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Abstract

Three-dimensional (3D) or Additive Manufacturing has made remarkable progress from rapid
prototyping to large-scale production. Several industries like aerospace, automotive, biomedical, and
electronics utilise AM technology for product personalisation, minimising waste material, reducing the
cycle time of product design, and designing complex shapes that are difficult to manufacture using
traditional techniques like subtractive manufacturing. This paper evaluates the evolution of 3D printing
technology from prototyping to industrial production. In addition, the paper reviews different AM
technologies, industrial applications, advancements in materials, optimisation approaches, economics of
AM, sustainability issues, research prospects, and potential challenges associated with scaling up AM
processes from prototyping to industrial applications. A literature review for the study has been done
using articles found in databases. The review also examines recent developments in additive
manufacturing processes, including improvements in printing accuracy, material innovation, process
automation, and the integration of digital technologies such as artificial intelligence and Industry 4.0
concepts. Furthermore, the study highlights the role of additive manufacturing in enhancing production
flexibility, reducing manufacturing lead time, and supporting sustainable manufacturing practices
through efficient material utilisation and reduced environmental impact. It also discusses the
opportunities and limitations associated with the adoption of AM in industrial environments, with
particular emphasis on quality assurance, standardisation, certification, and cost-effectiveness. From the
findings of the literature review, one can deduce that although 3D printing has gained considerable
acceptance within the industry, more work is required in other fields such as materials science,
automation, and artificial intelligence to ensure mass production. Future advancements in process
optimisation, smart manufacturing systems, and advanced material development are expected to further



strengthen the industrial adoption of additive manufacturing and enable its wider application in next-
generation manufacturing systems.

Keywords: 3D printing, Aerospace manufacturing, Automotive manufacturing, Biomedical engineering,
Electronics manufacturing, Rapid prototyping

1. Introduction

The introduction of additive manufacturing technology has been very disruptive in the context of modern
manufacturing processes. Unlike the subtraction process, which involves the subtraction of material to
achieve the desired output, additive manufacturing uses digital modelling to manufacture parts by adding
material layer by layer. Additive manufacturing came to prominence as rapid prototyping technology,
owing to its ability to test the design faster before investing in the machinery required. But improvements
in the realm of material, accuracy, hardware, and software have rendered additive manufacturing useful
beyond rapid prototyping alone [1].

Additive Manufacturing technology has been adopted at the nascent stage by the aerospace industry
due to its weight-reduction capability without affecting the strength. Additive Manufacturing technology
in the automotive industry is employed in creating tools, lightweight parts, and custom components.
Additive Manufacturing technology is also employed in the biomedical industry to create personalised
implants, prosthetic devices, tissues, and surgical simulations. Additionally, Additive Manufacturing
technology is increasingly becoming a part of the electronics industry as well [2].

Nonetheless, many technological and economic barriers persist, which pose difficulties for the
integration of AM into the industry [3]. The challenges include high production costs, low print speed,
material limitations, variations in quality, issues regarding certification, and the need for extensive post-
processing. Therefore, an assessment of the various modes of 3D printing used within the industries is
advised [4]. Over the past few years, there has been an increase in the worldwide need for AM technology
because of the digitisation of industries, Industry 4.0, and distributed manufacturing. Several studies have
been conducted, and according to estimates, in the coming years, the total market value for AM in the
world will exceed $100 billion by 2030 [5]. In manufacturing, technologies have improved such that in
AM, products are manufactured using layers, whereas in SM, materials are removed from solid blocks.
Knowledge of this is important [6].

The present research aims to examine the history of growth of Additive Manufacturing from Rapid
Prototyping to industrialisation and examines its implications on various industry segments such as
aerospace, automobiles, biomedical equipment, and electronics [7]. This research is focused on
understanding how an invention made in the laboratory becomes a success in industry, especially how
an invention that succeeds in the lab fails at the transition stage into industry application [8].

In this in-depth analysis, the fundamental applications of additive manufacturing are explored. This
research paper is an attempt at evaluating the principles of additive manufacturing, the technology
involved, its benefits, and its uses to help people make sound judgments on how to use the process
optimally. [9].

2. Overview of Additive Manufacturing Technologies
Additive manufacturing (AM), also known as 3D printing, is the process of making an object using layers
of material deposited according to a computerised 3D model [10]. Using additive manufacturing allows
obtaining parts with complicated shapes and great detail, not possible to create using traditional
subtractive methods of manufacturing, where part of the material is removed from a solid block [11].
There are several different types of additive manufacturing, which vary in their application areas [12].
A unique inflection point emerges in the development curve of any transformative technology when
the primary area of concern changes. For a long time, the primary question regarding AM revolved
around feasibility: Does AM work? Is it possible to create objects of sufficient strength, with appropriate
surface characteristics, and reliable properties? This challenge has been solved; the technology works.
However, the current challenge is future-oriented and not purely technical: Should AM be used? How
can AM fit into production processes? Is it reasonable to qualify AM for critical parts? Is the use of digital
inventories over traditional logistics networks justifiable? Such questions go further than technical



aspects to include strategies, organisations, economics, and even law, which have proved harder to solve
[13].

2.1  Evolution from Prototyping to Production

According to The Wohlers Report 2026, the worldwide revenues of additive manufacturing were reported
at USD 24.2 billion in 2025, exhibiting an annual growth rate of 10.9%. It is clear that despite the
impressive growth rate, there is much to understand about the situation when looking at the data more
deeply [14]. The sector related to printing services has experienced a growth rate of 15.5%, contributing
48% of the overall market share. Meanwhile, the growth rate for machines is 3.6% [15]. These numbers
show that companies tend to trust specialists instead of building up their own capacities, and this makes
sense because of the uncertainties in the environment; however, it also shows that the technology is far
from being easy enough to make significant investments [16].

