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ABSTRACT

The acceleration of the advancement of digital technologies has made modern manufacture operating and
designer of new systems faster; thus the convergence of Computer-Aided Design (CAD), Computer-Aided
Manufacturing (CAM), and Computer-Aided Engineering (CAE) with Product Lifecycle Management
(PLM), Industry 4.0, and the concepts of sustainable manufacturing. Based on the key trends in integrated
digital manufacturing systems, the current paper discusses recent developments in integrating systems
involving design optimization, intelligent process planning, simulation-based validation, and lifecycle-
oriented decision-making. As the literature review revealed, CAD and CAE tools have been widely adopted to
enable topology optimization, fatigue assessment, and surface performance improvement with a notable
decrease in physical prototyping to improve product reliability. The integration between CAM advancements
and real-time data-driven modeling using Al-based methodologies promotes dynamic manufacturing and
increases the accuracy of machining. Moreover, Digital Twin and analytics platforms have been developed to
enable on-demand monitoring, predictive maintenance, and continuous optimization throughout the lifecycle
of the product. This review has made a contribution in combining technologies into a single conceptual
framework, where the core activity of PLM is as a collaborative mechanism in data integration. The fact that
sustainability is an important goal was also emphasized in the analysis, with integrated manufacturing
systems showing that they increase material efficiency, energy saving and the same with cost reduction. But
despite the significant progress, interoperability as well as standardization and scalable use - particularly in
SMEs - are still challenges. This review is to develop perspectives of recent developments, gaps and future
developments in relation to intelligent and sustainable manufacturing system.
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1. INTRODUCTION

The rapid development of manufacturing systems has been mainly stimulated by the progress of Computer-
Aided Design (CAD), Computer-Aided Manufacturing (CAM), and Computer-Aided Engineering (CAE). Since
the advent of these solutions, the length of product development has been reduced by enabling greater design
precision in a shorter time period, simplifying the manufacturing processes, and improving efficiency. The
combination of CAD, CAM, and CAE is increasingly being employed in modern industries to satisfy the rising
requirements for accuracy, customization, sustainability, and cost-effectiveness in manufacturing operations
[1]1-[4].

In more recent years, numerical simulation and advanced modeling techniques were found to provide good
predictors of material behaviors and the performance of components under complicated loading and processing
conditions. For instance, the use of numerical fatigue analysis has been proved to be good for improved
durability and lifecycle performance in induction-hardened and mechanically post-treated steel components [1].
Surface enhancement methods, including ball burnishing, resulted in marked improvements in the topography
and tribological properties of hardened steels, which were found to influence wear resistance and fatigue
strength [3]. These developments highlight the essential role of optimization by simulation today in
manufacturing.

In mechanical system designing, topology optimization and weight reduction strategies play an increasingly
important role, which allows materials to be used as efficiently as possible, but should never become too much
material. Topology management optimization tools integrated into CAD platforms such as SOLIDWORKS
allow a variety of intricate mechanical assemblies like multi-stage reducers to be weight optimized properly [2].
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Such practices yield lightweight design, lowered material expense, and better power usage efficiency, and match
up with Industry 4.0 purposes.

Meanwhile, the machine learning modeling strategies such as regression analysis and artificial neural networks
(ANN) are increasingly deployed to predict machining process performance more accurately. In studies
conducted for drilling of AlI6082-T6 alloy, it was found that machine learning methods are better than
conventional regression models for modeling the nonlinear process behaviour [4]. Integrated with CAD/CAM
environments, smart manufacturing systems and adaptive process planning can then be enabled with the
advanced modelling methods employed in these intelligent modeling techniques.

It is widely known that CAD/CAM technologies are widely adopted for mechanical manufacturing but the
integration of this technology also covers aspects such as dentistry, garment development, aerospace,
shipbuilding, and education. According to multiple studies, CAD/CAM-based systems substantially improve
learning outcomes, design efficiency, and production accuracy compared to traditional methods [6], [11], [14]. It
has been shown that advanced manufacturing technologies greatly reduce product costs and strengthen
competitiveness [9], [12], particularly for small and medium-sized enterprises (SMES).

Product Lifecycle Management (PLM), sustainable manufacturing, and Industry 4.0 as these bring such systems
such as CAD/CAM/CAE systems into the core of design, analysis, manufacturing, and lifecycle integration.
Moreover, they emphasize that enabling sustainable production processes, digital twins, and informed decisions
across the product lifecycle [10], [13], [15] constitute important features in their application. As a result,
seamless integration, scalability, and economical integration across sectors remain challenging.

Therefore, this research paper aims to explore recent developments, applications, and challenges in
CAD/CAM/CAE-based manufacturing systems, with a focus on optimization, intelligent modeling, and
sustainable product development. By synthesizing current literature and technological trends, this study seeks to
provide insights into future research directions and industrial adoption strategies.

