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Abstract: This general review paper presents a condensed view of recent inventions in the Additive
Manufacturing (AM) field. It outlines factors affecting the development and commercialization of
inventions via research collaboration and discusses breakthroughs in materials and AM technologies
and their integration with emerging technologies. The paper explores the impact of AM across
various sectors, including the aerospace, automotive, healthcare, food, and construction industries,
since the 1970s. It also addresses challenges and future directions, such as hybrid manufacturing
and bio-printing, along with socio-economic and environmental implications. This collaborative
study provides a concise understanding of the latest inventions in AM, offering valuable insights for
researchers, practitioners, and decision makers in diverse industries and institutions.

Keywords: additive manufacturing; invention; holistic review

1. Introduction

AM, also known as 3D Printing (3DP), has emerged as a transformative technology
revolutionizing various industries including very demanding ones such as the aerospace
and biomedical industries. This review paper presents an in-depth analysis of the latest
inventions in AM, covering significant breakthroughs, novel techniques, and their potential
implications across diverse sectors.

The paper begins by exploring the evolution of AM and its underlying principles,
highlighting the latest developments in transitioning from prototyping applications to end-
use production. It then delves into the advancements in materials and their compatibility
with additive manufacturing processes, encompassing polymers, metals, ceramics, com-
posites, and biocompatible materials. Moreover, the review investigates the development
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of multifunctional materials with improved mechanical, thermal, and electrical properties,
along with advancements in material recycling and sustainability.

A crucial aspect of AM is the continuous enhancement of printing technologies and
equipment. While this paper provides a generic overview of evolving AM techniques, it
further explores the integration of these techniques with emerging technologies, such as
robotics, artificial intelligence (AI), and automation, enabling new possibilities in design
complexity, customization, and mass production.

In addition to material and technological advancements, the review discusses recent
integrations of AM in key sectors, including the aerospace, automotive, healthcare, archi-
tecture, consumer products, and electronics sectors. It examines the growing impact of
AM on supply chains, logistics, and inventory management, emphasizing the potential for
localized production, reduced lead times, and increased product accessibility.

Furthermore, the paper addresses the challenges and limitations associated with
AM, including issues related to part quality, post-processing, scaling, intellectual property
(IP) management, and regulatory frameworks. It presents ongoing research efforts and
initiatives aiming to overcome these obstacles and unlock the full potential of AM in
industrial applications.

Lastly, the review paper explores the future directions and potential disruptive impli-
cations of AM. It highlights emerging trends, such as hybrid manufacturing, 4D printing,
bio-printing, and nanoscale additive techniques, along with the socio-economic and envi-
ronmental impacts that may arise from widespread adoption.

Overall, this holistic review provides a comprehensive and up-to-date understanding
of the latest inventions in the field. It offers valuable insights for researchers, practitioners,
and decision makers, contributing to the advancement of this transformative technology
and its integration into diverse industries.

2. The Innovation Cycle

In today’s fast-paced and competitive business landscape, innovation plays a pivotal
role in the growth and sustainability of AM [1,2]. Since the introduction of the Bayh–Dole
Act [3], which allows universities to obtain patent and grant licenses, the commercialization
of university research in the USA between late 1980s and early 2000s has accelerated. This
facilitated greater technology transfer and cooperation between research and industry [4].
However, according to the Wohlers Report 2023, there is still a distinct contrast in the
distribution of issued patents in the field of AM. The data reveal that universities account
for a mere 7% of the issued patents, while an overwhelming majority of 83% are attributed to
companies [5]. This statistic emphasizes the prominent role played by companies in driving
innovation and securing patent protection within the AM industry [5]. Similarly, according
to Park et al., there has been a noticeable decline in the level of innovation in science and
technology in universities [6]. The research group identifies several reasons for this decline
and highlights that ideas too frequently remain in the research phase without progressing
to commercialization. It is crucial to thoroughly examine the different components of the
innovation cycle and classify inventions accordingly. The innovation cycle serves as a
structured approach that enables the transformation of ideas into tangible and marketable
products or services. By understanding and differentiating the various stages of the cycle,
it is possible to identify bottlenecks and implement strategies for enhancing the successful
transition of inventions from research to commercialization. The following section aims to
elucidate the key components of the innovation cycle and their significance in achieving
successful commercialization outcomes in the AM context. Figure 1 presents a visual
representation of the innovation cycle, illustrating the sequential progression of stages from
research and disclosure to revenue generation. The cycle is divided into three overarching
headings: disclosure of an invention, IP, and commercializing an invention.
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2.1. Disclosure of an Invention

The disclosure of an invention represents a critical phase in the innovation cycle, where
inventors unveil their groundbreaking ideas to relevant stakeholders and begin the process
of transforming them into tangible assets. Through disclosure, inventors share compre-
hensive information about their invention, including its technical specifications, unique
features, and potential applications, facilitating collaboration and knowledge exchange
within the innovation ecosystem. This step serves as a platform for inventors to establish
ownership and legal rights over their invention, providing a clear record of their original
idea and establishing a priority date, particularly in the realm of IP protection.

Research: The innovation cycle commences with the research stage, where extensive
exploration and investigation are conducted to identify novel ideas and inventiveness. This
stage involves rigorous literature reviews, experimentation, and ideation processes for
generating inventive concepts. In the field of AM, research conducted in universities glob-
ally often places a significant emphasis on materials, processes, and quality characteristics.
This emphasis stems from the origins of AM research within the engineering disciplines.
However, it is worth noting that the focus on those topics may sometimes restrict attention
to the broader aspects of AM, such as its applications and potential business models.

Disclosure: Following the research phase, the inventor discloses the details of the
invention, thereby sharing it with relevant stakeholders and authorities. This transparent
communication fosters collaboration and lays the foundation for subsequent evaluation
and protection steps. In the AM research community, there is a division between events for
academic and industry dissemination, with industry conferences, such as RAPID + TCT
in the US [7] and Formnext—Hub for Additive Manufacturing in Europe [8], providing
valuable collaboration opportunities.

2.2. Intellectual Property

The term IP refers to the legal rights and protections granted to individuals or organi-
zations for their creations or inventions. It encompasses intangible assets, such as ideas,
inventions, designs, brands, artistic works, and trade secrets. The field of IP law aims
to safeguard these creations and provide exclusive rights to their creators, encouraging
innovation, creativity, and economic growth. IP plays a crucial role in fostering innovation
and providing incentives for individuals and organizations to invest time, resources, and
expertise in creating new ideas and inventions. This is critical for AM as an emerging
field. It rewards innovators by granting them exclusive rights and the ability to control
and benefit from their creations. IP protection promotes a competitive marketplace and
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encourages the dissemination of knowledge, contributing to technological advancements
and societal progress [9]. There are several forms of IP rights, each tailored to protect
specific types of creations, as described in Table 1. The table provides a concise summary
and comparison of various IP types, including their descriptions, protection periods, and
examples.

Table 1. Different types of IP.

IP Type Description Protection Period Applications Examples from AM

Patents

Protects new and
useful inventions,

providing exclusive
rights to the inventor

Typically, 20 years from
the filing date [10]

Novel technology,
processes, or products

Stratasys expiry of patent
US6722872B1Proprietary

heated build chamber 2021.
[11]

Copyright

Protects original
creative works, such as

literary, artistic, or
musical creations

Author’s
lifetime + 70 years [12] Books, software

Things Fall Together: A guide
to the new materials, Skylar

Tibbets 15 June
2021—copyright valid until 15

June 2091.
[13]

Trademarks

Protects brands, logos,
or symbols that

distinguish goods or
services in the
marketplace

Renewable indefinitely
as long as it is in use
and maintained [14]

Company logos,
product names

EOS logo trademarked its logo
for use in the UK via

application UK00918108117 on
07 March 2019 and is due for

renewal in 2029.
[15]

Trade Secrets

Protects confidential
business information

that is not publicly
disclosed

Potentially indefinite as
long as the information

remains secret [16]

Formulas,
manufacturing

processes

The protection of IP within the
AM sector is a significant

issue—for example, Desktop
Metal highlights the costs

involved in the protection and
enforcement of their IP.

[17]

Industrial
Designs

Protects aesthetic or
visual aspects of a
product’s shape,

pattern, or
ornamentation

15-year term of
protection measured

from the date of grant
[18]

Product designs

Product Artists, such as Lionel
Dean, produce unique designs
via new ways of working with
AM recognized by museums

and galleries around the world.
[19]

Assessment: Upon disclosure, the invention undergoes a comprehensive assessment
evaluating its feasibility, market potential, and technical viability. This assessment stage
entails scrutinizing the invention’s commercialization prospects, aligning it with market
demands, and conducting a thorough cost–benefit analysis. One of the challenges for
AM is that the technology enables digital business innovations that are difficult to assess
using conventional comparisons and represent the most difficult shift in practice when
integrating the technology into business [20]. The disruptions to business models that
AM creates can inhibit the uptake of investment opportunities in AM inventions or create
uncertainty in pathways to commercialization.

Protection: To safeguard the IP associated with the invention, appropriate protection
measures are employed. These may include patenting, copyrighting, trademarking, en-
suring exclusive rights, and preventing unauthorized use or replication. Over the past
three years, the number of patent applications in the field of AM has exhibited a consistent
pattern, hovering around 8000. Approximately 60% of these applications have resulted in
issued patents. It is noteworthy that there has been a notable shift in this trend in recent
years, which could potentially be correlated with the impact of the pandemic. The cautious
approach adopted by companies during this period may have influenced their reluctance to
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invest extensively in research and development (R&D) activities. Figure 2 below provides
a visual representation of the patent application and issued patent data received from the
U.S. Patent and Trademark Office [5].
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Marketing: With the invention’s protection secured, strategic marketing efforts are
initiated. These encompass devising compelling marketing strategies, conducting market
research, creating brand awareness, and identifying potential customers or investors.

2.3. Commercializing an Invention

Commercializing an invention refers to the process of transforming an innovative
idea or invention into a marketable product, service, or technology. It involves a series of
strategic steps aimed at maximizing the commercial potential of the invention and bringing
it to the target market. Commercialization is a crucial stage in the innovation cycle, as
it bridges the gap between invention and tangible value creation. Commercializing an
invention begins with developing a comprehensive go-to-market strategy. This entails
identifying the target market segments, understanding customer needs and preferences,
and determining the most effective channels for product distribution and promotion. A
well-defined strategy helps align the invention with market demands and enables inventors
to position their product effectively. For AM, there is an additional complexity in defining
a business strategy for exploiting the opportunities that inventions provide, as many AM
inventions require very different ways of operating in business [21].

Startup: The startup phase marks the actual establishment of a new venture or com-
pany dedicated to bringing the invention to market. It involves securing funding, assem-
bling a competent team, developing business plans, and setting up operational frameworks.
Based on the findings of the Wohlers Report 2023, the AM industry comprises a total of
2501 startups. The majority of these startups, accounting for 55%, are situated in Europe,
while 21% are located in Asia and 19% are in North America. The report also highlights
that the concentration of startups primarily revolves around applications, with hardware
being the subsequent focus, as depicted in Figure 3 [5].
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Licensing: In some cases, inventors opt to license their inventions to other entities for
further development, production, or distribution. Licensing facilitates a wider reach, the
diversification of revenue streams, and collaborations with established market players. An
example specifically enabled by AM is the licensing of spare parts based on creating and
managing a digital inventory [22].

Commercialization: This stage involves executing the go-to-market strategies and
launching the invention in the intended market. It includes production, distribution,
customer acquisition, and adoption efforts aimed at maximizing market penetration and
sales. Again, for AM, this involves creating business opportunities for the use of inventions
that may not previously exist, or which may need to be serviced differently, therefore
requiring new business models. Their commercial value for a company may also be less
direct—for example, 3DP of building components as a sustainable practice strategy [23].

Revenue: Finally, the successful commercialization of the invention culminates in
revenue generation. This can be achieved through direct sales, licensing agreements,
royalties, or other monetization models, providing the inventor and stakeholders with a
return on their investments.

2.4. Historical Progression of AM Inventions

AM technology emerged in the late 1970s and has experienced substantial growth
and utilization across various academic disciplines since then. Numerous patents and
applications have been filed for different AM techniques, contributing to the advancement
of this field, as shown in Figure 4. The inception of AM technology can be traced back to
1977 when Wyn Kelly Swainson patented a technique that utilized a laser directed onto
a tray submerged in liquid plastic, resulting in the fusion of a layer of solid plastic [24].
In 1981, when Dr. Hideo Kodama introduced the concept of AM, Dr. Kodama filed
patents for a method that involved fabricating three-dimensional plastic models using
photopolymerization, which laid the foundation for Stereolithography [25].

In 1986, Chuck Hull’s invention of Stereolithography further propelled the field of
AM [26]. Stereolithography employed the process of the photopolymerization of UV-
curable materials to create 3D objects layer by layer, eventually leading to the establishment
of the 3D Systems Corporation. Another noteworthy addition to the AM field was Selective
Laser Sintering (SLS), invented by Carl Deckard and Joe Beaman in 1992 [27]. SLS utilized
a laser beam to fuse powdered materials, enabling the creation of complex solid objects.
This technology emerged as a prominent AM technique [28]. The widespread proliferation
of AM began when 3D printers became commercially available in the late 1990s.
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In 1999, scientists at the Wake Forest Institute for Regenerative Medicine successfully
developed an artificial bladder [29], which had a significant impact on the field of tissue
engineering. Subsequently, in 2002, Objet Geometries [30], developed PolyJet technology,
utilized inkjet printing to fabricate high-resolution 3D models by jetting photopolymer
materials that were cured with UV light. During this time, AM gained significant traction,
and in 2004, Adrian Bowyer introduced the RepRap project—an open-source initiative
focused on developing self-replicating 3D printers [31]. This project played a crucial role in
driving the democratization of AM.

The evolution of AM technology has witnessed notable milestones and contribu-
tions from various inventors and researchers. In 2005, French Designer Patrick Jouin
achieved a significant breakthrough by additively manufacturing the first functional piece
of furniture [32]. Subsequent advancements took place in 2009; a groundbreaking devel-
opment took place in the world of 3DP with the release of the BfB RapMan printer [33].
This innovative device marked the introduction of the first accessible and affordable MEX
(Material Extrusion) 3D printer kit [34]. In 2010, Stratasys and HP joined forces to develop
HP-branded 3D printers, and Stratasys also unveiled the uPrint Plus with an increased
build volume and SMART Supports technology that reduced support material usage [35].
This printer offered affordable access to high-resolution printing. In 2011, Objet released the
Objet260 Connex, a compact 3D printer that utilized digital materials technology [36]. This
innovative printer allowed users to print objects using multiple materials simultaneously,
providing enhanced capabilities for creating intricate and diverse models, introducing a
new dimension to technology. In 2013, the University of Michigan made a significant break-
through in the field by manufacturing a 3D-printed splint that saved a baby’s life [37]. The
medical application of AM gained recognition and showcased its potential for improving
patient care. In 2016, market leader HP entered the AM market with its Multi Jet Fusion
(MJF) technology, offering faster printing speeds and improved material properties [38].
Morris Technologies, founded in 1994, pioneered direct metal laser sintering (DMLS) tech-
nology, Concept Laser, established in 2000, advanced direct metal laser melting (DMLM)
technology, and Arcam GE, founded in 1997 and acquired by GE in 2016, specialized
in electron beam melting (EBM) technology, and all three companies have made signifi-
cant contributions to the field of metal AM, leading to the advancement and adoption of
industrial-grade 3DP in various industries [39].

In 2017, Boeing, a prominent aerospace manufacturer, made a notable advancement
by introducing FAA-approved additively manufactured titanium parts for the Boeing 787
Dreamliner [40], further validating the capabilities of AM in the aerospace industry. In the
year 2019, Israeli researchers and scientists achieved a significant milestone by successfully
3D printing a miniature human heart using human cells [41]. This groundbreaking accom-
plishment generated new optimism for the potential development of a fully functional
additively manufactured heart that could potentially be used for human transplantation.
Later, the innovation showcased in 2020 by the University of Sheffield researchers signified
a substantial advancement: 3D-printed parts capable of killing common bacteria [42]. Their
achievement in manufacturing 3D-printed parts with the capacity to combat common
bacteria holds promise for improving hygiene standards and contributing to the develop-
ment of more bacteria-resistant materials in various industries. The coupling of AM with
semiconductor manufacturing was showcased by Voxel8 in 2021 when they introduced
their Active Mix technology [43], allowing for the simultaneous 3DP of functional electron-
ics and structural components in a single process. Advancements in multi-material and
bioprinting technologies in 2023 have led to breakthroughs in tissue engineering and the
development of 3D-printed organs for transplantation [44]. These achievements have sig-
nificantly expanded the possibilities and potential of AM in the field of healthcare. Looking
ahead, it is projected that AM will continue to advance in the coming years with a steep
pace, with anticipated improvements in productivity, reliability, precision, and material
options. Industries such as aerospace, healthcare, and automotive are expected to witness
expanded applications of AM technology. The vision for 2025 entails continued progress
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and innovation in the AM field, fostering its integration into various sectors and driving
further growth in the field [45].

3. Recent Inventions in AM Processes

In recent years, AM has witnessed significant advances in terms of technology, materi-
als, and applications. This section reviews recent AM technology inventions that have the
potential to revolutionize the field of AM and beyond.

The following trends in beam-based AM development are considered as break-through
innovations:

High-Speed Sintering (HSS): HSS is a powder bed fusion (PBF) technology that uses
infrared heating to selectively sinter polymer powders. It enables faster production speeds
and has the potential for the large-scale manufacturing of functional polymer parts. Lough-
borough University has pioneered and patented the innovative HSS technology, which
revolutionizes the 3DP process by enabling the cost-effective, high-volume production
of intricate and customizable parts [46]. HSS competes favorably with injection molding
in terms of economic feasibility. Various industries, such as the aerospace, automotive,
consumer goods, healthcare, and medical industries, have embraced HSS within their
end-product supply chains [47–49]. Moreover, an increasing number of global brands have
embraced HSS as their preferred method for product creation.

Continuous Liquid Interface Production (CLIP): CLIP is a resin-based 3DP technology
based on the original SLA/DLP process, which uses light and oxygen to selectively cure a
liquid resin into solid parts continuously. It offers fast printing speeds and can produce
parts with smooth surface finishes [50].

Laser Powder Bed Fusion (L-PBF) Enhancements: L-PBF, a widely used metal AM
technique, has seen advancements in process monitoring and control such as melt pool
monitoring, optical tomography or layer deposition/scanning monitoring, multi-laser
processing technology, and new materials. These innovations have led to improved part
quality, reduced porosity, enhanced mechanical properties, and increased production
efficiency [51,52].

Directed Energy Deposition (DED) with wire and powder feedstock: DED techniques
have been expanded to include the use of powder feedstock in addition to wire feedstock.
This allows for the deposition of a wider range of materials, including metals, ceramics,
and composites, enabling greater design flexibility and the production of large-scale parts.
Moreover, hybrid manufacturing combining subtractive and DED AM technologies has
provided unique opportunities such as an improved surface quality and dimensional
accuracy in internal features of large AM components [53].

