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Development Trends in Additive Manufacturing and

3D Printing
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ABSTRACT Additive manufacturing and 3D printing tech-
nology have been developing rapidly in the last 30 years,
and indicate great potential for future development. The
promising future of this technology makes its impact on
traditional industry unpredictable. 3D printing will propel the
revolution of fabrication modes forward, and bring in a new
era for customized fabrication by realizing the five “any”s: use
of almost any material to fabricate any part, in any quantity
and any location, for any industrial field. Innovations in
material, design, and fabrication processes will be inspired
by the merging of 3D-printing technology and processes
with traditional manufacturing processes. Finally, 3D printing
will become as valuable for manufacturing industries as
equivalent and subtractive manufacturing processes.
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1 Introduction

As a new manufacturing technology, 3D printing is gradu-
ally starting to attract interest in both the academic com-
munity and the business world. In terms of manufacturing
technology, 3D printing is an additive manufacturing process
during which the mass change of the part is positive (AM >
0). Accordingly, processes with AM = 0 and AM < 0 are called
equivalent manufacturing and subtractive manufacturing,
respectively. The development of equivalent manufacturing
has occurred over more than 3000 years. An early example of
this type of manufacturing is the bronze casting technique
that was used in Sanxingdui (a major Chinese city during the
Bronze Age). Other examples such as the Gan Jiang and Mo
Ye swords, forged in the Spring and Autumn Period (770 B.C.
to 403 B.C)), as well as the bronze chariots and horses of Qin
Shi Huang also mark the long history of metal heat treatment
and welding techniques. With the development of mechani-
cal power (especially the invention of the electromotor, based
on electromagnetic theory), subtractive manufacturing tech-

nologies such as machine tools and machining technologies
emerged over a period of more than 300 years. In comparison
with equivalent and subtractive manufacturing, the history
of additive manufacturing is relatively short. The first pro-
totype of a stereolithography machine for 3D printing was
created less than 30 years ago, indicating great potential for
future development in 3D printing. However, the promising
future of this technology also makes its impact on traditional
industry unpredictable. Therefore, in the following sections,
we will discuss some possible development directions of 3D
printing in the near future.

2 3D printing propels the revolution of fabrication
modes

2.1 The five “any”s of 3D printing
Today, inventions and creations in 3D printing are becoming
more and more prevalent. Numerous studies have been per-
formed on 3D-printing processes and equipment for a wide
range of materials, including plastic, metal, ceramic, wood,
edible material, electric fiber, magnetic materials, and gra-
phene [1]. 3D printing uses the additive method to transform
the fabrication of three-dimensional components into the
creation of multiple two-dimensional cross sections, so that
parts with any complex shapes can be fabricated, even parts
with a cavity inside [2].

3D printing has excellent flexibility, which makes it appro-
priate for production tasks on any scale. Not only can it be
used to print customized artificial human teeth and bones,
but it can also be used to create molds for manufacturing [3].
3D printing has the advantages of low cost and short fabrica-
tion cycle time, and may become a major mold fabrication
method in the future automobile industry. Moreover, 3D
printing is also suitable for medium- to high-volume produc-
tion.

The development of 3D-printing processes and equipment
makes it possible to fabricate parts in an enterprise, an office,
or a home—any place can become a 3D-printing workshop.
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Now 3D printing is gradually becoming a technology that
can be learned and mastered by the general public. People
can easily learn the use of 3D-printing machines and then
self-design and fabricate simple objects such as desk lamps,
hangers, and so on. This technology has also been researched
and explored for outer space applications. In the future, satel-
lites, spacecraft service parts, and even buildings could be
directly fabricated away from the earth using 3D-printing
technology [4-6].

3D printing has already been accepted by and used in
many industries. For example, in the aerospace industry, it
has been used to fabricate large flexible structural parts and
load-bearing parts with complex shapes and low volume frac-
tion. This technology can also be used to fabricate precision
parts in aerospace engines and their controllers [7]. In archi-
tecture, 3D printing is being used to fabricate architectural
design models. Architects divide architectural structures into
load-bearing structures and embellishments [6]. 3D printing,
with its ability to fabricate complex structures, will no doubt
play an important role in embellishment design in this field.

In conclusion, 3D printing can use almost any material to
fabricate any complex part, in any quantity and in any loca-
tion, for any industrial field. These five “any”s are the main
advantages of 3D printing. Interdisciplinary research will
tremendously accelerate the development of this technology.