2. LITERATURE REVIEW

The progress of contemporary manufacturing systems is intricately linked to the evolution and incorporation of
technologies such as Computer-Aided Design (CAD), Computer-Aided Manufacturing (CAM), and Computer-
Aided Engineering (CAE). These technologies have transformed product design, evaluation, and manufacturing
processes by facilitating virtual prototyping, optimizing workflows, and forecasting performance across multiple
sectors.

2.1 Numerical Analysis, Fatigue, and Surface Engineering

The numerical simulation and fatigue analysis is now a critical element for simulating structural integrity and
service life of mechanical components. Leitner et al. [1] applied a numerical fatigue analysis to the induction-
hardened and mechanically post-treated steel components, and reported that the post-treatment method
considerably increased the fatigue characteristics. This work emphasizes that simulation driven design can result
in superior component durability. Properties of the mechanical and tribological properties of the surface are also
improved with these surface improvement methods.

A study of the impact of ball-burnishing on hardened steel presented by Dzierwa and Markopoulos [3] showed
that the material was found to reduce surface roughness and improve wear resistance. Similarly, Dodun et al. [5]
developed friction optimization in solid lubricant coatings, proving the benefit of surface engineering in
prolonging lifespan of the components and minimizing wear failures..

2.2 Design Optimization and Topology Management

Design optimization, and weight reduction with no loss of strength, has been attracting growing attention in
mechanical design. Slavov and Konsulova-Bakalova [2] utilized topology management optimization in
SOLIDWORKS for minimizing weight of housing parts in a two-stage reducer. By integrating optimization
tools in CAD, they achieved material savings while maintaining structural performance as shown in their case
study. These methods would achieve lightweight and sustainable design in contemporary manufacturing
contexts.

2.3 Machining Modeling and Intelligent Techniques

Predictive modeling of machining processes is essential for productivity and quality improvement. Karkalos et
al. [4] for drilling AI6082-T6 alloy compared regression models to artificial neural networks (ANNS). In their
results, ANNs revealed better prediction accuracy, which was particularly favorable for nonlinear machining
behavior. This paper emphasizes the growing role of Al-driven algorithms and data-driven techniques in CAM
and smart manufacturing environments.
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2.4 Advances in CAD/CAM/CAE Technologies

Thanks to the constant advances of CAD/CAM/CAE Technologies, the use in industries across industries are a
success. Recently, the work of Kyratsis et al. [10] reviewed advances made in the development of these
technologies, emphasizing their role in digital manufacturing, simulation-based design, and automation.
Lyashenko et al. [11] briefly described modern CAD/CAM/CAE systems including the latest in interoperability,
user interfaces, and computational capabilities.

2.5 CAD/CAM Applications in Education and Non-Traditional Fields

Over and above mechanical manufacturing, CAD/CAM technologies have received greater incorporation in
education and other application verticals. Papachristou et al. [6] showed that both these platforms are good
enough as support to the learning outcomes. Hao [12] found successful practices for case-based teaching of
CAD, resulting in better student task engagement and design competencies.

In dentistry, Abdulla et al. [7] and Batisse and Nicolas [13] focused on CAD/CAM software and observed that
digital workflows yield much better accuracy, efficiency, and repeatability compared to conventional methods.

2.6 Integration with Industry 4.0, PLM, and Sustainability

Moreover, an added integration of CAD/CAM/CAE with Industry 4.0 and Product Lifecycle Management
(PLM) systems has resulted in a more productive process in manufacturing. Mas et al. [14] surveyed the impact
of PLM in the aerospace industry for collaboration and lifecycle data management betterment. Mufioz and
Perez-Fernandez demonstrate how CAD systems help with enabling the industrial revolution of 4.0 technologies
for shipbuilding [15].

Advanced manufacturing technologies have also tackled sustainability and cost cutting. Azemi et al. [9]
demonstrated that new manufacturing systems reduce product cost noticeably. Jia et al. [16] asserted computer-
integrated sustainable manufacturing as effective for minimizing adverse effects on the environment while
maintaining productivity.

2.7 Impact on SMEs and Product Development

The application of CAD/CAM technologies has proven particularly beneficial for small and medium-sized
enterprises (SMEs). Agarwal et al. [8] proposed a Design-as-a-Service framework that enables innovation and
scalability for SMEs. Matta et al. [12] highlighted the integration of CAD/CAM with rapid prototyping as a key
enabler of faster and more efficient product development cycles.

3. CONCEPTUAL FRAMEWORK FOR FUTURE MANUFACTURING SYSTEMS

The proposed conceptual framework for future manufacturing is based on the system-level integration of
Product Lifecycle Management (PLM), Sustainable Manufacturing, and Industry 4.0, enabled through advanced
CAD, CAM, CAE, and Digital Twin technologies, as illustrated in Fig. 1. This framework emphasizes lifecycle
continuity, digital integration, intelligent optimization, and sustainability as key drivers of next-generation
manufacturing systems.
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Fig.1 Conceptual Framework for Integrated Future Manufacturing Systems

3.1 Product Lifecycle Management (PLM)

PLM forms the central coordinating layer of the conceptual framework, providing a unified data environment
that connects product design, analysis, manufacturing, operation, and end-of-life stages. PLM enables version
control, knowledge reuse, collaboration, and traceability across the lifecycle, thereby reducing design iterations
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and development time [14]. By integrating with CAD/CAM/CAE platforms, PLM ensures consistency and
continuity of product information throughout the manufacturing value chain [10].

