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Creation of mathematical models of objects to be 3D printed is of
considerable interest, which is associated with the active introduction
of 3D printing in various industries. The advantages of using modern
3D printers are: lower production costs and shorter periods of time
for their appearance on the market, modeling objects of any shape
and complexity, speed and high precision of manufacturing, their
ability to use various materials. One of the methods for solving the
problem of creating a mathematical and computer model of the object
being designed is the application of the R-functions theory, with the
help of which it is possible to describe geometric objects of complex
shapes in a single analytical expression. The use of alphabetic pa-
rameters, when one specifies geometric information in analytical
form, allows one to quickly change the size and shape of the object
being designed, which helps to spend less time on building computa-
tional models. The proposed method can significantly reduce the
complexity of work in CAD systems in those cases when one needs to
view a large number of design options in search of an optimal solu-
tion. This gives a great effect on reducing labor intensity in the con-
struction of computational models to determine aero-gas-dynamic
and strength characteristics. Characterization is also often associ-
ated with the need to account for changes in aircraft shape. This
leads to the fact that the determination of aerodynamic characteris-
tics only due to the need to build a large number of computational
models increases the duration of work by months. With parametric
assignments, computational regions change almost instantly. In this
paper, on the basis of the basic apparatus of the theory of R-functions
as well as cylindrical, spherical, ellipsoidal, and conusoidal support
functions, a multiparametric equation for the surface of a Soyuz-
Apollo spacecraft model is constructed. A number of support func-
tions were normalized according to a general formula, which made it
possible to illustrate a new approach to constructing three-
dimensional equations for surfaces of a given thickness.

Keywords: R-functions, alphabetic parameters, standard primitives,
Soyuz-Apollo spacecraft model.
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Introduction

One of the new technologies, that has recently been gaining increasing popularity, is 3D printing, which
allows one to create three-dimensional models of any objects by using special 3D printing equipment. This is a
high-tech equipment, requiring that one has certain knowledge and skills in order to use it. The heyday of the era
of 3D printing began in the 21st century, although the principle of operation itself was formulated back in 1986.
3D printing in this century has already become one of the main achievements of mankind in the development of
technology. Scientists have mastered the methods of creating three-dimensional models of any shape and content.

The 3D printing process consists of several stages. The first stage is preparatory. In the process of
preparation, one creates a computer 3D model of the object to be printed. The creation of such a model is pos-
sible, for example, using a 3D modeling program. After the virtual model has been created, one needs to con-
vert it to a set of instructions for the printer, i.e. generate a G-code, and then start the printing process. The po-
tential and capabilities of 3D printers are enormous, most often they are used in mechanical engineering, archi-
tecture, film industry, and medicine. The main advantage of 3D printing is that it is a completely robotic proc-
ess. Using a 3D modeling program, one can look at the prototype from all angles, see the real dimensions, pro-
portions, and also correct errors and improve the product at the modeling stage. Experts from the Economist,
one of the most influential magazines, have called 3D printing technology the third industrial revolution, which
is now taking place quietly and insensibly right outside our windows. And while some Eastern European coun-
tries are investing billions in "traditional production", many have already realized the scale of changes ahead.
For example, the United States plans to return production to its territory in the nearest future, but it will be
mainly high-tech and versatile technologies based on 3D printing, for which it is planned to provide large-scale
government subsidies for this process, similar to the current American breakthrough in the production of its
own shale gas and oil. It turned out that it is economically feasible to 3D print entire rocket engines. 3D Sys-
tems Corporation (USA) announced a successful zero-gravity test of the BFB-3000 3D printer. The tests indi-
cate the possibility of producing complex assemblies and parts in outer space. 3D printing will change the way
we approach space exploration as well as how spacecraft operate. At present, all the items and parts necessary
in space are manufactured on Earth, carefully adjusted and matched to spacecraft models for testing. Then they
wait for the next spacecraft to fly, and only after docking in orbit, the astronauts receive the required items [1].
3D printers make it easier to create and arrange living space in orbit, reducing the need to deliver a wide range
of cargo from Earth. NASA engineers are even building a rocket from special plastic through using a 3D printer
with selective laser sintering technology that can reach other planets in the solar system.

