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ABSTRACT: The field of 3D printing is continuing its rapid development in both
academic and industrial research environments. The development of 3D printing
technologies has opened new implementations in rapid prototyping, tooling, dentistry,
microfluidics, biomedical devices, tissue engineering, drug delivery, etc. Among different
3D printing techniques, photopolymerization-based process (such as stereolithography
and digital light processing) offers flexibility over the final properties of the 3D printed
materials (such as optical, chemical, and mechanical properties) using versatile polymer
chemistry. The strategy behind the 3D photopolymerization is based on using monomers/
oligomers in liquid state (in the presence of photoinitiators) that can be photopolymerized
(via radical or cationic mechanism) upon exposure to light source of different wavelengths
(depending on the photoinitiator system). An overview of recent evolutions in the field of
photopolymerization-based 3D printing and highlights of novel 3D printable photo-
polymers is provided herein. Challenges that limit the use of conventional photopolymers
(i.e., initiation under UV light) together with prospective solutions such as incorporation of photosensitive initiators with red-
shifted absorptions are also discussed in detail. This review also spotlights recent progress on the use of controlled living radical
photopolymerization techniques (i.e., reversible addition−fragmentation chain-transfer polymerization) in 3D printing, which
will pave the way for widespread growth of new generations of 3D materials with living features and possibility for postprinting
modifications.

KEYWORDS: 3D printing, photopolymerization, UV light-sensitive photoinitiators, visible light-sensitive photoinitiators,
photopolymerization mechanisms, controlled living radical polymerization

1. INTRODUCTION

3D printing techniques (otherwise known as additive
manufacturing, rapid prototyping, or layered manufacturing)
were introduced during the 1980s with the aim to fabricate
customized/complex objects without the need for molds or
machining.1,2 Due to the versatile polymer chemistry-related
innovations, photopolymerization-based 3D printing techni-
ques have attracted special attention from polymer chemists,
material scientists, and engineers.3,4 3D photopolymerization-
based techniques such as stereolithography (SLA), digital light
processing (DLP), and continuous liquid interface production
(CLIP) enable 3D fabrication of complex multifunctional
material systems with controllable optical, chemical, and
mechanical properties.3,5 High resolution with low feature
size (in the range of micrometer) is also achievable using these
techniques.6 To this end, this technology has opened new
directions in various fields such as microfluidics, biomedical
devices, soft robotics, surgery, tissue engineering, dentistry, and
drug delivery.7−9

The strategy behind the 3D photopolymerization (also
known as photocuring or photo-cross-linking) is based on
using monomers/oligomers in a liquid state that can be cured/
photopolymerized upon exposure to light source of specific
wavelength and form thermosets.10 A photoinitiator or
photoinitiator system (with relatively high absorption co-
efficients) is required to convert photolytic energy into the
reactive species (radical or cation) which can drive the chain
growth via radical or cationic mechanism. Typically, photo-

initiators with high molar extinction coefficients at short
wavelength (mostly UV < 400 nm) are used to initiate the
photochemical reaction.11 Although these UV-based systems
have been well-established in the 3D printing technology,
exposure to high energy lights have some shortcomings: (i)
UV photons present low penetration depth, and therefore, the
accessible layer thicknesses usually remain low (below ∼100
μm), resulting in slow 3D printing rate (specifically for large
objects); (ii) in the field of 3D bioprinting, the use of UV light
also presents risk of cellular photodamage resulting in
chromosomal and genetic instability in cells;12,13 and (iii)
prolonged exposure to high energy UV light might result in
side reactions with degradation of reactant and products.
Therefore, the development of 3D photopolymerization
systems that can be activated under longer irradiation
wavelengths has been one of the active research areas in 3D
photopolymerization technologies with the aim of: (i)
obtaining mild and safe operational condition, (ii) reaching
higher penetration depth (layer thickness) resulting in
enhancement in the photopolymerization rate, and (iii)
providing systems that are benign to living cells for 3D
bioprinting applications (i.e., tissue engineering).14 Moreover,
near-infrared (NIR)-induced photopolymerization has
emerged as a new strategy, which enables drawing of 3D
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structures directly in the volume of photocurable materi-
als.15−17

The chemistry of conventional free radical polymerization
typically used in the 3D photopolymerization is not “living”;
this means the polymer chain is terminated, and consequently,
the printed materials cannot be reinitiated to introduce new
monomer/functionalities/properties in a living manner.
Recently, a “living” system via photoredox catalyzed reversible
addition−fragmentation chain transfer (RAFT) photopolyme-
rization has been demonstrated that can be implemented in the
3D printing application. This technique will open a new door
for the development of 3D materials with living features.18

With regards to the recent upsurge of investigations on the
photopolymerization-based 3D printing, a comprehensive
review from polymer chemistry point of view is critically
required. An overview of recent evolutions in the field of
photopolymerization-based 3D printing and highlights of novel
3D printable photopolymers is provided herein. 3D photo-
polymerization systems via radical or cationic systems are
discussed. Challenges that limit further development of
commonly used photopolymers together with prospective
solutions are also elaborated in detail. Research activities and
future trends of the 3D photopolymerization are discussed.
This review also spotlights recent progress on the controlled
living radical photopolymerization techniques suitable for 3D
printing. The main themes of this review are represented in
Figure 1.

2. 3D PRINTING TECHNIQUES VIA
PHOTOPOLYMERIZATION

Before the discussion on the photochemical mechanisms
(Section 3) and photoinitiators used in the 3D-based
photopolymerization systems (Section 4), we briefly discuss
the main techniques used in 3D printing via photopolymeriza-
tion. The strategy is based on the light irradiation through a
reservoir (vat) filled with photocurable materials, resulting in

photopolymerization of the liquid monomers/oligomers at a
predetermined location, straight on the building platform. This
strategy is translated into two streams: SLA and DLP.9 For
more details about the design architecture and structure
orientation of these apparatuses, refer to other reviews.19,20

Continuous liquid interface production (CLIP) (Carbon 3D
Inc.) has been recently developed as a new resin-bath
technique which offers 3D printing speeds up to 100 times
faster compared to the DLP and SLA techniques.21

Stereolithography. Chuck Hull introduced the first
example of SLA 3D printing in 1986.22 SLA is a method and
apparatus that uses movable photon source to activate
photopolymerization of the photocurable resin and succes-
sively print solid layers one on top of the other.22 The first
photocurable materials (those used for SLA application)
consisted of a urethane dimethacrylate (UDMA) with a
small fraction of acrylic acid, benzophenone as photoinitiator,
and methyl ethyl hydroquinone/triallyl phosphate (to inhibit
premature polymerization).23 Thus far, various photocurable
materials have been developed and exploited in a SLA 3D
printing process, which can be used in different applications.24

Using SLA, high-quality objects at a fine resolution as low as
10 μm can be also obtained.25 For example, an SLA-based 3D
printer was used to construct high resolution and complex
architecture such as a human ear that can be used for tissue
engineering.26 SLA technique can be also used to fabricate 3D
objects with organic−inorganic hybrid structures such as
ferromagnetically responsive formulation.27

