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Abstract.Digital twin technology will allow better control of robots since it al-
lows to synchronise physical with virtual versions of systems in order to mini-
mise risk associated with hardware and enhance experimental flexibility. In the
traditional robotic arm programming, fixed kinematic models are used, and data
is communicated through wire, which restricts the flexibility and scalability
with the dynamic environment. This paper suggests a digital twin consisting of
a Unity 3D simulation environment and a 5-DOF robotic arm, which is con-
trolled through UDP communication over Wi-Fi and operated with a Unity 3D
that is inexpensive and inexpensive to interact with directly. A PCA9685 con-
troller makes MG995 high-torque servos run on the physical system to achieve
stable multi-joint actuation. Latency tests reveal an average delay of 32 ms in
the process of synchronization when using wireless networks of consumer
grade, which ensures the motion mapping is smooth in both directions. Con-
trolled validation intertwines sound real time performance applicable to engi-
neering teaching and experimental prototyping. The platform offers an afforda-
ble alternative to the costly industrial digital twin platform with future capabil-
ity of being connected with reinforcement learning and adaptive control strate-
gies.

Keywords: Digital Twin, Control of a robot arm by means of Unity 3D simula-
tion, ESP32, UDP communication, Wireless Robotics, Engineering Education.

1 Introduction

The digital twin technology has become a game-shifting paradigm in the current
robotics, taking the opportunity to create virtual copies of the physical systems that
reflect the behavior and conditions they are located in. Digital twins enable engineers
to test algorithms, optimize performance and predict faults without damaging hard-
ware because sensor data, control signals, and interactions with the environment can
be synchronized. Digital twins are used as a safe and scale-able system to permit ex-
perimentation of a complex set of systems in a robotic manipulation system, especial-
ly in multi-degree-of-freedom (DOF) arm exoskeleton, that facilitates development
costs and speed of innovation. The notion that is most frequently used in industrial
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automation and smart manufacturing is being applied in robotics research and educa-
tion to alleviate the gap between simulated behavior and real deployment.

Conventional robotic arm control is normally based on analytic kinematic model-
ing and preset plots. Kinematics including forward and inverse are computed by hand
or by fixed libraries and trajectories are frequently hand-written in expression form to
be used in repetitive industrial activities. Although they are good in a structured set-
ting, these methods cannot accommodate the dynamics, wireless communication de-
lays, and unpredictable disruptions. Additionally the wired control architectures are
less portable and more complicated than their counterparts and therefore less applica-
ble in the low cost educational prototypes. These limitations explain the necessity of
an integrated, adaptive, and wireless digital twin architecture that has the ability to
synchronize in real-time.

Simulation engines like Unity have brought about a great deal of realism and inter-
activity to virtual robotics environments. Unity gives the capability of doing physics-
based rendering, real-time animation, and network communication with the ability to
simulate robotic kinematics with high fidelity. With the addition of installed control-
lers such as ESP32, it will be possible to establish a two-way communication between
a virtual model and a physical robotic system. With built-in Wi-Fi and the ability to
process commands effectively, ESP32 can be easily used to conduct wireless control
in a lightweight and inexpensive manner (including the use of protocols like UDP)
that provides a low-latency character compared to protocols like TCP.

Digital twins have also been fully realized with industrial robots of high-end sys-
tems like those created by Siemens and ABB, however these solutions tend to be cost-
ly (proprietary platforms and specialized hardware). Engineering students or small
scale laboratories cannot readily afford such implementations. According to recent
literature [1] through to [5], the value of low cost digital twin structures in an academ-
ic setting is highlighted where practical exploration and secure learning systems are
paramount. Most of these systems are however not real-time synchronized or are
wired based limiting scalability and portability.

In these regards, this paper suggests an inexpensive wireless digital twin architec-
ture of a 5-DOF robotic arm. It combines a virtual environment based on Unity and a
physical arm powered by MG995 high-torque servo motors with an ESP32 processor
and driven by a PCA9685 PWM driver plate. It uses communication via a UDP pro-
tocol over consumer grade Wi-Fi networks to achieve low latency with high stability
in regard to synchronization. The design has been designed with modularity in mind
and this allows easy extension to reinforcement learning, adaptive control algorithms
and remote experimentation.

