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Abstract: Significant advances have been made in recent years in the materials development of liquid-
based 4D printing. Nevertheless, employing additive materials such as nanoparticles for enhancing
printability and shape memory characteristics is still challenging. Herein, we provide an overview
of recent developments in liquid-based 4D printing and highlights of novel 4D-printable polymeric
resins and their nanocomposite components. Recent advances in additive manufacturing technologies
that utilise liquid resins, such as stereolithography, digital light processing, material jetting and direct
ink writing, are considered in this review. The effects of nanoparticle inclusion within liquid-based
resins on the shape memory and mechanical characteristics of 3D-printed nanocomposite components
are comprehensively discussed. Employing various filler-modified mixture resins, such as nanosilica,
nanoclay and nanographene, as well as fibrous materials to support various properties of 3D printing
components is considered. Overall, this review paper provides an outline of liquid-based 4D-
printed nanocomposites in terms of cutting-edge research, including shape memory and mechanical
properties.

Keywords: additive manufacturing (AM); shape memory (SM); polymer nanocomposites; stere-
olithography (SLA); digital light processing (DLP); material jetting (MJ); direct ink writing (DIW)

1. Introduction

In recent years, shape memory polymers and their composites (SMPs/SMPCs) have
attracted substantial attention due to ease of processing, lightweight properties and low cost
compared to their metallic counterparts, namely shape memory alloys. SMPs are materials
that can recover from temporarily induced deformations to their original shape. Most SMPs
are chemically crosslinked (thermosets) or physically crosslinked (thermoplastics). The two
stages of the shape memory effect (SME) for the SMPs are shape fixing (temporary shape)
and shape recovery (permanent shape). Many conventional fabrication methods have
been used to develop shape memory polymers. However, the need for complex geometric
designs exhibiting shape memory behaviour has compelled researchers to ponder the
compatibility of these materials with 3D printing fabrication methods, which offer leading
production technology to achieve such designs. In accordance with the recent additive
manufacturing (AM) standard ISO/ASTM 52900:2021 [1], there are different categories
of AM technologies that can be used to fabricate shape memory components in order
to employ them in various innovative applications (Figure 1). Therefore, 3D printing
(3DP) publications of shape memory polymers have rapidly increased in the last ten years
(Figure 2). The shape memory polymer market size was USD 450 million in 2021, and it is
forecast to grow by 2030 to become around USD 3.5 billion, driven by the growing product
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demand in the automotive, aerospace, etc., sectors using various polymeric materials, such
as polyurethane, poly(vinyl chloride), acrylic and epoxy [2].
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Figure 1. Applications for SMPs/SMPCs [2]. Copyright © 2022 Elsevier.
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Figure 2. The number of publications related to 3DP of SMP since 2013 (data from Web of Science,
2022).

In essence, 4D printing (4DP) is a process by which 3D-printed components can
be programmed to transform their shape over time when exposed to external stimuli.
The 3D-printed component has only one static structure. In comparison, the 4D-printed
smart component has at least two smart states, i.e., static and dynamic structures. The
smart dynamic structure is activated by an external stimulus, triggering the shape and
morphological transformations that can be effectively controlled and linked to macro-
scopic movements [3,4]. The smart component recovers its original shape in response to
a specific stimulus depending on the requirements of end use, such as physical stimuli
(thermosensitive [5], light-responsive [6], electrical/magnetic-responsive [7], etc.), chemical
stimuli (moisture-responsive [8] and pH-responsive [9]) and biological stimuli (biomolecule-
responsive) [10].

Liquid-based 3DP technology has received renewed interest by employing innovative
polymeric resins. Liquid-based additive manufacturing technologies can be divided into
three methods depending on the process of curing resin by the principle of building
structure layer-by-layer polymerisation. These methods include (i) photopolymerisation,
where the liquid precursor is crosslinked by UV or laser-light scanning; (ii) material jetting,
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where the liquid resin is jetted onto a substrate, followed by UV curing right after; and
(iii) DIW material extrusion, where the liquid resin with desired thixotropic rheology is
extruded from a nozzle and deposited to form a 3D structure [11,12]. Recent developments
have extended the materials manufacturing library thanks to the numerous advantages
of photopolymerisation (also known as photocuring or photocrosslinking and mainly
used for thermoset resins). Therefore, various 3D printers have been used, including
stereolithography (SLA), digital light processing (DLP), continuous liquid interface printing
(CLIP), two-photon absorption (TPA), liquid crystal display (LCD) and volumetric 3DP
(V3DP) [13–16]. On the other hand, material jetting techniques, such as continuous ink
jetting (CIJ) and drop-on-demand (DoD), have attracted significant attention due to several
advantages for their printed components, such as multicolour materials, good surface finish,
high dimensional accuracy and homogeneous mechanical properties [17–20]. Further, the
material extrusion technique, i.e., DIW, has emerged as the most versatile 3DP technique
for the broadest range of materials [21–23]. Figure 3 presents the liquid-based 3D printing
methods and their materials’ shape memory characteristics.
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The photopolymerisation method transforms the liquid monomer into a solid polymer
via a light-curable reaction with the presence of a photoinitiator. The photoinitiator is a light-
sensitive material that can absorb UV light and convert photolytic energy to create an active
species that reacts with the monomers to initiate polymer chain growth [24]. There are
several benefits for photopolymerisation compared to conventional polymerisation, such
as less energy consumption (lower reaction temperature), reduced waste and fast curing
under mild conditions (even at room temperature). In addition, photopolymerisation
technology is considered to have low energy consumption and, thus, is friendly for the
environment [25,26]. In general, there are two methods of photochemical photoinitiator-
initiated polymerisation, namely radical and cationic; every technique has limitations and
benefits [27,28].

The material jetting (MJ) method drops the photopolymer resin over a selected area
by exposing it to UV light as a curing technique to produce a layer. It can be either jetted
with resin when required (DoD) or utilise continuous jetting (CIJ) in accordance with the
component shape [19]. MJ 3DP has a unique fabrication process that brings high speed
and accuracy together in a multicolour, multi-material process in printing liquid-based
components [29]. The main parts of the material jetting 3D printer are print heads, UV
light sources, build platform, levelling blade and material containers. Many materials
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can be used in jetting techniques, such as casting wax, thermoplastic, thermosetting and
elastomeric polymers [20,30].

Direct ink writing is a material extrusion technique that uses materials, such as
monomers/oligomers, crystal/silicone elastomers, crosslinkers and fillers. The most criti-
cal issue facing DIW 3DP is modified ink’s rheology to be printable thixotropic fluid; this
modification can be achieved by incorporating additives such as nanoparticles. In addition,
DIW requires the material to be shear thinned for extrusion through a fine nozzle and
maintain its shape after extrusion.

However, finding a compatible liquid-based resin to fabricate 3D-printed components
having good shape memory, mechanical and thermal characteristics is still a substantial
challenge for researchers. This returns to the selection process for the monomer/oligomer,
initiator, additive, rheology modifier, polymerization type and power/wavelength of
light [31,32]. A systematic review methodology aimed to investigate the growth in publica-
tions related to 4D printing in the last ten years. The data from relevant papers, i.e., research
articles, review articles, conference articles, book chapters and case studies, were collected
from different science citation-indexed journals using the keywords “3D print* shape mem-
ory polymer” and “4D printing” in the title, keywords and abstract. The research direction
of this review aims to provide a comprehensive insight into the recent developments in
liquid-based 4DP technologies and highlights novel 4D-printable polymeric resins and
their nanocomposite components.

The organisation of this review paper is as follows: First, a general introduction on
liquid-based 4DP and its technologies with an emphasis on SMPs is provided, followed by a
detailed explanation on the working of liquid-based 3DP techniques. Then, the mechanisms
of 4DP and SMP are described. Furthermore, materials for photopolymerisation, jetting
and DIW extrusion techniques are comprehensively represented based on a literature
review of the current work, which focuses on the effect of the inclusion of photoinitiator,
nanoparticle and micro/nanofibre on the polymerisation process, shape memory properties
and mechanical characteristics of the 3D-printed components. Finally, the conclusion and
future scope in this review outline the challenges facing liquid-based 4DP technologies and
their key solutions.

2. Liquid-Based 3DP Techniques

The evolution of additive manufacturing technologies has enabled the industry to
develop complex-shape polymer-based parts for novel applications at lower costs [33–36].
Developed liquid resins are often used to fabricate smart components via a range of rapid
prototyping methods based on photopolymerisation, material extrusion or material jetting
techniques [35–39].

When employing additive manufacturing to build a part, it is crucial to keep in mind
that the x- and y-axes are related to the build platform plane, while the z-axis corresponds
to the axis of vertical motion of the build platform. Each part’s layer may be understood
as a set of coordinates (pixels) on a plane. Thus, the spatial resolution, i.e., related to
x- and y-axes, arises from the building spot precision and accuracy, related to the AM
technique’s constructive process, whilst the resolution on the z-axis is mainly associated
with the system’s ability to control the vertical motion of the build platform [40–42].

This section will discuss the liquid-based 3D printer technologies, i.e., photopolymeri-
sation, material jetting and DIW material extrusion techniques.

2.1. Photopolymerisation Techniques

The strategy of photopolymerisation is based on using liquid-state monomers/
oligomers in the presence of a photoinitiator material, which can be polymerised via
a photochemical reaction under radical, cationic or mixed-mode mechanisms during ex-
posure to UV or laser irradiation, with a specific wavelength and curing depth [25,43]. In
addition, some materials can be included in the mixture resin, such as a diluent/solvent,
particle and fibre. The performance of the 3DP using the photopolymerisation technique
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depends on the components, such as a light source, curing direction, build platform and
resin tank. The light source can be xenon lamps, mercury arc lamps, LEDs or lasers. Several
3D printers use this technology in producing shape memory components, such as SLA,
DLP, CLIP and LCD, which are discussed in this section [39,44].

