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Abstract: The integration of Digital Twin (DT), Internet of Things (IoT), and Long Range
Wireless (LoRa) technology in industrial automation increases efficiency, flexibility, and
real-time monitoring. This study proposes a decentralized automation architecture for
SCARA robots, leveraging wireless sensor networks to improve scalability, reduce the
number of infrastructure components, and optimizing data-driven decision-making. Exper-
imental validation demonstrated a 74.9% reduction in cycle time, decreasing from 55.42 s to
13.91 s across all test scenarios. The system achieved a 98.6% packet delivery success rate,
ensuring reliable communication, while latency remained between 1 and 2 s, maintaining
synchronization between the real robot and its digital twin. The main contributions include
the following: (i) a decentralized control framework for SCARA robots, (ii) an evaluation
of LoRa-based wireless communication, and (iii) experimental validation of feasibility. The
results confirm the effectiveness of the system in stable real-time data transmission and
precise robotic movements, offering a cost-effective alternative to conventional structures.
Despite the advantages, challenges such as data security, interoperability, and real-time
synchronization require further research. This study provides insights into the practical im-
plementation of DT, IoT, and LoRa in industrial robotics, paving the way for advancements
in smart manufacturing and Industry 4.0.

Keywords: Digital Twin (DT); Internet of Things (IoT); LoRa (long range); wireless sensor
networks (WSNs); SCARA robot; Industry 4.0; smart manufacturing; cyber-physical
systems (CPS)

1. Introduction
The increasing demand for automation in industrial environments has driven the

development and adoption of innovative technologies aimed at improving efficiency,
flexibility, and real-time monitoring of processes. Among these technologies, Digital Twin
(DT), the Internet of Things (IoT), and wireless sensor networks (WSNs) have gained
prominence due to their ability to create smart, autonomous, and decentralized systems [1].
The integration of these technologies has enabled industries to optimize their operations
by providing real-time insights, predictive maintenance, and enhanced decision-making
capabilities [2].
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SCARA (Selective Compliance Articulated Robot Arm) robots are widely used in auto-
mated industrial environments due to their speed, precision, and adaptability in assembly,
pick-and-place, and material handling applications [3]. While many traditional automa-
tion architectures depend on wired communication and centralized control systems, their
scalability and flexibility may be constrained in environments requiring high adaptability
and distributed intelligence. This limitation is particularly evident in applications that
demand real-time reconfigurability and seamless integration of heterogeneous devices [4].
In this context, the incorporation of IoT and WSN technologies into SCARA robots offers a
decentralized approach that enhances operational autonomy while reducing infrastructure
dependency [5].

One of the main obstacles in using decentralized automation is establishing a reliable
and efficient communication network that can operate over long distances with minimal
energy consumption. Long Range (LoRa) technology has emerged as a viable solution,
providing low-power, long-range wireless connectivity for industrial applications [6]. LoRa
enables seamless data transmission between sensors and control systems, facilitating
the integration of DT and IoT in SCARA robots without the need for extensive wired
infrastructure [7]. This integration is particularly beneficial for environments with limited
network access, remote manufacturing facilities, and mobile automation applications [8].

Despite the advantages of DT, IoT, and LoRa in industrial automation, several chal-
lenges remain, including data security, real-time synchronization, and interoperability
between heterogeneous devices [9]. Despite the advances promoted by the integration of
DT, IoT and LoRa in industrial automation, relevant technical challenges persist, partic-
ularly in relation to information security, real-time synchronization and interoperability
between heterogeneous devices [9]. The adoption of networks such as LoRaWAN increases
the surface area of exposure to cyberattacks, especially due to the presence of IoT de-
vices connected to sensors with limited computing capacity, which makes it difficult to
implement robust cryptographic algorithms [10,11]. Although the LoRaWAN protocol
uses AES-128 encryption in the network and application layers, its effectiveness depends
directly on the secure management of keys such as AppKey, NwkSKey and AppSKey.
The vulnerability of any element of the infrastructure—sensors, gateways, network and
application servers or the DT platform itself—can compromise operational data or allow
unauthorized access [11]. The function of DT as an aggregator and processor of data from
critical assets makes it a sensitive point within the system architecture. In this scenario, it
is essential to ensure the authenticity, integrity and confidentiality of data, from its origin
in the sensor to its virtual representation and the return of commands, which requires
integrated security solutions compatible with distributed environments [10]. Although
there are studies applying DT in large-scale industrial contexts, there is a lack of research
addressing its application in decentralized systems with restrictions on computational
resources [12]. Overcoming these challenges requires the creation of methodologies and
architectures that ensure robust, secure, and scalable automation solutions [13].

