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Ha ocnoei meopii R-pynxuiit pospooneno moei
nioxodu do ananimuunoi idenmugixauii noeepxoHs
Oesninomnux mimanvhux anapamie (BILVIA) 0as
peanizauii mexnonoezii 3D-opyxy.

Teopis R-pynixuiii 00360715€ onucyeamu zeome-
mpuuni 06 ’cxmu ck1aonoi popmu eOunum anaimuy-
HUM upasom, moomo, ompumyeamu mamema-
muuny Modeav 06’ckma y euznndi pienuanns. Jlns
no6y0osu maxux pisHsanb 8 poéoONti 3aCMoOCOBAHO K
000pe 6100MYy MEMOOUKY CMANOAPMHUX NPUMIMUGIE
(map, eanincoio, wyunindp, Konyc, nipamioa ma in.),
max i noeuil nioxio — 6aendine na xapraci, axuii
dossonse Gyoyeamu OGazamonapamempuuni pig-
Hanna i3 3adanumu enacmusocmamu. Ilodydosano
ma eizyanizoeaio Gazamonapamempuuii pieHsH-
HA N0BEPXOHL 0e3NINOMHUX JIMATLHUX anapamie
NMaKo6oz0 muny pizHux Qopm ma npuHaueHv.
Adexsammuicms OmpuManux pe3yiomamie npoexno-
sanum 06’exmam niomeeporicyemvcsa éizyanizauiero
aK 6 ymosax excnayamauii npoepamu RFPreview,
max i peanizauieto na 3D-npunmepi. Buxopucmanns
OyKeeHux napamempie npu 3a60anHi 2eoMemput-
Hoi inpopmauii 6 ananimuuHomy euesndi 00360-
JISIE ONEPamueHO 3MIHIO8AMU POIMIpU ma Popmy
npoexmosanux 00’ckmis, w0 0onOMazae CKOpomu-
mu eumpamu uacy npu no6yoosi po3paxyHKoeux
Mooeneil. 3anponoHosanuil Memoo MoxHce CKOpomu-
mu mpyoomicmxicmo pooim ¢ CAD-cucmemax na
Micayi y mux eunaokax, Koau nompiono nepezns-
HYmMU 6eUKY KiNbKiCmb 6apianmie KOHCMPYKUii 6
nOWMYKAX ONMUMAnIbH020 Po36s3ky. Marouu pis-
HAHHA 06°€KMY, MOJHCHA TIeZKO OMPUMAMU PIGHAHHS
0Y0b-aK020 1020 nepepisy, W0 € KOPUCHUM 015 HUC-
JI06UX PO3PAXYHKIB, a came — npu nooYy00si piznu-
uesux cimox.

Ile modxce damu eenuxuii edpexm 3i 3nudicen-
HAa mpydomicmiocmi npu no6Y0osi po3paxymxo-
eux modesell 0N GUIHAMEHHA AeEPOA300UHAMIY-
HUX ma MiyHicHux xapaxmepucmux. Busnauenns
XAPAKmepucmuK maxodic 4acmo nog'a3ame 3 Heoo-
xionicmio 06aiKy 3minu popmu Aimanviozo anapa-
ma. Ile npuzsodums 00 mo20, w0 6U3HAUEHHS AePO-
OUHAMIMHUX XAPAKMEPUCIMUK MITbKU 34 PAXYHOK
HeoOxionocmi nodyoosu eenuxoi Kirvkocmi po3pa-
XYHKOBUX MoOeiell 011 8PAXY6anHHs Uboz2o Qak-
mopy 36invuye mpusanicmo podim na micaui. Ilpu
napamempuuHomy 3a60aHHI 3MIHA PO3PAXYHKOBUX
obnacmeii npo6oOUMBCA NPAKMUMHO MUMMEBO

Kmouogi caosa: Gesninomuuii simanviuti ana-
pam, R-Qynxuii, 3D-npunmep, cmandapmnuii
npumimue, 6.1enoine na xapxaci

u] =,

1. Introduction

Drones (unmanned aerial vehicles) are becoming in-
creasingly popular all over the world every day. This is
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due to a series of advantages over manned aircraft, namely,
absence of crew, relatively low cost of the drone at a long
duration and large range of flight. Design characteristics
of drones differ which diversifies areas of their application.




