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Abstract: Polymer composites are becoming an important class of materials for a diversified range of
industrial applications due to their unique characteristics and natural and synthetic reinforcements.
Traditional methods of polymer composite fabrication require machining, manual labor, and increased
costs. Therefore, 3D printing technologies have come to the forefront of scientific, industrial, and
public attention for customized manufacturing of composite parts having a high degree of control
over design, processing parameters, and time. However, poor interfacial adhesion between 3D
printed layers can lead to material failure, and therefore, researchers are trying to improve material
functionality and extend material lifetime with the addition of reinforcements and self-healing
capability. This review provides insights on different materials used for 3D printing of polymer
composites to enhance mechanical properties and improve service life of polymer materials. Moreover,
3D printing of flexible energy-storage devices (FESD), including batteries, supercapacitors, and soft
robotics using soft materials (polymers), is discussed as well as the application of 3D printing as a
platform for bioengineering and earth science applications by using a variety of polymer materials,
all of which have great potential for improving future conditions for humanity and planet Earth.

Keywords: additive manufacturing; polymer composites; self-healing polymers; energy-storage
devices; bioengineering; porous media

1. Additive Manufacturing

Polymer and polymer composites can be fabricated using various manufacturing tech-
niques. Conventional methods have limitations in polymer and composite manufacturing
due to the need for precise molds for every single design and inability to manufacture
complex and customized parts. Additive manufacturing (AM) has key advantages, as
it allows for the production of customized and complex polymer composite parts in an
economical way [1]. Additive manufacturing enables the production of complex part
geometries generated by computer-aided 3D design with minimal material waste through
the additive layer-by-layer fashion of manufacturing [1–3]. There are a variety of different
additive manufacturing technologies, as shown in Figure 1, many of which have found use
for rapid prototyping in different industrial applications [4,5].
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Figure 1. Additive manufacturing processes. Reprinted (adapted) with permission from Ref. [5]. 
Copyright 2020. MDPI Materials. 

1.1. Types of Additive Manufacturing 
In this review, we aim to focus on unique applications of 3D printing technologies; 

thus, while the following is not focused on reviewing the various 3D printing technolo-
gies, the succeeding sections give a general overview of the primary technologies. For ex-
ample, selective laser sintering utilizes thermal energy to fuse a material powder into a 
solid part on a printing bed in successive layers using high-temperature laser to construct 
the structure. This process is perhaps the least utilized for polymer materials; however, it 
has found use for polyamide polymer matrices with different types of fillers. For instance, 
Goodridge et al. have investigated the impact of carbon nanofiber (CNF) addition on the 
processing parameters and mechanical properties of laser-sintered parts [6]. The second 
type of additive manufacturing technique is vat polymerization. UV light is used to cure 
a photo-resin in a vat using either a laser (stereolithography) or 2D projector (digital light 
projection) to generate the structural pattern for each layer. These vat photopolymeriza-
tion techniques are commonly used for printing polymer composites, where the polymer 
matrix materials are usually epoxy resin, polyester resin or acrylate resin [7–10]. Some 
advantages of this technology are the high resolution (25–100 µm) and smooth surface 
finish, which favor its application in constructing smaller and complex devices with high 
precision. However, drawbacks include the rather limited number and types of available 
resin materials as well as the high cost of high-performance resins. 

The third type of process is through material extrusion. In material extrusion, fila-
ments or material paste are extruded through a nozzle, and deposited on a build platform 
in the form of layers. The first category in the material extrusion process is liquid deposi-
tion modeling. In liquid deposition modeling, paste or liquid material is stored in a sy-
ringe and deposited selectively on a build platform based on the target design [1]. Shear 
thinning behavior is an important feature of material liquid deposition modeling, as the 
material must be extruded smoothly through the nozzle during the fabrication process 
but remain in place once deposited at the target locations [1]. While this technique is often 
cost-effective, it requires specific rheological and viscoelastic properties of the material, 
and agglomeration of the dispersed phase (in the case of composites) can lead to clogging 
of the nozzle [11]. Alternatively, inkjet printing is a similar process, in which an ink is 
released from a nozzle by piezoelectric action and the subsequent evaporation of solvent 
results in solidification of the material from the ink dispersion [12]. While both ceramic 

Figure 1. Additive manufacturing processes. Reprinted (adapted) with permission from Ref. [5].
Copyright 2020. MDPI Materials.

1.1. Types of Additive Manufacturing

In this review, we aim to focus on unique applications of 3D printing technologies;
thus, while the following is not focused on reviewing the various 3D printing technologies,
the succeeding sections give a general overview of the primary technologies. For example,
selective laser sintering utilizes thermal energy to fuse a material powder into a solid part on
a printing bed in successive layers using high-temperature laser to construct the structure.
This process is perhaps the least utilized for polymer materials; however, it has found use
for polyamide polymer matrices with different types of fillers. For instance, Goodridge
et al. have investigated the impact of carbon nanofiber (CNF) addition on the processing
parameters and mechanical properties of laser-sintered parts [6]. The second type of
additive manufacturing technique is vat polymerization. UV light is used to cure a photo-
resin in a vat using either a laser (stereolithography) or 2D projector (digital light projection)
to generate the structural pattern for each layer. These vat photopolymerization techniques
are commonly used for printing polymer composites, where the polymer matrix materials
are usually epoxy resin, polyester resin or acrylate resin [7–10]. Some advantages of this
technology are the high resolution (25–100 µm) and smooth surface finish, which favor its
application in constructing smaller and complex devices with high precision. However,
drawbacks include the rather limited number and types of available resin materials as well
as the high cost of high-performance resins.

The third type of process is through material extrusion. In material extrusion, filaments
or material paste are extruded through a nozzle, and deposited on a build platform in the
form of layers. The first category in the material extrusion process is liquid deposition
modeling. In liquid deposition modeling, paste or liquid material is stored in a syringe and
deposited selectively on a build platform based on the target design [1]. Shear thinning
behavior is an important feature of material liquid deposition modeling, as the material
must be extruded smoothly through the nozzle during the fabrication process but remain in
place once deposited at the target locations [1]. While this technique is often cost-effective, it
requires specific rheological and viscoelastic properties of the material, and agglomeration
of the dispersed phase (in the case of composites) can lead to clogging of the nozzle [11].
Alternatively, inkjet printing is a similar process, in which an ink is released from a nozzle
by piezoelectric action and the subsequent evaporation of solvent results in solidification
of the material from the ink dispersion [12]. While both ceramic components and complex
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polymer parts can be fabricated using inkjet printing [13,14], this process also requires tight
control over the material dispersion and utilizes delicate extruder heads and expensive ink
cartridges [12].

A second category of material extrusion is fused filament fabrication (FFF). Fused
filament fabrication is a well-known technology for fabrication of prototypes and end-use
parts of thermoplastic materials because of its simplicity, reliability, and affordability [15].
In FFF, thermoplastic materials are melted and extruded through a nozzle, subsequently
cooling, and solidifying in place to form the targeted structure. The combination of the
relatively broad variety of polymer materials and polymer composites compatible with FFF
3D printing and the fairly low cost of entry-level FFF printers has led to the popularity and
comparably broader application of FFF 3D printing [16–19].

2. Materials Design for Inherent Properties

3D printing is a challenging process, as several factors are employed for achieving
superior mechanical strength, including material design, printing parameters, and post
processing. The following summarizes recent research on material design for 3D printing
to improve mechanical performance of 3D-printed materials. Here, the literature on
3D printing of chopped and continuous carbon fiber-reinforced polymer composites is
discussed as a primary route for improving mechanical strength/toughness. Additionally,
recent research in 3D printing of self-healing polymer composites that allow materials
to autonomously recover mechanical strength/toughness in response to a damage event
is discussed, including different polymer systems and mechanisms used for fabricating
self-healing polymer composites.

2.1. Carbon Fiber-Reinforced Polymer Composites (CFRP Composites)

Carbon fiber-reinforced composites consist of both matrix and reinforcement, where
the matrix is a base material that supports the fibers and protects against external degrada-
tion and abrasion. Reinforcement in the polymer matrix synergistically improves material
physical properties including elastic, flexure, tensile and load-bearing capacity. However,
there are challenges to achieving the ultimate desired mechanical properties, such as the
selection of polymer matrix and reinforcement material, as they must be compatible chemi-
cally (matrix and fiber should not react chemically), physically (good interfacial adhesion),
and thermally (typically similar thermal behavior). Fused filament fabrication (FFF) is
a very common technique to fabricate CFRP composites for applications ranging from
prototyping to development of small to large functional parts that require high mechanical
performance. The reason for its popularity is its ease of use and the low cost of the machines,
process, and materials. As feedstock, FFF uses thermoplastic polymer materials that are
of low toxicity and easy and safe to handle during processing. Thermoplastic polymer
materials can be recycled after material failure, which makes them the common material of
choice for 3D printing of polymer composites [20]. However, the main challenge of using
FFF technology and thermoplastic materials is obtaining superior mechanical strength, as
FFF uses the thermal fusion approach for 3D printing, which can lead to defects between
printed layers and poor mechanical performance [21–23].