The proposed architecture integrates real-time simulation, wireless embedded con-
trol and low-cost hardware building blocks to fill important gaps in available digital
twin applications. The framework could not only be used to perform zero-risk training
and rapid prototyping but also with more advanced applications of research like pre-
dictive control and Al-based motion optimization. This study highlights that with
affordable digital twin system, reliable synchronization performance is possible with
systems that are not as complex as industrial systems and this study shows that this
makes the education and experimentation of robotics to be democratized.
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This paper is structured in a manner the review of literature is presented in Section
II. Section III provides the description of the methodology with its operationality in
particular. There are results and discussions in section IV. Finally, the last part of V is
the final findings and recommendations.

2 Literature Survey

The control of robotic arms has seen several advancements over the last 10 years as
more complex control capabilities have been demanded with respect to high preci-
sion, flexibility, durability, and real-time control in robotic industries, medicine, and
services. The contemporary manipulators consider complex and uncertain conditions
in which the nonlinear process, exogenous impairments, actuator failures, and com-
munication delays can have a significant adverse impact. Therefore complex methods
of control including adaptive control, model predictive control (MPC), sliding mode
control (SMC), fuzzy logic system, neural network controllers, and fault-tolerant sys-
tems have been extensively studied. Furthermore, incorporations of embedded sys-
tems, deep learning, and intelligent optimization algorithms have increased the func-
tionalities of robotic arms. This shift towards classical linear controllers, which have
intelligent, robust, and data-based control methodologies that improve accuracy in
tracking of trajectories and stability and human-robot cooperation is reflected in the
literature of the sources [6] to [20].

Strong and preset-time control measures have become the focus of concern in as-
suring stability in case of uncertainties and input limitations. Reference [6] proposes a
stochastic predetermined-time control of a single-link robotic arm style of control,
and focuses on the assured convergence within time despite external disturbances and
input saturation. Building upon the idea of time-constrained stability, reference [7]
introduces a prescribed-time fuzzy control technique to multi-input multi-output cou-
pled systems with unspecified control directions, showing greater stability and finite-
time stabilization existences on robotic arm systems. The issue of time-delay compen-
sation is also addressed in [8] where it is shown that an input delay extended state
observer (ESO) is introduced into a robust feedback controller of a 7-DOF robotic
arm, which improves the performance of the robotic arm in tracking a trajectory with
delay effects. Radial basis function (RBF) neural networks identifying adaptive com-
pensation are investigated in [9], which allow better management of nonlinear dynam-
ics and uncertain modeling. Reference [10] compares optimized open-loop and
closed-loop control strategies in an industrial welding setting and points out trade-offs
in performance in rotational welding. Moreover, in [11], iterative learning alongside
predictive control are proposed to flexible robotic arms to enhance the precision of
repetitive tasks through the use of historical trajectory information.

Control systems controlling robotic arms have been made even more robust
through the incorporation of intelligent algorithms and learning based methods. A
PID controller which includes an adaptive parameter adjustment regulator, which is
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suggested in [12] through a deep deterministic policy gradient (DDPG) algorithm,
allows the regulator to tune parameters automatically when applied to nonlinear ro-
botic systems. In [13], optimization-based compliance control is considered, whereby
the better marine predator algorithm is used to improve the performance of impedance
control of robotic manipulators. The use of human-robot collaborative control in
power substations is studied in [14], and deep learning methods are used to make it
safe and stable in terms of operational marks in live working conditions. A high-
precision motion control based on manifold deformation design is described in [15], it
emphasizes representative trajectory shaping and better tracking accuracy when oper-
ating in a real-time environment. In [16], model predictive control of a 2-DOF robotic
arm is discussed focusing on the nonlinear modeling and the consideration of con-
straints to guarantee the best trajectory tracking and convergence. The integration of
industrial automation is also covered in [17], the study on which, the programmable
logic controller (PLC) integration improves the motion planning and collaborative
robots in manufacturing facilities.