Initially, additive manufacturing was primarily utilised for concept visualisation and prototype
validation. However, several technological advancements enabled industrial production capabilities.
These developments have widened industrial application areas to a great extent [17]. Technological
innovations such as automation, robots, artificial intelligence, and machine learning have improved the
effectiveness of production processes [18]. Modern AM systems are capable of accommodating new
material developments, such as high-performance polymers, carbon fiber reinforced composite materials,
bio-compatible materials, conductive inks, and ceramics. Figure 1 shows the brief evolution history of
additive manufacturing [19].
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Figure 1: Brief Evolution History of Additive Manufacturing

The concept of additive manufacturing was invented in the 1980s with the introduction of
stereolithography (SLA) by Charles Hull, as presented in Figure 2 [20]. The concept of stereolithography
entails the use of ultraviolet light to solidify photopolymer resins. This technique has made it possible to
create other types of additive manufacturing processes. Additive manufacturing currently finds
applications in several fields, including aerospace, automotive, medicine, and consumer products, in
rapid prototyping and manufacturing of parts [21]. Table 1 describes the history of additive
manufacturing.
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Figure 2: Historical Development Timeline of Additive Manufacturing Technology.
Table 1: Evolution of Additive Manufacturing

Era Primary Application Key Development

1980s Rapid prototyping Basic polymer printing
1990s Functional prototypes Improved CAD integration
2000s Limited production Metal AM emergence
2010s Industrial production Multi-material systems
2020s Smart manufacturing Al-integrated AM systems

2.1.1 Development from Prototyping to Production
In the Wohlers Report 2026, which is the 31st report of its kind and the one that receives the highest
citation rate in the field of AM, it is reported that the revenue in global AM market was $24.2 billion in
2025, and this represents a yearly increase of 10.9% [22]. While this development shows an increment
in revenues, it is also much lower than the 20%+ growth that the market had been experiencing before
the pandemic [23]. Some key points about the sector structure can be made based on its composition:
I.  Printing services increased by 15.5% and took 48% of the market share

ii.  System sales and servicing recovered slightly with 3.6% increase

iii.  Materials took 20% of the market share

iv.  Software took 6% of the market share
Such statistics point to a developing industry where value generation is shifting from the sale of new
equipment towards manufacturing and service provision, as shown in Figures 3 and 4 [24]. In this respect,
Dr. Mahdi Jamshid, Director of Market Intelligence at Wohlers Associates, observes that "additive
manufacturing is not moving forward on a single track anymore. In Wohlers Report 2026, the response
from the industry due to the fact that the industry has been faced with tougher funding and high
expectations on utilization and profitability [25]. Regional disparities in accordance to regional gaps have
developed in:

i.  Asia-Pacific: Revenue growth average of 19.8% (the largest)

ii.  Americas: Revenue growth average of 12.6%

iii.  Europe, Middle East, and Africa: Revenue growth average of 9.0%
The reason for this growth lies mainly with Chinese companies and especially within the sphere of
desktop 3D printers, as they challenge the existing business model. Industry Outlook: While the outlook
on the market remains positive, it remains cautiously optimistic [26]. According to the 3D Printing
Industry Executive Survey, 70.3% of respondents believe that there will be a good business environment
in 2026, whereas only 51.2% found 2025 a good year [27]. Those who predict “very favorable”
conditions grew from 9.2% to 20.3% . Yet there are still some obstacles. The current mood of the industry
can be characterized as cautiously optimistic, which means “less about adding capacity and more about
getting things done. Building out sales capabilities, fixing onboarding process, making customer success
motions repeatable” [28].
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Figure 3: New Wohlers Report 2026 Values Additive Manufacturing Market at $24.2B.
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Figure 4: Wohlers Report 2025 Shows 9.1% AM Industry Growth

2.1.2 Current State

According to the data provided by the Wohlers Report 2026, the income derived from additive
manufacturing across the globe reached USD 24.2 billion in 2025, having increased by 10.9% compared
to the previous year [29]. Indeed, despite the high rate of growth, there is much more to uncover regarding
the matter by analyzing the statistics. In particular, the growth rate of the sector associated with printing
services equals 15.5%, while it accounts for 48% of the total market share [30]. On the other hand, the
growth rate of machines is 3.6%. In general, the fact that companies are more willing to collaborate with
professionals rather than invest in equipment proves to be logical due to various uncertainties, yet it
indicates that the development of technology cannot be considered effortless [31].

Human Factor in Industrial Transformation



In addition to economic factors, this study will take into account a human factor aspect: engineers who
are educated in the classical manufacturing model, quality control specialists responsible for certifying
non-classical technologies, and purchasing managers working in an environment where suppliers are
scattered and not well-connected, as shown in Figure 5 [32]. According to the 3D Printing Industry
Executive Survey, 70.3% of survey participants expect a favourable business environment in 2026,
compared to 51.2% who viewed 2025 as a good year [33]. The percentage of people falling into the
category of "very favourable” increased significantly, from 9.2% to 20.3%. Despite such positive
numbers, answers to questions concerning the major hindrances point to some persisting friction. One
person said, "Organisations are still using design principles that are associated with injection molding
and CNC machining when adopting additive manufacturing technologies [34]. Unless the parts are
designed specifically to benefit from the additive manufacturing process, most of its potential benefits
remain untapped”. Another participant's evaluation was even blunter: the main problem is educating "the
AM community as a whole" [35].
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Figure 5: History of AM and 3D Printing with Timeline Containing Main Eras

