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Purpose. Determination of the location of a robotic complex and an object being manipulated.

Methodology. The applied theoretical methods are based on the solution of the problems of mechanical system statics, Monte-
Carlo methods and analytical geometry with approbation of the obtained results on a robotic complex prototype.

Findings. The conditions of the static equilibrium of a mobile terrestrial robotic complex with a lever-type manipulator are
established. They are based on the analytical correlation as the sum of moments of gravitational forces acting on the joints of the
complex relative to the axes passing through the extreme supporing points of the chassis.

The location of the mass center of the robotic complex with the lever-type manipulator is determined. The area is created by
the arc of a circle whose radius depends on the mass of the object captured by the manipulator. The influence of static chassis de-
formations on the permissible complex area location of the general mass center is defined. It is found how the complex location
influenses the inclined surface of the tolerable area of the mass center location in terms of the persistency. The efficient conditions
of the large mass manipulated object location are set.

Originality. Necessary and sufficient conditions for the terrestrial robotic complex to remain in a static equilibrium when work-
ing with objects of significant mass are determined. The area of the general mass center of the complex with all possible positions
of the manipulator and different mass of the object being manipulated on the basis of the Monte Carlo methods adapted to the
solution of the static problem of the terrestrial robotic complex with a lever- type manipulator is established. In this case, the bear-
ing system deformability of the chassis and the features of the position of the complex being located on an inclined plane are
considered.

Practical value. The established conditions of the robotic complex static stability are the basis of the choice of its geometric
parameters for providing maximum working capacity in different operating conditions.

Keywords: mobile robot, lever-type manipulator, static equilibrium, kinematic scheme, mass center location, chassis deformation,

inclined plane, efficient working conditions of the manipulator

Introduction. Terrestrial robotic complexes equipped with
manipulators are used to work with hazardous objects [1]. The
development of terrestrial robotic systems and the study of
their characteristics is an urgent scientific and technical prob-
lem for the national security of Ukraine [2].

There are a large number of findings in the field at present
[3]. Information on specially designed terrestrial robotic com-
plexes is provided in recent studies and publications [4]. Their
kinematic characteristics [5] and design features of drives are
investigated [6]. A number of publications are devoted to the
study of dynamic characteristics of terrestrial robotic systems
|7]. It is noted that dynamic processes significantly affect the
accuracy of the robotic complex manipulator position [8].
Special systems and dampers of oscillations are used to com-
pensate for the negative effects of manipulator vibration [9].
The research results of the driving part of robotic complexes
are presented [10]. The issues of the output accuracy of the
operational body into the position are considered [11]. Several
issues of development of the mobile robotic systems designed
to work with hazardous objects are described in literary sourc-
es [12]. It is noted that the special feature of dealing with dan-
gerous objects is the need for remote control of the complex
[13]. At the same time, the information about the object is in-
sufficient, and the accuracy measurements of their parameters
are insignificant [14]. Data about the mass of a dangerous ob-
ject is connected with the problem of ensuring the terrestrial
robotic complex static stability [15]. Separate publications are
devoted to providing the static and dynamic repeatability of
robotic complexes [16]. Special devices and stability systems
are used [17]. These characteristics depend on the manipulator
design and the working part location within the space [18].
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As a result of the analysis of literary sources, one can con-
clude that there is an unsolved part of the general problem,
namely developing the functional capacity of a robotic com-
plex under uncertain parameters of hazardous objects. One of
the causes of disability is the inadequate static stability of the
mobile robotic complex, so an important part of the main
problem is to provide static stability of the terrestrial robotic
complex.

The purpose of the research described in this article is to
determine necessary conditions for the static consistency of a
mobile terrestrial robotic complex equipped with a lever-type
manipulator.

The objectives of the research were to determine general
conditions of the robotic complex static stability, to find the
areas of the complex mass center with a different mass of a
dangerous object, in particular to restrict the area of the mass
center distribution according to the conditions of consistency
at placement of the complex on inclined surfaces and approba-
tion of the research results by means of designing and manu-
facturing experimental prototype of a mobile terrestrial robot-
ic complex.

The theoretical methods mainly used in the research pro-
cess are based on the solution of the problems of permanent
mechanical systems, Monte Carlo methods and analytic ge-
ometry. The theoretical statements are confirmed through
testing a designed and manufactured prototype of a mobile
terrestrial robotic complex.