2.2 3D printing: A new era for customized fabrication

When 3D printing is used to fabricate complex parts, no
molds, complex manufacturing procedures, special fixtures,
or tools are required. This technology will be widely used to
create prototypes in the aerospace and aeronautics industry,
and for mechanical-electrical product development. R&D on
industrial products and key equipment will more and more
depend on 3D-printing technology and on the Internet of
Things (IoT). 3D printing is particularly suited for custom-
ized fabrication, such as the fabrication of artificial implants
(artificial bones and teeth, etc.) and medical rehabilitation
equipment and devices. Moreover, the development of infor-
mation technology has brought us to a new era of wearable
information products. Customized fabrication is always nec-
essary for these wearable products, and 3D printing will be
the most appropriate manufacturing method.

Fordism, a concept of mass production originally based on
the large-scale manufacturing of cars, is a typical phenomenon
of the second industrial revolution. At present, however, the
demand for customized goods is increasing. The development
of information technology provides us with accessible ways
to achieve this goal. The third industrial revolution, which is
expected to involve customized fabrication, is ready to emerge.

Based on network platforms, distribution and demand can
be integrated in order to rapidly provide various creative de-
signs and solutions to customers. Manufacturing resources
are also distributed, allowing customers to be part of the
network and participate in the manufacturing process (even
finishing the manufacturing in their own homes). In this way,
it is possible to fabricate numerous creative products, and to
guarantee that the fabrication cycle time and costs of these
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products are similar to those of products fabricated by high-
volume production. This customized fabrication mode will
finally be able to integrate public demand with public innova-
tion and ideas. Meanwhile, this process will also be able to take
full advantage of social innovation resources and manufactur-
ing resources. All of these changes contribute to a revolution in
terms of both business model and social production mode. In
traditional manufacturing, it is always necessary to optimize
numerous technological parameters, choose from various man-
ufacturing procedures, use a variety of manufacturing equip-
ment, and complete many steps. As a result, computer-aided
process planning (CAPP) is difficult or impossible to achieve
in traditional manufacturing. 3D printing, with its coherence of
data, technological parameters, and flexibility, will be the best
choice for distributed manufacturing.

3D printing and associated software technologies that
can be used by the general public still need to be developed,
and a cloud platform for design and manufacturing needs to
be established. There is no doubt that 3D printing will be a
strong force to expedite the emergence of the third industrial
revolution.

3 Development trends in 3D printing

3.1 Innovative design: Redesigning leads to innovative products and
equipment

In engineering, the key economic benefits of 3D printing
may come from the redesigning of products and equipment,
based on this new technology. Traditionally, designers only
consider the manufacturability of a structure from the point
of view of equivalent manufacturing and subtractive manu-
facturing. However, as additive manufacturing becomes
more prevalent, many product and equipment structures can
be reconsidered from its perspective. Product and equipment
design needs to focus more on functional optimization and
less on manufacturability limitations, and 3D printing will
make this possible.

Structures that would benefit from this kind of redesign
include heat-exchange structures, lightweight structures, and
macro-micro integrated structures. 3D printing has already
been used in a variety of explorations involving redesigning.
For example, the jet nozzle of an aircraft engine developed
by GE achieved a 15% reduction in fuel ratio due in part to
components made by 3D printing [8]; a miniature sports car
designed by Canadian undergraduates using 3D printing
achieved a fuel consumption of only 1.17 liters per hundred
kilometers [9]; and a concept by Airbus achieved a 65%
weight reduction in components through a structural redesign
involving 3D printing [10]. For IT products, aircraft engines,
air conditioners, and nuclear facilities, heat exchange compo-
nents are indispensable; redesigning these components using
3D printing can result in valuable economic benefits.

We anticipate that scientists and engineers from the aca-
demic community and from all industrial sectors will em-
brace these new innovations. The strong ability of 3D print-
ing to create technology for IoT will propel social innovation
in the manufacturing industry.



3.2 Innovative processes: From shape control to integrated fabrication
Initially, 3D printing put more emphasis on the shape of a
part (or shape control of the part), and was primarily used for
prototyping applications. However, with deep research on
metal-material 3D printing, researchers have begun to focus
on the metallographic phase under high non-equilibrium
conditions, and on the distribution of internal stress inside
the part (or performance control of the part). For example,
by controlling laser-beam power and scan speed during 3D
printing, we can control both the shape and the performance
of the fabricated components (integrating fabrication with
controllable shape and performance). Thus, 3D printing is
now being transformed from a prototyping technology into a
shape- and performance-controllable manufacturing method.
The transient heat that occurs during the 3D-printing pro-
cess, and its historical influence on the performance of the
fabricated components, will be intensively investigated in
order to achieve efficient fabrication with high accuracy and
good surface quality of the part. Meanwhile, 3D printing is at
the foundation of intelligent additive manufacturing equip-
ment.

With the assistance of 3D-printing technology, materials
can be printed where they can be of best use. Nature has
miraculously created many materials and structures that are
lightweight but have great strength, such as bamboo and hu-
man bones. With 3D printing, we can learn from and apply
these miracles from nature to create high-performance ma-
terials and products. We can create materials that are light-
weight and have high strength, and design inner structures
with void and honeycomb sandwich structures, in order to
achieve maximum specific strength and stiffness; afterward,
corrosion- and abrasion-resistant materials can be printed
onto the surface of fabricated parts.