2.3  Additive Manufacturing Technologies
Each technology provides its own set of benefits and applications, thereby enhancing the capabilities of
additive manufacturing in different fields, as illustrated in Figure 6 [36].
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Figure 6: 3D Printing Techniques

2.3.1 Fused Deposition Modeling (FDM)

Fused Deposition Modelling (FDM) is one of the widely used additive manufacturing techniques, owing
to its affordability and ease of operation, as illustrated in Figure 7. FDM technology includes the process
of melting and depositing thermoplastic materials using a heated nozzle layer by layer. It can be afforded
by a lot of people, starting from enthusiasts to experts, for different purposes such as prototyping, tooling,



and manufacturing. FDM technology employs a heated nozzle that deposits molten thermoplastic
filament layer by layer. Thermoplastic materials commonly employed in FDM include Acrylonitrile
Butadiene Styrene (ABS), Polylactic Acid (PLA), Nylon (polyamide), and Polycarbonate (PC) [37].
Common applications include automotive prototypes, biomedical models, and consumer electronics
housing units.

2.3.2  Selective Laser Sintering (SLS)

The Selective Laser Sintering technique employs lasers to bind the powdered raw materials. This
technology can produce complex shapes without the need for any support structures, as illustrated in
Figure 8. The materials employed include titanium (TC4), widely utilized in aerospace, biomedical
implants, and high-level engineering applications; stainless steel such as 316L and 17-4PH, utilized in
diverse applications like tooling, automotive, and aerospace; aluminum (AlSi10Mg); and SLS Nylon 11
[38]. Selective Laser Sintering finds extensive application in aerospace and automobiles, such as
aerospace components and automobile components.
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Figure 8: Selective Laser Sintering

2.3.3 Stereolithography (SLA)

Stereolithography is the process of forming precise three-dimensional models using UV lasers to solidify
liquid photopolymer resins, as illustrated in Figure 9. SLA involves the use of UV lasers to harden liquid
resins into solid layers that form precise and smooth objects. SLA technology can be applied in
prototyping, pattern creation, and manufacturing highly accurate parts in different industries such as
jewelry, dentistry, and engineering [39]. UV curable resins are used in SLA and DLP machines to
manufacture highly precise components with smooth surface properties, including dental model
formation and intricate jewelry. The most common resin materials include standard resin (white), rigid
resin (white), casting resin, and rubber-like resin, with each having its particular applications in additive
manufacturing processes [40]. The key applications of stereolithography include the formation of dental
aligners, surgical models, highly accurate electronic components, and microfluidic devices.



Figure 9: Stereolithography

2.3.4 Direct Metal Laser Sintering (DMLYS)

Direct Metal Laser Sintering (DMLS) allows the creation of fully dense metal parts having excellent
mechanical properties, as shown in Figure 10. The class of additively manufactured products that includes
Selective Laser Melting (SLM), among others, and is called Direct Metal Laser Sintering (DMLS) in
certain cases, is known as Powder Bed Fusion (PBF). During this method, an energy source like a laser
or an electron beam fuses powdered raw material layer by layer to create solid parts. The technology is
widely used in aerospace and medicine to manufacture high-performance parts with complex shapes. In
the aerospace industry, this process is mainly used to manufacture turbine parts, while it is employed in
biomedicine to make implants. Commonly used materials are titanium alloys, stainless steel, aluminum
alloys, and nickel-based superalloys [41].

Figure 10: Direct Metal Laserintering

2.3.5 Binder Jetting

A liquid binder material is applied to a bed of powder selectively to bind the powder particles together
and make a solid component in a technique referred to as binder jetting, as shown in Figure 11. This
technique is utilised to create complex metal, sand, and ceramic components [42].
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Figure 11: Binder Jetting

2.3.6 Digital Light Processing (DLP)

Digital Light Processing (DLP) utilises a digital light projector similar to SLA, which creates a three-
dimensional object from a liquid resin by curing it into layers, as shown in Figure 12. The material used
in DLP printing technology is UV-curable resin [43].

—
Sliced
PHMG stack

Resin tray -

PORAS wind e Expanding aplics
|

Liquid photopoiymer resin

U radiation —— ]
| |
EYR. | Cm— y i | LIV LED
gl milcresmirror i
I ite (DMD) k | fontias

Figure 12: Digital Light Processing

2.3.7 Multi Jet Fusion (MJF)

The Multi Jet Fusion (MJF) process employs fusing and detailing agents, which are printed using inkjet
print heads to fuse nylon powder selectively, leading to robust and accurate parts, as depicted in Figure
13. The material used includes MJF Nylon 12 [44].
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Figure 13: Multi Jet Fusion
2.3.8 PolyJet



The polyJet technology sprays and solidifies drops of liquid photopolymers onto a build plate layer after
layer, allowing for the manufacture of smooth-surfaced objects with minute details. Figure 14 illustrates
the polyJet technology jets [45].
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Figure 14: PolyJet

2.4  Post-Processing Requirements for Additive Manufacturing

Post-processing is an essential step in the Additive Manufacturing (AM) process that is frequently
overlooked, as the parts created via this technology usually do not comply with dimensional tolerances
and mechanical properties required in the industry [46]. Post-processing is necessary due to specific
technological constraints that exist in the manufacturing process: surface steps arise due to the additive
process of layering, thermal gradients cause residual stresses, and powders form partially melted particles
on the surface.