2.1.1. Carbon Fiber Filaments

Despite the availability of a variety of polymer materials for 3D printing, their mechan-
ical properties such as stiffness and strength are typically lower than those of metal and
fiber composites, limiting their use in high-performance applications. In addition, some of
the 3D printing processes have inherent limitations in applicability and commonly result in
voids within/between printed layers (an area of intense research and optimization), leading
to comparably poor strength. Therefore, to widen the applicability of polymer materials
for 3D printing, research on polymer fiber-reinforced and polymer matrix composites has
recently grown. Carbon, glass, and Kevlar fibers are some of the most common reinforce-
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ment materials used for polymer systems, where carbon fiber-reinforced composites in
particular yield large improvements in mechanical performance.

One of the techniques used for addition of carbon fibers to a polymer system is laser
sintering by using the polymer in powder form. For instance, Goodridge et al. demon-
strated (stated in Section 1.1) the preparation of carbon nanofiber-polyamide 12 composite
powder using the melt mixing and cryogenic milling technique, followed by laser sintering
to fabricate polyamide composite structures, as shown in Figure 2A [6]. Addition of 3%
carbon nanofibers resulted in an increase in the storage modulus value of polyamide com-
posites by 22%. However, this technique is not commonly used commercially due to the
lack of availability of polymer materials for 3D printing. Therefore, polymer filament prepa-
ration using short carbon fibers is a commonly adapted process to introduce reinforcement
into polymer matrices due to their ease of fabrication, low cost, and superior mechanical
strength as compared to polymer matrix itself. Generally, short-fiber compounded polymer
filaments are made in two steps. Polymer pellets are first mixed in a mechanical blending
process with short carbon fibers, and then this compounded material blend is melt-extruded
to form filaments.

Several researchers have utilized this type of process to produce composite filaments
and investigated the addition of short fibers into thermoplastic polymers as polylactic acid
(PLA), acrylonitrile butadiene styrene (ABS), polyether ether ketone (PEEK), polypropylene
(PP), and nylon (polyamide) to fabricate composite filaments [22]. The reported investi-
gations included the impact of fiber length and orientation on physical characteristics of
3D-printed fiber-reinforced polymer composites. Ning et al. investigated effects of carbon
fiber content and length on the mechanical properties and porosity of 3D-printed CFRP
composites [24]. As shown in Figure 2B, ABS polymer pellets were used along with carbon
fibers to extrude carbon fiber-reinforced filaments, followed by 3D printing of CFRP ABS
matrix composites. The addition of carbon fibers in the ABS polymer system increased
tensile and flexure strength but decreased toughness. Moreover, with an increase in the
content of carbon fiber up to 10 wt.%, porosity increased due to the increasing physical
gap between 3D-printed layers resulting from the variance in carbon fiber distribution and
inconsistent thermal fusion of layers at the interface [24]. Ferreira et al. studied reinforce-
ment of short-length carbon fibers with PLA to investigate the mechanical characterization
of 3D-printed composites produced by FFF [25]. It was concluded that the incorporation
of short carbon fibers in PLA increased tensile modulus by two times, and carbon fibers
remained aligned with the length of the 3D printing filament and also in the direction of
3D printing, which helped in improving the stiffness of the composite structure [25].

Another strategy to improve the strength of the thermoplastic material using FFF
is the development of new printing methods such as 3D printing of continuous carbon
fiber-reinforced polymer composites. Yao et al. made great efforts in 3D printing continu-
ous carbon fiber-reinforced PLA composites using FFF, where carbon fibers are separately
impregnated with epoxy resin to place them on the first few 3D-printed layers, and then
composite structures are produced on laid carbon fibers with the extruded PLA (shown
in Figure 2C; process demonstrated as (a–h)) [26]. This method not only improved tensile
strength of PLA composites by 70% but also reduced the weight of materials used for 3D
printing by approximately 11%. Moreover, carbon fibers in the composite microstructures
also served as sensory agents by monitoring changes in the electrical resistance of the fiber
due to deformation (more information about self-monitoring devices is in Section 3) [26].
However, challenges remain for the use of continuous carbon fibers, such as enhancing ad-
hesion between the carbon fibers and thermoplastic polymer to obtain better reinforcement.
Moreover, advances in functional nanomaterials, which can be included in the ink, have
led to the rapid development of printed electronics and prototypes (more information in
Section 3.2.1). Kim et al. studied 3D printing of microstructures containing approximately
75 wt.% of carbon nanotubes and 25% polyvinylpyrrolidone (PVP) as a stabilizer and
rheology modifier, as shown in Figure 2D [11]. A high concentration of multiwalled carbon
nanotubes (MWNT) was added to achieve excellent thermal and electrical properties in
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meniscus-guided 3D-printed microstructures along with superior mechanical strength [11].
They showed that fabrication of highly conductive microstructures is possible with the
utilization of only MWNT ink and evaporation of PVP by thermal treatment during 3D
printing.
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Figure 2. (A) Laser sintering of carbon-fiber-reinforced polyamide material and its mechanical
characterization. Reprinted (adapted) with permission from Ref. [6]. Copyright 2010 Elsevier.
(B) Fabrication of carbon-fiber-reinforced ABS filaments using melt extrusion and FFF 3D printing
of ABS composites. Reprinted (adapted) with permission from Ref. [24]. Copyright 2015 Elsevier.
(C) FFF 3D printing of carbon-fiber-reinforced PLA composites using continuous carbon fibers
impregnated using epoxy resin and embedding pre-peg carbon fibers on 3D printed PLA layers with
process demonstrated as (a–h). Reprinted (adapted) with permission from Ref. [26]. Copyright 2017
Elsevier. (D) 3D-printed MWNT microarchitecture is printed by horizontally pulling a micronozzle
filled with CNT ink (PVP-wrapped A-MWNT suspended in water). Reprinted (adapted) with
permission from Ref. [11]. Copyright 2016 American Chemical Society.

Besides improving technology and materials, researchers are also trying to fabricate
carbon fiber-infused polymer filaments prior to 3D printing. Recently, a new class of
polymer materials was introduced, namely Onyx and ABSPlus [27,28]. Onyx is a carbon
fiber-reinforced tough nylon filament, combining the tensile strength and thermal properties
of carbon fibers with the toughness of nylon. Yasa et al. evaluated the mechanical properties
and dimensional accuracy of carbon fiber-reinforced nylon composites produced with the
fused filament fabrication technology [29]. The study showed that adding carbon fibers into
the nylon matrix improved yield strength and modulus compared to nylon without any
reinforcement. These materials are considered for specific industrial applications where
both toughness and strength are required. Another new 3D printing polymer material
class is ABSPlus, which minimizes the sensitivity of acrylonitrile-butadiene-styrene (ABS)
polymer to shrinkage and warping while preserving most of its mechanical properties.
Rybachuk et al. investigated the anisotropic mechanical properties of fused filament
fabricated parts produced using ABSPlus polymer [30]. The study showed improvement in
the mechanical properties of the ABSPlus parts with the orientation aligned to the vertical
axis (z-axis) while 3D printing [30].
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2.1.2. Carbon Fiber Resins

Another approach is using carbon fiber within polymer resins employing 3D print-
ing to fabricate thermosetting composites. Continuous carbon-fiber-reinforced thermoset
polymer composites show better mechanical performance than thermoplastic polymer
composites because of the chemical reaction occurring at the fiber and polymer matrices’ in-
terface [26]. Materials used for thermosetting composites are epoxy resins and carbon fiber
bundles where carbon fibers are passed through an epoxy resin pool that directs towards
the printing head for extrusion during printing. Once the sample is printed on a building
platform, it is subjected to high temperatures for thermal curing [27]. For example, Hao
et al. studied 3D printing of continuous carbon fiber-reinforced thermosetting epoxy-based
composites using FFF and observed superior mechanical strength of the composite struc-
tures as compared to carbon fiber-reinforced thermoplastic composites [27]. Rahman et al.
also studied 3D printing a UV-curable resin reinforced with continuous carbon fibers and
observed that the composite structures had superior mechanical performance and excellent
thermal stability due to the crosslinked nature of the material with higher load-bearing
capacity due to dispersion of continuous carbon fibers in the polymer matrix [28]. However,
due to the fundamental mechanisms of stereolithography 3D printing, reinforcing polymer
material with continuous fiber is still a challenge. Therefore, a more common way to 3D
print thermoset composites using photopolymerization is to use short carbon fibers, as
using continuous fibers for thermoset resin 3D printing is still relatively new. The mechani-
cal properties of short fiber-reinforced SL printed parts largely depend on the alignment
of the short fibers. Shear aligning of the short fiber has also been investigated. Yunus
et al. [31] induced shear aligning by the movement of the vat relative to the build plate.
Improved fiber alignment in 3D printing matrix material can result in excellent mechanical
performance; in this case flexural properties of SLA-printed composites improved by 90%
compared to randomly distributed samples [31].

