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THE DESIGN OF UNIQUE MECHANISMS AND MACHINES. L

Abstract. This work is devoted to the development of numerical methods of calculating the kinematic and
dynamic parameters for the design of a new mechanism of class IV based on equations kinematics and dynamics.
Kinematic and dynamic models of these mechanisms are described by differential-algebraic equations. These
equations are singular differential equations. For the first time, we consider the analysis of dynamics and kinematics
for mechanisms of high class in a joint formulation. A cardinal breakthrough is possible in the transition of mecha-
nisms of lower class to high class to design new mechanisms and machines. A new concept based on Runge-Kutta
method is offered for mechanisms of high class aimed at solving kinematic - dynamic model. Methods, algorithms
and programs are developed to define the position and the speed of links for mechanism of class IV at any given
accuracy. A numerical experiment has shown a huge advantage of mechanism of class IV to design a new mecha-
nism for mechanical engineering and robotics.

Keywords: kinematics, dynamics, mechanism of high class, mechanical engineering, robotics.

Introduction. The modern theory of analysis and synthesis for lever mechanisms of lower class
(class II) is complete and theirfeatures are studies and used in practice. Therefore, a significant break-
through in the design of new machinery and equipment is possible in the way of upgrading the facility.

The exploration of mechanisms of high class was started with well-known Assyria’s work [1].
Academicians Artobolevsky LI. [2], Zholdasbekov U A. [3] and a lot of other scientists made their
contribution into the further development of the theory of those mechanisms. In these works, the benefits
of mechanisms of high class compared with mechanisms of lower class (class II) were established based
on geometric and approximate methods.

The kinematic-dynamic model for mechanism of highclass is described by differential-algebraic
equations (DAE).Some questions of the investigation of DAE are given in [4-6].

The complete analysis of mechanisms of high class involves the simultaneous solution of kinematic
and dynamic problems. According to the classical theory of mechanisms and machines,a separate solution
of complex problems is considered. Planar lever mechanism of class IV as the basic mechanism out of all
mechanisms of high class and in much the same way a four-link mechanism out of mechanisms of lower
class Il are going to be studied.

This work is devoted to the development of a new calculation theory for the underlying mechanism of
class IV done based on the theory of differential equations.

In the second part of this work, we consider singular differential-algebraic equations and a power
analysis of these mechanisms.

The proposed methods, algorithms and the held computational experiment made possibilities to
identify the unique characteristics of the above mentioned mechanism of class IV and their use in various
scientific and technological fields (in the mechanisms like departure chassis of an aircraft, load-lifting
cranes, presses, robots and other devices).

The common model for mechanism of high class. Suppose the mechanism of high class (MHC)
consists of n moving links. Numbers of output links vary from 1 to n-m, and the number of input ones
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varies from n-m +1 to n, m is the number of input links directly related to drive units (Figure 1). The
proposed mechanism of the numbering units enables the use of vector-matrix notation in solving various
equations in kinematics and dynamics.

Then the general model for mechanism of class IV (n=6, m=2) is represented in the form:

— differential equations of this mechanism’s dynamics having two degrees of freedom (two
generalized coordinates) are:

L8, 9) Pk + Lo (6. 0) Pr + L8, 6) = Qe (1)
and having the initial conditions
Pr (to) = Bk, Prc(to) = P k=5.6 2
equations of kinematics in the differential form are
01 Q11 Gz Gq3 gy ' /b11b12
P _J %21 G2 Ga3toa bz1bz2 <¢’6> 3)
@3 31 Q32 033034 b31b3; [\@s
@4 Qg1 Q42043 Q4q by1byy

where ay1 = L1y, @1 = LYe, a3 = LYs, a4 = 0.0 = Lixq, Gz = LX,, a3 =l3x3, Ay, =0,
_— * * _— A * * P _— * * T T * * T

az1 = Uy1., a3 =0, azz =10y, a3 =0y a4 = U0x], a4 =0, au3 =103x3, au =1y,

b1y = leYe, b12 = —lsys, ba1 = lexs, bz = —lsxs, b3y = b11, b3y = b1z, bay = baq, baz = by,

Q11 Q12 Q13014
A= Q1 Gz Qz30p4 .

