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ABSTRACT 

Hybrid manufacturing—combining the strengths of 

additive and subtractive techniques—has become an exciting 

innovation for small industries aiming to balance precision, 

efficiency, and affordability. By merging 3D printing’s 

flexibility with traditional machining’s accuracy, this approach 

shortens production times, minimizes waste, and supports 

design freedom in small-scale operations. Recent trends show a 

growing interest in compact, cost-effective hybrid machines, 

integrated software control, and AI-enabled monitoring 

systems that streamline production and ensure consistent 

quality. Yet, small enterprises face notable challenges: high 

setup costs, the need for skilled operators, complex process 

coordination, and limited awareness of hybrid capabilities. 

Despite these barriers, the technology’s potential is immense. It 

not only helps manufacturers remain competitive but also 

promotes sustainability and customization in an increasingly 

dynamic market. With continued innovation and accessible 

training, hybrid manufacturing could redefine the future of 

small-scale production. 

Keywords—Hybrid manufacturing, Additive and 
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1. INTRODUCTION 

Hybrid manufacturing blends two powerful worlds—

additive manufacturing, which builds parts layer by layer, 

and subtractive manufacturing, which shapes materials with 

precision cutting tools. Together, they form a seamless 

process that improves efficiency, accuracy, and material use. 

For small industries, this integration is more than just a 

technological upgrade; it’s a pathway to greater adaptability 

and innovation. By merging flexibility with precision, hybrid 

manufacturing enables small enterprises to produce complex  

 

 

components at lower cost and with shorter lead times giving 

them a competitive edge. 
In the fast-evolving landscape of Industry 4.0 and the 

approaching Industry 5.0 era, hybrid manufacturing stands as 
a vital bridge between automation and human creativity. 
Industry 4.0 introduced smart factories, digital connectivity, 
and data-driven innovation, while Industry 5.0 brings a 
renewed focus on collaboration between people and 
intelligent machines. For small industries, adopting hybrid 
manufacturing within this framework means staying 
resilient, sustainable, and capable of delivering specialized 

products that meet modern demands. 

2. LITERATURE REVIEW 

Hybrid manufacturing (HM) combines additive 

manufacturing (AM) and subtractive manufacturing (SM) in 

a single workflow, offering a balance between AM’s design 

flexibility and SM’s precision. This integration has reshaped 

modern production by improving efficiency, quality, and 

sustainability [1], [2]. Zhu et al. [2] were among the first to 

define HM as the coordinated use of multiple manufacturing 

processes—applied either sequentially or simultaneously—

to enhance productivity and part quality. Initially adopted 

for high-performance components in aerospace and 

biomedical applications, HM has since expanded into other 

industries as technology and system capabilities have 

matured. 

Freitas et al. [1] demonstrated that integrating AM 

and SM on a unified platform can reduce material waste, 

minimize repositioning, and improve dimensional accuracy. 

Similarly, Sebbe et al. [3] highlighted that hybrid systems 

enable the production of intricate geometries with strong 

mechanical properties. More recently, researchers have 

focused on merging HM with digital and intelligent systems. 
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Oyesola et al. [4] observed the growing use of sensors, real-

time monitoring, and artificial intelligence (AI) to enhance 

process control and predictive maintenance. However, 

Freitas et al. [1] noted that many existing systems still lack 

adaptive control, suggesting that AI integration remains an 

area of opportunity. 

     While HM has proven highly effective in advanced 

manufacturing environments, its adoption among small and 

medium-sized enterprises (SMEs) is still limited. High 

equipment costs, operational complexity, and the need for 

expertise in both AM and SM present major challenges [1], 

[4], [5]. Mukalay [5] proposed collaborative models in 

which SMEs share hybrid facilities or expertise with larger 

companies and research institutions to lower these barriers. 

Likewise, ResearchMate [6] and Sebbe et al. [3] found that, 

despite improvements in production efficiency and material 

use, the financial and technical demands of HM remain 

significant obstacles for smaller firms. 
Looking ahead, research is increasingly focused on making 
hybrid systems more accessible and intelligent. Priorities 
include developing cost-effective platforms, integrating AI-
driven automation, and creating standardized frameworks 
for process validation and workforce training [1], [3], [4]. 
Addressing these areas will help extend the benefits of HM 
to a wider range of manufacturers, supporting more 
sustainable and adaptable production practices across 
industries. 

3. TRENDS IN HYBRID MANUFACTURING FOR 
SMALL INDUSTRIES  

 Recent advances in hybrid manufacturing (HM) 
increasingly leverage digital and intelligent technologies to 
enhance productivity, quality, and sustainability, particularly 
for small and medium-sized enterprises (SMEs). 