Results. A typical mobile terrestrial robotic complex in-
cludes a caterpillar platform 1 which has a lever-type manipu-
lator (Fig. 1).

The manipulator has a lower lever 2 and an upper lever 3
on the end with a hinge where the bar 4 is installed. A rotary
gripper 5 is mounted on the short end of the bar. A camcor-
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Fig. 1. General view of the terrestrial robotic complex with a
lever-type manipulator

der 6 with rotary actuators is installed on the long end of the
bar [19].

The levers and the bar form a flat hinge-lever mechanism
in which the planes of displacement of the levers and the bars
are parallel. Three single-hinged joints 7, &, 9are applied when
the levers are turned relative to their axels. The lever system is
surrounded with the rotary support /0.

Depending on the position of the manipulator, the settle-
ment of the separate masses of the complex and the location of
the mass center is substantially transformed. To provide the
permanent consistency of the complex, it has additional cater-
pillar movers (flippers) /7 which, if necessary, alternate their
transverse angular position.

The static equilibrium of the complex depends on the con-
figuration of the manipulator, the gravitational loading Gy of the
object being manipulated, which is in the gripper of the manipu-
lator and on the slope of the roadway on which the chassis is lo-
cated. The conditions of the static equilibrium are determined by
the action of the gravitational forces G, ..., G,, Gy, and the place-
ment of the general mass center with the corresponding gravita-
tional force G relative to the extreme supporting points of the
complex on the ground. These objects are the areas of the cater-
pillar under the extreme supporing rollers P;, P,, Q,, O, (Fig. 2).

The robotic complex is in a static equilibrium if the projec-
tion of the mass center on a horizontal plane lies within the
rectangle P,P,Q,0,.

Alteration of the manipulator configuration leads to a
change in the mass center location of the complex. When ex-
tending the console part of the manipulator in a horizontal

Fig. 2. The configuration of the manipulator corresponding to
the position of the static equilibrium of the mobile terrestrial
robotic complex

plane, the projection of the mass center and the corresponding
gravitational force G extend beyond the limites of the rectan-
gle Py, P,, 0y, 0, (Fig. 3).

The robotic complex loses consistency and turns over
when the mass center projection of the complex on a horizon-
tal plane passes through one of the axes y, or y, or x; or x,.

To analyze the static stability condition of the terrestrial
robotic complex for analytic determination we have to con-
sider the issue of the complex statics under the impact of grav-
itational loads. First, let us assume that the complex is placed
on an even road.

To solve the static problem let us assume that the places of
application of gravitational loads are located in mass centers of
manipulator units and chassis. In this case, the sum of the mo-
ments of the gravitational forces and of the work load corre-
sponding to ones of the manipulated object Gy create the mo-
ments of the forces M,, M, acting relative to the longitudinal x
and transversal y in the axes

N N
M, :zGi'yi+GN'Lx; My:zGi'xi+GN'Ly’ (M

i=0 i=0

where y; and x; are arms of gravitational forces G; relative to
axes x and y; L,, L, — x and y; N is the total number of dedi-
cated junction points of the robotic complex for which the
gravitational forces act; Gy is gravitational force acting on the
object of manipulation.

The arms of the gravitational forces of x; and y; are changed
as a result of upgrading the manipulator configuration. The
moments of forces will be substituted relative to the given axes.
The static stability loss of the complex occurs when one of the
conditions is fulfilled

M, =0; M, =0; M,=0; M, =0, @

where the moments are determined relative to the axes x;, x,,
Yis Yo

Revised settlement of the mass center of the the robotic
complex leads to a shift in the equivalent of the supporting re-
sponces of the chassis which are defined by means of four
forces acting on the extreme rollers of the caterpillar R, R,, R;,
R, (Fig. 2).

To find the equivalent chassis supporing responces, we
have a static equation

4 4 4 N
DRy, =M YR -x;=M; YR =%G+G,. (3)
= j=1 Jj=1 i=0

The obtained system of equations of statics (1, 3) is un-
closed. Three equations of equilibrium include four unknowns
Ry, R, R;, Ry. An additional condition must be introduced for
the closure of this system. The condition of the complex sym-
metry as for a longitudinal or transverse plane is practically
important.

