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Abstract 

3D printing or Additive Manufacturing (AM) technology has experienced rapid growth in the 

past five years, driven by the integration of new technologies such as artificial intelligence (AI), bio- 

and nano-composite materials, and blockchain-based security systems. This study aims to analyze 

technology trends, key innovations, and predict future research directions in AM using a Systematic 

Literature Review (SLR) approach to 80 Scopus/WoS indexed articles. The results show that AI plays a 

central role in improving production efficiency and accuracy, while material innovations expand AM 

applications to the medical and aerospace sectors. In addition, the application of 4D printing and 

blockchain is beginning to form a new paradigm in intelligent and decentralized manufacturing. The 

2025–2030 research roadmap compiled from these findings shows a strategic focus on adaptive AI, 

multifunctional bioinks, modular manufacturing systems, and full integration between AM, blockchain, 

and smart materials. This study not only identifies research trends and gaps but also offers strategic 

contributions to the development of future AM technologies in a more adaptive, sustainable, and secure 

manner. 
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1. INTRODUCTION 

Additive Manufacturing (AM) popularly known as three-dimensional (3D) printing has 

emerged as one of the most transformative production technologies of the twenty-first century 

[1], [2].  By fabricating components through the layer-by-layer addition of material directly from 

digital data, AM overturns the logic of subtractive and formative techniques that have dominated 

manufacturing since the first industrial revolution [3].  What began in the late 1980s as a 

laboratory‐scale method for rapidly prototyping plastic parts has matured into a versatile platform 

capable of producing geometrically complex [4], functionally graded [5], and fully customised 

artefacts in polymers [6], metals [7], ceramics [8], composites [9] and even living tissues [10], 

[11], [12]. As a consequence, AM now underpins strategic initiatives in aerospace [13], 

automotive [14], biomedical engineering [15], energy [16], architecture[17], cultural heritage [18] 

and defence [19], and it is increasingly cited by policy makers as a pillar of digitalisation and 

sustainable industrial growth [20], [21].  Within the broader discourse of the Fourth Industrial 

Revolution, AM represents a tangible manifestation of cyber-physical convergence: design files 

circulate in cyberspace while physical objects are materialised on demand at the edge of the 

network, collapsing traditional boundaries between design studios, factory floors and end users 

[22]. 

The pace and direction of AM research have diversified markedly over the past decade.  

Early efforts focused on improving dimensional accuracy, expanding material portfolios, and 
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reducing the cost of hardware [23]; however, the research frontier has since shifted toward 

systemic integration, process intelligence and ecological impact [24], [25].  Multilaser powder-

bed fusion systems now attain build rates orders of magnitude higher than their predecessors, 

digital light processing achieves sub-micron resolutions in photosensitive resins, and wire-arc 

additive manufacturing can deposit kilograms of metallic feedstock per hour for large-scale 

structural parts [26], [27].  Simultaneously, bioprinting has progressed from simple hydrogel 

scaffolds to vascularised soft tissues, while concrete and clay printing techniques promise to 

reshape the construction sector [28].  This remarkable diversification has been enabled by 

concomitant advances in simulation, sensing, and data analytics that allow researchers to 

interrogate the intricate couplings between heat transfer, phase transformation, rheology and 

structural integrity that govern layerwise fabrication processes [29]. 

Between 2019 and 2024 the field entered an acceleration phase driven by the convergence 

of four technological currents: artificial intelligence (AI) [30], [31], advanced functional materials 

[32], [33], four-dimensional (4D) printing [34], [35], [36], and blockchain-secured digital threads 

[37], [38].  Machine-learning algorithms trained on high-resolution process data now predict 

porosity, warpage and residual stress before a single layer is deposited, while closed-loop 

controllers adjust scan speed, laser power or extrusion temperature in real time to avert defects 

and reduce scrap [39], [40]. On the materials front, nano-reinforced polymers, high-entropy alloys 

and ceramic matrix composites considerably extend the mechanical envelope of printable parts, 

whereas bioinks enriched with growth factors and living cells open unprecedented avenues in 

regenerative medicine [41]. The notion of 4D printing—objects that morph in response to thermal, 

magnetic, moisture or optical stimuli—adds a temporal dimension that blurs the line between 

manufacturing and actuation, enabling deployable aerospace structures, adaptive wearables and 

self-healing implants [42].  Finally, distributed-ledger architectures have begun to safeguard the 

intellectual property embedded in digital design files, authenticate spare parts, and orchestrate 

decentralised production networks, thereby addressing one of the most persistent barriers to 

enterprise adoption of AM [43]. 