2.4.1 Heat Treatment

The process of heat treatment is widely considered the main method of post-processing for AM parts
made from metals, as it is used to relieve stress and increase the strength and stability of the structure
[47]. As far as AM polymers are concerned, heat treatment has been shown to improve their properties
greatly, as was shown in research conducted on carbon reinforced PLA composite samples where their
tensile strength increased from 70 to 74 MPa at 120°C.

2.4.2 Surface Finishing

Surface finishing includes operations like grinding, polishing, and chemical treatments that enhance the
surface finish. Grinding improves the surface roughness but is highly dependent on material
characteristics and operating conditions, including wheel speed, feed, and depth of cut. Polishing
provides even better surface finishes [48]. In the case of polymer components, acetone bath-based
chemical treatment has been very successful; PLA specimens reinforced with carbon fibers treated with
acetone for 120 seconds had tensile strength of 80 MPa, a 12% increase from untreated specimens.
2.4.3 Hot lIsostatic Pressing (HIP)

Hot isostatic pressing is a commonly used post-processing technology that is utilized in the
manufacturing of metal parts produced through additive manufacturing processes to improve the density
of parts and lower the porosity and improve the microstructure [49].

2.4.4 Removal of Supports

The support structures used to prevent distortion during printing must be removed after the printing
process. This becomes quite difficult especially when the geometry is complicated, with internal channels
or overhangs. This can be done manually for polymer structures or EDM/Wire Cutting for metallic
structures [50].

2.4.5 Machining and Hybrid Processing

Hybrid manufacturing is the combination of AM technologies with machining in order to have 3D
printing benefits as well as high precision and surface quality provided by the subtractive technologies.
Hybrid manufacturing utilizes geometric machining that provides high precision and high feed rate, thus,
lowering the cost of the process significantly [51].



2.4.6 Laser Processing

Recently, laser processing gained popularity as a new post-processing technique used for surface
polishing and hardening. Laser processing is known to be highly flexible for complex geometry parts,
highly repeatable, and cost-effective. The selection of suitable post-processing techniques should take
into account the material system, part shape, functional requirements, and economics. As stated that post-
processing is "a critical stage of the AM process, ensuring that the AM part quality reaches the required
level of specifications according to industrial standards”. According to life cycle analyses, post-
processing integration helps lower energy consumption in AM production by up to 50%, while material
waste is below 5% compared to traditional manufacturing [52].

2.5  Additive Manufacturing and Composite Materials
Additive manufacturing technology has greatly been enhanced through the incorporation of composite
materials. Composite materials are those that incorporate different components with varying physical and
chemical properties. Such materials provide an additional advantage of enabling desired mechanical,
electrical, and thermal properties to be incorporated [53].
2.5.1 Fibre Reinforced Composites
Fibre reinforced composites, specifically the CFRP composites are quite important for structural use in
aerospace, automotive and transport industries where reduction in mass without sacrificing mechanical
properties is very important. Additive manufacturing allows precise deposition of the continuous fibres
inside the polymeric matrix and control over the local fibres density and orientation, a possibility that
cannot be attained using traditional composites production techniques. Common fibres used are carbon
fibres (short/continuous), glass fibres (E-glass/S-glass), basalt fibres, aramid fibres and natural fibres like
jute, flax and hemp [54].
2.5.2 Short Fibre Composites
Short fibre reinforced composites, for instance carbon fibre reinforced PLA, provide better mechanical
properties along with simplified processing when compared to continuous fibre based materials. Studies
have found that 15% carbon fibre reinforcement of PLA enhances its tensile strength from 45-60 MPa to
70 MPa with optimal printing conditions. Such materials can be used in automotive, aeronautics and
aerospace applications where moderate improvement of the properties is required [55].
2.5.3 Nano Composites in Additive Manufacturing
Nanocomposites (NCs), materials comprising nanofillers with a size less than 100 nm in at least one
dimension, have emerged as an advanced field of AM materials science [56]. The surface area-to-volume
ratio and interactions at the nanoscale level lead to significant enhancements in their mechanical, thermal,
electrical, and biological properties. Some common nanofillers are:
i.  Carbon-based nanofillers: The nanofillers CNTs (carbon nanotubes), GNPs (graphene
nanoplatelets), and carbon nanofibers increase mechanical strength and electrical conductivity.
ii.  Ceramic nanofillers: Nanoparticles like alumina, silica, and boron nitride nanosheets increase
thermal conductivity and wear resistance.
iii.  Metallic nanofillers: Gold, silver, and copper nanoparticles provide electrical conductivity and
antimicrobial characteristics.
iv.  Hybrid nanofillers: Mixing various nanofillers creates hybrid nanofillers with multiple functions.

2.5.4 Process Issues and Solutions
Some of the potential solutions to these process issues include surface modification of fillers, hybrid
reinforcement techniques, and Al parameter optimization [57]. There are many process issues in
composite AM:
i.  Nanofiller agglomeration: Inadequate dispersion results in reduced mechanical properties and
nozzle clogging.
ii.  Interfacial adhesion: Inadequate bonding between filler and matrix causes part failure due to low
load-bearing capacity.
iii.  Viscosity issues: High filler content increases viscosity of the composite.



iv.  Other issues include process variability and material feed deposition variability.
2.5.5 Sustainability Considerations
The use of recyclable or biologically-sourced polymers with nanofiller reinforcement is one of the major
trends in sustainable AM. Research shows that polymers recycled with nanofiller reinforcement can offer
equal or better functional performance than regular polymers [58]. The idea of circular manufacturing
involving the design of reusable and recyclable parts is becoming an essential part of composite AM.