This study presents a novel approach by integrating DT, IoT, and LoRa for wireless
communication in SCARA robots, addressing challenges in real-time decentralized automa-
tion, reducing latency, and improving data transmission efficiency. The Digital Twin was
developed through a structured process involving three main stages, the first being 3D
modeling and simulation: the SCARA robot was modeled in Autodesk Inventor 2025, with
integrated kinematic and dynamic properties for accurate replication. The second stage
was real-time data synchronization: sensor data were collected via a LoRa-based wireless
network and processed using an IoT-enabled edge computing system. The third stage was
the deployment of the Digital Twin: the real system was implemented in a virtual envi-
ronment in Blender 3.4 software, ensuring continuous synchronization with the physical
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robot and enabling predictive analytics for performance optimization. The research aims
to assess the feasibility, benefits, and potential limitations of this approach, focusing on
real-time data transmission, system synchronization, and operational efficiency. Through
experimental validation, the study provides insights into the practical implementation of
these technologies and their impact on industrial automation.

This paper is organized as follows: Section 2 provides a literature review on Digital
Twin applications in industrial robotics, wireless sensor networks and IoT in decentralized
automation, and LoRa as a connectivity solution for SCARA robots. Section 3 details the
materials and methods used in the study, including the design and implementation of the
proposed system. Section 4 presents the results and analysis of experimental validation,
and Section 5 discusses the key findings, challenges, and future research directions. Finally,
Section 6 concludes the paper by summarizing the contributions and potential industrial
implications of the study.

2. Background
2.1. Digital Twin in Industrial Robotics: Advances, Challenges, and Emerging Technologies

The concept of Digital Twin (DT) is associated with the creation of a digital replica of a
physical system, which allows the simulation, operation and monitoring of processes in real
time for their optimization [14]. This technology has established itself as an efficient tool
in industrial robotics, especially for the automation and control of complex systems [15].
DT enables the integration of the virtual model with the physical structure of the robot,
enabling real-time adjustments based on data collected by sensors [16]. This integration
contributes to improving operational accuracy and efficiency, in addition to allowing fault
diagnosis and reducing operational costs [17].

In recent years, the application of DT has predominantly been observed in large
automotive and manufacturing industries, where precision and automation are essen-
tial [18]. Digital Twin (DT) technology enables continuous monitoring and predictive
analysis in industrial systems. However, in centralized control architectures, the scalability
and complexity of the network infrastructure can limit the efficiency of DT, especially in
environments with multiple distributed devices. In these contexts, the centralization of data
traffic can generate congestion points, increasing system response time and compromising
the near-real-time communication required by sensitive industrial applications [19]. The
integration of DT with wireless sensor networks (WSNs) and LoRa technology enables
decentralized automation architectures that distribute the communication and control load,
reducing bottlenecks and increasing operational flexibility in environments with infrastruc-
ture constraints and the need for dynamic adaptation [20]. Current studies demonstrate
that DT can be used to simulate the behavior of industrial robots, enabling the identification
of faults and optimizations without interrupting production [21]. The use of modeling and
simulation to optimize industrial processes has been widely explored in the automotive
industry, as demonstrated by recent research into validation protocols for new designs [22].
The implementation of digital twins (DT) follows this same approach by integrating virtual
models into production processes, allowing the identification of risks and reducing valida-
tion times. In decentralized environments, this application becomes even more relevant,
as it enables continuous monitoring of operations without the need for robust centralized
infrastructure. The ability to predict failures and optimize operational cycles reinforces the
viability of DT to increase industrial efficiency and competitiveness [23].