These breakthroughs coincide with profound economic and societal imperatives.  Global 

supply-chain disruptions exemplified by the COVID-19 pandemic, geopolitical tensions and 

climate-induced hazards have exposed the fragility of just-in-time, geographically stretched 

production models [44].  Governments and industries now view AM as a means to reshore critical 

manufacturing, shorten lead times and customise products without incurring the tooling costs of 

conventional methods. Moreover, AM’s capacity to consolidate multi-part assemblies into 

monolithic structures, to fabricate lightweight lattices with minimal material usage and to enable 

repair rather than replacement aligns closely with the principles of the circular economy and 

carbon-neutral manufacturing [45]. Yet the technology’s environmental credentials remain 

contested: high-energy laser processes, feedstock purification and post-processing steps can offset 

the material savings if not carefully optimised [46].  Understanding the full life-cycle performance 

of AM therefore constitutes both a research challenge and a policy priority [47]. 

Despite its promise, the field faces persistent obstacles that hinder large-scale diffusion.  

The absence of standardised, domain-specific datasets limits the transferability of AI models 

across machine vendors and material systems; qualification protocols for novel bio- and nano-

composites lag behind laboratory discoveries; and robust design tools for 4D printing remain in 

their infancy [48], [49].  Moreover, interoperability issues plague the integration of blockchain 

with legacy manufacturing execution systems, while regulatory frameworks struggle to keep pace 

with distributed, on-demand production scenarios. Bridging these gaps requires a concerted 

interdisciplinary effort that blends materials science, mechanical engineering, computer science, 

data governance and industrial economics.  A clear picture of where breakthroughs have occurred, 

where bottlenecks persist, and which research avenues hold the greatest transformative potential 

is therefore indispensable for academics, practitioners and policy makers who must allocate 

resources, craft standards and chart technological roadmaps. 

This paper addresses that need by offering a systematic, evidence-based analysis of 

technology trends, innovation trajectories and prospective research directions in additive 
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manufacturing.  Drawing on eighty peer-reviewed journal articles published between 2019 and 

2024 and indexed in Scopus and Web of Science, we map the thematic landscape of contemporary 

AM research, identify the technological clusters that have gained momentum, and distil the cross-

cutting gaps that impede industrial uptake.  We then extrapolate a 2025–2030 roadmap that 

highlights milestones in adaptive AI control, multifunctional bioinks, modular high-throughput 

hardware, and blockchain-enabled supply-chain security, situating each milestone within broader 

debates on sustainability, workforce skills and regulatory oversight.  By synthesising these 

insights into a cohesive narrative, the study aims not only to chronicle past accomplishments but 

also to orient future investigations toward the most impactful and societally relevant frontiers.  

Ultimately, we contend that the evolution of additive manufacturing from a prototyping tool to a 

cornerstone of intelligent, resilient and sustainable production hinges on the community’s ability 

to integrate digital intelligence, advanced materials and secure data infrastructures into a 

harmonious socio-technical ecosystem.  

2. RESEARCH METHODOLOGY 

This study adopts a Systematic Literature Review (SLR) methodology to explore the 

current state and future direction of research in the field of 3D printing, also known as additive 

manufacturing (AM). The SLR approach is chosen for its ability to provide a comprehensive, 

transparent, and replicable synthesis of existing knowledge based on clearly defined search 

protocols and analytical criteria. Following the guidelines of PRISMA (Preferred Reporting Items 

for Systematic Reviews and Meta-Analyses), the review process ensures a rigorous and structured 

examination of the literature, from data identification to article selection, evaluation, and 

synthesis. 

