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In today's conditions of total digitization and informatization of all spheres of activity, more and
more agro-industrial enterprises direct their resources to the development and implementation of modern
technical and technological solutions, to modernize their own production capacities, with the prospect of
ensuring competitiveness on domestic and foreign markets. In turn, such technological renewal of the
agricultural sector of the economy is usually based on the use of high-tech systems of management,
monitoring, control, management and automation of production processes, with the use of highly integrated
SMART systems and the involvement of artificial intelligence technologies. Taking into account the
significant volumes of cargo processing, agricultural enterprises, in particular in warehouses, a promising
direction and reserve for ensuring high labor productivity is the use of robotic manipulators, and research is
devoted to increasing their functionality and maneuverability, including through the use of intelligent control
systems and optimization of the structure of executive mechanisms. relevant and will have practical value.

The article substantiates the conditions for ensuring functional and structural similarity and
proposes criterion equations of similarity for a large-scale transition from a natural sample of an industrial
manipulator to a physical model-prototype.

On the basis of the obtained criteria and using the scaling factors, the design parameters of the
prototype were determined, a computer 3D model was developed, and based on the analysis of the
trajectories, corrections were made to the linear dimensions of the manipulator and the ranges of angular
movements of the links, as well as the compliance of the created prototype with the conditions of physical
modeling was checked, according to the criteria of similarity.

Also, the article presents the process of manufacturing an angular manipulator by using additive
technologies of layer-by-layer build-up of parts on a 3D printer.

Key words: trajectory, working area, similarity criterion, additive technologies, simulated computer
model, 3D printing, computer model, maneuverability, degree of freedom.

Eq. 13. Fig. 10. Table. 1. Ref. 10.

1. Problem formulation

The need to increase the efficiency of the economic activity of agricultural enterprises leads to the
introduction of modern technical and technological solutions, which are based on the use of high-tech
systems of control, monitoring, management and automation of production processes [1]. The key
component of this approach is the use of a wide range of technologies, such as global positioning systems
(GPS, GLONASS), control systems, sensor control and monitoring systems, robotic systems, unmanned
aerial vehicles, highly integrated smart systems, artificial intelligence systems [2, 3].

The economic activity of an agricultural enterprise is accompanied by the performance of a
significant amount of work related to the loading, unloading and movement of various types of artificial
cargo, which include rolls of hay, containers with fruits and vegetables, bags, packages, boxes, containers
with liquid, large-sized parts and assemblies machines, etc. Work with artificial loads is meant not only
directly during production processes, but also during auxiliary work (construction, repair, etc.). The variety
of loading and unloading work determines the use of universal loaders and loading manipulators, but the
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requirements to preserve the integrity of the cargo, impose a number of restrictions on the kinematic
characteristics of the executive bodies and, as a result, reducing the productivity of cargo handling.
Therefore, one of the promising ways to improve the efficiency of such works is to ensure labor productivity,
which depends on the maneuverability of the machine and the qualifications of the operator. Therefore,
research devoted to increasing the functional capabilities and maneuverability of manipulators, including
through the use of intelligent control systems and optimization of the structure of executive mechanisms, are
relevant.

2. Analysis of recent research and publications

In today's conditions, mechanical manipulators act as the main types of manipulation systems of
industrial robots and are spatial mechanisms in the form of kinematic chains, which include links, kinematic
pairs and drive systems, usually separate for each degree of freedom.

In general, the design of modern industrial robots provides for the use of a number of functionally
similar structural elements (Fig. 1), which form two main subsystems of the robot: mechanical (manipulator)
and control system [4, 5].

The manipulator, as a mechanical system, is a controlled multi-link spatial mechanism, the main
components of which are the executive device that activates the working body in accordance with the given
laws of motion, which ultimately allows the necessary technological operations to be performed.