Multi-Material and Functionally Graded AM: Advances have been made in the de-
velopment of AM techniques capable of printing multi-material and functionally graded
structures. These technologies allow for the incorporation of different materials or varia-
tions in material properties within a single printed part, expanding the range of applications
and enabling complex designs [54].

3.1. Multi-Material AM

Advances in multi-material AM technologies have allowed for the simultaneous
deposition of different materials, enabling the creation of complex objects with varying
mechanical, electrical, and optical properties. Multi-material AM has broad applications
in fields such as the healthcare, electronics, and aerospace fields [55,56]. A voxel level
is the smallest unit of a three-dimensional digital model, analogous to a pixel in a two-
dimensional image. By controlling the material composition and properties of each voxel,
AM can create objects with unprecedented complexity and functionality. A team of re-
searchers from MIT developed a multi-material AM system that can print with up to eight
different materials at a resolution of 50 µm per voxel [57]. The system uses an array of
micro-nozzles to deposit droplets of photopolymer resin onto a moving platform, which
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are then cured by ultraviolet light. This technique can create objects with varying stiffness,
transparency, color, and conductivity within a single print.

Multi-material AM holds significant potential and addresses the growing need for
functional product design [58]. Traditional manufacturing techniques often face limi-
tations in producing complex, customized designs that require multiple materials with
distinct properties. However, with multi-material AM, designers can overcome these con-
straints and create functional products with enhanced performance and versatility [59].
By seamlessly integrating different materials within a single print, varied functionalities
can be incorporated, such as mechanical strength, electrical conductivity, flexibility, and
transparency, into their designs. This capability opens up new possibilities for industries
ranging from aerospace and automotive to electronics and all Internet of Things (IoT)
markets. Moreover, multi-material AM enables the optimization of material usage, re-
ducing waste and cost while increasing design efficiency. As industries strive for greater
innovation, customization, and performance, the demand for multi-material AM continues
to grow, highlighting its immense potential for driving advancements in functional product
design [60].

One of the modern examples of successful multi-material AM is Nano Dimension
technology [61]. Nano Dimension is a company that specializes in the development of AM
solutions for the production of electronic devices. Their technology, known as DragonFly,
enables the 3DP of functional electronic circuits and components, including multi-layer
PCBs (Printed Circuit Boards) and other intricate electronic structures. The DragonFly
system combines the inkjet deposition of conductive and dielectric inks with a precise layer-
by-layer printing process. It allows for the creation of complex, high-resolution electronic
designs, including prototypes, custom circuitry, and small-scale production runs. Multi-
material AM offers advantages such as rapid prototyping, design flexibility, and the ability
to embed electronic components directly into 3D-printed structures. The applications of
Nano Dimension’s 3DP technology include research and development, aerospace, defense,
automotive, and various other industries that require advanced electronics manufacturing
capabilities.

Nano Dimension’s DragonFly system enables multi-material printing by combining
different types of inks. The specific combination of materials used depends on the desired
application and the requirements of the printed electronic circuit or component. Here are
some examples of materials that can be used in multi-material printing with the DragonFly
system [62]:

Conductive inks: These inks are used to print conductive traces, pads, and inter-
connects. They typically contain metallic particles such as silver or copper that provide
electrical conductivity.

Dielectric inks: Dielectric inks are used to create insulating layers and barriers between
conductive elements. These inks have high electrical resistance and are crucial for isolating
different circuit components.

Insulating inks: Insulating inks are used to create non-conductive structures, such
as mechanical support or protective enclosures. They provide structural integrity to the
printed object.

Functional inks: In addition to conductive and dielectric inks, functional inks can be
used to incorporate specific properties into printed electronics. For example, magnetic or
optical inks can be employed to add functionalities like sensors or antennas.

It is important to note that Nano Dimension’s technology allows for the combination
of various materials, enabling the creation of complex multi-layered electronic circuits with
different functionalities and characteristics. The specific combination of materials depends
on the desired design and functionality of the printed electronic device.

There have already been several papers published researching the potential of the
Nano Dimension solution for various functional 3DP. For example, the work of
Yang et al. [63] highlights the utilization of this solution based on piezoelectric additive
fabrication for the production of single-substrate multi-metal-layer antennas. By vertically
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stacking metal layers in a 3D-printed single substrate, the designed antennas demonstrate
wide bandwidth and ultra-low-profile advantages. The study includes the design, fabri-
cation, and measurement of multi-layer linear polarization (LP) patch antenna elements
and LP antenna arrays. The results show that the proposed LP patch antenna improves
the impedance bandwidth significantly compared to traditional single-layer LP patch
antennas. Additionally, the integration of the feeding network into the same substrate
without increasing the size or profile of the array is demonstrated. Circular polarization
(CP) patch antennas and CP antenna arrays are also fabricated and measured, showcasing
wider impedance bandwidth and a broader frequency range. These antennas, designed
for sub-6 GHz frequencies, exhibit great potential for applications in 5G consumer mobile
electronics, combining an ultra-low profile and wideband capabilities. Sokol et al. [64]
explore the use of AM technology for designing and producing planar capacitors as part
of electronic circuit boards. The capacitors are constructed as pairs of conductive plates
with varying geometries and layers, allowing for a wide range of capacitance values, from
picofarads to nanofarads. The performance of these additively manufactured capacitors is
shown to surpass that of commercially available surface mount device (SMD) capacitors by
up to 20 GHz. They exhibit high breakdown voltages exceeding 1 kV and minimal leakage
currents in the subpicoampere range. Additionally, the change in the RF impedance with
the frequency is significantly smaller compared to that of SMD capacitors, with a reduc-
tion of three times. This demonstrates the superior performance and potential of Nano
Dimension’s AM technology for producing high-quality, high-performance capacitors for
electronic applications.

3.2. Beam-Based Metal AM

Beam-based metal AM processes have gained significant recognition in various indus-
tries due to their immense potential. However, achieving the full industrialization of these
processes still requires further efforts. To promote the industrialization of metal AM, numer-
ous companies, research centers, and universities have been investing in comprehensive
research and development activities [65].

This part focuses on the progress of metal AM technologies by examining patents.
Using the Orbit Intelligence database, a search was conducted specifically for beam-based
metal AM patents. The analysis began by studying the number of patents per year, reveal-
ing a substantial growth in AM patenting activities, as anticipated. Further examination of
the patents aimed to identify the key players in the field. It was discovered that multidisci-
plinary companies, AM machine producers, end users (especially in the aerospace sector),
universities, and research centers were the main contributors to this market [66].

In beam-based AM, there are several approaches for producing innovative multi-
material and graded structures. The first approach to producing functionally, structurally,
and compositionally graded structures in PBF was proposed via using blended powders.
The application of such powder blends together with smart scanning strategies results
in the possibility of producing graded microstructures. For example, Lakhdar et al. pro-
duced materials like Damascus steel with a ductile core and abrasive surface using such
approach [67].

The Aerosint company, established in 2016, proposed another novel technology known
as “Selective Powder Deposition” (SPD). This innovative approach enables the targeted
deposition of multiple powders to form a single layer comprising two or more distinct
materials. In contrast to conventional powder bed processes that utilize single-material
rollers or blade recoaters, Aerosint’s SPD presents an alternative solution. The applicability
of this technology extends to various AM techniques, including L-PBF, Binder Jetting,
and Pressure Assisted Sintering. By offering a versatile solution for selective powder
deposition, Aerosint’s SPD technology has the potential to enhance the capabilities and
expand the possibilities of these AM processes. This innovative approach enables the
selective deposition of multiple materials within a single layer of a 3D-printed object. Unlike
traditional multi-material 3DP methods that typically rely on the mixing or sequential
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deposition of materials, Aerosint’s technology allows for the precise and simultaneous
deposition of different materials in a single layer. The Aerosint technology utilizes a
specialized recoating system that can selectively deposit a range of powders onto the build
platform. By controlling the deposition process, different materials can be placed in specific
areas or patterns within a layer, enabling the creation of complex multi-material structures.
This capability leads to new possibilities for designing and fabricating functional parts with
graded material properties, localized variations, or the integration of dissimilar materials.
By enabling the combination of multiple materials in a single AM process, it offers the
ability of incorporating functionalities such as conductivity, strength, flexibility, or corrosion
resistance within a single part.

3.3. Stereolithography and Microwave Sintering

One groundbreaking invention in AM is the fusion of stereolithography and mi-
crowave sintering. By using stereolithography to 3D-print objects with powdered materials
and subsequently subjecting them to microwave sintering, this innovation enables the
creation of complex and accurate objects with a reduced processing time. The combination
of these techniques allows for the rapid consolidation and densification of the printed parts
while offering a wide range of material options. This advancement expands the capabilities
of AM, revolutionizing the production of intricate, functional, and diverse objects [68].

As one of the inventions in this area, the following example can be provided: Continu-
ous Liquid Interface Production (CLIP). CLIP is a resin-based 3DP technology that uses
light and oxygen to selectively cure a liquid resin into solid parts continuously. CLIP is an
exclusive 3DP technique that was patented in 2014 by Carbon3D, formerly known as EiPi
Systems [69]. Falling within the category of vat polymerization, CLIP shares similarities
with the older stereolithography (SLA) and digital light processing (DLP) methods. An-
other term used to describe CLIP is digital light synthesis (DLS), both denoting the same
innovative approach to 3DP.

In CLIP, a liquid photopolymer resin is selectively exposed to ultraviolet (UV) light,
causing it to solidify and form parts. Although it may resemble SLA and DLP, CLIP
distinguishes itself as a continuous process that eliminates the discrete steps of earlier
printing methods. The breakthrough of CLIP lies in its implementation of an oxygen-
permeable membrane, which creates a zone beneath the part known as a “persistent liquid
interface”. This interface allows for uninterrupted curing as the part is progressively
drawn out of the resin. Instead of using a layer-by-layer approach, CLIP employs a digital
projector and microcontrollers to project a dynamically changing image of the 3D model,
streamlining the printing process into a layer-less design.

CLIP offers several advantages over other printing methods:

• Remarkable speed: CLIP prints achieve the same accuracy and surface quality as
DLP/SLA prints but are completed 100 times faster.

• Superior surface finish: The layer-less nature of CLIP prints enhances their surface
quality, making them comparable to parts produced through injection molding.

• Exceptional properties: CLIP parts are watertight and fully isotropic (exhibiting equal
strength in all orientations) and possess increased strength compared to SLA/DLP
prints.

• Versatility for prototyping and production: CLIP parts can be used for functional
prototyping and are even suitable for full production runs.

• Structural integrity: This is CLIP’s ability to easily integrate variable cell structures
within a single part to produce different performance characteristics.

• Versality: CLIP/DLS printers offer a wide range of material options that are distinct
from many other printer types.

This demonstrates that even the oldest and most well-known SLA technology still has
potential for further inventions and development.
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3.4. Bioprinting and Tissue Engineering

This subsection focuses on the concept of 3D bioprinting, a specific branch of AM
that can be defined as the production of complex biological constructs using living cells,
biomolecules, and biomaterials. Similar to inkjet-based 3DP methods, 3D bioprinting is
also developed based on 2D inkjet printers by replacing ink in the cartridge with biological
material (bioinks) and paper with biodegradable support material. Currently, only a
few 3DP methods (MEX, inkjet printing, and laser printing) are suitable for bioprinting
technology.

Bioprinting is an AM technique that uses living cells as the building blocks to create
tissue-like structures for biomedical applications. Tissue engineering is a field that aims
to create functional tissues and organs for transplantation or drug testing. A team of
researchers from Rice University developed a bio-AM technique that integrates bioprinting
and tissue engineering [65]. The technique uses a bio-ink composed of stem cells, blood
vessels, and hydrogel to print vascularized tissue constructs. The technique can create tissue
constructs with complex shapes and sizes, such as bone, cartilage, skin, and livers [70–72].

3D bioprinting is a promising research direction and is highly relevant in terms of
economic efficiency. According to the Grand View Research report, the 3D bioprinting
market was valued at USD 1.4 billion in 2020, and it is expected to grow at a compound
annual growth rate of 15.8% from 2021 to 2028 [73]. By 2024, the 3D bioprinting market
is projected to account for approximately 10% of the total 3DP market. Furthermore, the
global tissue engineering market was valued at USD 2 billion in 2019 and is expected to
reach USD 7 billion by 2027 [73].

It is worth noting that scaffold-based approaches, which involve framework-like
beam structures, still face some challenges such as difficulties in uniform cell seeding,
limited vascularization, and weak cell adhesion to the scaffold material. Therefore, living
cells themselves or in combination with bioactive molecules and biomaterials need to be
incorporated into a 3D scaffold for successful tissue or organ engineering [74].

The further expansion of 3D bioprinting finds its justification in the demand within
medical sectors such as cosmetics and pharmaceuticals. The high demand for organ trans-
plantation and the shortage of available organs are key factors driving the development
of 3D bioprinting strategies aimed at reducing waiting times, the need for immunosup-
pression, and donor organ compatibility. This demand is expected to increase due to the
large population of individuals over the age of 60 worldwide, who have a lower level of
immunity and are more prone to accidents [75].

3.5. Two-Photon Polymerization

Two-photon polymerization (TPP) in AM has found diverse applications in various
fields. For instance, in microelectronics, TPP enables the creation of complex microstruc-
tures such as photonic crystals and microelectromechanical systems (MEMS). These struc-
tures have unique optical and mechanical properties, making them valuable in miniaturized
devices and sensors. In optics, TPP has been utilized to fabricate high-quality micro-optical
components like lenses, waveguides, and diffraction gratings. These components exhibit
precise control over light propagation and find applications in optical communications and
imaging systems.

In the field of tissue engineering, TPP has enabled the production of intricate scaffolds
with tailored architectures, which can support the growth and organization of cells for
regenerative medicine applications. Additionally, TPP has been applied in microfluidics to
create microchannels, valves, and pumps, enabling the precise manipulation and control
of fluids at the microscale. The versatility of two-photon polymerization has led to its
exploration and adoption in numerous fields, where the ability to fabricate complex, high-
resolution micro- and nanostructures is crucial for advanced applications [76].
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3.6. Hybrid Technologies

The concept of hybrid AM originated from the recognition that combining traditional
subtractive manufacturing with AM could overcome the limitations of both processes,
offering a novel approach for mass-producing medium- to large-sized components with
high geometric complexity and accuracy. Lately, there have been a high number of hybrid
AM practices cited; a few of them are presented below:

• Steel-based materials have witnessed significant advancements through PBF and
directed energy deposition (DED) techniques, with notable efforts made to produce
steel-based hybrid and composite materials using PBF methods [77].

• The integration of DED techniques with traditional computer numerical control (CNC)
machining processes offers enhanced flexibility, enabling applications in hybrid manu-
facturing, protective coatings, and parts repair.

• Laser-based PBF enables hybrid AM, where a simple-shaped substrate component is
conventionally manufactured, while a complex-shaped part is directly printed onto it,
e.g., the build of the part with conformal cooling onto an existing bulk mold.

There have been recent advancements in hybrid AM technologies, where two or
more manufacturing techniques are combined to fabricate 3D objects. One such hybrid
AM method combines additive processes with subtractive methods such as milling or
machining (see Figure 5). This approach enables the efficient fabrication of complex parts
by leveraging the advantages of both additive and subtractive technologies. As a result,
production is accelerated, and surface finishes are improved [78].
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(b) stands for the machined part, and (c) stands for the printed part with complex inner cooling.

Figure 6 shows the microstructure of the hybrid AM part where the bottom wrought
part was produced via subtractive manufacturing from H13 steel, and the top part was
additively manufactured from MAR C300 steel using the L-PBF process. In Table 2, one can
observe the diffusion of these steels from one to another and the corresponding change in
the chemical composition in the interface zone. The relatively deep diffusion and blending
of the initial chemical compositions of the steels result in an increased strength of the
interface and, in general, an increased strength of the hybrid component [79].
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Table 2. The evolution of the chemical composition in the interface zone from the initial compositions
of the H13 and maraging steel. Data of Cr, Fe, Co, and Ni in bold show changes in the content of
these elements showing the gradient zone [79].

Element
Spectrum 1 Spectrum 2 Spectrum 1-2 Spectrum 2-2 Spectrum 3

Weight % Atomic % Weight % Atomic % Weight % Atomic % Weight % Atomic % Weight % Atomic %

C 0.09 0.43 - - 0.69 3.19 0.57 2.55 0.42 1.90

Si 0.96 1.90 - -- 0.30 0.58 1.03 1.98 0.87 1.71

P 0.19 0.34 - - 0 0 0 0 0 0

S 0.15 0.26 - - 0.12 0.20 0.11 0.19 0.08 0.13

Ti - - 1.00 1.23 0.72 0.84 0 0 0.17 0.19

V 0.41 0.45 0.03 0.04 0.16 0.18 0.46 0.49 0.34 0.37

Cr 5.41 5.75 - - 1.41 1.51 5.32 5.54 4.47 4.72

Fe 89.92 89.00 66.23 69.94 71.72 71.34 90.97 88.16 85.83 84.42

Co 0.68 0.64 9.57 9.58 7.07 6.67 0.63 0.57 2.28 2.13

Ni 0.15 0.14 18.61 18.70 14.20 13.43 0.24 0.22 3.68 3.44

Cu 0.15 0.13 - - 0.05 0.05 0.08 0.07 0.12 0.11

Nb 0.33 0.19 - - - - - - - -

Mo 1.20 0.69 5.20 3.20 3.72 2.15 0.87 0.49 1.79 1.03

W 0.37 0.11 0.38 0.12 0.09 0.03 0.01 0.00 0.15 0.04

Total: 100 100 100 100 100

In a study referenced in [80], a concept of hybridization in AM was explored. Specifi-
cally, the potential of using a PBF-fabricated part on a wrought substrate was investigated
as a hybrid wrought–AM manufacturing route for Ti-6Al-4V damage critical load-bearing
components. The researchers examined hybrid specimens, where the AM part was pro-
duced via selective laser melting (SLM), focusing on microstructural variations, defect
presence, uniaxial tensile ductility, and fracture toughness across various configurations. It
was observed that defects were present in both the AM part and the wrought counterpart
of the specimens, with no discernible differences in their characteristics. This study sheds
light on the feasibility of employing a hybrid approach for manufacturing components
with improved mechanical properties, particularly in critical load-bearing applications.

This hybrid approach combines the benefits of additive and subtractive manufacturing,
integrating AM into the traditional production chain to compensate for the limitations
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of AM processes and ultimately advancing the industrialization of AM. Moving forward,
continued research and development in hybrid AM hold the potential to revolutionize
manufacturing practices by enabling the efficient production of intricate, high-quality
components on a larger scale.

Binder Jetting printing assisted with traditional heat post-processing exemplifies
hybrid manufacturing [81,82]. In this approach, AM is utilized solely for shape produc-
tion by printing a green body, while traditional powder metallurgy methods, such as
sintering and liquid metal infiltration, are employed to achieve the desired densification,
microstructure, and mechanical or physical properties [83–86]. This combination of AM
and post-processing techniques proves advantageous for the manufacturing of functional
parts and the design of composites [87,88]. By leveraging the strengths of both processes,
this hybrid approach enables the production of components with tailored properties and
complex geometries that may be challenging to achieve through conventional manufactur-
ing methods alone. The utilization of binder jetting and traditional heat post-processing in
synergy expands the possibilities for creating advanced materials and functional parts with
enhanced performance characteristics [85,86]. Further research and development in this
field hold promise for optimizing the hybrid manufacturing process and broadening its
applications across various industries.