Fig. 3. The position of the manipulator corresponding to the
limit of static stability loss
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This condition is conducted for a robotic complex manip-
ulator with its levers moving in close parallel planes. Let us
consider the kinematic scheme of the manipulator installed on
the chassis (Fig. 4).

The kinematic scheme corresponds to the terrestrial ro-
botic complex (Fig. 1). The joints 4, B and C of this manipula-
tor have parallel axes and the levers AB, BC and the CDFE bar
move in close parallel planes (Fig. 4). Manipulators are in-
stalled on a rotary support with a possibility of revolving in
direction of the z axis at the angle ¢,. In this case, the levers
move in planes which are adjacent to the radial axis z plane
and their position is stipulated with the controlled angular co-
ordinates ¢,, ¢3, g4- The turn of the gripper is determined by
the angle gs.

When reversing the configuration of the manipulator with
the load, the distribution of mass changes and accordingly the
line of gravitational load changes. To establish the quantita-
tive characteristics of the changes in the action of gravitation-
al forces, a planar diagram of the manipulator is used in which
all the levers move in the same plane which is adopted as a
coincident one with the axis of the symmetry of the chassis
(Fig. 5).

The track gear has a small mass that is comparable to the
weight of the manipulator and the load. The mass of the run-
ning gear is centered on two points that correspond to the cen-
ters of the caterpillar driving drums. The proportioning of
masses along the length of the platform is nearly uniform.
Therefore, the masses M, and M, are close. The weight of the
manipulator drive is included into the M| mass.

Z/OE

Fig. 4. Kinematic diagram of the lever-type manipulator in-
stalled on the chassis
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Fig. 5. The planar scheme of the robotic complex manipulator is
adopted to determine its mass center

We introduce a coordinate system whose axes pass through
two concentrated masses of the M, M, platform, and the z axis
through the mass center of the platform, located in the middle
between the masses M, and M,. To calculate the mass center
location, it is assumed that the mass of the manipulator is con-
centrated at 5 points. The mass of the drive located at point A
with the first part of the weight of the lever AB = L, is reffered
to the mass of the platform. The mass of the drive placed at
point B, the second part of the lever L, and the part of the lever
BC = L;is focused at point B and is my. The mass of the load
being held by the gripper together with the mass of the gripper,
the weight of the drive clamp and the drive gripper, and a part
of the mass of the bar DC = L, represents a concentrated mass
placed at point D that it is m ;. The mass of the part of the lever
BC, the part of the bar DC and the part of the bar CE with ro-
tary drives is at point C and is m,. The mass at point £ includes
the mass of the camera, the actuators of cameras and the
weight of the bar CE = Ls. Mass volume at this point is m.

Let us designate the coordinates of the point masses m g,
me, mp, mgin coordinate system xz.

Point B position

xXp=x,—L,c08q,; zp=274+ L,sing,.
Point C position
Xc=xp+ L3c08(q3— q1); zc=2p+ L3sin(q; — q)).
Point D position
Xp=xXc+L4cos(q3— g3+ qr); 2p=2c— Ly4sin(qs— g3+ qy).

Point E position
Xp=Xc— Lscos(qs— g3+ q2); zp=2c+ Lssin(gs— g3+ qo).

Let us fix the coordinates of the mass center of the “chas-
sis-manipulator” system

MpXp+ M X +MpXp +MpXp

“)

xCM:M M >
My +my+me+mpy+my

2. = Melp Ml T Mplp + Mplp
MM+ M, +my+mg +m,+m,

®)

The coordinates of the mass center of the complex depend
on the controlled coordinates of the manipulator ¢,, g3, ¢s.
These coordinates can acquire uncontrolled values in the
ranges [0 ... ]. At the same time, the mass center of the mobile
complex is changing and is located on a certain area of space.
Calculations based on the Monte Carlo methods are per-
formed to find the location of the mass center [20]. Random
values of the controlled coordinates ¢,, g3, g4 are set in formu-
las (4, 5). They are defined as random numbers with uniform
allotment laws in the revised ranges and are calculated accord-
ing to the procedure: q; = md(n), k=2, 3, 4,j = 0,...,1000.
Found coordinates of the mass center position illustrated in
the graph as points (designated by the sign x) for each j ™" set of
controlled coordinates from (4, 5).