Q31 0Qzz 0O33034

Qg1 Q42043 Qyy

Here, we introduce the following notation:@,pare the vectors of the angular coordinates and

velocity of the iput links 5 and 6; x; = cos;,y; = sing;, @;- are the rectangular and angular
coordinates of output links (7=1,2,3.,4); x{ = cos (¢ + a1), y7 =sin (@1 + a1),x3 = cos (¢3 + a3),
ys = sin(¢@5; t a3) — are the rectangular coordinates of basic links 1 and 3, Qg, Q¢ are coerced moments to
input (leading) links. L is Lagrange function (Lagrangian),

1., o =
L =K—-P= gﬁH(q)q—mh*g,

where m are vectors of masses of mechanism’s moving links,/m, hare vectors of dimension n, h=Isin@,l is
the vector of moving links for the mechanism of class IV, which is determined by the equations of
kinematics, H(§) is the order matrix nxn of the whole mechanism’s kinetic energy, g isa gravitational
acceleration. According to S. Koenig theory we define that for mechanism of class IV the Lagrangian
L = K — P which consists of kinetic and potential energies.

Task 1. Solve the general model (1) - (3) for mechanism of class IV using Runge-Kutta’s method for
|A] # 0.

The solution of the problem allows determining position and speed of all linksfor this mechanism in
the time interval T = t; — ty. However, even in the determination of the Lagrange operator of type Il
(complete calculation of the system’s coefficients (1)) you cannot apply Runge-Kutta’s method to the joint
decision of systems of differential equations (1) and (3), since initial conditions (initial values of angular
coordinates of output units 1-4) are unknown in the system (3). In the beginning, we have to find initial
conditions

@1 (o), 2(to), @3(to), P4(to) “)
starting with kinematic(trigonometric) equations:

I, cosg, +1,cosp, +1,cosp, +1;cosp, —I, cosep, —1,cosp, =0
[, sme, +1,sme, +1,sine, +1;sinp, - sinp, -1, sme¢p, =0 )

I cos(qo1 —(xl)—l; cos(qo3 + 053)+ l,cosp, +1;cosep, —1, cosep, —1,cosp, =0

I sin(qo1 — 0‘1)_ I3 sin(qo3 + 053)+ l,sing, +1;sine, — I sing, —1,sing, =0
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Thus, a general model (1), (3) of mechanism of class IV can be represented by a system of diffe-
rential equations of order n + 2m in the normal form of Cauchy:

-

x=f(x?t) (6)

x(to) = %o , (7

where f(x,t) is the known vector-function of dimension n + 2m, X; = Qq,%X; = @5, X3 = @3,
Xy = Py, X5 = @5, X6 = P, X7 = P5,Xg = P, = 4, m = 2.

The equations of the system (6) are represented by differential equations (3) of the kinematics and
dynamics (1) in normal form of Cauchy. The initial conditions (9) of the system of differential equations
(6) are equal to initial conditions (4) and (2).In these differential equations (6) the massand inertia
characteristics of mechanism of class IV are taken into account.Finally, the positions and velocities of all
the moving links of mechanism of class IV are defined addressing the system of differential equations (6)
having the initial conditions (7) using Runge-Kutta’s method. At the same time, the solutions must satisfy
the equations of kinematics (5), otherwise we have to use Runge-Kutta’s method with a variable step. This
is a brief essence of the proposed method of immersion.

The kinematic method for the mechanism of class IV. We go to the determination of initial values
of angular coordinates (4) of output links 1-4 when initial values of angular coordinates (3) of input links 5
and 6 for the mechanism of class IV are given. We just note that the differential equations (3) are derived
from the trigonometric equations (5) describing the positions of links for mechanism of class V.

Task 2. Define the initial values of the angular coordinates of output links 1-4 of mechanism of class
IV at the initial value of the angular coordinate input links 5 and 6.

