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plates with singular points based on the proposed approach. It has 

been established that an accurate model of the external load in the 

form of concentrated forces and moments fundamentally enables 

determining the internal forces and moments at the singular points 

of thin plates applying an algorithm of the variational Kantorovich-

Vlasov method. Up to now, there are no data on the importance of 

internal forces and moments at the singular points of plates. It is 

also shown that when calculating the internal forces and moments 

of plates, it is inappropriate to apply a single term from a series of 

the Kantorovich-Vlasov method; the errors amount to significant 

magnitudes of the order of 43‒44 %.

Keywords: boundary elements method, bending of isotropic 

thin plates, concentrated loads, singular points.
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The work addresses studying the possibilities of a numerical-

analytical variant of the boundary elements method (BEM) in 

determining the internal force factors and stresses at singular 

points when bending thin isotropic plates. The simplest type of 

singularity has been investigated, a point of application of exter-

nal concentrated forces and moments. The importance of a given 

problem is due to the fact that at these points the internal force 

factors tend towards infinity and it is not possible to determine the 

size using elementary methods. At the same time, these singular 

points are the significant stress concentrators (both tangential and 

normal), which is why calculating the limits to which the internal 

forces and moments tend is essential to analyze the strength of 

plate structures. In order to describe an external load, it is proposed 

to apply the Dirac delta function of two variables. The models of 

external loads are presented. A given proposal makes it possible 

to accurately calculate the limits to which the transverse forces, 

as well as bending and torsional moments, tend at singular points 

of thin plates. We simulated plate bending using the variational 

Kantorovich-Vlasov method, which is fully compatible with the 

models of external load. The internal force factors at the singular 

points of plates were determined while solving the boundary value 

problems, formed based on the algorithm of BEM. The MATLAB 

environment was used for programming and computation. Results 

of the calculations are characterized by high accuracy and reliabil-

ity, in particular the errors in determining the deflections of plates 

at singular points do not exceed 2.0 % and the errors for bending 

moments are not above 3.0 %. Recommendations have been given 

to solving different types of boundary problems on bending the 
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We investigated theoretically the strength and deformability 

of truss steel reinforced concrete structures for symmetrical and 

asymmetrical loads, taking into consideration the phased opera-

tion of the system. Employing an iterative search for a minimum 

of the objective function of the equally-stressed state at cross 

sections of the spatial structure’s elements has helped establish 

a decrease in the normal stresses compared to the structures of 

other type. The results obtained made it possible to design actual 

construction structures. Therefore, there is reason to assert the 

practical significance of the constructed mathematical model and 

the developed algorithm, which were applied when designing 

the new, and recalculating existing, combined steel-reinforced-

concrete truss systems.

Keywords: combined systems, equations of deformation com-

patibility, strength, deformability, steel-reinforced-concrete, truss.

References 

1.	 Sekularac, N., Ivanovic-Sekularac, J., Cikic-Tovarovic, J. (2012). 

Folded structures in modern architecture. Facta Universitatis – Se-

ries: Architecture and Civil Engineering, 10 (1), 1–16. doi: https://

doi.org/10.2298/fuace1201001s 

2.	 Trussoni, M., Simatic, E., Raebel, C. H., Huttelmaier, H. P. (2015). 

Life-Cycle Assessment Comparison for Long-Span Cable and Truss 

Structural Systems: Case Study. Journal of Architectural Engineer-

ing, 21 (1), 05014005. doi: https://doi.org/10.1061/(asce)ae.1943-

5568.0000154 

3.	 DBN V.2.6-160:2010. Konstruktsiyi budynkiv i sporud. Stalezalizo-

betonni konstruktsiyi. Osnovni polozhennia (2011). Kyiv: Minre-

hionbud Ukrainy, 55.

4.	 DD ENV 1994-1-1 Eurocode 4. Design of composite steel and 

con-crete structures: Part 1.1 General rules and rules for buildings 

(1994). Britіsh Standards Institution. 

5.	 DD ENV 1994-1-2. Eurocode 4. Design of composite steel and 

con-Crete structures: Part 1.2, Structural fire design (1994). British 

standards Institution.

6.	 Semko, O. V. (2004). Imovirnisni aspekty rozrakhunku stalezalizobe-

tonnykh konstruktsiy. Kyiv: Stal, 320.