Calculations are made for different values of the mass of
the object of manipulation.

The results show that the location of the mass center of the
robotic complex significantly increases with increasing mass of
the object of manipulation (Fig. 6).

Areas of the mass center location are approximated by
analytic dependencies for the analytical description of the
mass center location of the complex. It was established that
the mass center location of the complex with the maximum
mass of the manipulated object approximates the circle with a
radius #,, whose center is at point A. The contour shaped as a
circle is close to the mass center location of the complex ex-
cept for the peculiar area PQ which corresponds to the area
between supporting points of caterpillars on the support sur-
face.
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Fig. 6. Radial cross-sections of the mass centers areas of the
terrestrial robotic complex with different masses of the ma-
nipulated object

The equation of the circular contour describing the mass
center arrangement in the coordinate system xz is written as

(x—xA)2+(z—zA)2=V,ﬁ,

where x,, 7, are coordinates of point A which refer to the
hinge A4 of the manipulator; r,, is the radius of the circle, which
approximates the area of the mass center.

The coordinate system whose axis x, coincides with the
supporting surface and the z, axis passes through point A4, is
characterized by the equation of the circular contour which
will be as follows

xt+(zg-2,-2.) =12 (6)

where z. is the distance from the supporting surface to the
middle line of the chassis corresponding to the x axis.

Using the analytical dependence (6), the terms of static
stability of the complex which is on a horizontal supporting
surface, are indicated.

The constraint of the complex stability is to find the pro-
jection of its mass center on a horizontal plane between ex-
treme points of the complex on the supporting surface.

Let us consider the flat problem of evaluation the static sta-
bility of the complex with a manipulator whose plane is the
same as the gear symmetry one.

The extreme supporting points for a caterpillar mover are
points P and Q with coordinates

xp==L/2; xo=1L/2.

This condition is graphically interpreted by the mass center
arrangement of the complex within the limits between the ver-
tical lines passing through the points P and Q (Fig. 7). Having
analyzed the size and location of this band respective to the
areas of the mass center we can conclude that when manipu-
lating objects in the front part of the chassis static stability loss
can occur even in the absence of an object of manipulation.
Thus, the complex will probably be unable to function when
lifting the load in the front part of the chassis.

Additional caterpillar movers (flippers) are used to ensure
the performance of the complex. Their application shifts the
extreme front supporting points of the complex into the area of
the point Fwith coordinates

Fig. 7. The chassis static deformations of the complex under the

action of gravitational forces with different location of the
mass center of the complex:
a — plane-parallel displacement of the chassis with the location of
the mass center on the symmetry axis of the complex; b — rotation
of the chassis with the location of mass center in the area of the
supporting point Q; ¢ — rotation of the complex with the location of
the mass center in the area at the end of the flipper

Xp= LF+ L/Z—XA,

where Lis the distance between supporting point P and point
of the interaction F of the caterpillar flipper with the support-
ing surface.

Here the area of static stability expands and relates to the
band between vertical lines passing through points F and Q.
Insignificant areas of static instability outside the band are
negligible and do not affect the overall operation of the com-
plex.

The abovementioned condition of static stability does not
consider the deformability of the caterpillar chassis.

Let us define the influence of the deformation of caterpil-
lars on the static stability of the complex. First, let us consider
the chassis without flippers. The deformation of caterpillars
under supporting rollers occurs at points P and Q under the
effect of gravitational forces. If the mass center of the complex
is on the axle z, the platform of the chassis without flippers
under the action of gravitational forces is shifted down without
violation of its transverse angular position (Fig. 7, a).

Displacement of the chassis in the vertical direction with
symmetrical load is determined by the dependence

Az=Mg/(2cy),

where ¢, is an equivalent to the rigidity of the caterpillar at
points Pand Q; g is gravity acceleration; M is the total mass of
the complex.

In case of a flat-parallel displacement of the chassis the
stability area of the complex is the same and its limits are verti-
cal lines passing through points P and Q (for chassis without
flippers).

