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Abstract: This article presents a practical implementation of an approach for the automated attestation
of the indicators of manipulation for systems of stationary industrial robots with one arm and one
clamping device. A developed mathematical model of systems for the manipulation of the metric
attestation process for industrial robots is presented. Attestation is performed by properly performing
the relevant calculation procedures using the CoppeliaSim and MATLAB software products. A
certification example of a real robotic handling system model ABB IRB 140 and clamping device
model RG2 is shown, illustrating the effectiveness of the proposed approach to improvement.
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1. Introduction

The increase in the annual production and implementation of industrial robots (IR)
in various industries has stabilized in the post-COVID-19 period and, according to the
International Federation of Robotics, it is about 5-7% [1]. In some cases, where universality
of flexible automation of machine and instrumentation engineering is important, it is
necessary to have the specific technological and design characteristics and parameters
of the IR, which IR manufacturers need to provide in the technical documentation [2].
Based on, and considering, such data, modern IRs can be effectively operated in flexible
mechanical assembly production [3,4], ranging from flexible manufacturing cells (FMCs) to
flexible production workshops and, ideally, flexible factories [5,6]. Thus, it is relevant to
increase the efficiency of IR operation in FMCs and other technological structures of robot
automated production systems (RAPSs) [7], where robotic technologies are implemented.
In general, the above has prompted additional research on the capabilities of IRs in their
various manifestations, including the attestation of IR metrics. The realization of this is the
well-known automated metric attestation [8,9], which is taken here as an analog.

The essence of the IR metric attestation process is to determine the specific quantitative
and qualitative parameters of the geometric characteristics of the work area (WA) of the
IR [10], which ensure the required orientation of the analyzed parameter. The certification
of the IR metric involves repeatedly solving the inverse kinematics problem [11] on a set of
IR links and their parameters while maintaining the specified orientation of the so-called
technological robotic kit (TRK) [12] with/without a manipulation object (MO) in it in the
IR coordinate system [13], using certain software products. The TRK includes a clamping
device (CD) with/without an MO. The final result of the IR metric certification is the
parameters of the geometric characteristics of the WA, in which the TRK retains its specified
(studied) orientation at the endpoint of its positioning. Visually, the certification results
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are presented in the form of a part WA of the analyzed IR with the defined geometric
parameters of the WA, in which the required TRK orientation is maintained; this is taken
into account even before the direct operation of the IR in robotic technological structures.
This interpretation of the content of the IR metric certification process and its results
indicates that the certification process and its results are a component of the technological
preparation for the RAPS. Therefore, any actions aimed at improving any aspect of the IR
metric attestation process are interpreted as leading to an increase in the effectiveness of
the technological preparation [14,15] for RAPSs.

2. Literature Review

This article presents a relatively complete analysis of information sources and the
feasibility of performing metric attestation [8,9]. Below are the features of information
sources that are essential for the tasks solved in this paper. The main criteria for the
functionality of software products that can be used to certify the IR metric are the ability to
solve kinematics problems repeatedly, plan trajectories, and determine the coordinates of
reference points for the further synthesis of TRK trajectories. Companies that manufacture
well-known IRs, such as Kuka [16], ABB [17], Mitsubishi [18], Fanuc [19], UR [20], and
others, develop software products that are used only with their products. This is due
to the specifics of the manufacturing and operational technologies of the respective IRs.
Therefore, the use of software products from IR manufacturers is significantly limited in
implementing the IR metric certification process. Some software environments developed
by companies for programming their IRs partially generate classified but incomplete
information about the IR metric for specific technological tasks, such as those performed by
Kuka industrial robots.

In addition to the above, there are many object-oriented software products, such as
RoboDK [21], SolidWorks [22], RobotMaster [23], ROS [24], RobotWorks [25], RobotEx-
pert [26], SolidEdge [27], CoppeliaSim (version V4.7.0 rev4) [28], and others that do not
directly solve the problem of IR attestation. At the same time, as the analysis of their
capabilities shows, some can be used for such research.

It is known [9] that the sequence of the IR metric attestation process using SolidWorks
and RoboDK software products (analogous to this study) consists of several stages: stage
E1 is the development and preparation of a 3D IR model using the SolidWorks software
product, followed by its decomposition (3D IR model) into separate components (links)
that are stored in a particular style format. Next, the IR coordinate system and the number
of degrees of motion of its MS (manufacturing system) are selected (.dof format); stage
E2 is the implementation and configuration of the generated 3D IR model in the RoboDK
software product, where 3D IR components (links, etc.) are loaded, followed by their
conjugation and fixation to ensure qualitative and quantitative parameters of the relative
mobility of MS links and to prevent various kinds of collisions; the end-effector is selected,
and the attestation and fixation of the obtained results are performed; stage E3 is the
visualization, generalization, and development of recommendations for their practical use.

