
Journal of Science and Technology 

 ISSN: 2456-5660 Volume 10, Issue 06 (June -2025) 

  www.jst.org.in                                   DOI:https://doi.org/10.46243/jst.2025.v10.i06.pp28- 33 

Page | 28  
 

Metals, Polymers, and the Future of Manufacturing: An 

Interdisciplinary Roadmap for Industrial Engineers 

 

Darshil Agarwal 

darshilagarwal008@gmail.com 

 

To Cite this Article  

Darshil Agarwal, “Metals, Polymers, and the Future of Manufacturing: An 

Interdisciplinary Roadmap for Industrial Engineers’’ Journal of Science and Technology, Vol. 

10, Issue 06-June 2025, pp28-33 

 

Article Info 

Received: 15-02-2025      Revised: 13-05-2025       Accepted: 23-05-2025   Published:11 -06-2025 

Abstract 

The convergence of Industrial Engineering (IE) and Materials Science (MS) has emerged as a 
critical interdisciplinary framework for addressing contemporary manufacturing challenges, 
particularly in achieving sustainability and technological advancement. This review examines 
the evolving role of IE in navigating the demands of globalization, energy efficiency, and 
environmental stewardship through the lens of material innovation. By analyzing trends such 
as Industry 4.0 and 5.0, additive manufacturing, and sustainable polymers, the study 
highlights how advancements in MS—such as nanotechnology, biodegradable materials, and 
metal recycling—are reshaping industrial processes. The integration of human-centric design, 
energy-efficient systems, and circular economy principles underscores the necessity for 
collaboration between academia and industry to drive scalable, eco-conscious manufacturing 
solutions. The findings emphasize that the synergy between IE and MS is indispensable for 
fostering resilient, adaptive, and sustainable industrial ecosystems. 

 

1. Introduction: 

As the economy of our world has become intricately intertwined with globalization, the need 
for industrial advancement with efficient innovation, manufacturing, and development on a 
regional scale has become increasingly prominent [1]. Development in manufacturing 
engineering is something the scientific community has invested in through multidimensional 
approaches, as it is crucial for the general development of society, as well as having to deal 
with multifaceted concerns like sustainability, green development, efficiency, economic 
growth, etc. [1]. While attempting to achieve goals for sustainable manufacturing of desired 
products, it is also crucial to avoid environmental hazards associated with traditional industrial 
engineering [2]. Thus, Industrial Engineering (IE) seems to have a significant impact on 
manufacturing and sustainment. Studies have shown that modern industry depends on close 
interconnection between man, machine, materials, and manufacturing. So to boost 
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manufacturing and production, the interdisciplinary study of IE and Materials Science (MS) 
has become more necessary for diverse solutions [3]. 

 

2. Research Methodology 

This study employs a systematic review of interdisciplinary literature, synthesizing peer-
reviewed articles, industry reports, and case studies to map the intersection of Industrial 
Engineering and Materials Science. Data were categorized into thematic clusters: 

1. Sustainability and Energy Efficiency: Analysis of energy loss mitigation strategies (e.g., 
waste heat recovery, thermoelectric generators) and Industry 5.0 frameworks from 
references. 

2. Material Innovations: Evaluation of polymer customization, additive manufacturing 
(AM), and nanomaterial applications, drawing on studies of thermoplastic polymers, 
biodegradable composites, and metal AM processes. 

3. Industrial Challenges: Identification of supply chain disruptions, raw material 
shortages, and recycling barriers via bibliometric analysis of IE research trends. 

4. Academic-Industry Collaboration: Case studies on pandemic-era alliances and open 
innovation models [12, 14, 21]. 

The methodology prioritizes qualitative synthesis over quantitative analysis, aligning with the 
exploratory nature of interdisciplinary research. References spanning 2003–2025 were 
analyzed for emergent themes, with a focus on scalability, environmental impact, and 
technological feasibility. 

 

3. Recent Trends and Major Challenges in Industrial Engineering 

Industrial Engineering (IE) is a major field of study in modern industry, as it is broadly 
associated with aspects of both manufacturing and service [3]. Components of IE, i.e. 
engineering management, systems engineering, management of technology, research and 
development, quality control and assurance, logistics, etc., are significant for industry as well 
as fields far beyond industries [3]. Being a broad field, IE comes along with multifaceted issues 
and even diverse perspectives of challenges [2, 3, 4, 5, 6]. 

Energy-efficient manufacturing has always been a significant concern as industry has been 
trying to reach net-zero, a carbon-neutral state [4]. Energy efficiency can be achieved by 
maintaining constant productivity or output while reducing process timing and power 
consumption. With the emergence of digital technologies as Industry 4.0 [4] and the shift 
towards a work organization equilibrium that focuses on the human element of production, 
as seen in Industry 5.0 [7], research efforts are exploring ways to achieve energy efficiency at 
an industrial scale. Saldana et al. (2025) [8] studied the effect of Industry 5.0 methods 
leveraging Industry 4.0 setup on energy efficiency. Their case study showed that around 160.6 
kWh of energy gets lost annually at an assembly line of mere 1.83 m2, which can result in an 
enormous amount of energy wastage at an industrial scale. Their study also stated numerous 
workarounds for preventing as much energy loss as possible, like heat recovery from various 
components, and thermoelectric generators for converting waste heat into electricity, 
implementing heat recovery and energy harvesting technologies, etc. [8]. With these 
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improvements, Industry 5.0 standards can be implemented for sustainable human-centered 
manufacturing [8]. 

By analyzing recent research trends, Dastkhan et al. (2009) [5] concluded that, alongside other 
important aspects such as operations research, intelligent systems, information technology, 
and energy management, research in industrial engineering (IE) should also emphasize 
aspects of raw material shortage, quality, and supply chain management. 