Industrial

Control panel

Control device

g

Manipulator

Management
system

ive device Working tools

Mechanical
components

Transfer device

Fig. 1. Structural diagram of an industrial manipulator robot

The structure of the executive mechanism includes links interconnected by translational, rotational,
cylindrical, spherical and other types of kinematic pairs, the combination of which allows to ensure the
degree of freedom W necessary for the performance of the assigned tasks. The movement of the executive
device is carried out using drives that connected with the help of mechanical components into a complete
system and ensure the mobility of the mechatronic system as a whole.

Among the numerous technical characteristics of the manipulator (Fig. 2), on the basis of which the
efficiency and suitability for the performance of tasks are evaluated, the degree of mobility, maneuverability,
and the volume of the service area (the working area of the manipulator) are particularly important indicators
that determine the functionality of the robot-manipulator ) [6].
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The manipulator's maneuverability is called its number of degrees of freedom with a stationary grip.
The analysis of design features and maneuverability of various schemes of manipulators shows that
maneuverability depends not only on the number of degrees of freedom of grip, but also on the location of
kinematic pairs. Increasing the maneuverability of the manipulator allows you to perform movements of higher
classes and increases the freedom of action of the operator when performing the necessary movements [6].

“ Carrying capacity ”

Positioning accuracy

l Movement velocity l

l Capture trajectory error l

Fig. 2. Basic technical characteristics of the manipulator robot

For spatial mechanisms, the degree of mobility is determined by the Somov-Malyshev formula [6, 7]:
W =6n - 5p5 - 4p4 - 3p3 - 2p2 - pl, (1
where n — the number of moving links of the mechanism; pi — the number of kinematic pairs of the
corresponding class.

The type and parameters of the manipulator's working area determine the area of the surrounding
space within which it can perform manipulations without moving, that is, with a stationary base.

The working area of the manipulator is the space in which its working body can be located in all
possible positions of the manipulator links. The shape of the working zone is determined by the coordinate
system in which the movement of the working body of the manipulator is carried out, and by the number of
degrees of freedom of the manipulator [6]. To date, scientists have developed a number of constructive
schemes of manipulators, but the basic and most common in the agro-industrial complex are four typical
schemes presented in fig. 3 [2, 5].

Manipulators that work in a rectangular coordinate system (Fig. 3, a) have a working area in the
shape of a parallelepiped. Here, all movements are only translational. Therefore, such a coordinate system is
most convenient for rectilinear movements. In addition, it simplifies robot programming as much as possible,
because it is usually performed in a rectangular coordinate system, and therefore, in this case, there is no
need to transfer programs from one coordinate system to another [6].

In manipulators with a cylindrical coordinate system (Fig. 3, b), along with translational movements,
angular movement (in a circle) is carried out. Accordingly, the working zone is limited by cylindrical
surfaces [3, 6].

In the spherical coordinate system (Fig. 1, c¢), 2 angular movements are carried out and the working
area is limited by spherical surfaces. Manipulators with such a coordinate system are, as a rule, more
complex than with a cylindrical system, but more compact [5, 6].

An angular manipulator (Fig. 3, d) moves in an angular coordinate system and has only rotational
kinematic pairs - hinges in its structure, which is why they are sometimes called hinged or anthropomorphic.
A feature of this design is the possibility of folding the executive part, practically not exceeding the
dimensions of the base, therefore, robots equipped with such manipulators have maximum compactness and
maneuverability, as well as a much larger, compared to previously considered options, service area, but more
difficult to control.
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Considering the advantages of using manipulators that work in the angular coordinate system, it is
possible to draw conclusions about the feasibility of developing and implementing this type of robots for
maintenance of loading and unloading processes in agricultural production.