3.7. Open-Source Inventions in AM

Open-Source Inventions in AM refer to the technologies that are developed and
shared within the open-source AM community. These inventions are characterized by
their open nature, allowing anyone to access, modify, and distribute the designs, software,
and documentation associated with the technology. Open-Source in AM encourages
collaboration and knowledge sharing among individuals and organizations, fostering
a community-driven approach to technological advancement. It enables individuals to
build upon existing ideas, modify designs to suit their specific needs, and contribute back
improvements or new ideas to benefit the entire community.

Open-Source AM has several advantages over traditional, proprietary approaches to
technology development. First, it encourages collaboration and knowledge sharing among
individuals and organizations. This can lead to faster innovation, as ideas can be freely
exchanged and built upon. Second, open-source AM is more democratic, as anyone can
participate in the development process. This can help to ensure that the technology is
developed in a way that meets the needs of the wider community. Third, open-source AM
is more sustainable, as it reduces the need for closed, proprietary systems.

On this topic, Joshua Pearce of Western University has a high number of unique
contributions [89,90]. In one of his latest inventions, his team made an open-source walker,
which is a customizable device, whereby the joints are additively manufactured on desktop
machines and the tubing is cut to size. The goal of the project is to make a walker that is
both open-source and customizable, as well as cost-effective [91].

The following list provides some of the popular Open-Source Inventions reported in
recent years:

• RepRap: RepRap is one of the earliest and most well-known open-source AM
projects [92]. It focuses on the development of self-replicating 3D printers, which
are capable of producing most of their own components. The RepRap community has
contributed to advancements in the field and has made it more accessible to a wider
audience.

• Prusa i3: The Prusa i3 is a popular open-source 3D printer design created by Josef
Prusa [93]. The design has been iterated upon and improved by the community,
resulting in various versions and modifications. The Prusa i3 design has been widely
adopted and has played a significant role in making 3D printing more affordable
and accessible.

• Marlin Firmware: Marlin is an open-source firmware that controls and operates 3D
printers [94]. It supports a wide range of 3D printer models and provides features
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such as the precise control of stepper motors, temperature regulation, and support for
various file formats. Marlin firmware has been continuously developed and improved
by the open-source community, enabling 3D printer users to customize and optimize
their machines.

• Slic3r: Slic3r is an open-source slicing software used in AM [95]. It takes 3D models
and converts them into instructions (G-code) that a 3D printer can understand. Slic3r
provides advanced options for customizing print settings and optimizing the printing
process. The open-source nature of Slic3r has allowed for community contributions,
resulting in new features, bug fixes, and improved performance.

Open-source innovations have played a vital role in driving the advancement and
accessibility of AM technology. Through promoting collaboration and the exchange of
knowledge, these groundbreaking inventions have expedited innovation, broadened ac-
cessibility, and empowered individuals and communities to explore and create novel
applications for AM. Open-Source AM has the potential to accelerate innovation, democra-
tize technology, and make AM more sustainable. As the AM community continues to grow,
open-source AM is likely to play an increasingly important role in the development of
this technology.

4. Inventions in AM-Related Emerging Technologies

In the realm of AM, emerging technologies have brought forth a wave of inventions
that are revolutionizing various fields. In robotics, AM has paved the way for the creation
of intricate and customizable components, enabling the development of advanced robots
with enhanced capabilities. Digital twins, on the other hand, harness the power of AM to
replicate and simulate real-world objects, leading to the improved design, analysis, and
maintenance of complex systems. In the realm of virtual reality (VR), AM has facilitated
the production of customized accessories and components, augmenting the immersive
experience for users. Lastly, AM plays a pivotal role in automation, enabling the fabrication
of specialized parts and tools that optimize processes and enhance productivity. These
advancements showcase the remarkable potential of AM-related emerging technologies in
shaping the future of robotics, digital twins, VR, and automation [96].

4.1. Robotics

In the field of robotics, AM has yielded noteworthy breakthroughs and progress in
recent times. The subsequent instances showcase remarkable inventions and advancements
achieved through the application of AM in robotics:

Multi-Material and Functionally Graded Robots: The advent of AM has facilitated the
development of robots characterized by intricate designs and integrated components made
from multiple materials. Through 3DP, robots can now be created with diverse properties,
including variations in stiffness, embedded sensors, and actuators, all within a single struc-
ture. This is made achievable by printing robots using different materials or incorporating
functionally graded structures. In their research, Li et al. employed the stereolithography
process to accurately integrate multiple materials with distinct physical properties during
the printing of millimeter-scale robots. They also implemented discrete magnetizations for
the actuating parts, thereby offering a customizable method for producing intricate shapes
with sophistication [97]. Figure 7 represents the multi-material propeller blade.

Soft Robotics: It encompasses the utilization of pliable and malleable materials to
design robots that can interact safely with humans and handle delicate objects. With the
aid of AM techniques like selective deposition, intricate structures of soft robots can be
fabricated, complete with embedded features such as pneumatic networks, sensors, and
actuators. In the area of soft robotics, Howard focused on a specific type of grippers that
rely on granular jamming, which are notoriously challenging to model. Howard introduced
a groundbreaking “one-shot” technique that leverages multi-material 3DP to produce entire
grippers, including membranes and grains, in a single print run [98].
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Hybrid Robots: Through the application of AM techniques, a new breed of robots has
emerged, which blend both soft and rigid elements, known as soft and rigid hybrid robots.
By incorporating soft components, these robots gain flexibility and adaptability, while the
presence of rigid components ensures structural support and stability. This amalgamation
empowers the robots to execute intricate tasks with finesse and interact safely with humans,
all the while maintaining an overall sense of stability. Researchers at Harvard created a
hybrid robot containing rigid components integrated into a soft-bodied robot [99].

Modular and Reconfigurable Robots: The utilization of AM makes it possible to fab-
ricate modular components that can be effortlessly assembled or reconfigured to build
diverse robotic systems. Researchers have harnessed the power of 3DP to create hybrid
robots with interchangeable modules, enabling swift customization and adaptation to
different tasks or environments. This capability allows for rapid adjustments and opti-
mizations, empowering the robots to seamlessly tackle a range of challenges. Saab et al.
presented the design and integration of a genderless coupling mechanism for modular
self-reconfigurable mobile robots [100]. This paper focused on a docking mechanism called
GHEFT: a Genderless, High-strength, Efficient, Fail-safe, and high misalignment Tolerant
coupling mechanism that aids self-reconfiguration.

4.2. Digital Twins

There have been several recent inventions and advancements in AM in relation to the
application of digital twin technology. Digital twins are virtual representations of physical
assets, processes, or systems that enable real-time monitoring, analysis, and optimization.
Matulis et al. presented a case study of creating and training a Robot Arm Digital Twin as
an approach for AI training in a virtual space and applying this simulation learning within
a physical space [101]. A virtual space, created using Unity, incorporating a virtual robot
arm, was linked to a physical space, being an additively manufactured replica of the virtual
space and robot arm.

The digital twin approach can influence the AM processing in various manners such as
optimizing the process parameters, detecting and controlling the defects or machine health
monitoring, reducing the computational burden for multi-scale modeling, and dealing with
the big data in AM coming from different sources such as process monitoring sensors and
material qualification [102].

It is a new area of research in AM which could unlock the full potential of AM for de-
manding applications [103–105]. The major research needs in the digital twins representing
AM processes are developing models, databases, machine learning, the integration of the
equipment, and algorithms to deal with data and predict the results.
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4.3. Virtual Reality

3DP has been combined with VR technology to enhance the design, development, and
user experience in various ways. Here are some notable recent inventions and advance-
ments in AM in the field or in combination with VR:

Haptic Feedback Devices: The application of AM has been instrumental in the pro-
duction of haptic feedback devices aimed at enhancing the VR experience. These devices,
which encompass handheld controllers and wearable accessories, can integrate 3D-printed
components to deliver tactile feedback, thereby augmenting immersion and facilitating
interactive engagement with virtual environments. By incorporating AM, these haptic
feedback devices offer users a heightened sense of realism and a more immersive VR
encounter. Degraen et al. investigated how 3D-printed hair structures can serve as versatile
passive haptic structures for VR [106].

Customized VR Accessories: The advent of 3DP has unlocked the ability to fabricate
personalized accessories and components for VR systems. This encompasses a wide range
of offerings, including specialized controllers, mounting brackets, ergonomic enhance-
ments, and customizable options, all aimed at enhancing comfort and usability during VR
experiences. With 3DP, users can tailor their VR setup to their specific needs, resulting in
an optimized and immersive VR encounter. Lee et al. described three-dimensional-printed,
personalized, multifunctional electronic eyeglasses (E-glasses), not only for monitoring var-
ious biological phenomena but also for proposing a strategy for coordinating the recorded
data for active commands and game operations for human−machine interaction (HMI)
applications [107]. Their overall results have provided technical insights into the associated
technologies and industries such as digital healthcare and VR/augmented reality (AR).

4.4. Automation

AM has made significant contributions to the field of automation by enabling the
creation of complex geometries, customization, and rapid prototyping. A mobile 3DP
platform, which has omnidirectional wheels that allow for unrestricted movement along
x- and y-axes, was invented [108]. The research team in this project performed a series
of preliminary material tests with such a fully constructed platform. The system was
tested with materials from three different industries that could benefit from mobile AM
technology. A high number of inventions indicates that automation can help improve the
AM processes. Recent developments in robotics, automation, and AM have shown several
success stories in the construction industry [109]. Here are some recent inventions and
advancements of AM in the field of automation:

Grippers and Robotic Hands: AM has enabled the creation of customized grippers
and robotic hands that are lightweight, durable, and capable of complex grasping and
manipulation [98]. 3D-printed grippers can be designed to match the shape, size, and
properties of the objects they handle, enhancing automation capabilities.

Jigs and Fixtures: AM is used to create customized jigs and fixtures for automation
processes. These tools assist in positioning, alignment, and assembly operations, improving
accuracy, repeatability, and efficiency in automated manufacturing. Hiemenz [110] has
showcased the utilization of AM to manufacture the fixtures used in various companies
such as BMW, Thogus, Joe Gibbs Racing, and Thermal Dynamics.

Integration of Electronics and Sensors: AM techniques such as embedded printing
or additively manufactured electronics (AME) allow for the integration of electronic com-
ponents and sensors directly into printed parts. This enables the creation of smart and
sensorized robotic systems, enhancing automation capabilities and enabling real-time data
collection. Lewis et al. [111] have reported a case study of fully 3D-printed quantum-dot-
based light-emitting diodes. Ready et al. [112] have outlined the creation of a rapid digital
manufacturing system and considerations for building such a “printer” with the ability to
integrate a structural material with functional electronic materials.
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4.5. AI-Assisted AM

AI is being integrated into AM processes to enhance design capabilities, optimize part
performance, identify the right process window for new material parameters, or improve
process monitoring [113]. AI algorithms can generate complex geometries and lattice
structures, improve material distribution, and optimize support structures, resulting in
more efficient and lightweight designs [74,114]. Researchers at MIT have developed a
machine learning system that utilizes AI and computer vision to improve the 3DP. By using
simulations to train a neural network, the system is able to adjust printing parameters in
real time, minimizing errors and improving accuracy. This approach eliminates the need
for costly trial-and-error printing of thousands of objects to train the AI. The system has the
potential to enable engineers to incorporate new materials with unique properties into their
prints and make on-the-fly adjustments to the printing process when unexpected changes
occur. This advancement represents a significant step towards intelligent manufacturing
systems that can adapt and improve productivity [115]. Moreover, machine learning-centric
techniques can also be used to complement the classic topology optimization approach to
speed up the design optimization. In a study by Yao et al., the substitution of heavy pieces
was carried out with lightweight components retrieved from a set in the initial model by
using CNN to skill the in-between topologies acquired using typical topology optimization.
This approach was 20 times faster than simplified isotropic material with the penalization
method [116].

The application of AI techniques has emerged as a promising approach for the design
and development of complex alloys, including high-entropy alloys (HEAs) [117,118]. AI
methods, such as machine learning and data-driven models, offer the potential to accelerate
the discovery and optimization of alloy compositions with desired properties [117]. By
leveraging large databases, computational simulations, and materials informatics, AI algo-
rithms can effectively analyze and predict the relationships between the alloy composition,
processing parameters, and resulting material properties. This enables the exploration of
vast compositional spaces and the identification of novel alloy formulations with excep-
tional mechanical, thermal, and functional characteristics [119]. Furthermore, AI-driven
approaches facilitate the understanding of structure–property relationships and the identi-
fication of key alloying elements and microstructural features that contribute to enhanced
performance. The integration of AI into the design process of complex alloys and HEAs
holds great promise for accelerating materials discovery, optimizing alloy compositions,
and enabling the development of advanced materials for a wide range of applications,
including the aerospace, energy, and biomedical industries [120,121].

It can be concluded that AI has a special potential specifically for advanced materials,
including HEAs, due to several factors.

HEAs are composed of multiple principal elements in roughly equal proportions,
resulting in a vast compositional space to explore [122,123]. Traditional trial-and-error
approaches for alloy design become increasingly impractical as the number of elements
and potential combinations grows. AI-based methods can efficiently navigate this large
design space and identify optimal compositions by leveraging data-driven models and
machine learning algorithms.

HEAs often exhibit complex microstructures and unique property combinations, mak-
ing it challenging to establish clear structure–property relationships through conventional
methods alone [124,125]. AI techniques can analyze extensive datasets, including experi-
mental results and computational simulations, to uncover hidden correlations, identify key
factors influencing material properties, and predict the behavior of HEAs with high accu-
racy. This ability to understand and predict the complex behavior of HEAs can significantly
accelerate the discovery and development of novel compositions with tailored properties.

AI can also be used in the process monitoring and control of AM processes. In a study
by Scime and Beuth, multi-scale neural networks were used to train the machine learning
system to correctly classify the powder-bed image patches into seven defect types, based on
the images captured during LPBF images. These defect types included common problems
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such as incomplete spreading, super elevation, part damage, debris, etc. This approach
paves the way for the in-process rectification of common problematic issues in the LPBF
process when a feedback control system is implemented [126].

Furthermore, AI enables researchers to leverage the collective knowledge and expertise
present in large materials databases, research publications, and experimental data. By
extracting valuable insights from these vast repositories, AI algorithms can assist in the
rational design of HEAs, guiding the selection of alloying elements, processing parameters,
and targeted properties.

In summary, AI’s special potential for HEAs lies in its ability to efficiently explore
the vast compositional space, uncover complex structure–property relationships, and
leverage extensive knowledge from data sources. By harnessing the power of AI, re-
searchers can accelerate the design and optimization of HEAs, leading to the discovery of
new alloy compositions with exceptional properties and advancing the field of advanced
materials [117,118,124].

5. AM Inventions in Major Industries and Their Unique Aspects

This section of the holistic review article provides cutting-edge inventions in some
of the major industries. Considering the length of the review, a limited number of indus-
tries are reviewed. The second part of the section is focused on the unique aspects of
these inventions.

5.1. Major Industries

AM has revolutionized key sectors including the aerospace, healthcare, automotive,
food, and construction industries. This transformative technology has led to remarkable
inventions, driven by the ability to produce intricate shapes and cost-effective, lightweight,
and high-performance products. These factors contribute to the widespread adoption and
popularity of AM in various industries.

5.1.1. Aerospace Industry

AM has brought various revolutionary inventions to the aerospace industry. It has a
global market size of USD 2.66 billion and is expected to reach USD 8.35 billion by 2029 [127].
Flexible designs, lower costs, faster lead times, and the lightweight manufacturing of
products have popularized its adoption in this sector [128]. By leveraging these benefits,
aerospace industries can enhance safety, fuel efficiency, and cost-effectiveness and foster
a climate of continuous inventions. Boeing has embarked on research and collaborative
ventures to explore the potential of 3DP in fabricating intricate components such as ducts,
brackets, and cabin interior parts [129]. General Electric Aviation has achieved success by
implementing AM technologies in the production of fuel nozzles for jet engines, resulting
in improved fuel efficiency [130]. In addition, Stratasys, a leading 3DP company, has
collaborated with Airbus to develop aircraft parts utilizing 3DP techniques [131]. These
companies have demonstrated remarkable success in pioneering innovative AM techniques
and showcasing groundbreaking inventions. However, the adoption and implementation
of 3DP in aerospace also come with challenges. Key obstacles include material selection,
surface roughness, scaling production, and time-consuming processes, which require
focused attention and resolution.

A very different recent development for aerospace has been the 3DP of gaskets in
a qualified material by PPG, based on research sponsored by the US Army Research
Laboratory. PPG Ambient Reactive Extrusion (PPG ARETM) produces 3D-printed gaskets
and seals on demand—for example, as ramp seals for Lockheed Martin’s C-130J Super
Hercules from 2021, as seen in Figure 8 [132].
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5.1.2. Healthcare Industry

3DP in healthcare is experiencing rapid growth and is projected to reach a market
growth of USD 5.59 billion by 2027 [133]. This technology stands out as the sole solution
enabling the personalization and customization of healthcare products, equipment, and
medications. It empowers the precise development of patient-specific healthcare products
like bone replicas, organs, blood vessels, prosthetics, and drill guides using digital data and
a range of materials, both locally and in research or industrial environments [133]. In Israel,
scientists have successfully developed a 3D-printed heart using the patient’s own cells and
biological materials, although it is not yet functional [134]. Aether, a bioprinting company,
has made significant progress in developing bio-inks and 3D printers capable of fabricating
complex tissue structures. While 3DP in healthcare is still in the development stage, it has
demonstrated promising outcomes in creating intricate functional medical structures [135].
Bioengineers worldwide are actively engaged in the pursuit of 3DPed organs, with research
teams at Rice University and the University of Washington achieving a breakthrough by
developing 3D-printed vascular networks crucial for artificial organ functionality [136].
In dentistry, 3DP has garnered significant interest due to its affordability, lightweight
nature, acceptable mechanical strength, and ability to produce highly complex shapes [137].
Polymerization-based 3DP such as DLP, SLA, and material jetting are employed in dentistry
for prosthodontic and orthodontic treatments [138].

These recent inventions highlight the transformative potential of 3DP in the healthcare
industry. However, challenges such as long-term durability, the availability of biocom-
patible materials, surface roughness, and time-consuming processes must be addressed
through collaboration, research, and advancements in material science.

5.1.3. Automotive Industry

AM has brought improvements to the automotive industry, as demonstrated by inno-
vations such as Bugatti’s Brake calipers [139], General Motors’ seat brackets [140], Local
Motors’ Strati chassis [141], and Porsche pistons [142]. These recent inventions showcase
the industry’s urge for design flexibility, increased customization options, cost reduction,
and improved efficiency, indicating the further integration of AM in automotive industries.
However, continuous research in product development and material advancements will be
necessary to tackle the challenges such as identifying suitable materials with necessary me-
chanical and thermal performance, addressing low production speeds, and improving the
surface finish. Moreover, the use of AM in the automotive industry is still not widespread
as a mainstream production route but rather more for niche applications in luxury car



Inventions 2023, 8, 103 23 of 45

segments, spare part manufacturing, or die/mold manufacturing due to unique challenges
in scaling AM for the serial production of automotive components.

