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POLYMERS FOR ADDITIVE MANUFACTURING

1. Introduction

Additive manufacturing (AM), or 3D printing, includes versatile platforms and
has become a powerful technology for future advanced manufacturing (1,2). The
terms AM, rapid prototyping, and 3D printing are frequently used synonymously.
Rapid prototyping (RP) for model making has driven the emergence of 3D print-
ing since the 1980s. A typical 3D printing process involves preprinting, printing,
and postprinting. In preprinting, a target object is first transformed into digital
data utilizing 3D scanning or a computer-aided design (CAD) model. The CAD
model is then sliced into layered data or toolpaths, which will be further fed into
an AMmachine (or 3D printer). During the printing process, the sequentially lay-
ered data (or toolpath) guides the manufacturing of the model or product through
ink/material deposition and selective curing. The computer-controlled translation
stage precisely moves based on the layered data or toolpath to fabricate objects in
a layer-by-layer manner until the completion of the whole construct. The obtained
parts (or green parts) are processed in the postprinting to remove support struc-
tures, improve surface finishing, or conduct postcuring as needed (Fig. 1).

There is a growing consensus that AM systems have several advantages,
including fabrication of intricate geometry with high precision, saving materi-
als, flexibility in design, as well as personalization and customization over tradi-
tional techniques (3). In recent years, AM has produced significant scientific and
technological impacts and attracted tremendous attention in both academia and
industry owing to the above unique features. This trend can be graphically shown
by tracing the yearly number of scientific publications from 1990 to 2021 using
the terms ‘additive manufacturing’, ‘rapid prototyping,’ and ‘3D printing’ (Fig. 2),
which exhibited a soaring rise after 2013. This is possibly due to the expiration of
the first AM patent, leading to tremendous efforts in AM. The fast-growing trend
of AM is expected to continue steadily in the future. Interestingly, publications
on ‘rapid prototyping’ have fallen behind and decreased after 2017, reflecting the
fact that the role of AM is gradually shifting from simple prototyping to the next
generation of advancedmanufacturing. Besides the rapid increase in research, the
overall market for AM also shows significant growth rates. The global AMmarket
size was valued at 13.84 billion USD in 2021 and is expected to expand at a com-
pound annual growth rate of 20.8% from 2022 to 2030 (4). The booming research
and development in AM are empowered by the enormous industrial application
demands, including healthcare, automotive, aerospace, defense, and so on.
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2 POLYMERS FOR ADDITIVE MANUFACTURING
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Fig. 1. A typical process of 3D printing: preprinting, printing, and postprinting.
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Fig. 2. Yearly number of publications showing the research interest in rapid prototyping,
3D printing, and AM. Data from Web of Science, accessed April 2022.

During the past 40 years, various AM techniques have been developed to
fabricate various materials via different mechanisms. Depending on how raw
materials are processed into products, AM techniques are classified into seven
groups by the International Organization for Standardization (ISO Technical
Committee 261) and American Society for Testing and Materials (ASTM) Inter-
national (Committee F42): binder jetting, directed energy deposition, material
extrusion, material jetting, powder bed fusion, sheet lamination, and vat pho-
topolymerization. Each AM technique has advantages and disadvantages in
terms of printing resolution, build size, and cost, offering diverse choices for users
(Table 1). A wide range of materials, including metals, polymers, ceramics, and
concrete, have been successfully printed using different techniques (5–7). As the
polymer is the most widely used material, we mainly deal with AM techniques
for polymeric materials in this paper. Polymers are long-chain organic molecules
with very high molecular weight. Based on their heat processibility, polymers are
divided into thermoplastics and thermosets. Thermoplastics are made of linear or
branched chain polymers, which can melt upon excess heating and be reshaped
and remolded. In contrast, thermosets contain stable polymer networks after
initial forming and cannot be melted by heat. Thermoplastics include a variety
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4 POLYMERS FOR ADDITIVE MANUFACTURING

of semi-crystalline polymers and amorphous polymers that can be reprocessed
multiple times after material synthesis, making them suitable for heat-based
AM. Thermosets are formed through a curing or cross-linking process whereby
polymerization occurs between small-molecule monomers and cross-linkers. Heat
and light are widely used stimuli to trigger thermosets curing. Among them,
thermal-curable resins use heat as the trigger for cross-linking, which is usu-
ally a slow process. In contrast, photo-sensitive resins (or photopolymers) can
be cured by light, such as Ultraviolet (UV) light, for rapid photopolymerization.
These UV-curable resins possess fast cross-linking capabilities and are suitable
for light-based AM techniques.

Here, we provide a comprehensive summary of the fundamentals of AM
techniques for polymers. The printing process, working mechanism, and mate-
rial systems for various polymer AM techniques are elaborated. Additionally, the
advantages and disadvantages of each technique are summarized. We also briefly
discuss some other fast-growing AM techniques, including hybrid printing, vol-
umetric printing, and bioprinting. Lastly, the future development and trend in
AM in terms of printing techniques, materials, and design/modeling methods are
highlighted.

2. Additive Manufacturing Methods and Materials

2.1. Material Extrusion
2.1.1. Techniques. The extrusion-based AM refers to the techniques that

use computer-controlled deposition of molten or semi-molten polymers, pastes,
polymer solutions, or dispersions through a movable nozzle or extrusion print-
head in a line-by-line then layer-by-layermanner. In this approach, inks/materials
are first extruded through a nozzle with the aid of a mechanical force. Then,
the deposited material filaments undergo solidification through physical tran-
sition (such as crystallization and physical gelation) or chemical cross-linking.
After printing one layer, the extrusion head either moves up or the build platform
moves down to make space for depositing material for the next layer. This process
is repeated until the printing is finished. Extrusion-based AM mainly includes
the techniques of fused filament fabrication (FFF; or fused deposition modeling,
FDM), and direct ink writing (DIW; or direct write, DW; or robot casting).

FFF is the most commonly used AM technique due to its low cost and wide
accessibility. Crump invented and trademarked FDM in 1989 and shortly founded
the company Stratasys (Rehovot, Israel) (8).Whilst FFF is the official term for this
method according to the ISO and ASTM, its equivalent term, FDM (trademarked
by Stratasys), is also commonly used. In the FFF process, a solid thermoplastic
(or its composite) filament is fed through a heated nozzle as the feedstock, which
is converted into a semi-molten state, followed by deposition on the building plat-
form (Fig. 3). The hot polymer filaments solidify rapidly because of cooling below
their glass transition temperature or crystallization temperature by the environ-
ment and the print bed. Note that the print bed in FFF is typically heated to
a temperature lower than the transition temperature to slow down the cooling
and reduce the residual stress. The diffusion of polymer chains at the filament
interfaces enables the bonding of adjacent polymer filaments. Several printing
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POLYMERS FOR ADDITIVE MANUFACTURING 5

Heating
extruder

Solid filament

Print bed (heating)

Printed parts

Fig. 3. Schematic and process of FFF printing.

parameters, such as the extrusion temperature, feed/deposition rate, print bed
temperature, and so on, are critical to the successful printing, which includes near
net shape and strong interlayer bonding of deposited filaments (9). The printing
resolution for FFF usually falls on the order of a few hundreds of microns.