The main stages and stages that are foreseen in the design and manufacture of industrial manipulator
robots are presented in fig. 4, from which it can be seen that the last stage, which precedes their
implementation, is the conduct of tests for an already manufactured prototype, correction of working
documentation and elimination of detected errors, performance failures and other deficiencies.

y z

z Z I

9 d)
Fig. 3. Classification of manipulators (by type of system of main coordinate movements):
a) rectangular; b) cylindrical; c) spherical; d) angular

Development of a technical proposal (according to the
main functional, structural and operational
requirements)

Development of a sketch project (analytical
assessment of the values of speeds, accelerations,
dynamic loads)

Development of working documentation and

Fig. 4. The main stages of designing industrial manipulator robots

This type of production inspection at the final stages of design is characterized by unproductive
consumption of material and labor resources, while the elimination of failures sometimes takes a lot of time.
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Therefore, in view of the high cost of manufacturing an experimental prototype of a manipulator
robot, as well as for the purpose of applying an alternative option for identifying and correcting possible
structural flaws at the early stages of design, it would be a reasonable and justified step to create and work
out errors on a physical model created using more cheap additive technologies.

3. The purpose of the article

The purpose of the researh consists in forming the basis for the resource-saving creation of a highly
maneuverable industrial manipulator robot by developing and substantiating the parameters of a physical
model-prototype.

4. Results of the researches

The The industrial robot manipulator IRB 760-M07 (ABB Group, Switzerland), whose general
appearance is presented in fig. 5, main operating characteristics — table 1 [8].
Z

Fig. 5. Industrial manipulator robot IRB 760-M07 (ABB Group, Switzerland) [8]

The geometric characteristics of the volume of the working space and the service area were
determined by processing the results of studies of possible movements and trajectories of the IRB 760-M07
robot links on a simulation computer model created in CAD SolidWorks Premium 2020 SP 1.0 [9]. The
geometric parameters of the model details and the limits of movement along the axes were selected from the
manufacturer's technical documentation [8].

Table 1
Ain operational characteristics of IRB 760-M07 [8]
Indicator Value
1 Maximum departure, mm 3180
2 Carrying capacity, kg 450
3 Number of axes 4
Range of rotation, degrees:
A (XYZ), ¢0 +90...-90
B (xlylzl), ol +85...-42
C (x2y222), @2 +120...-20
D (x3y323), ¢3 +300...-300
4 Supply voltage, V 200-600
5 Drive power consumption, kW 2,75
6 Base size, mm 1140x800
7 Weight, kg 2310
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The design calculation of the parameters of the prototype was carried out using the concepts,
theorems and axioms of the theory of similarity and physical modeling of technical systems, the
development of the kinematic scheme - in accordance with the basic provisions of the theory of mechanisms
and machines.

The parts were made by additively building up layers of a special polymer material based on digital
model data on a KLEMA 180 3D printer (3D Device, Ukraine). Consumable material — plastic
PET G 1.75 mm (Devil Design, Poland).

Digital model profiling software: CURA 15.04.6. The main parameters of the 3D printing process:
the height of the application layer is 0.25 mm; the thickness of the outer wall is 1.2 mm; the thickness of the
upper and lower layers is 0.2 mm; filling density - 100%; print speed — 30 mm/s; printing temperature —
210 °C; table temperature - 70 °C; fluidity of the material - 100%; the diameter of the extruder nozzle is
0.4 mm.

To achieve the goal, the task was set to design and develop a physical model-prototype of the
executive part of the IRB 760 manipulator, subject to the structural and functional similarity of the model
and the natural sample. That is, the structure of the prototype and the main parameters that characterize the
functionality of the modeled version must be similar or proportional at the corresponding moment in time, at
the same points in space as for the natural object.

In accordance with the formulated task, it was assumed that structural similarity can be achieved
provided:

WN — WM
MN — MM
NN = NM” 2)
pN = pM

where W, m, n, pi — respectively, the degree of mobility, maneuverability, the number of links, and
the number of kinematic pairs of the i-th class; n is an index to indicate the parameters of a natural sample; m
is an index to indicate the parameters of the physical model-prototype.

In addition, the number of possible local degrees of freedom for model and specimen links must also
be the same.

Taking into account the initial conditions (2) and using the technical documentation of the industrial robot
IRB 760-M07, a structural diagram (Fig. 6) was developed, on the basis of which it is planned to create a
prototype. The executive mechanism (Fig. 6) has 4 rotating kinematic pairs of the 5th class (A, B, C, D), 4 moving
links and a parallel mechanism for horizontal positioning of the gripping device (parallel to the XY plane).