A use case from the automotive industry is demonstrated in Figure 9 from the AMRC
ELLI (Electrification and Lightweighting in Industry 4.0) project centered around a Cater-
ham 7 sports car [143]. Using the original design space, loading conditions, and applied
material, the motor casing was redesigned for AM. The optimization considered a system-
level design to enable part consolidation and multi-functional use. Support brackets were
organically incorporated into the motor case as a single body, and the final design used a
liquid cooling circuit for better thermal control.
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5.1.4. Food Industry

The food industry holds immense economic importance and profoundly impacts
people’s lives. Commercially, many prominent food companies are exploring the utilization
of 3DP technology to explore the customization and culinary creativity of food production.
Chocolate manufacturers, for example, employ dedicated 3D printers to craft desserts with
their unique artistic flair and desired quantities [144]. Barilla, an Italian family-owned food
company, has ventured into producing 3D-printed pasta, offering uniquely shaped and
high-quality pizza in minimum time [145]. Miam, a Belgium chocolate producer, leverages
appropriate fluid ingredients to create ready-to-eat milk, dark, and white chocolates [146].

Whilst challenges related to ingredient compatibility, hygiene, production volume,
taste, and more must be addressed to facilitate the widespread adoption of 3D-printed
food, there has been considerable interest in the use of the 3DP of food for more specialized
applications. Dysphagia, for example, is a medical condition where the patient has difficulty
swallowing certain foods, and the 3DP of suitable foods has been researched for several
years [147]. Protein and vegetable products that fit the texture categories of the International
Dysphagia Diet Standardization Initiative are being printed. There is a concern that 3D-
printed foods are “ultra-processed”, and therefore, whilst easier to swallow, they can be
more difficult to digest [148]. However, the negative effects on the gut microbiome are
being addressed by the addition of hydrocolloids and probiotics. Recently, advances in 4D
food printing incorporate responses to stimuli to change color or release aromas. These
developments raise the value of technology for sectors such as aged care.

5.1.5. Construction Industry

AM embodies the ideology of maximizing productivity while simultaneously min-
imizing waste. Building upon this concept, numerous construction projects are embrac-
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ing 3DP technology to construct low-cost houses with minimum labor hours and waste
generation [149]. The application of 3DP in construction offers advantages such as de-
sign flexibility, accelerated construction speeds, and environmental sustainability. This
has enabled the exploration of new material applications for construction, including for
temporary shelters, as illustrated in the innovative work of the architectural firm Emerging
Objects [150]. Architects can now create complicated shapes that were previously unattain-
able through traditional ways of construction. DUS Architects demonstrate its potential
through their work on the Canal House in Amsterdam, which has since been followed up
in 2021 with the demonstration AM bridge shown in Figure 10, built in the same city by
high-profile 3DP Designer Joris Laarman at MX3D [151].
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Dubai has already embarked on this innovative path by constructing 3DP offices,
with the Office of the Future standing as the first functional office developed using the
20-feet-high, 120-feet-long, and 40-feet-wide 3D printer [152]. This innovative project
achieved a 50% reduction in labor costs compared to similar-sized projects constructed
conventionally, while also minimizing the waste and environmental impact, as reported by
the architects involved in the project [153].

Moreover, in Europe, the utilization of 3DP in house construction is contributing to the
reduction in overall CO2 emissions [154]. The implementation of AM in the construction
industry is still an evolving concept that holds the potential to revolutionize this industry.
However, there are several challenges associated with 3DP in construction that must be
addressed in the future, including size limitations, material selection, structure quality, and
the need for a skilled workforce [155,156]. Research into the structural difficulties that can
arise long-term from 3DP in various methods using concrete is ongoing [157].

5.2. Unique Aspects of AM Inventions

AM has revolutionized the manufacturing industry by introducing unique aspects
that are transforming various sectors. Here are a few cases on the unique aspects of AM
inventions in terms of low costs, lightweighting, recycling, sustainability, and Design for
AM (DfAM):

5.2.1. Low-Cost Products

One of the key advantages of AM is its ability to produce complex parts and prototypes
at a lower cost compared to traditional manufacturing methods. By eliminating the need
for expensive tooling and reducing material waste, AM enables cost-effective production,
making it accessible to a wider range of industries and individuals. Several researchers
highlighted the significant components in regard to estimating the cost of AM and con-
sidering the factors for obtaining additively manufactured low-cost products [158]. These
factors include material costs, machine costs, labor costs, build envelopes and envelope
utilization, build times, and energy consumption [159].



Inventions 2023, 8, 103 25 of 45

Determining the most suitable manufacturing process for maximizing profit often
hinges on the cost per part. Generally, this factor governs the decision-making process. To
provide a general idea, Figure 11 illustrates the unit costs associated with three frequently
employed manufacturing processes [160].
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The cost of 3DP continues to decrease annually, and in certain cases, it is beginning to
rival injection molding in terms of cost efficiency. However, when it comes to specific tasks,
3DP and CNC machining are typically considered interchangeable manufacturing methods
based on the factors in the mechanical and quality characterizations of the fabricated parts.

5.2.2. Lightweight Products

AM allows for the creation of intricate and lightweight structures that were previously
unachievable using conventional manufacturing techniques. By utilizing optimized lattice
structures, hollow designs, and internal cavities, AM enables the production of lightweight
components without compromising their strength or functionality. This aspect is particu-
larly beneficial in industries such as the aerospace and automotive industries, where weight
reduction can lead to improved fuel efficiency and performance.

In order to produce additively manufactured light products, a number of academic
institutions, organizations, governmental agencies, and companies developed initiatives
to make their current level of production lighter and also as functional as before. In a
collaborative effort, the AM Standardization Collaborative (AMSC) and the Lightweight
Innovations for Tomorrow (LIFT) Institute, one of the Manufacturing USA Institutes, joined
forces to explore the integration of dissimilar materials using AM components. The AMSC,
a project initiated by the American National Standards Institute (ANSI) in conjunction with
America Makes, aims to establish AM roadmaps, define standards, and foster industry-wide
coordination, quality assurance, and consistency. By leveraging this partnership, LIFT and
AMSC strive to advance the capabilities of AM by enabling the successful joining of diverse
materials, opening new possibilities for innovative manufacturing applications [161].

5.2.3. Remanufactured Products

AM promotes sustainable practices by enabling the recycling and reusability of ma-
terials. Unlike subtractive manufacturing, where excess material is often discarded as
waste, AM only uses the exact amount of material required for the object being printed.
Additionally, some AM technologies allow for the recycling of used parts or failed prints,
reducing material waste and minimizing the environmental impact.
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Making filaments from used filaments is important, as it promotes recycling and
reduces waste in 3DP. It helps conserve resources, minimizes the environmental impact,
and encourages a more sustainable approach to manufacturing. The process of making
filaments from used filaments involves recycling and reprocessing the discarded or used
3DP filaments. The used filaments are collected, cleaned, and shredded into smaller pieces.
These pieces are then melted and extruded to create new filament strands. This recycling
method reduces waste and allows for the reuse of materials, promoting a more sustainable
and circular approach to 3DP [162].

3D Systems developed and marketed the Ekocycle 3D Printer, which utilizes recycled
plastic bottles as filament to construct new products through extrusion [163]. Researchers
have developed the 3D Re-Printer, a cutting-edge 3D printer featuring an integrated auto-
matic plastic waste extruder [164]. This innovative device enables the recycling of plastic
bottles, transforming them into raw materials suitable for 3DP. ReDeTec’s newly developed
and marketed system can shred any surplus 3D prints, rafting or support material, and
other 3DP waste into granules that can be used to make new filament [165]. The patented
extrusion technology named ProtoCycler V3 allows for the compounding of polymers with
a single screw [166]. The users can recycle PLA, ABS, PETG, HIPS, Nylon 12, etc. Over-
all, recycled filaments provide a sustainable and economical option for environmentally
conscious makers and manufacturers, contributing to a circular economy and reduced
waste generation.

According to a recent research study [167], an innovative biobased photopolymer
suitable for 3DP has also been developed, which is both recyclable and reprintable. The
study involved evaluating the mechanical properties of a test part made from this pho-
topolymer derived from castor oil. Remarkably, the researchers successfully melted down
the test part and reused the material to print another part. Notably, the recycled resin
exhibited nearly identical properties to the original resin, including the color, viscosity,
volumetric shrinkage, tensile strength, Tg (glass transition temperature), polymerization
rate, and penetration depth. This breakthrough demonstrates the potential for sustainable
and circular manufacturing practices within the realm of AM.

With the increased importance of green manufacturing and sustainability in today’s
economy, there are also a number of continuing research efforts in other AM technologies
dealing with producing remanufactured products [168].

5.2.4. Sustainable Products

The design freedom offered by AM empowers engineers and designers to optimize
parts for sustainability. By employing techniques like topology optimization, organic
shapes, and lightweight structures, AM enables the creation of products that are more
material-efficient, consume less energy during production, and have reduced carbon foot-
prints. This aspect aligns with the growing global focus on sustainable manufacturing
practices and the circular economy.

AM encompasses several key features that contribute to its sustainability and environ-
mental advantages. First, AM enables localized and on-demand production, reducing the
need for extensive transportation and associated carbon emissions. This decentralized man-
ufacturing approach has the potential to significantly reduce the environmental footprint
by minimizing transportation distances and the energy required for logistics [169,170].

Furthermore, AM enables the optimization of designs for material efficiency, leading
to reduced waste generation. By employing advanced design techniques like topology
optimization and lightweight structures, AM allows for the creation of complex geometries
that use only the necessary amount of material. This approach minimizes material waste
during production and results in lighter end-products, thereby reducing the energy con-
sumption and environmental impact [171,172]. The ability of AM to manufacture intricate
and customized components with reduced material usage aligns with the principles of
circular economy and sustainable manufacturing practices.
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5.2.5. DfAM Products

AM offers unique design possibilities that were previously constrained by the limita-
tions of traditional manufacturing methods. Design for Additive Manufacturing (DfAM)
leverages these possibilities to create optimized parts specifically tailored for the additive
process. DfAM considers factors such as support structure optimization, part consolidation,
and the integration of complex geometries, enabling the production of parts that are more
functional, efficient, and customizable. DfAM is also inspired by nature, and biomimicry is
one of the design approaches when considering the manufacturing flexibilities of AM.

One example of a DfAM invention central to its use is the lattice structure [173]. Lat-
tice structures are intricate, lightweight, and highly efficient designs that are specifically
optimized for 3DP. They consist of a network of interconnected struts or beams arranged in
a repeating pattern, resembling a honeycomb or a mesh (see Figure 12). Lattice structures
are particularly well suited for AM because they take advantage of the unique capabilities
of 3DP technology, such as the ability to create complex geometries and internal structures.
By using lattice structures, designers can reduce the weight of a component while main-
taining its strength and structural integrity. Furthermore, the ability to design changes in
performance characteristics within a single print through variations in the lattice enables a
paradigm shift in the way products are conceptualized and designed.
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Figure 12. NASA Excite Challenge Bracket showing the variations in the lattice wall thickness within
the part.

The second example is conformal cooling channels [174]. In traditional manufacturing
processes like injection molding, cooling channels are typically straight and uniform.
However, with DfAM, designers can create complex, customized cooling channels that
conform to the shape of the part being manufactured. This enables more efficient heat
transfer and faster cooling, resulting in improved cycle times, better part quality, and
reduced production costs.

One of the biomimicry or bioinspired DfAM samples is the satellite reaction wheel
bracket, as can be seen in Figure 13 [175]. The current design made for the machining
process and all the necessary weight reductions was created. However, the biomimetic
design has been adopted for the bracket, and the elephant head and foot shape and function
have been considered in the design of brackets for AM. The resultant AM design is stronger,
40% lighter, and durable for all the sinus and random vibrations which occur during the
take-off of the carrier rocket.
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Topology Optimized Parts are the other type of invention in this category [176]. DfAM
allows engineers to optimize the internal and external geometries of a part based on its
specific load requirements. Using advanced algorithms, they can create lightweight designs
with optimal material distribution, reducing material usage while maintaining structural
integrity. This approach leads to weight reduction, improved performance, and cost savings,
especially in industries like the aerospace and automotive industries, for applications such
as lightweight brackets, e.g., satellite antennae brackets [162].

Functionally Integrated Assemblies are another example [177]. DfAM enables the
consolidation of multiple components into a single, complex part. By integrating different
functionalities within a single print, designers can eliminate the need for assembly, reduce
the part count, and streamline manufacturing processes. This not only simplifies produc-
tion but also offers weight reduction and improved overall performance by minimizing
interfaces and potential points of failure.

In summary, the unique aspects of AM inventions in terms of their low cost, lightweight
nature, recycling, sustainability, and DfAM have the potential to reshape industries, accel-
erate innovation, and promote a more sustainable approach to production.

6. Current Challenges and Future Prospects for AM

AM is emerging as a groundbreaking technology with immense potential to revo-
lutionize various industries. It allows for the creation of three-dimensional objects by
adding material layer by layer, offering unprecedented design freedom and manufacturing
flexibility. While AM has already made significant strides, it also faces a range of challenges
that need to be addressed. This section discusses current challenges and future directions
for AM inventions, highlighting the transformative impact they can have on industries and
the potential obstacles that need to be overcome.

The last decade has seen considerable advances in the process and material develop-
ment for AM and a broadening of the type and number of companies engaged with the
technology. According to one of the leading conference and expo providers of the technol-
ogy, RAPID + TCT 2023, over 30% of exhibitors were new to the event. Post-processing
equipment and future factories specific to the AM workflow were in the evidence. In
addition, there was an interesting shift in profile, with a growing number of established
materials manufacturers, such as 3DXTech (see Figure 14), who had now invested in
3D printers for their materials. This is a significant development, as one of the primary
challenges in AM has been the limited range of materials available for printing.
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Although the range has expanded over the years, the AM market is still considerably
smaller compared to that of traditional manufacturing processes. The development of
new materials with suitable properties for AM remains a significant hurdle, especially for
applications that require specific mechanical, thermal, or electrical properties. Additionally,
ensuring the consistency and reliability of the printed parts across different machines and
materials is crucial for widespread adoption.

Another challenge lies in the scalability of AM processes. While AM offers the poten-
tial for rapid prototyping and low-volume production, it currently struggles to compete
with traditional manufacturing methods for large-scale production. The time required to
print objects and the limited printing speed hinder the cost-effectiveness and efficiency
of AM at a large scale. Developing faster printing techniques and optimizing the overall
manufacturing workflow are essential to address this challenge. However, in addition, the
industry needs to further research the value proposition for businesses in terms of the use
of AM and invest in the development of new business models to exploit the opportunities
the technology provides.

Despite the challenges, the future directions of AM inventions are highly promising.
As research and development efforts continue, the range of printable materials is expected
to expand, enabling the production of more complex and functional end-use parts. This will
open up opportunities for AM to penetrate industries such as the aerospace, automotive,
healthcare, and consumer goods industries on a larger scale. Furthermore, advancements in
AM, including the use of multi-material and hybrid printing, will enhance the capabilities
of the technology. This will enable the creation of objects with a combination of different
materials, properties, and functionalities, further pushing the boundaries of design and
innovation. Moreover, the integration of AM with other emerging technologies like AI and
robotics can lead to automated and customized production processes, transforming the
manufacturing landscape [164].

Whilst AM has made significant progress and holds immense potential, there are still
challenges to overcome before it can fully realize its prospects. Addressing the limitations
in the material availability, scalability, and production speed are crucial for wider adoption,
as well as building strategies for increasing its integration through services complementary
to established production systems [178]. However, as technology continues to advance,
AM inventions have the power to reshape industries, drive innovation, and unlock new
possibilities in design and manufacturing. The following sections present the current
challenges and prospects of evolving AM technologies.
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6.1. Bio-Printing

Bioprinting is an innovative and rapidly advancing field of biotechnology that com-
bines the principles of 3DP with biology [179], aiming to create living tissue and organs
through the precise layering of bioink, a substance composed of living cells and other
biomaterials [180]. By utilizing specialized bioprinters, this revolutionary technique
offers the potential to address the growing demand for organ transplants [181], tissue
engineering [182], and drug testing [183], ultimately revolutionizing healthcare and trans-
forming the approaches to regenerative medicine. Through the precise placement of cells
and materials [184], bioprinting holds great promise for personalized medicine [185], im-
proving patient outcomes [186] and reducing the reliance on traditional transplantation
methods [187] while also presenting exciting possibilities for scientific research and the
development of new therapies [188].

Bioprinting, despite its tremendous potential, faces several challenges that need to be
overcome for its widespread implementation. First, ensuring the viability and functionality
of printed tissues and organs remains a major obstacle. Maintaining the structural integrity
and proper cellular interactions within the printed constructs is crucial for their successful
integration and functionality in the human body [189]. Additionally, the limited availability
and complexity of suitable biomaterials and bioinks pose a significant challenge [190]. De-
veloping biocompatible and biodegradable materials that mimic the native tissue properties
while also supporting cell growth and differentiation is essential. Moreover, scaling up the
production of bio-printed tissues and organs to meet the demand for transplantation is a
complex task, requiring advances in automation, standardization, and regulatory frame-
works [191]. Lastly, the ethical considerations surrounding bioprinting, such as potential
misuse or the creation of designer organs, must be carefully addressed to ensure the re-
sponsible and equitable use of this technology. Overcoming these challenges will be crucial
in unlocking the full potential of bioprinting in healthcare and regenerative medicine [192].

The future prospects of bioprinting are incredibly promising, holding the potential
to revolutionize healthcare and regenerative medicine. As the field continues to advance,
we can envision a future where bioprinting enables the creation of patient-specific organs,
tissues, and implants, reducing the waiting time for organ transplants and eliminating the
need for immunosuppressive drugs [193]. This personalized approach has the potential to
significantly improve patient outcomes and quality of life. Bioprinting also opens avenues
for advanced drug testing and personalized medicine, allowing researchers to create realis-
tic models of human organs for more accurate and efficient preclinical testing. Furthermore,
with ongoing advancements in biomaterials, bioink formulations, and bioprinting tech-
niques, it is possible that complex structures like blood vessels and nerve networks can be
printed, enabling the creation of fully functional organs. This holds tremendous potential
for addressing the global shortage of organs and revolutionizing the field of regenerative
medicine, offering new hope for patients in need [194–197].

Today, there is a growing interest in making very robust, environmentally friendly,
biodegradable, and easy-to-produce products with a number of AM technologies. For each
production, it is always important to know the environmental restrictions regarding the
use of bio-printing technologies [198,199].