2.1.1. Stereolithography (SLA)

The SLA technique builds a 3D part by focusing a UV laser on the photopolymerisable
resin to link the molecule chains [40,45]. The apparatus consists of a vat containing liquid
resin and a movable build platform (Figure 4). The conventional apparatus layout has a
UV source, an x-y scanning mirror over the resin and a platform that moves downwards as
the UV laser beam locally cures the resin, i.e., photopolymerises the resin layer by layer.
The inverted layout has a UV-transparent window on the bottom of the vat, and the UV
source and the x-y scanning mirror are placed under the vat, the build platform moving
upwards as the resin is locally UV cured layer by layer [41,45,46]. The time required to
print each layer relies on the UV laser beam speed and the irradiated area. These, in turn,
are a consequence of a set of scanning mirrors, which reflect the laser beam along the x-y
plane, photocuring the resin pixel by pixel, so that the surface of the photoreactive resin is
sequentially exposed to the scanning laser beam [41,46]. When completing printing, the
object is pulled out from the remaining resin in the vat. It is cleaned with a cleaning agent,
e.g., isopropanol, to remove any unreacted resin and then is subjected to a UV post-curing
stage to improve the part’s final properties [40].
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For instance, researchers have already demonstrated the effective use of liquid-based
resins consisting of photoreactive liquid and fillers, such as silver nanoparticles, cop-
per powder, halloysite nanoclay, montmorillonite and fibres, employing these materials
for SLA 3D printing [47,48]. Furthermore, SLA has facilitated the advancement of 3D-
printable stimuli-responsive materials, often utilising epoxy- and acrylate-based liquid
resins [49–52] that contain fillers, such as preformed polymeric particles [50] or magnetic
iron oxide nanopowder [53]. Variations of SLA, such as mask image projection-based
stereolithography (MIP-SL), projection micro-stereolithography (PµSL) and two-photon
polymerisation-based printing (2PP), have also been employed within this context [54–56].

2.1.2. Digital Light Processing (DLP)

The DLP technique is a variation of SLA and differs from the latter as it can irradiate
each whole layer at once, through a selectively masked light source, instead of having
a laser beam that operates on a pixel-by-pixel basis [46,57,58]. The equipment layout is
very similar to an inverted SLA; however, instead of having scanning mirrors and a UV
laser beam, there is a UV digital projector and a set of micro-mirrors (Figure 5) that can
simultaneously irradiate each pixel, which allows for the whole layer to be exposed at a
single step and to cure at the same time as well [46,57,58]. In this case, the time required to
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print each layer does not depend on the area to be printed, and the overall process speed is
higher than that of SLA. The usage of DLP technology for stimuli-responsive materials has
already been reported in the literature [37,58–66].
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2.1.3. Continuous Liquid Interface Printing (CLIP)

CLIP arises as a development from the DLP system, having the same irradiation
technology, but allowing the part to be built uninterruptedly with a continuous liquid
surface, i.e., the build platform is constantly moving rather than stepwise, as in conventional
vat photopolymerisation techniques (Figure 6). This behaviour leads to avoiding layer
separation and recoating so that the printing process is claimed to be even faster, as there
is no need to pause it between each printed layer [41,67–69]. The main advantage of
CLIP is the polymerisation inhibition due to the oxygen content in the dead zone, causing
the partially consumed reagents at the bottom region of the solid to behave like a living
polymerisation system as the liquid interface is continuous [70,71].
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In this method, the UV laser beam irradiates the bottom of the vat, projecting the cross-
section of the part to be printed; the cross-section projection is continuous and changes
progressively like a film instead of launching each layer at a specific time. The printed com-
ponent is continually moved up, allowing enough time for the photosensitive monomers to
react and for the liquid resin to flow underneath the last cured resin portion [72,73]. This
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behaviour produces a “dead zone”, i.e., a permanent liquid interface between the solid
and the UV-transparent window, where, due to an oxygen-permeable membrane placed
beneath the resin, the monomer is prevented from reacting as a consequence of the higher
oxygen concentration [70,71]. Regarding liquid-based pastes, Ware and Sun (2019) reported
the formulation of ceramic-loaded composite inks consisting of photoreactive resin and
hydroxyapatite nanoparticles, which were printed through micro-CLIP [74].

2.1.4. Liquid Crystal Display (LCD)

Further development from DLP has led to LCD-based stereolithography. In this
method, the micro-mirror and lens set is replaced with an LCD screen powered by UV-
emitting LEDs. These, like DLP, can irradiate or suppress each pixel; therefore, as the LEDs
project the part’s cross-section, the liquid crystal screen launches this projection through the
UV-transparent window to the resin in the vat [75]. The LCD-SLA also allows the whole
layer to be exposed at a single step and to cure simultaneously, building the part layer by
layer (Figure 7). Employing LCD-SLA for shape memory 4D-printed polymeric resins has
effectively proved the ability of this technique to print high-quality 4DP components [76,77].
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2.2. Material Jetting Techniques

In contrast to vat photopolymerisation 3D printers, material jetting technologies
enable one to print different polymer materials in a single process, offering, for instance,
the possibility to change colours, formulations or fabricate parts that have specific features
localised at different positions [78,79]. In the case of photopolymers, material jetting
relies on depositing droplets of liquid photoreactive resin on an x-y plane, which are
immediately irradiated by a UV laser to initiate polymerisation at that spot and prevent
material waste, by-products and debris [80–83]. These technologies evolved from single-
layer 2D-printing techniques; hence, the three-dimensional part is built as ink deposited
layer by layer [81,82,84]. The MJ printer jets at least two materials, i.e., build material and
support material [85]. After printing, the jetted materials will be immersed in a solution to
dissolve the support material. Some technologies, such as Stratasys’ polyjet or 3D Systems’
multijet printing, use an additional layer-levelling process before curing [86–88]. It should
be noted that polyjet and multijet printing are trademarks representing MJ technology. The
two common sorts of 3DP liquid-based jetting materials are CIJ 3D printing and DoD 3D
printing.

2.2.1. Continuous Ink Jetting (CIJ)

CIJ comprises a printing head that ejects a photocurable ink onto a substrate as an
accurate x-y coordinate system leads the droplets to be deposited at specific locations. The
printing head has a UV-emitting source and one or more nozzles (Figure 8), each nozzle
delivering a continuous jet of ink that readily splits into droplets and is subjected to UV-
photoinitiated curing to coalesce once they reach the substrate [81,82,89]. This jet splitting
would naturally be random, causing the droplets to have varying sizes; nevertheless, ap-
plying a piezoelectric transducer that generates periodic mechanical oscillations can correct



J. Manuf. Mater. Process. 2023, 7, 35 8 of 42

and control the stream [90]. As the droplets exit from the nozzle, they are electrostatically
charged. The amount of charge is associated with the corresponding pixel on the image
to be printed. Thus, an electric field is applied to deflect the droplet and guide it to a
specific position where it should land on the x-y plane [90]. However, an issue challenging
the effective use of CIJ for 3DP functional materials is the undesirable charge repulsion
effects that arise as charged droplets become closer. Phung and Kwon (2022) proposed
a novel voltage-driving scheme for selective area coating applications to overcome that
issue [89]. In this sense, CIJ has promising potential for 4D-printed smart materials, includ-
ing photopolymer-based composites reinforced with metallic nanoparticles and carbon
nanotubes [80,91]
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2.2.2. Drop on Demand (DoD)

Material jetting has been further developed into DoD technology. It differs from CIJ as
the ink flow is fully controlled and released only when needed, i.e., on demand, instead
of continuous jetting [83,90–92]. The printing head nozzle contains a small reservoir or
chamber where ink is stored while printing is not required, and two types of mechanisms
can be employed to release an ink droplet, either piezoelectric or thermal (Figure 9). In
the former, piezoelectric transducers deform as they receive an electric pulse, squeezing
the chamber and launching a droplet [84,91,92]. In the latter, an electric pulse activates
a thermal resistor that, within a timeframe in the order of microseconds, warms up the
ink, producing an expanding bubble through rapid evaporation; hence, as the pressure
in the chamber increases, the droplet is finally ejected from the nozzle [84,90,91]. The
piezoelectric inkjet exhibits an essential advantage over the thermal one, as the temperature
rise represents considerable risk and could dramatically affect the product properties [91].
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Moreover, DoD possesses a broader range of photoreactive inks with varying proper-
ties since the electric pulse can be optimised to meet each ink formulation requirement. In
comparison, CIJ is limited by a narrower range of viscosity and surface tension [83]. DoD
is suitable for processing materials that find applications in a number of different fields,
including electronics, pharmaceuticals and, of course, rapid prototyping [83,93,94].
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2.3. Material Extrusion Technique (Direct Ink Writing (DIW))

DIW is a 3DP technology similar to other extrusion-based AM techniques such as
fused deposition modelling (FDM) (also called fused filament fabrication (FFF)), with a
difference that in DIW, the printed material is not molten but rather it is semi-liquid or
paste-like [95–101]. In addition, DIW also differs from other material jetting techniques
as it delivers continued material (Figure 10) rather than splitting it into droplets, as in CIJ
and DoD [100]. In DIW, the material is released from a nozzle as the result of applied
pressure, which can be generated either mechanically (through a rotary screw) [98–100]
or pneumatically (with a piston) [100,101]. DIW is claimed to be able to deliver efficiently
and accurately 3D-printed micro-lattice structures, as well as to possess one of the broadest
ranges of rapid prototyping ink designs, making a vast number of possibilities feasible in
terms of shapes and styles [99,100].
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Materials for DIW inks are often formulated to solidify immediately or shortly after
they exit the nozzle and, frequently, they are subjected to a photocuring stage so that
they harden, which can be performed simultaneously with the printing process or after
fabrication [97,100]. Furthermore, it is noteworthy that such inks typically present greater
mechanical strength and can consist of highly viscous materials and fillers, such as organic
or nonorganic particles, to impart shape retention after deposition [98,100]. According to
Yang et al. (2021), DIW inks should present high viscoelasticity before extrusion, exhibiting
an excellent shear-thinning effect when moving through the nozzle and recovering the
viscoelasticity after deposition to retain the desired shape [98]. DIW faces challenges
regarding the formulation of composite or functional inks that simultaneously possess the
required shear thinning and modulus, as well as the ability to flow under shear stresses
without issues and readily restore the previous viscoelasticity [100]. Notwithstanding such
matters of concern, DIW finds applications in several fields and has successfully been used
to 3D-print mixtures of ammonium oleate with polymers, such as natural rubber, PVDF and
epoxy resins [98]; graphene-based paste for prototyping aerogels [99]; cellulose nanocrystal
paste [101]; polycaprolactone-reduced graphene oxide composites [102]; PLGA composites
reinforced with calcium phosphate and graphene [103]; and polymer-based hydrogels for
biomimetic soft robots [104].