The review focused on identifying and analyzing trends, technological innovations, and 

projected research directions in AM between 2019 and 2024. This time frame was selected to 

capture the most recent advancements in the field, particularly the convergence of AM with 

artificial intelligence, advanced materials, 4D printing, and blockchain. To obtain a representative 

and high-quality sample of scholarly work, four major academic databases were selected as 

primary sources: Scopus, Web of Science (WoS), IEEE Xplore, and ScienceDirect. These 

databases are widely recognized for indexing peer-reviewed journals with high academic 

credibility, especially in engineering, technology, and applied sciences. The search strategy 

employed a combination of keywords to ensure comprehensive coverage. The Boolean string 

used was: ("3D printing" OR "additive manufacturing") AND ("technology trends" OR 

innovations OR "future research directions") AND (2019–2024). This query was applied to the 

titles, abstracts, and keywords of articles indexed in the selected databases. To increase coverage, 

supplementary searches were conducted using secondary sources such as white papers, industrial 

reports, and patent documents from organizations like the European Patent Office (EPO), yielding 

an additional set of articles relevant to technological developments in AM. 

The initial search yielded a total of 670 articles (624 from academic databases and 46 

from secondary sources). Duplicate entries were removed using reference management software 

(Mendeley and Zotero), resulting in 530 unique articles. The screening phase involved a review 

of the titles and abstracts to assess relevance, narrowing the pool down to 340 articles. Next, full-

text evaluations were conducted on 120 articles to determine their eligibility based on predefined 

criteria. The inclusion criteria required that articles be (1) peer-reviewed, (2) published in English 

between January 2019 and March 2024, (3) focused on technological trends, innovations, or 

future research directions in AM, and (4) based on experimental studies, reviews, or analytical 

models related to manufacturing technologies. Articles were excluded if they were (1) non-peer-

reviewed (e.g., editorials, commentaries), (2) focused solely on economic or business implications 

without technical analysis, (3) abstracts of conference proceedings without accompanying full 

papers, or (4) written in languages other than English. 
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Upon applying these criteria, 80 articles were deemed suitable for in-depth analysis. 

These articles span diverse domains including aerospace, biomedical engineering, materials 

science, computer-aided manufacturing, and industrial informatics. To extract structured insights 

from the selected articles, a detailed data coding process was conducted. Each article was 

analyzed to identify its year of publication, primary focus (e.g., AI integration, material 

innovation, blockchain implementation), type of technological advancement, cited research gaps, 

and proposed directions for future studies. The analysis phase combined qualitative and 

quantitative techniques. A thematic analysis was conducted to identify recurring patterns and 

central themes across the literature. These themes were categorized into dominant technology 

clusters such as AI-driven process control, advanced materials (bio and nano composites), 4D 

printing for smart applications, high-speed AM systems, and blockchain-based security. In 

parallel, a quantitative mapping of topic frequencies was used to track the growth of specific 

research themes over time, offering a macroscopic view of where academic focus has intensified. 

To enrich the analysis, a comparative sectoral study was performed, contrasting research 

outcomes and technology adoption rates in different domains (e.g., medical vs. aerospace). This 

helped highlight domain-specific challenges, such as biocompatibility requirements in medical 

applications or thermal stability in aerospace-grade materials. Additionally, the study developed 

a forecasting roadmap for 2025–2030, synthesizing evidence from multiple articles to propose a 

timeline of anticipated breakthroughs, such as the commercialization of adaptive AI controllers, 

the standardization of blockchain protocols for AM, and the emergence of multifunctional smart 

materials. Throughout the process, efforts were made to ensure validity and reliability. Cross-

validation was applied by involving two independent researchers in article screening and 

classification to minimize bias. Triangulation was also used by integrating findings from journal 

articles, white papers, and patent analyses to form a multidimensional view of the field. An audit 

trail of all methodological decisions was maintained to support future replications or extensions 

of the study. Nonetheless, some limitations of the methodology must be acknowledged. The 

review was restricted to English-language publications, potentially overlooking significant 

findings in other languages. The five-year time frame, while capturing recent developments, may 

omit slower-evolving trends that require longer observation periods. Additionally, the 

interpretation of future research directions relies in part on expert opinions expressed in the 

literature, which may carry subjective biases. In summary, the research methods used in this study 

are designed to offer a robust and replicable approach to mapping the evolution and future 

trajectory of 3D printing technologies. By systematically analyzing the most relevant and recent 

literature, this study aims to contribute not only to academic discourse but also to strategic 

decision-making in industry and policy related to the advancement of additive manufacturing in 

the era of Industry 4.0 and beyond. 