6.2. 4D/5D Printing

This topic represents the next evolution in AM technology, going beyond the three-
dimensional realm to introduce dynamic and shape-shifting capabilities [200]. 4D printing
refers to a technology that builds upon 3DP by introducing the element of time. 5D
printing is an advanced manufacturing method that utilizes complex axis movements
and a combination of additive and subtractive methods. Overall, this innovation involves
the creation of objects and materials that can not only be printed in three dimensions
but also possess the ability to transform their shape [201], properties, or functionality
over time in response to external stimuli such as heat, light, humidity, or mechanical
forces [202]. By integrating smart materials and design principles into the printing process,



Inventions 2023, 8, 103 31 of 45

this technology opens up a new realm of possibilities across various industries, including
the aerospace [203], healthcare [204], robotics [205], and consumer goods industries [206].
This groundbreaking technology has the potential to revolutionize manufacturing, enabling
the creation of self-assembling structures, adaptive devices, programmable textiles, and
intelligent systems that can adapt, repair, or respond to changing environmental conditions.
The advent of 4D/5D printing holds immense promise in unlocking innovative solutions,
pushing the boundaries of traditional manufacturing, and driving advancements in fields
that require dynamic, customizable, and intelligent materials and objects [207].

Advancements in this technology, despite its immense potential, face several chal-
lenges that must be addressed for its widespread implementation. First, the development
and integration of suitable smart materials pose a significant hurdle. These materials
need to exhibit reliable and predictable responses to external stimuli while maintaining
structural integrity and desired mechanical properties. Ensuring the availability and scal-
ability of such materials is crucial for the practical application of 4D/5D printing [208].
Second, achieving precise control over the transformation processes presents a challenge.
Controlling the timing, speed, and magnitude of shape changes in printed objects re-
quires advancements in design, fabrication techniques, and the understanding of material
behavior [209]. Additionally, the complexity and cost of these technologies remain ob-
stacles that need to be overcome. Advancements in printing equipment, software, and
post-processing techniques are necessary to make this technology more accessible and
economically viable [210]. Lastly, standardization and regulatory considerations need to
be addressed to ensure the safety, reliability, and compatibility of 4D/5D-printed objects
across different industries and applications. Addressing these challenges will be criti-
cal for unlocking the full potential of technology and establishing it as a transformative
manufacturing technique [210–214].

The prospects of these printing technologies hold immense potential for revolutioniz-
ing multiple industries and enabling innovative applications. As technology advances, we
can expect to see the creation of complex and customizable objects that can dynamically
adapt to their environment [215]. In healthcare, 4D/5D printing could lead to the devel-
opment of smart implants that respond to physiological changes, such as tissue growth
or drug release, enhancing patient outcomes [216]. In aerospace, shape-shifting structures
could enable lightweight, adaptive components, optimizing fuel efficiency and aerody-
namics. The consumer goods industry could benefit from self-assembling products or
programmable textiles that adjust to user preferences or environmental conditions. Addi-
tionally, in robotics and automation, the availability of this technology could contribute to
the production of intelligent systems capable of self-repair, self-assembly, or adapting to
different tasks. However, to realize these prospects, continued research and development
are needed to overcome challenges related to material properties, process control, scalabil-
ity, and cost-effectiveness. With further advancements, 4D/5D printing has the potential to
transform industries, drive innovation, and offer exciting possibilities for creating dynamic,
adaptive, and intelligent objects [217,218].

6.3. Micro–Nano-Scale Fabrication

This refers to the additive manufacturing and manipulation of materials and structures
at the microscopic and nanoscopic levels [219], typically ranging from a few micrometers
down to nanometers. This field combines the principles of engineering, physics, chemistry,
and biology to create structures and devices with precise control over their size, shape,
and composition [220]. By leveraging specialized techniques such as lithography, etching,
deposition, and self-assembly, micro–nano-scale fabrication enables the development of
miniaturized systems with unique properties and functionalities. These systems find
applications in a wide range of fields, including electronics, photonics, biotechnology,
medicine, energy, and environmental sciences [221–224]. With the ability to manipulate
matter at the smallest scales, micro–nano-scale fabrication opens new frontiers for scientific
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research, technological advancements, and the creation of innovative devices that push the
limits of what is possible at the micro and nano level [225,226].

Micro–nano-scale fabrication encounters several challenges that must be overcome
to achieve precise and reliable manufacturing at such small scales. First, ensuring the
accuracy and resolution of fabrication processes is critical. The ability to control dimensions,
tolerances, and surface roughness at the micro and nano levels requires advancements
in lithography techniques [227], nanomaterials, and high-precision instrumentation [228].
Second, maintaining uniformity and consistency across large-scale production presents
a challenge. Variations in materials, environmental conditions, and process parameters
can result in deviations in fabricated structures, hindering the reproducibility and yield.
Third, integrating multiple materials with different properties and functionalities at the
micro and nano scales remains a challenge. The compatibility of dissimilar materials,
bonding techniques, and the precise alignment of multiple layers pose significant hurdles in
achieving complex and functional structures [229]. Additionally, the cost and scalability of
fabrication technologies need to be addressed. Expensive equipment, specialized facilities,
and time-consuming processes hinder the widespread adoption of these techniques [230].
Moreover, ensuring the safety and reliability of micro–nano devices, particularly in the
context of biomedical applications, requires thorough characterization, testing, and quality
control standards. Overcoming these challenges will pave the way for advancements in
micro–nano-scale fabrication and unlock its full potential in various fields [231–233].

The outlook of micro–nano-scale production holds tremendous potential for trans-
formative advancements across diverse fields. As technology continues to evolve, we can
anticipate breakthroughs in electronics, photonics, medicine, energy, and beyond [234,235].
In electronics, micro–nano manufacturing technologies could lead to the development
of smaller, faster, and more efficient devices, enabling the next generation of integrated
circuits, sensors, and wearable electronics [236,237]. In photonics, precise control over
nanoscale structures could revolutionize optical communication, quantum computing,
and advanced imaging systems. In medicine, micro–nano fabrication holds promise for
personalized diagnostics, targeted drug delivery, and regenerative medicine through the
creation of biomimetic structures, lab-on-a-chip devices, and implantable sensors [238].
Additionally, micro–nano fabrication could contribute to sustainable energy solutions, such
as high-efficiency solar cells, advanced batteries, and energy harvesting devices. However,
realizing these prospects requires addressing challenges related to accuracy, scalability,
cost-effectiveness, and multi-material integration. With ongoing advancements and inter-
disciplinary collaborations, additively manufactured micro–nano-level products are poised
to unlock remarkable possibilities, driving innovation and shaping the future of technology
and scientific discovery [239,240].

6.4. Additively Manufactured Electronics

Additively Manufactured Electronics (AME) is an emerging field that combines the
principles of 3DP and electronics manufacturing to create functional electronic devices and
circuits directly through additive processes [241]. By integrating conductive and dielec-
tric inks or materials into the 3DP process, AME enables the simultaneous fabrication of
complex, three-dimensional structures and the deposition of electronic components [242],
interconnects [243], and circuits [244]. This innovative approach offers several advantages,
including the ability to create customized, lightweight, and geometrically complex electron-
ics with reduced material waste and shorter production cycles [245]. It has the potential to
revolutionize various industries, including the aerospace [246], automotive [247], health-
care [248], and consumer electronics industries [249], by enabling the rapid prototyping
and on-demand manufacturing of electronic devices, sensors, wearables, and IoT (Internet
of Things) components. As this technology continues to advance, it holds the promise of
transforming the way in which electronic devices are designed and manufactured. New
ways of interaction enabled by AME should foster a new era of flexible, interconnected,
and smart electronics [250].
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AME faces several challenges that need to be addressed for its widespread adoption
and implementation. First, ensuring the conductivity, reliability, and performance of printed
electronic components is a significant hurdle [251]. The development of printable conduc-
tive inks and materials with properties comparable to traditional manufacturing methods
is crucial for achieving functional devices. Additionally, achieving high-resolution printing
of fine features and interconnects poses a challenge, as it requires precise control over the
deposition process and the ability to handle multiple materials simultaneously [252]. More-
over, the integration of different materials with varying thermal, electrical, and mechanical
properties remains a challenge. Ensuring the compatibility, adhesion, and reliability of
multi-material interfaces are essential for the successful fabrication of complex electronic
devices [253]. Furthermore, the scalability and cost-effectiveness of these technologies need
to be improved for mass production applications. Advancements in printing speed, au-
tomation, and material utilization are necessary to compete with traditional manufacturing
techniques [254]. Lastly, addressing the standardization and certification requirements for
AME is crucial to ensuring the quality, safety, and compatibility of printed electronic devices
across different industries. Overcoming these challenges will be pivotal in unlocking the
full potential and enabling its seamless integration into various electronic manufacturing
processes [255].

The future scope of AME holds immense potential for transformative advancements
in the field of electronics manufacturing. As technology continues to advance, it is possible
to expect the increased integration of AME technology in various industries, including
the automotive, defense, and consumer electronics industries [256]. The ability to rapidly
prototype and manufacture customized electronic devices, sensors, and wearables through
AME offers advantages, such as a faster time-to-market, reduced material waste, and
increased design flexibility [257]. Moreover, the integration of printed electronics with
3D-printed structures opens possibilities for creating complex, multifunctional devices
with improved performance and functionality. Additionally, it enables the development of
flexible, conformal electronics that can be seamlessly integrated into curved surfaces and
irregular shapes, unlocking new opportunities in product design and miniaturization [258].
As the technology matures, advancements in printable materials, high-resolution printing,
multi-material integration, and scalability will further enhance the scope of AME, paving
the way for the next generation of electronic devices and revolutionizing the way in which
we manufacture and interact with electronics [259].

6.5. Wire Arc Additive Manufacturing

Wire Arc Additive Manufacturing (WAAM) is an innovative manufacturing process
that utilizes electric arc welding techniques to build three-dimensional structures layer
by layer [260]. This AM technique involves the precise deposition of molten metal wire
onto a substrate or previous layers to create complex and customizable components. With
the ability to work with a wide range of metals and alloys, it offers several advantages
including high deposition rates [261], cost-effectiveness [262], and the ability to produce
large-scale structures [263]. By leveraging advanced robotic systems and sophisticated con-
trol algorithms, it also enables the fabrication of functional parts with excellent mechanical
properties and dimensional accuracy [264]. This versatile technology finds applications
in industries such as the aerospace [265], automotive [266], marine [267], and energy [268]
industries, allowing for the creation of near-net shape components, repairs, and even the
integration of multiple materials. It holds significant potential for revolutionizing tradi-
tional manufacturing processes, offering increased design freedom, reduced lead times,
and sustainable production methods [269]. Figure 15 presents a landing gear part made
with the WAAM technology.

WAAM faces several challenges that need to be overcome for its wider adoption and
successful implementation. First, achieving precise control over the deposition process
presents a challenge, as factors such as the wire feed rate, arc voltage, and travel speed
need to be carefully controlled to ensure proper fusion and consistent layer formation [270].
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Maintaining a stable arc and achieving uniform bead geometry across complex geometries
and varying part orientations is also a challenge. Second, addressing the issue of residual
stresses and distortion in WAAM-produced components is crucial. The thermal cycling
and rapid solidification during deposition can result in residual stresses that may lead
to warping, cracking, or dimensional inaccuracies in the final product. Controlling these
residual stresses and minimizing distortion is essential for achieving dimensional accuracy
and mechanical integrity [271,272]. Third, ensuring the quality and integrity of deposited
material is a challenge. Factors such as porosity, inclusions, and material contamination
need to be carefully monitored and controlled to meet the desired mechanical properties
and performance requirements. Additionally, post-processing steps such as machining or
surface finishing may be necessary to achieve the desired surface quality and tolerances,
adding complexity and cost to the overall manufacturing process. Lastly, developing
robust process monitoring and control systems, along with standards and certifications, is
essential to ensure the consistent and reliable production of components across different
industries. Addressing these challenges will be crucial in unlocking the full potential
of WAAM and establishing it as a viable manufacturing technique for a wide range of
applications [273,274].
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As the WAAM technology evolves, expanded applications in industries such as the
aerospace, automotive, and energy industries can be expected. WAAM’s ability to produce
large-scale components with good mechanical properties and cost-effectiveness makes it
suitable for fabricating structural parts, tooling, and repairs. The future of WAAM lies in
improving process control and automation to enhance precision and accuracy, addressing
challenges related to residual stresses and distortion [275], and further expanding the
range of materials that can be effectively deposited. With advancements in multi-material
deposition, it could enable the integration of dissimilar materials in a single manufacturing
step, opening new opportunities for functional gradient components [276]. The scalability
and cost-effectiveness of WAAM make it attractive for rapid prototyping and on-demand
production, offering reduced lead times and material waste [277].

7. Conclusions

This paper has provided a holistic review of the latest AM invention trends, show-
casing the transformative impact of this rapidly evolving field. The advancements in AM
have revolutionized the way we design, prototype, and manufacture objects, offering un-
precedented levels of customization, efficiency, and material utilization. It becomes evident
that each AM technique contributes to the diverse range of applications and possibilities
in manufacturing. From the aerospace and automotive industries to the healthcare and
food sectors, AM has emerged as a versatile solution, enabling the creation of complex
geometries, lightweight structures, and functional parts.
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Moreover, the integration of new materials, including metals, ceramics, and compos-
ites, has expanded the capabilities of AM, allowing for the production of end-use parts
with enhanced mechanical properties and increased durability. Additionally, the devel-
opment of multi-material printing systems has opened avenues for creating objects with
intricate material compositions, introducing a new level of functionality and performance.
Furthermore, the emergence of advanced software tools and AI algorithms has streamlined
the design and optimization processes in AM. These tools enable engineers and designers
to simulate and analyze the behavior of printed objects, ensuring their structural integrity,
reducing waste, and improving overall efficiency.

In conclusion, recent inventions in AM have demonstrated significant advancements
and breakthroughs, revolutionizing the manufacturing landscape. The continuous progress
in materials, technologies, and software tools paves the way for a future where AM be-
comes an integral part of various industries, providing innovative solutions and driving
unprecedented levels of efficiency and customization. As researchers and industry profes-
sionals continue to push the boundaries of AM, we can anticipate even more remarkable
developments and a widespread adoption of this transformative technology in the years to
come. In the future, AM operations are expected to witness remarkable advancements, with
continuous improvements in speed and accuracy driven by innovative materials, enhanced
printing techniques, and sophisticated control systems including AI.

Author Contributions: Conceptualization, I.F., O.H., A.G. and S.H.; methodology, I.F., O.H., A.G.
and S.H.; investigation, I.F., E.Y. and J.L.; resources, all authors; data curation, I.F., O.H. and S.H.;
writing—original draft preparation, all authors; writing—review and editing, all authors; supervision,
I.F.; project administration, I.F. All authors have read and agreed to the published version of the
manuscript.

Funding: This holistic research review received no external funding.

Data Availability Statement: Some of the data presented in this holistic review study are available
at https://wohlersassociates.com/product/wr2023/ accessed on 31 July 2023.

Acknowledgments: The staff support provided by each author’s lab and/or department is appreci-
ated. The data support provided by Wohlers Associates is also appreciated.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Hasanov, S.; Alkunte, S.; Rajeshirke, M.; Gupta, A.; Huseynov, O.; Fidan, I.; Alifui-Segbaya, F.; Rennie, A. Review on Additive

Manufacturing of Multi-Material Parts: Progress and Challenges. J. Manuf. Mater. Process. 2021, 6, 4. [CrossRef]
2. Fidan, I.; Imeri, A.; Gupta, A.; Hasanov, S.; Nasirov, A.; Elliott, A.; Alifui-Segbaya, F.; Nanami, N. The trends and challenges of

fiber reinforced additive manufacturing. Int. J. Adv. Manuf. Technol. 2019, 102, 1801–1818. [CrossRef]
3. PL 96-517, Patent and Trademark Act Amendments of 1980. Available online: https://www.govinfo.gov/content/pkg/STATUTE-

94/pdf/STATUTE-94-Pg3015.pdf (accessed on 21 May 2023).
4. Amanor-Boadu, V.; Mohan, C.; Metla, R. Research Faculty, Entrepreneurship and Commercialization: The Case of Kansas State

University. Ph.D. Thesis, Kansas State University, Kansas, KS, USA, 2007. [CrossRef]
5. Campbell, I.; Diegel, O.; Huff, R.; Kowen, J.; Wohlers, T.; Fidan, I. Wohlers Report 2023; ASTM International: Washington, DC,

USA, 2023; ISBN 978-1-6220-4966-0.
6. Park, M.; Leahey, E.; Funk, R.J. Papers and patents are becoming less disruptive over time. Nature 2023, 613, 138–144. [CrossRef]

[PubMed]
7. 3D Printing & Additive Manufacturing Event|RAPID + TCT. Available online: https://www.rapid3devent.com/ (accessed on

11 June 2023).
8. Formnext–Hub for Additive Manufacturing. Available online: https://formnext.mesago.com/events/en.html (accessed on

28 June 2023).
9. Savolainen, J.; Collan, M. How Additive Manufacturing Technology Changes Business Models?–Review of Literature. Addit.

Manuf. 2020, 32, 101070. [CrossRef]
10. Appendix L-Patent Laws. Available online: https://www.uspto.gov/web/offices/pac/mpep/mpep-9015-appx-l.html#d0e303

482 (accessed on 19 May 2023).

https://wohlersassociates.com/product/wr2023/
https://doi.org/10.3390/jmmp6010004
https://doi.org/10.1007/s00170-018-03269-7
https://www.govinfo.gov/content/pkg/STATUTE-94/pdf/STATUTE-94-Pg3015.pdf
https://www.govinfo.gov/content/pkg/STATUTE-94/pdf/STATUTE-94-Pg3015.pdf
https://doi.org/10.22004/AG.ECON.6741
https://doi.org/10.1038/s41586-022-05543-x
https://www.ncbi.nlm.nih.gov/pubmed/36600070
https://www.rapid3devent.com/
https://formnext.mesago.com/events/en.html
https://doi.org/10.1016/j.addma.2020.101070
https://www.uspto.gov/web/offices/pac/mpep/mpep-9015-appx-l.html#d0e303482
https://www.uspto.gov/web/offices/pac/mpep/mpep-9015-appx-l.html#d0e303482


Inventions 2023, 8, 103 36 of 45

11. Stratasys Patent Expires, 3D Printing Industry Insiders Comment on Impact-3D Printing Industry. Available online: https://
3dprintingindustry.com/news/stratasys-patent-expires-3d-printing-industry-insiders-comment-on-impact-185454/ (accessed
on 11 June 2023).

12. Copyright Law United States OF THE and Related Laws Contained in Title 17 of the United States Code. Available online:
https://www.copyright.gov/title17/title17.pdf (accessed on 19 May 2023).

13. Tibbits, S. Things Fall Together; Princeton University Press: Princeton, NJ, USA, 2021; ISBN 9780691189710.
14. Definitions for Maintaining a Trademark Registration|USPTO. Available online: https://www.uspto.gov/trademarks/maintain/

forms-file/definitions-maintaining-trademark#Section%208%20and%209 (accessed on 19 May 2023).
15. EOS, A United Kingdom Trademark of EOS Worldwide, LLC. Application Number: UK00918108117: Trademark Elite Trademarks.

Available online: https://www.trademarkelite.com/uk/trademark/trademark-detail/UK00918108117/EOS (accessed on 11
June 2023).

16. Frequently Asked Questions on Trade Secrets. Available online: https://www.wipo.int/tradesecrets/en/tradesecrets_faqs.html
(accessed on 19 May 2023).

17. Rimmer, M. Metal 3D printing: Patent law, trade secrets, and additive manufacturing. Front. Res. Metrics Anal. 2022, 7, 958761.
[CrossRef] [PubMed]

18. Design Patent Application Guide|USPTO. Available online: https://www.uspto.gov/patents/basics/apply/design-patent
(accessed on 19 May 2023).