This simulation process is closely related to the integration of emerging technologies,
such as IoT and wireless sensor networks, which allow the creation of a more agile and
flexible control system [24]. The use of emerging technologies included in industry 4.0, such
as Simulations, Vertical and Horizontal Integration, Augmented Reality, Virtual Reality,
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and IoT can also be associated with DT in a synergistic way in the automation process
specifically in real-time data collection [25]. The integration of emerging technologies,
such as Augmented Reality (AR) and Computer Vision, strengthens the adoption of DT in
industrial processes, offering intuitive interfaces for analysis and control of operations [14].
An example of this synergy is observed in the identification of aromatic herbs using mobile
devices, demonstrating how digital solutions can improve the accuracy of classification and
decision-making [15]. In the context of industrial automation, the incorporation of AR can
provide improved visualization of DT models, facilitating remote supervision of SCARA
robots. This technological convergence contributes to the decentralization of automation,
expanding its applicability in manufacturing sectors with limited infrastructure [26].

SCARA robot models can be improved with machine learning methods to optimize
their behavior and prevent failures. Autonomous systems such as DT can incorporate
learning techniques to improve the performance of robots in real time, optimizing their
actions through autonomous learning methods [27].

However, despite advances, there are still gaps in the use of DT, especially in decen-
tralized automation environments. Most of the literature addresses its implementation
in industrial environments with robust IT infrastructures and centralized control [28].
The application of DT in smaller-scale environments, such as small factories or research
laboratories, which do not have a high capacity network, has been little explored [29].

From a methodological point of view, most studies use simulations and systems
modeling, with the help of platforms such as Autodesk and Blender, to create 3D models
of robots. These models are used to simulate and analyze the behavior and movement of
robots [30]. However, real-time integration with data from sensors still faces challenges
in information security, such as communication latency and synchronization between
virtual models and physical systems [31]. The adoption of cloud computing platforms for
data processing and analysis is also an area of growing interest, but there are still issues
related to connectivity and the cost of the infrastructure required to support this type of
implementation [32].

Among the main contributions of DT to industrial robotics, the improvement in
monitoring the health of robots and the optimization of operations stands out. DT allows
the robot’s operating condition to be monitored continuously, which results in increased
accuracy and minimized operational failures. The implementation of DT in SCARA-type
robots has contributed to reducing downtime and improving resource management, which
directly impacts the efficiency of the production process [33].

The use of DT can transform the management and control of operational processes,
allowing real-time adjustments to the operations of SCARA robots. In environments with
limited network infrastructure, such as in remote locations or mobile applications, DT
can facilitate system adaptation to operating conditions, improving the flexibility of the
automation system [34]. The ability to operate in decentralized scenarios, where centralized
control is unfeasible, makes DT an important solution in industrial environments with
logistical or connectivity challenges [35].

Despite its potential, the large-scale adoption of DT in SCARA robots still faces tech-
nical and economic barriers [36]. The integration of DT with real-time systems requires
efficient solutions to deal with data latency and ensure synchronization between the virtual
model and the physical structure, as observed in studies using cloud platforms for data
processing [37]. The costs associated with implementing the infrastructure necessary to
support this integration, such as servers and sensors, still represent an obstacle for small
and medium-sized companies [38]. Examples of difficulties include the need for advanced
computing resources to process large volumes of data generated by sensors and the imple-
mentation of cybersecurity solutions to protect information during communication between
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the robot and the digital model. These factors still limit the application of DT in industrial
scenarios with budget restrictions [39].

2.2. Wireless Sensor Networks and IoT in Decentralized Industrial Automation

The integration of Wireless Sensor Networks (WSNs) and Internet of Things (IoT) has
transformed the field of industrial automation, especially in the context of decentralized
systems. WSNs are composed of sensors that collect and transmit data in real time, using
low-energy consumption communication protocols [40].

Associated with IoT, these networks become more efficient, enabling the intercon-
nection of heterogeneous devices and large-scale data management. This technological
evolution offers greater flexibility to industrial systems, allowing the automation of pro-
cesses in remote locations and the optimization of production in dynamic environments [41].
The study of IoT hardware platforms through frugal innovation directly contributes to the
development of low-cost and efficient solutions, essential for the integration of Digital Twin
and IoT in SCARA robots, enabling decentralized automation in smaller-scale industrial
environments [42].