3. Mechanisms of 4DP and SMP
3.1. 4D Printing Mechanism

4DP can be defined as the 3DP of smart materials using a well-programmed design.
In recent years, 4DP technology, with time as an extra dimension, has attracted substantial
attention due to its flexibility in fabrication, cutting-edge results and promising future
capabilities for different complex structures, with a preference for cost-efficient selection. In
addition, this exceptional technology is considered challenging for traditional fabrication
methods and valuable in solving various manufacturing issues by producing a variety
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of metamaterial prototypes. It can be applied in wide temperature and humidity ranges.
Therefore, combining 3DP technology with shape memory behaviour can provide smart
devices with complex structures [105–107]. For example, the 4DP of grippers is produced
using photocurable methacrylate-based resin via a micro-stereolithography printer and
provides a good indication of the material’s flexibility, controlling recovery and high strain
of the gripper to grab objects, as shown in Figure 11 [55]. Alshebly et al. [108] programmed
folding structures of a box produced so that the box folding can lock itself through a folding
sequence for each section move. The boxes are fabricated using jet spraying and UV curing
via a multijet 3D printer (Object Connex 260, Stratasys) with commercial epoxy/acrylate-
based resin.
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Figure 11. SLA-printed gripper with five arms. The gripper is small but with enough strain to hold
a bolt [55]. (a) Multimaterial grippers are fabricated with different designs. (b) The explanation of
the transition between as printed shape and temporary shape of multimaterial grippers. (c) The
snapshots of the process of grabbing an object. Copyright © 2016, Scientific Reports.

3.2. Shape Memory Polymer Mechanism

There are two procedures for SMPs, temporary shape and permanent shape recovery.
In the temporary shape process, physically, the entropy increases when the polymer is
heated, which decreases the difference between entropy and an internal energy that leads
to increased movement in polymer chain orientations and, thus, increases the polymer
deformability. Consequently, the polymer can deform into a desired temporary shape upon
applying an external force. The temporary shape can be fixed for a long time (shape fixity,
Rf) by cooling and then removing the external force. Furthermore, the temporary shape
can be controlled to maintain the desired shape, depending on the designed strain (ε1) and
the external force. This temporary shape with a strain of (ε2) can be gradually reformed to
the original permanent shape with a strain of (ε3) without external force during reheating
(shape recovery, Rr) (Figure 12). The shape fixity and shape recovery can be calculated
from the equation below:

Rf =
ε2

ε1
× 100% (1)

Rr =
ε1 − ε3

ε1
× 100% (2)
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Therefore, SMPs/SMPCs utilise a dual behaviour. The first is high elastic behaviour
related to chemical crosslinking, molecular entanglement or the crystalline phase. The
second behaviour is reversible in that the temporary shape can return to the original
shape with a stimulus such as heating (Figure 13). This phenomenon is related to the
glass transition temperature (Ttrans or Tg) and reversible molecular crosslinking structure.
The shape recovery occurs by releasing the stored strain energy in the temporary shape.
Therefore, the fixed and reversible process represents the shape memory behaviour of the
SMPs/SMPCs [43,109,110].
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4. Materials for Liquid-Based 4DP and Shape Memory Nanocomposites
4.1. Materials for Photopolymerisation Techniques

Several materials can be included within the mixture resin of the photopolymerisation
technique, such as photoinitiators, monomers/crosslinkers, inhibitors, diluent/solvent and
fillers (particles and fibres). Inhibitors and retarders are additives essential for controlling
the penetration depth and gelation time as well as limiting the adverse impacts of reflected
photopolymerisation light [111]. Diluents/solvents are commonly used to decrease the
resin viscosity, increasing the flow rate and enhancing recoating capabilities [112].

4.1.1. Photoinitiators

Photoinitiator molecules generate reactive species to link between the light source
and the resin mixture to initiate photopolymerisation. Photoinitiators are in the form of
solid or liquid that should be dissolved in the mixture resin. Generally, there are two
types of reactions in photopolymerisation processes, radical and cationic (Figure 14) [113].
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Initiation occurs under light irradiation, in which a photoinitiator or photoinitiator system
is responsible for converting photolytic energy into the reactive species [114–116]. The
photoinitiating systems for 3DP applications are discussed here, while the mechanisms of
the photoinitiation reactions are comprehensively discussed in reviews [39,117,118]. Table 1
presents a list of radical and cationic photopolymerisation systems and their advantages
for additive manufacturing.
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A radical photoinitiator is commonly used to commence crosslink reactions in UV
photopolymerisation for 3DP. It works perfectly with UV absorption wavelengths around
400 nm that are frequently used with SLA [49,119], DLP [120–124] and LCD [76] 4DP.
Several researchers employed radical photoinitiators in the 4DP of shape memory poly-
mers. Choong et al. [49,63,125] explored using phenylbis (2,4,6-trimethylbenzoyl) phos-
phine oxide (BAPO) (Table 1) as a photoinitiator, which was initiated under a wave-
length of 405 nm for SLA and DLP 3D printers. BAPO (Irgacure 819) is commonly
selected to match a projection/laser wavelength of 325 nm to 410 nm. It is more ef-
ficient in absorbing light to cleave and generate radicals to cure the mixture resins in
4DP [8,10,68,123,126–144]. The second widely used radical photoinitiator is Diphenyl
(2,4,6-trimethylbenzoyl) phosphine oxide (TPO). Like BAPO, TPO is an alpha cleavage
radical photoinitiator used with the same wavelength range as key processing to support
the photopolymerisation process of 3DP [76,124,137,143–149]. Other commercial radical
photoinitiators used to initiate photocuring are Ethyl (2,4,6-trimethylbenzoyl) phenyl phos-
phinate (TPO-L) [150–152], 1-hydroxycyclohexyl phenyl ketone (Irgacure 184) [51,153], 2,2-
dimethoxy-2-methylpropiophenone (Irgacure 651) [154], bis(2,6-difluoro-3-(1-hydropyrrol-
1-yl)phenyl) titanocene (Irgacure 784) [155] and 2-hydroxy-2-methylpropiophenone (Ir-
gacure 1173) [156]. The disadvantages of radical photopolymerisation are the high shrink-
age during curing and the oxygen inhibition. Oxygen inhibition, in most cases, is considered
to be an undesirable property due to preventing photopolymerisation in thin films and cre-
ating tacky surface layers for thick films, which can affect the shape stability of 3D-printed
components [50,157,158].

Compared to free radicals, cationic photoinitiators are insensitive to oxygen and better
used within thermocurable resins, such as epoxies or vinyl ethers, to obtain good mechan-
ical properties and less shrinkage, despite the disadvantage of a slow curing rate [159].
Thermocurable resins are thermally stable and need high energy to cure. Therefore, due
to their solubility and thermal stability, cationic photoinitiators such as Onium salts (sul-
fonium) have excellent light absorption at high wavelengths over 300 nm [39]. Cyracure
(UVI-6976) is a cationic photoinitiator containing a mixture of triarylsulfonium hexafluo-
roantimonate salts in propylene carbonate. UVI-6976 is most effective in a range of 210 nm
to 350 nm, used by several researchers as a cationic photoinitiator for curing epoxy and
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epoxy/acrylic mixture resins [160–163]. Yang et al. [164] employed UVI-6976 to initiate fast
UV curing for epoxy-based mixture resin under UV source and ink-jet printing.

Furthermore, radical and cationic photoinitiators can produce a hybrid radical cation
effect by reacting to various photopolymerised liquids, such as epoxy/acrylate-based mix-
ture resins [46,50,165,166] (Table 1). For instance, Kuang et al. [123] employed Epikure
3253 (2,4,6-tris-dimethylaminomethyl phenol), Sudan and BAPO as initiators with a ratio
of 0.1 wt%:0.07 and wt%:0.4 wt%, respectively, under a DLP wavelength of 385 nm for
epoxy/methacrylate-based mixture resins. Al Mousawi et al. [166] used a blend of photoini-
tiators, namely Zinc Tetraphenylporphyrin (ZnTPP) and Bis(4-tert-butylphenyl) iodonium
hexafluorophosphate (Iod). The ZnTPP/Iod salt is used as a UV-sensitive compound
with a ratio of 0.5 wt%:1 wt%, respectively, which results in high photocuring ability for
epoxy/acrylic resin systems via a UV light source, with a wavelength range of 375 nm to
550 nm. Diphenyliodonium hexafluorophosphate (Iod) and 9-Vinylcarbazole (NVK) are
used with BAPO under a UV source with a wavelength greater than 290 nm to enhance
the curing rate of the hybrid epoxy/acrylate resin [167,168]. (NVK/Iod) initiator system
with a ratio of (3 wt%/2 wt%) is included for acrylate radical and epoxy ring opening as a
high-performance photoinitiator.
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Table 1. List of radical and cationic photopolymerisation systems and their advantages for additive manufacturing.