The practice of research using SolidWorks and RoboDK software products has shown
that the implementation of E1, E2, and E3 has many shortcomings, which are caused by the
features of the functionality of the RoboDK software product. Thus, the main disadvantage
of stage E1 is the requirement to support 3D IR models in .stl and .obj formats. In the
analog [9], this results in geometric simplification and the loss of some data. It is also
impossible to convert the technological assembly of MS of IR links into these formats. The
consequence of this is the problems of implementing and configuring the 3D IR model
during the implementation of stage E2 (the inability to directly load the 3D IR model as one
single file as a result of the technological assembly and incorrect scaling when loading each
component of the 3D IR model into RoboDK). This requires step-by-step loading of the IR
3D model components, their conjugation with each other, and the further adjustment of,
for example, the axis and angle of rotation of all the MS of IR links, etc. Collision detection
is also performed manually. At stage E3, the user is responsible for recording, processing,
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and visualizing the information. A large number of routine operations indicates a low level
of automation of the metric attestation process.

The analysis of the above problems of RoboDK functioning indicated the practicality
of using another software product, namely, CoppeliaSim [28]. An in-depth analysis of
the capabilities of CoppeliaSim has determined that using CoppeliaSim, it is possible to
automate the certification process to a greater extent compared to its analog, as well as to vi-
sualize the results obtained and partially automate the process of recording and outputting
the information obtained. Thanks to the Lua programming language implemented in
CoppeliaSim and the automatic collision avoidance system, it is possible. These functional
features provide more opportunities for further studies of IR metric attestation, primarily
in the automated determination of the WA of the IR, while maintaining a specific TRK
orientation, and in terms of the visualization of the results obtained. As a component of
CoppeliaSim, the Lua language allows the generation of 3D IR models as separate files in
the .stl extension. However, performing analysis and geometric transformations of the 3D
IR model is complex. The data obtained after creating an IR model in CoppeliaSim with
preservation of the orientation of the finite element, for example, a TRK, are formed in
the form of matrices. These matrices contain the coordinates of the points of the right IR
coordinate system, i.e., XRYIRZIR in which the TRK retains the specified orientation and
has no collisions with other objects, including IR structural elements.

It is appropriate to emphasize that the task of automated attestation of the MS of IR
metrics using the CoppeliaSim and MATLAB software products has not been previously set
and, therefore, has yet to be solved. The above has determined the goal of this investigation:
to highlight the content and essence of the automated implementation of the attestation
process of the IR metric as an integral part of the technological preparation for a RAPS,
which aims to increase the level of automation of the attestation process using CoppeliaSim
and MATLAB software products.

3. Research Methodology

Taking into account equations as in the analog [9], this work suggests a three-stage
methodology for the automated attestation of MS of an IR. Each stage involves the orderly
implementation of the corresponding methodologically determined steps. Compared to the
analog, CoppeliaSim and MATLAB (version R218b) [29], the use of other software products
is distinctive (see Figure 1).

Stage E1; Steps 1-4; CoppeliaSim

3D simulation IR

‘ ey - manipulation
11 ‘ . system + TRK

2D & 3D
models of IR
Work Area

Figure 1. A generalized scheme of the proposed methodology for automated attestation of the MS of
IR metrics, performed with the help of CoppeliaSim and MATLAB software products.
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Specific methodical and practical improvements have been made to the algorithms for
using these software products to ensure their performance in increasing the automation
of the metric attestation process and its user-friendliness. The content of the above is
aimed at improving the functionality of each of them to implement an improved automated
certification of the IR metric (see Figure 1). Thus, for CoppeliaSim, an orientation setter
for the TRK was developed by specifying the corresponding angles of its orientation in
the coordinate system of the IR under study. These are angles A, B, and C, which show
the rotation (orientation) of the TRK around the XIR YIR and ZIR axes, respectively, or are
collinear to them, and are set in the corresponding interface. This is illustrated in Figure 1,
stage E3, and Figure 2a. When determining the coordinates of points that are the geometric
parameters of the WA, the latter are recorded in a matrix array as numerical values for each
of the XIR YIR ‘and ZIR axes.

Next, MATLAB was used to analyze and transform the obtained geometric parameters
of the WA, as it has built-in functions for solving such problems. Also, MATLAB can
generate 2D and 3D graphical representations of the WA with the ability to reproduce
them in a separate window. In our case, MATLAB generates graphical representations of
the WA from the data obtained from CoppeliaSim. Such WAs being arrays of points of
the coordinates that are mentioned above, which are as far as possible from the IR base
and determine the geometric parameters of the WAs. However, the most crucial thing in
this case is that MATLAB can generate a three-dimensional model of the WA area and the
corresponding 3D file in the .stl extension. This file, or rather the 3D IR model with this
extension, is used in CoppeliaSim to display the WA of the IR with the preservation of the
specified TRK orientation.