Digital Light Processing. DLP method and apparatus has
been recently developed, which offers reduced printing times
while maintaining high fabrication accuracy.28 The DLP
technology features the use of light source illuminating each
layer all-at-once as opposed to SLA with point-by-point
exposure.29 In a DLP system, photon source illuminates from
the bottom of the resin bath, and the building platform is
dipped into the resin from above; consequently, the 3D
fabrication is feasible with the consumption of low volumes of
resins.30 The layer being cured is not in direct contact with air
(placed on the bottom of the vat) and therefore is less
susceptible to oxygen inhibition.5 DLP-based printing has been
utilized in a variety of contexts such as fabrication of
luminescent 3D structures,31 highly stretchable photopoly-
mers,32 engineered nerve guidance conduits,33 reprocessable
thermosets,34 electrically conductive constructs,35,36 organic−
inorganic hybrid networks,37 and other complex objects.38,39

Using DLP-based printers (at 465 nm), patient customized
medical devices with an accuracy of 40 × 40 μm can be
fabricated, which is desirable for bone scaffolds or medical
devices with smooth surfaces.40 DLP printers are also
compatible for 3D printing of aqueous formulations.38 For
instance, a DLP printer was employed for 3D fabrication of
poly(ethylene glycol) diacrylate (PEGDA)-based hydrogels
under 460 nm LED irradiation (64.2 mW cm−2).38

Continuous Liquid Interface Production. In 2015,
DeSimone and coworkers reported a new generation of 3D
printing method and apparatus, known as CLIP, that enables
“continuous” fabrication of layerless and monolithic polymeric
objects.21 In a CLIP process, an oxygen-permeable window is
used to create an oxygen-containing interfacial layer where free
radical photopolymerization is inhibited. Oxygen can inhibit
the free radical polymerization by (i) quenching the excited-
state photoinitiator or (ii) forming a peroxide upon interaction
with a free radical of a propagating chain.41 Consequently, a

Figure 1. Schematic illustration of the main topics covered in this
review.
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thin uncured liquid layer remains between the window and the
building platform. This oxygen-inhibited dead zone facilitates
fast printing speeds and layerless part construction in a
continuous manner. Typically, an amorphous fluoropolymer
window (such as Teflon AF 2400) with high oxygen
permeability, UV transparency, and chemical inertness is
used in the oxygen-permeable window.21 Using CLIP
technique, printed objects can be pulled out of the resin
bath at rates of hundreds of millimeters per hour with the
production speed in minutes featuring resolution below 100
μm.21,42,43

3. PHOTOPOLYMERIZATION MECHANISMS USED IN
THE 3D PRINTING SYSTEMS

3.1. Radical System. 3.1.1. (Meth)acrylate-Based Pho-
tocurable Systems. (Meth)acrylate monomers/oligomers are
frequently used for 3D photopolymerization processes which
proceed via a radical system. Radical systems include three
main steps of radical generation, initiation, and propagation.
Radical generation (in photopolymerization) occurs under

light irradiation, in which a photoinitiator or photoinitiator
system is responsible to convert photolytic energy into the
reactive species to initiate the photopolymerization. Most of
the commercially available photoinitiators undergo the Norrish
type I α-cleavage reaction and generate radical fragments under
light irradiation.5,44,45 Depending on the chemical structures of
the photoinitiators, the incident light required to induce the
cleavage differs in wavelength and intensity. Benzil ketals such
as 2-hydroxy-2-methyl-1-phenyl-propan-1-one (Irgacure 1173)
and 2,2-dimethoxy-2-phenylacetophenone (DMPA; Irgacure
651) with relatively low energy n → π* transitions absorbs
light in the UV range, which are suitable for SLA-based
process. Phosphine oxide containing photoinitiators (refer to
Table 1) present lower energy level of the π* state, therefore
shifting the peak of the n → π* transition toward higher
wavelengths, which is preferable for the DLP-based systems.5

Two-component photoinitiating systems (known as type II)
consist of an uncleavable sensitizer and a coinitiator, which
typically form excited triplet states under light exposure.46

Most commonly used uncleavable photoinitiators are cam-

Table 1. Chemical Structures of Common UV Light Photoinitiators Used in 3D Photopolymerization Systems
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phorquinones (CQ), benzophenones and thioxanthones which
are able to undergo hydrogen-abstraction or electron-transfer
reactions in the presence of coinitiators (such as tertiary
amines).44 Combination of the radical photoinitiators can be
also used in the photocurable resins. The structures of
common photoinitiators are presented in Table 1. The readers
who are interested in the structure of the photoinitiators and
the mechanism by which a reactive species is formed can refer
to other reviews that specifically focused on these aspects.5,44,45

(Meth)acrylate-based resins are compatible with different
types of commercially available 3D printers as well as custom-
made 3D printers.47 These resins have been used in different
contexts such as 3D printing of shape memory polymers,6

siloxane-based hybrid polymer network,48 highly stretchable
photopolymers,32 and functional materials for bioapplica-
tions.49,50 Most common (meth)acrylate monomer/oligomers
used in 3D printing are PEGDA,26,37,51 UDMA,52,53 triethylene
glycol dimethacrylate (TEGDMA),54−57 bisphenol A-glycidyl
methacrylate (Bis-GMA),54−57 trimethylolpropane triacrylate
(TTA),21,43,52 and bisphenol A ethoxylate diacrylate (Bis-
EDA)27 (Figure 2).
Although the use of (meth)acrylate-based resins has proved

effective in 3D photopolymerization, they have certain
limitations. These resins tend to undergo shrinkage during
the polymerization. Pure (meth)acrylate resins tend to gel at
low conversions depending on the functionality of the
monomer used.58,59 This phenomenon would normally result
in a very limited flow of the remaining uncured resin. Further
photopolymerization above this conversion would lead to an
increase in shrinkage stress with each newly formed bond.
Depending on the molecular structure of the monomer/
oligomer, the amount of shrinkage varies. Cycloaliphatic and
aromatic acrylates show less shrinkage as compared to the
common monomers such as TEGDMA.60 Shrinkage and
associated stress might result in curling and deformation
during the layer-by-layer 3D fabrication.61 A few strategies
have been employed to reduce the shrinkage issues. For
instance, the use of high molecular weight oligomeric acrylates
(with less reactive group concentration) can reduce the
shrinkage percentage; however, heating is required (during
the 3D process) to reduce the high viscosity of these resins.62

Another approach to lower the amount of shrinkage during the
photopolymerization is the use of a radical step growth

mechanism as an alternative to the chain growth polymer-
ization (elaborated in Section 3.1.2).
Most of the (meth)acrylate-based photocurable resins

contain multifunctional monomers (i.e., diacrylates and
triacrylates) which experience autoacceleration in the early
phase of the chain growth (free radical) polymerization due to
the fact that termination reactions are mobility restricted.63

The high kinetic chain length would result in the formation of
networks with low uniformity and high brittleness, which is less
efficient in dissipating stress, and therefore, cracks might
propagate more readily.59 Regulation of the final polymer
architecture can be obtained using chain transfer agents (i.e.,
addition−fragmentation chain transfer (AFCT)), which have
been extensively used for linear polymers.64 The use of chain
transfer agents in regulating photocurable resins has been also
investigated, which showed the ability to tune the cross-linking
density, average kinetic chain length, and distribution of cross-
links alongside the backbone, suggesting a homogeneous
polymer architecture with lower brittleness (elaborated in
Section 3.1.3).65

Another limitation of (meth)acrylate free radical polymer-
ization is the oxygen inhibition.66 One possible solution to
tackle this issue is the use of additives (such as tertiary amines
or triphenylphosphine67) to lessen the oxygen inhibition in the
open vat 3D systems. However, tertiary amines are not suitable
for resins containing both (meth)acrylate/epoxy materials
(this kind of resin is commonly used commercially68) due to
the inhibition effect of amines on the cationic polymer-
ization.69 Moreover, the use of tertiary amines might result in
discoloration of the cured material.70 Photopolymerization
systems based on the “thiol−ene” chemistry can also reduce
the oxygen inhibition (refer to Section 3.1.2).71 This strategy is
useful where the resin is in direct contact with air; however, it
is not practical for CLIP where oxygen inhibition is essential to
avoid adhesion of the curing platform to the bottom of the
resin vat.21