The application of WSNs and IoT has been widely explored in industrial systems for
predictive monitoring and real-time control. The use of sensors connected via IoT in indus-
trial robotics allows the continuous collection of performance data and the identification of
anomalies before failures occur [43]. Practical studies show that the integration of these
technologies already contributes to predictive maintenance in assembly lines, reducing
repair costs and increasing the efficiency of production processes. The integration of IoT
and mobile sensors allows you to optimize industrial processes in real time, essential
for the automation of SCARA robots. An applied example is the proposed architecture
for identifying aromatic herbs, where mobile devices and AR enable data collection and
analysis, improving operational efficiency [44]. However, these implementations have
largely focused on scenarios with robust infrastructure, while applications in decentralized
environments, with limited infrastructure, are still challenging [45].

Despite advances, critical gaps remain in the integration of WSNs and IoT in decen-
tralized industrial automation. One of the main barriers is the limitation of communication
over long distances, especially in large industrial environments where wired or high-speed
connectivity is not available [46]. Another point to be observed is that the energy con-
sumption of sensors and the security of data transmission continue to present recurring
challenges. Also noteworthy is the lack of universally accepted standards for interoper-
ability between IoT devices, making it difficult to integrate different manufacturers and
platforms [47].

To address these challenges, methodologies focused on long-range, low-power com-
munication protocols, such as LoRa (Long Range), have gained prominence. This protocol
offers the ability to transmit data over distances greater than 10 km in open environments,
with significantly reduced power consumption [48]. Practical implementations demon-
strate that the use of LoRa in wireless sensor networks allows reliable communication
even in remote locations, making it an ideal solution for decentralized automation in large
industries. The implementation of IoT-based architectures with LoRa gateways facilitates
connectivity between sensors and centralized or distributed control systems, promoting
greater scalability [49].

The results of these approaches highlight clear advantages, such as reduced depen-
dence on traditional network infrastructure and greater flexibility in monitoring and con-
trolling industrial processes. Decentralized systems using IoT and WSNs have greater
ability to adapt to variable operational conditions, such as changes in production demand
or failures in specific sensors. For example, in a manufacturing plant, LoRa-based sensors
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can communicate machine conditions in real time, enabling automatic decision-making by
controllers [50].

However, security issues remain a point of attention. The implementation of en-
cryption and authentication techniques to protect communication between sensors and
controllers is essential to guarantee data integrity. Attacks on wireless sensor networks
can compromise the operation of industrial systems, highlighting the need for robust
security measures. Protocols such as LoRaWAN (Long Range Wide-Area Network) sup-
port end-to-end encryption, minimizing the risks associated with data interception during
transmission [51].

The integration of WSNs and IoT in decentralized industrial automation represents a
significant advance, allowing greater flexibility, efficiency and adaptability of industrial
systems. Protocols such as LoRa have proven to be essential for overcoming connectivity
and energy consumption limitations in decentralized environments. However, the success
of this integration depends on continued efforts to address existing gaps, such as data
security and interoperability between devices [52].

2.3. LoRa as a Connectivity Solution in SCARA Robots for Industrial Environments

LoRa (Long Range) technology has established itself as an efficient option for solving
connectivity problems in industrial environments, especially where traditional network
infrastructure is limited [53]. LoRa enables wireless communication over long distances
with low power consumption, making it suitable for wireless sensor networks (WSNs)
and Internet of Things (IoT)-based applications [54]. The use of LoRa in SCARA robots
facilitates communication between robots and control systems, enabling decentralized
automation and continuous operation in remote industrial environments or with limited
internet coverage [55].

The integration of LoRa with SCARA robots has demonstrated substantial advantages,
especially in large-scale industrial environments or remote areas. The range of up to
10 km in open environments and energy efficiency are important features that enable data
communication without the need for a wired network infrastructure [56]. The application
of LoRa in SCARA robots allows autonomous operation of these systems in locations
where traditional connectivity would be unfeasible, in addition to providing a solution for
real-time data transmission, improving automation efficiency, even in isolated industrial
locations [57].

However, the adoption of LoRa in SCARA robots faces challenges related to data
security and reliability. Data encryption and strong authentication are essential to protect
the integrity of transmitted information. Communication in LoRa networks is susceptible
to interference and transmission failures, especially in complex industrial environments,
which requires the development of advanced security mechanisms. Securing communi-
cation in wireless networks is a critical factor for large-scale adoption, as data integrity is
vital in sensitive industrial systems [58].