The mathematical model for implementing the proposed methodology can be pre-
sented as ordered set of computational procedures < ¢y |k = 1,n, >, the number of which,
1y, is equal to the number of steps in Figure 1:

< (pk|k =1,np>: ((ll’l|l =1,nj) x (q]rq|] = 1,ng))|n; > ng) x (St |m

= (1,m5) > 8((Vy, = (1) x (4] ) x TRK") = const) C (WA], C WA")). M

The interpretation of the developed mathematical model (formalized description)
according to expression (1) and Figure 1 corresponds to the above substantive essence of
the process of automating the manufacturing system metric for each analyzed r-th (upper
right index in (1) and further) IR and is as follows: a tuple of computational procedures
< ¢, > is a methodologically determined ordered sequence of their (procedures, steps)
execution, performed on sets of links (lir) and generalized coordinates (qjr) with a total
number of nir and nqr, respectively, as well as on a set of methodologically necessary
program actions for each of the software products CoppeliaSim and MATLAB involved in
the attestation with a total number of nsr. It is a surjective reflection (symbol — [30]) of the
Cartesian product (symbol x [31]) of the sets I} , q]r»q, and S}, (parameters of the metric [9]),
which ensures the existence (symbol of the existence quantifier d [31]) of such a set of
vectors V;,q of orientation TRK", which is constant (const) in a specific subset of the working

area WAZE’ which is part (inclusion symbol C [31]) of the general working area WA" of the

analyzed r-th robot.

The role of stage E1 is to perform the following steps. Stl: selecting an IR 3D model
from the CoppeliaSim library or uploading another IR 3D model; St2: selecting an IR
3D finite element model (CD, tool, etc.) from the CoppeliaSim library or uploading any
of the 3D models; St3: setting up the IR simulation models with the TRK and visually
checking the system operation; St4: conducting the IR metric validation process of the
IR 3D model with the TRK and creating an output file of coordinates of the points where
the TRK maintains its orientation. MATLAB is the software product in which stage E2
is performed by implementation of St5 steps: downloading and processing the data file
obtained from CoppeliaSim using MATLAB; St6: generating a graphical representation of
the results of the MATLAB program and the 3D model of the WA, taking into account the
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specified orientation of the set of such elements (MS of IR+TRK); the steps are implemented
in stage E3, executed in CoppeliaSim; 5t7: implementation of the 3D IR model obtained
from MATLAB in CoppeliaSim; 5t8: visualization of the obtained results.

4. Results

The effectiveness of the approach proposed in this paper is demonstrated by the
example of the automated attestation of the IR MS metric of the ABB IRB 140 model [17]
and the CD model of RG2 [30] with a manipulated object (MO) in it. Fragments of the
results obtained are shown in Figure 2c—e.

In Figure 2a shows the following elements: a general view of the analyzed IR MS of
the ABB IRB 140 model (X'R YR coordinate system) with the TRK orientation vector around
the axis collinear to ZR (in the spherical coordinate system), which is the connection of
links ® and (9), i.e., at the angular displacement C5 = + 40° (clockwise rotation of the TRK,
with a + sign, otherwise, it would be C5 = + 40°). The IR is taken from the database of the
software product CoppeliaSim. Otherwise, CoppeliaSim allows the user to create any IR
model with/without a TRK in IR MS and with/without an MO. The above is the content of
step Stl. There, in the form of an arrow on a conditional dial with a gradation in degrees,
the developed so-called setter of the required (studied) angular orientation of the TRK is
indicated, which in this case should maintain the orientation of the TRK at C5 = + 40° and
have a linear size of ITgx = 0.21 m, taking into account the actual dimensions of the CD
model RG2 [30] with an MO (in length units in CoppeliaSim).

To facilitate the use of the results of step St1 and based on Figure 2, the authors
developed a frame (thread) model of the kinematic structure of the ABB IRB 140 robot (see
Figure 2b. It indicates the number of links in total 7, denoted as (O, ..., @), the types of
displacements (rotational A, B, and C), and their number (6 degrees of freedom), denoted by
the lower right indices when indicating the rotation of the indicated rotational movements
A, B, and C of the corresponding IR links around the corresponding coordinate system of
IR axes in the X® YR plane.

Figure 2c,d illustrate an example of the determined components of WAég'iIEB4%)4O

while maintaining the given orientation of the vector VAPE 153840 = const according to

expression (1) and Figure 2a, which are part of the general working area WAég}iIEB4%)4O. In
Figure 2c, blue indicates the working area located in the negative direction of this robot’s
XR axis (-XRYR plane). Its location is determined by the possibility of simultaneous
movements of all rotational movements of the MS links (the IR has a CNC contour system)
along the C coordinates and this robot’s structural and kinematic features. Figure 2c is
simplified by the following functional dependence (symbol f): -C = f(-Cy, -C3, -Cs). In
Figure 2d, the green color indicates the WA displacements TRKégiI§B4%)4O in the positive
direction of the + X'R as the following function: C = £f(Cy, C3, Cs).