DIW works similarly to FFF but uses viscous inks to create structures with
controlled architecture and composition (10). A viscous ink with the shear thin-
ning effect flows through a small nozzle by a piston, air pressure, or a screw at
modest shear rates and forms a nonflowable filament with high viscosity after
dispensing (Fig. 4). After deposition, some curing processes (e.g., photopolymer-
ization and thermal curing) are required to solidify the printed structures. Pseu-
doplastic inks with shear thinning features are necessary for successful DIW
printing. To accommodate the printing of target inks/materials, the rheological
properties should be optimized and evaluated before printing. Oftentimes, rhe-
ological modifiers of nanoparticles, such as fumed silica or nanoclay, are added
to tune the viscosity. In some cases, rheological modifiers are not preferred in
low-viscosity inks, which are normally difficult to print by DIW. This problem
can be overcome by the following approaches. First, use printheads coupled with
additional in situ curing devices (e.g., UV lamps or heating elements) (11). Sec-
ond, print sacrificial materials as the support to protect the weak materials (12).
Lastly, perform embedded printing using a self-healing fugitive support bath (13).

Piston Pneumatic Screw

Fig. 4. Schematic and process of DIW printing.
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6 POLYMERS FOR ADDITIVE MANUFACTURING

Because of the development of these approaches, DIW has nearly no restrictions
on ink composition and has gained great popularity in recent years.

Driven by the need to fabricate heterogeneous functional structures and
devices, multimaterial extrusion printing has been actively explored. The direct
approach to multimaterial extrusion is the use of multiple nozzle extruders. For
example, spatially controlled thermoplastic deposition in the same printing job
was realized by the multiple extrusion nozzles (14). Microfluidics extrusion (15),
micromixer-based co-extrusion (16), and coaxial extrusion (17) have also been
exploited for extrusion-based multimaterial printing. Recently, a multimate-
rial multinozzle DIW printing approach was reported to realize high-resolution,
high-speed multimaterial printing (18). Additionally, multimaterial DIW printing
was achieved using photo-thermal dual-cure resins (19).

Big-area additive manufacturing (BAAM), which was originally developed
by Cincinnati Incorporated (Harrison, OH, USA) and Oak Ridge National Labo-
ratory’s Manufacturing Demonstration Facility, is a large-scale FFF system (20).
It uses a large nozzle (∼10 mm) to increase material deposition rate and a large
gantry system for large structures, such as car bodies, mobile houses, bridges, or
boat hulls (21), which are significantly larger than typical FFF build platforms
(typical dimensions of ∼300 mm by 300 mm by 300 mm).

2.1.2. Materials
2.1.2.1. Thermoplastics. FFF is widely used to print engineering ther-

moplastics. It uses filaments of solid thermoplastics and composites as the
feedstock, which are heated above their melting temperature for extrusion and
then rapidly solidified upon cooling. The filaments are processed by mixing the
thermoplastic matrix, pigment, reinforcements, and other additives using single
or twin-screw extruders. A wide range of engineering thermoplastic polymers,
including polylactic acid (PLA) (22), acrylonitrile butadiene styrene (ABS) (23),
high-impact polystyrene, thermoplastic polyurethane (TPU) (24), polycarbonate
(PC) (25), polyamide (or Nylon) (26,27), polyether ether ketone (PEEK) (28), and
polyetherimide (PEI) (29) have been used to fabricate filaments with different
properties. Among them, PLA and ABS are the most widely used ones. PLA is
a biodegradable, bio-based green plastic with excellent mechanical properties.
ABS, consisting of acrylonitrile blends and copolymers, butadiene-containing
polymers, and styrene, is another prevalent material showing high toughness and
impact resistance. TPU is a common engineering elastomer for FFF with a break
strain of up to 600% (24). PEEK and PEI are two high-performance engineering
plastics with melting temperatures over 340∘C and tensile moduli over 2 GPa
(29–31). In addition, particles, such as clay, metal oxides, carbon nanotubes, and
short fibers, including chopped carbon fibers, and other natural polymer fibers,
are blended with the different thermoplastics to create thermoplastic composite
filaments with enhanced properties for FFF printing. More recently, continuous
carbon fiber reinforced composites were printed by FFF using a customized
nozzle and filament supply system (32). The detailed mechanical properties of
these typical engineering plastics printed by FFF are listed in Table 2.

Thermosets and composites are normally printed by DIW using liquid
precursors and proper rheological modifiers. For example, tough interpenetrating
polymer network (IPN) epoxy was printed by using a hybrid ink containing pho-
tocurable acrylates and thermal-curable epoxy and fumed silica by UV-assisted
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POLYMERS FOR ADDITIVE MANUFACTURING 7

Table 2. Common Filaments and Major Physical Properties for FFF

Materials Reinforcement Tensile
strength
(MPa)

Young’s
modulus
(MPa)

Fracture
strain
(%)

Glass
transition
temperature/
melting temp-
erature (∘C)

References

PLA – 26–64 1100–1500 3–7 62/167 (22)
2 wt% talc 51–57 1300–1500 6.5–7.3 61/174
5 wt% CF 30–32 900–1100 10–13 61/167

ABS – 17–34 1900–2400 2.0–8.6 113 (23)
5 wt% TiO2 17–33 1500 1.6–3.8 –
5 wt% Al2O3 12–29 – 1.6–2.9 –
5% Jute fiber 9–24 – 1.6–4.2 –
5% SEBS 8–25 – 1.9–3.6 –

TPU – 19–29 12 450–600 200 (24)
2% MWCNT 25 25 600 200

PA1012 – 24–27 320–440 100–300 177 (26)
PA12 – 40–44 1430–1490 20–68 178 (27)

6 wt% GNP 37–41 2010–2200 6–12 178
PC – 36–53 2100–2400 2.0–4.3 145 (25)
PP – 19–21 900–930 8 167–168 (33)

12 μm glass
spheres

18–22 1290–1770 3–5 166

PEEK – 79–84 2400 6–17 143/343 (28,31)
PEI – 68–79 200 4–7 210–215/

340–400
(29)

DIW printing (34). The modulus and glass transition of the epoxy composite can
be widely tuned by altering the ratio of the photocurable and thermal-curable
components. Light-weight cellular epoxy composites were printed by adding
silicon carbide whiskers, carbon fibers, and nanoclay into epoxy resin (35).
Polydicyclopentadiene-based thermosets and composites were printed by DIW
printing via heat-triggered frontal polymerization (36).

Elastomers and composites have also been printed by DIW printing.
Aliphatic urethane diacrylate was formulated with n-butyl acrylate diluent
and fumed silica rheological modifier composites inks for UV-assisted DIW
printing (37). Semi-crystalline polycaprolactone (PCL) was also added to form a
semi-interpenetrating polymer network, showing highly enhanced mechanical
properties and shape memory effect. Polydimethylsiloxane (PDMS) and its com-
posites with customizable material properties and other functional properties
have been printed by DIW printing. Fillers, including carbon nanotubes (CNT),
boron nitride, and magnetic particles, can be added into PDMS composite inks
for printing functional materials and devices (38). For example, hard magnetic
particles (such as NdFeB) were mixed with PDMS and fumed silica to print
magnetoactive soft materials with a programmed magnetization domain for
actuators (39,40). Thermosetting silicone can be printed without any support
structures by the simultaneous control of both reaction kinetics and transient
rheology (41).

