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APPLICATION OF INDUSTRIAL ROBOT MANIPULATORS
AT LIGHT INDUSTRY ENTERPRISES

Purpose. Kinematic analysis and computer modelling of a 3D manipulator for the automation of
technological operations at light industry enterprises.

Methodology. The study uses the method of vector coordinate transformation, in which links are represented
as free vectors and characteristic points as radius vectors; the method of kinematic analysis of structural
groups; methods of computer simulation and visualisation using the Mathcad software environment and the
principles of structural analysis of Assur groups; and the method of parametric synthesis of a mechatronic
system.

Results. A mathematical model of the position functions of the end effector was obtained, and the workspace,
or operating zone, of the manipulator was visualised. Kinematic constraints related to the minimum and
maximum rotation angles of the links were established, which is critical for optimising the interaction
between the robot and the object. A mechatronic control system based on an Arduino microprocessor
platform and servomotors of active kinematic pairs is presented. A program code, or sketch, was developed
for accurate scaling of control signals using the map() function, which makes it possible to implement
smooth and coordinated movements of the end effector.

Scientific novelty. Analytical methods for studying multi-link spatial mechanisms with specific kinematic
constraints have been improved.

Practical value. The obtained research results provide the possibility of automating such processes as
cutting, sewing and packaging, thereby increasing production accuracy and productivity. Analytical
expressions were obtained for solving the forward kinematics problem and accurately determining the
position of the working tool in space. The obtained results can be used in solving the inverse kinematics
problem for the complete automation of trajectory planning for the movements of industrial robot
manipulators.

Keywords: 3D manipulator; spatial mechanism; kinematic analysis; computer modelling; mechatronic
system; Arduino; servomotor; light industry; forward kinematics; trajectory planning.
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3ACTOCYBAHHSA MAHITYJIATOPIB IPOMUCJ/IOBUX
POBOTIB HA NIJIIPUEMCTBAX JIEI'KOI
HPOMUCJIOBOCTI

ABOPXXAK BOJIOAUMHP, PYBAHKA MUKOIIA, 3AJHOBUOBCBKI/H71 MAPK,
BOJISIHUK OJIEKCIM, KOHIEJIb CEPI'IN

KwuiBchkuii HaIliOHATLHUH YHIBEPCUTET TEXHOJIOTIH Ta Au3aiiHy, Ykpaina

Mema. Ilposedenns KiHeMamuuHo2o aHAi3y Ma KOMR HOMEPHO20 MOOento8anus 3D-maninynamopa 01
asmomamu3zayii MexHOL02THHUX Onepayiil Ha NIONPUEMCMBAX J1e2KOi NPOMUCTIO8OCTII.

Memoouka. Y pobomi 6uKopucmaHo Memoo BeKMOPHO20 NepemeopeHHsi KOOpOuHam, Oe JaHKU
npeocmasneni 'y 6ueniaoi GLIbHUX GEeKMOpIs, a XApaKmepHi MOuKU — 5K padiyc-8eKmopu, Memoo
KIHEMAMUYHO20 AHANI3Y CMPYKMYPHUX 2SPYA, Memoo KOMN 10OmepHOi cumyasayili ma eizyanizayii (0as
MOOEN08AHHS BUKOPUCIAHO npocpamue cepedosuuge Mathcad ma npunyunu cmpyKkmypHO20 aHanizy epyn
Acypa); memoo napamempuuHo20 CUHmMe3y MexampoHHOI cucmemu.

Pezynomamu. Ompumano mamemamuyny Mooenb QYHKYIU NONONCEHHSA BUKOHABYO20 Op2aHy mda
sizyanizayito pobouoeo npocmopy (30Hu 00CIy208y6anHs) mawninyiamopa. Becmanoeneno xinemamuuni
0OMexHCeHHs Wo00 MIHIMANLHUX | MAKCUMANbHUX KYMI8 NOBOPOMY JAHOK, WO € KPpUMUYHUM O
onmumizayii 83aemodii poboma 3 06’exkmom. I[IpedcmasieHo Mexampouny cucmemy KepyeaHHs Ha 0azi
Mikponpoyecoproi naamgpopmu Arduino ma cepeonpusodie axmusnux Kinemamuunux nap. Pospo6neno
npoSPaMHULL KOO (Ckemu) 0Jis MOYHO20 MACUIMAOYBAHHS KEPYIOUUX CUSHAIE 3a 00NOMO02010 pyrKYyil map(),
Wo 00380.J15€ peanizy8amu NIAGHI Ma CKOOPOUHOBAHI PYXU BUKOHABY020 OP2aH).

