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In response to the increasing demand for efficient and automated production processes,
Digital Twins have emerged as a vital tool for optimising industrial operations and
preemptively identifying equipment issues. An important component of the Digital Twin is
the storage of historical data on equipment operation. This research focuses on developing a
universal database structure for storing position data of various industrial robots, including
Cylindrical, SCARA, Articulated, and Cartesian/Gantry robots. The proposed database uses
the Denavit-Hartenberg (DH) method, widely recognised for representing robot kinematics.
Combining the Denavit-Hartenberg method with relational database technology provides a
flexible and scalable solution for managing the diverse and complex data associated with
robot configurations. This structure makes it possible to apply this development in industrial
environments where robots with different degrees of freedom and different kinematic chains
are used. The combination of the Denavit-Hartenberg method with relational database
technology provides a flexible and scalable solution for managing diverse and complex data
related to robot configurations. The database design supports the creation of Digital Twins
for industrial robots, facilitating enhanced operational monitoring, predicting maintenance,
identifying wear patterns, detecting abnormal behaviour and predicting potential equipment
failures. This approach minimises downtime and extends the lifetime of robotic systems, which
ultimately contributes to sustainable production and is in line with the concept of Industry 4.0.
In this study, we present a database framework specifically for storing data on the position of
equipment nodes. The created entities allow storing data on the position of each robot node.
When the position of a node changes, only those Denavit- Hartenberg parameters that have
changed are stored in the database. This allows you to optimise memory usage without losing
the collected data. The database structure can be expanded by adding data from other sensors
installed on the robot or other peripheral devices, or data generated by the Digital Twin.
Further research will test the effectiveness of the database structure.

Key words: Digital Twin, Data Storage, Industrial Robotics, Kinematics, Denavit-Hartenberg
Method.

Hanaxcuenxo €. B., Illenopux B. B. Cxoeuwie oanux Iugpoeux /lsiiinuxie ons
KineMamuKu npoMuciogux pooomis

V 6ionosiov na spocmarouuii nonum Ha egexmueHi ma asmomMamu308ami UPOOHUYI NPo-
yecu, Lupposi Jlsiiinuku cmanu HAO36UYAUHO BANCIUBUM [HCMPYMEHMOM ONisl onmumizayii
HPOMUCTOBUX Onepayiil ma 3a64acHo20 GuUAsNeH s npobiem 3 001a0HaHHAM. Basicausum xom-
nonenmom Llugposoco [[gitinuxka € cxosuuje icmopuyHux OaHux npo pooomy 0ONAOHAHHS.
Aoowce 3ibpami Oami Moxcymv Oymu GUKOPUCIAHI A AHANIZY, MOOENIOBAHHA MA ONMUMI3AYIL.
Lle docniosicenns 30cepedicene Ha po3podyi YHieepcanvHoi cmpykmypu 6asu 0anux 0 36epi-
2aHHSL OAGHUX NPO NONONCEHHSL PIZHUX NPOMUCTO8UX pobomis, exktouatouu yuninopuunux, SCARA,
WAPHIPHUX Ma 0eKapmosux/nopmanvHux pooomis. 3anpononogana 6a3a OAHUX GUKOPUCHOBYE
memoo [enasima-I apmenbdepea, AKuil 8UKOPUCMOBYEMbCA O NPEOCMABNICHHS KIHeMAMUKU
pobomis. Taxka cmpykmypa 0036014€ 3ACMOCO8Y8AmMU Y0 pO3POOKY 8 NPOMUCTOBUX YMOBAX, O
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BUKOPUCMOBYIOMbCS pOOOMU 3 PI3HUM CIYNEeHeM c80000u i Pi3HUMU KIHEMAMUYHUMU JAHYIO-
eamu. TToeonanns memooy Henasima-I apmenbepea 3 mexnonozicio persyitnux 6a3 0anux 3abes-
neuye eHyuKe i Macumaobo8ane pitieHHs 018 YNPAGIiHHA PISHOMAHIMHUMU | CKIAOHUMU OAHUMU,
nos'szanumu 3 Kougizypayismu pobomis. Juszatin 6a3u danux niompumye cmeopens L{ugpposux
HsilinuKie 01 npOMUCI08UX pOOOMIE, 1O NONE2ULYE ONEPATNUGHUI MOHITOPUHS, NPOSHO3Y8ANHS
MEXHIYHO020 00CIY208Y8ANHSA, BUSHAUEHHSI MOOELel 3HOCY, BUABTIEHHSI HeHOPMATbHOT NOGEOIHKU
ma NpoSHO3YBAHHA NOMEHYIUHUX 8i0M06 00n1aoHanHs. Takuil nioxio MiHIMI3ye Yac npocmor ma
NO00BIICYE MEPMIH eKCHAyamayii pobomu308aHux cucmem, wo @ KiHyegomy nioCymKy CHpusic
cmanomy eupobHuymey ma eionosioac xowyenyii Inoycmpii 4.0. B ybomy 0ocniodxcenri npeo-
CMasieHo Kapkac 6azu 0anux came Ons 30epieants OAHUX NPO NOLONCEHHSL 8V3Ti8 OONAOHANHS.
Cmeopeni cymuocmi 003601510mb 30epicamu OaHi NPo NONONCEHHS KOHCHO20 8Y31a poboma.
Ipu 3mini nonodcenns 8y3na 6 6azi Oanux 3oepicaiomvcs minoku mi napamempu J{enasima-I ap-
menbepea, aKi sminunucsy. Lle 0ozeonae onmumizyeamu UKOPUCTNANHA NAM SIMi He 8Mpayvadu
npu yvomy 3i6pani oani. Cmpykmypa 6asu Oanux moogice Oymu po3umupena 000a6anHM OAHUX
3 0AMYUKI8 BCMAHOBIEHUX HA poOOmi, nepuepitiHux npucmpois, abo Hc OAHUX 32eHEPOBAHUX
Lugposum /[gitinuxom. B nodanvuux 00CHioxNceHHax Oyde nepesipeHo ehekmusHicmy GUKOPU-
CMAaHHA CMpyKmypu 0a3u OaHUX.

