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Abstract

Additive manufacturing (AM) is considered the latest technology that creates breakthrough innovations and addresses com-
plex medical problems. This is clearly demonstrated by the promising results obtained in regenerative medicine, diagnosis,
implants, artificial tissues and organs. This paper provides a basic understanding of the fundamentals of 3D/4D printing
along with bioprinting processes. We are briefly discussing about the main printing systems including stereolithography,
inkjet 3D printing, extrusion, laser-assisted printing, selective laser melting and Poly-Jet printing. The basic requirements
for the selection of successful inks based on polymers, polymer blends, and composites are described. Furthermore, the
on-going transition from 3D to 4D printing is highlighted with emphasis on the newest applications in the medical area.
Also, a glimpse into the future possibilities and benefits provided by machine learning in the additive manufacturing field is
emphasized. Machine learning can improve printing efficiency by using generative design and testing in the pre-fabrication
stage. Finally, important limitations and prospects are identified. Within the next few years, AM is set to become an important
component in patient-specific medical technologies.
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DIW Direct-ink writing

DLP Digital light projection

EHD Electro-hydrodynamic

FDA Food and Drug Administration
FDM Fused deposition modeling

HA Hyaluronic acid

hADSCs Human adipose-derived stem cells
hMSCs Mesenchymal stem cells

LCST Lower critical solution temperature
MGI Materials Genome Initiative

ML Machine learning

MN Micro-needles

ECM Native extracellular matrix

PA Poly(acrylamide)

PC Poly(carbonate)

PCL Poly(caprolactone)

PCL -PEG—-PCL Poly(caprolactone)—Poly(ethylene

glycol)—Poly(caprolactone)

PCLDMA Poly(caprolactone dimethacrylate)
PDA Poly(dopamine)

PDMS Poly(dimethylsiloxane)

PEG Poly(ethylene glycol)

PEI Poly(ethyleneimine)

PGA Poly(glycolic acid)

PLA Poly(lactic acid)

PVA Poly(vinyl alcohol)

PVAc Poly(vinyl acetate)

pNIPAM Poly(N-isopropylacrylamide)
pPvPp Poly(vinylpyrrolidone)

PU Poly(urethane)

QSARs Structure-activity relationships

RGD Arginine-glycine-aspartate

SBF Simulated body fluid

SMP Shape memory thermoplastics
polymers

Tm Melting temperature

TMSC Human tonsil-derived mesenchymal
stem cells

UpyMA 2-ureido-4[1H]-pyrimidinone motifs

uv Ultraviolet

YIGSR Tyrosine-isoleucine-glycine-serine-
arginine

Background

Additive manufacturing, commonly known as 3D printing is
generating considerable interest owing to the vast applica-
tions in various fields, with the most important ones in phar-
maceutical and medical research. This versatile technology
has made tangible and innovative breakthroughs due to an
increasing demand for customized devices in personalized
therapy and diagnostics in addition to bio-inspired medical

@ Springer

devices. The technique requires printing one or more mate-
rials in a layer-by-layer manner with a 3D printer, and by
adjusting the shape of each individual layer, a complex,
solid object can be formed from a digital model. The main
advantages of 3D printing include high reproducibility and
control, fast manufacturing, individualized product series,
facile modifications of a product at a designed level with
no restrictions on its spatial arrangement and convenient
cost-effective manufacture [1]. The most significant applica-
tions are found in regenerative medicine (mainly tissue and
organ fabrication), ophthalmological implants, 3D printed
drugs, customized prosthetic, medical phantoms and cancer
research.

There are various types of 3D printers, which are using
different speeds and resolutions, but the main operating
principles are based on either extrusion or powder/liquid
solidification [2]. These techniques have specific strengths,
disadvantages, and limitations. Regardless of the differences
in material deposition mechanism, firstly a computer—aided
design (CAD) file is prepared based on the desired model,
then the 3D printer follows the instructions of the CAD file
and builds the object in specific predefined patterns by mov-
ing the print head along the x, y and z directions (Fig. 1) [3].
The materials used as ink formulation covers a wide range of
compounds from plastics, metals, ceramics, or a combina-
tion thereof making the process highly versatile.

Since the field has made a substantial leap forward,
there has been a rapid rise in the uses of biocompatible
materials and even living cells into complex 3D functional
products that have given rise to a plethora of advances
in the medical domain due to their ability to mimic bio-
logical functions. This AM technology is also called 3D
bioprinting. As in conventional 3D printing, it produces
objects based in a layer-by-layer approach. Generally, two
strategies are used: fabrication of acellular functional scaf-
folds which are further seeded with cells and cell-laden
constructs developed to mimic their native analogues
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Fig.1 Schematic illustration showing the AM process flow and evo-
lution over the years
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[4]. An alternative approach can be in vivo bioprinting,
the technique in which cells and materials are deposited
directly into or on the patient. This can be a solution for
in vivo regeneration of tissues right after an injury or to
accelerate healing [5-7].