Shifting the mass center of the complex towards the axis x,
efforts perceived by the caterpillar at points P and Q vary and
there is a rotation of the chassis at a certain angle. The maxi-
mum rotation of the chassis will occur when the mass center is
located on a vertical line passing through point P or Q
(Fig. 7, b). The angle of rotation will be determined under the
dependence

a= )

Therefore, vertical lines penetrating points P and Q and
limiting the permissible range of the masses center will be ro-
tated to the angle o towards the central part of the complex
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because of the chassis deformability. The reversed line will de-
termine the segment QK (Fig. 7) which defines the limit of
tolerance in terms of the stability of the areas of the mass cen-
ter location.

The availability of flippers changes the nature of the defor-
mation of caterpillars. Let us assume that the flipper is tightly
connected to the duplex chassis and moves together with the
chassis as a whole.

The displacement of the masses center of the complex in
the direction of the flipper leads to the rotation of the chassis at
a certain angle. The maximum rotation angle occurs when the
mass center is set above the extreme supporting point of the
flippers (Fig. 8, ¢). The angle of rotation of the chassis is

p=8 ®)
crlyp

where Ly is the distance between the supporting points of the
flipper and the caterpillar; #; ¢ is flipper rigidity. The vertical
line passing through point F and restricting the permissible
range of the masses center rotates at the angle 3 (Fig. 7). Thus,
the presence of transverse angular movements of the chassis as
a result of the deformation of caterpillars narrows the range of
the mass center. It is limited to the QKNF contour.

The contour in the CN section corresponds to the arc of
the circle as for the equation given above (6).The contour in
sections FN and QK is characterized by straight lines with
equations

st
FN 0 2

L, T
Zog =~ x0—7—xA -1g E—OL .

After trigonometric functions transformation and substi-
tution of angles from (7, 8), we will get

L cpL
Ly =(x0+2°—xA+LF]~A;£; 9)
L, Coly
= x, -2, | 222 I
Lok [xo 7 xAj Mg (10)

It was assumed that the angles a and B in these formulas
are small and, respectively, tga ~ o, tgf = B.

The abovementioned terms of static equilibrium were pro-
posed for a complex positioned on a horizontal surface. In-
cline or lifting of the supporting surface of the chassis change
the equilibrium conditions of the complex.

Ifthere is a slope with an angle 6 of point F the flipper sup-
port and the caterpillar Q are shifted from the position FQ (at
6 = 0) and supporting surface of the chassis moves to the posi-
tion F'Q’ (Fig. 8).

The horizontal axis x, of the local coordinate system of the
complex passes into the axis xj and the axis z; — into the
axis z(. The range of the mass center of the complex shifts at
the same time to the right and is limited to the contour
Q'K'N'F'. This contour in the local coordinate system of a
complex is described by dependencies similar to (9, 10) used to
determine the area of a complex located on a horizontal plane.
Simultaneously, the contour on the section K'N' corresponds
to the arc of the circle as for to the equation (6). The equations
of straight line K’N' and Q'K’ referred to (9, 10) will be modi-
fied after modification of the straight lines angular coefficients.

The angle B in the equations converts into the angle 6 + 3,
and the angle a into o — 0. Accordingly, the equations of the
straight lines F'N' and Q'K’ in the local coordinate system are
determined by the dependencies

' ' L Mg .
Ly =(x0+2°—xA+LF]~ctg(9+CFLF], (11)
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Fig. 8. Changes in the permissible area of location of the com-
plex mass center are due to the presence of a slope (6 > 0) or
a rise (0 < 0) of the supporting surface

, . L M-g
= - -ctg| 60— .
2ok [xo > xAJ C g( cr, ] (12)

The oddness of the trigonometric function of the cotan-
gent is shown in the last dependence.
‘When moving the complex up (ascends 0 < 0), the position

of the local coordinate system is moved into xgz;. The range
of standard conditions within static steadiness of the complex
mass center positions is restricted by the contour Q"K' N"'F"'.
The contour at the section K" N'' corresponds to the circle arc,
and it will be described by the dependences (11, 12) at the sec-
tions F""N'" and Q" K" where 0 < 0.

Moving the complex down or up the slope significantly
changes the permissible mass center location.

When moving down the slope, the area is shifted towards
the rear part of the complex and when rising — to the front part
of it (Fig. 9).

The analysis of admissible areas of the mass centers loca-
tion demonstrates that the performance with the objects of
increased mass should be carried out in the front part of the
chassis between the flippers when the complex is situated on
the slope and is directed towards the peak.