3.1. AI and Predictive Analytics 

 AI and machine learning are being used to enable 
predictive maintenance, adaptive process control, and quality 
assurance in small-scale HM systems [7]. Firms using IoT-
enabled sensors and AI algorithms report downtime 
reductions of approximately 20% through data-driven 
monitoring. Within HM, AI allows the transition from 
reactive to proactive operations, adjusting additive and 
subtractive process parameters on-the-fly, detecting 
anomalies, and optimizing tool paths. These capabilities help 
SMEs achieve higher part quality, reduce scrap, and maintain 
consistent production despite limited resources. 

3.2. Smart Factory and IoT Connectivity 

 The smart factory concept—characterized by connected 
machines, embedded sensors, and cyber-physical systems—
is increasingly enabling HM [8]. IoT connectivity provides 
real-time machine data, allowing tighter coordination 
between additive and subtractive processes. For small 
industries, modular setups with plug-and-play sensors and 
cloud-based monitoring replace the need for large monolithic 
systems. Such connectivity also supports remote monitoring, 
data-driven scheduling, and flexible production, aligning 
well with SMEs’ need for customization and agility. 

3.3. Digital Twins and Virtualization 

Digital twins (DTs) provide virtual replicas of machines or 

production cells to simulate, monitor, and optimize HM 

workflows [9]. SMEs can model the full additive-subtractive 

chain virtually, testing process transitions, machine usage, 

and material flows before actual production. DTs also 

support sustainability by integrating energy, waste, and 

material metrics, helping small manufacturers optimize not 

only speed but resource efficiency [10]. Cloud-based twin 

platforms further reduce entry costs, making these tools 

accessible without heavy on-site infrastructure [11]. 

3.4. Sustainability and Circular Manufacturing 

 Hybrid manufacturing inherently supports sustainable 
practices. By combining AM—which often minimizes 
material waste for complex geometries—with SM—which 
avoids large-scale reworking—HM reduces scrap and 
energy consumption [10]. SMEs can leverage these 
capabilities to promote greener manufacturing, lower 
inventory, and extend part lifecycles, gaining a competitive 
edge in environmentally conscious markets. 

3.5. Modular and Scalable HM Systems for SMEs 

 Recognizing the challenges of full-scale HM platforms, 
there is a trend toward modular, scalable, and cloud-enabled 
HM ecosystems [12]. Smaller HM cells and shared 
facilities, combined with digital twin and IoT tools, allow 
SMEs to simulate, monitor, and optimize production 
remotely, effectively “punching above their weight” with 
lower capital investment. 

4. CHALLENGES AND IMPLICATIONS OF 
HYBRID MANUFACTURING FOR SMALL 
INDUSTRIES 

 Small and medium-sized enterprises (SMEs) face several 
challenges when adopting hybrid manufacturing (HM), 
especially when integrating digital and AI technologies. 
These challenges can be grouped into five key areas:. 

4.1. Integration Complexity & Skills Gap 

 Integrating additive and subtractive operations within a 
single hybrid manufacturing (HM) cell poses substantial 
technical challenges. Effective coordination of machine 
architecture, tooling systems, thermal behavior, material 
compatibility, repositioning accuracy, and process 
sequencing is essential. The incorporation of smart factory 
solutions, artificial intelligence (AI), and digital twin 
technologies further intensifies system complexity, requiring 
operators to possess advanced competencies in data 
analytics, machine learning, and manufacturing engineering. 
However, such multidisciplinary expertise is often limited in 
small and medium-sized enterprises (SMEs), making 
workforce preparedness and skill development critical 
obstacles to the successful implementation of advanced HM 
technologies. 

4.2. Cost & ROI Uncertainty  

 Even with modular HM setups, the initial investment in 
sensors, connectivity, digital twin platforms, AI software, 
and hybrid hardware remains substantial for small firms. 
ROI models for combining additive and subtractive 
processes with digital technologies are not yet standardized, 
making decision-makers hesitant. Additionally, the cost of 
cybersecurity measures and data infrastructure required for 
IoT and smart factory operations adds to the financial 
burden. 
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4.3. Data Management & Cybersecurity 

 Smart factories and digital twins generate large volumes 
of data from sensors and machines. SMEs often lack the 
infrastructure or expertise for proper data governance, 
analytics, and storage. Moreover, cyber-physical systems 
introduce cybersecurity risks, as connected machines, cloud 
platforms, and remote monitoring create additional attack 
surfaces [8]. Data quality, standardization, and 
interoperability—particularly between AM and SM 
modules—also remain ongoing challenges. 

4.4. Sustainability vs. Technology Paradox 

 Hybrid manufacturing holds promise for sustainability, 
but there is a “technology consumption paradox.” Digital 
twin and AI systems can consume significant energy or 
require high-performance computing, and poorly designed 
implementations may increase rather than decrease resource 
usage [13]. Small manufacturers may find it difficult to 
justify sustainability investments when profitability pressures 
dominate. 