DIW printing of hydrogels is extensively studied for biomedical applications
(42–44). For example, bilayered structures consisting of a thermoresponsive
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8 POLYMERS FOR ADDITIVE MANUFACTURING

hydrogel and nonthermoresponsive hydrogels, such as polyacrylamide, were
printed by dual-nozzle DIW printing to realize controlled and complex shape
changes (42,45). Extrusion-based bioprinting of hydrogels with good biocom-
patibility and biodegradability is widely studied for drug delivery and tissue
engineering (46).

Other functional polymers, such as liquid crystal elastomers (LCEs), have
been used for DIW printing (47–50). Extrusion-induced shearing enables effective
LCE mesogen alignment, which is necessary for LCE actuation. Therefore, DIW
printing is the major technique for LCE printing. To do so, a viscous LCE ink was
first synthesized by LCE oligomers and chain extenders, such as n-butylamine,
using a base catalyst (47). Then, the viscous ink was extruded at an elevated
temperature below the nematic to its isotropic transition temperature TNI and
subsequently cross-linked by UV light to lock the mesogen alignment. The molec-
ular alignment could be locally programmed by controlling the printing path,
thereby enabling complex shape-changing, which finds broad applications in soft
robots and actuators (47,49,50–53). Additionally, some conductive polymers such
as poly(3,4-ethylene dioxythiophene): polystyrene sulfonate) (PEDOT: PSS) have
been printed by DIW printing for bioelectronics applications (54).

2.1.3. Summary. Both FFF and DIW have some prominent advantages
over other printing techniques, including low cost, low complexity, and high
flexibility. They can use low-price feedstock materials. FFF printers with a price
as low as a few hundred dollars can offer good printing quality. Various filament
materials with different properties are widely available in the market. Therefore,
FFF has become the most used AM technique. However, it exhibits low build
speed, low resolution, and poor surface quality (100–300 μm). FFF-printed parts
typically possess a large residual stress due to the temperature gradient. These
parts also suffer from weak and anisotropic mechanical properties compared
to their injection molding counterpart due to weak interlayer bonds and voids
formed by filament-based layer-wise manufacturing. This issue is more critical
when printing different materials with poor material compatibility. Different
strategies, including annealing, optimizing printing parameters, postprocessing,
and feedstock chemical modification, have been used to enhance the polymer
sintering and inter-filament bonding (55). It should be mentioned that another
reason for FFF’s popularity is that it prints engineering thermoplastics. However,
this also limits its capability to print high-performance thermosets.

DIW printing, as a more versatile printing platform, provides a complement
to FFF. DIW is suitable for printing a wide range of materials, including ther-
moplastics, thermosets, hydrogels, LCE, and other functional materials (such as
conductive inks). Therefore, DIW can be regarded as the most versatile printing
technique in terms of the selection of printingmaterials and is one of themost pop-
ular AM techniques in academic research. However, the major drawbacks of DIW
are its low build speed and low resolution (also for FFF). Some recent work show
that by using a very fine nozzle, the printing resolution can go to several microns
but the printing speed drops significantly. The printing speed can be improved by
multinozzle extrusion printing (18).

2.2. Material Jetting
2.2.1. Techniques. Material jetting is an AM process that uses selectively

deposited material droplets to form the target entity. It covers the techniques
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POLYMERS FOR ADDITIVE MANUFACTURING 9

of inkjet printing (IJP) and aerosol jet printing (AJP). IJP usually uses rows of
piezoelectric nozzles with sizes on the order of 20–40 μm to deposit ink drops as
the printhead travels across the build plate (Fig. 5) (56). A complete layer of the
target structure can be rapidly created by a few quick passes of the printhead. As
most of the inks used in IJP are photo-sensitive resins, a few passes of UV light
can cure each newly deposited layer rapidly. Particularly, the PolyJet technique
developed by Stratasys is an advanced form of IJP that enables high-resolution
digital printing of multimaterials. It can offer a high resolution of 600 dpi in the
x–y build plane. The layer thickness can go to 16–32 μm depending on the quality
mode (57). To create complex structures, both the building material and the sup-
port material are deposited and cured. Moreover, PolyJet allows the creation of
the so-called digital materials, that is, a set of materials whose properties (glass
transition temperature and stiffness) can be digitalized within a specific range. To
do so, more than one building material inks (typically one rigid and one soft) are
deposited side-by-side in a predetermined ratio that determines the final macro-
scopic properties of the printed part (58).

AJP, or maskless mesoscale materials deposition (M3D), was developed by
Optomec Inc. (Albuquerque, NM, USA) and commercialized in 2004 for printing
electronics (59). The droplet jetting is realized by the atomization of the building
material in the aerosol chamber by ultrasonification (1.6–2.4 MHz) or pneumatic
atomization. To realize successful jetting, the viscosity of the materials usually
should not exceed 2500 mPa⋅s, and the dispersed particles possess a sufficiently
small diameter to avoid clogging. The building material stream is focused and
accelerated through a nozzle with an internal diameter of 50–300 μm, and dense
aerosol with droplet diameters of 1–5 μm can be obtained. The high lateral reso-
lution focus of the particle stream is maintained by a high-speed annular sheath
gas stream (10–100m/s) within the deposition head. Consequently, a high building
speed of up to 200 mm/s can be achieved. It should be noted that although AJP is
a jetting method, its feedstock and printing path are similar to those of DIW and
therefore share the major advantages and disadvantages of DIW. Additionally,
AJP machines are significantly more expensive than DIW hardware. Therefore,
AJP still finds more applications in printing electronics.

Ink

Printhead

Print part

Build tray

UV lamp

Fig. 5. Schematic and process of IJP.
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10 POLYMERS FOR ADDITIVE MANUFACTURING

2.2.2. Materials. IJP AM requires both building materials and support
materials with low viscosity (such as 20 cp) in the printhead for jetting. The
resin for IJP is usually heated to reduce its viscosity, but the heating tempera-
ture is typically limited to below ∼70∘C because of the temperature limit of piezo
actuators used for jetting. Therefore, resins for inkjet AM should have excellent
thermal stability and fast UV cure capability. Commercial resin inks consist of
acrylic oligomer/monomers, surfactants, photo initiators, and other additives. The
support material developed by Stratasys was based on water-soluble monomers
and polymers, and photocuring gives an intentionally weak material so that it be
removed with water. Instead, 3D Systems (Rock Hill, SC, USA) uses wax as the
support material, which can be removed by mild heating.

Materials for AJP have some requirements on their parameters such as the
viscosity andmaximum particle size to enable a successful atomizing and printing
process (60). AJP’s high resolution makes it suitable to print functional materials
and devices. Particularly, electronic structures, including conducting tracks, thin
film transistors, and conductive or semi-conductive structures, are printed using
inorganic or metal particle-based inks. Conductive and semi-conductive polymers
such as PEDOT: PSS blends can also be printed (61).