Z

3

Horizontal positioning tz
mechanism — _a.deo....,

4

Fig. 6. Structural diagram of the IRB 760 industrial robot manipulator:
1 — base; 2 — shoulder; 3 — forearm; 4 — brush; XYZ — basic coordinate system; xiyizi — local
reference systems; pi — angular coordinate of the position of the i-th link in the system xiyizi (rotation of
the i-th link relative to (i-1)
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The general equation for finding the degree of mobility of such a spatial mechanism [7]:
W=3%,6-0p. (3 3)
pi — the number of kinematic pairs of the i-th class.
Since, for mechanisms that are made in the form of non-closed kinematic chains, expression (3)
takes a simplified form [7]:

W=3%,ip @) @)
let's assume that the degree of mobility of the projected physical model and industrial sample IRB
760-MO07 corresponds to the number of rotating kinematic pairs - W=4.

Thus, for a reliable mathematical description of the positions of the links of the executive mechanism of
the designed prototype of an industrial robot, it is necessary to have values for four generalized coordinates.

According to the Somov-Malyshev formula (1) maneuverability:

m=63-53=3,

which indicates the compliance of the scheme (Fig. 6) with the condition of functional ability (m>1).

Thus, under the condition of accepting the gripping device as a material point (not taking into
account its design features and inertial characteristics), for example point D, positioning in space can be
described using three generalized coordinates.

The functionality of the physical model will be achieved in the case of ensuring the geometric
similarity of the service area of the manipulation mechanism of the serial industrial robot and the model. In
order to obtain information about the configuration of the service area, a 3D computer model created on a PC
(Fig. 7) was studied, in which the shape, dimensions and ranges of angular movements of the links
correspond to the actual values [9] of the IRB 760-M07 manipulator robot.

Fig 7. Simulation computer modeling of the movements of the links of the IRB 760-M07
manipulator robot in CAD SolidWorks Premium 2020 SP 1.0

As a result of the computer simulation of movements, we obtained the coordinates of point D when
the gripper is located in the extreme positions, limited in accordance with the geometric dimensions of the
links and working ranges of angular movements. Since the patterns of movement of point D parallel to XZ
and YZ are identical, for further studies of kinematics and designing a physical model, it is sufficient to
perform data analysis in only two orthogonal frames of reference - XOZ and XOY.

After placing D1...D6 on the scale and connecting them using a spline line, a trajectory curve was
obtained for gripping the manipulator during parallel movement relative to XZ (Fig. 8, a) and XY (Fig. 8, b),
which determine the boundaries service area IRB 760-M07.

Location in space of a kinematic pair D (sD) depends on the current position of links with constant
linear dimensions Ln=const, which is given as a combination (C¢) of angular coordinates ¢0, @1, @2:

®, € [0,190°]
Cp = | @1 € [+85°, —42°] (5)
d, € [+120°,—20°]

Taking (5) into account, the trajectory curve represents a functional dependence:

Sp = f(Cy). (6)

The location of the gripper in the service area can also be specified as a radius vector Sp, with the
beginning at point O of the base coordinate system XYZ and the end at point D. In this case, the trajectory
will be the hodograph of the vector function:

sp =5Sp(a,b...0), (7
where a, b...i are the parameters of the vector function that determine the change in the radius vector Sp,.
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a) b)
Fig. 8. Service area of the robot-manipulator IBR 720-M07: a) in the XZ plane; b) in the XY plane

The general equation for the analytical interpretation of the geometric similarity of the service area
of the industrial model and the physical model:

on —
Zn SDn(X’ Y’ Z) - Hg‘)(x'y‘z) (8)
Zn §g:l (X, Y, Z) X kS(X,Y,Z) = Hg(X,Y,Z)’
where [1 Sy the criterion of geometric similarity of the grip position of the manipulator in space.
kscx,v,z) — scale similarity coefficient.