7.	 Kmiecik, P., Kamiński, M. (2011). Modelling of reinforced concrete 

structures and composite structures with concrete strength degra-

dation taken into consideration. Archives of Civil and Mechanical 

Engineering, 11 (3), 623–636. doi: https://doi.org/10.1016/s1644-

9665(12)60105-8 

8.	 Barashykov, A. Ya., Zadorozhnikova, I. V. (2005). Sproshcheni ro-

zrakhunky nesuchoi zdatnosti normalnykh pereriziv zghynalnykh 

elementiv za deformatsiynoiu modelliu. Resursoekonomni materialy, 

konstruktsiyi, budivli i sporudy, 12, 109–115.

9.	 Gorodeckiy, A. S., Shmukler, V. S., Bondarev, A. V. (2003). Infor-

macionnye tekhnologii rascheta i proektirovaniya stroitel’nyh kon-

strukciy. Kharkiv: NTU “KhPI”, 889.

10.	 Ivanyk, I. H., Vikhot, S. I., Vybranets, Yu. Yu. (2007). Metodyka 

rehuliuvannia zusyl v kombinovanykh statychno nevyznachenykh 

stalezalizobetonnykh konstruktsiyakh. Mekhanika i fizyka ruinuvan-

nia budivelnykh materialiv ta konstruktsiy, 7, 443–453.

11.	 Ivanyk, I. H., Vikhot, S. I., Pozhar, R. S., Vybranets, Yu. Yu. (2008). 

Teoretychni doslidzhennia napruzheno-deformovanoho stanu kom-

binovanykh statychno nevyznachenykh metalevykh konstruktsiy. 

Visnyk natsionalnoho universytetu Lvivska politekhnika «Teoriya i 

praktyka budivnytstva», 627, 106–111. 

Enterprise Technologies, 5 (7 (89)), 4–10. doi: https://doi.org/ 

10.15587/1729-4061.2017.109649 

12.	 Orobey, V., Daschenko, O., Kolomiets, L., Lymarenko, O. (2018). 

Stability of structural elements of special lifting mechanisms in the 

form of circular arches. Eastern-European Journal of Enterprise 

Technologies, 2 (7 (92)), 4–10. doi: https://doi.org/10.15587/1729-

4061.2018.125490 

13.	 De Backer, H., Outtier, A., Van Bogaert, P. (2014). Buckling design 

of steel tied-arch bridges. Journal of Constructional Steel Research, 

103, 159–167. doi: https://doi.org/10.1016/j.jcsr.2014.09.004 

14.	 Louise, C. N., Md Othuman, A. M., Ramli, M. (2012). Performance 

of lightweight thin-walled steel sections: theoretical and mathemati-

cal considerations. Advances in Applied Science Research, 3 (5), 

2847–2859.

15.	 Pi, Y.-L., Bradford, M. A. (2013). In-plane stability of preloaded shal-

low arches against dynamic snap-through accounting for rotational 

end restraints. Engineering Structures, 56, 1496–1510. doi: https://

doi.org/10.1016/j.engstruct.2013.07.020 

16.	 Becque, J., Lecce, M., Rasmussen, K. J. R. (2008). The direct strength 

method for stainless steel compression members. Journal of Con-

structional Steel Research, 64 (11), 1231–1238. doi: https://doi.org/ 

10.1016/j.jcsr.2008.07.007 

DOI: 10.15587/1729-4061.2018.143023

THEORETICAL RESEARCH INTO SPATIAL WORK 
OF A STEEL-REINFORCED-CONCRETE STATICALLY 
INDETERMINATE COMBINED STRUCTURE (p. 13-22)

Ivan Ivanyk
Lviv Polytechnic National University, Lviv, Ukraine

ORCID: http://orcid.org/0000-0003-0079-2987

Svitlana Vikhot
Lviv Polytechnic National University, Lviv, Ukraine

ORCID: http://orcid.org/0000-0002-1063-2103

Yuriy Vybranets
Lviv Polytechnic National University, Lviv, Ukraine

ORCID: http://orcid.org/0000-0002-3842-9780

Yuriy Ivanyk
Lviv Polytechnic National University, Lviv, Ukraine

ORCID: http://orcid.org/0000-0003-3681-6557

The constructed mathematical model and the developed algo-

rithm for spatial calculation of combined steel-reinforced-concrete 

truss systems make it possible to determine parameters of the 

stressed-strained state in the structures’ elements. It is proven that 

the built mathematical model satisfies three groups of conditions: 