3.1.2. Thiol−Ene and Thiol−Yne Systems. Reactions of
thiols with reactive carbon−carbon double bonds, or “enes”,
are well-established.72 These reactions can proceed via a
radical step-growth polymerization or Michael-addition re-
actions.59,73 Thiol−ene-based photocurable resins have some
advantages over (meth)acrylate-based formulations. First,
thiols act as potent hydrogen donors to a formed peroxide
radical and generate a reactive thiyl radical, therefore

Figure 2. Examples of meth(acrylate) monomer/oligomer typically used in 3D photopolymerization.
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alleviating the oxygen inhibition.74 Second, thiol−ene-based
resins show lower shrinkage stress as compared to that of
acrylate-based resins. This is mainly due to the occurrence of
gel point at relatively high conversion (>30%), resulting from
the step growth mechanism of the thiol−ene systems.75 Third,
thiol−ene systems show higher biocompatibility as compared
to the (meth)acrylate-based networks.40 These advantages
have made the thiol−ene chemistry as an attractive approach
for the fabrication of different 3D structures such as
biocompatible and biodegradable hydrogel constructs,76,77

optical waveguides,78 and woodpile photonic crystals.79

Common thiol monomers suitable for the 3D printing are
t r ime thy l o l p ropane t r i s (3 -me r c ap top rop iona t e )
(TMPMP),80,81 pentaerythritol tetra(3-mercaptopropionate)
(PETMP),40 tris[2-(3-mercaptopropionyloxy) ethyl] isocya-
nurate (TMI),82 and pentaerythritol tetrakis (3-mercaptopro-
pionate) (PE-1)83 (Figure 3).
Besides the aforementioned advantages that the thiol−ene-

based systems offer, there are few issues that hinder their
further development in the 3D applications. Among these
issues are poor shelf life (due to an oxidative disulfide bond
formation) and bad odor. Moreover, these systems form
homogeneous networks (via step growth kinetics) with flexible
thioether linkages which might result in the formation of soft
materials with low modulus.80,84 However, low modulus of
these systems can be improved by addition of a meth(acrylate)
monomer into the binary thiol−ene systems and form a
ternary system.73 Another strategy to improve the mechanical
properties of the thiol−ene systems is by polymerizing
norbornene end-capped oligourethanes with TMPMP.85 This
can create a strong hydrogen bonding between urethane chains
and therefore increase the rigidity of the formed network.85

Poor shelf life stability of the primary thiols can be improved
by the use of stabilizers86,87 or developing new monomer
systems. Recently, Li and coworkers synthesized highly stable
secondary thiol−ene photocurable systems (e.g., PE-1 and

triallyl-1,3,5-triazine-2,4,6 (1H,3H,5H)-trione (TTT)) (Figure
3), which showed better thermal storage stability (>7 days) at
60 °C than the primary thiol−ene system (thiol−ene
formulation of: PETMP/TTT) (<3 days).83 Lower shrinkage
(∼7.6%) also observed as compared to the traditional acrylate
system (∼13.9%). The developed secondary thiol−ene systems
were used in a DLP 3D printing (420 nm) to construct objects
with a Z resolution of 50 μm.83

Alkyl thiols also undergo addition reactions with carbon−
carbon triple bonds, enabling thiol−yne chemistry. The
reaction intermediate is a vinyl sulfide with the ability to
undergo a second addition with excess thiol. This phenomenon
generates more cross-linked network, resulting in a higher glass
transition and higher modulus as compared to those of the
thiol−ene-derived products.88,89 For instance, Griesser and
coworkers synthesized alkyne carbonate derivatives (e.g., 1,4-
butandiol dipent-4-yn-2-yl carbonate (4MPC) or 2,2-bis[4-(2-
hydroxy)ethoxyphenyl]propane dibut-3-yn-1-yl carbonate
(BABC)) (Figure 3) as biocompatible and biodegradable
building blocks participated in a thiol−yne photopolymeriza-
tion reaction, which was initiated under blue light irradiation
(465 nm) in a DLP printer.40 Benefiting from the thiol−yne
photopolymerization, 3D printed products based on the
tricyclo[5.2.1.02,6] decane-4,8-dimethanol dibut-3-yn-1-yl car-
bonate (TCBC) (Figure 3) showed high toughness similar to
polylactic acid (thermoplastic biopolymer which is commonly
used as a polymeric implant material). This system also
showed cytotoxicity lower than that of their corresponding
meth(acrylates).40

3.1.3. Addition−Fragmentation Chain Transfer (AFCT).
Knowing that (meth)acrylate-based photocurable systems
produce brittle materials (due to their inhomogeneous and
highly cross-linked network structure), efforts have been
devoted to improve the homogeneity and therefore the
toughness of the 3D materials to meet the requirements of
different applications. AFCT reagents (such as oxybis(ethane-

Figure 3. Examples of thiol and ene/yne monomers typically used in 3D photopolymerization.
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2,1-diyl))bis(oxy))bis(ethane-2,1-diyl)bis(2-(tosylmethyl)
acrylate) and ethyl 2-(tosylmethyl)acrylate (ester activated β-
allyl sulfone, EAS)) can be incorporated into a (meth)-
acrylate65 or thiol−ene systems90,91 to regulate the radical
network formation (via chain transfer reaction). Use of AFCT
results in the formation of homogeneous networks and hence
provides high toughness networks.92,93 The implementation of
chain transfer via the AFCT mechanism can also reduce the
shrinkage stress observed in the free radical photopolymeriza-
tion systems.65 Incorporation of AFCT agents into the
(meth)acrylate formulations proceeds via a radical step
growth-like mechanism without the problems of low storage
stability and strong odor (present in the thiol−ene
chemistry).86 However, due to the inherent mechanism of
AFCT-based polymerization,65 the overall curing time for
AFCT containing resins proceed with retardation, which is not
desirable for 3D-based applications with the need of high rate
photopolymerization. To solve the issue of retardation, Liska
and coworkers synthesized an AFCT reagent that could
proceed with an alternative radical mechanism with high
reaction rate. By replacement of the methylene group of EAS
with an oxygen atom, giving a vinyl sulfone ester (such as ethyl
2-(tosyloxy)acrylate (ethyl ester activated vinyl sulfonate or
EVS)), a carbonyl bond would be generated after the AFCT
reaction due to the oxygen atom making the reaction
nonreversible and consequently driving the reaction equili-
brium toward fragmentation.65 Fabricated EVS was used to
initiate the radical photopolymerization of commercial
dimethacrylates (UDMA and 1,10-decanediol dimethacrylate)
with Ivocerin photoinitiator in a DLP 3D-based experiment.
3D photopolymerization proceeded at a higher rate (as
compared to the EAS-based resin), which produced 3D
objects with tough and homogeneous networks.65