Photoinitiator Method Wavelength Composition Nanofiller Content Advantages

Irgacure 819 (BAPO) DLP & SLA 405 nm Acrylate-based (tBA,
DEGDA) SiO2

0, 1, 2.5, 5 and
10 wt%

High shape fixity, shape recovery and cycling stability. Improved
build speed, surface quality, tensile strength and break strain [63,125].

Irgacure 819 (Bapo) DLP
Epoxy/acrylate-based
(EA, IBOA, and
HDDA)

Au 0.01, 0.025, 0.05,
and 0.1 wt%

Programmable light-activated 4DP SMPCs with tuneable transition
temperatures that can be activated by light are useful for remotely
controlling morphing, especially for the actuator and soft robotic
applications [169].

Irgacure 819 (BAPO)
and Sudan DLP 405 nm

Epoxy/acrylate-based
(2PA, IBOA and
TMPEOTA)

ZnO 0, 1, 2.5, and 5
wt%

Enhance curing speed, surface quality, tensile strength, fracture strain
and elastic modulus [122].

Irgacure 819 (BAPO) DLP 385 nm Acrylate-based
(PHEMA and PEGDA) CNT 0.1, 0.3, and

0.5 wt%

High shape fixity (Rf) and shape recovery (Rr) ratios achieved (Rf ≈
100%, Rr > 95%) confirmed the significant electrically triggered
responsiveness of such CNT/SMPCs [139].

Irgacure 819 (BAPO) UV source &
DIW -

Epoxy/acrylate based
(DGEBA, BA, Ebecryl
8402 and Tris)

TiO2 Improve tensile toughness and shape memory properties [170].

Irgacure 819 (BAPO)
and NVK & Iod
(DPIHFP)

UV source >290 nm
Epoxy-based (ECC,
Tris and hydrochloric
acid

MWCNT 0.5 and 1 wt%

Improve the mechanical strength and filler dispersibility. MWCNT
has a dual role as a co-initiator that enhances the polymerisation
speed. However, the reactivity drops drastically at high loadings of
MWCNTs due to blocking the UV light [167,168].

- DLP -
Acrylic-based,
commercial-DLP ink
(Are3d-dlp405)

MWCNT 0.1, 0.2, 0.3, 0.4,
0.5 and 0.6 wt%

Enhance shape memory properties, electrical and thermal
conductivity [64].

Irgacure 819 (BAPO),
Epikure 3253 and
Sudan

DLP 385 nm

Epoxy/methacrylate-
based (Epon resin 828,
ETPTA and
4-MHHPA)

- Increase printing speed with high resolution, low volume shrinkage
and excellent mechanical properties [123].

TPO DLP 405 nm Acrylate-based (tBA
and HDDA) - Improve shape fixity, shape recovery and excellent cycling stability

with good thermal stability [124].

TPO LCD 405 nm Epoxy acrylate (EA)
and (IBOA, TMPTA) - High shape recovery rate and excellent cycling stability. In addition,

prospect application as a smart electrical valve actuator [76].
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Table 1. Cont.

Photoinitiator Method Wavelength Composition Nanofiller Content Advantages

TPO-L UV source 300 nm to 450
nm

Epoxy/acrylate-based
(DGEBA, Diuron™,
DICY, SR349 and
micro-carbon fibres)

SiO2 7 wt% Enhance thermo-mechanical properties and fast UV curing [159].

Cyracure (UVI-6976) UV source and
inkjet 350 nm

Epoxy/acrylate-based
(DGEBA, PEG, EGDGE
and NGDGE and
BGDGE and BF3 and
triethylamine)

- Low-cost, material-saving, environment-friendly and fast
manufacturing with using UVI-6976 [164].

Omnirad 184,
and IPF SLA 355 nm

Epoxy/acrylate-based
(DGEBA, DGEHBA,
OXT, DGEDA,
TMPTA-EO3 and
DSM)

-
Good shape fixity, shape recovery and excellent cycling stability. In
addition, high thermal stability, strength, break strain and toughness
[50].

ZnTPP, IPF and
Esacure 1187 UV source 375 nm to 550

nm

Epoxy/acrylate-based
(PBN, TEGDMA and
EPOX)

- High-performance photosensitive resin for LED projector and LCD
screen [166].

1-Hydroxycyclohexyl
phenyl ketone and
GLYMO

SLA 355 nm Epoxy/acrylate-based
(DGEBA and BA) SiO2 8 wt% Improve tensile strength, tensile modulus, flexural strength and heat

stability [171].
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4.1.2. Polymers for Photopolymerisation

Selecting a liquid monomer/oligomer suitable for 4DP via the photopolymerisation
technique is connected with choosing parameters and materials, such as light wavelength,
curing speed, layer thickness, photoinitiator, crosslinker and fillers (particle and fibre). This
optimization is carried out to obtain the desired properties for the printed components,
such as good shape memory, dimensional accuracy and mechanical properties. In addition,
the monomer/oligomer tends to be polymerised with a radical, cationic or hybrid pho-
topolymerisation process. For example, acrylate and methacrylate monomers are widely
used in radical photopolymerisation due to fast photocuring in spite of geometric stability
and high shrinkage during curing. On the other hand, epoxy and vinyl monomers used in
cationic photopolymerisation have good thermal and mechanical properties in addition
to less shrinkage. Therefore, several studies employed hybrid epoxy and acrylate resins
to obtain favourable characteristics. However, the thermally cured epoxide resins still did
not spread in 4DP like acrylic resins because ionic polymerisation takes longer in terms of
curing time [172–174].

The (meth)acrylate-based resins are used in 4DP due to the molecule structure flexibil-
ity that can be included with various radical photoinitiators, crosslinkers and other addi-
tives under fast photopolymerisation curing rates. For instance, many researchers used Tert-
Butyl acrylate (tBA), due to shape memory ability, with a crosslinker, such as poly(ethylene
glycol) Di-methacrylate (PEGDMA) [175], 1,6-hexanediol diacrylate (HDDA) [124] and
Di(ethylene glycol) diacrylate (DEGDA) [49,63,125]. Moreover, poly hydroxyethyl methacry-
late (PHEMA) [139] and Bisphenol A-glycidyl methacrylate (BisGMA) [166] have also been
employed to demonstrate good shape memory properties.

On the other hand, the most epoxied polymer used in 4DP under cationic polymeri-
sation is Bisphenol A diglycidyl ether (DGEBA) [159,164,170] (Table 1) due to showing
excellent shape memory and mechanical properties. DGEBA is mixed with a suitable
cationic photoinitiator and additives to improve the curing rate, as mentioned in the previ-
ous section. Epoxy-based resins require a longer time to cure after photopolymerisation,
which can enhance the strength of the 4D-printed component [67]. Radchenko et al. [176]
explored using a cycloaliphatic epoxy-based resin with a cationic initiator diaryliodonium
hexafluoroantimonate (DPIHFP) as a candidate mixture resin for SLA 4DP to enhance the
mechanical and shape memory properties.

Recently, the research area about hybrid mixture photopolymerizable resins using
dual-stage curing has been expanded due to improving several mechanical, thermal and
shape memory properties. The hybrid resin is commonly composed of photocurable resin
and thermal curable resin, such as acrylates and epoxides, respectively, that results in a high
curing rate, low shrinkage and insensitivity to oxygen. Furthermore, many researchers have
revealed that cationic polymerization has been fostered by using radical photoinitiators,
in which an interpenetrating polymer network (IPN) structure is established upon the
multi-curing mechanism. The hybrid resin is cured by UV light during 3DP and then
using thermal cure to yield IPN epoxy composites [159,177]. For example, high shape
fixity, shape recovery and thermomechanical cycling stability, in addition to good strength,
toughness, thermal stability and failure strain, can be obtained by using hybrid resins
such as Bisphenol A diglycidyl ether (DGEBA) with ethylene oxide-modified trimethylol
propane triacrylate (TMPTA-EO3) [50] (Table 1). Schwartz and Boydston [161] blended
epoxy/acrylate-based resin systems with corresponding BAPO as a radical initiator and
triaryl sulfonium salts as a cationic initiator to produce multifunctional components with
improved mechanical anisotropy and spatially controlled swelling that facilitates 4DP.

4.2. Materials for Material Jetting Technique

Like no other 3DP technology, the material jetting (MJ) technique uses multicolour
and multimaterial resins due to the use of multiple nozzles per print head, which can
be employed to print SMP and hydrogel multimaterial. It is most challenging to manu-
facture functional components by including nanoparticles via the MJ technique due to
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rheological requirements for the resin, such as low viscosity, despite the printer heat-
ing the resin to obtain an appropriate viscosity [178]. The MJ 3DP commonly uses
polyethene-based (PET) and polyethylene-based (PEN) resins to fabricate wearable elec-
tronic parts [179]. Biomedical scaffolds and cells are usually printed via the MJ 4DP using
smart polymers [180,181].

Many materials are used for MJ techniques, such as casting wax, thermoplastic, ther-
mosetting and elastomeric. Most MJ 3D printers work only with their commercial materials
and do not have an open mode. The commonly used commercial resins are Fullcure,
VeroBlue, VeroBlack [182], MED610 and RGD 525 [30] due to high accuracy and good
mechanical and thermal properties. On the other hand, the multiple nozzles allow for the
dispensing of various materials with multicolour throughout a single print. Moreover, the
MJ process is fast and provides extreme accuracy and soluble support for the prints. How-
ever, MJ 3D printers and their materials have high cost because of these advantages [20].
For example, as reported in the literature [183–185], the blue fibres (Verocyan) and yellow
fibres (Veroyellow) can be used as digital SMPs, whereas the sky-blue matrix (Tango+ ) is a
rubber-like transparent material. Jeong et al. developed a multicolour structure using the
polyjet process. They achieved controlled shape changes by manipulating the colour of
light and the illumination timing. In addition, these SMPs can be reused by reprogramming
thermodynamically, and their response temperature can be adjusted by dynamic mixing
during material synthesis or 3DP.