Unlike light, heavy drones are mainly involved in hostilities
for executing intelligence operations or destroying concrete
targets. Drones are endowed with many positive qualities.
Preservation of the pilot’s life is the most important of these
qualities. Civilian and commercial use of drones is not yet
well developed although the area of potential use of drones
is very extensive. It includes delivery of goods, monitoring of
environment and forest fires, border patrolling, prevention of
drug smuggling, aerial reconnaissance and mapping, traffic
control, etc. By their types, drones are divided into plane,
helicopter and convertaplane classes. From time to time, the
military, officers of the Ministry of Emergency Situation and
research scientists get into a situation when it is necessary
to carry out reconnaissance of inaccessible areas or detect
location of a specific object. Such tasks can be dangerous
to human life and health, so they are entrusted to light
drones today. Experts are confident that the basic technical
problems in creating modern drones include fundamental de-
velopment of artificial intelligence systems as well as drone
designs, shapes and motors, aerodynamics study, etc. [1-4].

Three-dimensional (3D) printing is one of the new tech-
nologies gaining growing popularity at present. 3D printing
allows one to create three-dimensional models of any objects
using special equipment: a 3D printer. Advantages of using
modern 3D printers include reduction of cost of the product
manufacture and the time in which the product enters the mar-
ket, modeling objects of any shape and complexity, high speed
and precision of manufacture and freedom of material choice.

NASA engineers are building a rocket from a special
plastic capable of reaching other planets in the solar system
using a 3D printer with a technology of selective laser sinter-
ing. Students at Southampton University have created the
world’s first aircraft called Sulsa (Southampton University
Laser Sintered Aircraft) with the use of a 3D printer [5] and
the British Navy got down to using it for ice reconnaissance
in Antarctica [6].

Airbus Company has presented at the Berlin Air Show a
drone of Thor model printed on a 3D printer [7]. Its length is
about 4 meters, the wingspan is the same. The device weighs
about 25 kg. The company explains that the new drone was
developed for aerodynamic studies associated with high
risk, hence the use of 3D printing was preferred as it makes
it possible to create the device in several weeks and at much
lower costs.

The drone, however, is not the only Airbus innovation
having connection with 3D printing. The company also car-
ries out aerodynamic tests of wing sections printed with a
3D printer. In this case, 3D printing reduces production time
by 90 % and costs by 75 %. Besides, Airbus plans installation
of partitions separating passenger cabin from kitchen print-
ed with a 3D-printer. Due to the design features and owing
to 3D printing, the partition will be 50 % lighter.

The given examples indicate that creation of both models
and actual drones with the use of 3D printers is a promising
project. Therefore, it is necessary to develop appropriate
hardware support in a form of high-tech computer systems
based on the most advanced achievements of the present-day
mathematics.

2. Literature review and problem statement

Designing drones and control systems for them cannot
be imagined without mathematical simulation of drone

flight. The modern approach to designing involves creation
of models that best of all reflect properties and behavioral
patterns of real drones. Many tasks of using drones that
are posed before researchers can be solved at the design
stage. Major technical potential has been created in a form
of high-speed computers and advanced software to create
mathematical models, e. g. such software packages as Solid
Works, Ansys CFX, POLYE, etc. In all software systems,
the problem of geometry data setting arises and is solved in
different ways to create a mathematical and computer model
of the drone being designed. For example, the wing cross
section profile is specified in [9] by standard Ansys model-
ing tools entailing building of a new model at any slightest
change of the profile appearance. NASA standard wing pro-
files specified point-by-point are used in [10]. In addition,
TsAGI standard profiles are used in [11].

Numerical CFD methods of the LES type as well as pan-
el methods and the method of discrete vortexes are used in
[12] for aerodynamic analysis and then, based on the results,
changes are introduced to the aircraft shape. In essence, this
is how the inverse problem is solved.