Excluding the angular coordinates ¢, and @,the system (5) takes the form:

Having the initial conditions

Ay + By, =G
A1 +By=C, )
x12 + y12 =1
where
X, = x,cosa, + y, sine,, yi =X, sina, —y, cosa,,
X5 = X, 008 — Y, sina, y: = X sina, + y, cos o,

A1 =2(-lsx3+ [sxs - lexs - loxo ), B1 = 2(-l3y3 + [sys - leys - loyo )1y
Cl = 122 _112 _132 _(sts _sts _Zoxo)2 _(Zsys _Zsys _Zoyo)2 +
+2x, (sts —lgxg _Zoxo)+213y3 (Zsys Vs —ds¥s )a

A, = 2(— Ixy +1x, —1x, — ono)ll* cosa, — 2(— Ly, + 1y, — 1y, —ono)ll* sing, ,

B, = 2(— xy +1x, —1x, —ono)ll* sin o, + 2(— Ly, +1ys— 1y, _ono)]1* cosqa,,

C,=1I; _11*2 _1;2 _(sts —lsxg _ono)z —(]5)/5 —lsys _ono)z +

+ 2]:(15x5 —dx — ono)x: + 2]:(15)/5 — Ly - ono)y:.

The originality of the approach [7] is to switch from the system (8) after an application of the uni-
versal substitution to the system of quadratic equations:

(AL +CHu? —2Bju+ ¢ —A, =0 9
(A, + C)u? —2B,u+C, — A, = 0.

Initially, we must determine the real solution of the nonlinear system (9). For this purpose, we define
the discriminants of the equations (9)

Dy =A?+B}—C2 D,=A3+B%— (2
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and conditions of the system solutions’ reality (8)

D, >0,D,>0,0rD; = 0,D, > 0,0rD; > 0,D, > 0.

Discriminants are algebraic inequalities of the fourth degree regarding the variable x3 = cos@, or

V3 = sing; . Therefore, it is easy to determine this variable’s exact ranges based on higher algebra.

I
P2 I
I 1
a1 1—6
- T P4
i h
(1)5 I_() -
X

Mechanism of class IV having rotational and serial pairs
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The common algorithm for solving the dynamic and kinematic problems of the mechanism of
class I'V. Fundamentals of the above offered theory have formed the basis of algorithms and programs
determining dynamic and kinematic parameters of the mechanism of class IV.

Step 1. Input of data:@(£,) = @2,

oy b bbb, L o, o, 15=0.

Step 2. Determination of the initial conditions @4 (£g), @, (£o), @3 (ty), @4(ty)on the basis of the
method of kinematics (10)-(12)

Step 3.Start Runge-Kutta’s method to determine all angular coordinates and speeds for the
mechanism of class [V:

©1(t0), 2(to), 93(Lo), Pa(to)anddy (to), P2 (to), @3(to), Palto)

Step 4. Output of results.

We found the position, speed of links and reaction forces in joints for mechanism of class IV on the
basis of the developed programs.

Discussion of results. Initially, we represent the scientific value of the developed analytical methods
for calculating kinematic and dynamic parameters of mechanism of high class. For the first time necessary
and sufficient conditions for the existence of real solutions of the kinematic and dynamic general model
describing the position, speed and inertia characteristics of all moving parts of the mechanism of class IV
have been found.

Kinematic and dynamic tasks are reduced to the study of non-linear system of ordinary differential
equations. Today, the generalized force - control (moment-control) can be determined on the basis of
control theory. In the final analysis all these problems are solved by the Runge-Kutta’s method. Power
analysis makes it possible to calculate the strength of the mechanism of class IV parameters and to select
the power for the desired drive unit. Thus, a fresh approach to make a simultaneous solution of kinematic,
and dynamic problems of the mechanism of class IV is offered. The obtained results are easy to apply to
mechanisms of high class with a larger number of closed contours. The importance of the fundamental
scientific result presenting in brief the theory of mechanisms of high class liesin its practical application.
The question always arises: how to use the theory actually proposed in a compressed form, and the unique
properties of these mechanisms in the design of new devices and machines.

For the first time the programs on the Delphi’s language calculate position, velocity inthe mechanism
of class IV with any desired accuracy.

The results of program on the position and velocity of links for the mechanism of class IV

Initial data: Ly =10cm, L; =2cm, L] =2cm, L, =8268cm, Ly =5cm, L =5cm, L, =5,9133cm, Lg
=dem,Lg =0, ay =60°, a3 =30°, ¢y =0, € = 0,001, @smin =70, Psmax =105", @z3min =70°, P3max =100’
h =0,05", ¢5s=0,01rad/s.