Knrwwuosi cnosa: Lupposuii [sitinuk, 6aza 0anux, pobomomexHika, KiHeMamuxd, Menoo
Jenasima-Xapmenbepea.

Introduction. Modern production trends and the level of automation development
motivate companies to create Digital Twins of equipment and processes. Digital Twin
technology optimises production processes and helps to identify equipment problems
in advance. It makes the entire production process cheaper by simplifying equipment
development, operation, and maintenance. Digital Twin optimises processes and speeds
up production readjustment. The growing interest in this topic among scientists and
companies' application of this technology creates an excellent potential for future devel-
opment.

Digital Twins are used in urbanisation, manufacturing, medicine, robotics, agricul-
ture, military/aviation, and mobile networking/communication [1]. Robotics and manu-
facturing are two areas where Digital Twins are actively used. Digital Twins are appli-
cable for individual instances of equipment [2] and entire virtual factories [3]. Various
industrial robot manipulators are used depending on the needs and purpose. Cylindrical,
SCARA, Articulated, Cartesian/Gantry and Delta/Parallel robots are the most common
in the industry [4]. Different robots are used in various spheres of life, such as industry,
laboratory research, food industry [5], medical field [6], and additive manufacturing [7],
and scientific research [8].

After all, they can perform different functions and come in various sizes. The variety
of types of robots makes it a difficult task to create a universal database for storing data
about their position. After all, all these types of robotss have different kinds of con-
nections. So, depending on the type and purpose of the Digital Twin, the structure for
storing data can differ.

This paper focuses on creating a universal database for storing position data for
Cylindrical, SCARA, Articulated, and Cartesian/Gantry robots.

The project's relevance is due to the need to create a universal database for storing
the industrial robots' position data. This development will significantly facilitate the
initial stages of work on creating a Digital.

The objectives of this study include a thorough analysis of the various methods used
to represent the kinematics of industrial robots. It also involves evaluating the existing
technologies for database creation within the fields of robotics and industry. Addition-
ally, the study aims to develop a robust database structure specifically designed for
storing robot data.