In safety-critical tasks, the reliability and fault tolerance of a modern robotic arm
create a critical concern of the system. Reference [18] suggests a fault-tolerant control
system that can stabilize in case of actuator and sensor fault with the help of Lyapun-
ov based analysis and output restriction. The best control mechanism is also discussed
in [19], where the dynamic behaviour of nonlinear robotic arm model is analyzed
through the application of the linear quadratic control strategies and achieves a better
margin of stability and energy efficiency. The problem of remote operation and mo-
bile communication technologies is considered in [20], where an RF-based remote
controlled robotic arm can be discussed, and its purpose is to automate industry and
perform precise manipulations. Taken together, these works enable pointing to the
great interest in research towards increasing the robustness, stability, adaptability, and
the ability to operate in various applications and robotic arm configurations.

In general, it can be pointed out that the literature under review is evidenced by a
strong tendency toward smart, adaptive, and strong control paradigms of robotic arms.
In line with predefined-time and fuzzy control methods to neural network-based adap-
tive compensation, predictive control methods, optimization methods, and deep rein-
forcement learning methods, current developments are geared to respond to nonlinear-
ities, uncertainties, delays, and faults in the physical world. Further, both the integra-
tion of human-robot collaboration, industrial integration, and wireless control systems
point to a wider trend to wider autonomous and interconnected robotic platforms.
Although this has made great headway, it is still difficult to come up with unified
control architectures that could not only ensure robustness, but also computational
efficiency, real time implementation, yet scaleability of high degree-of-freedom ma-
nipulators. Thus, further studies must be done so that to come up with hybrid and
intelligent control approaches based on learning, optimization, and robust control
principles of next-generation robotic arm system.
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3 Methodology

The proposed digital twin system creates a real-time connection between a simulated
robotic arm created in Unity 3D and a real 5-DOF robotic arm which is operated by
an ESP32 microcontroller. The methodology is structured in the form of pipeline that
includes the system architecture design, hardware arrangement, simulation model,
setup of wireless communication, logic of synchronization control and validation of
the experimental. It is aimed at providing low-latency bi-directional data traffic and at
both overall stable joint actuation and proper positional mapping. The subsystems are
set to be autonomous, but fit into the digital twin loop flawlessly. General workflow
consists of the process of producing joint angles in the simulator intent, send control
packets by UDP on Wi-Fi, making servo moves with the aid of PWM control and
feeding back the state with the help of feedback. Scalability is also guaranteed with
the modular approach, which in future terms can be integrated with more advanced
algorithms, e.g., reinforcement learning.

3.1  System Architecture Design.

The system architecture has three major blocks, which include the simulation layer,
communication layer, and physical control layer. The simulation interface is written
in Unity 3D which is a 5 DOF robotic arm model built with rigid body physics and
articulated joint parts. A joint is parameterized based on the mechanical constraints of
the physical arm, that is, angular limits and torque properties. UDP data packets of
serial packets of joint angle data are being sent across Unity and the ESP32 via the
communication layer. UDP is chosen as it has the lowest overhead and is appropriate
in real-time other applications where packet loss in occasional cases is acceptable.
The ESP32 microcontroller connected to a PCA9685 16-channel PWM driver through
the 12C protocol performs the physical control layer. The architecture can accommo-
date bi-directional communication giving the ESP32 the ability to transmit acknowl-
edgment messages and joint position confirmations back to the simulation. This lay-
ered design guarantees the separation of concerns, which makes it more maintainable
and extensible.