equilibrium; compatibility of deformations that link deformations 

and displacements; physical conditions that link efforts and defor-

mations. Owing to the devised procedure, we performed theoreti-

cal calculations to establish the actual diagrams “bending moment 

‒ deflection”, “longitudinal force ‒ deflection” depending on the 

magnitude and place of application of external load. The derived 

equalities that determine coefficients for the unknowns in a system 

of linear algebraic equations include the topology parameters and 

strength characteristics of the structures’ elements. That has allowed 

us to search, within the framework of the developed algorithm, for a 

minimum of the objective function of the equally-stressed state in 

the elements of a spatial structure.
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ling of stress-strain state of contacting complex-shaped bodies in 

comparison with conventional approaches. The peculiar variation of 

the contact pressure distribution with the change of the gap shape 

and the properties of the interface layer between the contacting bod-

ies were studied on this basis. It is possible to derive more relevant 

recommendations to justify design and technological solutions with 

account for the results of such analysis. Eventually, this will enhance 

the technical characteristics of machines of various applications.

Keywords: contact interaction, Kalker’s variational principle, 

boundary integral equations method, Winkler’s layer.
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In order to ensure high technical characteristics of machines 

for various applications, it is necessary to increase the strength of 

the most loaded and heavy-duty elements of constructions, which 

are complex-shaped components under intense contact loads. When 

bodies get in contact over surfaces of close shape, new factors that 

have not been taken into account before come into play. In particular, 

nonlinear contact stiffness of the surface layers of the components 

is among them. Accordingly, nonlinear components appear in im-

penetration contact conditions instead of traditional linear ones. To 

study the contact interaction with account for such constraints, a 

new method for stress-strain state analysis and structural strength 

design of various machine parts has been developed on the basis of a 

modification of the Kalker’s variational principle. Nonlinear models 

of the material behavior of the surface layers of contacting complex-

shaped bodies were created and applied. The discretization of the 

resulting mathematical problem was performed with the help of the 

developed version of the boundary element method.

The developed models of contact interaction combine physical 

and structural nonlinearities. This provides more accurate model-
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We studied the stresses state of rectangular reinforced concrete 

beams strengthened by building up the stretched reinforcing bars 

under the action of load. We developed two principal methods for 

assessing the reliability of the strengthened beams based on various 

regulatory documents. According to the developed methods, we es-

tablished reliability of the tested structures and obtained the results 

of qualitative and quantitative indicators for reliability, specifically, 

reliability indices and probabilities of failure-free operation. We ana-

lyzed an effect of the considered stochastic parameters of the reserve 

of bearing capacity of normal cross sections of strengthened beams 

on a general reliability estimate.

The establishment of actual indicators of reliability of beams 

strengthened under the action of load will make it possible to ap-

proach the issue of reconstruction of elements of buildings and struc-

tures more efficiently and economically. In particular, this relates 

to strengthening of bending of reinforced concrete elements under 

operation. In addition, the obtained results of reliability study make 

it possible to operate with those variable parameters that have the 

maximum influence on variance of the limiting bending moment of 

beams studied with sufficient accuracy of calculation.

The developed principal methods for assessing reliability make 

it possible to design strengthened reinforced concrete bending ele-

ments with the assigned level of reliability (efficiency of solutions) ‒  

probability of failure-free operation, which may be also the subject 

for further research. Finally, the obtained results make it possible to 

approach the choice of the strengthening method more effectively.

Thus, we propose a methodology adapted to the current design 

standards of Ukraine for assessment of reliability. It includes a relatively 

simple mathematical calculation apparatus. Moreover, in contrast to the 

results of earlier studies, the obtained values of reliability indicators are 

clear, since they have a distribution close to proportionality depending 

on a load level and a diameter of reinforcement extension. Thus, for reli-

ability indices βi, the range of values was from 3.35 to 3.45, and for the 

probability of failure-free operation P(β)i ‒ from 0.999596 to 0.999720 

(towards increasing the reliability level at a larger diameter of the 

reinforcement of extension and a load level at the moment of strength-

ening). The discrepancy between identical values of indices found in 

accordance with engineering and deformation models of calculation was 

about 8 % only. This fact allows the application of the developed meth-

odology in the design practice. Therefore, taking into consideration the 

lack of research in the field of assessment of reliability of the reinforced 

concrete bending elements strengthened under the action of load, we 

can state that the results obtained are relevant.