2.2.3. Summary. IJP prints a layer by a few passes of the printhead and
thus enables high build speed. Polyjet printing also allows 3D multimaterial or
multicolor structures to be built with different optical or mechanical property
gradients in one printing job, which is a significant advantage over other print-
ing techniques. In conventional IJP, the resolution is always limited to tens or
hundreds of microns, which is reduced to ∼400 μm for digital material printing.
Compared with IJP, AJP has a higher lateral resolution of up to 10 μm, and layer
thicknesses of 100 nm can be reached. However, the use of concentrated poly-
mer solutions or solutions that contain filler particles leads to material clogging,
limiting the variety of printable materials in AJP. Similarly, IJP has a stringent
requirement on the ink properties, such as low viscosity (<20 cP), limiting its abil-
ity to use newmaterials, such as customizedmaterials or functionalmaterials. For
this reason, the research in material development for IJP is very limited. IJP also
requires a completely dense support structure, making it less effective and less
economical to print porous and lattice structures than other AM techniques. It
is also noted that the high equipment cost of Polyjet, as well as AJP, is another
barrier for their wide applications in materials research.

2.3. Binder Jetting
2.3.1. Techniques. Binder Jetting (BJ) is a type of AM process that uti-

lizes the deposition of liquid binding agents onto a powder bed to join powder
particles and form 3D objects. With the selection of an appropriate liquid binder,
BJ can be used to process virtually any powder materials. BJ was first invented
at the Massachusetts Institute of Technology (MIT) in the early 1990s (62) and
subsequently licensed to several companies such as ZCorp (acquired by 3D Sys-
tems), ExOne (North Huntingdon, PA, USA), and VoxelJet (Friedberg, Germany).
The schematic of the BJ process is shown in Figure 6. In the BJ process, a layer of
fresh powder feedstock is spread over the print bed, and a liquid binder is jetted
onto selected regions of the print bed through overhead printhead nozzles to join
the wetted powder particles. Thereafter, a fresh layer of powder is spread on top of
the previous layer, and the process repeats itself until the 3D object is constructed.
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POLYMERS FOR ADDITIVE MANUFACTURING 11

Powder spreader

Powder
supply

Green part

Liquid binder
printheads

Print bed

Fig. 6. Schematic and process of BJ printing.

The build is subsequently removed from the printer and then undergoes a curing
process before the individual parts can be extracted. The cured part, also known
as the ‘green’ part, will often be subjected to further postprocessing such as high
temperature sintering or infiltration to improve its mechanical properties.

2.3.2. Materials. Despite its ability to process any powder material, BJ is
rarely used to produce polymer parts because the as-printed ‘green’ parts have
high porosity and require additional sintering to achieve higher densification. As
polymers have relatively low melting temperatures as compared to metals and
ceramics, they aremore suitable to be processed by other AMmethods like powder
bed fusion (PBF) to efficiently produce dense parts without the need for additional
postprocessing. However, polymer BJ printing can be used for certain applications
where a porous structure is required. For example, polymer powders such as PLA,
PCL, polyglycolic acid (PGA), and polyethylene oxide (PEO) have been fabricated
using BJ for drug delivery and biomedical scaffolding applications (63–65). Voxel-
Jet also offers a commercial poly-methyl methacrylate (PMMA) powder that can
be used for casting applications (66).

2.3.3. Summary. BJ possesses a higher build rate than material jetting
processes as it only dispenses the liquid binder, which makes up only a small
portion of the total part volume. Additionally, BJ printers have large build vol-
umes which allow for the fabrication of multiple parts. For instance, BJ printers
are used for sand casting applications where parts can be continuously printed
without a limitation in length (67). In BJ, the unused powder acts as a support
structure for the printed parts and can be reused indefinitely because of the lack of
heating elements. The customizability of the liquid binder enables more freedom
in materials design, allowing for BJ to fabricate multicolored parts and function-
ally graded materials. Although BJ has a high build rate, the as-printed ‘green’
parts are highly porous, resulting in low mechanical properties that do not sat-
isfy the industrial standards for certain structural components. Additional post-
processing such as sintering and infiltration will be required for BJ to produce
functional components, resulting in a significant increase in the fabrication time
and cost.
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12 POLYMERS FOR ADDITIVE MANUFACTURING

2.4. Powder Bed Fusion
2.4.1. Techniques. PBF is an AM process that utilizes one or more heat

sources to selectively fuse powders to fabricate parts. PBF is highly versatile
and can be used to fabricate a wide variety of materials, including polymers,
metals, ceramics, and composites. Moreover, PBF is capable of fabricating
industrial-grade parts and is used in the automotive and aerospace industries
for direct manufacturing. Selective laser sintering (SLS) and multi jet fusion
(MJF) are the leading polymer PBF techniques that are widely used in industrial
applications to date.

SLS is a mature industrial polymer PBF technique that was first devel-
oped at the University of Texas and later patented in 1990 (68). The schematic
of an SLS printer is shown in Figure 7. SLS employs a CO2 laser as its heat
source to selectively fuse regions of the powder layer in a point-wise scanning
approach. Fresh powder layers are evenly distributed onto the print bed using
a powder spreading mechanism. The SLS printing process is performed inside a
build chamber with an inert atmosphere (typically nitrogen-filled) to reduce the
laser-induced oxidation of the material (69). Prior to the printing process, powder
feedstock is preheated to a stable temperature close to the material melting point
to reduce the laser energy required to achieve particle fusion. Additionally, part
warpage caused by nonuniform part crystallization is prevented by maintaining
an elevated build chamber temperature.

Since the commercialization of the first SLS printer in 1992, many new
variations of SLS printers have been developed. While the fusion mechanism
remains the same, several components in SLS, such as the laser type, number
of lasers, powder spreading mechanism, and build volume have been modified
to improve the printing speed, printing resolution, and part quality. Fine detail
resolution (FDR) is a variation of SLS developed by the equipment manufac-
turer EOS (Krailling, Germany) that utilizes an ultra-fine CO2 laser beam to

Powder spreader

Laser module

Print bed

Powder
supply

Powder
supply

X–Y scanning mirror

Fig. 7. Schematic and process of SLS printing.
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POLYMERS FOR ADDITIVE MANUFACTURING 13

produce polymer parts with extremely fine resolution surfaces. LaserProFusion
technology is an upcoming SLS solution by EOS that is equipped with up to
1 million diode lasers, which can be activated simultaneously to fuse an entire
powder layer to achieve significantly higher printing speeds. Farsoon’s Flight®
Technology (Changsha, China) is another variation of SLS that features the use
of high-power fiber lasers and a novel scanning system to provide higher part
resolution and faster printing speeds.

MJF is an innovative PBF technology commercialized in 2016 by HP Inc.
(Palo Alto, CA, USA) (70). The MJF printing process features a combination of
PBF and binder jetting where a proprietary fusing ink agent is jetted from over-
head printhead nozzles onto the powder layer to facilitate powder fusion (Fig. 8).
The fusing ink agent, consisting of radiation-absorbing materials, is deposited
onto selective regions of the powder layer to raise the local heat absorption of the
wetted particles. After the deposition of the fusing agent, the entire powder bed is
heated by an array of overhead infrared (IR) lamps in an area-wide pass, and only
the powder particles wetted with the fusing agent will absorb sufficient heat to
coalesce and fuse together. In addition to the fusing agent, a water-based detailing
agent is simultaneously dispensed along the contour of the printed part to prevent
the adherence of surrounding powder and improve part resolution.

With its area-wise fusion approach, MJF can achieve printing speeds that
are 10 times faster than SLS (71). The usage of IR lamps also removed the need for
an inert environment, which significantly reduces the preparation time and oper-
ation cost. Through its multiagent jetting capability, MJF offers another degree
of freedom in material design and can even fabricate multicolored parts.