3.2 Software and Hardware Installation.

The physical robotic arm is constructed in such a way that it has five degrees of free-
dom which are base rotation, shoulder, elbow, wrist pitch, and gripper control. The
choice of high-torque MG995 service motors is based on sufficient torque delivery
and economical nature of the motors in terms of use in educational prototyping. All
servos are driven by an external regulated supply to avoid voltage ripple when all the
joints are acted upon simultaneously. The PCA9685 PWM driver produces stable 12
bit resolution pulse-width outputs, which minimize jitter relative to microcontroller
PWM indirect output. The PWM driver communicates with ESP32 using the 12C
interface with a common frequency clock which provides the reliable timing of the
signals. The mechanical assembly provides two benefits to reduce backlash and vibra-
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tion: correct positioning of the servo horns and structural brackets. The calibration
processes are done in order to map the pulse widths of PWM to the joint angles such
that a linearized control model is produced. This hardware design is compatible with a
stable actuation at a low cost and limited range of wireless applications.

3.3  Digital Twin Modeling Unity.

The digital twin implementation is created in Unity 3D with the help of articulated
hierarchical transformations to recreate the kinematic structure of the physical arm.
The articulations are modeled as a parent-child transform pair and kinematic forward
calculation can be performed using rotation matrices with precision. Joint limits are
programmed to remove unrealistic motion outside mechanical limits. The granting of
what can be termed as realistic inertia and joint damping in the physics engine will
make sure that there is interpolation of movements during transitions between mo-
tions. Manual justice Joint sliders can be manipulated by use of a graphical user inter-
face (GUI) to test and demonstrate. Joint rotation values are then converted into seri-
alize data packets by real time scripts in the form of comma-separated angle vectors.
It has physical time stamping mechanisms to measure round trip latency between
hardware and simulation execution. Feedback data returned by the environment is
also visualized in the Unity environment which dynamically updates joint states to
verify the accuracy of synchronization. This is a virtual model that can be used as a
control interface and validation platform of the digital twin framework.

3.4  Wireless Dynamic Protocols through UDP.

The Unity and ESP32 communication is supported via LWi-Fi through UDP sockets.
UDP is selected because it has low transmission latency and low protocol overhead
than TCP. The Unity application will serve as the client and transmit packets of joint
angles on intervals, which is fixed by the frame rates of the simulation itself. The
ESP32 is used as a server that stays listening in one port awaiting the packets to come
in and receive them. When the ESP32 is provided with the data, it will read the allo-
cated sequence of angled data, then translate each binary into individual PWM pulse
lengths. Checksum validation is used to validate the integrity of the data in every
packet to detect the errors. UDP is not a delivery service; however, the system has the
advantage of correcting momentary errors in communication by sending frequent
updates at an elevated frequency to enable prompt recovery of transient errors. Meas-
urement of latency is done by adding timestamps into packets and computing the
difference when the packet is acknowledged. This method is capable of sub-50 ms
latency with consumer grade network conditions.

3.5 real-time Synchronization and control Logic.

This synchronization mechanism is based on a continuous control loop in which the
output of simulation is connected to physical actuation. The Unity produces using
scripted trajectories or user input, generated joint angle commands. These commands
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have been sent to the ESP32, which then performs servo adjustments based on cali-
brated mappings of the PWM. Linear interpolation algorithm is applied on the micro-
controller to ensure that the motion is smooth to avoid sudden changes in the angle
that can subject the machine to mechanical stresses. Performance feedbacks such as
implemented joint positions are sent back to Unity in order to compute the digital
twin state. This two-way loop is a closed synchronization cycle. The issue of timing
constraints is handled with the non-blocking socket programming so that the delays in
communication may not break the control execution. The system would be responsive
to real-time rather than delivering packets consistently as per the maxim of robotics
control. Optimization of the synchronization loop is done through the experimentation
to ensure that the joint correspondence between virtual and physical systems remains
stable.