Keywords: reinforced concrete beam, strengthening, stochastic 

parameters, reliability assessment, probability of failure-free opera-

tion, level of loading.
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The basic criteria of operational efficiency of most toothed gear 

mechanisms is the contact endurance of the conjugated surfaces 

of the teeth and the flexural endurance of teeth legs. In this case, 

the calculation based on contact stresses is the principal one in 

terms of determining the geometrical dimensions of toothed gear 

mechanisms, while the calculation of tooth bending is performed for 

validation.

It is known that in order to prolong longevity and improve oper-

ational efficiency and load capacity of toothed mechanisms, different 

lubricants are used. However, given the insufficient body of research 

into the influence of a lubricant on contact endurance of the active 

surfaces of teeth, traditional methods for the calculation of toothed 

gears (for example, GOST 21354-87) equate a lubricant influence 

coefficient to unity, that is, a perfect case is considered when friction 

is absent. Such an approach leads to the inaccurate evaluation of load 

capacity of toothed gears that can be a reason for both their prema-

ture failure and the overestimation of their geometrical dimensions.

In this work, we have solved the contact problem on a contact 

between two bodies of arbitrary shape, close to half-planes, at the 

finite friction coefficient; it was found that the value of the resulting 

contact stress exceeds the stress, calculated according to the known 

Hertz solution, by 6 %. 

The proposed procedure for the calculation of toothed gears in 

terms of contact strength at the finite friction coefficient, without 

assumptions about the smallness of the contact area and the shape 

of borders, makes it possible to estimate load capacity of the toothed 

gears considering the influence of lubrication and the existence of 

friction between the conjugated surfaces of the teeth.

We have derived the analytical expression for a lubricant influ-

ence coefficient based on the solution to the contact problem of 

pressure from a rigid stamp on the elastic half-plane in terms of the 

coefficient of friction between the conjugated surfaces of toothed 

gears. That allows the estimation of the true load capacity of toothed 

gears under the influence of various lubricants, which is of great 

theoretical and practical importance when designing machines and 

assemblies.

Keywords: a lubricant influence coefficient, friction coefficient, 

contact stress, tangential stresses, complex variables, biharmonic 

function.

References 

1.	 Utochnenniy raschet zubchatyh peredach na kontaktnuyu proch-

nost‘ (1984). DAN Azerb. SSR. Seriya: fiziko-matematicheskih i 

tekhnicheskih nauk, 12. 

2.	 Utochnenniy raschet zubchatyh peredach na kontaktnuyu proch-

nost‘ (2004). DAN Azerb. SSR. Seriya: fiziko-matematicheskih i 

tekhnicheskih nauk, 10 (1B), 205–211.

3.	 Polyakov, V. K. (2008). Chislennoe modelirovanie processa zace-

pleniya evol‘ventnyh zubchatyh peredach s uchetom treniya. Nauch-

no-tekh. zhurnal «VNTR», 2. 

4.	 Klochko, A. A., Gasanov, M. I., Basova, E. V. (2015). Tekhnologiches-

koe obespechenie treniya kacheniya i treniya skol‘zheniya v zubchatyh 

peredachah. Vestnik Nac. tekhn. un-ta „KhPI“, 40 (1149), 102–107.

5.	 Drozd, M. S., Matlin, M. M., Sidyakin, Yu. I. (1986). Inzhenernye 

raschety uprugoplasticheskoy kontaktnoy deformacii. Moscow: 

Mashinostroenie, 224. 

6.	 Grudinin, G. V. (2003). Raschet zubchatyh cilindricheskih 

evol‘ventnyh peredach. Irkutsk: Izdatel‘stvo IrGTU, 87.