The authors of [13] took advantage of an existing drone
for their studies. However, this drone was designed for a
common use. Presumably, if the authors could introduce
changes to the shape of the drone surface, the study would
be more effective.

Study [14] is devoted to correction for wind effect on
the drone flight. A special control algorithm was proposed
for such correction. However, this algorithm would probably
be simpler if the wind effect was taken into consideration
during the drone design stage. To this end, one can change
its shape to make the flight more stable.

To compile component equations of a complicated system
of a drone complex, the theory of dynamic systems of ran-
domly changing structures most fully reflecting the random
stick-slip nature of impacts to which the system is exposed
was used in [15]. To reduce the degree of impact randomness,
it is necessary to correct shape of the drone surface. This will
make the drone flight steadier.

The examples show that shape of the drone surface is
essential in all studies and requires constant adjustment
when dealing with it. Any slightest change in appearance of
the surface shape in the considered methods and approaches
entails construction of a new model while insufficient atten-
tion is paid to parametric specification of the drone surfaces.
Developers must be skilled in building mathematical models
of surfaces which will respond promptly to changes in shape
of the object under study.

Calculations and tests of a new aircraft should be given
considerable attention. It should be noted that 3D printing
can be of great help in this. There are different approaches
to creation of 3D models depending on the data being set
for printing:

1. 3D scanning of an existing object.

2. Construction of a 3D model using a rather wide range
of software products that have primitive forms of various
types in the arsenal of their libraries.

3. Creation of a 3D-model with the help of the mathemat-
ical apparatus of analytical geometry.

In cases when the modeled object exists physically, use
of a 3D scanner is the most convenient way of obtaining 3D
models. However, in the case when the modeled object has
impressive dimensions or does not exist at all, this approach
is inapplicable. In such cases, creation of 3D models can be



realized using software products. However, this method also
has a series of drawbacks, namely lack of a history of model
construction, limited set of primitives in the library program
modules, lack of possibility of analytical record, etc.

One of the ways for solving this problem is application of
the R-functions theory, which allows one to describe geometric
objects of a complex shape with a single analytical expression
[16—18] which necessitates conducting studies in this direction.

3. The aim and objectives of the study

This study objective was creation of mathematical and
computer models of a series of drones based on the R-func-
tions theory for realization of the 3D printing technology.

To attain this objective, it was necessary to solve the
following tasks:

— explore mathematical apparatus of the R-functions
theory and its application to creation of multiparameter
equations of the three-dimensional drone surfaces and their
realization on a 3D printer;

—develop an algorithm of phased construction of the
drone surface equations;

— explore possibilities of using both the well-known
procedure of standard primitives and blending on a frame
for constructing multiparameter equations of drone surfaces
and realization on a 3D printer;

— realize the constructed mathematical model of a drone
on a 3D printer.

4. The study materials and methods

4.1. Engineering environment of the R-functions theory
When constructing mathematical models using the
R-function method, both simplest R-operations [16—18]

Jhng Jl= [l fl— [+ [T
Thvy fl= flot fl+[ o+ fI2,

and R-operations for smoothing sharp edges and corners
were used [17]:

Jlen, fl=fh+ fl - \/ 1+ 1 +§—'§(|FR+FR|);

Jhv, fl=fk+fl+\/fk2 +f12+£—§(|FR+FR|),

where
FR=p* - fk* - fI*.

Both well-known procedure of standard primitives [16,
17] and the new approach, blending on a frame, were used.
To guide the reader’s eye, let us first consider the case when
the frame is a line segment.

22
ﬁ1=“2x >0; [11=+[y?+2%;

a

H= \/(0-5\/W—fi1)2 + 112 20;

(al-x)(a2+x) .
1

w=—fff1+ p220.

As a result, we obtain a body of rotation (Fig. 1, @) and
four controlled parameters. Consider also the case when the
frame is a circle arc.