19. Dean, L.; Loy, J. Generative Product Design Futures. Des. J. 2020, 23, 331–349. [CrossRef]
20. Loy, J.; Novak, J.; Diegel, O. 3D Printing for Product Designers: Innovative Strategies Using Additive Manufacturing; Taylor & Francis:

Oxford, UK, 2023; pp. 1–283. [CrossRef]
21. Beltagui, A.; Gold, S.; Kunz, N.; Reiner, G. Special Issue: Rethinking operations and supply chain management in light of the 3D

printing revolution. Int. J. Prod. Econ. 2023, 255, 108677. [CrossRef]
22. Zhang, Y.; Westerweel, B.; Basten, R.; Song, J.-S. Distributed 3D Printing of Spare Parts via IP Licensing. Manuf. Serv. Oper. Manag.

2022, 24, 2685–2702. [CrossRef]
23. Hager, I.; Golonka, A.; Putanowicz, R. 3D Printing of Buildings and Building Components as the Future of Sustainable Construc-

tion? Procedia Eng. 2016, 151, 292–299. [CrossRef]
24. Agrawaal, H.; Thompson, J. Additive manufacturing (3D printing) for analytical chemistry. Talanta Open 2021, 3, 100036.

[CrossRef]
25. Kodama, Hideo and Photopolymer 3D Printing. Available online: https://www.imaginethat-3d.com/kodama-hideo-and-

photopolymer-3d-printi (accessed on 6 June 2023).
26. Meet Charles Hull, Inventor of Stereolithography. Available online: https://www.autodesk.com/products/fusion-360/blog/

meet-charles-hull-inventor-of-stereolithography/ (accessed on 6 June 2023).
27. Kazmer, D. Three-Dimensional Printing of Plastics. In Applied Plastics Engineering Handbook: Processing, Materials, and Applications,

2nd ed.; Elsevier: Amsterdam, The Netherlands, 2017; pp. 617–634. [CrossRef]
28. Alkunte, S.; Fidan, I.; Hasanov, S. Experimental Analysis of Functionally Graded Materials Produced by Fused Filament

Fabrication. In Proceedings of the 2022 International Solid Freeform Fabrication Symposium, Austin, TX, USA, 25–27 July 2022.
[CrossRef]

29. Wake Forest Physician Reports First Human Recipients of Laboratory-Grown Organs|Atrium Health Wake Forest Baptist. Avail-
able online: https://newsroom.wakehealth.edu/news-releases/2006/04/wake-forest-physician-reports-first-human-recipients-
of-laboratorygrown-organs (accessed on 7 June 2023).

30. Pandey, P.; Taufik, M. A Review on PolyJet 3-D Printing Process and Its Applications. In Lecture Notes in Mechanical Engineering;
Springer: Berlin/Heidelberg, Germany, 2023; pp. 401–410. [CrossRef]

31. RepRap Founder Dr Adrian Bowyer on Creating the First RepRap, Open Source & Future of 3D Printing–3DSourced. Available
online: https://www.3dsourced.com/interviews/reprap-dr-adrian-bowyer/ (accessed on 7 June 2023).

32. The World’s First 3D-Printed Chair Goes to Amsterdam. Available online: https://inhabitat.com/the-worlds-first-3d-printed-
chair-goes-to-amsterdam/ (accessed on 7 June 2023).

33. Su, A.; Al’Aref, S.J. History of 3D Printing. In 3D Printing Applications in Cardiovascular Medicine; Elsevier: Amsterdam, The
Netherlands, 2018; pp. 1–10. [CrossRef]

34. The Complete History of 3D Printing: From 1980 to 2022–3DSourced. Available online: https://www.3dsourced.com/guides/
history-of-3d-printing/ (accessed on 7 June 2023).

35. Wohlers, T.; Gornet, T. History of Additive Manufacturing. 2015. Available online: https://ssrn.com/abstract=4474824 (accessed
on 7 June 2023).

36. Objet Reveals Newest Multi-Material 3D Printer, the Compact Objet260 Connex. Available online: https://www.javelin-tech.
com/main/news/060711_objet260_connex.htm (accessed on 7 June 2023).

37. Les, A.S.; Ohye, R.G.; Filbrun, A.G.; Mahani, M.G.; Flanagan, C.L.; Daniels, R.C.; Kidwell, K.M.; Zopf, D.A.; Hollister, S.J.; Green,
G.E. 3D-printed, externally-implanted, bioresorbable airway splints for severe tracheobronchomalacia. Laryngoscope 2019, 129,
1763–1771. [CrossRef] [PubMed]

38. MJF Multi Jet Fusion, How Does It Work?|Dassault Systèmes®. Available online: https://www.3ds.com/make/service/3d-
printing-service/mjf-multi-jet-fusion (accessed on 7 June 2023).

https://3dprintingindustry.com/news/stratasys-patent-expires-3d-printing-industry-insiders-comment-on-impact-185454/
https://3dprintingindustry.com/news/stratasys-patent-expires-3d-printing-industry-insiders-comment-on-impact-185454/
https://www.copyright.gov/title17/title17.pdf
https://www.uspto.gov/trademarks/maintain/forms-file/definitions-maintaining-trademark#Section%208%20and%209
https://www.uspto.gov/trademarks/maintain/forms-file/definitions-maintaining-trademark#Section%208%20and%209
https://www.trademarkelite.com/uk/trademark/trademark-detail/UK00918108117/EOS
https://www.wipo.int/tradesecrets/en/tradesecrets_faqs.html
https://doi.org/10.3389/frma.2022.958761
https://www.ncbi.nlm.nih.gov/pubmed/36118015
https://www.uspto.gov/patents/basics/apply/design-patent
https://doi.org/10.1080/14606925.2020.1745569
https://doi.org/10.4324/9781003122203
https://doi.org/10.1016/j.ijpe.2022.108677
https://doi.org/10.1287/msom.2022.1117
https://doi.org/10.1016/j.proeng.2016.07.357
https://doi.org/10.1016/j.talo.2021.100036
https://www.imaginethat-3d.com/kodama-hideo-and-photopolymer-3d-printi
https://www.imaginethat-3d.com/kodama-hideo-and-photopolymer-3d-printi
https://www.autodesk.com/products/fusion-360/blog/meet-charles-hull-inventor-of-stereolithography/
https://www.autodesk.com/products/fusion-360/blog/meet-charles-hull-inventor-of-stereolithography/
https://doi.org/10.1016/b978-0-323-39040-8.00029-8
https://doi.org/10.26153/TSW/44144
https://newsroom.wakehealth.edu/news-releases/2006/04/wake-forest-physician-reports-first-human-recipients-of-laboratorygrown-organs
https://newsroom.wakehealth.edu/news-releases/2006/04/wake-forest-physician-reports-first-human-recipients-of-laboratorygrown-organs
https://doi.org/10.1007/978-981-19-2188-9_37
https://www.3dsourced.com/interviews/reprap-dr-adrian-bowyer/
https://inhabitat.com/the-worlds-first-3d-printed-chair-goes-to-amsterdam/
https://inhabitat.com/the-worlds-first-3d-printed-chair-goes-to-amsterdam/
https://doi.org/10.1016/b978-0-12-803917-5.00001-8
https://www.3dsourced.com/guides/history-of-3d-printing/
https://www.3dsourced.com/guides/history-of-3d-printing/
https://ssrn.com/abstract=4474824
https://www.javelin-tech.com/main/news/060711_objet260_connex.htm
https://www.javelin-tech.com/main/news/060711_objet260_connex.htm
https://doi.org/10.1002/lary.27863
https://www.ncbi.nlm.nih.gov/pubmed/30794335
https://www.3ds.com/make/service/3d-printing-service/mjf-multi-jet-fusion
https://www.3ds.com/make/service/3d-printing-service/mjf-multi-jet-fusion


Inventions 2023, 8, 103 37 of 45

39. Tepylo, N.; Huang, X.; Patnaik, P.C. Laser-Based Additive Manufacturing Technologies for Aerospace Applications. Adv. Eng.
Mater. 2019, 21, 1900617. [CrossRef]

40. Boeing Turns to 3D-Printed Parts to Save Millions on Its 787 Dreamliner | Computerworld. Available online: https://www.
computerworld.com/article/3188899/boeing-turns-to-3d-printed-parts-to-save-millions-on-its-787-dreamliner.html (accessed
on 7 June 2023).

41. The Latest Innovations in 3D Printing 2019–Geeetech. Available online: https://www.geeetech.com/blog/2020/01/latest-
developments-in-3d-printing-2019/ (accessed on 7 June 2023).

42. Five Major 3D Printing Innovations Seen in the Medical Sector This Year. Available online: https://www.nsmedicaldevices.com/
analysis/medical-3d-printing-innovations-2020/ (accessed on 7 June 2023).

43. Kornit Digital (Formerly Voxel8)—Greentown Labs. Available online: https://greentownlabs.com/members/voxel8/ (accessed
on 7 June 2023).

44. You, S.; Xiang, Y.; Hwang, H.H.; Berry, D.B.; Kiratitanaporn, W.; Guan, J.; Yao, E.; Tang, M.; Zhong, Z.; Ma, X.; et al. High cell
density and high-resolution 3D bioprinting for fabricating vascularized tissues. Sci. Adv. 2023, 9, eade7923. [CrossRef] [PubMed]

45. Predictions on the Future of 3D Printing [Expert Roundup]–AMFG. Available online: https://amfg.ai/2019/08/21/10-
predictions-on-the-future-of-3d-printing-expert-roundup/ (accessed on 7 June 2023).

46. Nonaka, K.; Takeuchi, N.; Morita, T.; Pezzotti, G. Evaluation of the effect of high-speed sintering on the mechanical and
crystallographic properties of dental zirconia sintered bodies. J. Eur. Ceram. Soc. 2023, 43, 510–520. [CrossRef]

47. Tan, X.; Lu, Y.; Gao, J.; Wang, Z.; Xie, C.; Yu, H. Effect of high-speed sintering on the microstructure, mechanical properties and
ageing resistance of stereolithographic additive-manufactured zirconia. Ceram. Int. 2022, 48, 9797–9804. [CrossRef]

48. Williams, R.J.; Al-Dirawi, K.H.; Brown, R.; Burt, J.; Bayly, A.E.; Majewski, C. Correlations between powder wettability and part
colour in the High Speed Sintering process. Addit. Manuf. 2021, 47, 102361. [CrossRef]

49. Solodkyi, I.; Bogomol, I.; Loboda, P. High-speed electron beam sintering of WC-8Co under controlled temperature conditions. Int.
J. Refract. Met. Hard Mater. 2022, 102, 105730. [CrossRef]

50. Lipkowitz, G.; Samuelsen, T.; Hsiao, K.; Lee, B.; Dulay, M.T.; Coates, I.; Lin, H.; Pan, W.; Toth, G.; Tate, L.; et al. Injection
continuous liquid interface production of 3D objects. Sci. Adv. 2022, 8, 3917. [CrossRef]

51. Zhao, X.; Wang, T. Laser Powder Bed Fusion of Powder Material: A Review. In 3D Printing and Additive Manufacturing. 2022.
Available online: https://home.liebertpub.com/3dp (accessed on 1 June 2023). [CrossRef]

52. Guerra, M.G.; Lafirenza, M.; Errico, V.; Angelastro, A. In-process dimensional and geometrical characterization of laser-powder
bed fusion lattice structures through high-resolution optical tomography. Opt. Laser Technol. 2023, 162, 109252. [CrossRef]

53. Ahn, D.-G. Directed Energy Deposition (DED) Process: State of the Art. Int. J. Precis. Eng. Manuf. Technol. 2021, 8, 703–742.
[CrossRef]

54. Han, D.; Lee, H. Recent advances in multi-material additive manufacturing: Methods and applications. Curr. Opin. Chem. Eng.
2020, 28, 158–166. [CrossRef]

55. New 3D Printer Promises Faster, Multi-Material Creations|Stanford News. Available online: https://news.stanford.edu/2022/0
9/28/new-3d-printer-promises-faster-multi-material-creations/ (accessed on 4 June 2023).

56. Shaukat, U.; Rossegger, E.; Schlögl, S. A Review of Multi-Material 3D Printing of Functional Materials via Vat Photopolymerization.
Polymers 2022, 14, 2449. [CrossRef] [PubMed]

57. Overview ‹ Making Data Matter: Voxel-Printing for the Digital Fabrication of Data across Scales and Domains—MIT Media Lab.
Available online: https://www.media.mit.edu/projects/making-data-matter/overview/ (accessed on 4 June 2023).

58. Hasanov, S.; Gupta, A.; Nasirov, A.; Fidan, I. Mechanical characterization of functionally graded materials produced by the fused
filament fabrication process. J. Manuf. Process. 2020, 58, 923–935. [CrossRef]

59. Hasanov, S.; Gupta, A.; Alifui-Segbaya, F.; Fidan, I. Hierarchical homogenization and experimental evaluation of functionally
graded materials manufactured by the fused filament fabrication process. Compos. Struct. 2021, 275, 114488. [CrossRef]

60. Loy, J.; Novak, J.I.; Scerri, M.; Chowdhury, M.H.H.; Skellern, K. Developing Transition Research for Disruptive Technology: 3D
Printing Innovation. 2021, 1–20. Available online: https://services.igi-global.com/resolvedoi/resolve.aspx?doi=10.4018/978-1-
7998-4303-0.ch001 (accessed on 15 May 2023).

61. Nano Dimension 2023 About Nano Dimension. Available online: https://www.nano-di.com/about-nano-dimension (accessed
on 16 June 2023).

62. Persad, J.; Rocke, S. Multi-material 3D printed electronic assemblies: A review. Results Eng. 2022, 16, 100730. [CrossRef]
63. Li, M.; Yang, Y.; Iacopi, F.; Nulman, J.; Chappel-Ram, S. 3D-Printed Low-Profile Single-Substrate Multi-Metal Layer Antennas and

Array With Bandwidth Enhancement. IEEE Access 2020, 8, 217370–217379. [CrossRef]
64. Sokol, D.; Yamada, M.; Nulman, J. Design and Performance of Additively Manufactured In-Circuit Board Planar Capacitors.

IEEE Trans. Electron Devices 2021, 68, 5747–5752. [CrossRef]
65. Additive Manufacturing|TRUMPF. Available online: https://www.trumpf.com/en_US/solutions/applications/additive-

manufacturing/?gclid=Cj0KCQjw7PCjBhDwARIsANo7CgmvBY8WHxwX9dxzXknktMapcMU05kCW3S3XoxOEwQXiYfd3
2cfsHrAaAvuiEALw_wcB (accessed on 4 June 2023).

66. Aversa, A.; Saboori, A.; Marchese, G.; Iuliano, L.; Lombardi, M.; Fino, P. Recent Progress in Beam-Based Metal Additive
Man-ufacturing from a Materials Perspective: A Review of Patents. J. Mater. Eng. Perform. 2021, 30, 8689. [CrossRef]

https://doi.org/10.1002/adem.201900617
https://www.computerworld.com/article/3188899/boeing-turns-to-3d-printed-parts-to-save-millions-on-its-787-dreamliner.html
https://www.computerworld.com/article/3188899/boeing-turns-to-3d-printed-parts-to-save-millions-on-its-787-dreamliner.html
https://www.geeetech.com/blog/2020/01/latest-developments-in-3d-printing-2019/
https://www.geeetech.com/blog/2020/01/latest-developments-in-3d-printing-2019/
https://www.nsmedicaldevices.com/analysis/medical-3d-printing-innovations-2020/
https://www.nsmedicaldevices.com/analysis/medical-3d-printing-innovations-2020/
https://greentownlabs.com/members/voxel8/
https://doi.org/10.1126/sciadv.ade7923
https://www.ncbi.nlm.nih.gov/pubmed/36812321
https://amfg.ai/2019/08/21/10-predictions-on-the-future-of-3d-printing-expert-roundup/
https://amfg.ai/2019/08/21/10-predictions-on-the-future-of-3d-printing-expert-roundup/
https://doi.org/10.1016/j.jeurceramsoc.2022.10.044
https://doi.org/10.1016/j.ceramint.2021.12.181
https://doi.org/10.1016/j.addma.2021.102361
https://doi.org/10.1016/j.ijrmhm.2021.105730
https://doi.org/10.1126/sciadv.abq3917
https://home.liebertpub.com/3dp
https://doi.org/10.1089/3dp.2021.0297
https://doi.org/10.1016/j.optlastec.2023.109252
https://doi.org/10.1007/s40684-020-00302-7
https://doi.org/10.1016/j.coche.2020.03.004
https://news.stanford.edu/2022/09/28/new-3d-printer-promises-faster-multi-material-creations/
https://news.stanford.edu/2022/09/28/new-3d-printer-promises-faster-multi-material-creations/
https://doi.org/10.3390/polym14122449
https://www.ncbi.nlm.nih.gov/pubmed/35746024
https://www.media.mit.edu/projects/making-data-matter/overview/
https://doi.org/10.1016/j.jmapro.2020.09.011
https://doi.org/10.1016/j.compstruct.2021.114488
https://services.igi-global.com/resolvedoi/resolve.aspx?doi=10.4018/978-1-7998-4303-0.ch001
https://services.igi-global.com/resolvedoi/resolve.aspx?doi=10.4018/978-1-7998-4303-0.ch001
https://www.nano-di.com/about-nano-dimension
https://doi.org/10.1016/j.rineng.2022.100730
https://doi.org/10.1109/ACCESS.2020.3041232
https://doi.org/10.1109/TED.2021.3117934
https://www.trumpf.com/en_US/solutions/applications/additive-manufacturing/?gclid=Cj0KCQjw7PCjBhDwARIsANo7CgmvBY8WHxwX9dxzXknktMapcMU05kCW3S3XoxOEwQXiYfd32cfsHrAaAvuiEALw_wcB
https://www.trumpf.com/en_US/solutions/applications/additive-manufacturing/?gclid=Cj0KCQjw7PCjBhDwARIsANo7CgmvBY8WHxwX9dxzXknktMapcMU05kCW3S3XoxOEwQXiYfd32cfsHrAaAvuiEALw_wcB
https://www.trumpf.com/en_US/solutions/applications/additive-manufacturing/?gclid=Cj0KCQjw7PCjBhDwARIsANo7CgmvBY8WHxwX9dxzXknktMapcMU05kCW3S3XoxOEwQXiYfd32cfsHrAaAvuiEALw_wcB
https://doi.org/10.1007/s11665-021-06273-3


Inventions 2023, 8, 103 38 of 45

67. Koptyug, A.; Popov, V.V.; Vega, C.A.B.; Jiménez-Piqué, E.; Katz-Demyanetz, A.; Rännar, L.-E.; Bäckström, M. Compositionally-
tailored steel-based materials manufactured by electron beam melting using blended pre-alloyed powders. Mater. Sci. Eng. A
2019, 771, 138587. [CrossRef]

68. Lakhdar, Y.; Tuck, C.; Binner, J.; Terry, A.; Goodridge, R. Additive manufacturing of advanced ceramic materials. Prog. Mater. Sci.
2021, 116, 100736. [CrossRef]

69. Thomas Supplier Discovery Platform All about Continuous Liquid Interface Production 3D Printing. Available online: https:
//www.thomasnet.com/articles/custom-manufacturing-fabricating/continuous-liquid-interface-production-3d-printing/
(accessed on 16 June 2023).