Specialized bioprinters use biological inks (often called
bioinks) such as cytocompatible hydrogels. Hydrogels
are defined as insoluble hydrophilic polymeric networks
which have the ability to swell and absorb a high degree
of water without disintegration. Hydrogels are particularly
attractive materials for such applications due to (i) their
ability to mimic the ECM, (ii) their tunable characteris-
tics that allows an efficient and homogenous seeding of
various cells and (iii) they possess a porous structure that
allows the transfer of different nutrients, fundamental for
cell viability and differentiation [8, 9]. Hydrogels can also
provide support for printing of high resolution, custom-
ized 3D geometries. Furthermore, self-healing hydrogels
with shear-thinning properties allow the ability to print in
any direction [10, 11]. Even though 3D bioprinting has
shown varying degrees of success, it has a major drawback
as stated in Gao et al. paper [11]. The main downside is
that 3D printing only takes into account the initial state
of the printed structure and supposes is static and inani-
mate. To overcome this problem, a new concept called 4D
printing was introduced in 2013, allowing bioengineered
constructs to be pre-programmed to evolve in a particular
way after printing [12]. Unlike previous technology, 4D
printing uses the ability of shape and functionality trans-
formation over time when exposed to an intrinsic/external
stimuli allowing a more accurately imitation of the dynam-
ics of the native tissues, and is based on the integration of
smart biomaterials [13—16]. Among the possible respon-
sive materials, self-healing polymers, thermally activated
polymers, smart/nano-composites, piezoelectric materials,
shape memory alloys and shape memory polymers have
gained increasing interest [17]. Furthermore, as expected,
4D bioprinting or laser assisted bio-printing has recently
emerged. 4D bioprinting is a specialized extension of 3D
bioprinting that aims at reconstructing the biochemical
and biophysical composition, as well as the hierarchical
morphology of various tissues using stimuli-responsive
biomaterials and cells [18].

Five-dimensional (5D) printing was introduced in 2016
by Mitsubishi Electric Research Laboratories (MERL) by
William Yerazunis. Five-axis 3D printing is an extension
of 3D printing where the print head has the ability to move
around from 5 different angles due to a mobile plateau. This
allows creating curved layers which are stronger than the tra-
ditional 3D printed flat layers [19]. Furthermore, this means
that curved-shaped products or implants with improved
strength can be produced with promising applications in
orthopedics and dentistry [20].

The technological advances of AM are outlined in chron-
ological order in Fig. 1. The image also depicts the typical
work-flow of AM printing process.

In this article we provide an overview of the newest
development and achievements in the field of additive manu-
facturing and explore the potential for growth and current
limitations of this technology. The parallel development of
3D and 4D printing is summarized and compared with a
special effort made to point out their applications in the bio-
medical field. The influence of Machine Learning (ML) in
the field of AM is examined with an emphasis on the benefits
induced by this new technology. Lastly, current challenges
and outlook are discussed. This paper aims to cover more
recent studies compared to other review papers on additive
manufacturing based on polymers as they are by far the most
utilized class of materials for AM [1, 21-26].

Polymers are the most common assemblies used in 3D
printing technologies, providing a multitude of compositions
and the ability to modify their structure and surface, require-
ments solicited by specific applications, including the addi-
tion of additives to improve the basic properties of plastic
materials, as for example, antimicrobial compounds [27-31].
Surface chemistry, mechanical properties, and topography
of functional polymers prove to be three major parameters
for their effective use in AM technology. They also meet the
requirements for products that apply to 3D printing, such
as the existence of specific melt flow index/melt flow rate;
crystalline behaviour in interdependence with the polymer
chains nature and composition; specific thermal properties in
correlation with the glass transition temperature and melting
temperature; thermal conductivity properties improvement
with addition of fillers.

From 3d to 4d Printing

The printing technology is conceptually derived from the
process of additive manufacturing that primarily aims at
designing and manufacturing functional constructs based
on the controlled layering of various materials that merge
into a final product with desired characteristics and dimen-
sions, encompassing three-dimensional geometries. Due to
the growing need for customization, the world demand for
3D printers, materials and software is expected to grow from
year to year by —20%, the fastest progress being anticipated
in the medical market [1].

Various methods have been developed and evolved with
the technological progress and can be classified accord-
ing to the procedure applied to assemble the material or its
physical state [27]. The most commonly used approaches
for processing pure polymers and polymer nanocomposites
for the biomedical field includes stereolithography, inkjet,
microextrusion, and laser-assisted printing [32].
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Stereolithography, the first patented and the most accu-
rate of the techniques (a precision of up to 20 um can
be obtained compared to other techniques that allow an
accuracy of up to 50 um — 200 um) is based on photopo-
lymerization of vinyl monomers [27]. The curing is acti-
vated by the decomposition of a photoinitiator into free
radicals when exposed to ultraviolet (UV) or visible light
sources. Even though this technique is extensively used to
produce polymeric scaffolds, the simultaneous printing of
cells is not recommended due to the fact that photoinitia-
tors are usually insoluble in water and need to be dissolved
in organic solvents. This can be highly toxic for cells and
a major drawback for stereolithography. Another issue is
that UV light can damage the cell during curing, so they
are usually embedded in the scaffold after printing [27].

Inkjet 3D printing is characterized by a short fabrica-
tion time and low costs. It uses thermal, piezoelectric,
or electromagnetic tools to deposit small ink droplets
(called binders) through a nozzle in a layer of powder.
When printing polymeric scaffolds, the binder is a sol-
vent in which the polymer is dissolved. Once the solvent
evaporates, the macromolecular compound reprecipitates
and forms the desired solid structure [33]. However, these
method applications have been limited when compared
to other techniques, due to the clogging of the nozzle,
inability to ensure a continuous flow of the ink and also a
reduced functionality for vertical structures [9].

Extrusion is a simple but limited technique because is
capable of printing biomaterials only in the form of vis-
cous liquids (in the range between 30 mPa/s to > 6x 10’
mPa/s) and a low resolution is obtained [9]. There are sev-
eral extrusion-based printing methods, such as pneumatic
(where air pressure is used), and piston or screw-driven
dispensing (when vertical and rotational mechanical forces
allows printing). For medical applications, microextrusion
is often employed, since it can deposit cells at a higher
density [34].