2 22
ﬂ:%m

+x+R -y+x+R

fi= Y 2 Ao NG
ff1=\/(0.5w/ it fit - fi)2 + 1220,

>0,

(al+y)(a2-y)

2
- par2:| >0.
parl

(o=—ff12+[

As a result, we obtain a cylindrical body (Fig. 1, b) with
a guide similar to the Zhukovsky profile and four controlled
parameters.

a b
Fig. 1. Surfaces constructed using the method of blending on
a frame : body of rotation (a); cylindrical body with a guide
similar to the Zhukovsky profile (b)

It should be noted that in this case, the use of R-opera-
tions and full normalization to the first order of functions,
/11, [10] has made it possible to realize the procedure of
blending on a frame.

4. 2. 3D printing based on the technology of fused
deposition modeling (FDM)

In order to print an object on a 3D printer, it is necessary
to model it and prepare for printing. The software packages
enabling creation of the three-dimensional graphics, that is,
simulate objects of virtual reality and create images on the
basis of these models vary greatly. In this study, we used the
RFPreview program which allowed us to save the object mod-
el in a STL format. It was necessary to prepare it for layered
printing (generate a G-code). The software that performs this
conversion is called a slicer. The slicer allows one to see how a
model is positioned on a 3D printer platform before printing,
whether supports are necessary for structural elements, select
all printing parameters and settings. In this study, the authors
used the Cura slicer to generate G-code for 3D printers. The
program has a wide selection of settings and plug-ins. With
the help of Cura, one can dynamically change temperature
during printing, printout objects with fine details, etc.

The technology of 3D printing is based on the technol-
ogy of layer-by-layer “growing” solid objects from various
materials. The FDM technology is a prototyping method
using industrial grade thermoplasts.
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5. Results of analytical identification of drone surfaces d* k1Y’ 2
5 )~ (z=hz) |v,

A mathematical and computer model of the drone wd=
mock-up shown in Fig. 2 was constructed. For this pur- d’ Ik1Y? e
pose, we used both the method of blending on a frame Yo ( ) ~(e~he)
and known equations of standard primitives, namely,
equations of cylinder, triangular pyramid and ellipsoid.

Ay (x+Le)(=x—Le+h)20;

ol=wnv,wcz0;
o
onl= ((—x +x0—ky* ) Ay (x4 xnak)) Ay 2(hnak—z)20
— overlay on the nose,
won=|(ab/2) = y*) n, (= hb) n, (Ib-x) 20

— cutout in the underbelly,

rakl= (rsh2 —(x+ahr) -y —(z+ zr)z)v0

-y
Vo (rsh2 —(x- xhr)2 -y —(z+ zr)z) >0;

— [(rsh2 —y (24 zr)2)/\0]vo rabl>0
o ((xhr + x) (anr = x))

— rocket body with rounded ends,

wkor = ((((M vy od)v, onl) A, —mo)n)vo rak>0

Fig. 2. Schematic drone mock-up — main body.
The main body. The fairing in front of the rocket in the underbelly
L, at-x CR cpx-y
= > . = N 1: _—;
fit 2 >0; fll=\ly " +2z°; Y [ep——
: o\ - Pz .
ff1= \/(0.5\/ S+ fit? - fz1) + 117 A= X—xpn—cpx’

(al-x)(a2+x)

op=—[ff1+
pl

z1+ zo)(zon—z1)) A
+p2, (Dn]zp:[(( )( )) 0

Ao(_4y2 +(21+zo)2) ]AO (=) e —pm)) 20

_ 22 .
wn= (‘DP A& -z )/\o x+1120; — triangular pyramid

{ 2 (x+ 1)2] wnizl= ((z+zo)(zon—z))/\0 (—ko-y2 +(z+zo)2) >0;
L o el 141
ocl= 0z ox no (8-2) | g —tgh+ 220, onizz = onizl v, (lob—x) 2 0;
2
Ao (1.252 _oy7J wniz = (u)nizz Ay (=024 z)) v, 0nizp 20 — fairing.
Wings
: +1
1_2_2__(x 2) Ao (6—|z+8/2|)/\0
ozm- - oxn 3 wkrll= A
oc2= ) mal 52 [ (—x=28) | A, —xtgM -2 20; no((xnm+ x) (~xbm - x)) 0
2 Y
No [095 - oynz ] Ao (lk12 _ ]/2)2 0;
0c3=me2 A, (x2 —yQ) 20; wkrl=wkrila, ((—xOc —x)2 - yz) >0
oc= ((1)61 Ao (he+ z)) v, 0c320; — small horizontal wings,