Haykoea noeusna. Boockonaneno amanimuuni memoou O00CNiONHCeHHA OA2amonanKosux npocmoposux
MexXanizmis 3i cneyu@iuHuMu KIHeMAmMuuHUMU 0OMeHCEeHHAMU.

Ilpaxmuuna 3uauumicms. OOepoicani  pe3yrbmamu  O00CHONCEHb  3a0E3neUyiomb  MONCIUBICID
asmomamu3zayii maxkux npoyecis, K po3KPOIGAHHS, 3UUBAHHA MA NAKYBAHHS, WO NIOBUWYE MOYHICID |
NPOOYKMUBHICmMb  8upoOHuymea. OmMpUMAHO aHANIMUYHI 6Upa3u Olisl PO36 SI3AHHA NPAMOL  3a0ayi
KIHeMamuKy ma MOYHO20 GUHAYEHHS. NOJONCEHHS pobovozo incmpymenma y npocmopi. Odepoicani
pe3yrvmamu 00CAIOAHCeHb MOHCYMb OYMU SUKOPUCTHAHT NPU PO38 SA3AHHI 360pOMHOL 3a0aui KiHeMamuKu
07151 NOBHOI ABMOMAMU3AYIT NIAHYBAHHS MPAEKMOPILL PYXi8 MAHINYIAMOPI8 NPOMUCLOBUX POOOMIS.
Knrouosi cnosa: npomuciosuii  pobdom; MAHINYAAMOp; KIHEeMAMUYHUNl — aHALi3; KOMN lomepHe
MOOEN0BAHHS;, 1e2KaA NPOMUCTIOBICb.

Introduction. At the present stage of
industrial development, widespread
computerisation and the implementation of
CAD software have ensured the leading role of
analytical methods in the study of mechanisms
[1, 7-10]. light industry, the automation of
production processes using industrial robot
manipulators (pneumatic, electric, hydraulic or
servo-driven) is  becoming increasingly
important for improving efficiency [2]. The
application of robotic systems makes it possible
to automate complex operations such as cutting
and sewing materials, applying markings,
including logos and sizes, producing complex
seams, such as pockets and folds, and packaging
finished products [2]. The use of manipulators
not only increases production speed and
accuracy, which directly affects product quality,
but also makes it possible to significantly

reduce waste [3], minimise errors and lower
labour costs [2, 4]. Since most modern
industrial robots are multi-link manipulators
controlled by microprocessor controllers, the
development and investigation of their
mathematical and computer models for
optimising technological motions is a relevant
task [2, 5, 11, 12].

Purpose of the study is to conduct
kinematic analysis and computer modelling of a
3D manipulator developed for the needs of light
industry, using modern software packages, in
particular Mathcad, and vector algebra methods
to optimise its working processes.

Analysis of previous studies. The current
state of industrial robotics is characterised by
the transition to fully computerised design and
the implementation of analytical methods for
studying mechanisms using CAD software. The
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vast majority of modern industrial robots are
multi-link ~ manipulators  controlled by
microprocessor controllers and equipped with
specialised end effectors for performing
technological operations [2, 5].

In the scientific literature, the fundamental
aspects of the theory of mechanisms and
machines, including the classification of
mechanisms, are presented in the works of
O. Koreniako,  Ya. Kinytskyi and  other
researchers. An important stage in the design of
such systems is solving motion planning
problems, which in robotics are divided into
forward and inverse kinematics problems [5].
The forward kinematics problem makes it
possible to determine the position of the
working tool for given rotation angles of the
links, whereas the inverse kinematics problem
involves calculating the required angles to reach
a target point [5, 13].

Research conducted, in particular, at the
Department of Mechanical Engineering of Kyiv
National University of Technologies and
Design emphasises the effectiveness of the
vector modelling method, in which the links of
a mechanism are represented as free vectors,
while characteristic points, namely the centres
of kinematic pairs, are represented as radius
vectors [1]. This approach, combined with the
use of transformation matrices, including
rotation and translation matrices, in the
Mathcad environment significantly simplifies
the analysis of spatial mechanisms, enabling
parallel calculations and real-time motion
visualisation [1].