Laser-assisted bioprinting is a nozzle-free technique that
allows a high-resolution deposition of either solid or liquid
materials. The process of printing is based on the transfer of
energy from a laser beam to a ribbon, which then deposits
the polymer onto a substrate. As a disadvantage, one can
mention the high cost and also the thermal damage that
occurs due to nanosecond/femtosecond laser irritation.

Since 4D printing is a very new concept, there are few
technologies suitability for printing adaptable objects [35].
Poly-Jet (Stratasys Ltd) is used to produce multi-material
objects and is based on depositing curable liquid photopol-
ymers in a layer-by-layer manner. Selective laser melting
(SLM Solutions) is used for producing metallic components.
Recently, to enable 4D printing for biomedical applications,
a technology suitable for printing polymeric solutions called
direct-write printing (DW) has been developed [36, 37].
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Furthermore, there is no question that new concepts of
4D printers should be developed or that existing 3D tech-
nologies should be improved in the foreseeable future. This
should be pursued in parallel with the improvement of the
materials [38].

Key Properties Required for AM Technology

Polymeric materials have been widely utilized as inks due
to their versatility, low weight, low cost, processing flex-
ibility and mechanical and physicochemical properties. The
correct choice of material is a critical step in the printing
process and can lead to constructs with improved functional-
ity, good mechanical properties and customized 3D geom-
etries. The materials range from thermoplastics, thermosets,
polymer-based composites to polymers blended with various
biomolecules [12]. The generation of complex, functional
archetypes and life-changing products for biomedical appli-
cations has induced the need for printing with biocompat-
ible or ‘biofunctionalizable’ inks, also called bioinks. Their
composition and design is based upon the type of printing
employed and targeted application, but typically they are
composed of the matrix components (usually cyto- and bio-
compatible hydrogel precursor formulations or block co-
polymers), nutrients, and/or bioactive signals [39]. Some
polymeric mixtures include living cells isolated from the
patient and raised in the laboratory. During the printing
the bio-ink fluid is gelled by physical, chemical or photo-
crosslinking procedure in order to preserve its shape and to
minimize the structure collapse. A required condition is that
the gelation should occur after the material exits the nozzle
tip to prevent blockages inside the printing head. The final
bioink construct consists of a template that acts as a support
for the suspended cells [40].

In order to satisfy various end bioapplications, 3D inks
are mainly formulated for having the following properties:
printability, structure, toughness, elasticity, recyclability and
biocompatibility. Techniques based on extrusion usually
demand higher viscosity and shear-thinning properties. On
the contrary, techniques based on inkjet need lower viscosity
inks with a reduced sol-gel response and transition time [41].

The 3D fabricated construct must have a proper resem-
blance to the natural tissue in terms of shape and structure
and they should not cause a negative immune response or
toxicity. Hydrogels should (*) have good mechanical prop-
erties in order to support the deposition of the upper layers,
(**) maintain their proper shape during and after the printing
process, (***) should encourage cell proliferation and dif-
ferentiation. At the same time, gels with high concentration
of polymers can keep optimal shape fidelity, but they can
also limit cell proliferation and subsequent differentiation
due to the formation of a denser network. Conversely, softer
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gels are more appropriate for cell-based applications, but
they cannot maintain a proper shape, so a suitable strategy
should be chosen to improve the design of these materials.
Consideration should be given as well to the environment
in which the material will be exposed (e.g. temperature, pH,
humidity, chemical exposure, radiation, UV light) and if the
selected material requires being biodegradable [4, 42]. The
chemistry and topography of the 3D structures surfaces are
also crucial factors that influence the interaction with the
biological environment [43]. If a high-level of printability is
desired, an improvement of the mechanical properties of the
3D scaffolds can be acquired by using composite-hydrogels.

In the case of 4D printing, additional properties are
required and polymers or polymer composites are almost
exclusively used in this technology since they are more
diverse in terms of both active shape-changing behaviours
and material designability [12]. Either single materials or
a combination of materials can be used. When using the
latter, particular attention must be paid to the mathematical
modelling applied in the first phase of the printing process,
which allows a precise distribution of the components in the
final structure.

The inks must meet clear requirements in terms of
achieving self-assembly, self-repair, shape-shifting,
predictability, responsiveness, and multi-functionality.
Shape-shifting refers to both shape-changing materials (a
structure that changes shape immediately after a stimulus
is applied and then returns to its original form after the
stimulus is removed) and shape memory materials (defined

Fig.2 Schematic illustration
showing the main differences
between 3D (bio)printing and
4D (bio)printing

A 4

as a material returning to a predefined shape when a stimu-
lus is applied) [44]. The shape change behaviours include
folding, bending, twisting, linear/ nonlinear expansion/
contraction, curling the surface and generating surface
topography characteristics [45]. In some cases, smart
materials do not necessarily need to have the ability to
change shape. Equally important is the ability to change
colour, hardness or transparency. These properties are of
great significance in camouflage technology or for medical
sensors [46].

Due to their ability to swell when they come in contact
with a suitable solvent, hydrogels can be used in 4D print-
ing. However, some disadvantages should be mentioned:
they have an inherent weakness, can suffer mass losses
during the hydration/dehydration cycle and the actuated
shape may not be stable due to the volatility of water.
These features can threaten the integrity of the printed
construct. To address this issue, innovative designs such
as double networks, bi-layered structures or hydrogel com-
posites have been developed [46].