3. Applications: From Prototyping to Production Transition

3.1.  Aerospace Applications: From Prototyping to Flight-Critical Parts

The aerospace sector should be noted when discussing industries that have been successfully deploying
AM technologies in their mass production processes. It might appear unusual considering its conservative
attitude and high level of regulation. But the decision of the firm is based on the idea that AM technology
satisfies the key objectives of weight reduction, part consolidation, and supply chain simplification. In
2026, the Wohlers Report states that the defense sector remains a leader in revenue generation using AM
technologies. Second place is occupied by the aerospace sector, which demonstrates readiness to pay
higher costs for each product while enjoying improved results [59].

At present, application examples of production cases encompass several categories. Air venting
systems, ducts, and brackets for the cabin interior are fabricated through polymer AM because of their
economic advantages and weight reductions, as shown in Figure 15. Metal additive manufacturing is
used for engine parts such as fuel nozzles, compressor stators, combustion chambers, and turbine parts
operating at high temperatures, allowing for printing intricate internal cooling channels that cannot be
achieved in any other way. The aerospace industry is one of the biggest proponents of additive
manufacturing since weight reduction impacts the aircraft's performance and cost of operations [60].
Complex lattice structures printed via additive manufacturing lead to significant weight reduction while
preserving mechanical strength. Leading aircraft manufacturers, such as Boeing and Airbus, increasingly
rely on additive manufacturing for brackets, fuel nozzles, cabin interiors, and structural elements.
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The aerospace industry continues to lead in terms of revenue generation via AM technologies with the
defense industry leading in the Wohlers Report 2026 while aerospace coming in second. This leadership
comes out clearly from the willingness to incur increased costs per unit while benefiting from better
performance results. Figure 16 shows the GE's fuel nozzle additively manufactured for LEAP engines
and metal additive manufacturing in the aerospace sector [61].
3.1.1 Recent Regulatory Developments
In September 2025, European Union Aviation Safety Agency (EASA) published Issue 04 of its Additive
Manufacturing Certification Memorandum (CM-S-008) which is a major advancement for aerospace
certification. Some of the major changes include:
i.  Criticality classification: The parts are classified according to their criticality with the effort for
certification varying directly with the level of criticality of the part
ii.  Design safety assessments: Design safety assessments must be done including performing FHAS,
FMECAs, and RASS
iii.  No/low criticality parts: New Appendix 5 gives examples of AM parts that are no or low criticality
and may be certified via faster means
iv.  Knowledge transfer and training: Knowledge transfer and training of relevant parties about AM
technologies used
3.1.2 Evolving Testing Requirements

Figure 15: Aerospace Application



EASA CM-S-008 highlights that "design values from tests on simple specimens provide an accurate
representation of the mechanical and other engineering properties of the intended parts” . In the case of
complicated parts, it states that there is a need to conduct tests of parts beyond coupon level tests at the
higher levels of test/analysis pyramid. It has been noted that there is difficulty faced when dealing with
specific AM issues related to anisotropy, competing damage modes, and access issues [62].

3.1.3 Control of Variability

Additive Manufacturing parts variability shall be controlled using material specification that would
involve controlling raw material feedstock along with process controls in the process specification, which
would include post-process as well. It has been stated that applicants should show that design values in
the evaluation of AM parts are relevant to the materlal and process specifications of the AM parts [63].

Figure 16: GE's Fuel Nozzle Additively Manufactured for LEAP Engines and Metal Additive Manufacturing in the
Aerospace Sector

3.2 Automotive Applications: Beyond Prototyping-Electrification as an Accelerator

In the automotive industry, there is yet another adoption pathway, illustrated in Figure 17. In contrast to
the aerospace industry, which focuses on performance, making per-part costs high, automotive
manufacturing is cost-oriented. This is changing due to the electrification of vehicles. For EV platforms,
it becomes important to decrease the mass to extend the driving range, which is one of the strengths of
AM over traditional manufacturing. In the automotive industry, additive manufacturing can be used for
rapid tooling, bespoke parts, lightweight construction, and the creation of replacement parts. Particularly
advantageous in terms of part integration, because of the ability to produce a single-piece bracket rather
than its counterparts, consisting of different stamped parts joined together. AM can substantially reduce
time-to-market in terms of tooling and decrease manufacturing costs. Increasingly, in electric cars, it is
used to manufacture battery casings, cooling, and chassis parts. Electric vehicle manufacturers
increasingly adopt AM for battery housing, cooling systems, and lightweight chassis structures [64].

Figure 17: Automotive Application

3.2.1 Electrification as an Enabler of AM Acceleration

The application of AM in the automotive industry continues to increase due to the use of electric vehicles.
When it comes to designing EVs, the lighter weight provided by the process will be more advantageous
because it increases driving distance.

3.2.2 In-Mold Electronics for Automotive



An interesting development that is currently being developed at Auburn University’s Electronics
Packaging Research Institute (EPRI) with leading industry players such as Toyota and John Deere
includes:
I.  In-mold additive electronics: Incorporating sensors in vehicle touch screens by means of additive
printed electronics
il.  Wiring lightening: Showing that the weight of wiring can be reduced by up to 75%, increasing
fuel efficiency
iii.  Flexible hybrid electronics: Form and function of automotive electronics systems
"A substantial portion of the weight of an automobile is the result of wires connecting the signals of
sensors, control units and other devices within the car. Integrating the sensors into the automobile surface
using additive printed electronics can significantly reduce the amount of wiring required" (Henderson,
2025). The automotive platform offers one of the most difficult testbeds for electronics, with
requirements of reliability over long periods of use even in severe conditions. This has led to the
development of the reliability standards for additive flexible hybrid electronics through the
Semiconductor Equipment and Materials Institute (SEMI), as shown in Figure 18.