70. Grigoryan, B.; Paulsen, S.J.; Corbett, D.C.; Sazer, D.W.; Fortin, C.L.; Zaita, A.J.; Greenfield, P.T.; Calafat, N.J.; Gounley, J.P.; Ta,
A.H.; et al. Multivascular networks and functional intravascular topologies within biocompatible hydrogels. Science 2019, 364,
458–464. [CrossRef] [PubMed]

71. Multimaterial 3D Printing with a Twist. Available online: https://seas.harvard.edu/news/2023/01/multimaterial-3d-printing-
twist (accessed on 4 June 2023).

72. Derakhshanfar, S.; Mbeleck, R.; Xu, K.; Zhang, X.; Zhong, W.; Xing, M. 3D bioprinting for biomedical devices and tissue
engineering: A review of recent trends and advances. Bioact. Mater. 2018, 3, 144–156. [CrossRef] [PubMed]

73. 3D Bioprinting Market Size, Share & Trends Analysis Report by Technology (Magnetic Levitation, Inkjet-Based), by Application (Medical,
Dental, Biosensors, Bioinks), by Region, and Segment Forecasts, 2023–2030; Grand View Research: San Francisco, CA, USA, 2023.

74. Popov, V.V.; Kudryavtseva, E.V.; Katiyar, N.K.; Shishkin, A.; Stepanov, S.I.; Goel, S. Industry 4.0 and Digitalisation in Healthcare.
Materials 2022, 15, 2140. [CrossRef] [PubMed]

75. Bartolo, P.; Malshe, A.; Ferraris, E.; Koc, B. 3D bioprinting: Materials, processes, and applications. CIRP Ann. 2022, 71, 577–597.
[CrossRef]

76. O’Halloran, S.; Pandit, A.; Heise, A.; Kellett, A. Two-Photon Polymerization: Fundamentals, Materials, and Chemical Modification
Strategies. Adv. Sci. 2023, 10, 2204072. [CrossRef] [PubMed]

77. Ozsoy, A.; Tureyen, E.B.; Baskan, M.; Yasa, E. Microstructure and Mechanical Properties of Hybrid Additive Manufactured
Dissimilar 17-4 PH and 316L Stainless Steels. Mater. Today Commun. 2021, 28, 102561. [CrossRef]

78. Pragana, J.; Sampaio, R.; Bragança, I.; Silva, C.; Martins, P. Hybrid metal additive manufacturing: A state–of–the-art review. Adv.
Ind. Manuf. Eng. 2021, 2, 100032. [CrossRef]

79. Popov, V.V.; Fleisher, A. Hybrid additive manufacturing of steels and alloys. Manuf. Rev. 2020, 7, 6. [CrossRef]
80. Dolev, O.; Osovski, S.; Shirizly, A. Ti-6Al-4V hybrid structure mechanical properties—Wrought and additive manufactured

powder-bed material. Addit. Manuf. 2021, 37, 101657. [CrossRef]
81. Lv, X.; Ye, F.; Cheng, L.; Fan, S.; Liu, Y. Binder jetting of ceramics: Powders, binders, printing parameters, equipment, and

post-treatment. Ceram. Int. 2019, 45, 12609–12624. [CrossRef]
82. Popov, V.; Fleisher, A.; Muller-Kamskii, G.; Avraham, S.; Shishkin, A.; Katz-Demyanetz, A.; Travitzky, N.; Yacobi, Y.; Goel,

S. Novel hybrid method to additively manufacture denser graphite structures using Binder Jetting. Sci. Rep. 2021, 11, 2438.
[CrossRef] [PubMed]

83. Du, W.; Ren, X.; Ma, C.; Pei, Z. Ceramic binder jetting additive manufacturing: Particle coating for increasing powder sinterability
and part strength. Mater. Lett. 2019, 234, 327–330. [CrossRef]

84. Polozov, I.; Razumov, N.; Masaylo, D.; Silin, A.; Lebedeva, Y.; Popovich, A. Fabrication of Silicon Carbide Fiber-Reinforced Silicon
Carbide Matrix Composites Using Binder Jetting Additive Manufacturing from Irregularly-Shaped and Spherical Powders.
Materials 2020, 13, 1766. [CrossRef] [PubMed]

85. Fleisher, A.; Zolotaryov, D.; Kovalevsky, A.; Muller-Kamskii, G.; Eshed, E.; Kazakin, M.; Popov, V. Reaction bonding of silicon
carbides by Binder Jet 3D-Printing, phenolic resin binder impregnation and capillary liquid silicon infiltration. Ceram. Int. 2019,
45, 18023–18029. [CrossRef]

86. Li, L.; Tirado, A.; Conner, B.; Chi, M.; Elliott, A.M.; Rios, O.; Zhou, H.; Paranthaman, M.P. A novel method combining additive
manufacturing and alloy infiltration for NdFeB bonded magnet fabrication. J. Magn. Magn. Mater. 2017, 438, 163–167. [CrossRef]

87. Gupta, A.; Hasanov, S.; Fidan, I. Processing and Characterization of 3d-Printed Polymer Matrix Com-Posites Reinforced with
Discontinuous Fibers. In Proceedings of the 2019 International Solid Freeform Fabrication Symposium, Austin, TX, USA,
12–14 August 2019.

88. Gupta, A.; Fidan, I.; Hasanov, S.; Nasirov, A. Processing, mechanical characterization, and micrography of 3D-printed short
carbon fiber reinforced polycarbonate polymer matrix composite material. Int. J. Adv. Manuf. Technol. 2020, 107, 3185–3205.
[CrossRef]

89. Joshua Pearce|Opensource.com. Available online: https://opensource.com/users/jmpearce (accessed on 13 July 2023).
90. Petsiuk, A.; Pearce, J.M. Towards smart monitored AM: Open source in-situ layer-wise 3D printing image anomaly detection

using histograms of oriented gradients and a physics-based rendering engine. Addit. Manuf. 2022, 52, 102690. [CrossRef]
91. So, A.; Reeves, J.M.; Pearce, J.M. Open-Source Designs for Distributed Manufacturing of Low-Cost Customized Walkers. Inventions

2023, 8, 79. [CrossRef]
92. Rayna, T.; Striukova, L.; Fauchart, E. Commercialization Strategies of Large-Scale and Distributed Open Innovation: The Case of

Open-Source Hardware. Calif. Manag. Rev. 2023, 65, 22–44. [CrossRef]
93. Hu, B. Original Prusa i3: The Self-Replicating 3D Printer. Oper. Manag. Educ. Rev. 2023, 15, 5–22. [CrossRef]

https://doi.org/10.1016/j.msea.2019.138587
https://doi.org/10.1016/j.pmatsci.2020.100736
https://www.thomasnet.com/articles/custom-manufacturing-fabricating/continuous-liquid-interface-production-3d-printing/
https://www.thomasnet.com/articles/custom-manufacturing-fabricating/continuous-liquid-interface-production-3d-printing/
https://doi.org/10.1126/science.aav9750
https://www.ncbi.nlm.nih.gov/pubmed/31048486
https://seas.harvard.edu/news/2023/01/multimaterial-3d-printing-twist
https://seas.harvard.edu/news/2023/01/multimaterial-3d-printing-twist
https://doi.org/10.1016/j.bioactmat.2017.11.008
https://www.ncbi.nlm.nih.gov/pubmed/29744452
https://doi.org/10.3390/ma15062140
https://www.ncbi.nlm.nih.gov/pubmed/35329592
https://doi.org/10.1016/j.cirp.2022.06.001
https://doi.org/10.1002/advs.202204072
https://www.ncbi.nlm.nih.gov/pubmed/36585380
https://doi.org/10.1016/j.mtcomm.2021.102561
https://doi.org/10.1016/j.aime.2021.100032
https://doi.org/10.1051/mfreview/2020005
https://doi.org/10.1016/j.addma.2020.101657
https://doi.org/10.1016/j.ceramint.2019.04.012
https://doi.org/10.1038/s41598-021-81861-w
https://www.ncbi.nlm.nih.gov/pubmed/33510217
https://doi.org/10.1016/j.matlet.2018.09.118
https://doi.org/10.3390/ma13071766
https://www.ncbi.nlm.nih.gov/pubmed/32283850
https://doi.org/10.1016/j.ceramint.2019.06.021
https://doi.org/10.1016/j.jmmm.2017.04.066
https://doi.org/10.1007/s00170-020-05195-z
https://opensource.com/users/jmpearce
https://doi.org/10.1016/j.addma.2022.102690
https://doi.org/10.3390/inventions8030079
https://doi.org/10.1177/00081256231161628
https://doi.org/10.4135/9781529610796


Inventions 2023, 8, 103 39 of 45

94. Montes, E.; Lasmarias, G.; Escanilla, E.J.; Velasco, L.C. Conversion of Proprietary 3D Printer for Open-Source Utilization. Lect.
Notes Netw. Syst. 2022, 217, 343–355. [CrossRef]

95. Anand Sankar, M.; Deepak Lawrence, K.; Mathew, J. Part Quality Improvement of Fused Filament Fabrication-Based Additive
Manufacturing by Means of Slicing Software Modifications. Lect. Notes Mech. Eng. 2023, 251–265. [CrossRef]

96. Stavropoulos, P.; Foteinopoulos, P.; Stavridis, J.; Bikas, H. Increasing the industrial uptake of additive manufacturing processes: A
training framework. Adv. Ind. Manuf. Eng. 2023, 6, 100110. [CrossRef]

97. Li, Z.; Diller, E. Multi-Material Fabrication for Magnetically Driven Miniature Soft Robots Using Stereolithography. In Proceedings
of the MARSS 2022-5th International Conference on Manipulation, Automation, and Robotics at Small Scales, Toronto, ON,
Canada, 25–29 July 2022; Institute of Electrical and Electronics Engineers Inc.: Piscataway, NJ, USA, 2022; pp. 1–6. [CrossRef]

98. Howard, G.D.; Brett, J.; O’Connor, J.; Letchford, J.; Delaney, G.W. One-Shot 3D-Printed Multimaterial Soft Robotic Jamming
Grippers. Soft Robot. 2022, 9, 497–508. [CrossRef] [PubMed]

99. WO2017058334A9—3d Printed Hybrid Robot—Google Patents. (n.d.). Available online: https://patents.google.com/patent/
WO2017058334A9/en?q=(3D+PRINTED+hybrid+robot)&oq=3D+PRINTED+hybrid+robot (accessed on 31 July 2023).

100. Saab, W.; Ben-Tzvi, P. A Genderless Coupling Mechanism With Six-Degrees-of-Freedom Misalignment Capability for Modular
Self-Reconfigurable Robots. J. Mech. Robot. 2016, 8, 061014. [CrossRef]

101. Matulis, M.; Harvey, C. A robot arm digital twin utilising reinforcement learning. Comput. Graph. 2021, 95, 106–114. [CrossRef]
102. Zhang, L.; Chen, X.; Zhou, W.; Cheng, T.; Chen, L.; Guo, Z.; Han, B.; Lu, L. Digital Twins for Additive Manufacturing: A

State-of-the-Art Review. Appl. Sci. 2020, 10, 8350. [CrossRef]
103. DebRoy, T.; Zhang, W.; Turner, J.; Babu, S.S. Building digital twins of 3D printing machines. Scr. Mater. 2017, 135, 119–124.

[CrossRef]
104. Mukherjee, T.; DebRoy, T. A digital twin for rapid qualification of 3D printed metallic components. Appl. Mater. Today 2019, 14,

59–65. [CrossRef]
105. Gaikwad, A.; Yavari, R.; Montazeri, M.; Cole, K.; Bian, L.; Rao, P. Toward the digital twin of additive manufacturing: Integrating

thermal simulations, sensing, and analytics to detect process faults. IISE Trans. 2020, 52, 1204–1217. [CrossRef]
106. Degraen, D.; Zenner, A.; Krüger, A. Enhancing Texture Perception in Virtual Reality Using 3D-Printed Hair Structures. In

Proceedings of the Conference on Human Factors in Computing Systems, Glasgow, UK, 4–9 May 2019; Association for Computing
Machinery: New York, NY, USA, 2019.

107. Lee, J.H.; Kim, H.; Hwang, J.-Y.; Chung, J.; Jang, T.-M.; Seo, D.G.; Gao, Y.; Lee, J.; Park, H.; Lee, S.; et al. 3D Printed, Customizable,
and Multifunctional Smart Electronic Eyeglasses for Wearable Healthcare Systems and Human–Machine Interfaces. ACS Appl.
Mater. Interfaces 2020, 12, 21424–21432. [CrossRef] [PubMed]

108. Sauter, A.; Nasirov, A.; Fidan, I.; Allen, M.; Elliott, A.; Cossette, M.; Tackett, E.; Singer, T. Development, implementation and
optimization of a mobile 3D printing platform. Prog. Addit. Manuf. 2021, 6, 231–241. [CrossRef]

109. Tankova, T.; da Silva, L.S. Robotics and Additive Manufacturing in the Construction Industry. Curr. Robot. Rep. 2020, 1, 13–18.
[CrossRef]

110. Hiemenz, J.; Stratasys, I. For a 3D World White Paper How to Realize an Extreme Reduction in Time and Cost by Making Your
Custom Manufacturing Tools via 3D Printing. In 3D Printing Jigs, Fixtures and Other Manufacturing Tools; Stratasys, Inc.: Rehovot,
Israel, 2011.

111. Lewis, J.A.; Ahn, B.Y. Three-dimensional printed electronics. Nature 2015, 518, 42–43. [CrossRef] [PubMed]
112. Ready, S.; Endicott, F.; Whiting, G.L.; Nga Ng, T.; Chow, E.M.; Lu, J. 3D printed electronics. In NIP & Digital Fabrication Conference;

Society for Imaging Science and Technology: Springfield, VA, USA, 2013.
113. Zhang, Z.; Fidan, I.; Allen, M. Detection of Material Extrusion In-Process Failures via Deep Learning. Inventions 2020, 5, 25.

[CrossRef]
114. Kumar, S.; Gopi, T.; Harikeerthana, N.; Gupta, M.K.; Gaur, V.; Krolczyk, G.M.; Wu, C. Machine learning techniques in additive

manufacturing: A state of the art review on design, processes and production control. J. Intell. Manuf. 2022, 34, 21–55. [CrossRef]
115. Using Artificial Intelligence to Control Digital Manufacturing|MIT News|Massachusetts Institute of Technology. Available

online: https://news.mit.edu/2022/artificial-intelligence-3-d-printing-0802 (accessed on 4 June 2023).
116. Yao, X.; Moon, S.K.; Bi, G. A Hybrid Machine Learning Approach for Additive Manufacturing Design Feature Recommenda-tion.

Rapid Prototyp. J. 2017, 23, 983–997. [CrossRef]
117. Kumar, S.; Pradhan, H.; Shah, N.; Rahul, M.R.; Phanikumar, G. Machine learning enabled processing map generation for

high-entropy alloy. Scr. Mater. 2023, 234, 115543. [CrossRef]
118. Bansal, A.; Kumar, P.; Yadav, S.; Hariharan, V.S.; Rahul, M.R.; Phanikumar, G. Accelerated design of high entropy alloys by

integrating high throughput calculation and machine learning. J. Alloys Compd. 2023, 960, 170543. [CrossRef]
119. Huseynov, O.; Hasanov, S.; Fidan, I. Influence of the matrix material on the thermal properties of the short carbon fiber reinforced

polymer composites manufactured by material extrusion. J. Manuf. Process. 2023, 92, 521–533. [CrossRef]
120. Ron, T.; Leon, A.; Popov, V.; Strokin, E.; Eliezer, D.; Shirizly, A.; Aghion, E. Synthesis of Refractory High-Entropy Alloy

WTaMoNbV by Powder Bed Fusion Process Using Mixed Elemental Alloying Powder. Materials 2022, 15, 4043. [CrossRef]
[PubMed]

121. Terry, S.; Lu, H.; Fidan, I.; Zhang, Y.; Tantawi, K.; Guo, T.; Asiabanpour, B. The Influence of Smart Manufacturing towards Energy
Conservation: A Review. Technologies 2020, 8, 31. [CrossRef]

https://doi.org/10.1007/978-981-16-2102-4_32
https://doi.org/10.1007/978-981-19-7612-4_21
https://doi.org/10.1016/j.aime.2022.100110
https://doi.org/10.1109/marss55884.2022.9870492
https://doi.org/10.1089/soro.2020.0154
https://www.ncbi.nlm.nih.gov/pubmed/34107745
https://patents.google.com/patent/WO2017058334A9/en?q=(3D+PRINTED+hybrid+robot)&oq=3D+PRINTED+hybrid+robot
https://patents.google.com/patent/WO2017058334A9/en?q=(3D+PRINTED+hybrid+robot)&oq=3D+PRINTED+hybrid+robot
https://doi.org/10.1115/1.4034014
https://doi.org/10.1016/j.cag.2021.01.011
https://doi.org/10.3390/app10238350
https://doi.org/10.1016/j.scriptamat.2016.12.005
https://doi.org/10.1016/j.apmt.2018.11.003
https://doi.org/10.1080/24725854.2019.1701753
https://doi.org/10.1021/acsami.0c03110
https://www.ncbi.nlm.nih.gov/pubmed/32319751
https://doi.org/10.1007/s40964-020-00154-2
https://doi.org/10.1007/s43154-020-00003-8
https://doi.org/10.1038/518042a
https://www.ncbi.nlm.nih.gov/pubmed/25652992
https://doi.org/10.3390/inventions5030025
https://doi.org/10.1007/s10845-022-02029-5
https://news.mit.edu/2022/artificial-intelligence-3-d-printing-0802
https://doi.org/10.1108/RPJ-03-2016-0041
https://doi.org/10.1016/j.scriptamat.2023.115543
https://doi.org/10.1016/j.jallcom.2023.170543
https://doi.org/10.1016/j.jmapro.2023.02.055
https://doi.org/10.3390/ma15124043
https://www.ncbi.nlm.nih.gov/pubmed/35744102
https://doi.org/10.3390/technologies8020031


Inventions 2023, 8, 103 40 of 45

122. Gao, M.C.; Liaw, P.K.; Yeh, J.W.; Zhang, Y. High-Entropy Alloys: Fundamentals and Applications; Springer International Publishing:
Cham, Switzerland, 2016; ISBN 9783319270135.