The program defines values of the angular coordinates of all remaining links at the possible ranges of
variation@s i, =70° < @3 < @amax =100", @i = 70° < @5 < Qe 4, =1035°. Separately we give the
initial values of the angular coordinate of input link 5 @5 =90,0499999999989° and of output link3
©3=90,0499999999989° in accordance with which the movement of the mechanism starts. If we change
the angular coordinate @5 of input link 5 90,0499999999989" to 90,2499999999988°

The position and velocity of change for output links 1-4 are listed in table land table 2.

Table 1 — Angular coordinate of links formechanism of class [V

P1 P2 @3 Pa Ps
30.151212399452 -0.031675872130 90.0499999999989 12.928351949062 90.0499999999989
30.153170114784 -0.032123943447 90.0999999999989 12.907880756584 90.0999999999989
30.155201340299 -0.032593556243 90.1499999999989 12.887379206970 90.1499999999989
30.155693019626 -0.032636365534 90.1499999999989 12.879818673972 90.1999999999989
30.157800302286 -0.033107168760 90.1999999999989 12.859325664381 90.2499999999988
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Table 2 — Velocityof links for mechanism of class IV

$1 P2 @3 Pa
0,085501549459072 -0,0179259921115466 0,0241681781581009 -0,00757057156281362
0,0853804108253469 -0,0179268654072137 0,024138568162871 -0,00755344825048743
0,0852599951693558 -0,0179278751364108 0,0241091893026834 -0,00753641949441759
0,0852777526589473 -0,0179964249228941 0,0241643846455302 -0,00753728917467803
0,0852777526589473 -0,0179974850000152 0,0241350541017292 -0,00752029545151407

The computational experiment indicated that the mechanism of class IV has broad functionality.
These mechanisms can be used in various fields of science and technics. These mechanisms can be used in
the design of robots and cranes with high lifting capacity, mechanisms of departure chassis of a fighter
aircraft landing at high speed on aircraft carriers, heavy transport and passenger aircrafts landing on the
airfield, presses and hydraulic hammers at a significant rate of working body movements, and etc.

Conclusion. For the first time we make the following conclusions:

— a new direction is suggested in simultancous calculation of kinematics and dynamics for mecha-
nisms of high class on the basis of the differential-algebraic equations;

—methods and algorithms for determining the position and velocity of links in the mechanism of class
IV are developed;

— a program for calculation of kinematic and dynamic parameters in the mechanism of class IV with
any given accuracy is written.
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MNPOEKTUHPOBAHUE YHUKAJBHBIX MEXAHU3MOB U MAIIIHH. L.

AnHOTAIHsI. D12 paboTa MOCBAIICHA Pa3pabOTKE UHCICHHBIX METOJOB pacucTa KHHEMATHYCCKUX M AWHAMMU-
YECKHUX MApaMETPOB A1 MPOCKTHPOBAHM MexaHu3Ma [V kiacca Ha OCHOBE YpaBHCHMH KMHEMATUKH U AMHAMMKH.
KunreMaTHIeckue 1 THHAMHYCCKUC MOACTH 3THX MCXAHU3MOB OMHUCHIBAOTCA TU((CPECHIHATHHO-aITCOPANICCKAMEI
VPAaBHCHISIMH. JTH YPABHEHHSI OTHOCATCA K CHHTYJBIPHBIM Au(depeHumansHpIM ypaBHEHHIM. Briepsoie MBI pac-
CMATPUBACM AHAJIH3 JUHAMHKA W KHHCMATHKH MCXAHH3MOB BBICOKHX KJIACCOB B COBMCCTHOH (DOPMYIHPOBKE.
[TpoucxoauT KapAWMHANBHBIN HMPOPBIB NPH IIEPEXOJE OT MEXaHHM3MAa HHU3IIETO KJIacca K BBHICOKOMY Kjaccy i
MIPOCKTUPOBAHMU HOBBIX MEXAHW3MOB W MammwH. [IpeamaraeTcst HOBasi KOHIEHIMS, OCHOBAHHAI HA MeToAc PyHre-
KyTra ams MexaHH3MOB BBICOKOTO KJIAcca, HANIPABJICHHAS HA PEHICHHE KMHEMATHKO-IHHAMHYCCKOH Moxem. Pa3pa-
00TaHBI METOMBI, ANTOPUTMBI W HMPOTPAMMBI UL ONPEACICHUS TOIOKCHAS H CKOPOCTH 3BCHBEB MECXAHM3MA KIIAC-
ca IV ¢ moOoii 3a1aHHON TOYHOCTBHIO. UHMCIECHHBIM 3KCIIEPUMCEHT IOKA3aj OTPOMHOEC NMPEHMYIIECTBO MEXaHH3MA
IV xmacca ama pa3paboTKu HOBOTO MEXaHHU3MA I MAITHHOCTPOCHHS H POOOTOTECXHHUKH.