3.2. Cationic Systems. Cationic photopolymerization was
first established using cationic photoinitiators of aryl iodonium
salts or sulfonium photoinitiators94−97 which can decompose
under UV light irradiation to produce reactive species. Besides
their use in coatings, these systems have also been used in 3D
applications,98,99 with commercially available epoxy monomers
such as 3,4 epoxycyclohexane)methyl 3,4 epoxycyclohexylcar-
boxylate (EPOX)57,100−102 and bisphenol A diglycidyl ether
(DGEBA)103 (Figure 4). Depending on the molecular

structure of the monomers, their reactivity differs; for instance,
monomers with cycloaliphatic epoxides have high double ring
strain and undergoe fast polymerization.59 Besides, cationic
polymerizable vinyl ether monomers such as 1,4-cyclohexane
dimethanol divinyl ether (CDVE) have been commonly used
in the SLA-based systems.104 For instance, CDVE can be used

in combinations with epoxides to enable fast polymerization
(Figure 4).104 Moreover, disubstituted oxetane (DSO; Figure
4) monomers can be used in cationic photopolymerization
which offer high reactivity (compared to the epoxides) with
comparable low shrinkage rate and improved water resist-
ance.105,106 The interest in using epoxide monomers originates
from their low volumetric shrinkage (∼3%) that occurs during
ring opening photopolymerization.100 For instance, to limit/
avoid the shrinkage effect that is usually observed in the 3D
printed objects via free radical polymerization, Al Mousawi et
al. reported the use of azahelicenes in combination with bis(4-
tert-butylphenyl)-iodonium hexafluorophosphate (Iod) as
visible light photoinitiators to initiate the cationic polymer-
ization of EPOX to fabricate 3D printed objects.100

In theory, the cationic curing process proceeds in a chain
growth mechanism with high number of cross-linking points
along the polymer backbone, resulting in increased brittleness.
To lessen the cross-linking density, chain transfer agents (such
as polyester and polyether diols) can be used at low
concentrations (5−20 wt %).99 The photocurable systems
containing more than one type of monomer with different
reactivity (but similar type of photopolymerization mechanism
which form copolymer) have been extensively used to regulate
the polymerization rate and tune the properties of the final 3D
products, i.e. lowering the curl factors.107 Besides these
systems, the use of photocurable systems containing more
than one type of monomer with different polymerization
mechanism has been also investigated.108 These dual cure
formulations (for instance combination of cationic monomer
of biscycloaliphatic diepoxide and radical-type monomer of
bisphenol A diacrylate derivative68) can form interpenetrating
networks to adjust the photopolymerization rate and cross-
linking density and therefore control the final properties
suitable for different applications.109 Moreover, to avoid the
incompatibility of the two different types of monomers, hybrid
monomer 3,4-epoxy-cyclohexylmethyl methacrylate (contain-
ing both epoxide and methacrylate groups), which can undergo
both cationic and free-radical photopolymerization, can be
used.110 It should be noted that cationic initiators can be used
in combination with the type I radical initiators, in which
radical intermediates generated from radical initiator may react
with iodonium or sulfonium cationic reagents to generate
radical cations.5

4. PHOTOINITIATORS USED IN 3D PRINTING
As elaborated above, photopolymerization reactions can be
either radical or cationic. Initiation occurs under light
irradiation, in which a photoinitiator or photoinitiator system
is responsible to convert photolytic energy into the reactive
species.111 The light source can be in a form of xenon lamps,
mercury arc lamps, LEDs, or lasers. The wavelengths of photon
source can be within UV (190−400 nm), visible (400−700
nm), or IR range (700−1000 nm).112 In the following sections,
we present an overview of the photoinitiating systems
mentioned in the literature for 3D applications. For more
details about the mechanisms involved in the photoinitiation
reactions, refer to other reviews.44,45,113,114

4.1. UV Light-Sensitive Photoinitiator. A number of
commercially available UV-light-sensitive photoinitiators have
been used in 3D applications (Table 1).115,124−135,160,161 The
first photocurable materials reported by Hull contained
benzophenone (Table 1) as a photoinitiator which was
initiated under a 350 W mercury short arc lamp photon

Figure 4. Examples of monomers used in cationic 3D photo-
polymerization.
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source for SLA application.22 This work was extended with a
more efficient photon source (He−Cd laser) to cure resins that
absorb at 325 nm.23 Chiaponne and coworkers have used two
different photoinitiators, namely bis(2,4,6-trimethylbenzoyl)
phenylphosphine oxide (Irgacure 819; BAPO; Table 1) with
absorption in the deep blue to near UV and Irgacure 1173
(Table 1) as a UV-sensitive compound, to initiate the
photopolymerization of PEGDA in a DLP process.37

Chiappone and coworkers also reported the use of Irgacure
819 to initiate the photopolymerization of PEGDA in the
presence of silver nanoparticle precursors via a DLP system.116

3D printed structures were thermally treated to induce in situ
generation of silver nanoparticles within the polymer matrix
and thereby provide electrical conductivity.116

Bashir and coworkers reported the use of a commercially
available UV-sensitive photoinitiator, 2-hydroxy-4′-(2-hydrox-
yethoxy)-2-methylpropiophenone (Irgacure 2959; Table 1) for
the photopolymerization of PEGDA hydrogels using an SLA
process.117 In their approach, NIH/3T3 cells were homoge-
neously distributed within the structure of hydrogels which
showed improved cell viability, proliferation, and spreading.117

In another study by the same group, a UV-curable polymer
solution was prepared consisting of Irgacure 2959 photo-
initiator, a mixture of acrylic-PEG-collagen solution and
PEGDA. This photopolymer solution was cured under UV
laser irradiation (325 nm) for the fabrication of biohybrid
cantilevers.118 Besides Irgacure 2959 with high biocompati-
bility, 2,2′-azobis[2-methyl-n-(2-hydroxyethyl) propionamide]

Table 2. Examples of Visible Light Photoinitiators Used in 3D Photopolymerization Systems

ACS Applied Polymer Materials Review

DOI: 10.1021/acsapm.8b00165
ACS Appl. Polym. Mater. 2019, 1, 593−611

599

http://dx.doi.org/10.1021/acsapm.8b00165


(VA-086; Table 1) photoinitiator has been exploited in
biocompatible 3D printing systems, which has low cytotoxicity
and higher absorption peak (375 nm).119−122 Another water-
soluble photoinitiator is Irgacure 651 (DMPA; Table 1) which
has been used in different 3D printing systems, for example, in
fabrication of biocompatible hydrogel scaffolds with fractal
geometries.51

Another common UV-sensitive photoinitiator is diphenyl
(2,4,6-trimethylbenzoyl)phosphine oxide (Darocure TPO;
Table 1).21,115,123 Recently, Lee and coworkers reported the
potential use of Darocure TPO photoinitiator for SLA-based
3D printing.124 Although this photoinitiator was originally
intended as a UV photoinitiator, its absorption up to 420 was
sufficient to generate radical under visible light irradiation
(>400 nm) and induce the photopolymerization of pentaer-
ythritol tetraacrylate (PETA) and 1,6-hexanediol diacrylate
(HDA). Darocure TPO has the advantage of being colorless
which offers 3D fabrication of objects with optical trans-
parency. Usually, 3D printed constructs with high mechanical
toughness are mostly nontransparent or partially transparent,
while 3D objects with high optical transparency are mostly
PEG-based with soft mechanical properties, restricting
potential bioapplications in tissue engineering. Using Darocure
TPO, the printed constructs showed high transparency with
high mechanical properties as compared to the typical 3D
hydrogel objects prepared using Irgacure 2959. Some of the
photopolymerization reactions require more complex photo-
initiating systems. For instance, a mixture of compounds was
required to initiate the photopolymerization of PEGDA resin
combined with cellulose nanocrystals (CNC) in a SLA-based
3D printing (laser at 405 nm).26 The photoinitiating system
was modified to absorb light at longer wavelength than UV
light, which contains lithium phenyl(2,4,6-trimethylbenzoyl)-
phosphinate (LAP, Table 1), disodium (3Z)-6-acetamido-4-
oxo-3-[[4-(2-sulfonatooxyethylsulfonyl) phenyl] hydrazinyli-
dene] naphthalene-2-sulfonate (RO16), and (2,2,6,6-tetra-
methyl 1-piperidinyloxy) (TEMPO).26 LAP with water
solubility was used to create a balance between photon
absorptivity and biocompatibility, while RO16 and TEMPO
were added to regulate the photopolymerization reaction.
Complex architecture such as a human ear construct has been
3D printed using this system that can be used for tissue
engineering.26