Komrm’rorepHi Hayku Ta iHdopmamniiiai TexHOMOril |

| 113

Literature analysis. A Digital Twin has a complex structure. It is not just a digital
model Figure 1. The concept of a Digital Twin includes a wide range of technologies.
For a Digital Twin to function correctly, it needs a Communication System to exchange
data between the physical and digital worlds. The Physical Twin must be equipped with
appropriate sensors to collect information. Simulation tools for predicting the behaviour
of the physical counterpart and tools for analysing the functioning and state of the sys-
tem are also crucial for a Digital Twin. A user interface for interacting with the equip-
ment is also part of a Digital Twin model. A database in this scheme is a component
for accumulating archive data on system operations. This data can be used to analyse
equipment changes and the preconditions for anomalous behaviour or errors.
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Fig. 1. Digital Twin structural model

To accurately describe a robot’s current position, it is insufficient to know only the
coordinates of the final joint. To fully describe the robot’s state, it is necessary to con-
sider all connections’ positions. The more degrees of freedom a robot has, the more
flexible and functional it can be in performing various tasks. Degrees of freedom deter-
mine the number of independent movements a robot can make. However, increasing the
degrees of freedom also increases the combination of possible joint positions for the
same endpoint position.

The Denavit-Hartenberg method is a standard method for displaying the position
of robot joints. It uses four parameters: a-link length, a(alpha)-link twist, d-link off-
set, and O(theta)-joint angle. The initial values of these parameters describe the rela-
tionships between the moving elements of the robot. Some of these parameters may
change during movement depending on the joint type. Using this method, we can
describe the state of the joints for different types of robots. Moreover, this method can
be applied to robots with different degrees of freedom. This method has been used for
the 4-degrees of freedom SCARA robot [9], Cylindrical robot [10], Kuka robot [11],
and Gantry robot [12].

In addition to using the classic Denavit-Hartenberg method, there are other ways
to calculate kinematics. The Modified Denavit-Hartenberg method is a variation of the
original convention. It alters how some parameters are assigned to improve accuracy,
for example, when calibrating a robot. [13]

The Product of Exponentials (PoE) Method is also often used in robotics to describe
the forward kinematics of a robot using a sequence of exponential maps. They can be
converted to the DH method and vice versa if necessary. For example, the robot can be
calibrated using the PoE method and DH parameters. [14]
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Screw theory is a mathematical framework that represents motion and force in
terms of screws, which are six-dimensional vectors combining linear and angular com-
ponents. [15]

Hyper-Dual Quaternions combine body pose (translation and rotation) and body
velocities into a compact representation, eliminating the need for additional pose differ-
entiation. [16]

Lie Algebra and Lie Groups, Homogeneous Transformation Matrices, and other
methods are also used to describe forward and reverse kinematics. While each method
is employed to describe kinematics, they each have advantages and disadvantages. The
appropriate method is selected based on the specific task requirements.

Each robot has its technical characteristics given by the specification: weight, Work
Envelopes, speed and acceleration characteristics, and the permissible error value. Also,
the robot’s functionality depends on the equipment installed on it. It can be an extruder,
gripper, screwdriver, drill or other tools. It is challenging to universalise information
about the operation of these tools because they can differ significantly in their func-
tionality. These parameters are essential for creating a Digital Twin because only the
totality of all parameters can fully characterise the system’s state. Depending on the
purpose and tasks, the robot can perform different actions. They may be repetitive or
depend on the changing environment. In any case, to track wear, abnormal behaviour
and equipment errors, it is necessary to compare the actual position with the predicted
position of the robot.

Based on the comprehensive systematic review and bibliometric analysis [17], most
Industry 4.0 solutions are developed within the Digital Shadow and Digital Twin. These
solutions are underlying assumptions that humans are the primary end-users of the infor-
mation. Integration emerges as the dominant data management challenge because the
data management component performs a bridging function. Additionally, cloud comput-
ing and storage are identified as the principal technologies employed in implementing
Data Management solutions.

The literature reports [18] a series of system architecture proposals for Intelligent
Manufacturing Systems, which are primarily data-driven. Many of these proposals treat
data storage solutions as entities supporting the architecture’s functionalities. However,
choosing which logical data model to use can significantly affect a system’s perfor-
mance. The suitability of relational and NoSQL databases for different scenarios within
Industry 4.0 depends on the data’s volume, variety, velocity, veracity, and value.

SQL databases are highly effective at managing structured data, making them ideal
for scenarios where the data generated by Digital Twins is consistent and well-defined.
At the same time, NoSQL databases can handle various unstructured data from multiple
sources.