2.2. Self-Healing

All engineered materials are susceptible to deterioration, damage, and failure [32].
Damage in a material can occur during its processing, due to accidental external events or by
wear and tear during use [33]. Additionally, the combined impacts of heat, light, chemical
medium, and environmental factors can lead to the degradation of materials [34]. In
nature, biological systems address this issue by self-healing, where the overall goal of living
systems is to survive, and healing is the primary option used by animals and plants [27,29].
This influential biological self-healing concept has inspired scientists to incorporate similar
functionality within synthetic materials to build “self-healing materials” [35,36]. Self-
healing is an intrinsic ability of a material to repair damage (partially or completely) and
recover its lost or degraded physical properties and functional performance using the
resources inherently available to the material systems [27,31,32]. Self-healing thereby
aims to increase the robustness and prolong the service life span of a material when
repair or replacement of the material is economically not affordable, not possible, or
unsafe [33,37–39]. The following sections describe self-healing polymer systems that repair
injuries without human intervention, as inspired by living materials, and their application
to 3D printing of polymer composites [33].

2.2.1. Types of Self-Healing

Self-healing can either be an autonomous process where external intervention is
not required, or it can be non-autonomous, where external force, heat [39,40], organic
solvents [41–43], or UV-light [41,42] is necessary to initiate the process. Autonomous
self-healing does not require external stimulus to initiate the healing because the material
damage itself is enough to trigger the process [44–51]. Autonomous self-healing is valu-
able in difficult-to-access environmental conditions, e.g., inside devices such as implants,
deep sea pipelines, and aerospace applications [35]. Self-healing systems can be further
categorized into two primary conceptual approaches: intrinsic and extrinsic. In intrin-
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sic self-healing, the material itself incorporates the ability to heal via reversible bonding,
typically in presence of heat or UV-light, whereas in extrinsic self-healing, this ability is
incorporated through the addition of a second material such as a microcapsule or microvas-
cular network with autonomic self-healing ability [33]. The type of self-healing approach
and its implementation impact the damaged volume that can be repaired, the repeatability
of healing at the same location, and the speed at which the healing occurs [33].

Intrinsic Self-Healing

Intrinsic self-healing materials recover from a damage event through inherent re-
versible bonding or reversible reactions in the polymer matrix [33,51]. Intrinsic self-healing
does not require the addition of an external healing agent, avoiding many issues with incor-
poration of healing systems in the material and their compatibility with the material [33].
One common route to intrinsic self-healing materials is through reversible reactions, such
as reversible polymerization of crosslinking where the polymer itself can be reversed to
its monomeric or un-crosslinked state during the damage event and subsequently repairs
itself autonomously or by utilizing external stimuli such as heat or light [52]. Intrinsic
self-healing systems are capable of multiple healing events due to the repeatability of the
utilized reversible reactions. However, as intrinsic self-healing systems mostly rely on exter-
nal stimulus (heat or light), their application space is limited somewhat to material-specific
temperature windows or application-specific accessibility to light [53].

One example of reversible reaction-based intrinsic self-healing is through Diels–Alder
cycloaddition [40,41,54–60]. Intrinsic self-healing has also been demonstrated utilizing
ionomer chemistries such as poly(ethylene-co-methacrylic acid) [51,53], where thermally
assisted ionic interactions near the crack area lead to formation of clusters of ionic segments,
resulting in self-healing [60]. Additional routes to intrinsic self-healing include incorpora-
tion of reversible hydrogen bonds [61,62] and molecular diffusion [63]. Intrinsic self-healing
systems are capable of multiple healing events due to reversible reactions. However, a ma-
jority of the studies in intrinsic self-healing systems are limited to thermoplastic polymers,
which restricts their application for heavy-duty systems due to their low strength, stiffness
and low Tg [53]. Intrinsic self-healing systems mostly rely on external stimulus, limiting
their application in difficult-to-access conditions [53], thus motivating further studies on
the development of intrinsic self-healing systems without external stimulus requirements
or easily available external stimulus [53].

Extrinsic Self-Healing

Extrinsic self-healing is a type of autonomous healing, where healing fluids are incor-
porated in the form of capsules or vascular networks that are isolated in a separate phase
from the host material. Extrinsic self-healing systems contain encapsulated containers in
the form of capsules or vascular networks that release a healing fluid during the crack
event and initiate the self-healing process [64].

Capsule-based self-healing materials are one category of extrinsic self-healing, where
a healing fluid is stored inside discrete microcapsules [37]. Microcapsules are micron-sized
particles consisting of one or more core reactive materials surrounded by single or multiple
shell walls [65]. When these capsules are ruptured by a propagating crack, the self-healing
process initiates due to the release of healing fluid and subsequent reaction near the crack
plane. Microcapsule-based self-healing systems are highly localized systems and can heal
the crack right where it is initiated, but their main drawback is that they are restricted
to single damage events at a given site [66]. Additionally, the healing fluid is depleted
after this one release, leading to a singular local healing event [67]. Reactive materials are
encapsulated using various techniques including in situ interfacial polymerization, melt
dispersion, or coacervation. In-situ and interfacial emulsion polymerization are common
encapsulation techniques due to their simplified process, as described below [49,50,64].

Microcapsule-based self-healing systems can be implemented using different meth-
ods of sequestering the healing agent(s). The first is a capsule-catalyst healing system,
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where the healing fluid is an encapsulated monomer, and a corresponding catalyst is
dispersed in the polymer matrix. White et al. [37] demonstrated for the first time dicy-
clopentadiene (DCPD)-Grubbs’ first-generation catalyst-based self-healing system based
on ring-opening metathesis polymerization. These capsule-catalyst-based systems have
been incorporated into epoxy matrices [67,68] and epoxy composites [69] due to the ability
of poly(dicyclopentadiene) to form cross-linked networks across the damage front, leading
to high healing efficiency [68]. Another related approach is a multi-capsule system in which
both core fluid and catalyst are encapsulated separately and both microcapsules are incor-
porated into the composite. Multi-capsule self-healing of elastomers has been reported by
Keller et al., where platinum catalyst and poly(dimethylsiloxane) (PDMS) monomer were
encapsulated separately in different microcapsules and dispersed in a PDMS resin matrix
to produce a self-healing composite material [70]. Another capsule-based system utilizes a
latent functionality of the polymer matrix itself, where microcapsules containing healing
fluid are dispersed in the polymer matrix, and during the crack event, this incorporated
functionality initiates the polymerization upon release of the healing fluid. Self-healing
coatings are a great example of capsule-based systems utilizing latent functionality [71]. A
different approach utilizing a latent system characteristic is solvent-based self-healing [72].
In solvent based self-healing systems, the healing fluid is a solvent that utilizes solvation
of the bulk polymer to initiate the self-healing. In a solvent-based system, a crack in the
polymer matrix releases the solvent to the crack site, locally dissolving the polymer and
leading to re-bonding of the crack surfaces of the polymer matrix on evaporation of the
solvent [73].

Vascular self-healing materials comprise a second category of extrinsic self-healing.
Vascular self-healing materials operate analogously to the above-described capsule-based
systems; however, they store and distribute the healing fluid through capillary-sized hollow
tubes in the form of an interconnected network within the material [74]. For instance,
vascular channels can be incorporated using hollow glass fibers [75]. Vascular networks
with multiple connectivity have been prepared to have a larger accessible reservoir of
healing fluid and to attain easier refilling of the fluid after depletion [66]. A key advantage
of vascular self-healing system is their ability to achieve repetitive healing of damage events
due to the high volume fraction of healing fluid and interconnected delivery through the
network [76]. However, these systems can also suffer channel blockages that can restrict
healing fluid access to new crack sites; fractured channels can lead to large-scale leakage
that can soften the polymer matrix (plasticization); and the incorporation of interconnected
vascular networks can be a complex endeavor [76].

2.2.2. Additive Manufacturing of Self-Healing Polymer Composites

As discussed above, thermoplastics and thermoset materials have been used to fabri-
cate polymer parts or composite parts using different additive manufacturing technologies
due to the easy accessibility of 3D printers and the ability to create complex and customized
part in an economical way. Thermoplastics are a popular choice for additive manufacturing
due to their flexibility, manageable melting temperature, fast cooling rates and user-friendly
safe processing [77]. Poly(lactic acid) (PLA) is a common polymer used for 3D printing
due to its biocompatibility, renewability and low extrusion temperature, which favor its
application in biomedical industries [78]. Fabrication of PLA and PLA composites using
FFF has been reported [79]. High-impact polystyrene (HIPS) is another polymer commonly
used for 3D printing applications due to its easy fabrication and machinability [79]. HIPS
has various benefits as a 3D printing material due to its high impact strength, high di-
mensional stability, and low cost. It is used on a large scale to fabricate prototypes for
design validation. It is also used as a support material during 3D printing of complex parts
containing overhangs and bridging. Compared to traditionally constructed parts, the main
challenges faced by 3D-printed thermoplastic materials are poor mechanical properties,
poor interlayer adhesion and delamination, which in the long term can lead to material
failure. For these reasons, thermoplastics are genuine contenders for self-healing applica-
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tions using additive manufacturing technologies. The concept of additive manufacturing
of self-healing composites is still new. For self-healing of thermoplastic materials, Villajos
et al. reported on poly(ethylene-co-methacrylic acid) (EMAA) copolymers reinforced with
carbon nanotubes for 3D printing of self-healing composites [77].