However, there is a problem of setting the print information, i.e. creating a mathematical and com-
puter model of the object being designed. One of the methods for solving this problem is the application of
the R-functions theory, which allows one to describe geometric objects of complex shapes in a single ana-
lytical expression. In [2], based on the R-functions theory, new approaches were developed to the analytical
identification of the surfaces of unmanned aerial vehicles to be 3D printed. We used both well-known meth-
ods of standard primitives and various frame blending options. Multiparameter equations for the surfaces of
unmanned aerial vehicles of various shapes and purposes have been constructed and visualized. The ade-
quacy of the results obtained to the objects being designed is confirmed by visualization both in the operating
conditions of the RFPreview program and by 3D printing. The use of alphabetic parameters, when one speci-
fies geometric information in analytical form, allows one to quickly change the size and shape of the objects
being designed, which helps to spend less time when building computational models. The proposed method
can significantly reduce the complexity of work in CAD systems in those cases when one needs to view a
large number of design options in search of an optimal solution.

This can give a great effect on reducing labor intensity in the construction of computational models
to determine aero-gas-dynamic and strength characteristics. Characterization is also often associated with the
need to account for changes in aircraft shape. This leads to the fact that the determination of aerodynamic
characteristics only due to the need to build a large number of computational models to take this factor into
account increases the duration of work by months. With parametric assignments, computational regions
change almost instantly.

In [3], on the basis of the theory of R-functions, equations of the surfaces of the models of the "An-
gara" launch vehicle, the "Buran" type spacecraft, and missiles for the delivery of objects to their destination
points are constructed. Thus, at present, a certain experience has been accumulated in constructing equations
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for the surfaces of aerospace objects. However, each new spacecraft design requires, as a rule, the improvement

of the basic apparatus of R-functions.
The purpose of this work is to create a mathematical and computer model of the surface of the

Soyuz-Apollo type spacecraft mock-up.
Main part

In this work, we used the R-operations Jkng fl=fk+ fl—+ K2+ f%;

Jkvy fl=fk+ fl+4 fk*+ fI* [4,5), as well as cylindrical, spherical, ellipsoidal, and conusoidal support
functions. A number of support functions were normalized according to the general formula

® . . . . .
on =——=—=—— 1[4, 5], which made it possible to illustrate a new approach to constructing three-

o’ +(Vo)’
dimensional equations for surfaces of a given thickness W =9 —|0)| >0, where 29 is the wall thickness [6].

Let us construct the equation for the surface of the main part of the Soyuz spacecraft (see the figure),
using as support functions the normalized cylindrical surfaces f1, 2, an ellipsoid fe, and a sphere f31,

truncated by the corresponding planes
=2 =2 = y2)r2r ny 2(25-2)12520; f2=(r22 22— y2)12r2 Ay 2(4—2)14 2 0;

2 2 2
o] ]
rl rl 30
fen:L; F12=((f1v, £2)v, fen)n, 2(50-2)/50>0;
\ fe* + gfe
£31=(r3 —x =32 = (2= 60) ) 2r3 Ay 65— 2> 0; f32=f12v, 3120 (figure, a).

Let us construct the equation of the surface of the inner part of the Soyuz spacecraft, using the nor-
malized support functions

2 2 25 2
ﬁz{flvol—(%j _(%J _(Z;O UAO z(50-z2)/50>0;

ff32=ff v, f3120; fp=((1—abs(f32))v, £2) A, y =0 (figure, b).
Let us construct the equation for the surface of the Soyuz spacecraft with a conical docking block

f33, turning into a cylindrical one f4

_ 8 . y3=— 83y L £33=(rd? —x32 = y32)12rd Ay (75— 2)(2 - 65)/10 2 0
z7—85 z—85
F3=f32v, £3320; fa=(r52—x2—2)/2r5 A, (100 2)(z — 66)/34 > 0;

f34=1f3v, f4=0 (figure, c).

Let us write down the equation for the surface of solar cells.

fa=((1=[3]) Ao (25— 2Nz =10)/15) A, (45> = x*)19020; £5= fav, £3420 (figure, d).

Let us construct the main part of the cylindrical surface block of the Apollo spacecraft

76=(r6* = x> = y2)12r6 A, (150— 2)(z = 115)/352 0; £56=f5v, 620 (figure, e).

