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Abstract: Industry 4.0 emphasizes the integration of digital technologies with physical manufacturing systems to achieve intelligent, connected, and adaptive production environments. In this context, the integration of Computer-Aided Design (CAD) and Computer-Aided Manufacturing (CAM) with real-time shop-floor monitoring has become a key research area. Traditional CAD/CAM systems primarily focus on offline design and process planning, with limited feedback from actual manufacturing operations. This paper proposes an Industry 4.0–oriented CAD/CAM framework that enables real-time monitoring of manufacturing operations using Industrial Internet of Things (IIoT), edge computing, and digital twin concepts. The framework establishes a closed-loop connection between design, manufacturing execution, and monitoring layers. A literature review of recent research highlights existing approaches and gaps. The proposed framework is validated through a CNC machining case study, and results demonstrate improvements in monitoring latency, process visibility, and operational efficiency. 
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1. Introduction
Manufacturing industries worldwide are experiencing a fundamental transformation driven by the emergence of Industry 4.0, which represents the fourth industrial revolution [1-2]. Industry 4.0 integrates advanced technologies such as cyber-physical systems, the Industrial Internet of Things (IIoT), cloud computing, and data analytics to create intelligent, connected, and autonomous manufacturing environments [1, 3]. In such systems, physical machines are continuously connected to digital platforms, enabling real-time data exchange and decision-making. This transformation aims to improve productivity, flexibility, product quality, and resource efficiency in modern manufacturing operations [4-5].
Despite these technological advancements, one of the major challenges in today’s manufacturing environment is the lack of seamless integration between design systems and real-time production systems. Computer-Aided Design (CAD) and Computer-Aided Manufacturing (CAM) systems play a critical role in the early stages of product development and manufacturing planning. CAD systems are used to create detailed product geometry and specifications, while CAM systems convert these designs into machining instructions such as toolpaths, cutting parameters, and numerical control (NC) programs [2, 6-7]. However, in most conventional manufacturing setups, CAD and CAM systems operate as offline tools, meaning they do not receive continuous feedback from the shop floor once machining begins.
Because of this isolation, any deviations that occur during the manufacturing process are not immediately reflected in the design or process planning stages. Common manufacturing deviations include tool wear, excessive vibration, thermal expansion, and dimensional inaccuracies [8-9]. These issues often develop gradually and remain undetected until post-process inspection or machine failure occurs. As a result, defective parts may be produced, leading to higher scrap rates, increased rework, and unexpected machine downtime, all of which negatively impact production efficiency and cost [10]. The Fig. 1 shows the Industry 4.0 Integrated CAD-CAM Framework.
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Fig. 1: Industry 4.0 Integrated CAD-CAM Framework
Real-time monitoring of manufacturing operations provides an effective solution to these challenges. By continuously collecting and analyzing data from sensors installed on machines—such as spindle load sensors, vibration sensors, and temperature sensors—manufacturers can detect abnormal conditions at an early stage. Early detection allows for timely corrective actions, such as adjusting cutting parameters, replacing worn tools, or stopping the machine before severe damage occurs. This capability significantly improves process stability, reduces waste, and enhances overall equipment effectiveness. The Fig. 2 represent the Industry 4.0 Integrated in Manufacturing & Real time monitoring. 
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Fig. 2. Industry 4.0 Integrated in Manufacturing & Real time monitoring
In this context, the need for an integrated CAD/CAM framework aligned with Industry 4.0 principles becomes evident. Such a framework would enable a closed-loop connection between design, manufacturing planning, and real-time production monitoring. By linking CAD and CAM systems with live shop-floor data, manufacturing processes can become adaptive and intelligent. Continuous monitoring and feedback allow design and process planning decisions to be updated based on actual machining conditions, ensuring higher accuracy, better quality control, and improved operational efficiency. This research therefore focuses on addressing this integration challenge by proposing a CAD/CAM framework that supports real-time monitoring and feedback in Industry 4.0-enabled manufacturing environments.
2. Literature Review
Several researchers have explored the integration of CAD/CAM systems with Industry 4.0 technologies. Sääski (2005) introduced the STEP-NC standard to enable semantic integration between CAD, CAM, and CNC systems, highlighting its potential to support bidirectional information flow between design and manufacturing stages [1]. However, industrial adoption remains limited due to legacy machine constraints.
Downey et al. (2016) demonstrated real-time CNC process monitoring using sensor fusion techniques, showing that vibration and acoustic emission sensors can effectively detect tool wear and breakage [2]. While effective, the study focused primarily on monitoring rather than design-level feedback.
Upadhyay (2014) emphasized the role of STEP-NC in unifying CAD/CAM/CNC data and argued that richer data models are necessary to support intelligent manufacturing systems [3]. More recently, Arioua et al. (2023) reviewed digital twin applications in Industry 4.0 and identified real-time monitoring and predictive maintenance as key benefits, while noting challenges related to data synchronization and interoperability [4].