As for 4D bioprinting, since this technology has just
emerged, there are several important challenges that need
to be addressed first, such as (i) the 4D constructs requires
synergy between cells and the bioink; (ii) the cells must
survive both the printing process and the stimuli required
to shape change; and (iii) the response capability of the 4D
fabricated construct must not be diminished by the inclu-
sion of cells [47]. A general comparison of the aforemen-
tioned printing technologies is shown in Fig. 2.
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Polymers and Polymer Composites Prepared
for 3D (bio)Printing

Both natural and synthetic polymers are predominantly
used as inks, each with corresponding advantages and
limitations and all playing a pivotal role in this quest. An
increasing number of studies have been published lately
on natural polymers due to their chemical and structural
similarity to the native tissue microenvironment, self-
assembling ability, biocompatibility and biodegradation
properties, all leading to a better cellular response [48].
The most explored are alginate, HA, collagen and chi-
tosan. However, synthetic polymers can be easily modi-
fied to meet specific requirements by optimizing mechani-
cal and physicochemical properties, pH and temperature
responses or they can be functionalized with various bio-
molecules. Some of the synthetic polymers that are fre-
quently used in printing include PC, PLA, PGA, PEG.
[49] Other strategies involve blending of natural polymers
with synthetic ones, or using polymer-nanocomposite
bioinks in an attempt to enhance and adapt the cellular
responses within the 3D constructs. A fundamental issue
for future research is the optimization of polymer-polymer
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interactions along with polymer—cell interactions while
preserving printability [49].

Alginate is one of the most commonly used natural poly-
mers for 3D printing due to its excellent biocompatibility
and the ability to easily obtain hydrogels in physiologic
conditions [34, 50]. In order to avoid poor printability that
occurs in direct bioprinting process, Naghieh et al. [51] have
created an alginate hydrogel for nerve tissue engineering
applications by using indirect bioprinting. This method
involves the application of a sacrificial framework that tem-
porarily supports the formation of the polymer scaffold. Gels
with various polymer concentrations were obtained (0.5%,
1.5%, and 3%) wherein the sacrificial framework was based
on a 50% gelatine scaffold. The results show that both the
mechanical and biological properties of the fabricated scaf-
folds are affected by the concentration of alginate as well as
the proposed sterilization technique (ethanol disinfection or
UV irradiation). The scaffolds were characterized biologi-
cally using Schwann cells and showed a better cell function-
ality when fabricated with a lower concentration of alginate
compared to a higher one. The strategy of manufacturing
and testing the printed material is briefly illustrated in Fig. 3.

In a similar work, Sarker et al. [52] has developed a bio-
printed peptide-conjugated sodium alginate scaffold for
peripheral nerve tissue regeneration. The study investigated
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whether the proposed biomaterial can be supportive for axon
outgrowth. Their approach was based on the conjugation of
a 2% alginate precursor with either RGD or YIGSR pep-
tides, and/or a mixture of RGD and YIGSR. The biologi-
cal properties were evaluated by estimating the viability of
Schwann cells, the amount of secreted brain derived neuro-
tropic factor, and directional neurite outgrowth of neuron
cells. Mechanical stability was measured by incubating the
scaffolds in physiologic buffer over 3 weeks. The materials
preserved their initial porous structure after this time, but
lost — 70% of the elastic modulus.

A porous structure is essential for adsorption of proteins,
cell migration, proliferation and vascularization of newly
formed tissues in scaffolds [53]. In this regard, Wei et al.
[54] has successfully designed an alginate hydrogel with
controlled macropores and micropores by using 3D print-
ing and leaching of recrystallized salts. Their strategy was
recommended for tissue engineering applications. Instead
in the Lewicki et al. [53] study was reported a freeform
reversible embedding of suspended hydrogels 3D bioprint-
ing method for creating constructs populated with human
neuroblastoma cells SK-N-BE (2) using the alginate-based
hydrogel material.

Furthermore, various inks based on alginate blends
with methylcellulose [55], nanocellulose [56], PVA [57],
gelatin methacryloyl and 4-arm poly(ethylene glycol-tetra-
acrylate) [58], chitosan [59], honey [60], or gelatine [61, 62]
have been proposed with promising applications in tissue
engineering.

HA is a natural polysaccharide found in cartilages and
connective tissues and widely used in medical applications
due to its biodegradability, biocompatibility, nontoxicity,
nonadhesivity, shear thinning properties, high water absorp-
tion capacity and non-immunogenicity [63, 64]. It also has
an important role in regulating cellular behaviours such as
cell migration, angiogenesis, viability, and proliferation [65].

However, due to high water solubility, and low mechani-
cal properties different strategies for improving post-print-
ing stability have been reported in the literature. Primarily,
blends of HA bioinks with natural or synthetic macromo-
lecular compounds have been employed. Noh et al. [66]
reported a 3D printed construct based on hyaluronic acid,
hydroxyethyl acrylate, and methacryloyl-gelatine. The
multi-component hydrogel was obtained by graft polymeri-
zation of hydroxylethyl acrylate to hyaluronic acid and then
grafting of methacryloyl-gelatin via radical polymerization
mechanism. The resulted bioink has excellent biocompat-
ibility, good swelling, appropriate viscosity, shear-thinning,
and viscoelasticity, cytocompatibility, has as well the ability
to deliver small molecular drugs (such as dimethyl-oxaloyl-
glycine) and most importantly the gel showed printability
in good shape. In another study, HA was combined with
methylcellulose to obtain bioprinted structures with high

cell viability for tissue engineering applications [67]. The
results showed that the mechanical properties can be easily
regulated by altering the ratio between the polymers, and
mesenchymal stem cells (hMSCs), encapsulated in the gel,
survived the 3D bioprinting process and remain viable for
one week. Furthermore, remarkable efforts have been made
to regulate neuronal growth by using 3D polymeric networks
based on HA [68].