Let us construct the general equation for the surface of the Soyuz-Apollo spacecraft, using two coni-

cal surfaces and two half-planes

Am X I8 (72— 62 = 312267 A (175 = 2)(2=150)/25 2 0:

7—145" Y z—145

x3=
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L S ) (r82 — x22 = y22)12r8 A, (15— z)(z =95)/20 2 0;
z—85 z-85
Jk=fklv, fk2=20; WSA= f56v, fk =20 (figure, f).
The alphabetic parameter values are:
r1=13;r2=15;r3=12;r4 =45;r5=5,r6 =16;r7 =55;,r8 = 45.
It should be noted that with a change in any of the presented alphabetic parameters, the shape of the
corresponding fragments of the spacecraft will automatically change.

x2=

d e f

Phased construction of the surface of the Soyuz-Apollo type spacecraft mock-up

Conclusions
Creation of mathematical models of objects to be 3D printed is of considerable interest, which is associ-

ated with the active introduction of 3D printing in various industries. The advantages of using 3D printers are
obvious: they make it possible to manufacture non-standard models, reduce time for creating new prototypes,
simplify and significantly reduce cost of production even if modern ultra-strong materials are used. In this paper,
based on the R-functions theory, methods are formulated for creating mathematical and computer models of 3D
objects. Algorithms have been developed for the step-by-step construction of mathematical models of complex
cross-sections, three-dimensional equations of surfaces, including those with the wall of a given thickness.
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The reliability of the results obtained, their adequacy to the objects being designed is confirmed by
visualization in the operating conditions of the RFPreview program. The analytical recording of the objects
being designed makes it possible to use alphabetic geometric parameters, complex superposition of func-
tions, which, in turn, allows one to quickly change their structural elements. The positivity property of the
constructed functions at the internal points of the object is very convenient for 3D printing.

The results of this article were partially obtained within the framework of the program to support the
state's priority scientific researches as well as scientific and technical (experimental) developments of the
Department of Physical and Technical Problems of Power Engineering of the National Academy of Sciences
of Ukraine (KPKVK 6541230).
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MaTteMaTH4YHe MOJETIOBAHHS MOBEPXHi MaKeTa KOCMiYHOI0 Kopad.s tuny «Co13-Ano/I0H»
3a 101moMorox 6a3oBoro iHcTpymenTapio R-¢ynkuiii a1s peanizanii na 3D-npunTepi

'T. I. Ileiixo, "*K. B. Makcumenko-1lleiixo, * A. I. Mopo3zosa

'TaeTutyT npo6iiemM MammHOOYAyBanHs iM. A. M. Ilinroproro HAH Vkpaimuy,
61046, Ykpaina, M. Xapkis, Byin. [Toxxapcekoro, 2/10

* XapkiBchKuii HatioHambHui yHiBepeuTeT iMeni B. H. Kapasiua,
61022, Ykpaina, M. Xapkis, maiinan Cobou, 4