Scaling conditions relative to three planes:

Zn§3n(X.Y) _ 7

Ship (xy) SV

angn(xlz) _ kg

Tash kD) stz )

InSp,(Y.2) >
Sasp (vz) SN2
where Kgx vy, Ksx,z), ks(v,zy—similarity coefficients of the trajectories of the kinematic pair
D in two-dimensional coordinate systems.

According to the 3rd theorem of M.V. Kirpichov, physical systems in which vector quantities are
geometrically similar, and scalar quantities are proportional at the corresponding points in space and moment
of time, can be considered similar [10]. Given that the possible variants of the trajectories in the XZ and YZ
systems are identical:

ks(X,Z) = ks(y,z); (10)
ks(X,Y) = ks(X,Z) = ks(X,Y,Z): (11)
then equation (9) will take the form:
TnSpatxy) i
{ SnSR0lxy) — SEY2) .
Yn $pal(X,2) (12)

S epeicez) — Kseor)

Taking into account the features of the structural scheme of the industrial manipulator (Fig. 6) and
the configuration of the service area (Fig. 8) obtained by conducting a simulation computer experiment (Fig.
7), as well as equations (2), (8) and (12), a structural diagram (Fig. 9, a) and a 3D model (Fig. 9, b) of the
manipulator, which will correspond to a natural sample of an industrial manipulator of the angular type
(Fig. 5) in terms of structural and functional indicators, is designed in CAD.
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b)
Fig. 9. Projected angular manipulator:
a) kinematic diagram, ¢ — kut coordinate of shoulder position, ¢; — angular coordinate of hand
position, g3 — angular coordinate of rotation of the manipulator body, ¢4 — the angle of clamping the
object by the gripping device; b) 3D model

The preparation of parts for printing was carried out in the CURA 15.04.6 software by forming
profiles of digital models, the parts were made by additively building up layers of polymer material on a
KLEMA 180 3D printer based on the Educational and Design Center for Agricultural Engineering of the

©
Fig. 10. The process of manufacturing parts of a physical model:
a) forming digital models for 3D printing; b) 3D printing of parts;
¢) general view of a physical model

After 3D printing, characteristic stains on the parts were removed by mechanical cleaning, which is a
necessary condition for their further use and assembly operations to create a physical model of the executive
part of the industrial manipulator. Thus, the similarity conditions (2) are met in terms of mobility,
maneuverability, number of links, and kinematic pairs of a certain class:
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WN =wM=24
MN = MM =3
NN:NM:4I (13)

PN =pPM =4 ()
indicates a similarity in the structure of the physical model and the natural sample, while the
fulfillment of the condition of proportionality of link lengths and equality of ranges of rotation angles
ensures geometric similarity of the service area, which determines the functional similarity of the compared
objects.

5. Conclusions and prospects for further research

Thus, as a result of the conducted research, we built a 3D model of the manipulator, which allowed
us to check the accuracy of the dimensions of the links and eliminate some shortcomings at an early stage of
design, as well as, the analysis of the computer model and the study of the plan of the spatial mechanism
allowed us to determine the design limitations, namely the angle ranges rotation of links and adjust
geometric dimensions.

Using digital models of optimized dimensions, we printed a set of parts on a 3D printer and
assembled a fully functional prototype - a physical model of an angular manipulator, which will be used in
further research for practice and error elimination. In this way, the use of CAD and the use of additive
prototyping technologies allows you to obtain information about the violation of the functionality of the
robot and make corrections to the project at the initial stages, minimizing the unproductive consumption of
resources.

By using the physical model, simulation studies can be conducted to determine the kinematic and
dynamic parameters with sufficient accuracy for the design phase of a full-scale industrial manipulator.
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CTPYKTYPHO-®YHKIIOHAJIBHE TPOTOTUITYBAHHS BUKOHABUOI YACTUHHA
AHI'VJISPHOTI'O POBOTA-MAHIIIYJIATOPA