87

Abstract and References. Applied mechanics

7.	 Zhao, J.-S., Chu, F., Feng, Z.-J. (2008). Synthesis of Rectilinear Mo-

tion Generating Spatial Mechanism With Application to Automo-

tive Suspension. Journal of Mechanical Design, 130 (6), 065001.  

doi: https://doi.org/10.1115/1.2901157 

8.	 Zhao, J.-S., Li, L., Chen, L., Zhang, Y. (2010). The concept design and 

dynamics analysis of a novel vehicle suspension mechanism with in-

variable orientation parameters. Vehicle System Dynamics, 48 (12), 

1495–1510. doi: https://doi.org/10.1080/00423111003703232 

9.	 Zhao, J.-S., Jin, H.-Z., Zhao, S., Chu, F., Feng, Z.-J. (2010). Innova-

tive concept design of an independent front suspension and steering 

system. Proceedings of the Institution of Mechanical Engineers,  

Part D: Journal of Automobile Engineering, 224 (12), 1487–1500. 

doi: https://doi.org/10.1243/09544070jauto1432 

10.	 Zhao, Y., Li, T., Yu, X., Tang, X., Wang, L. (2013). Mobility analysis of 

a Sarrus Linkage-like 7-R single closed loop mechanism. 2013 IEEE 

International Conference on Robotics and Automation. doi: https://

doi.org/10.1109/icra.2013.6631166 

11.	 Lu, S., Zlatanov, D., Ding, X., Molfino, R., Zoppi, M. (2015). Novel 

Deployable Mechanisms With Decoupled Degrees-of-Freedom. 

Journal of Mechanisms and Robotics, 8 (2), 021008. doi: https:// 

doi.org/10.1115/1.4031639 

12.	 Chen, G., Zhang, S., Li, G. (2013). Multistable Behaviors of Compli-

ant Sarrus Mechanisms. Journal of Mechanisms and Robotics, 5 (2), 

021005. doi: https://doi.org/10.1115/1.4023557 

13.	 Reshetov, L. N. (1979). Samoustanavlivayushchiesya mekhanizmy. 

Moscow: Mashinostroenie, 334.

14.	 Waldron, K. J., Kinzel, G. L., Agrawal, S. K. (2016). Kinematics, Dy-

namics, and Design of Machinery. John Wiley & Sons, Ltd. UK, 718.

15.	 Features and Types. Available at: https://tech.thk.com/en/prod-

ucts/pdf/en_a18_002.pdf#1

DOI: 10.15587/1729-4061.2018.133922

INFLUENCE OF ELASTICITY OF UNBALANCE DRIVE 
IN VIBRATION MACHINES ON ITS OSCILLATIONS 
(p. 62-69)

Nikolay Yaroshevich
Lutsk National Technical University, Lutsk, Ukraine

ORCID: http://orcid.org/0000-0002-2436-5608

Ivan Zabrodets
Lutsk National Technical University, Lutsk, Ukraine

ORCID: http://orcid.org/0000-0001-6700-8400 

Sergii Shymchuk
Lutsk National Technical University, Lutsk, Ukraine

ORCID: http://orcid.org/0000-0002-1293-560X 

Tеtiana Yaroshevich
Lutsk National Technical University, Lutsk, Ukraine

ORCID: http://orcid.org/0000-0001-8003-0514

The dynamics of the vibration machine with unbalance vibration 

exciter taking into account the elasticity of its connection with the 

asynchronous motor is studied.

The expression describing torsional oscillations of the elastic 

coupling in the steady (near-steady) operation of the vibration 

machine and the formula of the vibratory moment for the machine 

with plane oscillations of the working body are obtained. The 

amplitude-frequency characteristics of oscillations of the vibra-

tion machine drive using “soft” and “rigid” elastic couplings are 

The study considers problems of geometric synthesis of spatial 

hinge-lever six-link mechanisms with linear displacement of the 

final link performing the guiding function. The variants of ar-

ranging the mechanisms and their design features to provide the 

maximum course of the final link with minimum lengths of levers 

have been found. The geometric parameters of the mechanism in its 

generalized form have been determined and specified the kinemat-

ics and layout schemes. The influence of geometric parameters and 

layout variants on the kinematic parameters of the mechanisms 

has been studied. Dependencies have been obtained to determine 

the geometric parameters of the basic mechanism by the specified 

course of the final link and the permissible angles of transmission 

in the hinges of the levers. Parametric dependencies are provided 

in the article to help calculate accurately the optimal geometry of 

the mechanism by the criterion for minimizing the lengths of the 

levers at acceptable transmission angles and the required range of 

displacements. A scheme has been proposed for calculating spatial 

dimensional chains for determining the shape of the parts. 3D mod-

eling has revealed the variability of geometric parameters, which 

helped formulate layout versions of the mechanism. A technique 

for geometric synthesis has been developed and variants of spatial 

hinge-lever six-link mechanisms in dynamics have been modeled in 

accordance with this technique, which made it possible to show the 

features of the motion of the links.