(3-|z=8/2)) A,

okr22= Ao ((xnb +x)(—xbb- x))

Ao (lk22 - yQ) >0;

okr2= ((okr22 Ao ((xOO - x)2 — kkny® )) Ao

Ao~y + Rl (~x01-x)")2 0 a b
Fig. 3. A drone with a rocket: top view (a); bottom view (b)

— large horizontal wings,
The results presented in Fig. 3 were obtained for the
following values of literal parameters: a=5; p1=20; p2=0;
)’\O(Z(hz_z)))’\o al=5.2; a2=5; §=0.1; [1=0.2; [k1=1; hz=0.05; Lc=4; h=1.5;
[k1=1.8; [k2=2.3; rsh=0.2; 0z=0.6; ox=2.5; oy=1; tgh=0.5;
0zn=0.3; oxn=2.5; oyn=1; tgh1=0.3; he=0.5; hnak=0.15;
x0=4.5;k=10;xnak=0.65;ab/2=0.21, hb=0.01;1b=2;zr=0.21,
xhr=2.9; xnr=0.3; lob=2.2; xnm=3.3; xbm=2.6; xnb=2.2;
xbb=0.5; x0¢=1.3; hz=0.6; x11=2.7; x22=2; x00=0.7; kk=0.9;
kk1=26; fk12= fklv, fR220; oc= fk12v, fc20; x01=2.5;

wkr33= ((6 —|y*—(1k3/ 2)2

Ao ((xi 1+a)(-x22- x)) >0;

okr3=wkr33 A, ((xx1+ x) - 22) >0

— vertical wings (stabilizers), xx1=1.9; ko=4; 20=0.6; zon=0.1; apy=0, bpz=0; cpx=0.8;
xp=3; xpn=2.2.
okr =okriv, okr2v, okr3=0 — assembly of wings. To carry out experimental realization of the model of the
constructed drone, the RFPreview software package [18]
W = wkor v, wkr v, oniz20 based on the R-functions theory with literal parameters was
used. It has allowed us to write the following program and
— complete assembly of the drone presented in Fig. 3. obtain an stl file for subsequent 3D printer operation.
n=1;a=5%n;

fil=(a"2-x"2)/2/a;

f11=sqrt(y"2+z"2);

fff1=sqrt(((sqrt(f11"4+£i1°2)-fi1)/2)"2+{11"2);

p1=20*n;p2=0; a1=5.2*n;a2=>5%n;

wp=-fff1+(al-x)*(a2+x)/pl+p2;

wn=rfAND@fAND(wp,(0.1*n)"2-2¥z),x+0.2%n);

wel=rfAND(rfAND(rfAND(1-22/(0.6*n)"2-(x+1*n)"2/(2.5*n)"2,(1.25*n)"2-y"2),0.1*n-2),-0.5*x+2);
we2=rfAND(@fAND(@fAND(@fAND(1-22/(0.3*n)"2-(x+1*n)"2/(2.5*n)"2,(0.95%n)"2-y"2),0.05*n+z),-x-0.2*n),
-0.3*x-2);

we3=rfAND(wc2,x"2-y"2);

we=rfOR(fAND(wc1,0.5%*n+z),wc3);

wd=rfAND(rfOR((0.2*n)"2-(y-0.5*n)"2-(z-0.05*n)"2,(0.2*n)"2-(y+0.5*n)"2-(z-0.05*n)"2),(x+4*n) *(-x-2.5*n));

w1=rfOR(wn,wc);

