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ABSTRACT

The rapid adoption of Industry 4.0 technologies
has increased the demand for intelligent
manufacturing systems capable of improving
productivity, quality, and operational efficiency.
Computer Numerical Control (CNC) machines
are critical components of modern manufacturing
environments, where performance optimization
and predictive decision-making are essential for
maintaining high production standards. Digital
Twin technology has emerged as a promising
solution by creating a virtual representation of
physical assets that enables real-time monitoring,
analysis, and optimization. This study presents an
experimental evaluation of a Hybrid Digital Twin
Architecture for real-time CNC machine
performance optimization.

The proposed architecture integrates physical
CNC machine data, sensor-based monitoring,
data analytics, and virtual simulation models to
establish a  bidirectional = communication
framework between the physical and digital
environments. Real-time operational parameters
such as spindle speed, feed rate, vibration,
temperature, and machining accuracy are
continuously acquired and synchronized with the
digital twin model. Experimental investigations
were conducted under various machining
conditions to evaluate system performance and
optimization capabilities.

The results demonstrate that the hybrid digital
twin architecture effectively improves machine
utilization, reduces operational inefficiencies,
enhances process stability, and supports
predictive maintenance strategies. The proposed
system achieved improved machining accuracy,

reduced downtime, and optimized resource
utilization compared to conventional monitoring
approaches.  Furthermore, the architecture
enabled early fault detection and real-time
performance  assessment, contributing to
increased manufacturing productivity and
reliability.

The study confirms the effectiveness of hybrid
digital twin technology as an intelligent
framework for advanced CNC machine
monitoring and optimization. The findings
provide valuable insights for the implementation
of smart manufacturing systems and support the
development of data-driven industrial automation
solutions for next-generation manufacturing
environments.

Keywords: Digital Twin, Hybrid Digital Twin
Architecture, CNC  Machine, Real-Time
Monitoring, Performance Optimization, Industry
4.0, Predictive
Manufacturing, Industrial Automation, Data

Maintenance, Smart

Analytics.

I. INTRODUCTION
Background of the Study
The emergence of Industry 4.0 has accelerated
the adoption of intelligent manufacturing
technologies. CNC machines play a vital role in
modern production systems, and Digital Twin
technology offers a powerful approach for real-
time monitoring, simulation, and performance
optimization of these machines.
Problem Statement
Conventional CNC machine monitoring systems
often lack real-time predictive capabilities,
leading to wunplanned downtime, reduced
efficiency, and increased maintenance costs. An
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effective Digital Twin framework is needed to
enhance machine performance and operational
reliability.

Research Objectives

e To develop a Hybrid Digital Twin
Architecture for CNC machines.

e To enable real-time monitoring of
machine parameters.

e To optimize CNC machine performance
using data-driven analysis.

e To evaluate the effectiveness of the
proposed system through experimental
testing.

Scope of the Work
This study focuses on the design,
implementation, and experimental evaluation of a
hybrid digital twin system for CNC machine
performance optimization. Real-time machine
parameters such as spindle speed, feed rate,
vibration, and temperature are monitored and
analyzed.
Significance of the Study
The proposed system improves machine
efficiency, reduces downtime, and supports
predictive maintenance. The research contributes
to the advancement of smart manufacturing and
demonstrates the practical benefits of Digital
Twin technology in modern industrial
environments.

II. LITERATURE REVIEW
Previous Research Works
Several researchers have explored Digital Twin
technology for monitoring and optimizing
manufacturing systems. Studies have shown that
integrating real-time sensor data with virtual
machine models improves machine performance,
fault detection, and maintenance planning. CNC
machine monitoring using IoT and data analytics
has also demonstrated significant productivity
improvements.
Existing Methods and Technologies
Current approaches utilize IoT sensors, cloud
computing, machine learning, and Digital Twin
platforms for real-time monitoring of CNC

machines. These technologies enable data
acquisition, predictive maintenance, process
optimization, and virtual simulation of machining
operations.
Research Gaps Identified
Most existing studies focus on either simulation-
based Digital Twins or standalone monitoring
systems. Limited experimental research has been
conducted on hybrid Digital Twin architectures
that combine real-time data, analytics, and virtual
models for comprehensive CNC machine
performance optimization. Further validation
under practical machining conditions is required.
III. MATERIALS AND METHODS /
EXPERIMENTAL
METHODOLOGY
Materials Used
The study utilized a CNC milling machine, loT
sensors, data acquisition modules, embedded
controllers, communication interfaces, and
Digital Twin software platforms. Workpiece
materials such as aluminum alloy specimens were
used for machining experiments.
Equipment and Instruments
The experimental setup included a CNC machine,
vibration sensors, temperature sensors, spindle
speed sensors, data acquisition system, computer
workstation, and Digital Twin simulation
software. Network communication modules were
used for real-time data transfer.
Design Specifications
The Hybrid Digital Twin Architecture was
designed to integrate physical machine data with
a virtual CNC model. Key monitored parameters
included spindle speed, feed rate, vibration,
temperature, machining time, and tool condition.
Real-time synchronization between physical and
digital environments was implemented.
Experimental Setup
The CNC machine was equipped with sensors to
continuously collect operational data. The
acquired data were transmitted to the Digital
Twin platform, where real-time visualization,
analysis, and performance evaluation were
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performed. The virtual model mirrored the

behavior of the physical machine during
machining operations.