4.2. Visible Light-Sensitive Photoinitiators. Polymer-
ization under visible light irradiation has witnessed huge
interest in the past few years.136−138 Use of visible light can
circumvent the limitations aroused from high-energy UV light
exposure and reduces the risks of eye damage. As compared to
the UV light, visible LEDs are eco-friendly and do not release
ozone while have low thermal effect with long lifetimes.
Moreover, lights with longer wavelengths are also more benign
to living cells and are preferable for biomedical applications
and dentistry.14,139,140 Due to these benefits, the use of visible
light in 3D applications has emerged by taking advantage of
visible light-sensitive photoinitiators (Table 2).14,38,40,100,101

These visible light photoinitiators were commonly used in
research laboratories, and there is plenty of room for their
development industrially.
Liska and coworkers have reported the use of a bimolecular

photoinitiator system consisting of CQ (Table 2) with visible
light absorption and a tertiary amine such as ethyl 4-
dimethylaminobenzoate (DMAB) to initiate the photo-
polymerization under visible light irradiation.141 However,

this system suffers from some limitation such as toxic effect,
the tendency for discoloration of the amine-based coinitiator
and low reactivity.141 Alternative titanocenes photoinitiators
can absorb up to 560 nm; however, discoloration of the cured
material using this system (due to the photobleaching effect of
the photoinitiators) has limited its application.70 Liska,
Stampfl, and coworkers reported the use of a 400 nm LED
array to initiate three different photoinitiators such as Ivocerin
(Table 2), BAPO, and TPO-L to simulate the 3D printing
process of Cubiflow resin (a commercial available 3D printing
resin based on difunctional methacrylates).142 Because the
absorption of these photoinitiators weakly tails out at ∼420
nm, these are not effective under some LED sources with long
wavelength.70

Recently, Xiao et al. reported the use of naphthalimide
derivatives (1,8-naphthalimide derivatives bearing a methacry-
late functional group) as light-sensitive photoinitiators.108,143

The derivatives with the alkylamino substituent at the 4-
position combined with an iodonium salt, N-vinylcarbazole
(NVK), amines, or 2,4,6-tris(trichloromethyl)-1,3,5-triazine)
were employed to induce the cationic or radical photo-
polymerization under visible light sources (such as soft halogen
lamp, laser diode at 457 nm, laser diode at 405 nm, or blue
LED bulb at 462 nm). The reported combinations showed
better performance as compared to the CQ/amine or CQ/
iodonium salt photoinitiator systems.108,143 Enlightened by
these findings, different naphthalimide derivatives were further
synthesized and introduced into two- or three-component
photoinitiating systems in combination with an iodonium salt
(and optionally NVK) or an amine (and optionally
chlorotriazine) to generate reactive species (radicals and
cations) under visible light irradiation.14 These photoinitiating
systems were effective to initiate the cationic polymerization of
epoxides (i.e., EPOX) or the free radical polymerization of
acrylates (i.e., TTA) under different photon sources (such as
LED at 385, 395, 405, 455, or 470 nm or the polychromatic
visible light from the halogen lamp).14 The naphthalimide
derivative with an amino substituent (5-amino-2-benzyl-1H-
benzo[de]isoquinoline-1,3(2H)-dione (NDP2); Table 2)
combined with diphenyliodonium hexafluorophosphate and
NVK were selected to initiate the free radical photo-
polymerization of TEGDMA/tricyclodecane dimethanol dia-
crylate (under air) using a 3D printer with LED projector at
405 nm.14

While photoinitiators with organic structures are commonly
used in industrial light curing applications, organometallic
photoinitiators (photoredox catalysts) have been extensively
exploited in laboratory experiments.144 These metal complexes
offer promising photochemical properties such as strong visible
light absorption, relatively long-lived excited states, and
suitable redox potentials.136,145 These compounds can react
as photoredox catalysts (through either an oxidation or a
reduction cycle)146−148 to produce active species and thus
drive various photopolymerization systems such as photo-
induced atom transfer radical polymerization (ATRP), photo-
induced RAFT, and other polymerization systems.149−154 The
use of photoredox catalysts was also explored in the light
curing 3D applications. For instance, a photoinitiating system
based on copper complexes bearing pyridine-pyrazole ligands
(with relatively high absorption within 350−600 nm range)
was used as a photoredox catalyst to initiate the free radical
polymerization of (meth)acrylates and the cationic polymer-
ization of epoxides under 405 nm LED irradiation.55
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Al Mousawi et al. reported the potential use of zinc
tetraphenylporphyrin (ZnTPP; Table 2)138,155 combined with
Iod as an efficient photoinitiator system to initiate the free
radical polymerization of Bis-GMA and TEGDMA. Combina-
tion of ZnTPP with Iod was also used to initiate the cationic
polymerization of EPOX using a 3D-based LED projector (405
nm).98 Although the use of metal-based photoinitiators has
shown promise in activating photochemical reactions, their
further development is restricted due to the presence of a
metal in their chemical structure, which may result in potential
toxicity, low storage stability, and bioaccumulation (in
biorelated application).156−158 Consequently, the development
of metal-free photoinitiators and organic photoredox catalysts
that can be used in 3D application has been inves-
tigated.54,56,98,102

Enlightened by the use of carbazole derivative as a
photoredox catalyst used in ATRP,159 Laleveé and coworkers
developed new carbazole derivatives with different substituents
as a metal-free photoredox catalyst, which is active in both
oxidative and reductive cycles.56 The presence of a secondary
amine group N(C8H17)2 as an electron donating group and a
nitro group NO2 as an electron accepting group results in a
red-shifted absorption and broadening of the absorption peaks
in the visible range (due to the increase in a push−pull
effect56). These derivatives showed absorption in the 350−500
nm range with high extinction coefficients (i.e., ∼7800 M−1

cm−1 at 405 nm for the carbazole derivatives with halogen
substituents). A developed carbazole derivative, 3-nitro-9-
octyl-9H-carbazole (C2; Table 2) (extinction coefficients
∼11 100 M−1 cm−1 at 375 nm and ∼5100 M−1 cm−1 at 405
nm) combined with Iod were used in a 3D printing experiment
(LED projector at 405 nm) to initiate the cationic polymer-
ization of EPOX under air.56