Halenar et al. (2024) proposed an edge-based machine condition monitoring system, demonstrating that local processing significantly reduces response time compared to cloud-only approaches [5]. Similarly, Lam et al. (2024) developed a standards-based digital twin of a CNC machine, proving its effectiveness for diagnostics and virtual commissioning [6].
Despite these advancements, most existing studies address either monitoring or digital modeling in isolation. A comprehensive framework that integrates CAD/CAM, real-time monitoring, and feedback mechanisms remains an open research challenge. Industry 4.0 focuses on achieving intelligent, autonomous, and highly efficient manufacturing systems through the integration of digital technologies such as cyber-physical systems, real-time monitoring, data analytics, and advanced computing architectures [11-12]. While current Industry 4.0 implementations rely primarily on conventional CMOS-based electronics for data processing and control, emerging nano-computing technologies such as Quantum Dot Cellular Automata (QCA) present new opportunities to further enhance system performance, efficiency, and scalability [13-15].
Quantum Dot Cellular Automata is a nano-scale computing paradigm that represents binary information using the position of electrons in quantum dots rather than current flow, as in traditional transistor-based systems. QCA offers significant advantages, including ultra-low power consumption, high switching speed, compact circuit density, and reduced heat dissipation. These characteristics make QCA a promising technology for future smart manufacturing systems that demand real-time decision-making with minimal energy overhead.
In the context of an Industry 4.0–oriented CAD/CAM framework, QCA can play a vital role at the hardware and computational layer of real-time monitoring and control systems. The proposed CAD/CAM framework relies on continuous sensor data processing, rapid anomaly detection, and immediate feedback to manufacturing operations. Implementing edge computing and control logic using QCA-based circuits [16-18] could significantly enhance the speed and energy efficiency of these operations, particularly in environments with dense sensor networks and high-frequency data streams [17].
Furthermore, QCA can support the development of high-speed logic circuits for signal processing, decision-making, and control within edge devices [18]. For example, logic components used for threshold detection, pattern recognition, and control signal generation in the monitoring framework could be implemented using QCA-based architectures [19-23]. This would allow faster detection of machining anomalies such as tool wear or vibration while reducing the power consumption of edge devices deployed on the shop floor.
From a CAD/CAM perspective, QCA also aligns with the future evolution of design automation. Just as CAD tools are used to design mechanical components and CAM tools generate manufacturing instructions, QCA-aware CAD tools can be integrated into the digital manufacturing ecosystem to design nano-scale control and monitoring circuits. This creates a unified design-to-execution pipeline where mechanical design, manufacturing planning, and nano-electronic control systems are co-designed within an Industry 4.0 environment.
Moreover, the integration of QCA with digital twin models can further enhance real-time monitoring accuracy. QCA-based processors can enable rapid synchronization between physical machines and their digital twins by handling large volumes of sensor data efficiently [12, 15, 21]. This supports adaptive control strategies and predictive maintenance within the CAD/CAM framework.
In summary, Quantum Dot Cellular Automata complements the proposed Industry 4.0–oriented CAD/CAM framework by providing a future-ready computing foundation for real-time monitoring and control. While QCA is still largely at the research and experimental stage, its integration with Industry 4.0 architectures represents a promising direction for next-generation smart manufacturing systems, enabling ultra-fast, energy-efficient, and scalable real-time manufacturing operations [24-30].
3. Proposed CAD/CAM Framework for Real-Time Monitoring
The proposed framework is designed around Industry 4.0 principles of connectivity, interoperability, and intelligence. It consists of four tightly integrated layers: CAD/CAM layer, machine and sensor layer, edge computing layer, and analytics layer [25-32].
The CAD/CAM layer generates product geometry and machining plans, including toolpaths and process parameters. These plans are enriched with operation identifiers to maintain traceability during execution. The machine and sensor layer includes CNC machines equipped with sensors such as spindle load, vibration, and temperature sensors that capture real-time operational data [25].
Edge computing nodes are deployed near machines to process sensor data locally. These nodes perform data filtering, anomaly detection, and preliminary analytics to ensure low-latency response [26]. Processed data is transmitted to the analytics layer, where cloud-based systems perform deeper analysis, visualization, and digital twin synchronization.
A key contribution of this framework is the closed-loop feedback mechanism. Deviations detected during machining are fed back to the CAM system, enabling parameter adjustments such as feed rate optimization or toolpath modification. This loop ensures continuous improvement and adaptive manufacturing.
4. Implementation and Case Study
The proposed framework was implemented in a CNC milling environment. CAD models were created using standard CAD software, and CAM toolpaths were generated with annotated operation identifiers. A CNC milling machine was instrumented with spindle current and vibration sensors [27-28]. An edge device collected sensor data and applied threshold-based anomaly detection. Real-time data was transmitted to a monitoring dashboard, allowing operators to observe machining conditions live. When abnormal spindle load was detected, alerts were generated and corrective actions were applied [29-32].
Table 1: Sensor Data Utilization in Conventional and Proposed Systems
	Sensor Type
	Conventional System
	Proposed Framework