Cloud-based services [19] are also used to build the Digital Twin data management
architecture. Typically, such services are used for complex systems that collect and ana-
lyse information from several types of Digital Twins. In this case, there is a need for
large capacities to process a massive amount of information.

One of the tasks of Data Management is to create an architecture for data storage.
Cloud services can process and store large amounts of data. However, it is also possible
to create an on-premises architecture. The choice of technologies and tools depends on
the tasks, data type, and volume.

Database Development. The Denavit-Hartenberg model has gained wide acceptance
in society. Many algorithms have been formulated using this model, and numerous
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commercial industrial robots are programmed with it. If we use the Denavit-Hartenberg
method, a position data of a robot has a predetermined structure regardless of the type of
connections. Therefore, relational databases are well suited for this task. By combining
the Denavit-Hartenberg method and relational databases, we get a simple structure that
can store robot position data for different types of robots.

For this purpose, we defined six tables that can store the necessary entities.
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Fig. 2. Entity-Relationship diagram

The central entity is a Robot. A robot can have several joints, the relationships and
positions of which are described using Denavit-Hartenberg parameters. Each robot has
a task to perform. A checkpoint is used to control the robot’s position during the execu-
tion of a task. This entity contains the expected and actual coordinates. A Digital Twin
simulation tool can generate expected coordinates, and actual coordinates are obtained
from a Physical Twin. The “Parameter” entity contains only a unique identifier and the
name of one of the four parameters: a, a(alpha), d, and 0(theta). The “Parameters_list”
entity stores the connection parameters. While the robot is moving, some parameters
remain unchanged, depending on the type of connection. Therefore, a flexible structure
was developed for the economical storage of parameters. The “Parameters_list” con-
tains the checkpoint identifier, joint identifier and parameter identifier, the expected and
the actual parameter value. This structure allows to store only the variable parameters
for each joint.

This database schema is only the basis for storing the exact position of all robot
nodes. This database model can be expanded and adapted depending on the needs.
For example, tables can be added if additional data from sensors and other com-
ponents must be stored. This approach can work for different types of robots. The
Denavit-Hartenberg method is quite flexible in combining different types of joints in
one mechanism.
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Table 1
Description of database fields
Table Name Type Description Key Restrictions
Robot robot _id Int Unique identifier for Primary | Not Null,
robot Key Unique
description Text A description of the
robot
Joint joint_id Int Unique identifier for Primary Not Null,
joint Key Unique
robot_id Int References the robot
i Double The sequence number of
the connection
a Double DH parameter 'a'
alpha Double DH parameter 'alpha'
d Double DH parameter 'd'
theta Double DH parameter 'theta’'
Task task id Int Unique identifier for Primary Not Null,
a task Key Unique
robot id Int References the robot
code Text Set of commands to
perform
start_time Datetime | The start time of the task
end time Datetime | The end time of the task
Check point point_id Int Unique identifier for Primary Not Null,
checkpoint Key Unique
task id Int References the task
timestamp Datetime | The timestamp when the
checkpoint was recorded
expected x Double Expected X coordinate
expected y Double Expected Y coordinate
expected z Double Expected Z coordinate
actual x Double Actual X coordinate
actual y Double Actual Y coordinate
actual z Double Actual Z coordinate
Parameter parameter id Int Unique identifier for the | Primary Not Null,
parameter Key Unique
name Varchar The name of the
parameter
Parameters_list | Parameters list id | Int Unique identifier for Primary Not Null,
parameters list Key Unique
point_id Int References the
checkpoint
joint id Int References the joint
parameter id Int References the
parameter
expected value Double Expected value of the
parameter
actual value Double Actual value of the
parameter
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Conclusion. This research presents a comprehensive solution for managing the
position data of industrial robots through a universal database structure based on the
Denavit-Hartenberg method. The proposed database effectively handles the complex-
ities associated with different types of robot kinematics, making it a versatile tool for
creating Digital Twins. The structure's adaptability ensures that it can accommodate
additional data types and sensors as needed, providing a scalable platform for future
developments in robotics and automation. This work contributes to the broader field
of Industry 4.0 by addressing critical challenges in data management and integration,
thereby enhancing the efficiency and reliability of digital manufacturing systems.
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