2.4.2. Materials. Thermoplastic polymer powders are most used in PBF
printing because of their high compatibility with PBF processes (Table 3). Firstly,
thermoplastic materials have relatively low melting points and can be fabricated
without excessive energy consumption. Secondly, thermoplastic materials also
possess low thermal conductivities which prevent the occurrence of thermal
bleeding, a phenomenon where unwanted powder particles adhere to or fuse with

Printhead carriage

Infrared fusing lamps

Build part
Print bed

Powder spreader

Powder supply

Fig. 8. Schematic and process of MJF printing.
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14 POLYMERS FOR ADDITIVE MANUFACTURING

Table 3. Commercial Polymer Powders Used for PBF Techniques

Material Compatible
PBF
techniques

Material features Manufacturer

PA12 SLS, MJF • Good mechanical strength
• Chemically resistant

EOS, 3D Systems,
Arkema,
Prodways, BASF,
HP

PA11 SLS, MJF • High mechanical strength
• Chemically resistant
• Impact resistant

EOS, 3D Systems,
Arkema,
Prodways, BASF,
HP

Polyamide 6
(PA6)

SLS • High mechanical strength and
stiffness

• Excellent thermal stability

BASF

TPU SLS, MJF • Excellent flexibility and
toughness

• Abrasion resistant

EOS, 3D Systems,
Prodways, BASF

Polypropylene
(PP)

SLS, MJF • Good mechanical strength
• Chemically resistant

EOS, Prodways,
BASF

Polystyrene (PS) SLS • High stiffness
• Low impact resistance

EOS, 3D Systems

PolyEther-
KetoneKetone
(PEKK)

SLS • Excellent mechanical strength
• Excellent thermal and chemical

resistance
• Flame retardant

Arkema

the printed object. Lastly, thermoplastic powders have high recyclability, which
contributes to the high-cost effectiveness of PBF processes.

Thermoplastic polymers can be further categorized into amorphous and
semicrystalline thermoplastics. Amorphous thermoplastics have randomly
arranged molecular structures while semicrystalline thermoplastics consist of a
combination of crystalline and amorphous structures. While both amorphous and
semicrystalline thermoplastics are processable using PBF, amorphous thermo-
plastics such as polystyrene (PS) have limited commercial applications because
they typically possess a broad melting range, resulting in the nonuniformmelting
of particles during the PBF printing process. The nonuniform melting and cooling
of particles create printing defects like porosity, which negatively impacts the
part quality. However, the fabrication of porous amorphous thermoplastics is
suitable for casting applications where porosity is beneficial to expedite the
melting process (72,73).

In contrast, semicrystalline thermoplastics possess sharper melting
points, resulting in more consistent melting and consolidation of particles
during the printing process. The intrinsic thermal properties of semicrystalline
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POLYMERS FOR ADDITIVE MANUFACTURING 15

thermoplastics enable the fabrication of highly dense parts with excellent
mechanical properties. Among the semicrystalline thermoplastics, polyamides
such as polyamide 12 (PA12) and polyamide 11 (PA11) are the most widely
used materials in PBF due to their large sintering window, which is defined as
the difference between the onset melting temperature and onset crystallization
temperature of the material. The large sintering window of polyamides enables
them to be processed over wider temperature ranges without any part distortion
or warpage (74). PA12 and PA11 powders are commercially available for both
SLS and MJF, while other thermoplastic materials, such as high-performance
polymers, polyesters, and so on, are only commercially available for SLS. Table 3
provides an overview of thermoplastic powders that are commercially available
in SLS and MJF and the major companies that manufacture them. These
commercial powders are widely used in the aerospace and automotive industries
to fabricate functional components for replacing existing machine parts. In
addition to the commercial powders, the fabrication of biocompatible polymers
using PBF has been an active area of research to expand PBF applications into
the biomedical industry. Biocompatible polyesters such as PCL and PLA are
commonly fabricated via SLS for the development of bone tissue engineering
applications (75–77).

Polymer composites are produced through the addition of inorganic fillers
to the polymer matrix with the goal of improving targeted material proper-
ties such as mechanical performance, stiffness, and thermal stability. As AM
applications gradually shift from rapid prototyping toward end-use manufac-
turing, the development of composite materials is essential to further expand
the industrial applications of AM. In polymer PBF processes, commercially
available composite powders are currently limited to polymers reinforced with
microfillers because the cost to effectively prepare composite powders with good
nanofiller dispersion is extremely high. The commercially available composite
powders mostly comprise of glass-filled and fiber-reinforced polyamides, as
shown in Table 4. As MJF is a relatively new PBF technique, there is only one
composite powder commercially available. However, there are several research

Table 4. Composite Polymer Powders Used for PBF Techniques

PBF
technique

Base
material

Filler Manufacturer/reference

SLS PA12 Glass beads EOS, 3D Systems
Aluminum particles EOS, 3D Systems
Mineral fibers 3D Systems
Glass beads and carbon fibers EOS

PA11 Glass beads Prodways, BASF
Carbon black Prodways
Carbon fibers EOS, BASF

PA6 Mineral reinforcement embedded in
PA6 particles

BASF

PEKK Carbon fibers EOS
MJF PA12 Glass beads HP

Aramid fibers (78)
Glass fibers (79)
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16 POLYMERS FOR ADDITIVE MANUFACTURING

studies dedicated to the development of MJF composites. Chen and co-workers
(78) successfully developed an aramid fiber-reinforced PA12 composite with
exceptional mechanical properties using MJF. Liu and co-workers (79) demon-
strated the effect of high temperature annealing on the mechanical performance
of glass fiber-reinforced PA12 composites printed using MJF.

Thermoset polymers generally possess better thermal, mechanical, and
chemical properties than thermoplastics due to the chemical cross-linking that
occurs during the curing process. However, the fabrication of thermoset polymers
using PBF is extremely challenging. In recent years, several breakthroughs have
been made in the manufacture of thermoset polymers using SLS. The materials
manufacturer Tiger (Jonesboro, GA, USA) has launched the Tigital® series of
thermoset powders for SLS, which can be printed at a low process temperature
of 75∘C with low part shrinkage and warpage. The printed thermoset parts
were then subjected to a postprint curing process in an oven to complete the
cross-linking process. Campbell and co-workers (80) adopted an alternative
method to fabricate thermoset-based epoxy resin by partially curing the material
prior to the SLS printing. Hassan and co-workers (81) successfully fabricated
carbon-reinforced Bismaleimide powder using a multistage postcuring process
after SLS printing.

2.4.3. Summary. In PBF, multiple parts of different geometries can be
arranged freely within the build unit to effectively utilize the build space. With
the development of new PBF techniques like MJF and LaserProFusion, the print-
ing speeds of PBF continue to improve and have the potential to compete with
traditional manufacturing methods like injection molding. Parts printed by PBF
can be readily used after bead blasting and do not require additional postprint
processes such as infiltration or heat treatment. Additionally, PBF processes do
not require the fabrication of additional support structures as the unfused pow-
der in the build is used to support the printed parts. Unfused powder in the build
can also be recycled and used for subsequent prints, leading to a reduction in the
material cost and wastage.