Special attention in previous studies has been
paid to the development of 3D models of
manipulators at the Department of Mechanical
Engineering of KNUTD [2]. In particular,
manipulators whose structure corresponds to
planar mechanisms of the second class
according to Assur’s classification and which
have several degrees of freedom were
considered [5]. The conducted studies made it
possible to determine the operating zones, or
workspace, and kinematic constraints, which is
important for preventing problems when
performing complex motions [2].

Another important area is the synthesis of
mechatronic control systems (MCS), which
combine mechanical, energy and information

components [6]. In the works of B. Orlovskyi,
the use of Arduino-type platforms and
servomotors for implementing active kinematic
pairs of the manipulator is substantiated. Such
systems are programmed using special codes, or
sketches, which makes it possible to scale
signals from potentiometers for precise control
of the rotation angles of servomotor shafts [6].

Problem statement. Despite the existing
developments in the field of industrial robotics
and computer modelling of mechanisms, the
improvement of mathematical models for
specific technological operations in light
industry, such as the formation of complex
seams, marking, cutting and packaging, remains
insufficiently studied. These operations require
an integrated approach that combines kinematic
analysis,  vector  modelling,  computer
simulation and the synthesis of mechatronic
control systems. Therefore, research aimed at
developing a mathematical and computer model
of a 3D manipulator, determining its workspace,
analysing kinematic constraints and
substantiating the principles of precise control
of the end effector is a relevant task.

Methodology. To achieve the stated purpose
and solve the research objectives, an integrated
approach was applied, combining methods of
theoretical mechanics, vector algebra and
mechatronic synthesis. The research process
was based on the following methods: the
method of vector coordinate transformation, the
method of kinematic analysis of structural
groups, the method of computer simulation and
visualisation, and the method of parametric
synthesis of a mechatronic system.

Method of vector coordinate transformation.
This method was selected as the main approach
for developing the mathematical model of the
manipulator. Its essence consisted in
representing each movable link of the
manipulator as free vectors Pij, while the
characteristic points, namely the centres of
kinematic pairs, were represented as radius
vectors Py originating from the base reference
point P1. To describe the spatial position of the
links, a right-handed coordinate system was
used with the corresponding unit vectors of the
axes [1, 2].

Mathematical modelling in the Mathcad
environment. To solve the forward kinematics
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problem, mathematical models were developed
to describe the position functions of the links
depending on the generalised coordinates,
namely the rotation angles of the driving rocker
arms giande. (Fig. 1). The calculations were
performed using rotation matrices Tx, Ty, Tz
about the coordinate axes. In particular, the
following specific user-defined Mathcad
functions were used:
— for rotating a vector by a given angle:

px(re, i, o) = Ty (k) - er - Ly;
— for determining angular parameters
between vectors:

l%+l§—l§)_

Kut(ly,1,,15) = acos( L

— parameters Ws_4_s, W7_g_3, Wo_10_6, Which
determine the assembly variants of Assur
groups.

YI

Fig. 1. Computational diagram of the
manipulator kinematic scheme [5]

Kinematic analysis of structural groups. The
study was carried out on the basis of Assur’s
classification, in which the manipulator was
considered as a second-class planar mechanism
consisting of driving links and connected two-
link groups, for example, groups 2-3, 5-6, and
7-8 (Fig. 1). This made it possible to determine
the position functions for each group step by
step through a system of vector equations.

Method of computer simulation and
visualisation. Based on the obtained
mathematical expressions, a computer model of

the kinematic scheme was constructed in the
Mathcad software environment (Fig. 2).

By varying the setting angles of the driving
links and the magnitude of their stroke, the
following operations were performed:

—construction of the trajectories of
characteristic points of the moving links;

— visualisation of the operating zone, or
workspace, which was marked on the graphs
with the symbol "x";

— verification of kinematic constraints to
determine the maximum and minimum rotation
angles of the links.

Method of parametric synthesis of a
mechatronic system. To ensure control of the
manipulator, methods for  synthesising
mechatronic modules were applied, combining
mechanical,  energy  and information
components. The control implementation
mechanism included:

— the use of an Arduino microprocessor
platform and servomotors for active kinematic
pairs.

— the development of specialised program
code, or a sketch, in which the map()function
was used to scale analogue signals from
potentiometers, ranging from 0 to 1023, to the
values of the rotation angles of servomotor
shafts, ranging from 0 to 180°.