4.5. Scaling & Flexibility  

 While pilot digital twin and smart factory solutions exist, 
scaling them across multiple machines or product types is 
challenging. Hybrid manufacturing requires flexible process 
planning, but AM+SM chaining is still less mature, meaning 
small firms may face bottlenecks or inefficiencies compared 
to larger enterprises with more experience and resources. 

4.6. Implications for SMEs 

To navigate these challenges, SMEs should adopt a 
strategic approach: starting with pilot HM cells, integrating 
IoT sensors, and using lightweight digital twin tools instead 
of full-scale overhauls; focusing AI and digital twin efforts 
on high-impact pain points, such as surface finish, scrap 
reduction, or energy consumption; leveraging shared 
resources or manufacturing-as-a-service (MaaS) hubs to 
reduce costs and gain expertise; investing in workforce 
training for sensor analytics, hybrid process planning, and 
digital twin operation; embedding sustainability metrics early 
to optimize resource efficiency; and proactively addressing 
cybersecurity and data governance from the start. 

 By addressing these five areas—complex integration, 
costs, data management, sustainability, and scalability—
SMEs can gradually adopt HM in ways that improve 
productivity, quality, and flexibility without overextending 
their resources. 

5. FUTURE PROSPECTS 

The future of hybrid manufacturing (HM) for small and 
medium-sized enterprises (SMEs) is poised to be shaped by 
rapid technological advancements, particularly in AI, 
digitalization, and modular system design. One of the most 
promising developments is the integration of “generative AI 
for design optimization”. Generative AI algorithms can 
automatically generate and evaluate complex geometries, 
optimizing parts for weight, strength, material usage, and 
manufacturability across additive and subtractive steps. This 
capability could significantly reduce design cycles and allow 
SMEs to produce high-performance components without 
extensive engineering expertise. 

Another anticipated trend is the “miniaturization and 
modularization of hybrid systems”. Compact, scalable HM 

cells are expected to make advanced manufacturing 
accessible to smaller workshops, enabling flexible 
production without the need for large, expensive platforms. 
These miniaturized systems, combined with IoT connectivity 
and lightweight digital twin platforms, will allow SMEs to 
simulate, monitor, and optimize workflows remotely, 
bringing high-end manufacturing capabilities to limited-
resource environments. 

We can also expect “smarter, fully integrated HM 
ecosystems”, where AI-driven predictive maintenance, real-
time process adjustments, and resource-efficient operations 
work seamlessly together. Sustainability will likely become a 
built-in feature, as energy-efficient computing, material 
optimization, and waste reduction are embedded into HM 
workflows from the design stage through production. 

Finally, “collaborative manufacturing models” —including 
shared HM facilities, cloud-based MaaS platforms, and 
partnerships with research institutions—are likely to expand, 
lowering barriers for small manufacturers and fostering 
innovation. These developments suggest a future in which 
HM is not only more efficient and sustainable but also 
widely accessible to SMEs, democratizing advanced 
production technologies and enabling greater flexibility and 
responsiveness in diverse markets. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE O1: FLOW CHART OF CURRENT TRENDS AND 
CHALLENGES IN HYBRID MANUFACTURING FOR SMALL 
INDUSTRIES 

 

6. CONCLUSION 

Hybrid manufacturing (HM), by combining additive and 
subtractive processes, represents a transformative approach 
for modern production. Its integration with AI, digital twins, 
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and smart factory technologies offers SMEs opportunities to 
improve precision, efficiency, and sustainability while 
producing complex geometries that were previously 
challenging or costly. Literature shows that AI-enabled 
predictive maintenance, IoT connectivity, and virtual 
simulations can significantly reduce downtime, optimize 
workflows, and enhance part quality, even for smaller firms 
with limited resources. 

However, adoption is not without challenges. SMEs face 
technical and operational hurdles, including integration 
complexity, workforce skills gaps, high upfront costs, data 
management, cyber security risks, and scalability limitations. 
Sustainability promises may also be tempered by the 
resource demands of digital technologies themselves. Careful 
planning, targeted investments, workforce training, and 
leveraging shared resources or modular HM platforms are 
critical strategies to navigate these barriers. 

Looking forward, emerging trends such as “generative 
AI-driven design optimization” and “miniaturized, modular 
hybrid systems” are expected to further lower entry barriers 
and expand HM accessibility. Cloud-based digital twins, 
predictive AI, and collaborative manufacturing models will 
enable SMEs to operate more flexibly, efficiently, and 
sustainably. By embracing these technological advancements 
while addressing current operational and financial 
constraints, small manufacturers can harness HM to achieve 
high-quality, resource-efficient, and competitive production 
in increasingly complex markets. 

 In summary, hybrid manufacturing offers SMEs a 
pathway to combine innovation with practicality. With 
strategic adoption, investment in digital skills, and careful 
integration of intelligent systems, small and medium-sized 
manufacturers can unlock the full potential of HM, making 
advanced production more inclusive, sustainable, and 
adaptable for the future. 
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