Despite the successful implementation of these metal-free
carbazole derivatives in the 3D printing experiments, accessible
penetration depth remained relatively low (about 600 μm for
the thickest 3D resolved sample).56,102 Laleveé and coworkers
reported a new generation of metal-free photoinitiators based
on luminescent dithienophosphole derivatives. Due to the high
degree of π-conjugation, these photoinitiators showed long
wavelength absorption in the near-UV or visible ranges
(depending on the substituents) with photoluminescent
properties. Remarkably, 2,6-bis(triphenylamine)dithieno[3,2-
b:2′,3′-d] phosphole oxide (TPA-DTP; Table 2) showed a
broad absorption between 350 and 600 nm, with a very high
extinction coefficient (∼30 000 M−1 cm−1) at 465 nm.
Combination of TPA-DTP with Iod was effective to initiate
the free radical polymerization of methacrylates (Bis-GMA/
TEGDMA 70%/30% w/w) under air in a laser-based 3D
experiment (405 nm). Notably, using this photoinitiating
system a well-resolved thick sample (up to ∼2 mm) was 3D
printed in a short printing time (<1 min for a 2 cm length
logo).54 In another approach, Al Mousawi et al. reported the
use of naturally derived 3-hydroxyflavone (3HF; Table 2) as a
visible light initiator.57 3HF compound offers a few unique
properties such as (i) long wavelength absorption in the visible
range, (ii) biocompatibility, and (iii) low toxicity, which makes
it an excellent candidate for safe 3D printing applications. 3HF
combined with an amino acid (N-phenylglycine, NPG) was
used to initiate the free radical polymerization of Bis-GMA/
TEGDMA under air with 1.4 mm-thick samples (LED
projector at 405 or 477 nm). The 3HF/NPG system offered
fast photopolymerization rate, resulting in methacrylate

conversion of ∼71% after 100 s of irradiation with LED at
405 nm.57 Besides the aforementioned systems, a number of
photoinitiating systems with the ability to absorb in the visible
range and initiate 3D photopolymerization (such as Tris(2,2-
bipyridyl) dichlororuthenium(II) hexahydrate (Ru)12,77 and
eosin Y122) have been investigated (Table 2). However, there
is still plenty of scope for further innovative studies in the
development of 3D photopolymerization under light with
higher wavelengths (see Section 6.5).

5. NIR-DRIVEN 3D PHOTOPOLYMERIZATION
SYSTEMS

NIR light offers advantages over UV and visible light with less
photodamage, lower scattering, and higher penetration
depth.16 One possible way to use NIR light in a 3D process
is the use of two-photon initiators.162 The idea of two photon
absorption (TPA) was first predicted by Maria Göppert-
Mayer,163 which was further developed after the availability of
solid-state femtosecond pulsed lasers required to activate the
nonlinear TPA process. Taking advantage of the TPA process,
two-photon polymerization (2PP) has been extensively
explored.164,165 This technique has also been used in 3D
printing application,52,166 and 3D printer manufacturers (such
as Nanoscribe) use 2PP 3D printing technology in their
systems for microfabrication. We refer readers to few
comprehensive reviews for further information.165−167

Although 2PP process has the advantage of using NIR light,
its application is limited due to (i) the small TPA cross
sections of common chromophores and their high fluorescence
quantum yields (ΦF),

168 resulting in a long curing process, and
(ii) the necessity of using expensive pulsed NIR lasers at high
intensities. One possible solution to overcome these issues is
the use of lanthanide-doped upconversion nanoparticles
(UCNPs).140 UCNPs have the ability to “sequentially” absorb
two or more low energy NIR photons and emit high-energy
light in the UV, visible, and shorter wavelengths of NIR (800
nm).138,169 As opposed to the two-photon process, UCNPs
can be excited with a relatively moderate intensity continuous-
wave lasers (several orders of magnitude lower than that for
simultaneous TPA).140 The excitation light required to
stimulate UCNPs (usually centered at 975 nm for ytterbium-
sensitized UCNPs), corresponds to the low-loss optical
window of frequently used monomers and polymers,
suggesting minimal absorption and scattering loss by the
polymeric materials.170 Due to these properties, UCNPs have
been used to initiate the photopolymerization of various
monomers171−176 and photocurable materials177 and very
recently used to construct 3D objects.178−179

For example, Meńdez-Ramos and coworkers demonstrated
the use of UCNPs as a localized UV light source for 3D
fabrication of PEGDA-based resin. Under 980 nm laser
exposure, upconverted UV/blue emissions (290−360 nm)
from thulium (Tm)-doped UCNPs, which overlap with the
absorption of Irgacure-819 photoinitiator, was used to initiate
the photopolymerization of PEGDA. A qualitative demon-
stration of UCNP-assisted NIR-activated 3D fabrication was
also proved.178 Khaydukov, Guller, and coworkers also
reported the use of NIR light and UCNPs to initiate a 3D
printing process.17 Upon 975 nm irradiation, upconverted
emissions (288, 345, and 360 nm) initiated the Darocure TPO
photoinitiators present in a commercially available photoc-
urable resin (E-shell 300, EnvisionTEC) and consequently
activated the photopolymerization process. Using this
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approach, macro- and microstructures were printed using
layer-by-layer drawing directly in the resin volume.17 In a
recent patent, Tumbleston and coworkers also exploited
UCNPs (i.e., NaYF4:Yb/Tm) as a localized light source to
initiate 3D photopolymerization of various types of photoc-
urable resins (such as PEGDA).179

6. EVOLUTION AND FUTURE DIRECTION OF 3D
PRINTING USING PHOTOPOLYMERIZATION

As elaborated above, various photocurable formulations have
been used in a 3D printing process, offering different chemical
and mechanical properties. Although developed systems show
great promises in 3D applications, they cannot fulfill all the
desired requirements of the final products. Therefore, to
further extend and expand the scope of 3D printing
applications, more innovative studies are required to tailor
the final properties of the 3D printed materials. The areas and
opportunities that require further exploration are (i) improving
the biocompatibility of the 3D printed materials, (ii) further
development of 4D printing, (iii) design of the 3D printable
materials with living features using controlled living radical
polymerization techniques, (iv) tuning the physicochemical
and mechanical properties of the 3D printed materials, and (v)
shifting the initiation wavelength required to activate the 3D
photopolymerization toward longer wavelengths.
6.1. Photocurable Formulations with Enhanced

Biocompatibility. 3D bioprinting is a term referring to
techniques used for 3D fabrication of biocompatible materials,
functional tissues, and organs with precise control over the
deposition of cells.13,180,181 The development of 3D bioprint-
ing has attracted attention in applications such as tissue
engineering and regenerative medicine.180−182 However,
available photocurable resins are mostly restricted for
bioapplications due to their low biocompatibility, transparency,
elasticity, etc. Commonly used (meth)acrylate resins show
high irritancy levels or even cytotoxicity in the uncured
state.40,77,183 Leakage/leaching of the unreacted monomer/
oligomer (as a result of low conversions of these resins) can
cause health risks when they are in direct contact with the
human body. Possible hydrolytic degradation of the (meth)-
acrylate-based complex leads to the formation of (meth)acrylic
acid which can decrease the local pH and adversely affect the
physiological properties.184 Biodegradation of polymer materi-
als (such as implanted material) is another important factor
limiting the regenerative medicine and tissue engineering.76

Moreover, only limited commercially available photoinitiators
show adequate water solubility and biocompatibility.38 There-
fore, specialized biomaterials (otherwise known as bioinks in
the 3D field) with specific rheological, biological, mechanical,
and chemical properties alongside with high biocompatibility
must be developed.
Among various biocompatible polymers that are approved

by United States Food and Drug Administration (FDA) and
can be used for clinical applications (e.g., polycaprolactone,
poly(lactic acid) and poly(glycolic acid)), PEG-based materials
offer hydrophilicity, biocompatibility, and ability to be
chemically functionalized.185,186 The use of PEG-based 3D
materials has been also explored using SLA and DLP
processes.26,50,118,187,188 For instance, using SLA-based 3D
printing, Basit and coworkers fabricated PEGDA-based tablets
(encapsulating 4-aminosalicylic acid and paracetamol as model
drugs) with a controllable drug release profile.189 Further,
gelatin-based systems show high water solubility and are also
known to support cell adhesion and proliferation.190 These
features make them a suitable candidate for 3D bioprinting.
For instance, methacrylated gelatin (GelMA) was employed to
fabricate biocompatible 3D hexagonal liver lobule-like tissue
consisting of hepatocytes and supporting cells via a DLP-based
process.190 The diversity and applicability of the available
biocompatible and biodegradable formulations are limited, and
further investigation into the biocompatible 3D printable
systems is greatly demanded.