wnl=rfAND(@fAND(x+4.5*n-10*n*y"2,x+0.65*n),z*(0.15%n-z));

wwn=rfAND(@fAND((0.21*n)"2-y"2,-z-0.01%*n),2*n-x);

rak1=rfOR((0.2*n)"2-(x+2.9%*n)"2-y"2-(z+0.21*n)"2,(0.2*n)"2-(x-0.3*n)"2-y"2-(z+0.21*n)"2);

rak=rfOR (rfAND((0.2*n)"2-y*2-(+0.21*n)"2,(2.9*n+x)*(0.3*nx)),rak 1);

y1=-0.8*n*y/(x-2.2*n-0.8%n);z1=-0.8"n*z/(x-2.2*n-0.8*n);

wnizp=rfAND(fAND((z1+0.6*n)*(0.1*n-z1),-4*n*y1"2+(z1+0.6¥n)"2),(3*n-x)*(x-2.2*n));

wniz1=rfAND((z+0.6*n)*(0.1*n-z),-4*n*y"2+(z+0.6*n)"2);

wnizz=rfAND(wniz1,2.2*n-x);

wniz=rfOR(rfAND(wnizz,x-0.2*n+z),wnizp);

wkor=rfOR(fAND(rfOR(rfOR(w1,wd),wn1),-wwn),rak);

wkr11=rfAND(fAND(0.05*n-abs(z+0.05%n),(3.3*n+x)*(-2.6*n-x)),(1.8*n)"2-y"2);

wkri=rfAND(wkr11,(-1.3*n-x)"2-y"2);

wkr22=rfAND(fAND(0.05%*n-abs(z-0.05*n),(2.2*n+x)*(-0.5*n-x)),(2.3*n)"2-y"2);
wkr2=rfAND(rfAND(wkr22,(0.7%n-x)"2-0.9*n*y"2),-y"2+26*n*(-2.5*n-x)"2);
wkr33=rfAND(fAND(0.07*n-abs(y"2-(1.1¥n)"2),2*(0.6%*n-2)),(2.7*n+x)*(-2*n-x));

wkr3=rfAND(wkr33,(1.9*n+x)"2-2"2);

wkr=rfOR(rfOR (wkr1,wkr2),wkr3);

wfin1=rfOR(rfOR(wkor,wkr),wniz);

wiin=rfAND(wfin1,x+3.7*n);

niz=rfAND(1-y*y/(2.5*n)"2-2*z/(n"2),(x+3.8*n)*(-3.5*n-x));

%res=rfOR(wfin,niz);

res=wfin;



As aresult of work of the program and the 3D printer, the
model shown in Fig. 4 was obtained.

a b

Fig. 4. The mock-up of the drone printed at a 3D-printer:
top view (a); bottom view (b)

It should be noted that with the change of any of the 55
presented literal parameters, shapes of corresponding drone
fragments will be automatically changed.

Equation of the product shown in Fig. 4 was derived. To
derive the fuselage equation, known equations of standard
primitives were used, namely, the equation of cylinder and
the equations of two conical surfaces.

Fuselage.

Je=f1n, f220;

where
V2 2
X, =X——Yy—i)
2
2 2
yo=x—-+Yy—_-
2
ft1= R*—x?-22 N (a—y01+yc,)(-a—yc,) >0,
2R |y01]
JR1= fRULA (a—y01-co+yc,) =0,
where
x1:x01—y01LXO1;
yc,+a—y01
21:201—y012_7201;
yc,+a—y01
2= R’ —x!-2, N (a+y02+ yc,)(yc, —a) 20,
2R |y02]
where

x, = x02— 02— =202,

yc,—a—y02’
2, = 202—y02ﬂ;
yc,—a—y02

wcam = 02krv, oc20, p=rls.

Derivations were made with the following values of lit-
eral parameters:

a=10; R=35;

x01=0; y01=-15; 201=2.2

x02=0; y02=10; 202=-R;

cv=4; ris=2.