Thermoset polymers are a second category of polymer composite. Thermoset polymers
in the form of epoxy and acrylate resins are popularly used for fabricating composite
materials due to their excellent mechanical stability at elevated temperature, good chemical
resistance, and compatibility with commercial 3D printers [80]. However, in the case of
thermoset materials, it is not generally possible to recycle or reshape thermosets if they
develop damage. Moreover, in the case of a thermoset polymer material, the brittle nature
and high crosslinking density of materials can result in catastrophic failure upon damage.
Therefore, researchers are trying to find ways to combine self-healing and 3D printing
technologies for repairing damage in thermoset polymer materials. Yu et al. studied
self-healing properties in elastomers by incorporating thiol and disulfide groups within
the structure, which undergo reversible reactions enabling healing upon the addition of
force (0.5 N), as shown in Figure 3A, [81]. Liu et al. studied self-healing in a 3D-printed
double-network of polyacrylamide (PAAm) in the presence of k-carrageenan (Figure 3B),
and demonstrated repair of fractures upon heating the samples at high temperature [82].

There are some limitations with the 3D printing of hydrogel-based intrinsic self-healing
systems, as they depend on external stimulus. Therefore, research on 3D printing of au-
tonomous self-healing polymer systems has been conducted, and several studies have
been reported. In 2019, Sanders et al. reported on the self-healing of stereolithographic 3D
printing of thermoset composites using the solvent welding mechanism, where self-healing
of photocured commercial resin was shown using anisole (solvent) filled microcapsules
with 87% fracture recovery, as shown Figure 3A [83]. However, this route is dependent on
the solubility of the polymer matrix in the solvent, and therefore, a more approachable and
viable route was investigated by Shinde et al. [50]. In their study, Shinde et al. investigated
stereolithographic (SLA) 3D printing of a self-healing composite system consisting of a
commercial photocurable resin with embedded catalyst (Grubbs’) and microcapsules con-
taining dicyclopentadiene (DCPD) monomer. The study also provided a versatile platform
for SLA 3D printing of self-healing thermoset polymer materials, as it does not require
manipulation of the resin chemistry and has less reliance on solvent for fracture recovery,
as shown in Figure 3C [50]. Another route is designing vascular self-healing networks as
explained by Postiglione et al., where self-healing polymers based on embedded microvas-
cular networks are 3D-printed, and resin material is stored in individual microchannels,
which upon damage release the material, which then diffuses through and heals the cracks
at microscopic and macroscopic levels, as shown in Figure 3D; where (a–h) represent images
of vascular microchannels and its self-healing after crack event [84].
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Figure 3. (A) Stereolithography 3D printing of self-healing thiol-based elastomer system, showing
disulfide bond-assisted self-healing process. Reprinted (adapted) with permission from [81]. Copy-
right 2019. (B) Direct ink writing of polyacrylamide (PAAm) based hydrogel-based self-healing
system in presence of k-carrageenan. Reprinted (adapted) with permission from [82]. Copyright
2017 American Chemical Society. (C) Stereolithography 3D printing of autonomous self-healing
microcapsule-based polymer composite system. Reprinted (adapted) with permission from [50].
Copyright 2020 American Chemical Society. (D) Dual extrusion 3D printing of micro-vascular net-
works using PVA polymers to design self-healing vascular based system where (a–h) represent images
of vascular microchannels and its self-healing after crack event. Reprinted (adapted) with permission
from [84]. Copyright 2017 American Chemical Society.

3. Soft Robotics

Soft robotics is a specific branch of robotics that utilizes soft materials (polymers)
and is inspired by natural living animals, including the octopus, elephant, spider, snake,
and many others. Flexible and soft robotics are generally very adaptive to the working
environment, assisting humans or replacing humans in many complex and dangerous
situations, such as moving forward inside an irregular tunnel, performing surgeries, and
grasping fragile objects. Compared to robotics with rigid constituents, soft robotics does
not require wire control or motor actuation in response to various stimuli. The structure of
soft robotics generally includes three components: soft actuators, sensors, and a control
system. Here, we focus on leveraging 3D printing techniques for soft actuators that can
deform under different types of environmental stimulation, including fluidic (hydraulic
and pneumatic) and field-driven (chemical, electric, and magnetic) methods (Figure 4).
More examples are also presented in Table 1.
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Figure 4. (a) DIW printed hydraulic actuator with time-dependent water injection. Adapted with
permission from Ref. [85]. Copyright 2019 American Chemical Society. (b) DLP printed pneumatic
gripper. Adapted with permission from Ref. [85].Copyright 2015 John Wiley and Sons. (c) FFF
printed dual-channel pneumatic actuator. Adapted with permission from Ref. [86]. Copyright 2016
Mary Ann Liebert, Inc. (d) DIW printed jellyfish ionic actuator. Adapted with permission from
Ref. [87]. Copyright 2021, American Chemical Society. (e) In-plane contraction and expansion of 3D
printed DEA. Adapted with permission from Ref. [88]. Copyright 2019 John Wiley and Sons. (f) 3D
printed flower with magnetite fillers enclosed under magnetic field. Adapted with permission from
Ref. [89]. Copyright 2019 John Wiley and Sons. (g) A DIW printed humidity-responsive hydrogel
actuator is grabbing a goldfish. Adapted with permission from Ref. [90]. Copyright 2020 American
Chemical Society. (h) SLA printed gradient structure responsive to pH and temperature. Adapted
with permission from Ref. [91]. Copyright 2022 Chemical Engineering Journal.
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Table 1. Summary of literature reporting 3D-printed soft robotic structures.

Paper Materials Process Structure Parameters Mechanical Properties Application Comments

Patel et al., 2017 [85] Photocurable elastomer
resin DLP 3-legs gripper 70 ◦C bath, 385 nm;

10 s/ layer
E = 4.21 MPa
ε = 1100% Pneumatic actuator

DLP-printed elastomer
has good potential in

sealed hollow structures

Cheng et al., 2019 [84] Low-viscosity hydrogel DIW 4-channel tentacle η = 50 Pa·S at 0.01 s−1
E = 59.6 KPa

Toughness = 424.6
KJ·m−3

Hydraulic actuator

Hydrogels with
abundant

functionalities facilitate
the free design of soft

robotics

Wang et al., 2021 [87] Dielectric elastomer DIW Jellyfish 216 Pa·S at 0.01 s−1 E = 26.4 KPa
Strength = 235.8 KPa

Electrically responsive
gel actuator

3D-printed dielectric
elastomer can actuate
rapidly but requires

high voltage

Kokkinis et al., 2015 [92] Polymer-alumina
composites MM-3D a Cuboids 1.15 Pa·S E = 7 MPa

ε = 150% Magnetic actuator MM-3D allows
designing composites

Odent et al., 2019 [93] Photocurable hydrogel
resin SLA Gradient-like structures 3 s/layer (100 µm);

405 nm - Temperature-
responsive actuator

3D-printed gradient
structures have various

volume expansion
properties

Zhou et al., 2019 [94] Dielectric elastomer FFF 4-leg soft gripper
230◦ nozzle

temperature, 100%
filling density

Toughness = 440 J/m2 Dielectric elastomer soft
actuator

FFF aids the
combination of

multi-layer structures
without using adhesives

Wang et al., 2018 [95] Graphene/PDMS b

composites
DIW

Grid/triangular
porous/hexagonal
porous structures

η = 10,000 Pa·S
at 0.01 s−1 - Strain/temperature

sensor

3D printing facilitates
the design of complex

structures of composites

Kalsoom et al., 2020 [96] Polymer–particles–salt
composites FFF Filaments

245 ◦C extrusion
temperature; 0.8 mm

nozzle
- Humidity sensor

FFF facilitates
composite sensors
without additional

electrode layers

Mu et al., 2017 [97]
Photocurable

resin–carbon source
composites

DLP Hollow structure truss η = 11.5 Pa·S at 1 s−1;
40 s/layer (19.05 µm)

E = 10 MPa
ε = 10% Strain sensor

DLP optimized
electrical performance
by printing complex

structures

Shen et al., 2018 [98] Metal oxide and
quantum dots DIW Symmetric arrays >104 Pa·S at 10 s−1 - Micro-supercapacitors

Low-cost and efficient
3D printing optimized
the process of building

multilayer
supercapacitors
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Table 1. Cont.

Paper Materials Process Structure Parameters Mechanical
Properties Application Comments

Park et al., 2018 [99] Photocurable resin
and nanowires DLP Porous symmetric

arrays

405 nm; 30 µm per
layer;

η = 1.3 Pa·S
- Micro-

supercapacitors

DLP helps achieve
low electrical
resistance by

designing structural
octet effect

McOwen et al., 2018
[100]

Ink (ceramic powder
and polymer binder) DIW Symmetric arrays η = 1500 cP - Solid-state

lithium-ion batteries

Modification of ink
formulations
optimizes the

solid-state electrolyte
structure, enhancing

electrochemical
properties

He et al., 2020 [101] Photocurable resins
with ionic liquid SLA Growth rings 355 nm UV

(10 W cm−2) -
Solid-state

lithium-metal
batteries

3D-printed growth
rings increase the

specific area, loading
more active
materials.