It is recommended to turn up the gear with the flippers
under a negative chassis angle (shown in dotted lines in
Fig. 9, b) in order to increase the resilience reserve when work-
ing with heavy objects.

The presence of flippers in the complex raises static stabil-
ity in case the manipulator average plane is close to the longi-
tudinal axis of the complex. Therefore, the optimal area of
contacting with hazardous objects in the plan is the .S, section
between the flippers.

An experimental model of mobile terrestrial robotic com-
plex was developed on the basis of conducted research. It is
grounded on a modular circuit and includes autonomous
modules with a wheeled or caterpillar mover. Each module has
an autonomous power supply and a control system. If neces-
sary, the module is used independently. It is equipped with an
additional footing (Fig. 10).

A similar design has a caterpillar-mounted module
(Fig. 11).

Each module is provided with necessary equipment, ma-
nipulators of different types in particular. The modules have
junction units to be connected with each other.

The best variant is a robotic complex which is the result of
the combination of wheel and caterpillar modules (Fig. 12).
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Fig. 9. Longitudinal sections of the permissible mass center lo-
cation of the complex when placed on a slope down (a) and
on arise up (b)

The experimental examination of the developed experi-
mental model of the terrestrial robotic complex confirmed the
reliability of static stability determination under different con-
ditions of the chassis location on the supporting surface.

Fig. 10. The wheeled module of the developed experimental
model of the terrestrial robotic complex

Fig. 11. Module of terrestrial robotic complex with a caterpillar
mover
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Fig. 12. Scheme of the chassis of the terrestrial robotic complex
which is formed by combination of wheeled and caterpillar
modules

Conclusions. It was established that the condition of the
static equilibrium of a mobile terrestrial robotic complex is the
zero sum of the moments of the gravitational forces acting on
the units of the complex relative to the axes passing through
the extreme chassis supporting points of the complex.

The masses center location of the robotic complex with a
lever-type manipulator, whose levers move in parallel planes
under different configurations of the manipulator, is limited by
a curve which is close to the arc of a circle whose radius is de-
termined by the mass of the object of manipulation.

The presence of chassis static deformations and the location
of the complex on an inclined surface narrows the circular area
of the allowed total mass center location of the complex under
condition of static stability. Placement of the complex on the rise
and manipulation by the object located in front part of the com-
plex is a positive feature in terms of providing static stability.
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Meta. BuszHaueHHs 00JacTh CTIHKOTO pO3TalllyBaHHS
PpOOOTU30BAHOTO KOMILJIEKCY Ta 00’ €KTa MaHiIyTIOBaHHSI.

MeTtoauka. 3acTOCOBaHI TEOPETUYHI METOIM HA OCHOBI
pO3B’sI3Ky 3aJay CTaTUKM MEXaHIiYHMX CHUCTEeM, METOJiB
Mownre-Kapio Ta aHanmiTMyHOiI reomeTpii 3 ampoballi€ro
oJiep>KaHUX pe3yJIbTaTiB Ha JOCTiIHOMY 3pa3Ky poOOTHU30Ba-
HOTO KOMILIEKCY.

PesyabraTn. BcTaHoBNeHiI YMOBM CTaTMYHOI piBHOBaru
MOOIJTBHOTO Ha36MHOTO PpOOOTU30BAaHOTO KOMILJIEKCY 3 MaHi-
MyJISITOPOM BaXKiJIbHOTO TUIYy. BoHM 0a3y10ThCs Ha aHAIITUY -
HOMY CIIiBBiIHOILIEHHI Y BUTJISIII CyMU MOMEHTIB rpaBiTalliii-
HUX CWJI, IO AilOTh HA BY3JIM KOMILJIEKCY BiTHOCHO Biceii, sIKi
MPOXOISATh Yepe3 KpailHi omopHi Touku Iaci. BusHaueHa
00J1aCTh pO3TalllyBaHHS LIEHTpa Mac pOOOTU30BAHOIO KOMII-
JIEKCY 3 MaHIMyJISITOPOM BaxXiabHOTO TUITy. O0JIacTh OTIMCcaHa
JIyTO10 KOoJja, pajaiyc sSIKOro 3ajiexkKUTh Bil Macu 00’€KTa, 1110
3HAXOMMThCS Y CXBaTi MaHIIylIsgTopa. BcTaHOBIeHO BILIMB
cTaTMYHUX AedopMaliiii maci Ha JONmyCTUMY 00J1acTh pPo3Ta-
IIIyBaHHSI 3araJlbHOTO IIEHTpa Mac KOMILIeKCYy. BusHaueHo,
SIK BILJIMBA€E pO3TalllyBaHHS KOMITJIEKCY Ha MOXWJIiii MOBEpXHi
Ha JIOIMYCTUMY 3 TOYKH 30pYy CTIHKOCTi 00J1aCTh pO3TalllyBaH-
HS LIeHTpa Mac. BcTaHOBIEHI pallioHaIbHi YMOBU pO3Tallly-
BaHHSI 00’ €KTa MaHiITyJTIOBaHHSI BEJIMKOI MacH.