PBF-printed parts are susceptible to the formation of internal pores, result-
ing in an adverse effect on the mechanical properties of the printed part. Porosity
is a prevalent printing defect that could be attributed to several factors such as
poor powder packing and the lack of fusion between adjacent powders or layers.
PBFmaterials must also possess specific optical and thermal properties to be pro-
cessable. For instance, SLS materials must be capable to absorb radiation at the
wavelength of the laser source, and MJF powders must be of a light color to pre-
vent excessive thermal bleeding during the IR exposure. These, in general, limit
the types of materials that are suitable for PBF.

2.5. Vat Photopolymerization
2.5.1. Techniques. Vat photopolymerization (VP)-based printing tech-

niques use photopolymerizable liquid inks to solidify materials selectively. A laser
beam or a UV light can be used as the light source to induce the photocuring,
which is called stereolithography (SLA, when a laser beam is used) and digital
light processing (DLP, when a projector is used), respectively. Based on the
direction of light irradiation, both bottom-up and top-down approaches are
used for VP-based printing. Table 5 summarizes vat photopolymerization-based
techniques.
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POLYMERS FOR ADDITIVE MANUFACTURING 17

Table 5. Summary and Features of Vat Photopolymerization Printing Techniques

Techniques Light sources Printing features Manufacturer/reference

SLA 320–360 nm laser Low speed, good precision 3D systems, Formlabs
DLP 385–405 nm LED High speed, good precision 3D systems, EnvisionTec
CLIP 385–405 nm LED High speed, good precision Carbon 3D
TPP 780–800 nm laser Low speed, nano resolution Nanoscribe
HARP 385–405 nm LED High speed, large area Azul

SLA is one of the earliest methods of AM, which was developed in the 1980s.
The term ‘stereolithography’ (SLA) was coined by Hull in an early patent, which
laid the groundwork for commercial AM and later the company 3D Systems (82).
In a typical top-down SLA printing process, a fast-scanning laser beam (usually
in the UV range) with a small spot size (∼10 μm) is used for selective solidification
(Fig. 9). After curing one layer, the platform moves down to replenish ink on the
top of the previous layer for curing. Here, the top layer goes down, giving the name
top-down. As the ink renewal is a time-consuming step, the ink viscosity plays a
critical role in the speed of SLA printing (83). The vertical resolution, which is the
smallest possible layer thickness, mainly depends on the light penetration depth
into the material and the resulting curing depth, and therefore the light dose and
photo absorbance. Light absorbing additives, such as organic dyes, nanoparticles,
and pigments, are effective in attenuating the light and thus improve the z reso-
lution. After printing, a posttreatment process such as heating or photocuring is
frequently used for printed parts to achieve the desired mechanical performance
and surface finish.

DLP printing utilizes photo masks to selectively solidify a photo-sensitive
resin and build the part in a layer-by-layer fashion. The development of
DLP-based 3D printing stems from the image projection technique developed by
Hornbeck in Texas Instruments (Dallas, TX, USA) in the 1980s (84). The core
part is the light modulator, a digital micro-mirror device (DMD) that contains
millions of digitally controllable micron-sized mirrors. With the light-emitting
diodes (LEDs) as the light source, a DMD allows the generation of binary dynamic
photo patterns (black and white images) and reflects on the resin vat by a mirror

Laser scanner

Photo resin

Resin vat

Fig. 9. Schematic and process of SLA printing.
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18 POLYMERS FOR ADDITIVE MANUFACTURING

to trigger the photocuring. Liquid crystal displays (LCDs) have also been used as
digitally modulated light sources for a similar task. In a typical bottom-up DLP
printing, the light source is positioned below the resin vat and is directed upward
to the transparent window made of a low-adhesion material (such as TEFLON
or PDMS) (Fig. 10). The first layer of the part is cured and adheres firmly to the
build stage surface. The build stage moves up and separates from the vat window,
and the subsequent layers are cured onto the previous layers. This process is
repeated until the 3D object is printed. Here, the bottom layer of the printed part
moves up, giving the name bottom-up. The mirror size in a DMD device is about
5–7 μm. An optical lens magnifies or reduces the size. Therefore, the resolution
of the DLP-based 3D printing can range from 2–3 μm to 100–200 μm, with
50–100 μm being the most often used. High resolution (micro- and nanoscale)
DLP can be achieved by using proper optical lens systems (called projection
micro-stereolithography, PμSL) (85–87). The use of a digital light source also
enables the modulation of the grayscale light pattern for grayscale-DLP printing
to achieve multimaterial- (88,89) or multicolor-like printing (90).

Continuous liquid interface production (CLIP) is a variant of DLP printing,
which further enhances the printing speed and is among the fastest 3D printing
techniques that are suitable for large-scale industrial production (87,91). CLIP
exploits an oxygen-permeable film to inhibit photopolymerization (or dead-zone)
near the vat window, allowing continuous build stage elevation without the
need for separation between the printed layer and the window. Consequently,
continuous pulling-out of the cured parts at the speed of 500 mm per hour
was realized (87). CLIP has been commercialized by the company Carbon 3D
(Redwood City, CA, USA).

High-area rapid printing (HARP) is a stereolithographic AM technique using
a mobile liquid interface (such as a fluorinated oil) to reduce the reaction heat
accumulation of the adhesive forces between the interface and the printed object
for large-area printing. Owing to the effective heat dissipation of flowing oil, direct
cooling across the entire print area is realized. Consequently, continuous ver-
tical print rates exceeding 430 mm per hour with a volumetric throughput of
100 liters per hour were achieved (92). Lattice structures made from hard plastics,
ceramic precursors, and elastomers can be printed. HARP is commercialized by
the company Azul (Skokie, IL, USA).

Resin vat

Photo resin

Mirror
DMD

Transparent window

Projector with DMD

Fig. 10. Schematic and process of DLP printing.
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POLYMERS FOR ADDITIVE MANUFACTURING 19

Direct laser printing via two-photon polymerization (TPP) has been utilized
for nano- and submicron-scale structure printing (93–95). TPP has been used
to induce polymerization for a long time. Since the emergence of more powerful
lasers and more sensitive photo resin systems, TPP has been explored as a
lithographic technique in the 1990s (96). For this technique, a focused laser
with high photon density is used to trigger two-photon polymerization via
two-photon absorption and subsequent polymerization (Fig. 11). Usually, NIR
lasers (such as Ti: sapphire laser with a wavelength of 780 nm) are used for TPP
to reduce the light scattering and improve the penetration depth. Curing of the
photo-sensitive resin is achieved by adjusting the light intensity beyond a poly-
merization/fabrication threshold, and the light intensity also defines the voxel
size of the curing. The typical spatial resolution built by TPP is below 100 nm.
The feature resolution may be further reduced to less than 65 nm with the
addition of radical quenchers or light inhibitors (97). TPP AM is commercialized
by Nanoscribe GmbH &Co (Karlsruhe, Germany).

Because only one vat of resin is used, vat photopolymerization was gener-
ally regarded as unsuitable for multimaterial AM. In recent years, efforts have
been undertaken to print multimaterial-like structures using DLP, such as using
switchable vats (98), selective wavelength curing (99), or microfluidics vat (100).
Among the developed techniques, single vat grayscale light (88) appears to be
promising and can achieve almost continuous modulus variation ranging from
∼1 MPa to ∼1 GPa within a single layer. Recently, this technique has been further
developed to print multicolored parts (90).

