
netostatic analysis of the mechanisms with the friction considered using CAD systems,
but the usage of the proposed unified algorithms enables completing the multiparamet-
ric optimization procedures.

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 de-
termination 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 soft-
ware) 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
moments of friction forces will be taken into account. But in this case, even for the sim-
ple structural group of the 1* type (for example, 4-5 group in fig.1), there will be 6 equa-
tions of equilibrium that can be composed for both links of the group. But this method
significantly 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 ap-
proaching 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 ze-

ro values: M, =0. So, for example, for the group 4-5 (fig. 1) we should assume that

M, =0,M];=0,M/ =0. In this 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 cal-
culated as follows:
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where R,,,R,;,R,, —reaction forces in kinematic pairs C,D,E; f., f,, fr — coefficients
of friction in the mechanism’s kinematic pairs; 7.,r,,r, — radiuses of appropriate piv-
ots. Thus, the values of the reaction forces R,,,R,s,R;, in kinematic pairs can be de-

fined more precisely. So, using (1), we can also define the moments of inertia forces M
more precisely. 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 pre-
vious 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 rota-
tional ones, in this case it is necessary to consider not the moment of friction force M,
but the friction force F, = SR, where R is the reaction force in appropriate sliding kin-

ematic pair (for example, B in the fig. 1).
It is also important to find the values of counterbalancing force £, with the fric-
tion forces in the kinematic pairs taken into account. So, for the defined sizes of mecha-
nisms’ 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 re-
ceived 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 hodo-
graphs of the reaction forces that show not just the value of the found forces, but also
their directions (fig. 3).

The mentioned algorithm was extended for all types of structural groups of the se-
cond-class mechanisms and the appropriate software was also developed. Thus, the ki-
netostatic 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
software also allows performing optimization procedures using different criteria.
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KIHETOCTATHYHUM AHAJI3 BAXKLIbHUX MEXAHI3MIB
3 BPAXYBAHHSAM TEPTA Y KIHEMATHYHUX ITAPAX

VY HaBeneHiit poOOTI pO3MIIAAAETHCS MPoOieMa ONTHMAIBHOTO IPOEKTYBAHHS BaXXUTbHHX
MEXaHi3MiB, SKi MOXYTh BHKOPHCTOBYBATHCh B PI3HHX MAaIllMHAX y Pi3HOMAaHITHHUX TaTy3sX
MamMHOOYIyBaHHS. BHUKOPHCTAaHHS TaKMX MEXaHI3MIB Ma€ P CYTTEBUX IepeBar Iepen iH-
OIMMA THIIAMHA MEXaHi3MiB, 30KpeMa: BiJICYTHICTh BHUIINX KiHEMAaTHYHUX Map, TEOMETPUYHE
3aMHKaHHS JIAHOK, MOXKJIMBICTD Tiepenadi OibIINX HaBaHTAXKEHb Ta OLIbII poOOTI MIBUAKOCTI
MamuH. OTHUM 3 BRXXIMBUX €TAIIB MPOEKTYBAHHS TAKMX MEXaHI3MIB € MPOBECHHS IX KIHETO-
CTaTUYHOTO aHaJi3y, 30KpeMa, 3 METOI0 BH3HAYCHHS peakiiii y KiHeMaTHyHuX mapax. [Ipore
KIHeTOCTATUYIHHN aHAIi3 BAXXITFHUX MEXaHI3MIB 3a3BUYail MMPOBOAATH 0€3 BpaXyBaHHS TEPTI Y
KiHEMaTHYHHX TAapax, 0OTKe po3po0Ka METOIB KiHETOCTATHYHOIO aHANi3y BaXKiITPHUX MEXaHi-
3MiB 3 BpaXyBaHHSAM CHJI TEPTS € BaXIIMBOIO 3a7adelo, sIka MOXKe OyTH po3B’si3aHa 3 BUKOPHC-
TaHHSIM TOTPYITHOTO METOAY JOCHiKeHHS. B maHiit poOOTi po3risamaroThes BaXKiIbHI MeXaHi-
3mu 11 kimacy (3a knacudikariero Accypa-ApToO0IeBCHKOro0), 10 CKIaay SKUX, SK BiIOMO, MO-
XKYTb BXOAUTH CTPYKTYpPHI TpynH 5-TH BHUAIB. OCKUIBKH ISl KOXXHOTO BUAY CTPYKTYPHHX IPYII
MOKHA CKJIACTH aHANITHYHI 3aJIEKHOCTI, OTXKE MOXKHA IPOBECTH PO3PAXYHOK SK KiHEMAaTH-
HUX, TaK 1 KIHETOCTATUIHUX XapaKTEPUCTUK, BUKOPHUCTOBYIOUH YHI(iKOBaHI MiAMPOTpaMH po-
3paxyHky. [Ipraomy, po3poOIieHi adropuT™Mu JO3BOISIOTH IIPOBOIUTH BiAIOBIIHI pO3PaXyHKH
3 BpaxyBaHHAM CHJI TepTS Y KIHEMaTHYHUX Mapax, BAKOPHCTOBYIOUH METOJ MOCIiTOBHUX Ha-
OmmkeHb. Ha OCHOBI 3a3Ha4YeHUX aITOPUTMIB PO3POOJICHO BiAIOBIIHE MpOrpaMHE 3a0e3re-
YeHHS, SKE JO3BOIISIE€ BU3HAYATH KIHETOCTATHYHI ITapaMeTpy MPOSKTOBAHNX MEXaHi3MiB, a Ta-
KOXX MIPOBOMUTH ONTHMI3AIlii0 3 BpaxXyBaHHAM Pi3HOMaHITHHX KpuTepiiB. B poOoTi HaBemeHO
JIesIKi pe3yNbTaTH MPOBEACHUX PO3PaxXyHKIB, 30KpeMa TPHUKIAIN KiHETOCTATUYHOTO aHAJI3y
[ICCTHUJIAHKOBOT'O MEXaHi3MYy.

Kiro4oBi cjioBa: BaxibHI MeXaHI3MH, KIHETOCTATUYHUHN aHAIi3, TEPTA B KIHEMATHIHIX
mmapax, OTUMIi3allis, YHi(DiKOBaHI alTOPUTMH.
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