— the introduction of time delays using the
delay() function to stabilise system operation.

Research results and discussion. As a
result of the study conducted at the Department
of Mechanical Engineering of KNUTD, a 3D
model of a manipulator intended for the
automation of technological operations in light
industry was developed and analysed. The
developed manipulator has three degrees of
freedom and consists of a rotary platform,
which provides rotation about the vertical axis,
and eight movable links forming revolute
kinematic pairs (Fig. 1). In terms of its structure,
it is a second-class planar mechanism according
to Assur’s classification, with two driving links.

1. Mathematical model of the manipulator
kinematics

To analyse the motions of the manipulator, a
mathematical model was developed based on
the method of vector coordinate transformation
in accordance with the vector diagram of the
mechanism (Fig. 3).
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Fig. 2. Mathcad visualisation of the manipulator kinematic scheme superimposed
on the trajectories of characteristic points [5]
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Fig. 3. Vector dié[gram of the manipulator

The links are represented as free vectors Pi j,
while the characteristic points, namely the joint
centres, are represented as radius vectors Pk.
The rotation angles of the driving rocker arm
Sp1 and ¢, are used as the generalised
coordinates of the mechanism.

The main analytical expressions obtained in the
study for determining the position functions are
as follows [1, 2, 5]:

P 3((”1) pz( x'(/’l’lz_s);

P3(¢1)'— P+ P2_3(¢1)’ @

where ex is the unit vector of the abscissa axis;
lij are the lengths of the moving links
corresponding to vectors P j; pz is a Mathcad
function for vector rotation [5].

R 3((‘71):: P ((01)_ R
U3 5 4(%) Kqups_3(§01)"|5_4!l4_6)’

where Kym is a Mathcad function for
determining the angle between vectors [5];
Us 5 4is the angle between Ps 3and Ps 4.

)

P5_4((P1) =
Pz (P5_3(¢1 )’_W3_4_5 ‘U 35 4 ((01 )1 I5_4 ) ;
P4(¢71):: R+ P5_4((/)1)’

where Ws 4 s is a parameter that determines the
assembly configuration of group 3-4-5.

(3)

U4 3 6((/)1)'—Kym(|3 4’I3 61ls 6);

Paa)=R)-R6),
): 2(3_4(01 436¢l)| )
Pla)=P) P o),
P ( ) (x'¢2’27)
( ) P,+F 7((/72) (6)
P 1(01.0.)= Pol0,) - Piley),
U7_3_8(¢1’¢2)::
(7)

Kqupe,j(%’ Q’zj’ |3_81 I7_8)’
where U7 3 gis the angle between P3 7and Pz g.
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P3_8 (@1’ ®, ) =
8)
Pz (P3_7 (901’ ®, )v_W7_8_3 ‘U 7.38 (¢1’ ?, )! I3_8)

where W~ g 3is a parameter that determines the
assembly configuration of group 7-8-3.

R (¢1’ (02):: P3(¢1)+ P3_8 ((/71' (Pz); 9)

P3_9(¢1’ ?, ) =Py (Ps_s (¢1' ?, )' U8_3_9 ' |3_9 );
Pg(%’%):: P3(¢71)+ P3_9(§01’(/’2)'

where Us 3 gis the angle between P3 gand Pz g.

(10)

P6_9(¢’1' ¢’2):: Pg((”lv (02)_ P6(§01) ;
u 9.6 10 ((017 (Pz) =
Kqu Ps_g ((011 ®, X’ IG_lO ) |9_1o )'

where Uy 6 10 is the angle between Ps o and
Ps 10.

(11)

P L0, ), —W, .
6_9((01 (Pz) 910 6 J, (12)

P =
6_10 ((”11 (Pz) Pz (U 0 6 10 (¢1, ®, ), ls_10

where Wq 10 6 IS a parameter that determines the
assembly configuration of group 9-10-6.

Py (¢1’ %) =F (¢71)+ PG_lO ((01’ 502) ;

13
P9_10(¢1’§02):: I:)lo(q’l’(Pz)_Pg((Dl’(Dz)- a3
The derived equations for the groups of links

make it possible to fully describe the spatial
position of link 7, which acts as the holder of the
working tool.

2. Computer simulation and visualisation in
Mathcad

Based on the developed mathematical
models, a computer model was created in the
Mathcad environment. The visualisation plot
makes it possible to clearly observe the
kinematic scheme of the manipulator
superimposed on the trajectories of motion of its
characteristic points (Fig. 4).