6.2. 4D Printing. 4D printing with the fourth dimension
being time has been developed in the past few years.191,192 4D
printing offers a 3D printed object to evolve its shape,
property, and functionality with time in response to an external
stimulus such as water, temperature, pH, light, etc.193−198 For
instance, Fang and coworkers synthesized solvent-responsive
shape-shifting 3D structure which can be patterned using a
DLP projector.199 In their approach, hydrophilic PEGDA and
hydrophobic poly(propylene glycol) dimethacrylate were
photopolymerized to form a bilayer hydrophilic/hydrophobic
composite. This composite showed a strain mismatch during
swelling that can induce a controlled shape shifting (Figure
5).199 Using a SLA printer, Magdassi and coworkers reported
the 3D fabrication of shape memory objects using methacry-
lated polycaprolactone, which can be used in flexible and
responsive electrical circuits.6 In microfluidic field, valves that
are capable of controlling flow in response to changes in the
flowing solution are of practical importance. Cohn and Dutta

Figure 5. (a) 3D hydrophilic/hydrophobic composite shape-shifting structures (scale bar: 10 mm). (b) A strip that deformed to “S” shape after
swelling in water. A sequential water-responsive “S” strip. (c) A sequential water-responsive flower (scale bar: 10 mm). Reproduced with
permission from ref 199. Copyright 2018, American Chemical Society.
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fabricated a 3D printed macroscopic valve (using a SLA
printer) composed of dually responsive hydrogels with the
ability to respond to the fluctuations in temperature and pH.
This valve consisted of the reverse thermoresponsive
methacrylated poly(ethylene oxide)-poly(propylene oxide)-
poly(ethylene oxide) which was copolymerized with acrylic
acid as a pH-sensitive monomer. Due to the “on demand”
responsiveness and ability to change in size and geometry,
these hydrogels can be used in medical device field.197

Besides the aforementioned features, 4D bioprinting is a
useful tool for biomedical applications due to their ability for
postmaturation of printed cell populations within the printed
scaffolds.200 With the involvement of time, living cellular
constructs can continue to evolve after being printed,
facilitating the fabrication of tissue constructs with properties
that are similar to the native tissues.200 However, current
photocurable materials and printing technologies suitable for
4D printing are limited. Polyjet printing and extrusion printing
are the most commonly used methods for 4D printing which
both have some limitations, for example, polyjet printing has
limited material choices, while extrusion-based printing suffers
from slow printing speed and relatively low resolution.
6.3. Controlled Living Radical Photopolymerization.

Although 4D printing allows a 3D printed object to change its
shape with time, the chemistry of free radical polymerization
produces polymer products that are not “living”, which cannot
be reinitiated to introduce new monomer/functionalities/

properties in a living manner. To design a living 3D printing
approach, a highly efficient light-regulated controlled living
radical polymerization is required. UV light-induced introduc-
tion of monomers into the formed polymer network has been
experimentally investigated.201,202 For instance, a thermores-
ponsive N-isopropylacrylamide (NIPAAM) monomer was
introduced into the strands of formed polymer networks
containing trithiocarbonate (TTC) iniferters.201 The solution
homogeneous polymerization showed good evidence of living
character; however, gel growth systems did not show living
behaviors. This was due to the mechanism of UV-induced
polymerization using chain transfer agents, which involves its
photolysis to generate a propagating carbon-centered radical
and an unstable TTC radical. In the gel growth system, light
photons were mostly absorbed by the areas of the object close
to the surface and underwent uncontrolled polymerization
(decomposition) with no evidence of living chain growth
throughout the entire network.201 In a similar study, Kloxin
and coworkers incorporated a dithiocarbamate iniferter within
a polyurethane network to create a dynamic network with the
ability to heal and strengthen. Under low intensity UV light
irradiation, the carbon−sulfur bond of the incorporated
dithiocarbamate iniferter could be cleaved to generate a radical
and activate a free radical polymerization of the embedded
dimethacrylate monomers. This results in an increase in the
cross-link density and modulus of the materials. Although
using the photoiniferter property of the chain transfer agents

Figure 6. Photoredox catalyzed growth (PRCG) of cross-linked polymer gels. (a and b) Proposed mechanism of PRCG polymerization using PTH
and a network comprised of strands bearing TTC iniferters. (c) Optical images of parent gel I and daughter gels swollen in pure water at 20 °C.
Reproduced with permission from ref 18. Copyright 2017, American Chemical Society.
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was efficient to tune the network properties, the UV-induced
photolysis mechanism is not controllable at the molecular
level. This is in part due to the formation of unstable TTC
radical intermediates with irreversible termination.202

An alternative approach is the use of a mechanism with
different “reactive intermediates” such as a photoredox
catalyzed RAFT polymerization, in which a photoredox
catalyst activates RAFT polymerization via a photoinduced
electron/energy transfer between the catalyst and the RAFT
agent, allowing controlled living radical polymeriza-
tion.41,137,203−208 Although photoredox catalyzed light-regu-
lated polymerization technique has been utilized in a variety of
contexts,155,209,210 its application in 3D printing has not been
systematically explored. Only recently, Johnson and coworkers
reported a proof-of-concept study of “living” 3D printing via
photoredox catalyzed growth of uniform polymer gels.18 Parent
gel networks bearing TTC iniferters were synthesized in the
presence of a photocatalyst (10-phenylphenothiazine, PTH;
0.03% molar ratio of monomer) and monomer (such as
NIPAAM, n-butyl acrylate or poly(ethylene glycol) methyl
ether acrylate). The formed parent gel was then exposed to a
blue LED light (410 nm) to excite PTH photocatalyst and
hence activate photoinduced electron transfer to the network-
conjugated TTC agent. The propagating strand can grow via a
RAFT process; this means it can undergo degenerative chain
transfer with nonactivated network-conjugated TTC. In the
absence of light, the cleaved strands would reconnect, while
back electron transfer to the photocatalyst radical cation
occurs. This photoredox catalyzed RAFT process allows
insertion of new monomer into the network in a living
fashion. Depending on the monomers nature and cross-linker
amount, daughter gels with different chemical and mechanical
properties can be obtained from a parent gel (Figure 6).18

These findings can open a new way to fabricate 3D printed
materials with living charcters, however, more systematic
studies is needed before it can be used in a 3D printer.211 In
addition, the rate of controlled living radical polymerizations
(such as photoredox catalyzed RAFT) is lower than the free
radical polymerization, which might be a limiting factor to
broaden the scope of its application in the 3D printing field
with the need of fast build speed.
6.4. Tuning the Physicochemical and Mechanical