HayxoBa HoBM3HA. Yrepuie BU3HaueHi HEOOXinHi U mo-
CTaTHI YMOBU 3HAXOIKEHHS HA3eMHOI'O pPOOOTH30BAaHOTO
KOMIIJIEKCY y CTaTUYHil piBHOBa3i Mpu poOOTi 3 00’eKTamMu
3HayHo1 Macu. Ha ocHoBi MeToziB MoHTe-Kapiio, anantoBa-
HUX JUTS PO3B’SI3KY 3a7ayi CTaTUKU HAa3eMHOTO poOOTU30Ba-
HOTO KOMIUIEKCY 3 MaHIIMy/IsITOPOM BaXKiJIbHOTO THUITY, BCTa-
HOBJIEHA 00JIaCThb PO3TalllyBaHHS 3arajlbHOro 1LIEHTpa Mac
KOMILJIEKCY MPH BCiX MOKJIMBUX MOJOKEHHSIX MaHIMyIsiTopa
Ta TMpuU pi3Hill Maci 06’ekTta MaHinynoBaHHsA. [Ipu uboMmy
BpaxoBaHa Je(OpMaTUBHICTb HECY4Ol CUCTEMH I1Iaci Ta 0CO-
OJIMBOCTI TTOJIOKEHHSI KOMILIEKCY MPU HOTro po3TallyBaHHI
Ha MOXWJIil TIJTOIIMHI.

IIpakTiyna 3HauumicTb. BcTaHOBJIEHI YMOBU CTaTUYHOI
CTIMKOCTI pOOOTU30BAHOTO KOMILIEKCY € OCHOBOIO BHUOODPY
IOro reOMeTPUYHUX MapaMeTpiB Mpu 3a0e3MeYeHHi MaKCH-
MaJIbHOI BaHTaXOITiAMOMHOCTI Ta Mpaue31aTHOCTI B Pi3HUX
yMoOBax eKcCILTyaTanlii.

KurouoBi ciioBa: mobinvHuii pobom, éajicinbHuil Maninyas-
mop, cmamu4Ha pieHo6aza, KiHeMamuuyHa cxemad, NoAONCEeHHs
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eas. OnpenenuTb 00JacTb YCTOMYMBOIO PaCIIOIOXKe-
HUS poOOTU3NPOBAHHOTO KOMITJIEKCA 1 0OBEKTa MAHUITYJTH -
pOBaHUSI.

Metomuka. [IpuMeHeHBI TeOpETUIECKIE METOIBI Ha OC-
HOBE pellIeHNN 3a1a4 CTATUKI MEXaHUIECKUX CUCTEM, METO-
noB Monte-Kapiio v aHaIMTHYECKOIl TeOMETPHUU C arpoda-
LIMEei TOyYEeHHBIX PE3yJIbTaTOB Ha OTNBITHOM 00pasliie pobo-
TU3UPOBAHHOI'O KOMILIEKCA.