Trajectory analysis. During modelling, it was
established that changes in the angles g1 and ¢,
as well as in the magnitude of their stroke,
directly affect the shape of the trajectory of
connecting rod 7. This makes it possible to
program the manipulator to produce complex
curvilinear seams or to apply markings with
high accuracy.

100} t 100} F
’ ‘ f ’
50 e %0 - £ o o =
x
T .l 5 - ~ '
Q= & & D L e
T L —t \\
B3 @
1 0 1 =¥ =80 =70 - 1 0 1 =¥ =80 =70 =60
110 Q— P 1204 P!
16 5 L 16 - Rt
: G . L v
IR s B
i) i U’ L Y, .
P o
o \\ il dlz =l
.
1 0 1 0 =30 L I 0 6= 150 140= 130= 120=110= 100 =90 =60 =70 =60 =50 =40 =30 =20 =10 0 10 N W

Fig. 4. Mathcad visualisation plots of the manipulator [2]
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Operating zone, or workspace. In the plots
(Fig. 4), the zones in which the manipulator can
perform movements are marked with the symbol
“x”, The analysis of this zone makes it possible
to determine the kinematic constraints, namely
the minimum and maximum rotation angles of
the links at which the mechanism remains
operational and avoids dead points. Calculation
of the operating zone is necessary to ensure
efficient interaction between the robot and the
object within the specified working volume.

3. Parametric synthesis of the control system

Control of the developed manipulator is
implemented as a mechatronic system based on
an Arduino controller and four servomotors of
active  kinematic pairs. The software
component, or sketch, ensures the conversion of
input signals from the operator or sensors into
the motion of the links [6].

The main scaling mechanism is the map()
function, which converts ADC data ranging
from 0 to 1023 into the rotation angles of
servomotor shafts ranging from 0 to 180°:
potentl = map(potentl, 0, 1023, 0, 180).

To stabilise the movements and prevent
jerks, the code includes time delays, delay(2),
which ensures smooth displacement of the
gripper between technological points. This
approach to control synthesis makes it possible
to flexibly adapt the manipulator to various
operations, from fabric cutting to the packaging
of finished products.

Conclusions. As a result of the conducted
study, an important scientific and applied task
related to the automation of technological
processes at light industry enterprises was
solved through the development and analysis of
a 3D manipulator. Based on the obtained
results, the following conclusions can be drawn:

1. A 3D model of a multi-link manipulator
with three degrees of freedom and eight
movable links was developed. The manipulator

Jlitepatypa

1. Isopxak B. M. CxeMOTEexXHIYHE
MOJEIIOBaHHSA KiHEMaTHYHUX cxem
MaHIMyJISATOPiB MIPOMUCITOBUX poboTiB.

Axmyanvni npobremu iHdceHepHOI MeXaHiKu:
mesu oon. V Mixcuap. mayx.-npaxm. KOHG.
(22-25 tpaB. 2018 p., Onmeca). Oneca: OTABA,
2018. C. 77-79.

is intended to perform such operations as
cutting, sewing materials, applying markings
and packaging finished products. The use of
such a system makes it possible to increase
production productivity and accuracy while
reducing labour costs.

2. The method of wvector coordinate
transformation was applied to construct the
mathematical model of the manipulator, which
made it possible to represent its links as free
vectors and the centres of kinematic pairs as
radius vectors. This allowed analytical
expressions to be obtained for solving the
forward kinematics problem and for accurately
determining the position of the working tool in
space.

3. A computer model was created in the
Mathcad environment, by means of which the
kinematic scheme was visualised and the
trajectories of characteristic points were
investigated. The performed analysis made it
possible to determine the operating zones, or
workspace, and to establish kinematic
constraints related to the minimum and
maximum rotation angles of the links, which is
critical for optimising the interaction between
the robot and the object.

4. A mechatronic control system based on an
Arduino  microprocessor  platform  and
servomotors of active kinematic pairs was
synthesised. The developed program code, or
sketch, ensures accurate scaling of control
signals using the map() function, which makes
it possible to implement smooth and
coordinated movements of the end effector.

Further research in this area should focus on
conducting an in-depth dynamic analysis of
industrial robot manipulator structures using
modern CAD software, as well as on developing
algorithms for solving the inverse kinematics
problem to achieve full automation of motion
trajectory planning.
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