Figure 18: In-Mold Electronics for Automotive

3.3  Biomedical Applications: From One-Off to Routine Personalised Medicine at Scale
Additive manufacturing (AM) in biomedical engineering has a unique place. As depicted in Figure 19,
its capacity to create custom geometries correlates very well with the future of healthcare, which is
moving towards personalized treatment. Biomedicine has undergone tremendous development owing to
AM technology. As opposed to aerospace and automotive, the per-unit cost plays second fiddle to health
outcomes. Surgical simulation models have become the most prevalent use case. With the help of
CT/MRI images, doctors create accurate anatomical prints to practice the surgery and communicate
effectively with other members of their medical teams. Patient-customized implants and prostheses are
not far behind, utilizing lattice structures that foster bone growth. Scientific research on metallic
nanoparticles in biomedical AM demonstrates how iron, gold, and silver nanoparticles can be used for
medicinal purposes in AM but not through traditional methods. Bioprinting technologies support tissue
scaffold fabrication for regenerative medicine [65].
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3.3.1 Personalized Medicine on a Large Scale

The field of biomedicine is still in front of others in the implementation of AM for customizing the
treatment process, with progress in both implantable devices and drug delivery systems recently
observed.

3.3.2 FDA Guidance Update

In 2023, the FDA published its update regarding the use of AM for medical devices, clarifying the
regulation process. 510(k) premarket notification pathway proved to be efficient for the approval of
orthopedic implantable devices, while Class I11 approval will be required for bioprinted tissues.
3.3.3 Pharmaceutical Additive Manufacturing
One of the notable advancements in AM is its usage in pharmaceutical industry. Despite the fact that the
first FDA-approved 3D-printed pharmaceutical was produced at tens of thousands of units per hour,
which is significantly slower than conventional 240,000 tablets per hour production rate, 3D printing is
still an efficient technology for pharmaceutical industry.
3.3.4 Innovative Applications
There have been recent advancements in:
i.  Three-dimensional-printed microneedles, implants, and scaffolds
i.  Dosage forms personalized for patient-specific release profiles
iii.  Multidrug polypills containing multiple APlIs in single dosage forms

iv.  Scaffolds containing stem cells and smart biomaterials (hydrogels, bioinks) for localized

treatment and tissue repair.

3.3.5 Bio-Medical Nanocomposites
Metallic nanoparticles (iron, gold, and silver) in AM biomedical devices provide functionalities that are
not possible using conventional methods. Figure 20 shows the three-dimensional (3D) printing scaffold-
based drug delivery for tissue regeneration.
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Figure 20: Three-Dimensional (3D) Printing Scaffold-Based Drug Delivery for Tissue Regeneration

3.4 Electronic Applications: Enabling New Geometries-Printed Functionality

Additive manufacturing in electronics is unique in the manner discussed in Figure 21, while in structural
parts, additive manufacturing may compete with conventional manufacturing methods such as casting
and machining; however, it opens up a whole set of capabilities not achievable otherwise in electronics.
Circuit boards made using AM avoid mask tooling costs. The comfortable electronics circuit can be
designed on any curved surface, creating new possibilities for products. Antennas and RF components
have benefited from AM’s capacity to create complex structures. In addition, additive manufacturing has
become increasingly useful in electronics miniaturisation and flexible electronics. Using conductive inks,
one can print electronics on a flexible substrate. Printing of conductive and insulating materials
simultaneously allows for electronics manufacturing.

Cooling channels
for electronics

Figure 21: Electronic Application
3.4.1 Conductive Ink Advances
Advancements in conductive inks have enabled additive electronics manufacturing. For instance,
scientists have made self-activating liquid metal gel inks that enable 3D-printing of multifunctional
electronics. Self-activating liquid metal gel inks comprise liquid metal particles and supramolecular
assemblies that inhibit particle settling and make 3D-printing possible. Important breakthroughs made in
this respect are as follows:
i.  Self-Activating Conductivity: The ink becomes viscous when heated to 50°C to create a
continuous conductive phase from liquid metal particles
ii.  Excellent Electrical Conductivity: Attains a value of 3.4 x 10° S-m™', making it suitable for use
in electronic devices
iii.  Multifunctional Applications: Conductive ink patterns can be applied to stretchable displays,
wireless power transmission circuits, and bioelectrodes on fabrics.
3.4.2 Additive In-Mold Electronics



Additive In-Mold Electronics allows sensors and electronic traces to be built directly into structures and
hence leads to massive weight reduction and greater reliability in electronics. This is applicable for
vehicle electronics, smart surfaces and sensing systems among others.

3.4.3 Flexible Hybrid Electronics

Flexible hybrid electronics uses flexible substrates along with additive manufacturing for creating
electronics in curvilinear surfaces. Figure 22 shows the recent advancements in liquid metal flexible
printed electronics: properties, technologies, and applications.
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Figure 22: Recent Advancements in Liquid Metal Flexible Printed Electronics: Properties, Technologies, and Applications

3.5  Cross-Cutting

In each sector, however, the common problem lies in educating the AM users as a whole. As an executive
puts it, "the biggest obstacle is educating the AM user base en masse". This is reflected in several forms.
For instance, engineers who were trained in conventional manufacturing principles use those principles
when designing using AM, without realizing the unique benefits of AM. Quality control officers who
lack knowledge about AM manufacturing processes demand qualification programs that do not even exist
yet. A common problem that can be seen in all four sectors is the structural problem: the additive
ecosystem is fragmented. Each hardware producer, raw materials supplier, software provider, and post-
processing company creates its own products without considering how other firms produce theirs, thus
leaving the job of integration up to the manufacturer itself.