Collagen, a major structural protein, has been widely used
in the field of 3D printing, as it can induce biological prop-
erties and functions close to those of natural systems to the
printed scaffolds [69, 70]. The most noteworthy collagen-
based bioinks were designed for the repair of hard tissues
[71, 72] and cartilage tissue [73—75]. Recently, Sun et al.
[76] developed an innovative scaffold based on collagen
and chitosan which demonstrated significant therapeutic
effect on rat complete-transected spinal cord. This can be a
breakthrough strategy for spinal cord nerve functional recon-
struction. In the mentioned study, chitosan has been used to
improve the mechanical strength of the collagen scaffold.

Chitosan is a cationic polysaccharide, well known for
its biocompatibility, bioresorbability, biodegradability,
antimicrobial activity, mucoadhesivity, and non-toxicity
[77, 78]. This natural polymer is commonly used as bioink
because it exhibits a shear-thinning behaviour which is ben-
eficial for extrusion-based 3D printing [79, 80]. Thus, Yang
et al. [80] designed a scaffold based on chitosan-grafted
poly(lactide-co-glycolide) and hydroxyapatite which has
the ability to inhibit the bacterial biofilm formation and
to restore infected bone defects. Studies conducted on two
different infected bone defect models have shown that the
scaffold has a dual antibacterial and osteogenic functionality
and can be used to repair infected cortical and cancellous
bone defects. Furthermore, hardystonite [81], silk particles
[82], hydroxyapatite [83] and calcium phosphate [84] were
incorporated into chitosan inks for mechanical reinforcement
or to promote osteogenic differentiation in vivo, to be further
used as bone substitutes.

Although natural polymers have proved to be suitable for
application in 3D printing, adequate mechanical properties
and versatility regarding the control of the physicochemical
properties are still required. In this perspective, synthetic
polymers or blends of natural and synthetic macromolecular
compounds are a promising area to explore [4].

PCL has been widely utilized in 3D printing due to its
high processability. Furthermore, owing to its excellent
mechanical strength, PCL has been successfully used to cre-
ate bioresorbable cardiovascular stents in a one-step process
by using Fused Filament Fabrication and a 3-axis 3D print-
ing technology. The stents showed a good radial behaviour
with an average of 320% of radial expansion and an average
of 22.78% of recoil. The final characteristics of the printed
device and the dimensional precision of the printing process
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were strongly influenced by the printing temperature and
printing flow rate [85]. In addition, the authors continued
the study and analysed the effects of various sterilization
processes on the stability of PCL stents which showed that
ethanol can be an effective sterilization treatment because it
doesn’t affects the material properties. Researchers have also
approached acid poly(lactide), PLC and PCL/PLA blends
for 3D printed stents to restore the functions of vascular
tissue (Fig. 4). The PLA, PLC and PCL / PLA composite
stents were additionally seeded with 3T3 cell and evaluated
and compared with regards to cell proliferation, degrada-
tion rates, mechanical dilatation and radial dynamic tests to
determine the best parameters for the medical device. The
PCL / PLA blend stent, which showed medium levels of
degradation rates and mechanical modulus, and a printing
accuracy of 85-95%, was proved having the best results [86].
Overall, these studies have shown that 3D printing technol-
ogy may be suitable for the production of biodegradable
cardiovascular stents which degrade in time to restore vessel
patency and permit remodelling while maintaining recoil
[87-89].

However, a disadvantage worth mentioning is the hydro-
phobic character of PCL, and high melting point (60 °C)
which limits its use as cell-laden bioink [90, 91]. To over-
come this issue, blends and block copolymers of PCL with
various macromolecular compounds and biomolecules such
as alginate, PEG, PVAc have been used to produce inks with
tuned characteristics for biomedical applications [92-96].

PLA is a biocompatible polymer that has been approved
by the FDA for biomedical applications such as tissue engi-
neering, controlled drug delivery systems, and orthopaedic
implants [97, 98]. This polymer is used intensively in 3D
bioprinting because it is less viscous allowing adequate flow
through an inkjet nozzle, which facilitates processability
through extrusion, injection moulding or casting [91, 99].
Many recent studies focus on the mechanical and biocompat-
ibility/bioactivity properties of PLA or its blends after 3D
printing [100-103].

A direct strategy of influencing and enhancing cellular
response is by modifying the surface chemistry of the 3D
geometries based on PLA. In this context, an interesting

Fig.4 Stent configurations: a
Stent cell geometries employed;
b Stent material/layers used [88]
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study is that proposed by Kao et al. [104] who selected
PLA for the fabrication of 3D scaffolds coated with PDA
to be used in bone tissue engineering. PDA is a simple and
versatile surface functionalization method, inspired by the
adhesive nature of catechols and amines in mussel adhesive
proteins [105, 106]. In the mentioned article, researchers
concluded about the improvement of the bio-inspired sur-
face modification of the human adipose-derived stem cells
(hADSCs) adhesion and proliferation when compared to the
unmodified PLA scaffolds.

In a similar study, 3D printed scaffolds of PLA with 70%
porosity were prepared by materials extrusion and modified
to augment bone repair and tissue regeneration [107]. In
order to improve bioactivity, a strategy of surface grafting
with functional moieties has been proposed. PEI which has
the ability to facilitate cell proliferation and osteogenesis,
was conjugated to the surface of the 3D construct and it was
further used for grafting ca., a bone component that has the
role of precipitating the apatite phase during the bone for-
mation. Apatite minerals were deposited by immersing the
material in SBF. The proposed materials showed promising
properties like improved wettability, increased cell adhesion
and cell proliferation of hMSCs, sustained release of calcium
ions in aqueous medium and enhancement of osteogenic dif-
ferentiation on the surface modified PLA scaffolds when
compared to neat PLA.