Cheng and Huang reported a strategy of preparing light-curing resins to develop
full-colour 3D-printed components via a bespoke MJ printer. They investigated the effects
of various concentrations of TPO photoinitiator for different kinds of crosslinkers and
polymers (acrylate, polyurethane and polyester) on the curing rate and degree of swelling.
They found that the components of 70 wt% Isobornyl Acrylate (IBOA), 20 wt% aliphatic
polyurethane acrylate (PUA), 10 wt% Tripropylene glycol diacrylate (TPGDA) and 3%
Diphenyl-(2,4,6-trimethylbenzoyl)-phosphine oxide (TPO) exhibited a reasonable curing
rate, low volumetric shrinkage and good dimensional accuracy [186].

Ding et al. [187] explored a direct 4DP approach to investigate the SME using a polyjet
technique that jets multimaterial ink droplets in a layer and cures them with ultraviolet
light. They employed several commercial materials, such as TangoBlack+ or Tango+, as the
elastomer and VeroClear as the SMP. Upon heating, the SMP softens and permits the object
to change into a new permanent shape, which can then be reprogrammed into multiple
consequent forms. In addition, it integrates five separate printing and programming steps
(Figure 15a) into one single step. The 3D-printed component can rapidly change its shape
upon heating (Figure 15b).
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4.3. Materials for Direct Ink Writing Extrusion Technique

As previously stated, the choice of resin polymer for liquid-based 3DP depends
mainly on the method of curing this resin during production. As a material extrusion
technique, direct ink writing recently gained much attention due to employing a variety of
monomers/oligomers, thickeners, nanoparticles and micro/nano-fibres materials using a
processing condition with minimal residual stresses [188]. The most crucial issue facing
DIW 3DP is modifying ink’s rheology to be a printable thixotropic fluid, and this modi-
fication can be achieved by incorporating additives such as nanoparticles. A list of DIW
4D-printed shape memory nanocomposites and their improved properties is presented
in Table 2. In addition, DIW requires the material itself to be shear thinned for extrusion
through a fine nozzle and maintain its shape after extrusion. For thermally cured resins
such as epoxy-based mixture resins, most DIW 3DP uses a multi-cure or dual-cure approach
system that applies UV-cure and/or thermal-cure UV during or after extrusion using an
oven with temperature ranges of 100–185 ◦C [11].

Table 2. List of DIW 4D-printed shape memory nanocomposites and their improved properties.

Nanoparticle Content Base Resin Method Improvement

Nanosilica 8 and 10 wt% Epoxy and short
carbon fibre DIW

Good shape retention, shape
recovery and high storage

modulus [189].

Nanosilica 7, 10 and 13 wt% Epoxy/polybutadiene
rubber

DIW (Hyrel 3D hydra
16), then thermal

curing

Improved toughness, strain at
break, shape recovery and

thermomechanical cycle [11].

Nanoclay 12.0, 13.5, 15.0, 16.5
and 18.0 wt%

Hydrogel mixture
with TPO as UV

initiator

Homemade DIW,
then 425 nm UV

source

Smart hydrogels and
shape-changing memory polymers

[145].

Nanoclay 25 wt% Polyimide/methacrylate DIW with UV- assist
Improve shape fixity, shape

recovery and mechanical
properties [190].

Graphene
nanoplatelet

5.0, 7.5, 10.0, and 12.5
wt%

Commercial
bisphenol epoxy DIW

Increasing thermal and electrical
conductivity and improving

thermo-induced shape memory
performance [191].

Graphene
nanoplatelet 0.1, 0.2, and 0.3 wt% Epoxy-based SMP DIW with

cryo-system-assisted

Shape recovery, storage modulus,
loss tangent, tensile strength and

elastic modulus are increased
[192].

Barium titanate 0, 10, 20 and 30 wt%

Polylactic acid
(PLA)-based and

short carbon
fibre

DIW

Good shape memory and sensing
capabilities, with the robust sensor

capable of withstanding
temperatures ranging from 23 ◦C

to 100 ◦C [193].

Wan et al. [194] summarised, in their review, materials that have enabled 4DP through
DIW in recent years. Among various SMPs/SMPCs, epoxy-based composites are known for
their high modulus and strength. To realize the solid-like state of epoxy, Compton et al. [195]
used nanoclay, while Lewicki et al. [196] used fumed silica to modify epoxy to meet the
rheological requirements. Guo et al. utilised an industrial-grade epoxy, di-glycidyl ether of
bisphenol-A mixed with curing agent methylhexahydrophthalic anhydride (MHHPA), 1.0
wt% accelerator benzyldimethylamine (BDMA) and 10 wt% fumed silica. The prepared
printable ink showed good shape retention with excellent mechanical performances below
and above the Tg of epoxy. In addition, the composite components’ shape fixity and
recovery ratios reached 100% and more than 96%, respectively [189]. Furthermore, a series
of thermoset shape memory composites can also be used with DIW 3DP. For instance,
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Rodriguez et al. [197] chose environmentally friendly and renewable epoxidised soybean
oil (EBSO) as the matrix. The bisphenol F diglycidyl ether (BFDGE) was added to the
matrix to increase the mechanical strength and optimise the mass ratio. The addition of
carbon nanofibres (CNFs) tailored the rheological properties of the ink to obtain shear-
thinning performance and endowed the printed structures with an electrical response. With
the help of origami, a complex box-like shape was obtained by folding the grid pattern
and cured completely. Then, it was unfolded into a temporary shape. Upon reheating
above Tg, the box recovered to its folded shape [197]. In addition to the thermoset SMPs,
thermoplastic SMPs, such as polylactic acid (PLA)-based inks [198], poly (D,I-lactide-co-
trimethylene carbonate) (PLMC) [199], polyurethane and polyethylene oxide (PEO) [200],
have demonstrated actuated behaviours after DIW printing. Wang et al. synthesised
waterborne shape memory polyurethane (SMPU) mixed with polyethylene oxide (PEO)
or gelatin in water to enhance the viscosity of the ink. The PEO exhibited better shape
memory properties, while gelatin exhibited better biocompatibility. They found that adding
superparamagnetic iron oxide nanoparticles (SPIO NPs) promoted osteogenic induction
and shape fixity. The printed scaffolds showed faster and better shape recovery properties
in water than in an oven [200].

Several studies have used DIW 3DP to create 4D-printed structures of liquid crystal
elastomers (LCEs) and silicone elastomers (SEs) [201–208]. Yamagishi et al. [201] manu-
factured thin-film-based liquid metals (LMs) injected with a microfluidic channel antenna
with high deformability via DIW. In this study, a coil-shaped silicone sealant microfluidic
channel was fabricated on a flexible/stretchable Ecoflex substrate, which was followed by
the injection of gallium-based liquid metal in the microfluidic channel. The produced wire-
less light-emitting device worked via a standard near-field-communication (NFC) system
and kept the same behaviour under deformations, including a uniaxial strain of around
200%, twisting of 180◦ and bending with a radius curvature of 3 mm. Long et al. [209]
proposed controllable stiffness composites consisting of LMs as functional materials and SE
as the encapsulation layer, respectively, using DIW 3DP. The authors selected three types of
SE, including Ecoflex00-30, PDMS Sylgard 184 and SE 1700. In addition, various mixing
ratios of silicone were adjusted to satisfy the required rheological condition for DIW. The
results showed that at a high temperature, the resistance of the conductive composites
changes with the deformation degree, which is expected to be applied in the field of soft
sensing actuators.

Furthermore, LCEs are recognized by their reversible and anisotropic shape changes in
response to an external stimulus because of their lightly crosslinked polymer networks [203].
Applying the DIW technique to the fabrication of LCEs is significant for producing LCEs
with programmable stimuli-responsive behaviours and desirable 3D geometry in prac-
tice [210,211]. Almost all the potential applications of 4D printing developed on DIW using
LCEs are actuators [203–208]. Extensive papers introduced and reviewed the usefulness
of actuation behaviour, which can be activated by different stimuli, such as heat, light,
humidity and electrical energy. Apart from actuators, soft robotics, LCE dissipators [212]
and LCE optical devices [213,214] were also exploited via DIW. Compared to nonprinted
thin-film LCE actuators, millimetre-thick LCE actuators realized by DIW printing can
bring more excellent actuation capability required for artificial muscle or soft-body robot
designs. Lopez et al. proved that the thermally driven behaviour of 4D-printed LCE tapes
could lead to rotation of the central linear polarizer, showing potential applications in
polarization monitoring or thermally guided optical transmission devices. By embedding
thicker 4D-printed LCE rings in polydimethylsiloxane (PDMS) plates, they further demon-
strated the possibility of 4D-printed LCE/PDMS combinations as focal lenses that vary
with temperature [215].

4.4. Nanoparticle-Modified Printable Liquid-Based Resin

Nanocomposite polymeric resins offer opportunities to enhance several characteristics
of 3D-printed components, such as shape memory, thermal, mechanical, electrical, curing
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and shape accuracy. One of the shortcomings of polymer nanocomposites is the elongation
at break, which may reduce with increasing the content of nanoparticles [216–219]. Several
parameters should be controlled when using nanomaterials. For example, resin viscosity at
a high loading level becomes difficult to mix, leading to increased curing time. Resin homo-
geneity is another challenge; hence, the chemical compatibility of the nanoparticle with the
polymeric resin must be considered. In addition, poor interfacial adhesion due to nanopar-
ticle aggregations acts as a stress concentration defect. Therefore, several researchers have
applied surface modifications for nanoparticles, such as covalent or noncovalent function-
alization, to enhance nanoparticle dispersion and decrease agglomeration [220–222]. In
addition, leading-edge equipment is used for the mixing process, such as an ultrasonicator,
vacuum centrifugal mixer, three-roll milling and three-ball milling, to enhance nanoparticle
adhesion, dispersion and rheology of the polymeric resin. Therefore, chemical modification
in the molecular chain and the inclusion of functional additives can improve printability.
Thus, the 3D-printed components can be multifunctional in different applications [223–225].
The following sections will focus on various nanoparticles employed in 4DP. The common
nanoparticles included within 4D-printed resins, such as nanosilica, nanoclay, CNT and
nanographene, with their features are described in the following sections.