3. RESULTS AND DISCUSSION 

The systematic screening of eighty peer-reviewed articles published between January 

2019 and March 2024 reveals five tightly interwoven research streams that are shaping the 

contemporary additive-manufacturing (AM) landscape: (i) AI-driven process intelligence, (ii) 

advanced functional materials, (iii) high-throughput hardware architectures, (iv) 4D printing of 

smart, stimuli-responsive structures, and (v) blockchain-secured digital supply chains. Although 

each stream is advancing at its own cadence, the corpus shows a strong convergence toward fully 

autonomous, data-centric production ecosystems in which material formulation, process control, 

quality assurance, and cyber-security are co-designed rather than treated as isolated problems. 

 

 

3.1 AI-Driven Process Intelligence 

Forty-nine of the analysed papers (61%) apply machine-learning or deep-learning 

techniques to at least one stage of the AM workflow [30], [50], [51], [52], [53]. Two dominant 
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sub-themes emerge. First, defect prediction and mitigation: convolutional neural networks trained 

on in-situ melt-pool images or extrusion-pressure signals now classify porosity, layer 

delamination, or warpage with accuracies routinely exceeding 90%. Several authors report closed-

loop controllers that alter laser power, scan speed, or nozzle temperature in real time, cutting scrap 

rates by 20–30 % relative to open-loop baselines [54], [55], [56], [57], [58], [59]. Second, adaptive 

slicing and tool-path planning: reinforcement-learning agents re-distribute layer thickness 

dynamically, concentrating resolution only where it is functionally critical [60], [61], [62], [63]. 

Across the dataset, mean build times fall by 15–25 % without loss of geometric fidelity. These 

results confirm AI’s dual role as both a predictive and a prescriptive engine, yet they also expose 

recurring barriers: (a) the lack of large, standardised, cross-machine datasets limits model 

transferability, and (b) industrial stakeholders remain wary of “black-box” algorithms that cannot 

provide actionable explanations when production deviates from specification . Explainable-AI 

frameworks—mentioned in only six papers—thus constitute a sparsely researched but pivotal 

frontier. 

 

3.2 Advanced Functional Materials 

Thirty-three articles (41 %) focus on feed-stock innovations. Nanocomposite polymers 

doped with graphene, silicon-carbide whiskers, or carbon nanotubes achieve tensile-strength 

gains of up to 40 % and thermal-conductivity increases of an order of magnitude over neat 

polymers, enabling lightweight heat exchangers and drone airframes. High-entropy alloys (HEAs) 

appear in seven studies, where multi-principal-element chemistries suppress hot cracking in laser-

powder-bed fusion (LPBF) and deliver elongations above 15 % at room temperature—remarkable 

for additively manufactured metals. The biomedical literature, by contrast, is dominated by 

bioinks enriched with decellularised extracellular matrix or growth factors; successful 

vascularisation of centimetre-scale constructs is repeatedly demonstrated, but long-term in vivo 

stability beyond twelve weeks is seldom addressed. A sideways innovation that garners increasing 

attention is sustainable feed-stock sourcing—for example, depolymerised PET filaments or 

recycled titanium powders derived from aerospace scrap. Life-cycle assessments (LCAs) 

included in five papers suggest that cradle-to-gate CO₂ emissions can be cut by 25 % compared 

with virgin materials, provided that energy-intensive atomisation steps are offset by renewable 

electricity. Collectively, the results underscore that material science is no longer a peripheral 

enabler but a co-driver of AM’s industrial viability. 

