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Abstract: Advanced manufacturing techniques within mechanical engineering, driven by the growing need
for precision, efficiency, and adaptability in modern production systems. Key research areas included
Additive Manufacturing (AM), non-traditional machining, advanced material processing, and the early
integration of smart manufacturing technologies. Extensive work was conducted on optimizing AM processes
such as Selective Laser Sintering (SLS), Fused Deposition Modeling (FDM), and Direct Metal Laser Sintering
(DMLS), with a focus on improving part accuracy, surface quality, and mechanical performance. Non-
traditional machining techniques like Electrical Discharge Machining (EDM), Laser Beam Machining
(LBM), and Ultrasonic Machining were studied for their effectiveness in processing hard and composite
materials. Parallel efforts in advanced material processing—including powder metallurgy, cryogenic
machining, and composite fabrication—enabled the development of high-strength, lightweight components
suitable for aerospace, automotive, and biomedical applications. The emergence of smart manufacturing
concepts, such as sensor integration, process automation, and early-stage digital twins, marked a transition
toward intelligent and connected manufacturing systems aligned with Industry 4.0 principles. Sustainability
also became a focus, with research exploring energy-efficient processes and environmentally friendly
practices.

Index Terms — Additive Manufacturing, Selective Laser Sintering, Electrical Discharge Machining,
Laser Beam Machining, Ultrasonic Machining.

|. INTRODUCTION

Advanced manufacturing techniques in mechanical applications have revolutionized the way complex
components and systems are designed, produced, and assembled. One of the most prominent technologies is
Additive Manufacturing (AM), commonly known as 3D printing, which enables layer-by-layer fabrication of
parts using materials like polymers, metals, and composites. Techniques such as Fused Deposition Modeling
(FDM), Selective Laser Sintering (SLS), and Direct Metal Laser Sintering (DMLS) are widely used in
prototyping, tooling, and lightweight structural parts. CNC machining, including milling, turning, and Electric
Discharge Machining (EDM), remains critical for producing high-precision and high-strength components,
particularly in aerospace and automotive industries. As shown in Figure 1 which indicated basic fundamental
movement of Cutter and working principal.
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Additive/Subtractive Hybrid Manufacturing
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Figure. 1 Additive Manufacturing (AM)

Laser-based processes, such as laser cutting, welding, cladding, and surface hardening, offer high-speed,
precise, and contactless material processing, ideal for sheet metal fabrication and tool enhancement. Advanced
casting techniques like investment casting and vacuum casting are used to produce intricate geometries and
high-quality metal parts, especially in aerospace and medical fields. Powder metallurgy, including Hot Isostatic
Pressing (HIP) and Metal Injection Molding (MIM), enables the creation of near-net-shape components with
minimal material waste and high strength. As shown in Figure 2 which indicated Lase-Based Additive
Manufacturing of Lightweight Metal.
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Figure. 2 Laser-Based Additive Manufacturing of Lightweight Metal

Processes like superplastic forming and diffusion bonding are employed in forming complex shapes from
materials like titanium, primarily in aerospace. For machining hard or brittle materials, Ultrasonic Machining
and Abrasive Jet Machining are used, while Water Jet Cutting provides an excellent method for cutting heat-
sensitive materials without affecting their structural properties. Cryogenic machining, which uses liquid
nitrogen or CO: for cooling, is especially effective for difficult-to-machine metals like titanium and Inconel.

Furthermore, hybrid manufacturing, which combines additive and subtractive techniques, allows for
efficient repair and production of intricate parts. Micro and Nano manufacturing processes are essential in
producing components for electronics, MEMS, and biomedical devices. Flexible Manufacturing Systems
(FMS), integrating robotics, conveyors, and automated systems, enhance adaptability and reduce downtime.
Lastly, with the rise of Industry 4.0, manufacturing now incorporates digital twins, loT-enabled machinery,
and Al-driven process optimization, offering intelligent, real-time control over production systems. These
advanced techniques collectively contribute to greater efficiency, precision, and innovation in modern
mechanical engineering applications.
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(a) Connected devices (b) Data visualization in real-time
Figure. 3 Industry 4.0: Al and VR.