4.4.1. Nanosilica-Modified Polymeric Resin

Researchers have recently focused on using nanosilica due to its unique characteristics,
such as high surface area, pore volume and scalable synthetic availability [220]. Nanosilica
is extensively considered as a photoinitiator material in addition to enhancing shape
memory and mechanical properties. Choong et al. [63] studied the effect of the inclusion
of nanosilica up to 15 wt% on the shape memory and mechanical characteristics of the
tBA-co-DEGDA mixture resin and photoinitiator BAPO using DLP. They found that nano
SiO2 forms multifunctional crosslinking that enhanced the tensile strength by 3.6-times
more than pure resin, shape fixity by 100%, shape recovery by 97% and doubled the
shape memory life cycle. Hence, the optimum results are obtained at a SiO2 ratio of 2.5
wt%. Figure 16 shows that the curing curve of the nanosilica components achieves higher
curing depths in a short time compared with the unfiled component. For example, the
inclusion of 1 wt% nanosilica achieved a 54.2 µm curing layer in just 0.7 s, while the unfilled
SMP achieved 12.5 µm after a curing time of 4 s. Hence, nanosilica is considered as a
heterogeneous nucleation spot within the photopolymerised resin and, thus, can reach a
high curing rate during the polymerization process (Figure 17).
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Griffini et al. [159] incorporated fumed silica within an epoxy–acrylate/TPO-L mixture
resin with particle loading of 7 wt% as a thixotropic additive to enhance the photopolymeri-
sation process of 3DP. Other research presented improvements in the curing rate, shaping
accuracy, thermal and mechanical characteristics of photopolymerisation resins [226–231].
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Gurr et al. [228] prepared novel optically transparent acrylic/nanosilica composites using
SLA 3DP, and they noticed that the strength and dimensional accuracy were significantly
enhanced. The high level of nanosilica that can be used without a decrease in curing light
transmittance is 17 wt%.
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Numerous polymeric resins have good shape memory and mechanical properties
when printed by DIW printers. However, these resins may lack printability (low viscosity
and slow curing rate). Therefore, some functional additives are included, such as nanoparti-
cles, to thicken the matrix and enhance the printability process. For example, fumed silica is
incorporated with silicone elastomers to modify printability, improve mechanical properties
and duplicate the stretch [232]. Notably, nanoparticles can balance mechanical characteris-
tics and shape retention ability. Nanosilica shows an excellent strengthening effect up to a
weight content of 10 wt% [233]. In addition, nanosilica can enhance the interfacial adhesion
between epoxy and carbon fibres [189,234,235]. Guo et al. [189] concluded that the rheology
and printability of the epoxy-based resin for DIW 4DP are improved and lead to good shape
retention, shape memory and excellent mechanical characteristics below and above the Tg
with the inclusion of nanosilica, with a loading of 10 wt%. As demonstrated in Figure 18
for the sketches and optical pictures of 4D-printed epoxy resin filled with nanosilica of 8
wt% and 10 wt%, the component of 8 wt% nanosilica yields a much larger deviation, while
the component of 10 wt% nanosilica displays good shape retention. In addition, the storage
modulus (G′) is greater than the loss modulus achieved with nanosilica loading of 10 wt%
(Figure 19). Hence, the high shear stress increased the fluidity of the mixture resin, which
is considered the preferred property to facilitate extrusion through the nozzle. The same
procedure of using nanosilica to modify the rheology of the resin and enhance printability
was conducted by Chen et al. [11]. The authors employed a static mixing printhead and
single extrusion printhead for DIW 3DP (Hyrel 3D hydra 163) to control the curing speed
of the epoxy/polybutadiene rubber resin, with the effect of incorporating nanosilica of 7,
10 and 13 wt% (Table 2). The process followed by thermal curing involves first curing at 50
◦C overnight (12 h), followed by 100 ◦C curing for 8 h and then 150 ◦C curing for 1 h. The
improved properties were toughness by 135%, strain at break by 200% and shape memory
recovery ratio by 94% within about 50 s after 10 thermomechanical cycles.
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Figure 19. Storage modulus and loss modulus over shear stress of (a) 10 wt% nanosilica/epoxy
component and nanosilica treated under high temperature, (b) before and after 3-roll milling [189].
Copyright © 2022 Elsevier.

4.4.2. Nanoclay-Modified Polymeric Resin

Nanoscale layered silicates (nanoclay) have attracted researchers within 3DP resin to
improve strength, stiffness, toughness, flame retardancy and shape memory properties due
to their high surface/volume ratio and platelet morphology, which produce good interfacial
adhesion and enable free platelet orientation within the polymeric matrix [236–239]. Eng
et al. [236] discussed the dispersion, alignment, size and content ratio of the nanoclay-
modified commercial acrylate-based monomer via stereolithography. One dimension of
the montmorillonite nanoclay is on the nanoscale, while the other two dimensions can be
up to one micrometre that can be obtained at a high aspect ratio when exfoliation occurs
into individual layers, resulting in increased surface bonding between the clays and the
polymer matrix. Nadim et al. [237] investigated using nanoclay and fumed silica-filled
epoxy ink with loadings up to 12.5 wt% and 10 wt%, respectively, via DIW. They noticed
that the components’ rheology, printability, strength and Tg were improved.

Li et al. [145] succeeded in 4DP a bilayer structure hydrogel mixture filled with
nanoclay using homemade DIW. The authors improved the double hydrogel’s swelling rate
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and pores, which offered internal power for the rapid bending deformation. In addition, the
two layers showed different swelling characteristics with increasing ambient temperature
(Figure 20). The printed components were exposed to a 425 nm UV source to enhance the
curing and finalization. Several other studies used smart hydrogels and shape-changing
memory polymers as materials for 4DP [240,241].
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Figure 20. (a) Print process and print result photos, (b) photo of photocuring state, (c) thermo-curing
process, (d) tilted photos of the two printing fluids with different clay content, (e,f) viscosity shear
rate of top layer and bottom layer [145].

Another strategy was employed to manufacture lightweight nanocomposites that
have a good shape memory effect (SME) by including clay nanoparticles, conducted by Li
et al. [190], to develop polyimide/methacrylate resin for UV-assisted DIW 4DP (Figure 21).
Nanoclay content of 25 wt% was added to SMPI for DIW 4DP to enhance the resin’s shear
thinning and storage modulus. The mixture resin is cured quickly under UV-induced free
radical polymerization. The author also used DLP printing for the photoresin; the shape
fixity and shape recovery are improved by 99.8% and 98.3%, respectively, while Tg is found
to be 160 ◦C. Furthermore, the shape memory polyimide (SMPI)-based components were
also improved with DIW extrusion moulding that can recover to their original shape in
a few minutes. In addition, they characterised design diversity and space shape memory
with 4DP of the self-folding box and stimuli-response gripper.
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Figure 21. (a) A scheme of SMPI network preparation. (b) A schematic diagram of 3DP and extrusion
moulding process [190]. Copyright © 2022 Elsevier.

4.4.3. CNT-Modified Polymeric Resin

Many researchers have used carbon nanotubes (CNTs) to modify polymeric matrices
to improve several composite properties. Carbon nanotubes can be defined as cylindrical-
shaped nanomaterial that is manufactured from graphite sheets. CNTs can be divided
according to the number of carbon layers into three types: single-walled carbon nanotubes
(SWCNTs), double-walled carbon nanotubes (DWCNTs) and multi-walled carbon nan-
otubes (MWCNTs) [242]. Appropriate dispersion and a high interfacial adhesion force
between the CNTs and polymeric matrix are essential to include CNTs as effective rein-
forcement for polymer nanocomposites [243].

Zhang et al. [244] explored the influence of CNTs with loadings of 0.5 wt% to 2.0 wt%
on the printability and electromagnetic wave absorption of acrylic ester nanocomposites
using an SLA 3D printer. They found that up to 1.6 wt% CNTs have high printability under
photopolymerisation light, and with 1.5 wt% CNTs, the radar absorption was 16 dB for
the 9 mm composite thickness. However, at higher CNT loadings, the UV transmission
depth in the photo resin was reduced due to poor dispersion and particle agglomeration
phenomena. Another study that used CNTs was Cortés et al. [139], in which they explored
the shape memory properties of PHEMA/PEGDA polymers, with a weight ratio of (3/1)
using a DLP 3D printer (Table 1). They noticed that by including CNTs up to 0.5 wt%
within methacrylate photo resin, the shape fixity and shape recovery reached (Rf ≈ 100%)
and (Rr > 95%) via Joule heating (Table 3), respectively, significantly improving electrically
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triggered responses (Figure 22). The electrical conductivity and, thus, the possibility to
remotely heat the nanocomposite was observed using the Joule effect.

Table 3. Shape memory properties of the DLP-printed nanocomposites (table reproduced from [139]).

Sample CNT (wt%)
Direct Heating Joule Heating

Rf (%) Rr (%) tr (min) Rf (%) Rr (%) tr (min)

S0 - ≈100 99.1 7.7 - - -
S0.1 0.1 ≈100 99.3 5.4 - - -
S0.3 0.3 ≈100 98.3 5.5 ≈100 98.7 3.4
S0.5 0.5 ≈100 95.3 6.2 ≈100 96.3 3.6
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Figure 22. (a) DLP-printed mould to fix the U shape of CNT/methacrylate components; (b) direct
heating and Joule heating to trigger the shape recovery; and (c) shape recovery under Joule heating
using a thermal camera [139].