Several researchers have reported other post-printing
strategies to improve surface properties and demonstrated
their advantages for regenerative medicine applications such
as cold atmospheric plasma [108], chemical hydrolysis, UV/
Ozone irradiation, gold thin film deposition [109], and sur-
face modification with peptides. An excellent review that
investigates extensively this research topic is the one pro-
posed by Baran et al. [110].

Another polymer similar to PLA is PGA [111]. Particu-
larly, PGA and PLA copolymer, namely PLGA has been
exploited in a variety of studies and has demonstrated tre-
mendous potential in AM technology [112, 113] An inter-
esting work is that proposed by Chen et al. [114], where
C2C12 myoblast cells seeded on a PLGA scaffold fabricated
by E-jet 3D printing were studied and it was found out that

)
Cell Geometry C

(a)

PLA/PLA

(b)

PCL/PCL
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the polymer platform is biocompatible, can enhance cell
adhesion and proliferation thus proving the use in skeletal
tissue engineering and regeneration.

PEG a biocompatible and hydrophilic polymer, has also
found application in this domain. Recently, PEG microgels
prepared via electro-spraying and off-stoichiometry thiol-
ene click chemistry, and use as bioink for the development
of complex tissue structures, has been reported [115]. The
strategy proposed in this study was based on the fact that
microgels can be easily extruded through a nozzle head and
can also form stable constructs due to the inherent cohesive
forces between the polymeric microstructures. Furthermore,
silk fibroin-PEG composites fabricated by digital light pro-
cessing 3D printing were successfully used to print an arti-
ficial skin model [116].

Although pure polymers can be successfully used as
inks for AM, as the technology advances, the development
of new, complex materials is required. One of the strate-
gies to create mechanically advanced polymer scaffolds
with enhanced regenerative potential and printability is by
incorporating reinforcing materials such as metals, ceramics,
or nanostructures into the ink. The development of hybrid
materials that are compatible with the available printing
technology has been the focus of many studies in the past
six years, and some examples have already been mentioned
above [117, 118].

Therefore, inks containing fibers to adequately control
the mechanical behaviour of the 3D fabricated construct are
being explored. The most commonly used materials for the
production of both short or continuous fibers for AM tech-
nology are glass and carbon [119]. The main challenge is
given by the density, distribution and the ability to orient
the fibers inside the matrix during the printing process. All
these factors determine the stiffness and strength of the final
composite [120-122].

In addition, fillers based on particles, either in powder or
liquid form can be blended directly into the polymer matrix
and can improve mechanical properties, bioactivity, biocom-
patibility or degradability [118]. However, when particles
are added, particular attention should be paid to the sedi-
mentation and homogeneity of the filler.

By dispersing inorganic nanomaterials into polymers
such as metal or ceramic nanoparticles (1-100 nm), carbon
nanofibers, carbon nanotubes, nanowires, quantum dots or
graphene, high-performance composites can be designed
[123]. This is mainly due to the high surface area-to-volume
ratio surface interaction between the nanofiller and macro-
molecular compound, as well as to the new functions added
to the host matrix [124]. For instance, by adding magnetic
Fe;O, nanoparticles to a mesoporous bioactive glass/PCL
composite scaffold, a new 3D printed material capable of
enhanced osteogenic activity, local anticancer drug deliv-
ery and magnetic hyperthermia has been obtained [125].

Furthermore, TiO, nanoparticles enhanced the compressive
modulus of PLGA porous scaffolds as well as its biological
performance [126].

The most remarkable, recently developed polymeric com-
posites used in 3D printing and the properties improvements
of the resulting materials are presented in Table 1.

The morphology and geometry of the 3D structures
strongly rely on their final application; in this regard, a wide
variety of 3D patterns can be developed based on polymers
and composite materials, as it can be seen in Fig. 5.

Smart Materials and Stimuli-Responsive
Mechanisms for 4D Printing

In order to mimic structures inspired by nature, 4D print-
ing promotes dynamic and structural reconfiguration over
time, thus surpassing the static nature of 3D printing. This is
achieved through the use of complex structures (comprising
one or combinations of materials) with stimuli-responsive
mechanisms [151]. There are several types of stimuli and
they can be categorized into physical (such as temperature,
liquid/moisture, light, magnetic field, electric field), chemi-
cal (pH and ionic concentration) or biological (glucose,
enzymes) [152].

Temperature is the most reported stimulus and has
already been implemented in other medical application
such as drug delivery [153]. The materials usually display
a volume change or a deformation (such as folding, curl-
ing, expansion or various other programmed shapes) at a
specific temperature. Invernizzi et al. [10] have reported
a self-repairing 4D multifunctional material that can be
used in the production of components for human-machine
interactions and soft robotics. The material is based on
photo-crosslinking PCLDMA macro-monomers with meth-
acrylates bearing UPyMA motifs. To analyse the thermally
activated shape memory effect and self-healing properties
of the proposed chemical structure an opposing thumb with
a forefinger was printed via DLP technology. The sample
was further partially cut. Next, the material was heated to a
temperature higher than the PCL melting temperature (Tm),
which allowed the sample to be deformed in a desired tem-
porary form. Once deformed, the structure was cooled down
in order to fix the temporary shape by the crystallization
of PCL crystalline domains. Re-heating the structure at a
temperature T >Tm allows the sample to recover its initial
printed shape, thus demonstrating the potential to be used
as actuator devices in soft robotics applications. Further-
more, various complex and intricate folding transitions have
been obtained by using the conventional properties of shape
memory thermoplastics polymers (SMP) such as PLA, ABS,
PC, and PU [154, 155].
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Table 1 (continued)