2.5.2. Materials. The typical components of the ink for vat photopolymer-
ization include photo-active resins and initiators. Other important components
include diluents, radical inhibitors, and light absorbers. The diluents can reduce
the liquid viscosity to accelerate the ink renewal process. The radical inhibitors,
such as methoxy hydroquinone, can increase the gelation threshold of acrylates
to reduce overcuring. The light absorbers can attenuate the light and suppress
the scattering light restrain to reduce the penetration depth so as to enhance
the printing resolution (101). The photo-cross linking reactions are classified as
radical systems, cationic systems, and hybrid (dual-cure; or two-stage cure) sys-
tems. (Meth)acrylates and (meth)acrylamides are the most commonly employed
monomers for free radical photopolymerization due to their rapid reaction rates
and low cost. Benzoyl-based photo-initiators, such as I651 and I184, require
UV (A or B) light sources suitable for SLA using UV laser (320–360 nm). Acyl

Laser

Laser beam

Mirror

Objective

Voxel
Photo resin

Fig. 11. Schematic and process of TPP printing.
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phosphine oxide photo-initiators, such as phenyl bis(2,4,6-trimethyl benzoyl)
phosphine oxide (I819), are more preferred for DLP printing using a higher
wavelength projector (385–405 nm).

Liquid acrylate and methacrylate are the major components of photo resin
for VP-based printing. Most of the resin contains some content of multifunctional
acrylates, such as trimethylol propane trimethacrylate, pentaerythritol tetraacry-
late (PETA), 1,6-hexanediol diacrylate, bisphenol A diglycidyl ether as cross link-
ers, andmonofunctional acrylate, such as iso-bornyl acrylate, as a reactive diluent.
It is noted that the polymerization of acrylates usually induces volume shrink-
age, leading to some residual stress in the printed parts (101). The use of bulky
structured oligomers, such as cycloaliphatic diacrylate, or other high-molecular
oligomers can reduce the volume shrinkage.

Thiol-ene-based formulations are another radical-based photo resin for VP
printing. It exhibits reduced shrinkage volume and residual stress relative to
acrylate-based formulations due to the delay of the gel point. As the thiol-ene
networks are formed by step-growth kinetics, more homogenous networks with
lower cross-linking density are formed in the structure (102). Therefore, thiol-ene
polymers, usually less brittleness with enhanced toughness, have been developed.
Thiol-ene-based super stretchable silicone elastomers (break strain up to 1400%)
have been printed by DLP (103).

Epoxides are one of the most used classes of monomers for photo-based SLA
through chain-growth cationic-curing mechanisms. Epoxides can undergo signifi-
cantly less shrinkage (2–3% volumetric) than acrylates during photo-cross-linking
(104). Epoxy monomers, including diglycidyl ether derivatives of bisphenol A,
3,4-epoxycyclohexyl-methyl-3,4-epoxycyclohexanecarboxylate, and trimethyloyl
propane, are widely used. As pure epoxide cures much slower than acrylates,
other more reactive cationic polymerizable monomers, including vinyl ether
monomer and oxetanes, can be used (104).

The use of multiple types of hybrid monomers with different reaction
mechanisms and reaction rates has become popular. The hybrid formulations
containing both radical and cationic monomers and initiators have been long
studied (105). The cured IPN provides better mechanical properties and less
volume shrinkage compared with a single acrylate-based network (106). More
recently, photo-thermal dual-cure systems containing photocurable acrylates and
thermally curable thermosets have been studied for DLP printing (107–109).
The photocuring of the acrylate component holds the shape during printing
and provides the essential mechanical properties for the printed green parts.
After printing, a post thermal curing step can initiate the cross-linking of
thermoset components, such as epoxy resin, to sequentially form IPN with
highly enhanced mechanical properties. This method makes many previously
unprintable thermosets printable by DLP printing.

Besides chemically cross-linking thermosets and elastomers, semi-
crystalline and amorphous thermoplastics have been printed using precur-
sors without cross-linkers. Thiol-ene chemical between 1,6-hexane dithiol and
diallyl terephthalate was exploited to print poly(ethylene terephthalate) (PET)
by SLA (110). High molecular weight (>104 g/mol) non-cross-linked PET is
formed within less than 5 s of visible light exposure at ambient conditions using
low intensities (1–10 mW/cm2). The obtained PET showed excellent mechanical
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POLYMERS FOR ADDITIVE MANUFACTURING 21

properties with an ultimate tensile strength of 24 MPa at a failure strain of
800%. Similarly, highly reactive monoacrylate, such as iso-bornyl acrylate, and
4-acryloylmorpholine, have been used to print thermoplastics with excellent
mechanical properties by DLP printing (111). A thiol chain transfer agent was
used to regulate the molecular weight of the thermoplastics. Finally, soluble,
meltable, and reprocessable thermoplastics are obtained, which can be used as
sacrificial molds.

In addition, particles and short fibers can be added into the photocuring
resin for DLP printing. Specifically, high solid loading ink paste were prepared by
adding large amounts of ceramic particles, including Al2O3, TiO2 into a fast cur-
able photopolymer matrix to print composite parts, which transform into ceramic
constructs through careful pyrolysis (112). As the composite inks consisting of par-
ticles and fibers usually possess high viscosities, mechanical swiping systems are
often used in these DLP printers to facilitate resin deposition before cross-linking.

2.5.3. Summary. While SLA prints high-quality parts at a fine resolution
as low as 10 μm, it is relatively slow. DLP printing can provide a much higher
build speed due to its all-at-once curing manner. The emergence of CLIP printing
makes it possible to print parts at an industrial production rate. TPP allows
the printing of small-sized constructs at the nanoscale resolution. Usually, TPP
is limited to small size and slow fabrication speed. Recently, DMD has been
used for TPP, enabling enhanced build speed and scalable size (113,114). The
photopolymerization-based printing methods usually display volume shrinkage
and thus produce internal stress in printed parts, which influences the printing
accuracy and mechanical properties. Proper material selections, optimized
printing parameters, and posttreatment are commonly used to mitigate these
issues. One of the advantages of light-based printing is the wide choice of light
wavelengths, initiators, and monomers to cure materials with widely tunable
mechanical properties and other physical properties according to the user’s needs
(115,116). Moreover, the concept of dual-cure by combining photocuring and ther-
mal curing can significantly expand the material library for light-based printing.

3. Emerging AM Methods

3.1. Hybrid AM. Integrating multiple printing techniques (or hybridiz-
ing) can provide or improve spatial control of the material, geometry, and
functionality. Early in 2005, commercial SLA machines were combined with DIW
for automated and efficient hybrid manufacturing of complex electrical devices
(117). Recently, a hybrid printing system consisting of top-down DLP printing and
DIW printing for multimaterial AM was reported (118). The DLP module enables
high-resolution, high-speed printing of geometrical-complex structures, and the
DIW printing module enables printing of functional materials such as LCEs
and conductive silver ink. Multimaterial, multimethod (m4) AM platforms were
also developed by integrating four different printing modules (IJP, FFF, DIW,
and AJP), robotic arms for pick-and-place (PnP), as well as an intense pulsed
light (IPL) sintering system (119). With these platforms, complex structures
and functional devices, including actuators, soft robotics and electronics, can be
readily printed in a single printing job.
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3.2. 4D Printing. Since 2013, four-dimensional (4D) printing has
attracted tremendous interest (120–123). It was initially defined as ‘3D printing
+ time’, where the fourth dimension is time. Currently, 4D printing is widely
defined as that the shape, property, and functionality of 3D-printed structures
would change with time under the predetermined stimulus after printing. In 4D
printing, stimuli-responsive smart materials and proper structural design are
usually used for 3D printing of shape programmable structures. The on-demand
shape and property changes after printing enable several prominent advan-
tages: (1) direct fabrication of intelligent devices with on-demand shape-shifting
capability; (2) saving printing time and materials for thin-walled structures or
lattice structures; (3) saving space for storage and transportation because of
the stimuli-triggered shape-changing. For example, self-folding can accelerate
the fast prototyping of 3D objects by saving 60–87% of both the printing time
and material consumption (124,125). Therefore, 4D printing has become a
fast-growing research field in various disciplines, such as smart material and
advanced manufacturing. 4D printing enables the on-demand complex geometry
and stimuli-responsive capability of printed parts, thereby finding applications
in various fields, including actuators, soft robots, active metamaterials, smart
electronics, self-folding structures, biomedical devices, and tissue engineering
(126–129).