By using 3D printing to fabricate products and equipment
with functionally gradient materials and structures, high
performance can be achieved with minimal materials. 3D
printing is currently transforming from a single-material
additive manufacturing technology to a multi-material addi-
tive manufacturing technology. The creation of functionally
gradient or meta-material structures, and the optimal design
of such structures, will create great opportunities for product
and equipment innovation, and will attract significant atten-
tion from researchers in various fields. For example, research-
ers have demonstrated the fabrication of special auxetic
structures (with negative Poisson ratio) using multi-material
3D printing [11].

3.3 Innovative processes: Extending fabrication to micro and nano
scales

3D printing of micro and nano structures has also shown
great application potential. 3D printing is an effective meth-
od for manufacturing various miniature transducers, and is
far more flexible than current microelectronics manufactur-
ing. The MEMS transducers that have been fabricated by
3D-printing technology will have an important role in the
development of sensor networks and the intelligent manu-
facturing of discrete systems. Professor Minlin Zhong from
Tsinghua University has used an ultrafast scanning laser
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beam to induce the growth of graphene on a substrate of a
certain material, and has shown that the control of the scan
path can realize the patterning of the graphene [12]. Various
high-performance transducers such as temperature transduc-
ers, vibration transducers, and pressure transducers can be
fabricated using this technology. The bottom-up growing
fabrication mechanism is fundamentally consistent with the
additive manufacturing process for 3D printing.

Another emerging additive manufacturing technology in
this field is electronics printing using processes such as ink-
jet printing and aerosol jet printing [13]. Initially, these pro-
cesses were developed as a 2D-printing technique for fabri-
cating single-layer electronics. Recently, with advances in ink
materials and machine control, such additive manufacturing
processes are being transformed into 3D-printing processes
for fabricating multi-layer complex electronic devices.

3.4 Processes merging: Combining additive and traditional
manufacturing processes

In the future, industries are likely to combine different fab-
rication techniques together, including additive, equivalent,
and subtractive processes, and integrate them into a single
piece of equipment. Or, by combining these techniques in the
production chain, an integrated process could be established
to achieve the efficient fabrication of complex products such
as prototypes, molds, electrodes, and casting patterns. Or,
simple molds could be used to assist the additive manufac-
turing process, in order to take advantage of both traditional
and 3D-printing processes.

3.5 Materials innovation: Bringing significant scientific and technical
innovation

An inspiring development of 3D printing involves research
into new alloy materials. Because the energy of 3D printing
is highly centralized, it can generate ultrahigh temperatures
in a very small region, while other regions remain at normal
temperatures. When using 3D printing on metal materials,
this highly non-equilibrium metallurgy process will provide
an innovative platform for research into alloys with excellent
performance in high-temperature conditions. Advantageous
applications include the NASA rocket engines that can en-
dure a high temperature of 3315 °C [14], and modified sur-
faces printed by Professor Huamin Wang that can resist high-
temperature corrosion more than 700 times [15]. 3D printing
will become a hotbed for the development of high-perfor-
mance alloys. It is now possible to use material genomic
theory to design new materials, and to use 3D-printing tech-
nology to develop alloy materials with ultrahigh strength,
ultrahigh temperature resistance, ultrahigh resilience, and
ultrahigh corrosion and attrition resistance.

By using smart and biological materials, 3D printing is
currently developing from 3D to 4D, and is going as far
as fabrications that involve living things. In 4D printing,
printed structures using smart materials can change shapes
when stimulated by the surrounding environment (such as
changes in temperature, pressure, and electromagnetic field).
4D-printing technology can help to realize assembly tech-
nologies that are unachievable with current technologies,
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and to simplify the process and equipment of 3D-printing
technology. For example, three-dimensional structures can
be achieved by printing two-dimensional structures while
changing the working environment.

Bio-active materials are also utilized in 3D-printing pro-
cesses to fabricate tissue engineering scaffolds. With active
cell growth, support material can degrade in vivo, and the
organism’s own tissue cells can grow to replace it. This tech-
nology is undergoing medical verification, and may be put
into medical application in the near future. Tissue scaffold
printing and cell printing are becoming the major methods
of recreating human organs. Just as 4D printing involves
changes in the shape of 3D-printed structures that are made
with smart materials when the surrounding environment
changes (e.g., changes in temperature or magnetic field), 3D-
printed tissue scaffold and cell structures that are placed in
biochemical environments will grow over time into living
tissues, and will develop in shape and function, realizing the
printing and fabrication of living tissues. The biochemical
environments built by 3D printing are of great importance to
the oriented conversion of stem cells, and will boost the de-
velopment of research in biological organ recreation.