123. Eshed, E.; Larianovsky, N.; Kovalevsky, A.; Popov, V., Jr.; Gorbachev, I.; Popov, V.; Katz-Demyanetz, A. Microstructural Evolution
and Phase Formation in 2nd-Generation Refractory-Based High Entropy Alloys. Materials 2018, 11, 175. [CrossRef] [PubMed]

124. Katz-Demyanetz, A.; Gorbachev, I.; Eshed, E.; Popov, V.; Bamberger, M. High entropy Al0.5CrMoNbTa0.5 alloy: Additive
manufacturing vs. casting vs. CALPHAD approval calculations. Mater. Charact. 2020, 167, 110505. [CrossRef]

125. Gorbachev, I.I.; Popov, V.V.; Katz-Demyanetz, A.; Eshed, E. Prediction of the Phase Composition of High-Entropy Alloys Based
on Cr–Nb–Ti–V–Zr Using the Calphad Method. Phys. Met. Met. 2019, 120, 378–386. [CrossRef]

126. Scime, L.; Beuth, J. A multi-scale convolutional neural network for autonomous anomaly detection and classification in a laser
powder bed fusion additive manufacturing process. Addit. Manuf. 2018, 24, 273–286. [CrossRef]

127. Fortune Business Insights Aviation. Available online: https://www.fortunebusinessinsights.com/industry-reports/aerospace-
3d-printing-market-101613 (accessed on 20 May 2023).

128. 3D Printing in Aerospace And Defense Market Size & Share Analysis—Industry Research Report—Growth Trends. (n.d.). Avail-
able online: https://www.mordorintelligence.com/industry-reports/3d-printing-in-aerospace-and-defense-market (accessed
on 31 July 2023).

129. Boeing 777X’s First Flight with more than 300 3D Printed Parts—3Dnatives. (n.d.). Available online: https://www.3dnatives.
com/en/boeing-777x-300-3d-printed-parts-290120205/ (accessed on 31 July 2023).

130. GE additive New Manufacturing Milestone: 30,000 Additive Fuel Nozzles. Available online: https://www.ge.com/additive/
stories/new-manufacturing-milestone-30000-additive-fuel-nozzles (accessed on 31 July 2023).

131. Pearson, A. Stratasys Additive Manufacturing Chosen by Airbus to Produce 3D Printed Flight Parts. Available online: https:
//www.stratasys.com/en/resources/blog/airbus-3d-printing/ (accessed on 31 July 2023).

132. Products by Ppg for The Aerospace Industry–PPG Industries–Aerospace. Available online: https://www.ppgaerospace.com/
Products/PPG-Ambient-Reactive-Extrusion-(ARE)-Additive.aspx (accessed on 11 June 2023).

133. Global 3D Printing in Healthcare Market Report 2022 to 2027: Industry Trends, Share, Size, Growth, Opportunity and Forecasts.
2023. Available online: https://www.researchandmarkets.com/ (accessed on 31 July 2023).

134. Israeli Scientists Unveil “First” 3D Print of Heart with Human Tissue, V. No Title. Available online: https://www.i24news.tv/
en/news/israel/technology-science/1555327041-israeli-scientists-unveil-first-3d-print-of-heart-with-human-tissue-vessels
(accessed on 31 July 2023).

135. Ravanbakhsh, H.; Karamzadeh, V.; Bao, G.; Mongeau, L.; Juncker, D.; Zhang, Y.S. Emerging Technologies in Multi-Material
Bioprinting. Adv. Mater. 2021, 33, e2104730. [CrossRef] [PubMed]

136. Bioengineers 3D Print Complex Vascular Networks. Available online: https://www.engadget.com/2019-05-02-bioengineers-3d-
print-vascular-networks.html (accessed on 31 July 2023).

137. Tampi, T. Smartech Report: 3D Printing in Dental Market to Reach $3.1 Billion by 2020. Available online: https:
//3dprintingindustry.com/news/smartech-report-3d-printing-in-dental-market-to-reach-3-1-billion-by-2020-51971/ (accessed
on 31 July 2023).

138. Decker, C. Kinetic Study and New Applications of UV Radiation Curing. Macromol. Rapid Commun. 2002, 23, 1067–1093.
[CrossRef]

139. Bugatti–Molsheim/Wolfsburg World Premiere: Brake Caliper from 3-D Printer. Available online: https://www.bugatti.com/
media/news/2018/world-premiere-brake-caliper-from-3-d-printer/ (accessed on 31 July 2023).

140. Automotive GM Seat Bracket Made with Autodesk Generative Design Software. Available online: https://www.
additivemanufacturing.media/news/gm-seat-bracket-made-with-autodesk-generative-design-software (accessed on
31 July 2023).

141. ORTIZ, P. House Grail. Available online: https://housegrail.com/what-was-local-motors-and-the-3d-printed-olli-shuttle/
(accessed on 31 July 2023).

142. Porsche 3D Printing Technology Optimises Pistons for the Powerful 911 GT2 RS. Available online: https://media.porsche.com/
mediakit/porsche-innovationen/en/porsche-innovationen/3d-printed-pistons (accessed on 31 July 2023).

143. AMRC. Electrification and Lightweighting in Industry 4.0. 2022. Available online: https://www.amrc.co.uk/files/document/47
1/1648484969_AMRC_MACH_MAIN_AW.pdf (accessed on 31 July 2023).

144. Alyn Griffiths Barry Callebaut 3D-Prints Intricate Desserts in Belgian Chocolate. Available online: https://www.dezeen.com/20
20/03/21/3d-printing-chocolate-barry-callebaut/ (accessed on 31 July 2023).

145. Noort, M.; van Bommel, K.; Renzetti, S. 3D-Printed Cereal Foods. Cereal Foods World 2017, 62, 272. [CrossRef]
146. GE Additive Additive Manufacturing Food Industry. Available online: https://www.ge.com/additive/additive-manufacturing/

industries/food-beverage (accessed on 31 July 2023).
147. Kouzani, A.Z.; Adams, S.; Whyte, D.J.; Oliver, R.; Hemsley, B.; Palmer, S.; Balandin, S. 3D Printing of Food for People with

Swallowing Difficulties. KnE Eng. 2017, 2, 23–29. [CrossRef]
148. Lorenz, T.; Iskandar, M.M.; Baeghbali, V.; Ngadi, M.O.; Kubow, S. 3D Food Printing Applications Related to Dysphagia: A

Narrative Review. Foods 2022, 11, 1789. [CrossRef] [PubMed]
149. Biswas, K.; Rose, J.; Eikevik, L.; Guerguis, M.; Enquist, P.; Lee, B.; Love, L.; Green, J.; Jackson, R. Additive Manufacturing

Integrated Energy—Enabling Innovative Solutions for Buildings of the Future. J. Sol. Energy Eng. 2016, 139, 015001. [CrossRef]

https://doi.org/10.3390/ma11020175
https://www.ncbi.nlm.nih.gov/pubmed/29360763
https://doi.org/10.1016/j.matchar.2020.110505
https://doi.org/10.1134/S0031918X19040069
https://doi.org/10.1016/j.addma.2018.09.034
https://www.fortunebusinessinsights.com/industry-reports/aerospace-3d-printing-market-101613
https://www.fortunebusinessinsights.com/industry-reports/aerospace-3d-printing-market-101613
https://www.mordorintelligence.com/industry-reports/3d-printing-in-aerospace-and-defense-market
https://www.3dnatives.com/en/boeing-777x-300-3d-printed-parts-290120205/
https://www.3dnatives.com/en/boeing-777x-300-3d-printed-parts-290120205/
https://www.ge.com/additive/stories/new-manufacturing-milestone-30000-additive-fuel-nozzles
https://www.ge.com/additive/stories/new-manufacturing-milestone-30000-additive-fuel-nozzles
https://www.stratasys.com/en/resources/blog/airbus-3d-printing/
https://www.stratasys.com/en/resources/blog/airbus-3d-printing/
https://www.ppgaerospace.com/Products/PPG-Ambient-Reactive-Extrusion-(ARE)-Additive.aspx
https://www.ppgaerospace.com/Products/PPG-Ambient-Reactive-Extrusion-(ARE)-Additive.aspx
https://www.researchandmarkets.com/
https://www.i24news.tv/en/news/israel/technology-science/1555327041-israeli-scientists-unveil-first-3d-print-of-heart-with-human-tissue-vessels
https://www.i24news.tv/en/news/israel/technology-science/1555327041-israeli-scientists-unveil-first-3d-print-of-heart-with-human-tissue-vessels
https://doi.org/10.1002/adma.202104730
https://www.ncbi.nlm.nih.gov/pubmed/34596923
https://www.engadget.com/2019-05-02-bioengineers-3d-print-vascular-networks.html
https://www.engadget.com/2019-05-02-bioengineers-3d-print-vascular-networks.html
https://3dprintingindustry.com/news/smartech-report-3d-printing-in-dental-market-to-reach-3-1-billion-by-2020-51971/
https://3dprintingindustry.com/news/smartech-report-3d-printing-in-dental-market-to-reach-3-1-billion-by-2020-51971/
https://doi.org/10.1002/marc.200290014
https://www.bugatti.com/media/news/2018/world-premiere-brake-caliper-from-3-d-printer/
https://www.bugatti.com/media/news/2018/world-premiere-brake-caliper-from-3-d-printer/
https://www.additivemanufacturing.media/news/gm-seat-bracket-made-with-autodesk-generative-design-software
https://www.additivemanufacturing.media/news/gm-seat-bracket-made-with-autodesk-generative-design-software
https://housegrail.com/what-was-local-motors-and-the-3d-printed-olli-shuttle/
https://media.porsche.com/mediakit/porsche-innovationen/en/porsche-innovationen/3d-printed-pistons
https://media.porsche.com/mediakit/porsche-innovationen/en/porsche-innovationen/3d-printed-pistons
https://www.amrc.co.uk/files/document/471/1648484969_AMRC_MACH_MAIN_AW.pdf
https://www.amrc.co.uk/files/document/471/1648484969_AMRC_MACH_MAIN_AW.pdf
https://www.dezeen.com/2020/03/21/3d-printing-chocolate-barry-callebaut/
https://www.dezeen.com/2020/03/21/3d-printing-chocolate-barry-callebaut/
https://doi.org/10.1094/CFW-62-6-0272
https://www.ge.com/additive/additive-manufacturing/industries/food-beverage
https://www.ge.com/additive/additive-manufacturing/industries/food-beverage
https://doi.org/10.18502/keg.v2i2.591
https://doi.org/10.3390/foods11121789
https://www.ncbi.nlm.nih.gov/pubmed/35741992
https://doi.org/10.1115/1.4034980


Inventions 2023, 8, 103 41 of 45

150. Rael, R.; San Fratello, V. Printing Architecture: Materials and Methods for 3D Printing; Princeton Architectural Press: New York, NY,
USA, 2018.

151. Long-awaited 3D-Printed Stainless Steel Bridge Opens in Amsterdam. (n.d.). Available online: https://www.dezeen.com/2021
/07/19/mx3d-3d-printed-bridge-stainless-steel-amsterdam/ (accessed on 31 July 2023).

152. Kaddoura, M. Dubai Is Now Home to the World’s First 3D-Printed Commercial Building. Guinness World Records. 1 March 2020.
Available online: https://www.guinnessworldrecords.com/news/commercial/2020/3/dubai-is-now-home-to-the-worlds-first-
3d-printed-commercial-building (accessed on 31 July 2023).

153. Alawneh, M.; Matarneh, M.; El-Ashri, S. The World’s First 3D Printed Office Building in Dubai. Proceedings of 2018 PCI/NBC.
2018. Available online: https://www.pci.org/PCI_Docs/Papers/2018/32_Final_Paper.pdf (accessed on 31 July 2023).

154. De Vergaderfabriek. Available online: https://cybe.eu/cases/de-vergaderfabriek/ (accessed on 10 June 2023).
155. Wu, P.; Wang, J.; Wang, X. A critical review of the use of 3-D printing in the construction industry. Autom. Constr. 2016, 68, 21–31.

[CrossRef]
156. Fidan, I. Innovations in Additive Manufacturing Workforce Development, Proceedings of the 2018 RAPID + TCT Conference.

Available online: https://par.nsf.gov/biblio/10107915 (accessed on 19 June 2023).
157. Moini, R.; Baghaie, A.; Rodriguez, F.B.; Zavattieri, P.D.; Youngblood, J.P.; Olek, J. Quantitative microstructural investigation of

3D-printed and cast cement pastes using micro-computed tomography and image analysis. Cem. Concr. Res. 2021, 147, 106493.
[CrossRef]

158. Thomas, D.S.; Gilbert, S.W. Costs and Cost Effectiveness of Additive Manufacturing: A Literature Review and Discussion. In
Additive Manufacturing: Costs, Cost Effectiveness and Industry Economics; NIST: Gaithersburg, MD, USA, 2015; pp. 1–96.

159. Alshaikh Ali, M.; Fidan, I.; Tantawi, K. Investigation of the Impact of Power Consumption, Surface Roughness, and Part
Complexity in Stereolithography and Fused Filament Fabrication. Int. J. Adv. Manuf. Technol. 2023, 126, 2665–2676. [CrossRef]

160. The Different Types of 3D Printing–How These Methods Compare. Available online: https://www.hubs.com/guides/3d-
printing/ (accessed on 25 June 2023).

161. Immigrant, H.; Now, F. Additive Manufacturing: Building the Future; Department of Energy–Office of Technology Transitions:
Washington, DC, USA, 2019; pp. 2012–2016.

162. 3D Printing: Recycling Plastic Waste and Saving the World. Available online: https://www.3dprinteros.com/articles/3d-
printing-recycling-plastic-waste-and-saving-the-world (accessed on 10 June 2023).

163. The EKOCYCLE Cube 3D Printer: Remake Using Recycled Plastic Bottles. Available online: https://www.3dsystems.com/blog/
2014/06/ekocycle-cuber-3d-printer-remake-using-recycled-plastic-bottles (accessed on 10 June 2023).

164. 3D Printer Reversed. Available online: https://www.yankodesign.com/2014/09/12/3d-printer-reversed/ (accessed on
10 June 2023).

165. ReDeTec|Make Filament. Reuse Waste. Invent Materials. Available online: https://redetec.com/ (accessed on 20 June 2023).
166. ProtoCycler V3 Filament Maker and Recycler. Available online: https://redetec.com/products/protocycler?variant=3980537374

3152 (accessed on 10 June 2023).
167. Zhu, G.; Zhang, J.; Huang, J.; Qiu, Y.; Liu, M.; Yu, J.; Liu, C.; Shang, Q.; Hu, Y.; Hu, L.; et al. Recyclable and reprintable biobased

photopolymers for digital light processing 3D printing. Chem. Eng. J. 2023, 452, 139401. [CrossRef]
168. Saboori, A.; Aversa, A.; Marchese, G.; Biamino, S.; Lombardi, M.; Fino, P. Application of Directed Energy Deposition-Based

Additive Manufacturing in Repair. Appl. Sci. 2019, 9, 3316. [CrossRef]
169. Johan, C.; de Lennart, J.; Hertz, S. The Impact of Additive Manufacturing on Sustainability of Inbound Transportation. Master’s

Thesis, Jönköping University, Jönköping, Sweden, 2020.
170. Wang, Y.; Ahmed, A.; Azam, A.; Bing, D.; Shan, Z.; Zhang, Z.; Tariq, M.K.; Sultana, J.; Mushtaq, R.T.; Mehboob, A.; et al.

Applications of additive manufacturing (AM) in sustainable energy generation and battle against COVID-19 pandemic: The
knowledge evolution of 3D printing. J. Manuf. Syst. 2021, 60, 709–733. [CrossRef]

171. Hegab, H.; Khanna, N.; Monib, N.; Salem, A. Design for sustainable additive manufacturing: A review. Sustain. Mater. Technol.
2023, 35, e00576. [CrossRef]

172. Niaki, M.K.; Torabi, S.A.; Nonino, F. Why manufacturers adopt additive manufacturing technologies: The role of sustainability. J.
Clean. Prod. 2019, 222, 381–392. [CrossRef]

173. Nagesha, B.; Dhinakaran, V.; Shree, M.V.; Kumar, K.M.; Chalawadi, D.; Sathish, T. Review on characterization and impacts of the
lattice structure in additive manufacturing. Mater. Today Proc. 2020, 21, 916–919. [CrossRef]

174. Kanbur, B.B.; Zhou, Y.; Shen, S.; Wong, K.H.; Chen, C.; Shocket, A.; Duan, F. Metal Additive Manufacturing of Plastic Injection
Molds with Conformal Cooling Channels. Polymers 2022, 14, 424. [CrossRef]

175. Badir, M.E. Part Geometry Design, Modeling, Manufacturing, and Analysis via Selective Laser Melting Method for Topology
Optimization of Satellite Parts. Master’s Thesis, Gazi University, Ankara, Turkey, 2019.

176. Zhu, J.; Zhou, H.; Wang, C.; Zhou, L.; Yuan, S.; Zhang, W. A review of topology optimization for additive manufacturing: Status
and challenges. Chin. J. Aeronaut. 2021, 34, 91–110. [CrossRef]

177. Yang, S.; Min, W.; Ghibaudo, J.; Zhao, Y.F. Understanding the sustainability potential of part consolidation design supported by
additive manufacturing. J. Clean. Prod. 2019, 232, 722–738. [CrossRef]

178. Lacroix, R.; Seifert, R.W.; Timonina-Farkas, A. Benefiting from additive manufacturing for mass customization across the product
life cycle. Oper. Res. Perspect. 2021, 8, 100201. [CrossRef]

https://www.dezeen.com/2021/07/19/mx3d-3d-printed-bridge-stainless-steel-amsterdam/
https://www.dezeen.com/2021/07/19/mx3d-3d-printed-bridge-stainless-steel-amsterdam/
https://www.guinnessworldrecords.com/news/commercial/2020/3/dubai-is-now-home-to-the-worlds-first-3d-printed-commercial-building
https://www.guinnessworldrecords.com/news/commercial/2020/3/dubai-is-now-home-to-the-worlds-first-3d-printed-commercial-building
https://www.pci.org/PCI_Docs/Papers/2018/32_Final_Paper.pdf
https://cybe.eu/cases/de-vergaderfabriek/
https://doi.org/10.1016/j.autcon.2016.04.005
https://par.nsf.gov/biblio/10107915
https://doi.org/10.1016/j.cemconres.2021.106493
https://doi.org/10.1007/s00170-023-11279-3
https://www.hubs.com/guides/3d-printing/
https://www.hubs.com/guides/3d-printing/
https://www.3dprinteros.com/articles/3d-printing-recycling-plastic-waste-and-saving-the-world
https://www.3dprinteros.com/articles/3d-printing-recycling-plastic-waste-and-saving-the-world
https://www.3dsystems.com/blog/2014/06/ekocycle-cuber-3d-printer-remake-using-recycled-plastic-bottles
https://www.3dsystems.com/blog/2014/06/ekocycle-cuber-3d-printer-remake-using-recycled-plastic-bottles
https://www.yankodesign.com/2014/09/12/3d-printer-reversed/
https://redetec.com/
https://redetec.com/products/protocycler?variant=39805373743152
https://redetec.com/products/protocycler?variant=39805373743152
https://doi.org/10.1016/j.cej.2022.139401
https://doi.org/10.3390/app9163316
https://doi.org/10.1016/j.jmsy.2021.07.023
https://doi.org/10.1016/j.susmat.2023.e00576
https://doi.org/10.1016/j.jclepro.2019.03.019
https://doi.org/10.1016/j.matpr.2019.08.158
https://doi.org/10.3390/polym14030424
https://doi.org/10.1016/j.cja.2020.09.020
https://doi.org/10.1016/j.jclepro.2019.05.380
https://doi.org/10.1016/j.orp.2021.100201


Inventions 2023, 8, 103 42 of 45
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