Achievements Applications References

Manufacturing method

Polymer matrix

Reinforcing materials

[142]

Increased tensile and compression Microfluidic devices

strengths

Stereo-lithography

Poly (ethylene glycol) diacrylate

(PEGDA)
PLA

Silica nanoparticles

[143]

Medical and packaging applica-

Increased crystallinity

Solvent-cast printing

Zn0O nanofibers

tions

[144]

Tissue engineering

Improved mechanical properties

Fused deposition modeling

Waterborne polyurethane (PU)

Cellulose nanofibers

and viscosity, good shear thin-
ning characteristics and rapid

degradation

Hydrogels can also exhibit temperature-sensitive proper-
ties that can be employed to produce smart 3D objects. Most
studies focus on the use of pNIPAM as a building block
because it exhibits a large and reversible volume change
in water at a temperature called LCST, typically 32-35 °C
[156, 157]. For instance, Bakarich et al. [158] proposed
an alginate/pNIPAM gel that is both mechanically robust
and thermally actuating. The materials exhibited reversible
length changes of 41-49% when heated and cooled between
20 and 60 °C. In addition, the authors were able to success-
fully print smart valve that automatically close upon expo-
sure to hot water, reducing the flow rate by 99%.

Recently, bioinspired tubes composed of an active ther-
mally responsive swelling gel pPNIPAM and a passive ther-
mally non-responsive gel (p.a.) have been reported [159].
The high-swelling and low-swelling gels were symmetrically
arranged in tubular geometries to achieve uniaxial elonga-
tion, radial expansion, bending, and gripping. Figure 6 illus-
trates the printed object which was inspired by a coral polyp,
capable of simultaneous elongation and gripping; the tube
can reach into a tank and grab an object. This approach can
be further extended to the 4D printing of more complicated
assemblies to facilitate their use in soft-robotics.

Another stimulus of high interest is water/moisture,
where deformation is based on different levels of water
sorption (i.e., swelling) [160]. Typically, the strategy fol-
lowed is based on the fact that the swelling of the various
compartments within the material occurs in a spatially and
temporally dependent manner. A water sensitive 4D struc-
ture was recently proposed by Mulakkal et al. [161]. They
have successfully developed a stimuli responsive hydrogel
composite ink based on sodium CMC, cotton derived pulp
linters (as the cellulosic fibre component) and montmorillon-
ite. Another humidity responsive platform can be achieved
by using PEG diacrylate hydrogels fabricated by photopo-
lymerization [162]. Literature also mentions studies that
implement both hydration and temperature sensitivity in
their materials [163].

Recent developments in smart materials enable the recon-
figuration of 4D printed structures into different shapes
when exposed to different light stimuli [164]. Using light
as a stimulus has the advantage that the material can be
changed both remotely and non-invasively. For instance, a
composite that integrates a thermo-responsive polymer gel
and photosensitive fibers exhibit a distinct response to the
different applied stimuli [164]. Namely, the material bends
in one specific direction under the influence of heat and bend
in the opposite direction in the presence of light, showing
that the material can be highly reconfigurable.

Another controllable, non-invasive stimulus that provides
a quick response and has the potential to increase the level
of control is magnetic field. Researchers discovered and
developed a composite ink system based on PDMS and iron
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Fig.5 3D printed objects
fabricated using different

AM techniques: a PCL/PEG
polyblend scaffold for bone
regeneration; [94] b PCL,
PVAc and hydroxyapatite
composite porous scaffolds
employing bone regeneration;
[96] ¢ 3D printed nose based
on a alginate—chitosan com-
plex hydrogel; [59] d native
anatomic and axisymmetric
aortic valve geometries printed
with PEG-diacrylate hydrogels;
[145] e various 3D anatomical
geometries based on PEG-algi-
nate—nanoclay hydrogels; [146]
f PEG hydrogel microspheres
as bilding blocks for 3D printed
scaffolds; [115] g vascular
structures based on alginate;
[147] h 3D-printed artificial
trachea scaffolds based on PCL;
[148] i 3D printed anterior cru-
ciate ligament screw from PLA-
magnesium-a-tocopherol; [149]
j 3D scanned models of wrist
splints based on PLA; [150].
Reproduced with permission

nanoparticles which has the potential to be used for various
magneto-mechanical applications [165]. PDMS serves as
the flexible matrix component while the magnetic particle
subjected to the magnetic field could obtain or lose their

@ Springer

magnetization due to their low magnetic coercive force and
high permittivity, compelling macroscopic change. Fur-
thermore, the printed material changes its shape under the
magnetic force but recover its initial configuration due to the
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(a) Tentacles (b)

Body

Coral Polyp Dual-function Tube

Photocured

Fig.6 Dual-shape change tubes. a Schematic of the basic anatomy of
the coral polyp; the image was created based on encyclopedic depic-
tions of the polyp.50 b, ¢ CAD model and image of a 3D printed and
photocured tube with cylindrical base and three fingers. d—g Optical
snapshots of shape change of the tube at different temperatures. The

ink’s elastic behaviour when the magnetic field is removed.
By using direct-ink writing, McCracken et al. developed rev-
olutionary iron oxide nanoparticle-loaded ionotropic hydro-
gels which are capable to actuate in the presence of local
magnetic fields [166]. In order to characterize the proposed
material, they printed various structures that mimic elemen-
tary dynamic/flexural features of Echinoderm and Cnidarian
organisms, with a particular focus on the tentacle morpholo-
gies of sea jellies. Studies have shown that the devices have
high mechanical toughness and flexibility, their structure
remains intact in aqueous environments with shear and tur-
bulent flow, but they can also move in different directions in
response to stimuli while submerged. Another example was
proposed by Wei et al. [167]. The authors have described an
approach to constructing 4D printed stents with magneto-
responsive materials developed by direct-write printing of
ultraviolet cross-linking PLA-based inks. The device could
be guided magnetically to its destination.