3.2 CAD and CAE Systems

At the design and engineering level, CAD systems generate digital product models that serve as the primary
input for downstream processes. Modern CAD tools support topology optimization, parametric modeling, and
design automation, facilitating lightweight and functionally optimized components [2]. These capabilities are
critical for sustainable product development, as they enable material reduction and performance-driven design
decisions.

CAE systems complement CAD by providing simulation-based validation and optimization. Numerical fatigue
analysis, structural simulation, and tribological performance evaluation allow early detection of design
limitations and performance risks [1], [3]. The integration of CAE within the conceptual framework minimizes
physical prototyping and supports virtual testing, leading to cost-effective and reliable product development.

3.3 CAM and Intelligent Process Planning

The manufacturing layer is driven by CAM systems, which translate validated digital designs into optimized
manufacturing strategies. Integration of CAD/CAE with CAM enables automated toolpath generation, process
parameter optimization, and adaptive machining control. Intelligent modeling approaches, including regression
analysis and artificial neural networks, enhance the prediction of machining outcomes and improve
manufacturing accuracy [4]. This layer supports smart production systems aligned with Industry 4.0 principles.

3.4 Digital Twin and Analytics

A distinguishing feature of the conceptual framework is the Digital Twin and Analytics layer, which creates a
virtual representation of physical manufacturing systems. Digital Twins integrate real-time sensor data,
simulation models, and analytics to monitor performance, predict failures, and optimize energy and resource
usage [16]. This closed-loop feedback mechanism connects operational data back to CAD/CAM/CAE and PLM
systems, enabling continuous improvement and lifecycle-wide optimization [11].

3.5 Industry 4.0 and Sustainable Manufacturing

On a strategic level, Industry 4.0 technologies—Ilike automation, cyber-physical systems and data
connectivity—enable interoperability and intelligent decision-making across the framework [13], [15].
Sustainable Manufacturing principles also govern the design, material selection, process planning and lifecycle
assessment to reduce environmental and resource-consumption impacts. Studies have demonstrated that cutting-
edge manufacturing technologies provide great impact on cost and sustainability targets [9].

3.6 Framework Outcomes and Research Implications
The proposed conceptual framework supports:

Lifecycle integration through PLM-driven data continuity

Intelligent optimization via CAE, CAM, and data-driven models

Digital transformation enabled by Industry 4.0 and Digital Twins

Sustainability and cost efficiency through optimized design and manufacturing
As shown in Fig. 1, the framework emphasizes the intertwining of contemporary digital and strategic objectives
for future production systems. While existing studies validate individual components of this framework,
interoperability of the system, integrating data in real time, and scaling up are still issues, especially under the
small and medium-sized enterprises (SMEs) [8], [10]. These gaps provide a strong foundation for further
research and development.

4. CONCLUSIONS

This paper reviews studies on the development and integration of CAD, CAM, CAE and Digital Twin
technology in the context of PLM, Industry 4.0 and Sustainable Manufacturing. Based on the studied literature
review, the transition from isolated digital tools to a combination of integrated, lifecycle-oriented manufacturing
systems for intelligent decision-making and sustainable production is evident.

The study suggests CAD and CAE-based approaches give researchers the capability of achieving sophisticated
design planning, numerical simulation, and early-stage performance validation, thereby minimising physical
prototyping and enhancing product reliability. CAM systems in conjunction with smart modeling frameworks
like artificial neural networks improve process planning accuracy, increase manufacturing efficiency, and
flexibility. Digital Twin and analytics integrate with manufacturing systems for ongoing monitoring, proactive
maintenance, and ongoing performance optimization. In this review, a critical finding is that PLM serves as a
unifying backbone that allows for data continuity, traceability, and collaboration across the product lifecycle.
Integrated with Industry 4.0 technologies, PLM enables design, manufacturing, and operational system
interoperability, enabling implementation of smart factories. With the development of such digital platforms,
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sustainability has gained traction in some respects, leading to reduced material consumption, energy
conservation, and cost savings. Although there are great progresses of technology, it has been observed in the
literature that interoperability remains problematic, in the areas of standardization, integration of real-time data
and the cost of implementing into systems, especially for small and medium enterprises. As an overall guideline,
this review gives a holistic view on unified digital manufacturing systems and points out future research avenues
that deal with scalable architectures, standardized integration and artificial intelligence-based decision support
for achieving intelligent and sustainable manufacturing.
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