PesynbraTbl. YCTaHOBJIEHBI YCJIOBUSI CTATUYECKOTO paB-
HOBeCHsI MOOMJIbHOTO HA3eMHOI'O POOOTU3MPOBAHHOIO KOM-
IJIeKca ¢ MaHUITYJISITOPOM pbluaxkHoro tuma. OHu Gasupy-
JOTCSI HA AHAJIMTUYECKOM COOTHOIIEHUU B BUIE CYMMBI MO-
MEHTOB TPaBUTALIMOHHBIX CUJI, NEHCTBYIOIIMX Ha y3JIbI KOM-
IUIEKCA OTHOCUTENILHO OCEM, MPOXOMSIIMX 4Yepe3 KpaitHue
OIOpHBIe TOYKHM Imaccu. OmpenesieHa 06JacTb pacojioxke-
HUS LIEHTPa Macc poOOTU3MPOBAHHOIO KOMIUIEKCA C MAaHM-
MyJSITOPOM  pblYaskHoro tuma. OO6acTh omucaHa Iyroi

OKPYXXHOCTH, paiiyc KOTOPOTO 3aBUCHUT OT MacChl OOBEKTa,
HaXOJISIILIErOCs B CXBaTe MAHUITYJISITOpa. Y CTAaHOBJICHO BIIHsI-
HME CTaTUIeCKUX nedopMaIvii Maccu Ha JIOMyCTUMYIO 00-
JIaCTh PACTIONIOKEHHUsI OOILIEro ILEeHTpa MacCc KOMILIEKca.
OrpenesieHo, Kak BIMSIET pacTioiokeHne KOMIUIeKca Ha Ha-
KJIOHHOI MOBEPXHOCTM HA JOMYCTUMYIO, C TOYKM 3PEHMSI
YCTOMYUBOCTH, 00JIACTH PACITOJIOKEHUS LIEHTpa Macc. Ycra-
HOBJICHBI pallMOHAJbHBIC YCIOBUSI PACMOIOXEHUST 00beKTa
MaHUITYJTUPOBAHUST OOJIBIION MacChI.

Hayunasa noBu3na. BriepBble ornpeneseHbl HEOOXOIUMbIe
U TOCTaTOYHBIC YCIOBUS HAXOXICHNST HA3eMHOTO POOOTU3H -
POBaHHOTO KOMILUIEKCa B CTAaTMYECKOM PaBHOBECHU TP pa-
6oTe ¢ 00beKTaMU 3HAUUTEIBLHOI Macchl. Ha ocHOBe MeTo-
noB MonTe-Kapio, ananTupoBaHHbBIX ISl pellIeHUSsT 3a1aun
CTaTUKU HAa3¢MHOTO POOOTM3MPOBAHHOTO KOMILIEKCA C Ma-
HUITYJIITOPOM PbIYa>KHOTO THIA, YCTAaHOBJIEHA 00JIacTh pac-
TTOJIOKEHMST OOIIero IeHTPa Mace KOMILIEKCa ITPU BCEX BO3-
MOXHBIX TOJIOXKEHUSIX MaHMITYJISITOpa W MpU pa3InyHOMI
Macce 0O0beKTa MaHUMYJIMpoBaHUs. Ilpu 3TOoM ydreHa me-
(hopMaTUBHOCTD Hecyllel CUCTeMbl 1IaCCU U OCOOEHHOCTHU
TTOJIOKEHMST KOMIUIEKCa TP €ro PacTIOIOXKEHUN Ha HAKJIOH-
HOM TMJIOCKOCTH.

IIpakTHyeckass 3HAYAMOCTb. YCTAHOBJICHHBIC YCJIOBUS
CTAaTUYECKOM YCTOMIMBOCTA POOOTU3MPOBAHHOTO KOMILIEK-
ca SIBJISTFOTCSI OCHOBOM BBEIOOpA €r0 TeOMETPUUYECKUX TTapaMe-
TPOB TpH 0OeCTIeYeHUH MaKCUMaJIbHOM IPY30MOIBEMHOCTI
1 pabOTOCIIOCOOHOCTH B PA3IUYHBIX YCIOBUSAX SKCILIyaTa-
LIVU.

KiroueBbie clioBa: mo6uabHbLL pOOOM, PbIANCHLI MAHUNY -
ASMOp, cmamuuecKkoe pasHogecue, KUHeMamuueckds cxemd,
nosodicenue yewmpa macc, Ooegopmauuu waccu, HAKAOHHAS
NAOCKOCMb, PAUUOHANbHBIE YCA08US PAOOMbL MAHUNYAAMOPA

Pexomendosano do nybaixauii dokm. mexH. HayK
O. B. Illleguenkom. lama naoxooscenns pykonucy 21.01.19.
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