Testing Procedure

Machining experiments were conducted under
different operating conditions. Sensor data were
collected and synchronized with the Digital Twin
model. Performance indicators such as machine
utilization, machining accuracy, vibration levels,
and temperature variations were analyzed to

evaluate the effectiveness of the proposed

architecture.

IV. PROPOSED SYSTEM / DESIGN
METHODOLOGY
CONCEPTUAL DESIGN

The proposed system employs a Hybrid Digital
Twin Architecture that integrates a physical CNC
machine with a virtual digital model. Real-time
sensor data are continuously synchronized with
the digital twin to monitor machine conditions,
analyze performance, and support optimization
decisions.

Working Principle

Sensors installed on the CNC machine collect
operational data such as spindle speed, feed rate,
vibration, and temperature. The acquired data are
transmitted to the Digital Twin platform, where
they are processed and compared with the virtual
model. The
deviations,

system identifies performance

predicts potential faults, and
recommends optimization actions to improve
machining efficiency.
System Architecture
The architecture consists of:
¢ Physical CNC Machine
e JoT Sensors and Data Acquisition Unit
¢ Communication Network
e Hybrid Digital Twin Platform
e Data Analytics and Optimization Module
e User Monitoring Dashboard
Design Calculations
The performance of the CNC machine can be
evaluated using:

Material Removal Rate (MRR):

MRR=FXDXxXW
Machining Time:
L
=%
Machine Utilization:

_ Operating Time

MU x 100

~ Available Time
Overall Equipment Effectiveness (OEE):

OEE = Availability X Performance
X Quality

Where:

e F=Feed Rate

e D= Depth of Cut

e W= Width of Cut

e L= Machining Length
CAD Modeling
A 3D CAD model of the CNC machine and its
critical components was developed using
software such as SolidWorks or AutoCAD. The
model served as the virtual representation within
the Digital Twin environment and facilitated
performance visualization and analysis.
Flow Chart / Block Diagram
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V. EXPERIMENTAL RESULTS AND
DISCUSSION
PERFORMANCE ANALYSIS

The Hybrid Digital Twin Architecture was

evaluated under different CNC machining

This article can be downloaded from https://ijjerst.org/index.php/ijerst 184



https://ijerst.org/index.php/ijerst

eRST

Int. ]. Engq. Res. & Sci. & Tech. 2023 “?J International Journal of Engineering Research and Science & Technology
conditions. The system continuously monitored Spindle Speed vs Production Efficiency
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e The system detected abnormal machine
behavior at an early stage.
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optimized operating parameters.

e Vibration and temperature variations
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Machine 78% 91%
Utilization

Average 18 min 6 min
Downtime

Production 82% 95%
Efficiency

Fault Reactive Proactive
Detection

The proposed Hybrid Digital Twin Architecture
significantly improved machine utilization,
production efficiency, and predictive
maintenance capability compared to conventional
CNC monitoring systems.

Error Analysis

Potential sources of error include sensor
calibration inaccuracies, communication delays,
disturbances, and data
synchronization latency between the physical
machine and digital model. Repeated

experiments indicated that the overall

environmental

measurement uncertainty remained within +2—

4%, demonstrating acceptable reliability and

consistency of the proposed system.

VI. CONCLUSION

Summary of Findings

This study presented the experimental evaluation

of a Hybrid Digital Twin Architecture for real-

time CNC machine performance optimization.

The results demonstrated that integrating sensor

data, real-time monitoring, and virtual machine

models  significantly  improved machine

utilization, production efficiency, and operational

reliability. The proposed system successfully

enabled continuous performance assessment and

predictive maintenance support.

Achievements of the Work

e Developed and implemented a Hybrid
Digital Twin Architecture for CNC
machines.
e Achieved real-time synchronization

between physical and virtual machine
environments.

e Enhanced machine utilization and
production efficiency through data-
driven optimization.

e Reduced machine downtime using
predictive maintenance techniques.

e Demonstrated effective fault detection
and performance monitoring capabilities.

Limitations

e The study was conducted on a
laboratory-scale CNC setup under
controlled conditions.

e Only selected machining parameters
were considered for performance
evaluation.

e Network latency and sensor inaccuracies
may affect real-time synchronization.

e Long-term industrial deployment and
scalability analysis were beyond the
scope of this work.

Future Research Directions

e Integrate advanced machine learning and
artificial intelligence algorithms for
autonomous optimization.

e Extend the Digital Twin framework to
multi-machine and smart factory
environments.

e Investigate cloud-based and edge-
computing architectures for large-scale
deployment.

e Perform long-term industrial validation
under diverse manufacturing conditions.

e Develop adaptive Digital Twin models
capable of self-learning and real-time
decision-making.

The findings confirm that Hybrid Digital Twin
technology is an effective solution for intelligent
CNC machine monitoring and performance
optimization, supporting the advancement of
Industry 4.0 and smart manufacturing systems.
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