Two variants of wing structures were considered: with the
use of standard primitives and R-operations for smoothing sharp

edges as well as blending on a frame in a form of a circle arc.
Variant 1. The right wing.

-z, +0.1x
1=———2>0;
/ VJ1.01

z,+0.1x
2= >0,
/ V1.01
f3=7-x20;
2z =2+2.5;

4= (3-y)(17+y) >0
20

ol=f1a, [220, p=71=0.3;
wk=olA, [320, p=72=0.5;

wo=0kA, f420, p=r3=0.5.

The left wing.
Ap=y; Yp=% zp=z;
—zp+0.1xp zp+0.1xp
lp=—5——20; f2p="—F——"2>0;
1y V1.01 S2p V1.01
f3p=T-xp=0;

Fap= (S—yp)2(37+yp) S

0;
olp=fipA, f2p=0, p=7r1=0.3;
wkp=wlpna, [3p20, p=7r2=05;
wop=wkpA, f4p =0,

p=7r3=0.5 w2kr=00v,nnp=0

— two wings.




Variant 2. The right wing.

z1=z; rk=6;

rk* —(z, +1k)* —
l=——"1 - = >0
/ 2rk

fi= y+z1+rk/\ —y+z+rk

NN
1r1= (05Tt 7 i) + 1

tt= 7(20 + Z)a(:f _ y) - par2;

>0,

parl=300; par2=0.4;

ol =tt* - ff1%

ok=0l A, (1-x)(17+x)20; oo=wkA,y-4x+220.
The left wing.

XP=Y, Yp=x, p=2;

rk* —(zp+1k)? — yp*
1p= >0;
i 2rk

fip= yp+zp+rk/\ —yp+zp+rk20.

2o :
1r1p= (05T fi - i) +110°

parl=300; par2=0.4;
wlp=ttp® - ff1p*;

okp=olp A, (1-2p)(17+xp) 2 0;
©wp = 0kp Ay yp—4xp+220;
02kr = 00 v, 0wp 20.

The tail assembly.
—z-2(yc,+7)  z+2(yc, +17)
ofl= >0;
N=——F NG

0.3% — xc} R z(8-2)
0.6 8

cof=((of1/\0 >0.

Finally, the following is obtained:
W=wf A, ocam20, p=rxs=2.
The model of the drone with wings constructed accord-

ing to the first variant is presented in Fig. 5, a, and that for
the second variant is presented in Fig. 5, b.

a b

Fig. 5. Drones with different wing profiles: with the use of

standard primitives and R-operations for smoothing sharp

edges (a); with the use of blending on a frame in a form of
a circle arc (b)

The ten-parameter equation of the drone fuselage with
two different multiparameter equations of the wing pro-
file derived using standard primitives makes it possible to
promptly change the drone shape when values of the literal
parameters change.

A fuselage equation was derived using blending on frames
in a form of straight line segments of which one had 2a length
and the other had 20 length and was shifted to the nose by xc
after which they were combined using R-disjunctions.

Loz 2 2
17 9 Yy 9 ’ y1_ 9 Yy 9 ’
2_
fit=C=,
2a

J1=yt+ 2%
171 ([T i) 2) < 1 20

op =(fff1+(al-x1)(a2+x1) / p1+ p2) A,
Ao (2.52 -2 y12) >0;

b —(x1- xc)2
2b

fb11=yt’ +(z—0.5)2;
fffb1=\/(((\/ o1+ fibt? )— fib1) /2)2 + fb11? 20

wpb = fffb1+
+(bal-x1+xc)(ba2+ x1-xc) / pbl+ pb2 > 0;

fib1= >0;

wc=wp v, opb=0;

W=w2kv,wc20.

Parameters:

a=15 p1=60;, p2=0; al=15; a2=16; b=4;
xc=T7, pb1=8; pb2=0; bal=7; ba2=4.

Drone mock-ups for different values of literal P1 param-
eter are shown in Fig. 6.



Fig. 6. Drones designed for obtaining intelligence
information and its delivery to destination:
p1=40 (a); p1=60 (b); p1=80 (c); p1=100 (d)

Thus, value of the p1 parameter significantly affects ap-
pearance of the tail and head parts of the fuselage.