The carried out research has determined possible ways of devel-

oping new variants of spatial hinge-lever six-link mechanisms, and it 

has opened new possibilities of their application as a guiding mecha-

nism. The results of the research can be used in designing platforms 

for lifts, robot manipulators, machine tools, and in mechatronics.

Keywords: Sarrus linkage, six-link spatial mechanism, path gen-

erating mechanism, linear displacement, geometric synthesis.
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constructed. It is shown that resonant oscillations can arise in the 

vibration machine drive. The nature of changes in the magnitude 

of the vibratory moment (additional dynamic load on the motor 

caused by oscillations of both the bearing body of the vibration 

machine and the elastic coupling), depending on the vibration 

exciter speed is determined. It is shown that the presence of the 

elastic coupling in the vibration machine drive in certain opera-

tion modes can lead to an increase in the motor load and promotes 

the appearance of the Sommerfeld effect during start-up. Critical 

frequencies of the vibration machine drive with unbalance vibra-

tion exciter are specified. Recommendations on the choice of 

natural frequencies of the drive in order to avoid resonant oscil-

lations are formulated.

By means of computer simulation, the emergence of resonant 

torsional oscillations of the vibration machine drive during the 

passage of the natural frequency region and the associated manifes-

tation of the Sommerfeld effect are demonstrated. The effectiveness 

of the proposed recommendations for reducing drive oscillations is 

confirmed.

The results obtained will allow avoiding resonant oscillations in 

the vibration machine drive, thereby reducing the dynamic loads in 

the elements of its design and increasing the reliability and durabil-

ity of the drive parts.

Keywords: vibration machine, unbalance vibration exciter, drive 

oscillations, elastic coupling, Sommerfeld effect.
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The results are intended for the geometrical modeling of variants 

of unfolding four-link rod structures under conditions of weight-

lessness. For example, frames for orbital infrastructures, as well as 

mechanical manipulators to grip space objects. 

Keywords: rod structure, process of unfolding in space, manipu-

lator to grip bodies, Lagrange equation of the second kind.
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We have continued studying geometrical models of unfolding, 

under conditions of weightlessness, the orbital rod structures whose 

elements are connected similar to a four-link pendulum [21–24]. 

The links of the structure move due to the action of pulses from py-

rotechnic jet engines at the endpoints of the links. The description 

of the motion of the derived inertial unfolding of a rod structure is 

based on the Lagrange equation of the second kind, and, given the 

conditions of weightlessness, constructed using solely the kinetic 

energy of the system.

The relevance of the subject is defined by the need to improve 

and study the new technological schemes for unfolding the frames 

of space infrastructures. These include the frames of parabolic an-

tennas, whose elements are a family of similar confocal parabolas 

obtained when one of them rotates, at a certain angular step, around 

a common axis. In addition, it is of interest to consider the new 

technologies for performing mounting operations in orbit using the 

structures of mechanical grippers (the type of a “robot’s arm”), lo-

cated outside spacecraft.

Based on the inertial unfolding of four-link rod structures, we 

developed schemes of action of manipulators to grip cylindrical bod-

ies whose axes are in parallel or perpendicular relative to the surface 

of a spacecraft. We have defined parameters and initial conditions for 

starting the motion of a four-link rod structure in order to obtain the 

required arrangement of links. It is shown that the implementation 

of variants of the inertial unfolding requires that the endpoints of 

links should be exposed to the action of a set of pyrotechnic devices 

whose pulses’ magnitudes are determined by the coordinates of vec-

tor U¢={0.1, 1.9, 1.3, 2.5} in conventional units and the time it stops 

should be determined. We have constructed plots of change over 

time in the functions of the angles’ values as the generalized coordi-

nates, as well as the first and second derivatives from these functions. 

The result is the evaluation of strength characteristics of the system 

at the time of braking (stopping) the process of unfolding.
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