Properties of the 3D Printed Materials. Photopolymeriza-
tion-based techniques enable 3D fabrication of complex
multifunctional materials with good control over the final
properties required for various applications. One of the main
drawbacks of the photopolymerization-based systems is the
brittleness (poor impact resistance) due to the formation of
inhomogeneous polymer network with high cross-link density.
Strategies such as use of different forms of photopolymeriza-
tion (i.e., thiol−ene chemistry (Section 3.1.2), use of AFCT
(Section 3.1.3), or dual cure networks (Section 3.2)) can
improve the molecular architecture of the polymer networks
and enhance the mechanical properties of the 3D materials.59

Besides these strategies with the focus on changing the
chemistry of photopolymerization, efforts have been devoted
to improve the toughness of the materials by addition of
flexible oligomers into the photocurable resins.48 For instance,
addition of siloxane which has a semiorganic structure with
excellent structural flexibility can change the reactivity,
adhesion, surface energy, thermal stability, and also hydro-
philicity of the 3D printed materials. Siloxanes have the
tendency to move toward the lower surface tension (i.e., air),

which in the layer-by-layer nature of SLA process, this would
result in the diffusion of siloxane to the surface of each layer
and act as a filler in between the polymer matrix layers and
therefore alter the roughness of the final printed materials.
Advincula and coworkers reported the use of a liquid siloxane
precursor (methacryloxypropyl methylsiloxane) combined
with commercially available methacrylate oligomer to offer a
siloxane-methacrylate photocurable resin.48 Using a SLA-based
3D printing system (laser at 405 nm), 3D materials were
produced with a decrease in the glass transition temperature
value, surface energy, and tensile strength. In contrast, an
increase in tensile toughness, ductility, compression break
yield, and modulus was obtained.48 Another study by the
Advincula’s group showed that by addition of CNC into the
PEGDA resin, 3D objects with improved mechanical and
chemical properties can be obtained.212

3D printed materials with high elasticity and stretchability
are also desired for various applications.213 In particular,
elastomeric soft robotic systems require soft, elastic, flexible
constituents to offer reasonable degrees of freedom and ability
to exhibit large deformation. These properties would create a
safe and smooth interaction with humans. Fabrication of soft
robots is mostly obtained using “thermal” curable silicon
rubber such as Ecoflex and Sylgard in a multistep molding and
casting manufacturing approach, resulting in a limited
geometric complexity.214,215 There are a few commercially
available UV curable resins with elastomeric properties
(Carbon EPU 40, Stratasys TangoPlus, Formlab Flexible, and
Spot-A Elastic) that can be used in SLA or DLP systems.32

However, these materials have certain limitations: (i) low value
of the elongation at break (∼170−220%) and (ii) fixed
mechanical properties (Young’s modulus) obtained from
commercial products than cannot be tuned.32 To tackle
these issues, Magdassi and coworkers fabricated highly
stretchable and UV curable (SUV) elastomer systems suitable
for 3D printing process.32 A monofunctional monomer of
epoxy aliphatic acrylate (EAA), a difunctional cross-linker
(aliphatic urethane diacrylate (AUD)), and TPO were mixed
to prepare the SUV elastomer resin. The addition of AUD
which consists of soft compartment of aliphatic chains and
hard compartment of urethane units offers flexibility. The
modified SUV resin was photopolymerized using a DLP 3D
printer (385 nm), which produced highly deformable and
complex 3D structures (such as an isotropic truss structure and
negative Poisson’s ratio structure).32 The stretchability of the
printed elastomers (up to 1100%) was five times higher than
the elongation at break of the commercial UV curable
elastomers and comparable to the highly stretchable silicon
rubber.32

6.5. Shifting the Initiation Wavelength toward
Longer Wavelengths. As elaborated in Section 4, the
selection of excitation source is of critical practical importance
to activate a photochemical reaction as chromophores are able
to interact with photons of different wavelengths depending on
their electronic configuration.216 In early photopolymerization
systems, photoinitiators with high molar extinction coefficients
at short wavelength were used to initiate the photochemical
pathway (Table 1).111,112 Although these photoinitiators
offered good control over the photopolymerization systems,
prolonged exposure to high energy wavelengths might result in
side reactions with degradation of reactant and product. UV
photons also present low penetration, and therefore, in the
field of 3D printing, the accessible layer thicknesses usually
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remain low (below ∼100 μm), resulting in a slow 3D printing
rate (specifically for large objects).54 Moreover, in the field of
3D bioprinting, the use of UV light also presents risk of cellular
photodamage resulting in chromosomal and genetic instability
in cells.12 Therefore, development of photoinitiator systems
with enhanced absorption in the longer irradiation wavelengths
has been one of the main focuses of the 3D photo-
polymerization technologies with the aim of: (i) obtaining
mild and safe condition of 3D printing, (ii) reaching higher
penetration depth (layer thickness) resulting in enhancement
in the photopolymerization rate, and (iii) providing a system
that is benign to living cells for tissue engineering applications.
Thus far, a number of photoinitiating systems with the ability
to absorb in the visible range and initiate 3D photo-
polymerization have been investigated (Table 2). However,
there are still plenty of possibilities for further innovative
studies of 3D photopolymerization using previously established
photoinitiators with absorbance in longer wavelength range
(presented in Figure 7) or development of new photo-
initiators/photocatalyst to drive the photochemical reactions in
the 3D printing systems.

7. CONCLUSION
3D printing techniques based on photopolymerization such as
SLA, DLP, and CLIP enable relatively fast and controlled
construction of various architectures without the need for
molds or machining. Using polymer chemistry-related
innovations, 3D photopolymerization has opened new
directions in various fields such as microfluidics, dentistry,
biomedical devices, tissue engineering, and drug delivery.
Nonetheless, despite its rapid growth, several challenges
remain that limit its further progress. First, more diverse
biocompatible materials with specific rheological, biological,
mechanical, and chemical properties that can be used for 3D
(or 4D) bioprinting application must be developed. In
addition, 3D technologies with higher printing speed and
resolution must be developed. Second, innovative studies are

required to produce 3D materials with living features that can
be reinitiated to introduce new properties in a living manner.
Third, the physicochemical and mechanical properties of the
3D printed materials must be further expanded by changing
the chemistry of photopolymerization or use of additives to
produce materials with desired properties. In addition, because
3D photopolymerization produces thermosets, more consid-
eration on the degradability and recycling of the 3D printed
objects is required to lessen the environmental contaminations.
Fourthly, the development of photocurable formulations that
can be photopolymerized under longer wavelengths irradiation
is of considerable importance to obtain mild and safe condition
of 3D photopolymerization while reaching higher penetration
depth. Taken all together, this field is evolving at a very fast
pace, and there is plenty of scope for further advanced studies.
This extremely active research area requires multidisciplinary
collaborative research, and it is expected to open new promises
in numerous applications for industries.
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Figure 7. Examples of chromophores used as photoinitiator/photocatalysts in photopolymerization systems: oil blue N (OBN),217 pheophorbide a
(Pheo A),155 bacteriochlorophyll a (BChl a),218 and aluminum phthalocyanine (AlPc).208 Note 1: Some of these chromophores (such as ZnTPP)
have multiple absorption peaks. Note 2: Some of these photoinitiators have been employed in 3D photopolymerization (refer to Tables 1 and 2)
and are mentioned here for the sake of comparison.

ACS Applied Polymer Materials Review

DOI: 10.1021/acsapm.8b00165
ACS Appl. Polym. Mater. 2019, 1, 593−611

605

mailto:Ali.bagheri@auckland.ac.nz
mailto:j.jin@auckland.ac.nz
http://orcid.org/0000-0003-3484-5856
http://orcid.org/0000-0002-5521-6277
http://dx.doi.org/10.1021/acsapm.8b00165


■ REFERENCES
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