However, the Wohlers Report 2026 notes two diametrically opposite tendencies among different
regions. The Asia-Pacific countries have demonstrated the highest growth rate of 19.8%, while the
growth rates for Europe and the Americas were 9% each. The main reason for such dynamics is the
efforts of Chinese companies, especially within the sphere of desktop 3D printing, which challenge
traditional business models. In addition, one of the most significant observations is related to the tendency
towards utilization as opposed to further development. The firms "are counting on their current capacities
and intend to make full use of their 3D printers". It is quite a reasonable approach, but it shows that the
industry has not yet reached an easy adoption stage. Table 2 presents the cross-sector technical
comparison.

Table 2: Cross-Sector Technical Comparison

Sector Dominant Tech Common Materials Typical Tolerances Certification Bar




Automobile MJF, SLS, FDM PA12, Nylon-CF, AlSi10Mg +0.2 mm ISO 9001, IATF 16949

Biomedical LPBF, SLA, Bioprinting Ti64, PEEK, Hydrogels +0.05 mm ISO 13485, FDA 510k
Aerospace LPBF, EBM, DED Inconel 718, Ti64, AlI7075 +0.1 mm AS9100, FAA/EASA
Electronics Inkjet, Aerosol, FDM Ag ink, PLA-ESD, PEEK +0.05 mm IPC standards

4. Future Prospects: Emerging Technologies and Pathways

The path forward lies in standardisation and data-driven qualification. The ASTM certification program
offers a framework. So does ongoing research into process monitoring and quality assurance. However,
the prevailing mood is one of cautious, deliberate progress: "less about building new capacity and more
about commercial execution. Strengthening sales infrastructure, fixing onboarding processes, building
repeatable customer success motions".

However, one of the most promising near-term uses might not involve the creation of new automobiles
but rather their maintenance. Inventory of digital blueprints in combination with local print-on-demand
capabilities would drastically transform automotive logistics: rather than keep warehouses full of spare
parts to repair legacy automobiles for several decades, automobile manufacturers would simply have to
print whatever component was required.

What the future holds is multi-material and bioprinting. Inclusion of metallic nanoparticles into
polymer matrices allows the design of devices with specified mechanical, electrical, and biological
characteristics. Volumetric additive technologies can further be used to cut down on time spent producing
devices and avoid inter-layer defects altogether.

The future holds devices with embedded components, resistors, capacitors, and even microchips
fabricated directly within the structure during the process itself. With advancements in volumetric
printing, including magnetic field shaping of the material, it became possible to make arbitrarily complex
designs.

4.1  Volumetric Additive Manufacturing

Volumetric Additive Manufacturing (VAM) makes possible the production of complicated structures
using magnetic-field-aided reconfiguration, separating geometric complexity from its creation. The result
is reduced production time and no inter-layer flaws.

4.2  Frontal Polymerisation

The frontal polymerisation method, which is a way of transferring heat chemically, whereby energy can
flow rapidly through materials, provides a revolutionary option to conventional thermal heating. The
problem of the circular nozzle is resolved by this technique, which makes it possible to print large cross-
section features at once.

4.3  Circular Manufacturing Principles

There is an increasing trend towards sustainability in the development of AM. Recent studies call for the
adoption of circular manufacturing concepts, whereby sustainability is achieved by making the
components reusable and recyclable, thus enhancing their lifespan.

4.4  Hybrid Manufacturing

Hybrid manufacturing involves integrating the technologies of additive manufacturing and subtractive
manufacturing into one process. Through the integration of these technologies, manufacturers will be
able to enjoy the design capabilities of additive manufacturing while still enjoying the precision and
finish quality offered by subtractive manufacturing. Integration of additive manufacturing and subtractive
manufacturing in optimized manufacturing systems.

45  Nano-Additive Manufacturing

Nano-Additive Manufacturing (Nano-AM) produces three-dimensional structures with submicrometer
resolution through the amalgamation of nanotechnology with 3D printing technology, providing
sophisticated material structures for applications in electronics, biomedicine, and aerospace. Nano-AM
improves the functionality of parts by incorporating nanomaterials that increase their electrical,
mechanical, and thermal properties. Applications in electronics and biomedicine.



4.6 4D Printing

4D printing is a highly developed method of manufacture that utilizes 3D printing technology, including
PolyJet 3D printers, to produce items that can alter their shape, assemble themselves, or change their
properties over time, as illustrated in Figure 23 below. The objects are manufactured using intelligent
materials that respond to stimuli, such as water, temperature, light, and pH level, to alter without any
human assistance, according to concepts presented by MIT's Self-Assembly Lab. Intelligent materials
with capabilities to transform over time.
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Figure 23: 4D Printing Technology

4.7  Sustainable Materials

Sustainable materials are those that have been created and used in an environmentally friendly way. These
materials involve the concepts of renewability, recyclability, or reduced carbon footprints. Sustainable
materials are the alternatives to synthetic and energy-consuming materials, which use organic substances
like bamboo, wood, hemp, and metals that can be recycled. Development of recyclable and biodegradable
printing materials.

Table 3 compares the certification landscape across the four industries examined in this study.

Table 3: Industry-Specific Certification Frameworks and Additive Manufacturing (AM) Readiness

Industry Primary Standard AM-Specific Guidance  Certification Maturity
Aerospace AS9100D ASTM F3571-22 High (active development)
Automotive IATF 16949 ISO/ASTM 52920 Medium (emerging)
Biomedical ISO 13485 FDA Guidance (2023) Medium-High (case-by-case)
Electronics IPC-6012 None specific Low (early stage)

Cross-Industry  1SO 9001:2015 ASTM ISO/ASTM 52900 Medium (varies by sector)

4.8  Comparative Analysis across Industrial Sectors

While the unique benefit of 3D-printing technologies is that they offer the same level of freedom in
design across all sectors, a comparative analysis demonstrates different adoption logics. The focus on
performance specific to the weight with high tolerances on costs in aerospace is not applicable in the
automobile sector, where extra grams of weight do not matter at all, and cost per unit takes center stage.
On the other hand, the importance of patient-specific geometry in medicine has no equivalent in
electronics.