Figure 3 illustrates an example of a virtual reality application in providing immersive training within a
production line context (as shown in Figure 3a). This visual representation showcases the capacity of virtual
reality technology to create an environment where workers can undergo training in an immersive and controlled
virtual setting. Moreover, it demonstrates how critical system information can be seamlessly integrated and
presented within this immersive environment (Figure 3b), thereby facilitating an effective learning experience
for the workforce.

Il. REVIEW OF ADVANCED MANUFACTURING TECHNIQUES

In the year 2020, research in advanced manufacturing techniques for mechanical engineering experienced
significant progress, driven by the urgent need for more flexible, efficient, and resilient manufacturing
systems. The COVID-19 pandemic acted as a catalyst, accelerating the adoption of decentralized and digital
manufacturing technologies. One of the most prominent areas of focus was Additive Manufacturing (AM), or
3D printing, which saw rapid advancements in material science, process optimization, and industrial
applications. Researchers explored new alloy compositions such as Al-Si—-Mg and Ti—-6AI-4V for metal 3D
printing methods like Direct Metal Laser Sintering (DMLS) and Selective Laser Melting (SLM). Studies also
investigated functionally graded materials and multi-material printing, which allowed for complex part
geometries with enhanced mechanical properties. These innovations found practical use in aerospace,
automotive, and medical sectors, especially for producing custom components and personal protective
equipment (PPE) during the pandemic.

Another key area of research was hybrid manufacturing, which combines additive and subtractive processes
in a single system. In 2020, studies demonstrated the advantages of hybrid platforms in improving surface
finish, dimensional accuracy, and production efficiency. This approach was particularly relevant for mold
making, tool repair, and high-performance part fabrication. Meanwhile, the integration of smart
manufacturing concepts, such as digital twins, cyber-physical systems, and loT-enabled machines, became a
major research direction under the umbrella of Industry 4.0. Researchers focused on real-time process
monitoring, predictive maintenance, and Al-driven optimization to enhance production reliability and reduce
downtime. These technologies were increasingly accessible even to small and medium enterprises.

In the realm of micro- and Nano-manufacturing, researchers developed techniques for laser
micromachining, micro-EDM, and precision fabrication for applications in MEMS and biomedical devices.
These processes enabled the production of intricate structures like microchannels and scaffolds for tissue
engineering. Additionally, advanced material processing methods, including laser-assisted machining,
cryogenic machining, and powder metallurgy, gained traction for their ability to handle difficult-to-machine
materials such as Inconel, ceramics, and titanium alloys. Environmental sustainability also emerged as a
critical research theme. Studies addressed energy efficiency, waste reduction, and the use of recycled or bio-
based materials. Life cycle assessments (LCA) of manufacturing processes, particularly in additive
manufacturing, helped quantify their environmental impact and guide sustainable practices.
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Hybrid manufacturing began to gain wider research traction in 2019, especially in combining additive and
subtractive processes to improve surface finish and structural performance. These hybrid systems showed
promise for tool and die fabrication, aerospace components, and customized medical implants. Meanwhile,
non-traditional machining techniques such as laser machining, ultrasonic machining, and Electrical Discharge
Machining (EDM) saw improvements in control systems and material compatibility, enabling the processing
of advanced alloys, ceramics, and composites that are typically challenging to machine.

Smart manufacturing and the early phases of Industry 4.0 adoption were also key research areas.
Researchers explored the use of sensors, machine learning algorithms, and real-time data analytics to monitor
and control manufacturing operations. Early implementations of digital twins were studied to simulate
manufacturing environments and predict system behavior, helping reduce downtime and improve
productivity. In addition, cloud-based manufacturing platforms were being researched for their potential in
distributed and on-demand production.

Sustainability in manufacturing became increasingly important in 2019, with research efforts directed at
reducing energy consumption, minimizing material waste, and developing eco-friendly manufacturing
processes. Life Cycle Assessment (LCA) methods were frequently applied to evaluate the environmental
impact of emerging techniques, particularly additive and hybrid manufacturing. Moreover, researchers
explored the use of recycled materials and biodegradable polymers, particularly for prototyping and short-
life-cycle products.