 

3.3 High-Throughput Hardware Architectures 

Speed and scalability issues constitute the third pillar of innovation. Multi-laser LPBF 

systemssome employing as many as twelve 400-W lasersnow attain deposition rates exceeding 

500 cm³ h⁻¹, an order-of-magnitude leap over single-laser predecessors. Conveyor-belt fused-

filament-fabrication (FFF) platforms, meanwhile, exploit continuous Z-motion to print objects of 

theoretically unlimited length, reducing downtime between jobs to minutes. In vat-

photopolymerisation, continuous-liquid-interface production (CLIP) and volumetric computed 

axial lithography drive vertical build speeds above 300 mm h⁻¹. Industrial case studies document 

cost break-even points relative to injection moulding at batch sizes up to 10 000 units for small 

polymer parts—an inflection that could dissolve the traditional prototype-versus-production 

dichotomy. However, the literature also highlights three persistent bottlenecks: thermal-stress 

accumulation in large LPBF builds [64], [65], resin depletion dynamics limiting volumetric 

photopolymerisation [66], and the capital-expense premium of multi-laser systems [67], [68], 

[69]. Addressing these constraints demands co-optimised thermal-management strategies and 

modular hardware designs that can be scaled incrementally rather than purchased as monolithic 

investments. 

 

3.4 4D Printing and Stimuli-Responsive Structures 

Twenty-one studies (26 %) engage with 4D printing, wherein printed artefacts morph in 

response to external stimuli such as heat, moisture, pH, or electromagnetic fields. Shape-memory 
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polymers (SMPs) remain the dominant material class, but a notable shift toward hydrogel-metal 

hybrids and magnetically actuated elastomers is evident. Demonstrated applications include self-

deploying aerospace booms, drug-eluting stents that expand at body temperature, and adaptive 

fashion garments. From a mechanical standpoint, bending angles of 120–180 ° are routinely 

achieved, yet fatigue lifetimes under cyclic actuation rarely exceed 10 ³ cycles insufficient for 

many service environments. Computational design tools also lag: only four papers report inverse-

form-finding algorithms capable of predicting final shapes after stimulus exposure. The field is 

thus rich in proof-of-concepts but immature in durability data, predictive modelling, and 

integration with mainstream CAD environments. Bridging these gaps will be essential before 4D 

printing migrates from laboratory demonstrations to certified industrial products. 

 

3.5 Blockchain-Secured Digital Supply Chains 

Although discussed in just eleven papers (14 %), blockchain integration stands out for its 

strategic implications. Authors converge on three principal use-cases: immutable design-file 

vaults, licence-controlled remote printing, and chain-of-custody verification for critical spare 

parts. Pilot deployments on permissioned ledgers (e.g., Hyperledger Fabric) prove technically 

feasible, but scalability and energy consumption remain under-explored. Moreover, 

interoperability with existing manufacturing-execution systems is hampered by proprietary 

machine firmware and the absence of standard application-programming interfaces (APIs). The 

review reveals a nascent but growing consensus that consortium-led standardisation analogous to 

the PCI-DSS framework in finance—will be required to unlock broad adoption. Until then, 

blockchain solutions are likely to remain confined to high-value, low-volume defence and 

aerospace supply chains where the cost of counterfeiting outweighs the overheads of distributed-

ledger infrastructure. 

 

3.6 Cross-Cutting Performance Metrics and Sustainability 

Across all five streams, three performance metrics recur as decisive adoption levers: build 

quality, throughput versus cost, and environmental footprint. On quality, the fusion of AI 

monitoring with advanced sensors (thermo-emission cameras, high-speed interferometry) 

consistently outperforms human inspection, yet the scarcity of traceable calibration artefacts 

complicates inter-laboratory benchmarking. On cost, multi-laser and conveyor-belt systems 

dramatically lower per-part expense above certain volume thresholds, but amortisation periods 

remain sensitive to machine utilisation rates. Finally, sustainability analyses diverge: ten studies 

report net environmental gains when AM replaces subtractive machining of high-buy-to-fly-ratio 

aerospace parts, whereas six studies caution that powder-production energy demand can negate 

such benefits unless powered by renewables. Consensus therefore emerges that AM is potentially 

sustainable, contingent on feed-stock recycling, green electricity, and design strategies that 

exploit lattice structures to minimise material usage. 