There is an inverse relationship between the number of pieces produced and the effectiveness of 3D-
printing. Specifically, it is advantageous in two cases only: when the volume of products is one piece and
under 500 pieces. In contrast, in the range of 10,000-100,000 pieces, its benefits are negligible since
standard molding and machining techniques are firmly established. Therefore, it can be concluded that
3D-printing should not be considered a competitor in large-scale production.

The regulation inversely scales with adoption rates. Aerospace industry's certification through the
FAA takes between 2-5 years; hence, it took titanium brackets 10 years to be available in production,
whereas the automotive industry's self-certification allowed nylon ducts within 18 months. Biomedical



is an industry that falls between the extremes; successful clearance from the FDA's 510(k) route has been
achieved for orthopedic implantable devices, although bio-printed tissue will undergo Class Il
assessment. Lastly, electronics is a relatively less regulated industry, but less standardised, as standards
by IPC are currently being drafted.

Table 4 summarises the comparative drivers, volumes, materials, and regulatory landscapes for 3D
printing across the four industries.

Table 4: Comparative Analysis of 3D Printing Adoption across Four Industrial Sectors

Criterion Aerospace Automotive Biomedical Electronics

Primary adoption driver Weight Production  Patient-specific Geometric &
reduction speed & cost  customization form-factor
(performance  reduction freedom
-to-mass)

Typical production volume (units/year) 1 - 500 1,000 — 1 (unique per 100 - 10,000

50,000 patient)

Common materials Ti-6Al-4V, Al alloys, Medical-grade Conductive
Inconel, Nylon 12, Ti, PEEK, inks (Ag, Cu,
PEEK, PEKK CF-Nylon bio-resorbable graphene),

polymers dielectric inks

Critical material/process requirement  \Void-free, Cycle-to-cy  Biocompatibility — Low resistivity,
high cle (1IsO 10993), adhesion to
temperature repeatability  sterilizability, low-temp
resistance, , surface controlled substrates
repeatability  finish porosity

(cosmetic)

Cost sensitivity Very low Very high Medium Medium-high
(performance (outcome-driven)
first)

Regulatory burden Extreme Low (OEM High (FDA  Low-medium
(FAA, EASA; self-certifica 510k/PMA; 1-3 (IPC emerging;
2-5 years) tion; 3-12 years) 1-6 months)

months)

Failure consequence Catastrophic ~ Economic Patient harm Device
(loss of (recall, (infection, malfunction
vehicle/life) warranty) rejection) (non-life-threat

ening typically)

Production maturity Mature Prototype to Mature Prototype /
production low-volume  production (since emerging
(since ~2015) production ~ ~2010)

Greatest unresolved challenge Porosity Speed  vs. Sterilization Long-term
control in surface stability of reliability  of
large  metal finish porous structures  printed
parts trade-off conductors

Legend: CF = carbon fiber; PEEK = polyether ether ketone; PEKK = polyetherketoneketone; FAA = Federal Aviation
Administration; EASA = European Union Aviation Safety Agency; FDA = U.S. Food and Drug Administration; IPC =
Association Connecting Electronics Industries.

5. Conclusion

The evolution of additive manufacturing has evolved from just a useful prototyping method to a game-
changing manufacturing method for several industries. The aerospace, automotive, biomedical, and
electronics sectors have embraced 3D printing as part of their operations through customized
manufacturing, lightweight manufacturing, rapid tooling, and complex geometries. Additive
manufacturing had a global revenue of USD 24.2 billion in 2025, showing a year-on-year growth rate of



10.9%. Although there are continuous challenges like long processing times, material limitations,
certifications, and lack of quality consistency, advancements in incorporating artificial intelligence (Al),
materials, and process automation keep improving the adoption in the industry. In the industry, there is a
transition of rapid expansion of systems to the utilization of the installed systems, with services having a
15.5% growth rate currently holding the biggest market share . The maturity in the industry can be seen
through the industry-specific certification process: aerospace (ASTM F3571-22, EASA CM-S-008 Issue
04), automotive (IATF 16949), biomedical (FDA 510(k)), and electronics (IPC standards).

Going from prototype manufacturing to production shows maturity in terms of additive manufacturing
technology. Future development in hybrid manufacturing, smart materials, and intelligent process control
could have a great influence on industrial applications. Post-processing is now considered an important
stage of AM process because heat treatment, chemical treatment, surface finishing, hot isostatic pressing,
and laser processing technologies allow the as-built components to satisfy industrial requirements.
Composite materials (short fiber-reinforced polymers, continuous fiber composites, and nanocomposites)
have enlarged the possibilities for AM components. Additive Manufacturing provides great possibilities
for the economical and technological development of the country like Nigeria, where additive
manufacturing technology can be successfully utilized in order to promote industrial development,
innovation, and domestic manufacturing. Possible areas for immediate application are tool
manufacturing, spare parts manufacturing, and biomedical modeling through Fused Deposition Modeling
(FDM), Selective Laser Sintering (SLS), and Laser Powder Bed Fusion (LPBF) technologies. Local
availability of the raw materials and additive manufacturing technology can minimize dependency on
imported parts.
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