In addition to security aspects, the integration of LoRa with other technologies such
as wireless sensor networks (WSNs) still presents technical difficulties. Although there
are established standards for LoRa, compatibility between these standards and other com-
munication protocols can limit the system’s efficiency. The need to ensure interoperability
between heterogeneous devices is an important challenge for the implementation of de-
centralized industrial automation solutions, requiring that new communication models be
developed to meet these needs [59].

In terms of methodologies, the application of LoRa in SCARA robots has been in-
vestigated mainly through experimental studies and tests in controlled environments.
These studies focus on measuring communication range, latency and reliability, as well
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as energy consumption under different conditions. Preliminary results indicate that, al-
though LoRa is efficient in terms of range and consumption, real-time data transmission
and synchronization with control systems still present challenges in high data-demand
scenarios [60].

The main benefits of using LoRa in industrial systems include reducing operational
costs and reducing dependence on traditional networks. In SCARA robots, wireless con-
nectivity provides greater flexibility and operational autonomy, without the need for wired
infrastructure. The implementation of this technology can contribute to the automation of
production processes in remote or difficult-to-access locations, in addition to facilitating
predictive maintenance through real-time monitoring [61].

The creation of hybrid communication architectures, which integrate LoRa with other
technologies, can expand the practical applications of this technology in complex industrial
environments. Furthermore, the development of more robust and secure protocols will be
critical to ensure the long-term viability of decentralized automation [62].

Craig (2018) described the inverse kinematics of SCARA robots as a fundamental
approach to ensure accurate joint positioning and trajectory execution [63]. Pearson de
Oliveira (2001) presents PID control as a widely adopted method for joint stabilization, mit-
igating dynamic variations and improving response times [64]. Spong (1989) discusses the
role of incremental encoders in position feedback, increasing repeatability in robotic tasks
such as pick-and-place operations [65]. Tsai (1999) addresses the integration of wireless
communication networks with two digital technologies, allowing real-time monitoring
and interruption adjustment without interrupting system operation [66]. These concepts
provide a theoretical basis for the experimental setup and validation methodology applied
in this study.

3. Materials and Methods
The Background section reviews Digital Twin, IoT, and LoRa technologies and their

application in industrial automation. While previous studies have explored these tech-
nologies independently, there is limited research on their combined implementation in
SCARA robots for decentralized automation. This study addresses this gap by devel-
oping a fully integrated system that leverages real-time data synchronization between
the physical and virtual models, achieving improved responsiveness and adaptability in
industrial environments.

The three-dimensional modeling of the SCARA robot was carried out in the Inventor
2025.0.1 software package (AutoDesk, San Francisco, CA, USA) and then inserted into
the Blender virtual environment, allowing the simulation of the project’s kinematics and
validation of dimensions and geometries before manufacturing.

The controller was also developed digitally to test the control interface in the virtual
environment. The development of the drive control aimed to connect and verify the
compatibility of the model with the physical components and optimize the printing and
assembly process, as illustrated in Figure 1.

The physical structure of the SCARA robot was manufactured through 3D printing
using filament with PLA material, due to its good balance of rigidity and ease of manufac-
turing. The assembly was carried out using bearings, cables and servomotors to guarantee
the mobility and stability of the axes. This process allows the creation of a functional
prototype, replicating the characteristics of an industrial system on a reduced scale.

Figure 2 shows the controller in its real state. It was 3D-printed using filament with
PLA material, incorporating electronic components such as on/off buttons and controlling
the robot’s movements. LEDs were implemented to indicate the operational status of the
process in real time. To enable mobility, the controller was equipped with a recharge-
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able battery, allowing operation without the need for constant connection to an external
power source.
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Wireless communication was established using two ESP32 LoRa V3 modules (TSMC,
Hsinchu, Taiwan) with OLED display, configured as transmitter (controller) and receiver
(SCARA robot). The system uses an integrated antenna for efficient data transmission over
long distances, ensuring connectivity between devices. This approach eliminates the need
for cabling and enables robot integration in decentralized industrial environments [67].