The red line for these areas indicates the line of their mutual combination, taking
into account the direction of the X'R axis. The result of their combination is the 2D model
WAéinIEB4%)4O, shown in Figure 2e. In this case, the contours of these working areas in all
their sections are the result of approximating the corresponding points of the contours of
the working areas formed as a result of repeatedly solving the inverse kinematics problem,
taking into account the adopted angular sampling WAAPP IRB 180 The functionality of the
software product CoppeliaSim provides this. As a result, Figure 2f simplifies the working
area in which the orientation vector V&BE Hji(}‘m = const.

The 3D model WA{‘EBO‘I;%I;MO, taking into account the rotation of the link ) by an
angle B1 = 180°, as the final result of the process of automated attestation of the IR MS
metric of the ABB IRB 140 model IR and the coordinate system model of the RG2 model
withan MO at A =0°, B=0°, and C = + 40° in isometry, is shown in Figure 3. Here, the area
WAR max, defined by its outer contour with the maximum radius of IR MS links (Figure 2c)
and the smallest kinematically and geometrically permissible radius of its IR MS, is marked

in purple.
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Figure 2. Fragments of the illustration of the automated attestation of the IR MS: model ABB IRB 140
and the CD model RG2 with the MO (a); a frame (thread) model of the kinematic structure of the
ABB IRB 140 robot (b); back (c), front (d) and combined (e) working area of the given orientation

TRKéSBi I 5%40 ; 3D form of the combined (f) working area.




Eng. Proc. 2024, 70,9

7 of 9

MAX
war,.,

MIN
WA, 1,

WAABB IRB 140

'.--.
’

§

Figure 3. Visualization (isometry) of the final result of the automated attestation process of the IR MS
metric of the ABB IRB 140 model and the CD model RG2 with a prismatic MO, the dimensions of
which are 0.04 x 0.04 x 0.11 m at A =0°, B=0° and C5 = + 40°.

The working area WAIAEB0 IRB 140 of the given orientation TRKABB 1415%140 is marked

in green (Figure 2d). The coordinates are easily determined, takmg 1nto account the CS
of IR scale of the ABB IRB 140 model. For illustrative purposes, the scale is determined
by the side of a cube of 0.2 m (see Figure 3). This is the step of a conditional grid, with
the nodes marked with the + white symbol. This element was also developed by the
authors in CoppeliaSim. WAZ 021 m and WAI Y 0 21 m are the boundaries within which
WAAB B IRB 140 occurs for the given conditions.

Thus, as follows from the model presented in Figure 3, for a 3D model WAABB0 [RB 140,

the latter lies within these coordinates:X/EB 1211%1140 MIN = ZABB IRB 140 v = 0.24 my

ABB IRB 140 — ABB IRB 140 ABB IRB 140 ABB IRB 140
X MAX Z MAX = 0.64 m; Y MIN = 0 50 m; Y — 045 m

MAX = 0 88m

5. Conclusions

Based on the results of this work, it can be concluded that the attestation of industrial
robot metrics provides the possibility to consider it an a priori essential component of
the technological preparation of robot automated production systems, which requires the
following steps:

e  The determination of the required and/or possible orientation of the technological
robotic kit at a certain point of its positioning in the industrial robot working area;
this is due to the requirements for the implementation of specific technologies that
require ensuring the geometric and kinematic accessibility of hard-to-reach points
of technological service work positions of FMCs (for example, when performing
technological operations of welding, gluing, assembly, etc.);

e  The analysis of the possibility of deploying and planning technological equipment,
taking into account the necessary provision for a certain orientation on the techno-
logical robotic kit at the point of technological service for the industrial robot at the
relevant work position on the flexible manufacturing cells;
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e  The synthesis of trajectories of movement in technological robotic kits in robot au-
tomated production systems, taking into account the coordinates of the point for
technological service of the work position at FMCs;

e  The use of the results of metric attestation both when designing new FMCs and when
replanning work positions in existing flexible manufacturing cells;

e  The reduction of time, intellectual, financial and other resources when placing and
planning work positions in industrial robot working areas, while at the same time
increasing the level of automation of this process and the visualization of its results;

e  The possibility, in the case of the absence of a real industrial robot for the production
system, to carry out the metric certification using digital double industrial robots.
This significantly reduces the cost of the metric certification process and increases the
efficiency of the technological robotic kit in robotic automated manufacturing systems.
This creates prerequisites for modeling trajectories of various geometric figures with a
given technological robotic kit orientation, which is interpreted as one of the obvious
areas for further research.
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