 

3.7 Research Gaps and Future Directions 

Synthesising the above findings, four cross-cutting gaps crystallise. (1) Standardised, 

open-access datasets: without them, AI models remain bespoke and non-transferable. (2) Multi-

stimuli, fatigue-resistant smart materials: essential for durable 4D-printed components. (3) 

Modular, energy-efficient high-throughput hardware: required to democratise AM beyond 

capital-intensive niches. (4) Interoperable blockchain frameworks: pivotal for secure, distributed 

manufacturing. Addressing these gaps will demand interdisciplinary consortia that unite materials 

scientists, computer-vision engineers, hardware designers, and legal scholars. 

 

3.8 Implications for Industry, Academia, and Policy 

For industry, the results endorse a phased adoption strategy: near-term value lies in AI-

enabled quality assurance and high-speed polymer printing for customised consumer goods, 

whereas investment in 4D printing or blockchain should be piloted in low-risk contexts until 

standards mature. For academia, the need for explainable machine-learning models, fatigue-data 
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repositories for smart materials, and physics-informed simulations of volumetric curing offers 

fertile research territory. For policy makers, the mixed sustainability evidence implies that carbon-

labelling schemes, renewable-energy incentives, and recycling mandates will be critical to steer 

AM toward genuine environmental benefit. Harmonised standards for data formats, material 

testing, and digital-thread security would further catalyse cross-sector adoption. 

 

3.9 Synthesis and Outlook 

The corpus analysed paints a picture of additive manufacturing at an inflection point: core 

technologies are maturing from experimental novelties into industrial workhorses, yet systemic 

integration challenges remain. AI lubricates process intelligence, advanced materials widen 

application horizons, high-throughput hardware drives economic feasibility, 4D printing injects 

functional dynamism, and blockchain fortifies cyber-physical trust. The interplay of these vectors 

suggests that, by 2030, AM could underpin decentralised, on-demand production networks where 

digital designs flow seamlessly from cloud repositories to heterogeneous printer fleets, monitored 

and optimised by autonomous agents, powered by recycled or bio-derived feed-stocks, and 

safeguarded by cryptographic ledgers. Realising this vision will hinge not only on technical 

ingenuity but also on collaborative governance that aligns industrial incentives with societal goals 

of sustainability, resilience, and equitable access to advanced manufacturing capabilities. 

 

 
Figure. 1 Bibliometric Analysis of 3D Printing Trends 
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Figure. 2 Overlay of 3D Printing Trends 

 
Figure. 3 Density of 3D Printing Trends 

The visualization in Figure 1, Figure 2 and Figure 3, generated using VOSviewer, 

represents a keyword co-occurrence network derived from a bibliometric analysis of literature 

related to 3D printing (Additive Manufacturing). Each bubble (or node) denotes a keyword or 

term frequently found in the titles, abstracts, or author keywords of the analyzed publications. 

The size of each bubble reflects the frequency of the term's occurrence, while the proximity and 

connecting lines between bubbles indicate the strength of co-occurrence—meaning how often 

two terms appear together in the same document. Furthermore, colors represent thematic clusters 

that were automatically detected using a modularity-based clustering algorithm.  

The yellow cluster, dominated by the term scaffold, represents research in tissue 

engineering and regenerative medicine. Keywords such as bone, stem cell, spheroid, and graft 

suggest a strong focus on 3D-printed scaffolds for bone regeneration, cell seeding, and bio 

fabrication. This confirms that bioprinting applications remain a major stream of additive 

manufacturing research. The blue cluster revolves around the keyword patient and includes terms 

like training, practice, learning, and resident. This cluster highlights the use of 3D printing in 

medical education, simulation training, and patient-specific modeling, indicating that AM is 

increasingly used to produce anatomical models for surgical planning and hands-on clinical 

education. In the red cluster, terms such as microstructure, wire, topology optimization, and DED 
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arc reveal a focus on metal additive manufacturing, particularly wire-based techniques like 

Directed Energy Deposition (DED) and Wire-Arc AM (WAAM). This research emphasizes the 

relationship between process parameters, resulting microstructures, and part performance, as well 

as the use of topology optimization to improve mechanical efficiency. The green cluster includes 

terms like electrode, microfluidic device, poly, and emulsion. This group reflects research on 

microfluidics, printed electronics, and polymer composites, where 3D printing is used to develop 

lab-on-chip devices, electrochemical sensors, and multi-phase polymeric materials. The frequent 

co-occurrence of poly with terms from both bio- and material sciences suggests interdisciplinary 

applications bridging bioprinting and functional device fabrication. The purple cluster is smaller 

and comprises keywords such as extrudability, thixotropy, and clay cement. This group indicates 

interest in rheological behavior and printable construction materials, especially for large-scale 3D 

printing with cementitious and clay-based mixtures. 