The LoRaWAN protocol was adopted to ensure reliable communication between
devices using Semtech’s LoRa radio frequency technology. Data transmission was imple-
mented via coded packets, ensuring integrity and security in communication. The system
continuously scans the controller states, buffering the information before sending it to the
receiver, ensuring a quick and efficient response from the SCARA robot, as illustrated in
Figure 3.
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4. Results
The DT implementation was initially developed and tested in a virtual environment

using Blender software, followed by validation on a real SCARA robotic system. Per-
formance metrics such as response time, synchronization accuracy, and error rates were
measured to ensure consistency between digital twins and the real world. The tests carried
out confirmed the successful transmission of commands between the button panel and the
SCARA robot using LoRaWAN technology. Wireless communication has demonstrated
stability, ensuring efficient exchange of information without noticeable latency. During
the evaluations, no significant external interference was observed, demonstrating the ro-
bustness of the protocol adopted for the industrial environment. The antenna integrated
into the devices allowed a reliable transmission range, ensuring the system’s viability in
scenarios with physical obstacles, as illustrated in Figure 4.
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In Figure 5, the system’s response to command input has been accurately validated.
The controller sent activation signals efficiently, and the SCARA robot responded imme-
diately, without noticeable delays. Displaying operational states on the ESP32′s OLED
display confirmed that the data were processed correctly, allowing real-time monitoring
of communication and system operation. This behavior is fundamental for industrial
applications where synchronization and reliability are essential for process automation.

The physical and logical architecture of the system was designed to ensure efficient
communication between the physical and digital environments, with a focus on decentral-
ized control and operational robustness. Figure 5 illustrates the practical implementation,
demonstrating the functional results obtained. The system consists of two ESP32 LoRa
V3 modules with 915 MHz antennas, which play a key role in wireless communication
and real-time data processing. One of the modules, coupled to an OLED display, provides
a local monitoring interface to display the system’s operational status. The 3D-printed
controller contains physical buttons that, when pressed, efficiently send activation signals
to the ESP32 LoRa V3 module. These signals are then transmitted wirelessly to the receiver
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module, which controls the movements of the SCARA robot, also 3D-printed. The robot,
equipped with SG90 servomotors, performs precise movements in all three axes, without
evidence of noticeable delays between command and execution. Wireless communication
between modules, precise actuator response and OLED display ensure system reliability
and synchronization, essential for industrial applications. The control box is powered by a
Li-Ion 18650 battery module, which allows autonomous operation and system portability.
Blender software, running on a PC, serves as the environment for building and simulating
the robot’s digital twin, promoting integration between the physical and digital models.
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The control logic is structured to efficiently and responsively transform physical
actions into digital signals. Internally, the controller is wired to the first ESP32 LoRa V3
module, which receives operator input via physical buttons and converts them into digital
signals. These signals are then transmitted via 915 MHz wireless communication to the
second ESP32 LoRa V3 module, positioned next to the SCARA robot. The receiver module
interprets the digital signals and drives the SG90 servomotors, causing the physical robot
to move. At the same time, the same instructions are sent to the virtual environment in
Blender, ensuring synchronization between the physical robot and its digital twin. This
decentralized and wireless architecture enables efficient communication and continuous
monitoring without the need for a wired connection, making the system suitable for
industrial applications that require high reliability and flexibility.

The use of the LoRa module as communication middleware in this study is not re-
stricted to a traditional wireless communication application, such as those offered by
technologies such as Wi-Fi, Bluetooth and 4G/5G, but seeks to explore its technical char-
acteristics, such as greater range and low energy consumption, which are fundamental in
decentralized industrial scenarios. LoRa is particularly suitable for environments where
wired infrastructure is limited or unfeasible, providing an efficient communication solution
between the SCARA robot and the digital simulation environment, maintaining synchro-
nization between the physical system and the digital twin, justifying its applicability in this
customized context. The logical diagram of the system can be seen in Figure 6.

The assembly of the SCARA robot followed the established plan, with all mechanical
components correctly integrated. During the movement tests, the servomotors responded
to commands without failure, ensuring precision of movement in all axes. The PLA-
printed structure demonstrated sufficient resistance to withstand the simulated operations,
presenting structural stability and adequate mechanical functioning. These results reinforce
the feasibility of the prototype for future applications in real industrial scenarios.
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The implementation of the rechargeable battery in the controller guaranteed au-
tonomous operation of the system, eliminating the need for connection to external power
sources. During testing, the energy autonomy was sufficient to support prolonged periods
of operation without noticeable degradation in performance. The modular design of the
system allowed for easy integration of the solution into different industrial environments,
without the need for additional cable infrastructure. This flexibility expands the application
possibilities of the SCARA robot in decentralized production lines, where mobility and
cable independence are significant advantages.