Ayan et al., 2020 [102]
Electrocytes with

mouse fibroblast cell
line

Hybrid bioprinting
Heterogeneous
pyramid with

spheroids
250 µm nozzles - Precise positioning of

biologics

Bioprinting aids
study of tissue–tissue,

tissue–material
interactions and

realize bottom-up
assembly

a Multimaterial magnetically assisted 3D printing system. b Polydimethylsiloxane.
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3.1. Fluidic Actuation

Fluidic actuation-based soft actuators (FSAs) contain built-in channels that can inflate
with an applied purging pressure, including hydraulic or pneumatic pressure, resulting
in a designed manipulation based on the structure. FSAs require materials with high
elastic modulus, good toughness, and moderate stiffness, such that room-temperature
vulcanized elastomers are widely used due to their flexibility and durability. However,
unreinforced elastomers generally finalize with poor tear resistance. Research on materials
for FSAs has accordingly focused on finding suitable elastomeric candidates, including
silicone-based polydimethylsiloxane (PDMS), polyurethane (PU), and various hydrogels.
Two-dimensional (2D) fabrication methods, such as casting liquid monomers into a model,
followed by polymerization to form the desired solid shape, can limit the design of soft
actuators. Three-D printing techniques, including DIW, DLP, and SLA, can fabricate FSAs
using 3D printable materials to achieve complex geometries. For instance, Patel et al.
3D-printed a 3-arm gripper with hollow-ladder structures by photocuring UV-curable
elastomers using DLP. The epoxy aliphatic acrylate-based elastomer actuator showed large
elongation (1100% strain), allowing significant inflation with water and gas [85].

3.1.1. Hydraulic Soft Actuators

Hydraulic power is a type of closed-circuit drive system that applies liquid as a
medium. Various deformations can take place by pulsing the hollow fluidic channels. The
hydraulic pressure can generate considerable power and force, which can be applied in
medical and bionic applications. For instance, Katzschmann et al. designed and simulated
a fish-like robot that utilized hydraulic power for propulsion [103]. Hydraulic transmis-
sion tubes have also been embedded within composite fibers to fabricate artificial muscle
systems. Zhu et al. have demonstrated wearable soft robotics based on sheets containing
such fluidic fabric muscles, which utilized composite fabrics with elastic channels [104].
However, complexity in modeling, controlling, and planning for safe human–robot in-
teractions remain formidable challenges. To eliminate the complicated assembly of soft
actuators’ discrete counterparts, Robert et al. designed and precisely controlled hydraulic
actuators with hexapod, bellows, gripper, and gear pump structures based on the Inkjet
printing technique. These hydraulic actuators have shown good mechanical strength,
fatigue resistance, and high printing resolution [105]. To achieve safer and biocompatible
interactions with human bodies, 3D-printed biocompatible hydrogels have been developed.
The DIW technique has printed a biocompatible hydrogel actuator based on acrylamide
(AAm) and alginate. The hydrogel network’s ionic crosslinking and covalent crosslink-
ing have functionalized the hydraulic hydrogel actuator with high toughness and good
flexibility [85]. To realize precise controllability of soft hydraulic actuators, soft valves
should be manufactured. Soft valves are attached to the soft actuators as a power source,
driving or controlling the fluidic flow into the hollow tunnels of actuators. In other words,
soft valves can act as a control system that regulates the flow rate, pressure, and mass,
customizing the desired locomotion and output force of soft actuators. However, traditional
hydraulic valves are fabricated from rigid materials, which present a major challenge in
producing soft valves. Alex et al. designed an entirely soft hydraulic valve to replace the
rigid valves in robotic systems based on the polyjet printing technique [106]. A printed
octopus structure was composed of a valve, bellow-like legs, and an electrorheological
fluid that facilitated controlled manipulation under the activation voltage.

Further investigations have focused on hydraulically amplified electrostatic actuators
with self-healing properties because they have a high degree of freedom (DOF), including
changing shape, modifying output power, and achieving desired stiffness under a con-
trolled electric field. To develop a complex architecture of muscular hydrostats that shows
various flow directions in the actuator, Maura et al. demonstrated an electrohydraulic ten-
tacle actuator based on the CLIP method by photocuring silicone-urethane elastomers. The
printed actuator showed a maximum of 460 mN with LiCl salt as conductive medium [107].
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3.1.2. Pneumatic Soft Actuators

Pneumatic soft actuators (PSAs) are one of the essential fluidic actuators that can
convert the pressure of compressed gas into the mechanical propulsion of controlled parts.
The advantages, including ease of control, fast response, enormous output power, and safe
interaction between humans and robotics, have generated numerous applications for PSAs
in soft robotics, medication, and bioengineering. Pneumatic artificial muscle (PAM), also
named McKibben actuator, has been one of the most popular applications of PSAs [108].
The composition of PAMs includes flexible elastomer tunnels and fiber sleeves, called
Pneu-Nets (PN), which can achieve deformation with a high degree of freedom (DOF).
However, one of the challenges of PNs is that they require complex fabrication and assembly
procedures to realize high DOF. To solve the challenges and develop PSAs with high DOF
that can realistically mimic the movement of biological creatures, such as octopuses, Bryan
et al. designed a pneumatic octopus tentacle with great diversity in 3-dimensional (helical,
longitudinal, and transverse) deformation based on the SLA technique [109]. The typical
configuration of a PSA is of a balloon type that is easily formed by two elastomer layers
and a cantilever to create a chamber inside. The challenge is that the bellow-type actuators
have inefficient bending and low DOF. To solve this challenge, Benjamin et al. designed a
novel fold-based structure for a PSA based on the DIW technique, showing a high force
output at a safe pressure (<200 kPa) [110]. Hong et al. designed a dual-channel bellow-type
actuator based on the FFF technique to achieve high DOF of the bending deformation [86].

The challenge of working with DIW and FFF utilizing thermoplastic materials is the
limited selection of flexible filaments. The stiffness of thermoplastics can significantly
reduce the gas pressure, impacting the output power. Moreover, the defects, including
failures and holes in printed structures, can deflate the pneumatic chambers. Thus, high-
resolution products were desperately needed to solve the voids and defects of pneumatic
actuators. The DLP technique that utilizes the free radical polymerization method is an
ideal method to print PSAs with closed systems and valves or channels with precisely
controlled dimensions, because the unreacted monomers in each layer can also polymerize
to eliminate the defects. DLP can even print PSAs on a microscale with high resolution
and good mechanical properties. Zhang et al. 3D-printed a miniature PSA, such as a
one-channel bellow-type, miniature 3-arm gripper, and bars with built-in chambers at
millimeter-scale by introducing and adjusting the concentration of photo absorber in
precursor inks using epoxy aliphatic acrylate (EAA) photocurable elastomer based on
DLP [111]. Another way to solve the defects in DIW-printed samples is to introduce
multi-material systems incorporating nanoparticles in the printable ink to functionalize
the PSA, enhance the mechanical properties, and conduct heat more efficiently to improve
the printing quality. A good demonstration is that of Zhang et al., who printed a flexible
conductive circuit by utilizing an ink with silver nanoparticles that locally achieves fast
heating. The printed PSA showed increased high load capacity, shape adaptivity, and fast
heating–cooling [112].

One of the most critical advantages of vat polymerization printing techniques, in-
cluding DLP, SLA, and CLIP, is the wide selection of materials available for synthesizing
elastomers based on free radical polymerization. Apart from typical PU-based [85] and
PDMS-based elastomers [113], hydrogel elastomers can also provide opportunities to
print PSAs [114].

3.2. Field-Driven Soft Actuators

Soft actuators can respond to fields (chemical, magnetic, electric) and convert the
energy to mechanical deformation and have attracted significant attention in the bioengi-
neering and energy storage fields. Stimuli that can actuate the deformation generally
include pH, salt, light, heat, and electric and magnetic fields. In our review, we focused on
applying 3D printing techniques in fabricating electroactive polymers, magnet-responsive
polymers, and chemical-responsive polymers.
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3.2.1. Electroactive Soft Actuators

Electroactive soft actuators (ESAs) were fabricated from electroactive polymers (EAPs)
that can change shape or dimensions under electric fields. Based on their different actu-
ation mechanisms, EAPs are usually categorized into two types: the electronic type and
ionic type.

The electronic type generally includes (1) electrothermal actuators (ETAs) that can ex-
hibit thermal expansion based on conductive composite sheets (carbon nanotube, graphene,
conductive polymers) [115–120]; (2) dielectric elastomer actuators (DEAs) that comprise a
thin polymer membrane (silicone, PU, acrylic elastomer) [118] sandwiched by two flexible
electrodes and can deform under an electric field based on the Maxwell stress effect and
electrostriction [114,115]; (3) liquid crystal elastomers (LCA) that have an intermediate state
between a liquid phase and crystalline phase in polymers [121], deforming under electric
fields based on the accumulation of mesogens reoriented from stretched conformation to
random coil conformation [122]. This review will focus on applying 3D printing to DEAs
due to their high efficiency, durability, and large actuation force.