Fig. 7 shows effect of value of the p2 parameter on ap-
pearance of the drone surface.

Fig. 7. Influence of values of the literal parameters
on appearance of the drone surface:
p1=60, p2=0 (a), p1=60, p2=1 (b)

Thus, the p2 parameter affects smoothing of the tail and
head parts of the fuselage.

The resulting equations of object models were visualized
using the RFPreview program [18].

6. Discussion of results obtained in the analytical
identification of drone surfaces

Construction of mathematical models of objects is an
important issue in realization of 3D printing. In this study, it
is creation of a 3D model using the mathematical apparatus
of analytical geometry, respectively. The R-functions theory
solves the inverse problem of analytical geometry allowing
one to describe geometric objects of a complex shape with
a single analytical expression. Summing up, it should be
noted that thanks to the R-functions theory, equations of
surfaces of a drone of a plane type were derived in this study.
They have form of general analytical expressions with literal
parameters applicable both in solving strength and aerohy-
drodynamic problems and in designing and manufacturing
products (in this case, by means of a 3D-printer). The use
of literal parameters enables quick change of characteristic
dimensions and shape of the object under study. The fea-
ture of positiveness of the constructed function in internal
points of the object is very convenient for realization of 3D
printing. Having equation of an object, one can easily obtain
equation of its any cross section which is useful in numerical
calculations using CFD-methods (e. g. [19]), namely, when
constructing computational meshes.

We used both the well-known procedure of standard
primitives (sphere, ellipsoid, cylinder, cone, pyramid, etc.) as
well as the new approach, blending on a frame, which makes
it possible to derive multiparameter equations with desired
properties. Wings and experimental fuselage of the drone
were built in this way.

As disadvantages, it is necessary that the engineering
researcher shall be skilled in the mathematical apparatus of
the R-functions theory and a limited set of standard primi-
tives in library modules of the programs aimed at using the
R-functions theory. The authors are planning to implement
automation of the process of deriving equations of a drone
of a plane type composed from standard primitives which
will make the derivation process more accessible to the user.
Also, further development of this procedure in relation to
drones of helicopter and convertaplane types is planned.

The proposed method of specifying the shape of prod-
ucts using a limited number of parameters can significantly
reduce complexity of work in CAD systems in cases when it
is necessary to view a large number of design variants in a
search for an optimal solution. This can have a great effect on
reducing complexity in construction of computational mod-
els for determining aero-gas-dynamic and strength charac-
teristics. For example, the process of building a perturbed
flow region around an aircraft of a complex shape can take
from several working days to weeks. At the same time, suc-
cessive review of a large number of structure design variants
is required during the design process in order to optimize the
structure characteristics. Following deciding on the aircraft
shape, characterization is also often associated with the need
to take into consideration changes in the aircraft shape, e.g.
if it has controls that change shape in the flight. This leads to
a situation when defining aerodynamic characteristics, just
the need of building a large number of computational mod-
els to account for this factor extends the work duration for
months. The change in rated operating conditions is almost
instantaneous in parameter specification.

7. Conclusions

1. Mathematical apparatus of the R-functions theory
which has hitherto been used mainly in 2D problems has
been studied. It has also appeared to be effective when
applied in 3D problems as it was demonstrated by the visu-
alized equations and the models fabricated on a 3D printer.

2. An algorithm of phased construction of drone equa-
tions has been developed and implemented with the help of
R-functions which makes it possible to check and introduce
adjustments to the model at each stage of its construction.

3. The method of standard primitives can only be used in
the case of completeness of the base of standard primitives.
Otherwise, it is necessary to develop methods for constructing
surfaces based on other approaches. Blending on a frame used
in the study can be considered as one of possible approaches.

4. The constructed mathematical model of the drone was
realized on the Anet A8 3D printer working with the use of
the FDM technology. The use of other, more advanced tech-
nologies of 3D printing will improve appearance of products.
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