The simulation was carried out with 50 repetitions for each scenario, using different
speed and acceleration settings to evaluate the impact of these parameters on the cycle time
of the SCARA robot. In scenario 1, with an average speed of 16.25 mm/s and acceleration
of 2.03 mm/s2, the total time was 55.42 s. In scenario 2, by doubling the speed to 32.5 mm/s
and increasing the acceleration to 8.13 mm/s2, the time was reduced to 27.96 s. In scenario 3,
with an average speed of 65 mm/s and acceleration of 32.5 mm/s2, the total time reached
13.91 s, demonstrating the evolution of the project based on trajectory optimization.

Analysis of individual times shows that speed and acceleration directly impact the
duration of transitions between robot movement points. In scenario 1, for example, the
movement between P0 and P3 was completed in 31.03 s, while in scenario 3, this same
trajectory was completed in 7.87 s. The consistency of the times obtained throughout
the repetitions validates the model’s accuracy, demonstrating that the optimization of
kinematic parameters can be applied to increase the system’s efficiency. Below, Table 1
presents detailed information about the displacements in the axes and the average values
obtained for each scenario.

The values of latency, packet delivery success rate, and cycle time reduction were
obtained from the analysis of experimental data recorded during system tests. The la-
tency ranged between 1 and 2 s, measured as the time difference between the real SCARA
robot’s movement and its representation in the digital twin. The success rate of 98.6% was
determined by comparing the total number of packets sent with the number of packets
correctly received in the controlled industrial environment. The 74.9% reduction in cycle
time between scenarios 1 and 3 was calculated by analyzing the difference between the
initial and final times recorded in Table 1, where the time dropped from 55.42 s to 13.91 s,
demonstrating system optimization. Cycle time represents the total time taken to com-
plete one full movement sequence of the SCARA robot, including transitions between all
predefined positions.
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Table 1. Results obtained in relation to movements along axes and times.

Points X Axis Distance
(mm) Y Axis Distance

(mm) Z Axis Distance
(mm) Scenario 1—Time (s) Scenario 2—Time (s) Scenario 3—Time (s)

Home
Position—P0 X 0 Y 0 Z 0 0.00 0.00 0.00

P1 X −130 Y −130 Z −130 8.12 4.03 1.97
P2 X −130 Y −130 Z 0 8.23 4.07 2.02
P3 X 0 Y −250 Z 0 14.68 7.98 3.88
P4 X 130 Y −130 Z 0 7.96 4.06 2.05
P5 X 130 Y −130 Z −130 8.18 3.88 1.93
P6 X 130 Y −130 Z 0 8.25 3.94 2.06

Home
Position—P7 X 0 Y 0 Z 0 0.00 0.00 0.00

Cycle time 55.42 27.96 13.91

5. Discussion
The significant reduction in cycle time between scenarios demonstrates the impact

of speed and acceleration on the efficiency of the robotic cell. Scenario 3, operating at
65 mm/s and 32.5 mm/s2, presented the lowest total time, showing that the controller
parameterization can be adjusted to maximize productivity. The accuracy of the movement
during its start and respective stops at this point of the study requires further study, since
these variables were not addressed at this time [1]. However, there is a limit to these gains,
as high speeds can increase mechanical wear and energy consumption, factors that must be
balanced when optimizing the system [2].

Compared with previous studies, it was found that similar speed and acceleration
settings result in equivalent performance in different industrial applications [3]. The im-
plementation of these strategies requires strict control of operating conditions, as dynamic
oscillations can negatively impact the robot’s stability. Another point to be considered
is the interaction between hardware and software, as response and processing times can
influence the real cycle time [5].

The experimental system comprises the following:

- Robot: 2-axis SCARA (J1, J2), 150 mm reach, nominal load capacity of 0.4 kg. Driven
by DC servomotors with gearbox and nominal torque of 10 kgf-cm, equipped with
1000 PPR incremental encoders for position feedback [63].

- Microcontroller: Dedicated microcontroller (e.g., ESP32 or similar) performing the
inverse kinematics, PID control for the joints and communication [64].

- Communication Module: LoRa module (e.g., SX1276/78) connected to the microcon-
troller, configured as a Class A LoRaWAN device, operating in the 915 MHz ISM band
(or 868 MHz, depending on the region), with Spreading Factor (SF) 7 and transmission
power of 14 dBm.