3 XapKiBChKHIA HAI[IOHABHUN YHIBEPCUTET PAIiOCICKTPOHIKH, 61166, Ykpaina, m. Xapkis, np. Hayku, 14

Cmeopenns mamemamuynux mooenei 06’ekmie 0 3D-0pyKky cmanogumuv 3HauHull inmepec, AKull Nog8'sI3anutl 3
akmusHum enpogaodcennsam 3D-0pyky 6 pisui eanysi npomuciogocmi. Ilepesazu suxopucmanus cyuacHux 3D-npunmepis:
BHUIICEHHS CODIBAPMOCTI BUSOMOBGTEHHS NPOOYKYITL | CKOPOUEHHS. MepMIi6 il NOA6U HA PUHKY, MOOeT08aHHs 00'ckmig 6)0b-
sKOT ghopmu i cKIaoHoCmi, WBUOKICMb | BUCOKA TMOYHICTND BUSOMOBIEHHS, MONCIUBICING BUKOPUCMAHHSL PISHUX MAMepIais.
Oonum 3 Memo0die GUpILEeHHs NPOdIEMU CIMBOPEHHS MAMEMAMUYHOT Ma KOMN TOMepHOi MOOei NPOeKmo8ano2o 0b'ckma €
3acmocyeannsi meopii R-gyukyiil, sika 00360715€ onucyéamu 2eomempuyHi 00'eKmu CKIaoHoi (opmu €OUHUM AHATIMUYHUM
supazom. Buxopucmarms OyKéeHux napamempie nio 4ac 3a0aHHS 2eOMempuyHol IHpopmayii 8 aHanimuyHoMy Ui 0o-
360JI5€ ONEPAMUBHO 3MIHIOBATNU POSMIPU | POPMY NPOEKMOBAHUX 00'€KMIB, WO OONOMALAE CKOPOMUMY UMPAMU YACy Ni0
uac no6y006uU po3paxyHkosux mooenetl. 3anponoHo8anHuti Memoo Modice iICIOmMHO CKOPOmMUmu mpyooMicmxicmes pooim 6
CAD-cucmemax 6 mux 6unaokax, KoJiu ROMPIOHO NepeistHymu GeJIUKY KLIbKICMb 8apIaHmMie KOHCMPYKYIL @ NOWYKAxX onmiu-
ManbHozo piutenns. Le mooice 3ymogumu 3Haunuil epexm wooo 3HUACEHHSI MPYOOMICIKOCMI nid Yac nody006u po3paxyHKo-
8UX MoOeiell 0151 BUSHAYEHHS AepO2a300UHAMIYHUX | MIYHICHUX Xapakmepucmuk. BusHauenHa xapakmepucmux maxoic ua-
CMO NO8'A3aHO 3 HEOOXIOHICIO 8PAXYBAHHA 3MIHU opmu AimanbHoz2o anapama. Lle npuzeooums 00 moeo, wo 6UsHA4eHHs
AEPOOUHAMIUHUX XAPAKMEPUCTIUK MITbKU 3 PAXYHOK He0OXIOHOCI NOOYO08U 8EIUKO20 YUCTA PO3PAXYHKOBUX MoOeaell sl
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8PAXYBAHHSL Yb02O haKmopa 30iTbuye Mpusaicmos pooim Ha Micsayi. 3a napamempudnozo 3a0anHs 3MIHA PO3PAXYHKOBUX
oobnacmeti NPOBOOUMbCS NPAKMUYHO MUMMEBO. Y pobomi Ha 0cHO8i 6308020 iHCMpyMeHmapito meopii R-gyuxyiu i yunino-
PpUHHUX, chepuyHUX, enincoidatbHUX, KOHYCOIOATbHUX ONOPHUX (PYHKYIU noOYO008ano bazamonapamempuyne pieHIHHI NoGep-
XHI Makema Kocmiunozo kopabasi muny «Cowoz-Anonion». Pao onopuux @ynkyiti 6y8 HOpManizoeanull 3a 3a2aibHoro Gopmy-
JI010, WO 0A0 MOJICIUBICING NPOLTIOCMPY8AMU HOBULL NIOXIO 00 N00Y006U MPUBUMIDHUX DIBHAHL NOBEPXOHL 3A0AHOT MOGUJUHU.

Knwowuogi cnosa: R-gpynxyii, byxkeeni napamempu, cmanoapmui npumimueu, makem xocmiunoeo kopaons «Coros-

Anonnon».
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UDC 624.04 Operation of structures in high temperature conditions and aggressive environ-

ments leads to such phenomena as corrosion and material damage. Corrosion

OPTIMIZATION leads to a reduction in structural cross-section and, consequently, an increase in

stresses. As to material damage, namely, the appearance of micro-cracks and

OF BENDABLE voids resulting from inelastic creep strain, it leads to a deterioration of physical

I-SECTION ELEMENTS | characteristics (for example, the elastic modulus) and a sharp decrease in  the
UNDER CONDITIONS stress values at which structural failure occurs. This paper is a continuation of the

research in the field of optimal design of structures operating under conditions of

OF CORROSION AND corrosion and material damage (high temperature, aggressive environment, etc.).
MATERIAL DAMAGE A first paper in this field was devoted to the optimization of bendable rectangular

cross-section elements. This paper considers the optimization of the lengthwise

thickness of flanges of bendable I-section elements, using the same principle of
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criterion of optimality, the minimum weight of structures is adopted. In conclu-
sion, presented is an algorithm for solving a more complete problem of optimizing
the parameters of bendable I-section elements, namely, the web height and the
flange width, using the obtained analytical expressions that determine the optimal
distribution of the thickness of flanges along the length of the structure.
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