Another important research focus in 2018 was non-traditional machining techniques such as Electrical
Discharge Machining (EDM), Ultrasonic Machining, and Laser Beam Machining (LBM). These processes
were studied for their ability to work with hard, brittle, or composite materials that are difficult to machine
using conventional methods. Improved control strategies, tool wear monitoring, and material removal models
helped increase precision and efficiency in these techniques.

Advanced material processing also gained momentum, particularly the use of powder metallurgy, cryogenic
machining, and superplastic forming. These methods enabled the production of components with superior
strength-to-weight ratios and resistance to extreme operating conditions. In addition, research focused on
composite materials—especially carbon fiber- and glass fiber-reinforced polymers—for their potential in
lightweight and high-strength applications.

The concept of smart manufacturing and digital integration began to emerge more prominently in 2018.
Researchers explored the early use of sensors, machine vision, and process automation to monitor and control
manufacturing operations in real time. The foundational work in Industry 4.0 technologies such as cyber-
physical systems, cloud computing, and digital twins started taking shape in academic and industrial research,
laying the groundwork for future advancements in connected, intelligent manufacturing environments.

Sustainability was also a growing concern, and researchers investigated energy-efficient processes, waste
minimization, and material recyclability in various manufacturing techniques. Efforts to reduce the carbon
footprint of manufacturing processes and adopt green manufacturing principles were reflected in several
publications.

In 2016 and 2017, research in mechanical engineering increasingly focused on the development and
refinement of advanced manufacturing techniques to meet the rising demands for high-performance, cost-
effective, and sustainable production methods. A significant area of study during this period was Additive
Manufacturing (AM), especially in the form of Selective Laser Sintering (SLS), Fused Deposition Modeling
(FDM), and Direct Metal Laser Sintering (DMLS). These methods gained momentum due to their capabilities
in producing complex geometries with minimal waste, which was particularly beneficial for industries such as
aerospace and biomedical engineering. Studies during these years focused on material compatibility, surface
finish improvements, and mechanical property optimization of printed parts.

Another dominant research focus was Hybrid Manufacturing Systems, which integrate additive and
subtractive processes within a single platform. This hybrid approach offered advantages like improved
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dimensional accuracy and reduced production time. Researchers worked on developing control algorithms and
simulation models to better synchronize these processes. In parallel, Micro-Manufacturing and Nano-
Fabrication technologies gained traction for applications in electronics and medical devices, where high
precision and miniaturization are critical. Techniques such as micro-EDM and laser-assisted micromachining
were extensively studied for their process parameters and energy efficiency.

Furthermore, High-Speed Machining (HSM), Ultrasonic Vibration-Assisted Machining, and Cryogenic
Machining were explored as means to enhance the machinability of difficult-to-cut materials such as titanium
alloys and composites. Emphasis was placed on tool wear reduction, surface integrity, and energy consumption.
Additionally, the integration of CNC technologies with real-time sensors and data analytics laid the
groundwork for the future of smart manufacturing and Industry 4.0. Research outcomes from 2016 and 2017
collectively advanced the understanding of process mechanics, tool-material interactions, and system-level
optimization, contributing to more robust and intelligent manufacturing solutions.

In 2014 and 2015, research in mechanical engineering highlighted a growing emphasis on process
innovation, materials integration, and automation within advanced manufacturing techniques. This period
marked the early surge of Additive Manufacturing (AM) from prototype-level applications to functional part
manufacturing, particularly using metal-based AM techniques such as Electron Beam Melting (EBM) and
Laser Powder Bed Fusion (LPBF). Researchers investigated the mechanical properties, microstructure, and
porosity control of 3D-printed metals like titanium and Inconel, which were critical for aerospace and
biomedical applications. There was also an increased interest in multi-material printing and functionally graded
materials, enabling customized performance across single components.