The ionic type basically includes (1) ionic polymer actuators (IPAs) that can show fast
and dual-oriented deformation in liquid under relatively low voltages (1–5 V) with alternat-
ing current based on volume-change mechanisms [123]; (2) ionic polymer–metal composite
(IPMC) actuators that have an electrolyte-containing ionic polymer film sandwiched by two
electrodes (Cu, Au, Pt, carbon, etc.), actuating under an electric field in dry conditions based
on the accumulation of mobile ions on the electrolyte–electrode interface [119]; (3) Bucky
gel actuators (BGAs) that have a three-layer structure with ionic liquids as electrolyte and a
carbon source as electrodes, actuating in the air under an electric field based on changing
C–C bond length and volume changes due to the large volume of ionic liquid molecules in
pore structures of carbon-source electrodes [124]. This review mainly focuses on the 3D
printing technology for IPAs due to the lack of 3D printing on IPMCs and BGAs owing
to the complexity in assembly, despite providing good opportunities and large space in
realizing three-layer configuration actuators that can work in air based on 3D printing
techniques. Moreover, IPAs have attracted more interest due to their ease of control and
manufacture, large response, actuation in wet conditions, and low voltage requirements.

Ionic Polymer Actuators

The expectation of an ideal IPA should include low activation voltage, rapid response
time, large actuation force, good cycle stability, and high DOF. The most widely explored
ionic polymers in actuator applications are commercial Nafion, Flemion, and Aquivion,
which have ionic groups to exchange ions and perfluorinated backbones for supporting
mechanical strength [125]. However, the 2D fabrication, complexity, and high cost of
synthesizing these polymers limit their applications in designing the ideal IPA. Thus,
many groups have demonstrated opportunities for 3D printing provided by DIW that
can deposit ink and vat polymerization that can polymerize photocurable ink in solving
these challenges [126]. To achieve fast and significant response (<5 s and 150◦) as well as
various motions, Wang et al. 3D-printed a jellyfish actuator using polyvinyl chloride (PVC)
based ink with dibutyl adipate (DBA) as plasticizer based on the DIW technique, showing
controlled movements under an electric field [87]. To decrease the actuation voltage (30 V)
and achieve controlled manipulation (gripping and walking) with IPAs, Daehoon et al.
introduced acrylic acid with carboxyl groups in the polymer backbone, increasing solvation
and ion-exchange kinetics. The DLP-printed actuators can act as grippers constructed of
bars with different thicknesses and walk in the salt solution like a human robot [127]. To
further investigate the electroactive mechanisms and potential of other ionic gels, Yerin
et al. synthesized sulfonyl group-containing hydrogels with acrylic acid and acrylamide.
This work demonstrated good potential and fundamental knowledge in using the DLP
method to study IPAs with different factors, including ionic strength, different types of
ionic groups, crosslinking density, and voltage [128].
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Dielectric Elastomer Actuators

The ideal DEA should have a high strain rate, large power density, fast response, and
high actuation pressure [129]. The materials used in DEAs generally include PU-based,
silicone-based, and acrylic elastomers that are traditionally fabricated by dip coating, spin
coating, and solvent casting [130]. However, the restraint of DEA films requires using a rigid
frame, limiting the design of actuator devices with complex geometries [131]. Moreover, the
cyclability of contractile actuation can be impaired or broken due to the tearing of DEAs.

By increasing the cycle stability and achieving good actuation behavior, DIW tech-
niques were applied to explore the potential of different printable inks to increase the
performance of DE [132]. For instance, Daniela et al. merged the excellent properties of
ionic liquid (IL) (high ionic conductivity, low vapor pressure, low viscosity, high thermal
and electrochemical stability) and the electroactive response of poly(vinylidene fluoride)
(PVDF) to produce IL/PVDF ink, DIW-printed by modifying the viscosity [133]. From
a geometrical design perspective, some researchers have utilized inkjet printing to pro-
grammatically stack individual DE layers, achieving pre-stain-free performance without
impairing the performance of DEA [134]. To provide a possible selection of materials,
Alex et al. applied highly selective thiol-ene chemistry with step-growth polymerization in
the curable ink for the DIW technique. The DEA based on poly(ethylene glycol ethylene
sulfide) (PEG-PES) does not require restraint due to the interdigitated vertical design by
DIW printing. Moreover, self-healing properties were achieved with tunable mechanical
properties by modifying the viscosity of curable inks [88].

3.2.2. Magnetically Responsive Soft Actuator

Magnetic materials can respond to a magnetic field, and are generally categorized
into four types listed according to their magnetic strength: ferromagnetic > diamagnetic >
paramagnetic > antimagnetic [123]. A magnetically responsive soft actuator (MSA) can
show fast response, large force, and remote control under a magnetic field. Strongly
ferromagnetic nanoparticles (FNPs), such as magnetite (Fe3O4) or neodymium-ion-boron
(NdFeB), can stabilize in liquid phase by coating surfactant to form magnetic fluid, absorbed
into polymer gels [92]. FNPs can be immobilized in the gel network by forming physical
crosslinking between Fe(III) or Fe(II) and ligands of polymer, showing good potential for
applications in release control, encapsulation for display devices, and drug delivery [135].

DIW and FFF techniques have been widely used to print MSAs with ink or thermo-
plastic with a high load of magnetic fillers [89,130]. For instance, Bastola et al. 3D-printed a
magnetorheological elastomer by modifying the optimum rheology of silicone/carbonyl
iron particle solutions based on the DIW technique. However, some drawbacks limit the
application of DIW and FFF in printing MSAs: (1) the resolution of samples printed by
extruding filaments is low; (2) the inhomogeneous segregation of magnetic nanoparticles
in the dispersion can result in heterogeneous MSA response. Thus, the DLP technique
that can polymerize low-viscous (<5 Pa·s) photocurable ink can provide higher product
resolutions and ease of manufacturing. The challenges of the DLP technique are to un-
derstand the effect of magnetic fillers in photopolymerization and viscosity barriers due
to the high loading of fillers, resulting in macroscopic sedimentation in photocurable ink.
To understand the photopolymerization of photocurable ink with magnetic fillers and
print MSAs with optimized reactivity and mechanical properties, Simone et al. fabri-
cated a programmable MSA based on the DLP technique by blending six wt% magnetite
nanoparticles and urethane-acrylate resins with butyl acrylate as a reactive diluent [89].
Zhongying et al. DLP-printed a flexible 2-arm gripper by synthesizing an ink that contained
Fe3O4 nanoparticles, polyethylene glycol, 2-[(butylcarbomoyl)oxy]ethyl acrylate, and cyclic
trimethylolpropane formal acrylate as reactive diluents, where the final products showed
excellent printing quality and mechanical properties [136].
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3.2.3. Chemically Responsive Soft Actuators

Chemically responsive soft actuators (CSAs) can deform under stimuli including pH, salt,
solvents, and temperature, by changing their volume or shape due to the swelling/shrinking
process based on polymer–solvent interaction mechanisms such as Flory–Rehner [137],
Donnan’s theory [138], or hydrodynamic models [139]. The typical materials for CSAs are
hydrogels that have a 3-dimensional (3D) crosslinked polymer network, incorporating a
tremendous amount of solution. The prevalent CSA-based hydrogel actuators are synthe-
sized from polymer hosts such as polyacrylic acid (PAA), polyvinyl alcohol (PVA), poly
(acrylamide) (PAAm), poly (N-isopropyl acrylamide) (PNIPAM), and poly (2-acrylamido-2-
methylpropane sulfonic acid) (PAMPS) [126]. These polymers can be easily polymerized
with the free-radical polymerization (FRP) method due to the presence of double bonds
in precursor monomers, which is also widely used in vat polymerization 3D printing
(VPP) techniques (DLP, SLA, CLIP). Thus, most research has been focused on exploring the
applications of VPP in designing CSAs.

For instance, Odent et al. designed a multi-responsive (solvent, pH, temperature)
hydrogel actuator with high resolution and gradient-like structures based on the SLA
technique [93]. This hydrogel actuator demonstrated the controllability of bionic actuators
under various environmental changes [93]. Sujan et al. demonstrated a dual-responsive
(pH and temperature) hydrogel actuator, based on photocurable ink comprising F127
dimethacrylate (FdMA) and acrylic acid comonomers, using the SLA technique [140]. The
3D printed valve and dual slab actuators showed controlled locomotion under changes in
temperature (6 ◦C to 37 ◦C) and pH (2 to 7.4) [140].

By adjusting the rheology of polymer suspensions to achieve better printability, many
works have tried to fabricate extruded inks for DIW and inkjet techniques. Yuan et al.
synthesized a novel ink composed of poly(ethylene glycol), diacrylate (PEGDA), and
polyethyleneimine-co-poly(acrylic acid) (PEI-co-PAA) copolymer, printing actuators re-
sponsive to humidity and solvents based on the DIW technique [90]. The printed soft
gripper can provide 0.2 N force, softly catching goldfish without harm [90]. Chang et al.
fabricated an Fe3+ reinforced hydrogel actuator that incorporates Dulbecco’s Modified Ea-
gle Medium and egg white, a significant nutrition source, based on the DIW technique [141].
Shannon et al. fabricated a temperature-responsive hydrogel actuator based on ink that has
alginate/PNIPAM with the DIW technique [142]. The actuator showed a reversible volume
change at a critical temperature (about 32–35 ◦C) due to the coil–globule transition in the
polymer network [142].