 

4. Material Science and Interdisciplinary Intervention 

Industry 5.0, along with human interaction, also highlights the importance of material science 
innovation in leveraging manufacturing and Industrial Engineering (IE) [9]. Innovations in 
material science have enabled multifaceted advancements in industrial engineering in the 
form of integration of nanotechnology, nanoscale preparation and real-time characterization, 
advancements in semiconductors, and power efficiency [10]. With advancements in material 
science, advanced composites, polymeric materials, and metallic alloys came forth, promoting 
sustainable, customizable, and environmentally sound production and manufacturing [10]. 
Another breakthrough in industrial manufacturing is additive manufacturing [11]. Additive 
manufacturing (AM), or more commonly known as 3D printing, is an umbrella term that 
denotes numerous technologies involved in assembling or creating structures layer by layer. 
Additive manufacturing has significantly contributed to energy applications, photocatalytic 
reactors, and thermal energy conversion utilities, further promising to progress in material 
development, novel design concepts, nanomanufacturing, etc. [11]. Post-COVID world order 
had a significant effect on industry, science, and production efficiency, which brought forth 
the necessity of an alliance of academia and industry [12]. Collaboration between academia 
and industry can help cultivate human resources, make way for open innovation, ideas, 
research and development [12]. As the concern of sustainability day by day is becoming more 
prominent than ever, engineering research is also something that is becoming abundantly 
necessary to balance development with environmental conditions [13]. Molecular 
nanomaterials are one big example of innovation in material science that has significantly 
impacted industrial manufacturing and processing. Not only nanoscale fabrication of 
materials is energy efficient and sustainable, it has positively contributed in various industries 
like food, textile, construction, pharmaceuticals, water treatment, etc. [14]. 

 

5. Polymers and Metals: Contributions and Clashes 

Metals and polymers are two completely different materials with different physicochemical 
properties. Polymers are formed when one or more monomers are bonded together, forming 
macromolecules of very high molecular weight [15]. The density of the polymer chain can be 
controlled by further crosslinking either by branching or by using crosslinking agents like 
glutaraldehyde. Metals are extracted from ores through several intensive procedures, 
resulting to a very energy-consuming process. Polymers on the other hand can be formulated 
in much less time, with customizable mechanical properties controlled by crosslinking 
percentage [15]. Thermoplastic polymers, upon introduction, have disrupted industry 
standards, as they can be easily customized according to required processability, mechanical 
properties, etc., by changing the polymer chain chemistry [16]. By changing the design, 
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comprising monomers, application of copolymers, short chain or long chain branching, 
molecular weight distribution, polymers can be fabricated to be crystalline, amorphous, or 
semi-crystalline state with varying molecular weight fractions and mechanical factors [16]. 
Utilizing these fabrication properties, polymers can be processed into any form factor, 
including solid blocks, films, nanofibers, gel, crystalline or amorphous nanoparticles, etc. 
Sustainable polymers are the current research interest in the field of material science [17]. 
Natural biopolymers like cellulose, polysaccharides like chitin, polyphenols, rubbers, and 
polypeptides (proteins) can be easily extracted, reassembled, recycled, and are much carbon 
efficient. Synthetic sustainable and biodegradable polymers like polylactic acid (PLA), 
polylactic-glycolic acid (PLGA), polyurethanes, etc., have shown massive industrial success in 
food packaging, pharmaceuticals, industrial manufacturing, aerospace, and automobile 
industries [17, 18, 19, 20]. Polymer matrix composites (PMCs) are polymer systems with 
numerous embedded materials. These have serious mechanical, physical, and chemical 
attributes necessary in industrial scale [21]. PMCs are currently being extensively used in 
biomedical applications in the form of bone prostheses, scaffolds, artificial organs, biosensors, 
etc.; construction engineering as an aid for structural reinforcement, energy industry, additive 
manufacturing, etc. [21]. 

Metals are still being used as the mechanical backbone of the industry, even though they pose 
sustainability and environmental hazards. As mentioned earlier, additive manufacturing has 
been a significant processing technique not only for polymers but also for metals [22]. Along 
with additive manufacturing, metal recycling [23][24][25], heavy metal removal from 
industrial waste [26][27][28]  is also something that is being industrially utilized.  

 

6. Conclusion 

The trajectory of Industrial Engineering is increasingly defined by its symbiosis with Materials 
Science, particularly in addressing the dual imperatives of industrial growth and ecological 
responsibility. Key trends include: 

• Human-Centric Automation: Industry 5.0’s emphasis on balancing robotic precision 
with human creativity has revitalized energy-efficient manufacturing, reducing annual 
energy losses by up to 160.6 kWh/m² in pilot assembly lines [8]. 

• Polymer Dominance: Sustainable polymers (e.g., PLA, PLGA) and polymer matrix 
composites (PMCs) are displacing traditional materials in automotive, aerospace, and 
biomedical sectors, offering customizable, low-carbon alternatives [17, 21]. 

• Metal Recycling Innovations: Advances in noble metal recovery and AM-enabled repair 
technologies are mitigating the environmental footprint of metallurgy [22–25]. 

However, challenges persist, including the scalability of nanomanufacturing and the need for 
standardized recycling protocols. Future progress hinges on interdisciplinary collaboration, 
policy alignment, and investment in R&D to bridge gaps between theoretical material science 
and industrial application. By prioritizing circular economy principles and adaptive 
manufacturing systems, IE and MS can co-create a paradigm where technological innovation 
harmonizes with planetary boundaries. 
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