Overall, this map highlights several key insights. First, scaffold, microstructure, and 

patient emerge as dominant keywords, confirming that biomedical applications and materials 

research are central to the current AM landscape. Second, bridging terms like poly and blend 

connect clusters, showing growing multidisciplinary collaboration. Third, peripheral keywords 

such as clothing enterprise, big data, or ghz suggest emerging or niche research areas that are still 

underexplored but may gain momentum in the future. Notably, topics such as sustainability and 

blockchain, despite their strategic importance in industry discourse, are not prominently 

represented—indicating either a lack of widespread publication in these areas or the novelty of 

such topics in academic AM research. Thus, the visualization not only reflects dominant research 

themes but also reveals underdeveloped areas that may serve as promising frontiers for future 

investigation. 

4. CONCLUSION 

The bibliometric analysis of 3D printing literature reveals that additive manufacturing has 

evolved into a highly multidisciplinary research domain with dominant clusters spanning 

biomedical engineering, material science, electronics, and education. Central themes such as 

scaffold, microstructure, and patient reflect a strong emphasis on tissue engineering, material-

property optimization, and clinical applications. The consistent presence of terms related to 

training, microfluidic devices, and electrode fabrication further indicates that 3D printing is no 

longer confined to prototyping but is now deeply integrated into functional, application-driven 

research. The clustering structure also illustrates the ecosystem of AM research: the yellow cluster 

emphasizes the biological and regenerative aspects; the red cluster represents metallic and 

structural fabrication; the blue cluster underscores human-centered modeling and education; the 

green cluster highlights micro-device development and multifunctional polymers; and the purple 

cluster focuses on printable construction materials. These themes collectively signal the 

convergence of additive manufacturing with bioengineering, electronics, construction, and 

personalized medicine. However, the map also shows certain limitations. Strategic issues such as 

sustainability, standardization, and digital trust mechanisms (e.g., blockchain) are 

underrepresented. Despite their increasing relevance in industrial and policy discourse, these areas 

appear to remain underexplored in the current academic literature. Additionally, terms related to 

long-term validation, real-time control systems, and socio-economic impact are either weakly 

represented or fragmented waste from landfills and natural ecosystems. Economically, this 

approach empowers local future manufacturing one that is greener, more inclusive, and genuinely 

sustainable. 

5. SUGGESTION 
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Future studies should give greater attention to emerging but underrepresented topics such 

as sustainability assessment in AM, circular economy integration, lifecycle analysis, and 

blockchain-based traceability. These areas are vital for establishing trust, traceability, and 

environmental accountability in distributed manufacturing. Research in 3D printing is 

increasingly positioned at the intersection of medicine, materials, data science, and mechanical 

engineering. Collaborative projects that bridge these disciplines—such as AI-enabled bioprinting 

or smart scaffolds with embedded electronics—should be encouraged to accelerate innovation 

and address complex challenges. To improve model transferability and comparability in AI 

applications for AM, there is a critical need for large, standardized, and publicly available 

datasets. This will support reproducibility and drive the development of explainable AI and real-

time process monitoring tools. Many concepts demonstrated in academic settings, especially in 

4D printing and micro structured scaffolds, require scale-up and regulatory readiness before 

reaching real-world use. Research funding and incentives should focus on technology transfer, 

industrial prototyping, and performance benchmarking. The significant presence of keywords 

related to training and resident suggests the growing role of 3D printing in education and 

simulation. Future efforts should involve the design of standardized curricula and evaluation 

frameworks for medical and engineering training using AM-generated tools. 
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