Cell printing is also becoming a method for research into
life growth and development in space environments. In fu-
ture, the printing of genes inside cells will become an impor-
tant tool in the development of transgenosis research and life
science. Of course, this technology will be faced with ethic
controversy and trade-offs.

3.6 Intelligent equipment: 3D-printing processes and machines
become smarter than ever

At present, researchers look forward to developing more us-
able materials for 3D printing, and to enhancing the quality
of the 3D-printed products. For example, the printing speed
of metal materials is several kilograms per hour. Normally,
the printing speed and the quality of a part (shape accuracy,
roughness, metallographic structure, internal stress, etc.)
have an inverse relationship. More research is required to
achieve rapid manufacturing with higher quality at lower
cost. We also need to put more emphasis on studying techno-
logical parameters and achieving intelligent control by inte-
grating shape and performance control into software.

In addition, the application of 3D printing to equipment
maintenance and re-manufacturing, on-site maintenance,
and fabrication can significantly reduce transportation costs
and guarantee the safe operation of equipment. This applica-
tion will promote the development of intelligent maintenance
and re-manufacturing. Moreover, 3D printing is the best way
of realizing energy-saving manufacturing by making fabrica-
tion processes smarter and cleaner.

4 3D Printing: From a technological concept to part
of a manufacturing trifecta

A value comparison between 3D-printing technology and
traditional manufacturing technologies raises many ques-
tions. However, these questions are usually unscientific, since
they are always based on differences in fabrication cycle and
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cost between the two kinds of technologies when fabricat-
ing a specific part. We present a more structured comparison
here.

First, different manufacturing technologies have their own
advantages and disadvantages. For example, we cannot sim-
ply compare equivalent manufacturing (casting, forging, and
soldering) with subtractive manufacturing (milling, turning,
and grinding); rather, different manufacturing technologies
should be applied where they can be of best use. Die forg-
ing is suitable for mass fabrication; machining is suitable
for parts with smaller batches and higher precision; and 3D
printing is suitable for single-piece trial-manufacture proto-
typing, and for the rapid manufacture of complex parts that
are difficult or impossible to produce with more traditional
manufacturing processes. With this benefit, additive manu-
facturing is increasingly applied to the rapid development of
products and equipment, where it can substantially save time
and cost, and thus increase profit.

Second, a fusion of 3D-printing technology with equivalent
manufacturing and subtractive manufacturing will create ad-
ditional benefits for advanced manufacturing. Different tech-
nologies can be incorporated into a single piece of equipment
so as to achieve the integration of complex-shape fabrication
and high-precision fabrication. For example, DMG developed
a 3D printer that combines laser-cladding additive manufac-
turing with milling subtractive manufacturing [16]. In addi-
tion, 3D-printed prototypes can be processed further using
complex treatment technologies (e.g., electroforming, silastic
molding, spray molding, and polishing) to achieve rapid and
economic mold manufacturing.

Third, we cannot compare different manufacturing tech-
nologies using current designs, because such designs are
based on existing equivalent manufacturing and subtractive
manufacturing technologies. For example, in the fabrication
of aircraft engine nozzles, GE used 3D printing to integrate
20 parts into a single component, thus avoiding the process-
ing of many junction surfaces with high-precision coupling.
This new design substantially reduced fabrication cost and
cycle time. However, if the traditional design and manufac-
turing process plan were still followed, but with 3D printing
being used instead to print these 20 separate parts, the fabri-
cation cost would greatly increase, and the accuracy require-
ment of matching surfaces could not be fulfilled [17]. Using
new designs that are based on the capabilities and flexibility
of 3D printing can yield significant savings in fabrication cost
and cycle time.

Fourth, redesigning products and equipment based on 3D-
printing technology will result in innovative products and
equipment that would not otherwise be developed using tra-
ditional manufacturing.

It may take a long time for the fabrication quantity un-
dertaken by 3D printing to catch up with that of equivalent
manufacturing and subtractive manufacturing. However, 3D-
printed structures, components, parts, products, and equip-
ment will all be placed at the high end of the value chain.
The respective quantities of fabricated products by additive,
subtractive, and equivalent manufacturing processes may be
considered in terms of a pyramid, with the smallest quantity,



produced by additive manufacturing, at the top and the larg-
est quantity, produced by equivalent manufacturing, at the
base. However, the respective unit prices of these products
constitute an inverted pyramid, with the greatest price go-
ing to high-value 3D-printed structures. Thus, we can foresee
that with further research and development, industrializa-
tion, application, maturation, and promotion, additive manu-
facturing or 3D printing will develop from a technological
concept to part of a valuable manufacturing trifecta along
with traditional equivalent and subtractive manufacturing
processes.
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