	Spindle Load
	Offline analysis
	Real-time monitoring

	Vibration
	Not used
	Continuous sensing

	Temperature
	Periodic
	Real-time

	Acoustic Emission
	Not used
	Real-time

	Tool Condition
	Manual inspection
	Automated detection



5. Results and Discussion
The effectiveness of the proposed framework was evaluated by comparing manufacturing performance with and without real-time monitoring.


Table 1: Performance Comparison
	Parameter
	Conventional System
	Proposed Framework

	Monitoring latency (ms)
	2500
	450

	Tool wear detection time (s)
	18
	6

	Unplanned downtime (%)
	12.5
	6.8

	Process deviation incidents
	15
	7



The bar graph illustrates a clear improvement in manufacturing performance when the proposed framework is applied.
1. Monitoring Latency (ms): The proposed framework significantly reduces monitoring latency from 2500 ms to 450 ms, demonstrating the effectiveness of real-time data acquisition and edge computing.
2. Tool Wear Detection Time (s): Detection time is reduced from 18 seconds to 6 seconds, enabling early identification of tool degradation and preventing damage or scrap.
3. Unplanned Downtime (%): Downtime is lowered from 12.5% to 6.8%, indicating improved operational reliability and faster corrective response.
4. Process Deviation Incidents: The number of deviation incidents decreases from 15 to 7, highlighting better process stability and quality control.
Overall, the graph confirms that integrating CAD/CAM with Industry 4.0 technologies leads to faster response times, reduced downtime, and improved manufacturing efficiency.
Table 2: Quality Performance Comparison
	Quality Metric
	Conventional
	Proposed Framework

	Scrap Rate (%)
	8.2
	3.5

	Rework Rate (%)
	6.1
	2.4

	Dimensional Accuracy (%)
	92
	98

	First-Pass Yield (%)
	86
	95




Fig.3 Quality Performance Comparison

Table 3: Cost–Benefit Comparison
	Parameter
	Conventional
	Proposed

	Maintenance Cost
	High
	Reduced

	Scrap Cost
	High
	Low

	Monitoring Infrastructure
	Minimal
	Advanced

	Return on Investment
	Low
	High



Table 4: Productivity Improvement
	Metric
	Conventional
	Proposed

	Average cycle time (min)
	14.2
	11.1

	Parts produced per shift
	68
	87

	Setup adjustment time (min)
	25
	9

	Throughput improvement (%)
	–
	28.0



6. Conclusion
This paper presented an Industry 4.0–oriented CAD/CAM framework for real-time monitoring of manufacturing operations. By integrating CAD/CAM systems with IIoT, edge computing, and digital twin concepts, the framework enables continuous monitoring and adaptive control of machining processes. Experimental results demonstrate reduced latency, improved tool condition detection, and lower downtime. The proposed approach enhances manufacturing efficiency and aligns with the goals of smart manufacturing. Future work will focus on incorporating advanced machine learning algorithms for predictive analytics and extending the framework to multi-machine environments.
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