Kimio1ueBbie c/10BA: KHHEMATHKA, THHAMAKA, MEXAHH3M BBICOKOTO KJIACCa, MAIIHHOCTPOCHUE, POOOTOTEXHHKA.
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BIPETEN MEXAHU3M/IEPAI )KOHE MAIIIMHAJIAPABI J)KOBAJIAY. L.

AnnoTtamust. JKyMbpIC KHHEMAaTHKA MEH JWHAMAKAHBIH TCHJCYJICPIHE HeTi3AenreH [V Kiacc »kaHa MEXaHHU3MIH
JKacay YIIIH KHHCMATHKAIBIK KOHC JHHAMHUKABIK MAPAMCTPIICPIH SCCMTCYAIH CAHABIK OAICTCPIH 93ipacyTe apHa-
raH. bynm MexaHU3MACPAIH KHHEMATHKAJBIK JKOHC AMHAMHUKAIBIK YIritepi aud@epeHunanapk areOpaablk TCHACY -
JCPMCH cHmartaiafgsl. byn TeHaeynep CHHTYILIpIsl Tu(PepCHIHANIBK TCHACYICPTS KATagbl. BipIeCKCH TYKBI-
prIMIAMana SKOFaphl ICHTEHII MEXaHH3MACPIH AWHAMHKACHIH JKOHC KHHEMATHKA AHANM3IH aIFall peT KapacTbl-
pamb13. JKaHa MeXaHU3MICP MECH MAIIMHAIAPABI >K00aIay VINIH TOMEHT] CHIHBIIT MEXAHU3MIHCH >KOFAPBI CHIHBINKA
KemyAiH TyOereiini cepminici Oap. KnHeMaTnka bIK-IHHAMAKAIBIK MOJCIbl INCIIyTe OArbITTAalFaH >KOFApBI J9pe-
skermi MexaHnmsmzaep yiiH Runge-Kutta oxicise Heri3aeareH »kaHa TYKbIPhIMIAMA YCBIHBLIABL. ChIHBINTHIH [V TeTi-
TiHIH Ke3-KCATCH AQAIKIICH OAaHIaHBICTAPHIH JKOHE KBLTIAMIBIFBIH AHBIKTAY OAICTEPi, AITOPHTMICPL KOHE Oaraap-
nmaMamnapsl o3ipacHai. CaHABIK 3KCTICPHMEHT HHKCHCPIIIK JKOHEC POOOTOTCXHUKAHBIH KAHA MCXAHU3MIH yKacay YIOiH
IV k7acThl MEXaHU3MHIH YJIKCH apTHIKIIBUIBEBIH KOPCETTI.

Tyiiinai ce3aep: KMHEMATHKA, THHAMUKA, )KOFAPBI TOPEKE MEXaHN3M, MAIIHHA 5Kacay, pOOOTOTEXHHKA.

Cregenust 00 aBTopax:

Cunues baxrtrepeit — n.1.H., mpodeccop, MeKnyHApOIHBIH YHHBEPCUTET HH()OPMAITMOHHBIX TEXHOJIOTHH,
e-mail: sinchev(@mail.ru

MyxanoBa Akcyry MyxamMOSTKaTHCBHA — K.T.H., H.0. JOUCHTA, AMATHHCKUI TCXHOJIOTHICCKHH YHUBEPCHTET,
e-mail: nuraksulu72(@mail.ru

— 17—