3.3. Flexible Electronics

Flexible electronics (FEs) are of growing interest for applications including smart-
phones, wearable devices, and portable displays [143]. Ideally, FEs should be soft, portable,
wearable, biocompatible, have considerable mechanical strength and geometrical stability,
and be adaptive to dynamic surfaces [144]. To facilitate the evolution of high-performance
FEs, advanced manufacturing techniques for intelligent materials have been widely ex-
plored. The following discusses recent literature on the fabrication of sensors and energy-
storage devices, emphasizing the optimization of 3D printing techniques in materials and
designs as summarized in Figure 5.
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Figure 5. (a) DIW-printed wearable strain sensor. Adapted with permission from Ref. [145]. Copy-
right 2022 John Wiley and Sons. (b) Screen-printed methanol gas sensor. Adapted with permission
from Ref. [146]. Copyright 2019 American Chemical Society. (c) 3D-printed point-of-care (POC) mi-
crofluidic chip that rapidly (60 s) diagnoses anemia via smartphones. Adapted with permission from
Ref. [147]. Copyright 2022 AIP Publishing. (d) DIW-printed MXene architectures for supercapacitors.
Adapted with permission from Ref. [148]. Copyright 2022 John Wiley and Sons. (e) SLA-printed
polymer electrolyte for Li-ion battery. Adapted with permission from Ref. [101]. Copyright 2020
American Chemical Society. (f) Inkjet printing to fit interim crowns of teeth. Adapted with permission
from Ref. [149]. Copyright 2022 Elsevier. (g) Bioprinting tissues based on 3D scanning for rat surgery
Ref. [150]. Copyright 2022 John Wiley and Sons.

3.3.1. Sensors

Flexible sensors (FSs) can respond to environmental stimulation, generating readable
signals. The stimulation is generally of three types (physical, chemical, and biological) based
on various responsive mechanisms. Physical FSs can respond to temperature, humidity,
pressure, and light [151]. Chemical FSs can capture chemical signals from sources such as
gas, solvents, ions, and body fluids (blood, urine, sweat, etc.). Bio-FSs can recognize or
react with biological matter, including DNA, RNA, viruses, antibodies, proteins, etc. [152].
To achieve highly compatible human–device interactions, FSs are strongly dependent
on more-customized manufacturing methods (3D printing). For instance, Joseph et al.
utilized the DIW technique to print a strain sensor with high elasticity and conformability
to dimensional shape change, eliminating the delamination in the interfaces between each
layer by writing the ink in an elastomeric reservoir [145].

Traditional physical sensors composed of rigid substrates (glass or silica) have been
used in many applications in human healthcare, electronic devices, and wearable mon-
itoring devices. Flexibility is the key, and the most significant obstacles to developing
physical FSs are surmounted by using flexible substrate materials to achieve perfect human–
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device interactions. Many efforts have combined elastomer elasticity and the sensing
ability of conductive fillers by synthesizing a flexible composite sensor [148,149]. However,
the resistance of physical FSs can still change due to external strain or loose interfacial
contact, impairing the accuracy and reliability of output data. To solve the challenge, a
long-range ordered cellular framework was recently reported to improve the stability of
electric conductivity by sharing the external strains [153–155]. Three-dimensional printing
techniques have exhibited great potential in printing these types of complex structures
with high resolutions. For instance, Wang et al. utilized the DIW technique to print
a temperature sensor with cellular structures (grid, triangle-porous, hexagonal-porous)
based on graphene/PDMS composites, showing reliable and stable measurements under
various loading modes [95]. Xiao et al. demonstrated the DLP method in printing strain
sensor arrays based on multiwalled carbon nanotube (MWCNT)/poly (epoxy aliphatic
acrylate-co-aliphatic urethane diacrylate) (PEAA-co-AUD) composites, combined with a
near-field communication (NFC) circuit and showing high sensitivity and strain detection
range [156]. Moreover, the FFF technique has been applied to humidity sensors based
on acrylonitrile butadiene styrene (ABS)/boron-doped diamond (BDD)/LiCl composite
filaments due to the minimum shrinkage of final printed samples, opening a vast space for
extruded thermoplastic/filler composites [96].

Chemical and bio sensors that can detect chemicals have exhibited great potential in
air pollution detection, human body monitoring, and bioengineering. Chemical sensors
have sensing mechanisms similar to those of biosensors. Flexible chemical and bio sensors
also rely on 3D printing techniques to print flexible substrate/filler composites. Wu et al.
demonstrated a gas sensor that can detect methanol vapor by alcoholysis of boron/oxygen
dative bonds in methanol based on FFF by synthesizing extruded filaments from poly-
borosiloxane (PBS)/graphene rod composites with self-healing properties [157]. FFF, SLA,
Polyjet, SLS, Inkjet, and DLA have all been utilized for manufacturing bio FSs with the
advantages and disadvantages summarized elsewhere [158].

3.3.2. Batteries and Supercapacitors

Lithium-ion batteries (LIBs) have been one of the most important energy sources
for many applications in portable devices, including smartphones, electronic watches,
desktops, etc. However, safety issues due to lithium dendrite growth have caused some
disasters, such as exploding Samsung mobile phones and fires in Tesla electric cars [159].
Recent research has sought solutions to this challenge by utilizing solid-state LIBs where
the typical liquid electrolyte is replaced by a solid electrolyte, including organic, inorganic,
and composite types [160]. However, inorganic solid electrolytes (ISEs), such as ceramic
Li7La3Zr2O12 (LLZ-type), have rather low wettability, resulting in poor interfacial contact,
increasing the resistance significantly [161]. To address the challenge of poor contact, new
geometries that can increase the contact areas between electrode/electrolyte interfaces have
been developed. Three-D printing is a candidate for producing special-shape structures at
wide-length scales to investigate the interfacial structure–property relationships in LIBs.
For instance, Dennis et al. demonstrated the first DIW-printed ceramic solid electrolyte
(LLZ-type) with a stacked array and “log-cabin” type structures, realizing safer, stable,
and high-energy-density LIBs [100]. Moreover, the DIW technique has also been applied
in printing both anodes and cathodes [162]. Polymer electrolytes that can store solutions,
ions, and conduct ions have emerged, offering great potential in realizing solid-state LIBs
due to advantages, including good flexibility, high ionic conductivity, excellent contact
and wettability with electrodes, high lithium transference number, and decent thermal and
electrochemical stability [163]. He et al. demonstrated an SLA-printed polymer electrolyte
for assembling LIBs based on PEGDA and poly(ethylene oxide) (PEO), showing high ionic
conductivity (3.7 × 10−4 S cm−1 at room temperature), increased lithium salt loading,
good retention, and low interfacial impedance [101]. Digital printing techniques have
also been applied in fabricating solid polymer electrolytes to design particular configu-
rations, increasing polymer electrolyte performance [164]. However, vat polymerization
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methods typically only print polymers, such that the ultimate assembly of an entire bat-
tery device with complex geometry remains a challenge. FFF multi-material printing
has excellent potential in overcoming this challenge to realize fully printed batteries. For
instance, Alexis et al. demonstrated the first fully printed solid-state battery based on
PEO/lithium bis(trifluoromethanesulfonyl)imide (LiTFSI), showing good ionic conductiv-
ity (2.18 × 10−3 S cm−1 at 90 ◦C) [165].

Supercapacitors with high safety and high power density have been candidates for
replacement of batteries or as complementary energy sources [80]. However, the leakage of
hazardous liquid electrolytes and self-discharging have limited the practical applications
of supercapacitors. Flexible supercapacitors (FSCs), generally composed of a polymer
separator sandwiched by two electrodes, can solve this challenge. Some of the 3D printing
techniques have been focused on electrodes, with some others on polymer electrolytes. For
instance, Yang et al. demonstrated free-standing MXene electrodes that were fabricated by
the DIW technique, realizing large capacitance (245 F g−1 at 0.2 A g−1) and decent retention
(90% after 10,000 cycles) [148]. Shen et al. utilized the Inkjet technique to print semi-solid
state micro-supercapacitors based on polyvinyl alcohol (PVA)/ LiCl ink and achieved
large areal capacitance (207.9 mF cm−2) [98]. Moreover, the 3D paste printing method
provides an excellent opportunity to achieve fully printed FSCs by changing syringes with
multi-materials [166]. Milad et al. prepared an electrical double-layer capacitor (EDLC)
based on the 3D paste printing technique, printing the activated carbon electrode, PVA gel
electrolyte, and silver-based current collector simultaneously [167].

4. Bioengineering

Bioengineering aims to manufacture biomedical devices and implants, such as ortho-
pedic implants, prostheses, orthoses, dental implants, anatomical models, and many other
surgical apparatuses that are compatible with the patient’s anatomy [168,169]. Challenges
for these biomedical instruments include demands for rigidity and unique configura-
tions for each patient. Three-D printing techniques that can fabricate complex parts with
high-resolution detail and controlled material properties offer a solution by printing more
flexible and lighter products [162,163]. The following reviews the application of 3D printing
techniques in addressing these challenges for biomedical instruments.