3.6 Experimental validation and Performance assessment.

Experimental validation deals with the measurement of latency, the accuracy of the
synchronization, as well as the stability of the motion. A variety of test conditions are
performed such as the actuation of a single joint, a multi-joint coordinated motion,
and the continuous performance of a trajectory. round-trip communication delay La-
tency is calculated as embedded timestamps. The accuracy of the synchronization is
determined by measuring servo angles in Unity against the physically measured ones
using a calibration set of references. The experiment is conducted repeatedly with
different signal strengths of Wi-Fi to determine strength. The system performance has
been compared with the performance of a wired serial communication system to see
the level of performativity comparatively. Changes noted are a smooth reproduction
of motion, insignificant jitter in operations where there are stable network conditions
and quick recuperation of inconsiderable loss of packets. The information obtained
after these experiments is the foundation of the quantitative analysis, which is provid-
ed in the Results and Discussion area, and confirms the practicability of the suggested
low-cost digital twin architecture as a means of education and prototyping.

ESP32 & PHYSICALROBOT

Virtual Robotic Arm

uDP Feedback
Data Packets Data
Wi-Fi
Network <

<
Motion Control & Kinematics \
Position \ a
Data Serialization Feedback | e T3 LA
o PWM Driver

5-DOF Robotic Arm
— |MG995 Servos)

|
Unity Interface

Fig. 1. System Architecture
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4 Result and Discussion

The proposed digital twin framework was empirically tested based on the synchroni-
zation latency, motion accuracy, wireless dependability, and in comparison to the
traditional wired communication systems. Diverse validation scenarios were also
carried out to test real time behavior in a controlled laboratory environment with a
consumer grade Wi-Fi router. The findings attest to the fact that the combination of
Unity based simulation and ESP32 controlled hardware through UDP protocol attains
a comfortable state of two way syncing which is a good fit to the educational proto-
typing and research experimentation.

Latency analysis was done, where timestamps were placed in the transmitted UDP
packets and the round trip delay between Unity and ESP32 controller was calculated.
The system had a minimum variability on an average 32 ms of latency and above
order 1000 transmission cycles under constant network conditions. The measured
operation was lower than the 50 ms threshold which was normally regarded as ac-
ceptable to responsive robotic teleoperation. The findings are summarized in Table 1
that compares minimum, maximum, and average delay measures that are observed in
the process of the experiment.

Table 1. Results of Latency Measures of Wireless.

Parameter Value
Minimum Latency 24 ms
Maximum Latency 46 ms
Average Latency 32 ms
Standard Deviation 5.1 ms

The latency distribution validates that UDP-based wireless communication has the
capability of ensuring the performance of low-cost robotic systems is deterministic in
nature. Whereas there was some loss of packets every now and then, the constant
updating of the joint commands allowed joint correction to occur within a short time
without the hopper appearing to move at all. The wireless architecture was character-
ized by a little higher latency but much better portability and deployment flexibility
than a wired serial USB architecture run under the same motion sequences.

Motion synchronization accuracy: According to Unity commanded joint angle and
the actual servo position by calibration alignment, motion synchronization accuracy
was measured by the difference between the actual servo position and the commanded
joint angle. The MG995 type servo motors which are powered by the PCA9685 PWM
controller showed good uniformity in the angular mapping with tolerable limits in
mechanical tolerance. Minor outliers were mostly ascribed to mechanical backlash
and natural service resolution factors as opposed to communication delay. Table 2
shows the angular deviation which is measured at five joints during a coordinated
multi-axis movement.
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Table 2. Accuracy of Synchronization in joint angles.

Joint Commanded Angle (°) Measured Angle (°) Mean Error (°)
Base Rotation 90 88.5 1.5
Shoulder 60 61.2 1.2
Elbow 45 46.0 1.0
Wrist 30 31.4 1.4
Gripper 20 20.8 0.8

The findings suggest that the mean angular error was not too far apart, meaning
that of one degree, which is acceptable to use during training, visualization, and not
industrial manipulation tasks. Notably, there was no cumulative synchronization drift
with long operating periods more than 30 minutes showing stability of the control
loop. Figure 2 displays the process of real time synchronization between the physical
robotic arm and the Unity digital twin. The figure illustrates simultaneous joint rota-
tion mapping and it is seen that visual feedback used in the simulation reflects hard-
ware motion but without any apparent delay.