3.3. Other Printing Techniques. Volumetric printing has been devel-
oped to allow for the printing of constructs within seconds to minutes. Using this
technique, the entire 3D object is simultaneously created by irradiating a vol-
ume of photo-sensitive resin from multiple angles, as opposed to the conventional
layer-by-layer process. Currently, three different approaches are used to realize
volumetric printing. In its first conceptualization, a system architecture comprises
of mirrors that divide a single light beam into three orthogonal beams, projecting
a holographic figure into a photo-sensitive resin to fabricate the desired objects
(130). The superposition of multiple beams coming from fixed, predetermined ori-
entations can usually print simple objects. The second approach is tomographic
reconstruction, which enables the production of more complex objects by using
two-dimensional (2D) dynamic light fields. Inspired by computed tomography, a
series of 2D light patterns, computed by the Radon transform, is projected syn-
chronously into a rotating resin container with optically transparent and viscous
photo resins (131). Through the superposition of multiple 2D images of the same
object viewed at different angles, the desired 3D structure in centimeter scale
with a resolution of up to 80 μm can be fabricated in a single step (132). More
recently, xolography-based linear volumetric printing was developed to activate
printing constructs as large as 30 mm (133). The central idea is to use dual-color
photo-switchable photo-initiators to induce local polymerization inside a confined
monomer volume upon linear excitation of resin by intersecting light beams.

Bioprinting is an AM technique used to print tissue constructs using
bioinks. It provides a robust approach to fabricating customized constructs to
match patients’ unique anatomical structures as personalized 3D represen-
tations of tissues, thereby finding broad applications in drug delivery, tissue
engineering, and regenerative medicine (134,135). A major feature of the 3D
bioprinting technique is the use of ‘bioinks’ composed of extracellular matrix
(ECM)-like support biomaterials, living cells, and/or other bioactive components

 10.1002/0471440264.pst678, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/0471440264.pst678 by G

eorgia Institute O
f Technology, W

iley O
nline Library on [06/07/2023]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License



POLYMERS FOR ADDITIVE MANUFACTURING 23

to print 3D tissue constructs (136,137). A prerequisite of the bioinks is their
compatibility with supporting embedded living cells. Biomaterial hydrogels with
a high-water-content environment similar to the physical properties of the native
ECM are extensively used for bioprinting (138,139). Various printing modalities,
including extrusion-based (46), light-based (116), and inkjet printing (140), have
been exploited for the bioprinting of cell tissues with intricate shapes, relevant
cell types, and desired biofunctions for diverse applications.

4. Outlook

AM has experienced rapid advancement during the past decade and has contin-
ued to reshape the advanced manufacturing field as a game-changing technology.
It revolutionizes manufacturing from conventional centralization to distributed
fabrication and from mass production to customized fabrication. With the wide
adoption of AM techniques, future developments in the field may include the fol-
lowing aspects:

The AM techniques require robust control over geometry and material com-
position at multiple scales. The native materials usually display the hierarchy
in multiple scales to realize extreme mechanical properties and unique functions
(141). Therefore, biomimetic AM is a topic of great interest (142,143). To achieve
that, various multimaterial printing techniques and external field-assisted print-
ing methods have been developed to realize the control over the material com-
position, mechanical property gradient, and microscale alignment of the powder
particles (88,144–146). Despite these advances, the conflict between the printing
size and resolution of conventional techniques still blocks further control over
the composition and hierarchical architectures. Therefore, chemical and physi-
cal techniques, including self-assembly and external fields, can be exploited to
manipulate the sophisticated structures.

In terms of materials, more eco-friendly (such as bio-based and biodegrad-
able materials) and other functional materials (as well as their composites) should
be developed for different printing techniques. With the prevailing concept of car-
bon peak and carbon neutralization, material sustainability should be considered
in material development. Although AM is regarded as a more sustainable man-
ufacturing technique, there is still a large amount of solid plastic being disposed
of at the end of the product lifetime, leading to resource waste and environmen-
tal pollution. The use of biodegradable and bio-based PLA has been a positive
development so far. Down the road, the use of renewable materials, such as lignin
and cellulose, as feedstock or additives to fabricate materials for printing can
enhance sustainability (147,148). Besides, particle- and fiber-reinforced compos-
ite materials and inks should be developed for 3D printing. 3D printing of com-
posites is ideal for moldless rapid prototyping and fabrication of materials with
enhanced mechanical properties for engineering applications. Additionally, novel
inks/materials containing liable bonds or dynamic chemical bonds can be used to
print covalent adaptive polymers or vitrimers, enabling on-demand recycling and
degradability of the printed materials (149). The development of functional inks
for 3D printing of multifunctional materials, including shape memory polymer,
LCE, hydrogels, andmagnetoactive materials, can greatly expand its applications
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24 POLYMERS FOR ADDITIVE MANUFACTURING

in diverse fields in 4D printing, including tissue engineering, biomedical devices,
and aerospace (150).

Lastly, advanced design and control software are needed to further empower
AM techniques at different stages. Before printing, simulation/modeling provides
a robust method to guide the design of structures with unprecedented prop-
erties. For example, machine learning has been used to design multimaterials
structures for highly improved toughness (151). The extended finite element
method combined with density-based topology optimization was used for multi-
material design optimization (152). Simulation/modeling also provides a low-cost
and efficient approach to understanding the multiphysics during printing,
such as reaction–diffusion coupling and thermal–mechanical coupling, thereby
optimizing the printing parameters (101,153,154). Machine vision-assisted
machine learning has been used to print on the fly (155). After printing, mod-
eling/simulation is valuable to predict the shape change in 4D printing. For
example, evolutionary algorithms have been successfully used to predict the mul-
timaterial design of active composites with complex shape actuations (156–158).
Most of the existing modeling processes are research-based customized methods
that require tremendous knowledge in mechanics and design to use. In the
future, more versatile and robust software should be developed to satisfy the
needs of users from different disciplines.

In summary, AM has become a disruptive force in next-generation advanced
manufacturing. Many printing techniques, materials systems, and design meth-
ods have been developed to make AM faster, smarter, and more robust. Multidis-
ciplinary efforts also usually push the development of AM. With the advancement
in materials, hardware, and software, AM continues to reshape the field of manu-
facturing and promises to contribute to the fourth industrial revolution.
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