Y cyuacnux ymosax momanvuoi yugposizayii ma ingpopmamu3zayii ecix cipep disnvrocmi ece binvuie
AZPONPOMUCTIOBUX NIONPUEMCIE CHPAMOBYE C80i pecypcu Ha po3poOKY mMa 6NpoBAdICeHHS CYYACHUX
MEeXHIKO-MexXHON02IYHUX pileHb, O MOOEpHI3aYii 81ACHUX BUPOOHUYUX NOMYHCHOCHEN, 3 NEePCNeKmuBo
3abe3neyenHs KOHKYPeHMOCHPOMONCHUMU HA SHYMPIWHbOMY Md 308HIWHIX puHKax. B ceow uepey, make
MEXHONO2TUHE OHOGNEHHSI ACPAPHO20 CEeKMOpY eKOHOMIKUY, 3a36udail, 0a3yemvcs HA BUKOPUCHIAHHI
BUCOKOMEXHONO2IUHUX CUCeM YNPAGNiHHA, MOHIMOPUH2Y, KOHMPONIO, VNPAGNIHHA mMa asmoMamusayii
BUPOOHUUUX npoyecis, i3 3acmocysanHam gucokoinmezposanux SMART-cucmem ma 3anyueHHAM mMexHoL02il
wmyunoeo inmenexkmy. Bpaxogyiouu 3suaumi o00Ocseu  GaHMANCONEPepoOKu,  CilbCbKO2OCHOOAPCHKOZO
niONpueMcmed, 30KpeMa 8 CKAAOCLKUX HNPUMIWEHHSX, HNePCNeKMUGHUM HANPSIMKOM mda pe3epeoM
3abe3neyenHs BUCOKOI NPOOYKMUSBHOCMI Npayi € 6UKOPUCHAHHA pPOOOMU308AHUX MAHINYIAMOpIs, d
00CNI0IHCEHH NPUCBAYEH] NIOBUWEHHIO IX (DYHKYIOHAIbHOCII A MAHE8PEHOCMI, 8 MOMY HYUCTE 3d PAXYHOK
BUKOPUCMAHHS [HMENLEKMYAIbHUX CUCEM YRPABLIHHA Ma ONMUMI3ayii CMpyKmypu 6UKOHAGYUX MEXAHIZMI6
€ aKmMyanbHUMU ma Mamumyms RpaKmuiny YiHHiCMb.

B cmammi obrpynmosano ymosu 3abesneyenns (yHKYIOHAAIbHOI ma cmpyKmypHoi nodibnocmi ma
3aNPONOHOBAHI KPUMEPIANbHI PIGHAHHS NOOIOHOCMI 011 MACUMAOHO20 nepexody 6i0 HAMypPaIbHO2O 3PA3KA
NPOMUCTOB8020 MAHINYAAMOPA 00 Pi3UUHOI MOOETi-NPOMOMUNY.

Ha ocnosi ompumanux xpumepiie ma uxopucmaguiu Koe@iyienmu maculmadOy8auHs SU3HAYEHI
KOHCMPYKMUBHI napamempu npomomuny, pospobneHo xomn 'romepHy 3D modenv ma Ha OCHO8I aHanizy
MPAEKMOPIll HECEeH] KOpeKmypu JUHIUHUX PO3MIDIE MAHINYIAMOpa ma Olanasonié Kymoseux nepemiujeHb
JIAHOK, a MAKodC NepesipeHo, 3a Kpumepiamu noldiOHocmi, 8i0NOBIOHICMb CMEOPIOBAHO20 NPONOMUNY
YMOBAM PIZUUHO20 MOOEIOBAHHAL.

Takoorc, 6 cmammi npeocmasieHo Npoyec BULOMOGLEHHS AHIYIAPHO20 MAHINYIAMOPA WLIAXOM
3ACMOCYB8AHHS AOUMUBHUX MEXHON02IU NOULAP08020 HapoulerHs demanell Ha 3D-npunmepi.

Knrouosi cnosa: mpaekmopis, poboua 30Ha, Kpumepitl nodiOHOCMI, AOUMUBHI MeEXHON02il,
iMimayitina xomniomepHa mooenn, 3D-0pyk, komn lomepra Mooeb, MAHESPEHICMb, CMYNIHb GLILHOCL.
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