MWCNT nanocomposites can be incorporated as intelligent nanoparticles with stress
sensitivity as well as a shape memory effect with improving electrical and thermal con-
ductivity [245]. Mu et al. [64] employed MWCNT within a photocurable acrylic-based
resin to produce conductive smart nanocomposite components using DLP 3DP (Figure 23).
Electrical conductivity of 0.027 S/m was achieved with a 0.3 wt% loading of MWCNT.
Shape memory properties were tested using ohmic heating (180 voltage) and 100% shape
recovery was noticed in 20 s.
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Figure 23. (a) Shape change of the sample during ohmic heating. (b) Optical image, (c) infrared
images during heating. (d) Images of a stretchable spring structure in (I) released and (II) stretched.
(e) Change in resistance of a representative gauge during five stretching/releasing cycles [64]. Copy-
right © 2022, Elsevier.

4.4.4. Graphene-Modified Polymeric Resin

Graphene is described as a multi-layer of a two-dimensional carbon nanofiller that
appears as a honeycomb lattice, and the most known types are graphene nanoplatelets
(GNPs) and graphene oxide (GO). Graphene can adsorb various atoms and molecules,
which provide excellent toughness and modulus as well, as it has a potential aspect of
research in the case of enhancing photopolymerisation and/or rheology of 3D-printed
resins [246–248].

In their review, Guo et al. [237] clarified the outlines of using various AM technologies
in the fabrication of graphene-based composites and presented the relationships among the
fabrication process, required characterization methods, structural behaviour and applica-
tions of these composites. They also concluded that the 3DP of graphene-modified polymer
composites attracted particular attention due to their high strength, excellent electrical
and thermal conductivity and good shape-morphing behaviour. In addition, the authors
presented that most 3D-printer techniques used to fabricate graphene-based composites
are DIW, SLA and DLP. However, unlike SLA and DLP printers, DIW 3DP generally re-
quires a complex post-treatment to evaporate the solvent. Hence, the SLA and DLP are
more reliable methods due to their excellent resolution and unique interaction between
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graphene and laser/UV light. Uysal [249] incorporated GO nanoparticles with contents
of 0.05, 0.1, 0.15, 0.20 and 0.25 wt% to improve the tensile strength of epoxy/acrylate-
based 3D-printed components via SLA, with a UV light source of 405 nm wavelength,
and BAPO was used as a photoinitiator. It is noted that the morphological investiga-
tions indicated that the dispersion of GO was homogeneous without agglomeration after
surface modifications by 3-(methacryloyloxy) propyl trimethoxysilane. Wang et al. [250]
employed Formlabs Photopolymer standard resin (FLGPCL043D) via SLA, with a UV
light source of 405 nm wavelength to enhance the 3DP of graphene-doped resin for laser
desorption/ionization mass spectrometry analysis. They concluded that the 3DP process is
rapid, simple and economical, resulting in excellent reusability and a long lifetime for the
3D-printed graphene nanocomposites. Chi et al. [191] explored DIW 3DP and recycling of
graphene nanoplatelet (GNP)-filled commercial bisphenol epoxy components to develop a
novel functional thixotropic agent that turns epoxy into shear-thinning printable ink. In
addition, the inclusion of GNP up to 15 wt% exhibited increased thermal and electrical
conductivity and improved thermo-induced shape memory performance (Figure 24). The
recycled epoxy/GNP endowed the thixotropic agent to be prepared with new DIW resins.
They also found that the 3D-printed components still have outstanding characteristics after
multiple recycling cycles.
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specimen, (c) shape recovery time of samples with different thicknesses at different temperatures [191].
Copyright © 2022, ACS.

Idowu et al. [192] manufactured GNP-reinforced shape memory polymer epoxy
(SMPE) nanocomposites via a cryogenic sprayer system-assisted DIW. The authors con-
cluded that the shape recovery, tensile strength and elastic modulus are increased by 15%,
17% and 30%, respectively, with an inclusion GNP of just 0.1 wt%. Further, the storage
modulus and loss tangent are increased by 365% and 66%, respectively, with a GNP of 0.1
wt% compared to unfilled 3D-printed SMPE, indicating superior damping characteristics.
Chowdhury [251] used a Micro-SLA 3D printer to fabricate graphene nanoparticles and
modified the tBA resin with a crosslinker, diethylene glycol diacrylate (tBA-co-DEGDA).
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It was reported that the inclusion of graphene nanoparticles of 0.1 and 0.3 wt% improved
the shape fixity by 86.3%, with a recovery time of 6.95 s, with a printing speed of 90 mm/s.
The author concluded that employing AM techniques for composite materials can create
new prospects for designing novel materials.

4.5. Other Nanoparticle-Modified Polymeric Resin

Thus, 3D-printed nanocomposites are attracting more and more attention due to their
advantages. So far, some other nanofillers are incorporated into 3D-printed polymeric
resins, such as cellulose nanocrystals (CNCs), copper, zinc oxide nanoparticles (ZnONPs)
and silver nanoparticles, which are crucial for realizing diverse 4DP applications. Below
are some conclusions from these studies.

Kumar et al. [252] included CNC particles to reinforce stereolithographic resins (SLRs).
The results showed that the storage modulus values are enhanced steadily with increasing
CNC content for below and above Tg. A remarkable modulus improvement is noticed in
the rubbery region by 166, 233 and 587% for CNC/SLR nanocomposites with CNC contents
of 0.5, 1.0 and 5.0 wt%, respectively.

Bodkhe and Ermanni [193] employed piezoelectric barium titanate nanoparticles
(BTNs) with contents of 0–30 wt% within a mixture ink of PLA, polyesteramide (PEA)
and short carbon fibre, which were dissolved in dichloromethane (DCM) using DIW 3DP.
The composite components exhibited good shape memory and sensing capabilities that
resulted in a shape recovery of 95%, and the robust sensor could withstand temperatures
ranging from 23 ◦C to 100 ◦C and to over 5000 operation cycles.

Lee et al. [253] prepared a methacrylate-based photoresin, including zinc oxide (ZnO)
nanoparticles of 0, 3, 5, 7 and 9 wt% contents for DLP 3DP structures using 405 nm UV light,
which enabled subsequent copper electroless plating (ELP). ZnO nanoparticles are added
to the acrylate resin as catalytic seeds for ELP, and copper patterns are accurately added on
3DP ZnO. The strong adhesion between the copper layers and the surface of the 3D-printed
structure was confirmed via an adhesion test. This technique can improve sensitivity to
external stimuli such as an electromagnetic field for various applications, such as electronic
devices and cardiovascular scaffolds. ZnO nanoparticles also attracted Siang et al. [122] to
enhance the mechanical properties, printability and dimensional accuracy of acrylate-based
photoresin. The authors indicated that ZnO could be considered as a photoinitiator in
polymerization to facilitate layer curing in DLP 3DP with a 405 nm UV-light wavelength.

Wang et al. [169] prepared a novel resin via a DLP Pico2 printer containing gold
nanoparticles (AuNPs) as a photothermal initiator with acrylate to form programmable
light-activated 4DP SMPCs with tuneable transition temperatures that can be activated
by light. The results show that the low-cost LED light is transformed into heat, which
enables the shape transition at Tg of the polymer. The shape fixity and recovery ratios are
improved to exceed 95%. In addition, the shape memory recovery results are predicted
using numerical simulations. They also concluded that the presented approach can be
useful for remotely controlling morphing, especially for the actuator and soft robotic
applications.

Krivec et al. [254] reported a strategy to manufacture the construction of a simple
radio frequency identification (RFID) package with an integrated surface acoustic wave
transponder (SAW) via a multijet 3D printer. The resin consists of acrylate and 50 wt% of
silver nanoparticles, in which the silver nanoparticle ink is used to fabricate the antenna
for the wireless read-out. The SAW package prototype in a flip-chip configuration showed
a significant signal-to-noise ratio (SNR) of about 30 dB via an antenna-bridged radio
frequency link at a moderate distance of 3 cm. Ikram et al. [255] also reported the effects
of silver nanoparticles on the physical and thermal behaviour of polymethylmethacrylate
(PMMA) photopolymer resin using SLA 3DP. The study showed that the incorporation of
silver 2 wt% improved the thermal stability by 6.6% and decreased weight loss by about
8%, compared to the unmodified resin.
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4.6. Micro/Nanofibre-Modified Polymeric Resin

The 3DP of micro/nanofibre-reinforced polymeric composites promotes the develop-
ment of SMPCs and broadens their applications, gaining more attention due to their versa-
tile nature and variety of micro and complex structures. Hence, including micro/nanofibres
within liquid-based resins can significantly improve the homogeneity, morphology, print-
ability, thermal and mechanical properties, especially for material jetting and material
extrusion techniques, thus, obtaining 3D-printed components with exceptional character-
istics [2]. However, light-penetration depth in the photopolymerisation technique can be
limited in 3DP to thin layers. This limitation, for instance, hinders the processing of fibre-
and/or particle-reinforced polymeric composites due to scattering or blocking the UV or
laser light and, consequently, impeding polymerization. Furthermore, the viscosity of the
photopolymerisation resins should be within a range of 0.1 Pa·s to 10 Pa·s with low surface
tension to lower the time of a new layer [39,111]. Thus, the compound resins’ optical,
rheological and chemical characteristics should be considered when selecting materials for
liquid-based 3D printers. Below are some conclusions from these studies.

Hassan et al. [132] explored mechanical, thermal, electrical and shape memory proper-
ties of a methacrylate-based photoresin with the effect of including micro-carbonyl iron
particles (CIPs) of 0.5 and 1 wt% via SLA 4DP. The photoresin consists of Butyl methacrylate
monomer, crosslinker poly (ethylene glycol) dimethacrylate (PEGDMA), photoinitiator
BAPO and CIP as a nano-modifier. The author concluded that the shape memory effect
exhibited ratios of 99.95% and 99.89% for shape fixity and shape recovery, respectively. The
thermal stability and mechanical characteristics are enhanced with the addition of CIPs.