- Gateway and Network: Commercial LoRaWAN gateway connected to the internet,
using a network server (e.g., The Things Network or ChirpStack) and an application
server to decode payloads and interact with the Digital Twin [65].

- Digital Twin: Blender-based platform with Python 3.13 script that receives data via
MQTT/API from the application server [66].

Test procedure:
Primary validation was performed via a standard pick-and-place task:

1. Path: Pick up a light object (<0.1 kg) at position A (Polar Coordinates: Radius = 120 mm,
Angle J1 = 0◦) and deposit it at position B (Radius = 120 mm, Angle J1 = 90◦), returning
to position A. Vertical movement (Z axis) was not considered in this 2-axis model.

2. Measurements: Cycle Time: Measured by the on-board microcontroller, from the start
to the end of a complete cycle (A → B → A). Average of 1000 consecutive cycles.
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• Response Time (Remote Command): Measured on the Digital Twin/application
server as the delta between sending a ‘start cycle’ command via the LoRaWAN
downlink and receiving confirmation of the start of movement via the uplink.
Average of 50 commands.

• Accuracy (Repeatability): Measured using a clock comparator positioned at
point B. The robot performed 100 cycles, and the maximum deviation in the final
position at B was recorded.

• Accuracy (Estimated Absolute): Checked by comparing the commanded end
position (point B) with the achieved position measured by an external vision
system (calibrated) for 10 cycles.

3. Conditions: Tests carried out in a laboratory environment with controlled temperature
(22 ± 2 ◦C) and a fixed robot base to minimize external vibrations.

Although the results indicate improvements, it is necessary to consider limitations
inherent to the model. The simulation does not incorporate effects such as variations in
the robot’s payload or possible interference in the production environment, which could
alter the system’s dynamic response. Future work should include experimental tests with
loads to validate the results in real operating conditions. Another point to be observed
as a limiting factor is the insertion of several SCARA robots in the same network; in this
situation, network congestion and increased data traffic could lead to packet loss and
transmission delays [6].

The data presented reinforces the feasibility of integrating IoT sensors and LoRa net-
works to optimize decentralized automation [7]. The capability for remote monitoring and
dynamic adjustments can further improve operational efficiency by minimizing downtime
and enabling predictive adjustments to process conditions [8]. This approach is in line with
Industry 4.0 trends, where connectivity and intelligent automation play a central role in
modernizing production [9].

6. Conclusions
The experiments carried out demonstrate that the optimization of kinematic param-

eters directly impacts the reduction of cycle time in SCARA robots, being a determining
factor for production efficiency. The results obtained validate the effectiveness of the pro-
posed method in optimizing the operation of the SCARA robot. The cycle time was reduced
by 74.9%, from 55.42 s to 13.91 s, demonstrating the impact of trajectory optimization. The
latency between the real and virtual systems ranged from 1 to 2 s, indicating adequate syn-
chronization for real-time applications. The packet delivery success rate of 98.6% confirms
the reliability of the communication system in a controlled industrial environment. These
findings highlight the feasibility of integrating DT and wireless communication to increase
automation efficiency.

In addition to the quantitative improvements, the study reinforces the importance of
integration between hardware and software for decentralized automation. The adoption
of LoRa networks and IoT sensors can allow more efficient control of robotic trajectories,
enabling real-time adjustments and reducing unplanned stops. These solutions are aligned
with the principles of Industry 4.0, where connectivity and remote monitoring play an
essential role in optimizing production.

Given the relevance of the results, it is recommended that experiments be carried out in
a real industrial environment to validate the simulations and explore the feasibility of large-
scale implementation. Future studies can investigate the application of artificial intelligence
algorithms for predictive trajectory optimization, further improving the system’s efficiency.
The integration of these techniques can consolidate a new paradigm of flexible automation,
reducing operational costs and expanding the autonomy of robotic systems.
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The results indicate the need for a multidisciplinary approach in industrial automa-
tion, where aspects of mechanical engineering, electronics and computer science must
be combined to obtain innovative solutions. Cycle time optimization through kinematic
adjustments and intelligent sensor integration can redefine the performance of SCARA
robots, making them even more suitable for advanced industrial uses.
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