Physical surgeries, including dental and maxillofacial surgery, as well as prosthetics
and orthopedic surgery can correct facial defects, repair the functions of missing limbs,
and fix fractured bones, respectively. Customized designs of 3D-printed prototypes can fit
nicely in injured parts, improving the quality of life of patients. Computer-aided manufac-
turing (CAM) systems can be utilized to identify virtual imperfections through scanning
to address trauma and periodontal disease due to the incompatibility of implants. For
instance, Werz et al. simulated human jaws with FFF techniques based on silicon rubber
and thermoplastic polymers [170]. Computed tomography (CT) has also been applied
to collect images of fractured clavicles in patients undergoing minimally invasive plate
osteosynthesis (MIPO) procedures [171]. The fracture locations depend on the particular
clavicle fractures, and physicians rely on building 3D models to perform the surgery [171].
Moreover, 4D printing that can print shape-memory materials based on 3D printing tech-
niques has been utilized to fabricate prostheses with pneumatic actuators and soft sensors
as moving fingers [172].

Patients suffering from organ impairment need replacement organs to restore their
health when their condition is significantly severe. The ultimate goal in this case is to
grow autologous tissue for future replacements [173]. Bioprinters can print biomaterials
with organ-like structures using materials that incorporate living cells, which subsequently
multiply and grow in the designed geometry. In this case, the bioprinting technique
offers good opportunities for tissue engineering, transplantation, drug screening, and
cancer treatments by generating hepatorganoids with biocompatible materials and living
cells [174]. Xie et al. utilized bioprinting to build hepatorganoids for treating hepatocellular
carcinoma (HCC) by generating cell line models and performing drug screening. However,
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bioprinting still has a long way to go before mass production. The major challenge is that
suitable environments for cells require in vivo vascularization for the supply of oxygen
and nutrition and removal of waste [175].

5. Earth Sciences

Researchers in the geosciences have been using additive manufacturing to fabricate
porous media replicating the physical, hydraulic, mechanical and chemical properties of
natural samples. A wide variety of materials, including filaments, thermoplastics, polymers,
photosensitive epoxy resins, etc., and printing methods have been explored to fabricate
complex porous structures [176]. Creating the digital model, which is the first step in any 3D
printing project, can be based either on the design of an ideal porous media system or one
extracted from real samples. In the first approach, a simple fracture network or porous struc-
ture is designed in computer-aided design (CAD) software such as AutoCAD, OpenSCAD,
etc. [177], or an artificial digital porous model is built by distributing 3D shapes (commonly
spheres and cylinders) in a given volume based on a prescribed algorithm [178,179]. These
models are then converted into an object file that can be read by the printing software. This
approach provides the freedom to create various shapes and structures to fit the desired
experimental requirements. On the other hand, non-destructive, advanced imaging tools
can be utilized to capture macro and micropores from undisturbed soil [180,181], sand-
stone [182,183], or shale [184,185] samples. Nowadays, high-performance computers and
advanced imaging tools such as 3D X-ray computed tomography (X-ray CT) can reconstruct
3D models of the pore geometries of natural samples at high resolution (microns). The 3D
images can be segmented and further processed to create a 3D mesh for printing. After
printing and post-processing, the printed samples can be imaged again in 3D to extract
various properties.

The quality of the printed specimens can vary with the printing approach and material,
even between replicates. Comparing binder jetting, fused filament fabrication (FFF) and
stereolithography apparatus (SLA) methods, Almetwally and Jabbari observed that samples
printed with a gypsum-based ProJet printer with binder jetting technology had porosity
and permeability closest to that of the real sandstone sample [186]. In a later study, they
observed that SLA 3D printing also provides precise porosity and permeability [177]. It
should be noted, however, that some studies have observed a lower porosity in SLA-
printed specimens compared to the original samples due to the trapping of residual resin
in micropores [187,188]. Post-processing steps, such as pressurized flushing with ethanol,
have been shown to improve porosities for SLA-printed replicas of sedimentary rock [187].
Kong et al. employed a binder jetting printing system with silica sand as the base material
to study the microstructure in sandstone samples [189]. They observed a variation in
porosity in the printed sample compared to the real Berea sandstone sample; however, the
pore size distribution of the printed sample agreed well with the real sample.

Three-D printing has also shown utility in the investigation of hydraulic properties
of soil samples where experiments can be challenging due to alteration of internal pore
structures. Bacher et al. explored the use of four different 3D printing techniques: fused
filament fabrication (FFF), selective laser sintering (SLS), PolyJet and stereolithography
apparatus (SLA) to replicate macropore networks in undisturbed soil samples for water
and solute transport experiments [180]. They used acrylonitrile-butadiene-styrene (ABS),
alumide, polyamide, high-detail resin, and prime gray epoxy resin as printing materials
and measured the hydraulic conductivity of the printed samples using the constant head
method [180]. Out of the five materials, the specimen printed using the prime gray epoxy
resin material was free of residual clogging and hence had the largest and most similar
hydraulic conductivity to that of the original undisturbed soil sample [180]. They also noted
that the SLS technique is prone to micropore clogging by the residual unsolidified printing
material, which needs to be removed by mechanical means [180]. Hence, this method is
unsuitable for investigating hydraulic and solute transport properties unless the clogging
issue is resolved [180]. Dal Ferro and Morari performed a similar study aiming to fabricate
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porous media reflecting the hydraulic conductivity of soil samples utilizing the MultiJet 3D
printing technology with resin containing an organic mixture as the printing material [181].
The resulting printed prototype had one order of magnitude higher saturated hydraulic
conductivity compared to the undisturbed soil sample. The observed higher hydraulic
conductivity likely resulted from microstructure printing limitations, where Ishutov et al.
noted that a minimum pore throat diameter of 400 µm could be printed accurately with
stereolithography 3D printing technology [187].

The macroscopic response of hydraulic properties due to changes in pore network
structure can also be investigated by manipulating printing mesh of porous media. Head
and Vanorio successfully tested two different 3D printers, a stereolithography desktop
printer and MultiJet industrial printer, to explore the ability to manipulate printed mi-
crostructures and measure the changes in flow properties [190]. For both printers, they
used photosensitive resin as the printing material [190]. They downscaled a vertically
connected pore structure in a carbonate sample to mimic the pore volume compaction
and observed a decreasing trend in measured and simulated permeability with decreasing
porosity [190]. However, for the dissolution model, they enlarged the pore throat diameter
without changing the overall length and noted a dramatic change in permeability for a
minor change in porosity [190].

Additive manufacturing has also shown utility for investigating rock mechanics. Jiang
and Zhao studied the unconfined compressive strength (UCS) and direct tensile strength
(DTS) of specimens with different shapes and structures printed by FFF using PLA [191].
Their study found that under compression, the specimen exhibited more ductile behavior,
and in tensile strength tests, it tended to be more brittle [191]. Stress–strain behavior of
printed samples similar to that of natural rock samples as measured with the mechanical
compressive strength test was noted in by Jiang et al., who used a ProJet printer with sand
powder and binder material [192]. Moreover, the crack propagation also agreed well with
the fracturing behavior of real rock samples under compression. The binder material plays
a critical role in the UCS of printed specimens as noted in Hodder et al. for sandstone
samples fabricated using an M-Flex sand printer with silica sand coated with p-toluene
sulphonic acid (activator) as the base material [193]. Upon addition of the binder material
(main component: furfuryl alcohol), a condensation reaction took place, creating polymer
necks between the solid grains [193]. UCS tests conducted on the cylindrical replicas
showed an increase in the UCS with a higher amount of binder material; however, above
8 vol%, they saw instability as the binder material started to clog the pore network and
fracture [193].

Printing porous media with geochemically reactive properties was first explored by
Anjikar et al. as a means to enhance understanding of geochemical reactions in porous
media [182]. They replicated a sandstone sample with the FFF using novel reactive filaments
fabricated by combining high-impact polystyrene and calcite in varying amounts [182].
Three-D images of the printed specimens revealed that the amount of calcite in the printed
sample agreed well with the amount mixed with filament; however, the normalized calcite
surface area in the printed sample was an order of magnitude lower than real samples
containing similar amounts of calcite. The resulting accessible calcite surface areas, however,
agreed well with those determined for real sandstone samples in the literature, suggesting
this is a promising means of creating reactive porous media specimens [182].

6. Summary and Conclusions

Polymer composites are important materials in industrial and consumer applications.
From recent investigations, such as those discussed herein, it is evident that the potential
scope of 3D printing of multifunctional materials for different industrial and scientific
applications is enormous. The different additive manufacturing technologies have found
application for the fabrication of prototypes and customized parts for aerospace, automo-
bile, electronics, and biomedical applications, and the use of 3D printing in manufacturing
is expected to increase as materials and methods improve. This review paper discussed



Technologies 2022, 10, 45 24 of 31

different polymer materials and research studies aimed at improving material chemistry,
morphology, and processing for 3D printing of multi-functional systems and the practical
utility of additive manufacturing technologies at commercial scale. However, many chal-
lenges remain, for example, in terms of repeatability and consistency in the manufactured
parts and comparative analysis with standard products based on accuracy, sustainability,
and product shelf life. Studies based on smart multi-functional material manufacturing to
construct electronic devices, biomatrices, and energy storage devices have laid the foun-
dation for the increased application of 3D printing in these areas. Nonetheless, additional
work on material development, process development and control, testing and certification
of 3D printed parts will be needed to bring the full potential of 3D printing to bear towards
improving conditions for humanity and planet Earth.
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