Fig. 2. Physical-to-Virtual Virtual Mapping on the fly.

More dynamic tests were based on running predetermined trajectory paths where
multi-joint motion was carried out simultaneously. Interpolation algorithms run on the
ESP32 during these tests facilitated a seamless transition to the servo and allowed
preventing sudden increases in torques. Figure 3 shows the records of comparison
between ordered and achieved joint positions with time. The curves of plot show a
high degree of alignment, and low amplitude oscillations can be attributed to servo
inertia and mechanical damping.
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Fig. 3. Comparison of Trajectory Tracking of Commanded and Actual Motion.

The robustness testing was also performed through wireless with different distances
between the robotic arm and the Wi-Fi access point. Signal attenuation moderately
increased the latency variance but had no effect on system instability over a 10-meter
indoors range. Table 3 presented the results of reliability of how reliance on packets is
accomplished when varying signal strengths are involved.

Table 3. Packet Transmission Reliability Analysis.

Signal Strength (dBm) Packet Loss (%) Average Latency (ms)
-40 0.2 30
-55 0.5 33
-67 1.1 38

Packet loss was kept low even with the low signal strength and it was readily re-
moved through constant command broadcasting. The findings confirm that UDP is
appropriate to use in responding robot synchronization within local networks. Figure
4 provides the comparative study of wired and proposed wireless UDP architecture in
serial communication. Whereas the wired communication showed slightly less latency
the wireless methodology offered similar measures of synchronization performance
without any of the physical limitations of connectivity. The use of this benefit is espe-
cially relevant in educational labs, where there can be numerous robotic workstations
that should be rather lightly configured and able to remotely run an experiment.
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Fig. 4. Comparison of Wired and Wireless Control Architectures Performance.

In addition to the quantitative performance, qualitative observations showed that the
digital twin framework increases the user interactions and safety. Practitioners and
learners could play with motion chains entirely in the Unity environment and then
send instructions to hardware. This is a zero-hardware-risk method of training which
reduces the possible mechanical faults due to errors in programming. Also, visual
debugging ability enabled instantaneous identification of implausible joint instruc-
tions or constraint breaks.

In terms of scalability, the architecture is compatible with the sophisticated control
paradigms. The sensor feedback, the computer vision modules or even reinforcement
learning algorithms can be added to the loop of bidirectional synchronization without
significant redesign. The incremental nature of simulation, communication and con-
trol components makes the system easy to extend.

All in all, the findings prove that the framework proposed achieves the balance be-
tween affordability, performance, and flexibility. The recorded latency, accuracy in
synchronization and reliability of the network suggests the possibility to use wireless
infrastructure of consumer quality to deliver real-time digital twin services on small-
scale robotic systems. The results emphasize the opportunities of the cost-efficient
implementations of digital twins in the democratization of the experimentation with
robots and the reduction of the gap between a theoretical simulation and a real appli-
cation.

5 Conclusion

This paper suggested an affordable digital twin system of a 5-DOF robotic arm com-
bination of Unity-based simulation and ESP32-based physical control via UDP wire-
less communication. Its architecture has managed to provide real-time two-way syn-
chronization, real-time safe experimentation, real-time motion replication, and porta-
bility through not depending on wired connectivity. The experimental validation re-
vealed stable performance in the latency and the reliable transmission of packets and
accurate measurement of the joint angle to be used in educational prototyping and
research.



Digital Twin-Based Interactive Robotic Arm System For Skill ... 483

The suggested system also helps in providing affordable training in robotics due to

the reduced risk of hardware and development cost without compromising on its func-
tional capabilities similar to more sophisticated industrial systems. A modular layered
design enables it to offer scalability as well as integration with intelligent control
strategies in the future. Future operations will be based on sensor-based feedback
feedback to guarantee closed-loop adaptive control, reinforcement learning on auton-
omous motion optimization, and expansion of the framework to cloud-interconnected
digital twin ecosystems. Improving the security systems of wireless communication
and adopting the capability of manipulation of objects through vision is also a good
avenue of further development.
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