Another area of strong academic and industrial focus was Advanced Machining Techniques, including
Electrical Discharge Machining (EDM), Abrasive Water Jet Machining, and Ultrasonic Machining. These
techniques were researched for their ability to machine hard and brittle materials such as ceramics, superalloys,
and composites. Studies in 2014-2015 delved into parameter optimization, surface quality, and energy
efficiency of these processes. Concurrently, Micro-Manufacturing research grew significantly, driven by
demands in MEMS, electronics, and biomedical device sectors. Efforts were made to improve tooling accuracy,
vibration control, and thermal stability in micromachining systems.

Meanwhile, the concept of Cyber-Physical Manufacturing Systems and smart automation began to take
shape. Research explored the integration of sensors, actuators, and CNC systems for real-time feedback and
adaptive control, laying the groundwork for Industry 4.0. There was also a notable interest in the sustainability
of manufacturing processes—evaluating energy consumption, material recyclability, and waste reduction
strategies. Collectively, research in 2014 and 2015 formed a crucial foundation for the next generation of
intelligent, material-efficient, and digitally connected manufacturing systems.

111. CONCLUSION

Overall, the research landscape in 2020 highlighted a shift toward intelligent, sustainable, and adaptive
manufacturing systems. The integration of digital tools, advanced materials, and process innovations
underscored a transformative period for mechanical engineering, where manufacturing moved closer to being
more responsive, customizable, and environmentally conscious.

Overall, the year 2019 marked a period of foundational development and integration for many advanced
manufacturing technologies. It served as a bridge between traditional manufacturing practices and the
intelligent, data-driven systems that would dominate research in the following years. Publications from
journals such as The International Journal of Advanced Manufacturing Technology, Journal of Materials
Processing Technology, and Additive Manufacturing highlighted these advancements, showcasing the steady
evolution of the mechanical engineering field toward more precise, efficient, and sustainable production
methodologies.

In summary, the year 2018 was marked by strong foundational research in advanced manufacturing
technologies, particularly in additive manufacturing, non-traditional machining, and digital integration. The
focus was on process optimization, material innovation, and the early adoption of smart technologies that
would evolve into more comprehensive Industry 4.0 systems in subsequent years.

IJCRT2103763 ] International Journal of Creative Research Thoughts (IJCRT) www.ijcrt.org ] 6565


http://www.ijcrt.org/

www.ijcrt.org © 2021 IJCRT | Volume 9, Issue 3 March 2021 | ISSN: 2320-2882

REFERENCES

[1] Chong, S., Ramakrishna, S., & Singh, R. (2018). A review of digital manufacturing-based hybrid additive
manufacturing processes. International Journal of Advanced Manufacturing Technology, 95, 2281-2300.

[2] Yakout, M., Elbestawi, M., & Veldhuis, S. (2018). A review of metal additive manufacturing technologies.
Solid State Phenomena, 278, 1-20.

[3] Meier, H., Haberland, C., & Kessler, M. (2018). Powder layer uniformity in metal additive manufacturing
using DEM simulation. Procedia CIRP, 74, 57-61.

[4] Hilpert, J., et al. (2018). Lightweight design of AISi12 mirror bodies using selective laser melting.
Precision Engineering, 54, 246-253.

[5] Toursangsaraki, M. (2018). A review of recent developments in multi-material additive manufacturing.
Additive Manufacturing, 23, 34-52.

[6] Deng, D., et al. (2018). Surface finish improvement for AISi10Mg parts by shot peening and polishing
post-processing. Additive Manufacturing, 21, 122-131.

[7] Sabyrov, N., et al. (2018). Ultrasonic vibration-assisted EDM: A review of mechanisms, modeling and
applications. Micromachines, 9(8), 367.

[8] Maamoun, A.H., et al. (2018). Effect of heat treatment and surface finishing on the surface quality and
fatigue strength of DMLS parts. Materials & Design, 144, 98-109.

[9] Yung, K.C., et al. (2018). Laser polishing of additive manufactured CoCr parts. Journal of Materials
Processing Technology, 260, 1-11.

[10] Rotella, G., et al. (2018). Cryogenic machining of titanium and nickel alloys: A review on process
performance and sustainability. Journal of Cleaner Production, 176, 268-281.

IJCRT2103763 ] International Journal of Creative Research Thoughts (IJCRT) www.ijcrt.org ] 6566


http://www.ijcrt.org/