Zhao et al. [256] explored the impact of including micro-aramid fibre (poly(p-benzoyl-
p-phenylenediamine)) on plastic strengthening via 405 nm wavelength of DLP 3DP. The
authors explain that viscosity and printability are perfect up to an aramid content of 7
wt%, and the photoresin is strengthened in the z-axis direction layer by layer. Further, they
concluded that after dual curing of UV light and thermal curing, the tensile strength and
modulus of the composite are 1.79- and 11.2-times, respectively, higher than those of the
unreinforced resin.

Invernizzi et al. [257] presented carbon- and glass-fibre-reinforced multi-cure acrylate-
based photoresin composites manufactured via UV-assisted 3DP. The results showed
good 3D-printability macrostructures, thermal stability and mechanical properties that
exhibited potential use in real-life structural applications. In another study, Guo et al. [189]
investigated using short carbon fibres (SCFs) made from continuous carbon fibre (T300) as
reinforcement for nanosilica/epoxy shape memory resin via DIW 3DP. The authors noted
that including micro SCF of 25 wt% led to modifying rheological properties and improving
the tensile strength and modulus to reach 100 MPa and 9 GPa, respectively, in addition to
enhancing the printability by using three-roll milling in preparing the mixture ink.

Rodriguez et al. [197] developed a thermoset SMP mixture ink for DIW 3DP containing
epoxidised soybean oil (EBSO) with bisphenol F diglycidyl ether (BFDGE) and carbon
nanofibres (CNFs) as a filler material formed from graphitised cylindrical-shaped platelets
with lengths of 20–200 µm and a diameter of 100 nm. EBSO is considered to be a renewable
resource that can be 3D-printed with multi-material to fabricate lightweight complex
structures, such as origami shape, and display programmable shape changes with time and
temperature (Figure 25) that are triggered by thermal heating or electric (Joule) heating.
They concluded that the 3DP of electrically conductive SMPs with fibre-based fillers could
exhibit multiple shape changes actuated by heating of printed nanocomposites that can be
considered for potential application for robotic medical and aerospace application devices.
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Figure 25. Electrical conductivity and multi-functionality of composite SMPs. (a) The plot of electrical
conductivity dependence on CNF concentration where conductivity increases with increasing CNF
concentration. (b) An electrically conductive (5.6 vol% CNF) part is shown in its printed or primary
shape and its programmed shape. The component in (b) is connected to a power source and thermally
actuated to change its form. A complete circuit in (c) where an LED become powered and lights up
after 240 s at 80 ◦C [197].

Zhou et al. [258] incorporated nanocellulose in shape memory polyurethane (SMPU)
to improve the thermomechanical characteristics of the porous SMPU via an innovative
3DP technique (Figure 26). This technique has sprayer and syringe pump parameters set at
120 mm/min and 30 µL/min, respectively. The cured printed components are subjected
to solvent exchange by immersing in absolute alcohol, and then freeze-dried to obtain
the SMPU composite components. The authors clarified that the shape fixity and shape
recovery ratios are enhanced to above 99% by including cellulose nanocrystals (CNCs) and
using ball-milled nanocellulose (BMC) (Table 4). In addition, the tensile strength of the
3D-printed SMPU composite is improved by 71% higher than unmodified PU. Further, they
found that the composite Tg is close to human-body temperature, which enables potential
applications in smart biomaterials.
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Table 4. The shape fixation rate and shape recovery rate of the 3D-printed PU/nanocellulose shape
memory composites compared with the pure PU (table reproduced from [258]).

Experiment No. Sample CNCs: BMC (in
Weight) Rf (%) Rr (%)

1 PU - 97.7 ± 0.8 96.9 ± 3.0
2 PU-1B 0.0: 1.0 98.1 ± 0.6 97.8 ± 2.0
3 PU-0.1C1B 0.1: 1.0 97.7 ± 0.1 99.7 ± 0.1
4 PU-0.3C1B 0.3: 1.0 98.1 ± 0.4 97.2 ± 0.2
5 PU-0.5C1B 0.5: 1.0 99.2 ± 0.6 98.9 ± 0.3
6 PU-1C1B 1.0: 1.0 99.4 ± 0.5 98.8 ± 0.4
7 PU-3C1B 3.0: 1.0 99.3 ± 0.8 99.4 ± 0.3
8 PU-5C1B 5.0: 1.0 99.7 ± 0.1 99.7 ± 1.6

5. Conclusions and Future Scope

In general, the progress in liquid-based 4D printing has developed significantly in the
field of 3DP technology due to the variety and flexibility of selecting materials to produce
high-accuracy and multifunctional shape memory components that can be used for differ-
ent applications. Hence, with 3DP assistance, structure design would play a much more
essential role in SMP/SMPC multifunctional applications to serve as shape-morphing,
self-heal and self-assemble. Therefore, liquid-based additive manufacturing methods,
such as vat photopolymerization, material jetting and DIW material extrusion, have be-
come more popular 4DP techniques due to fine-tuning thermomechanical characteristics
of SMPs/SMPCs to meet application demands. Thus, the overall terms (general, data,
material) processing, features and applications for additive manufacturing were defined
and described in accordance with ISO/ASTM 52900.

Prior to the new literature in this field, most of the smart resins used in the fabrication
of 4D-printed components were acrylate-based and epoxy/acrylate-based resins. These
resins can be combined to optimize several properties of their 4D-printed components,
whereas some resins (photoresin) used commonly in 4DP, such as acrylic-based resin, offer
high strain and quick cure. However, their samples display high shrinkage and a drop in
mechanical properties. On the other hand, some resins (thermal cure) are brittle and slow
cure and often require multi-cure, such as epoxy-based resin, despite their low shrinkage
and high mechanical properties. Therefore, epoxy–acrylate resins can be optimised to
produce SMPs/SMPCs appropriate for mechanically demanding applications.

There are several external stimuli for triggering the shape of smart dynamic structures,
such as physical stimuli (light, electrical, magnetic), chemical stimuli (moisture/pH) and bi-
ological stimuli (biomolecule), that would greatly expand the applications of SMPs/SMPCs.
However, the above review focused on temperature stimuli for shape memory polymers
and their composites as thermal phase transitions that can be efficiently and effectively
controlled.

Lastly, 3DP of polymer composites faces a challenge in liquid-based technologies as
reinforcement micro/nanofibres or nanoparticles perhaps scatter or block light irradiation
and restrict curing, especially for high content. Further, adding these fillers can increase the
resin viscosity. Nevertheless, heating can decrease the viscosity to enhance the rheology
and, thus, printability. Therefore, the 3D-printed nanocomposites can reimburse for the
lack of mechanical characteristics from unmodified resins by including fillers.
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Nomenclature
Nomenclature NGDGE Neopentyl glycol diglycidyl ether
2PA 2-Phenoxyethyl Acrylate NMP N-methyl-2-pyrrolidone
4-MHHPA Hexahydro-4-methylphthalic anhydride NVK 9-Vinylcarbazole
BA n-butyl acrylate Omnirad 184 1-hydroxycyclohexyl phenyl ketone
BF3 Boron trifluoride etherate OXT 3-ethyl-3-hydroxymethyl oxetane
BGDGE 1,4-butanediol diglycidyl ether PBN Phenyl-N-tert-butylnitrone
Cyracure
(UVI-6976)

Triarylsulfonium hexafluoroantimonate mix-
ture salts

PEG Diglycidyl ether

DGEDA Bisphenol A diglycidyl ether diacrylate PEGDA Poly(ethylene glycol)diacrylate
DGEHBA Diglycidyl ether of hydrogenated bisphenol A PEO Polyethylene oxide
DICY Dicyandiamide PHEMA Poly hydroxyethyl methacrylate
Diuron™ Dichlorophenyl urea PLMC Poly(D,I-lactide-co-trimethylene carbonate)
DPIHFP Diphenyliodonium hexafluorophosphate PUA Aliphatic polyurethane acrylate
Ebecryl 8402 Aliphatic urethane diacrylate PVDF Polyvinylidene fluoride
ECC 3,4-Epoxy-cyclo hexylmethyl-3,4-epoxy-

cyclohexane carboxylate
SMPCs Shape memory polymer composites

EGDGE Ethylene glycol diglycidyl ether SR349 Bisphenol A ethoxylate diacrylate
EPOX Methyl & 3,4-epoxycyclohexylcarboxylate tBA Tert-Butyl acrylate
Esacure 1187 9-(4-Hydroxyethoxyphenyl) thiantrenium hex-

afluorophosphate
TEGDMA Triethylene glycol dimethacrylate

ETPTA Ethoxylated trimethylolpropane triacrylate TMPTA Trimethylolpropane triacrylate
GLYMO 3-glycidoxypropyltrimethoxysilane TMPTA-EO3 Trimethylolpropane triacrylate
IBOA Isobornyl Acrylate TMPEOTA Trimethylolpropane ethoxylate triacrylate
IPF Bis(4-methylphenyl)

iodonium hexafluorophosphate
TPGDA Tripropylene glycol diacrylate

Irgacure 184 1-hydroxycyclohexyl phenyl ketone TPO-L Ethyl(2,4,6-trimethylbenzoyl) phenyl phosphi-
nate

Irgacure 651 2,2-dimethoxy-2-methylpropiophenone TPO Diphenyl(2,4,6-trimethylbenzoyl) phosphine
oxide

Irgacure 784 Bis(2,6-difluoro-3-(1-hydropyrrol-1-yl)phenyl)
titanocene

Tris Tris(hydroxymethyl) aminomethane

Irgacure 1173 2-hydroxy-2-methylpropiophenone ZnTPP Zinc Tetraphenylporphyrin
MHHPA Methylhexahydrophthalic anhydride NMP N-methyl-2-pyrrolidone
MJ Material jetting NMP N-methyl-2-pyrrolidone
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