Kirilova et al. [7] developed hollow self-folding tubes
with an inner diameter of 20 pm, similar to small blood

25°C in Air

50°C in Water

25°Cin Water  Lifted at 25°C in Water

tube was suspended over a part placed in a tank. When water was
added to the tank, the tube shows uniaxial elongation and gripping
of the part. Upon heating to 50 °C, the tube shortened and the fingers
opened to release the part back to the bottom of the tank. Scale bars
are 1 cm [159]

vessels based on 4D bioprinting of shape-morphing biopol-
ymer hydrogels (Fig. 7). Their approach was based on
simultaneous printing of polymer—cell bioinks, namely an
alginate/hyaluronic acid hydrogel and mouse bone marrow
stromal cells, which can differentiate into a variety of cell
types in the presence of appropriate stimuli. Polymers have
been previously modified with methacrylate groups to make
them photo-crosslinkable. The results demonstrate that the
printing process does not negatively affect the viability of
the printed cells, and the printed tubes undergo cell survival
for at least 7 days without any decrease in cell viability.

Taken together, the summarized examples demonstrate
the enormous potential of 4D printing in the medical field.
With increased research of multi-stimuli responsive mate-
rials and AM printing methods, a wide range of currently
inconceivable applications may become available especially
where personalized medical treatments are important. The
most relevant biomedical applications related to both 3D
and 4D printing technology will be briefly described in the
next section.

Fig.7 Examples of the fabricated self-folding tubes (from right to
left): schematic illustrations and representative microscope images of
single tubes with/without printed cells formed through the described

4D biofabrication process; photograph of a glass vial containing
a large number of self-folded tubes, indicating on the possibility of
their large-scale production [7]

@ Springer
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Overview of Current Biomedical
Applications

AM technology contributes to a significant transforma-
tion of the medical field. It has now broad applications
in drug delivery, tissue regeneration, chemotherapy and
medical diagnosis. As mentioned above, there is a devel-
opment from 3D to 4D materials especially in the medi-
cal device fabrication and self-assembling architectures
that can emulate biological structures. Furthermore, there
is a constant motivation towards individualized pharma-
cotherapy, and AM technology has opened the doors for
customizing pharmaceutical dosage forms with multiple
drugs, controlled chemistry, complex internal geometries
and drug release profiles [2].

Using 3D/4D printing, a large variety of drug deliv-
ery systems can be developed with high accpuracy, such
as tablets, capsules, multilayered drug delivery systems,
nano-suspensions, orodispersible films, transdermal
systems, wound healing patches, or vaginal and rectal
delivery systems [169-173]. The most commonly used
pharmaceutical active ingredients include steroidal anti-
inflammatory drugs, acetaminophen, caffeine, salicylic
acid, antibiotics, paclitaxel, prednisolone, folic acid, insu-
lin, captopril, curcumin etc. [2, 173]. Furthermore, the
ink formulations have been obtained from a number of
polymers, i.e. PLLA, PEG, PVAc, PEG, diacrylate, PVP,
cellulose derivatives and others [2].

The main printing techniques used for drug develop-
ment are inkjet printing and fused deposition modelling
[174]. It is worth noting that Spritam® (an anti-epileptic
seizure drug) by Aprecia Pharmaceuticals is the first drug
manufactured—and currently the only one—using 3D
printing technology that was approved by US Food and
Drug Administration in 2015 [175]. The main advantage
of this product is that it has an extremely porous structure
that rapidly disintegrates in contact with liquids.

Moving a step further, the delivery of drugs through the
skin could be the solution to a simple, self-administering,
pain-free pharmaceutical therapy [176]. Recently, Wang
et al. [177] designed aligned-fiber antibiotic (tetracycline
hydrochloride) patches based on PCL, PVP and their com-
posite system by using an EHD printing technique. They
showed that the proposed technology enabled size, pore
volume, drug loading and patch thickness control and has
been successfully used to print 3D fibrous composite poly-
mer-drug patches. A new direction of research is the use of
micro-needles (MN) transdermal patches [178]. MN pro-
duces superficial pores into the skin to allow local permea-
tion of the therapeutic substances. MN for insulin delivery
with cone and pyramid geometries composed of a bio-
compatible resin has been recently developed. Moreover,

@ Springer

a biodegradable MN based on PLA designed by Luzuriaga
et al. [179] was able to penetrate the outer layers of the
skin and release over time a small molecule drug.

A recent study by Malachowski [180] investigated a
4D printed thermo-responsive multi-fingered drug eluting
device, referred to as ‘theragrippers’. The theragrippers can
be used to release drugs (mesalamine and doxorubicin were
tested) in a controlled matter in the gastrointestinal tract and
are based on poly(propylene fumarate) and poly(N-isopropyl
acrylamide-co-acrylic acid). The device can actuate above
32 °C allowing them to grip onto tissue when introduced
from a cold state into the body.

In addition to individualized pharmacotherapy, techno-
logical advances are being made in terms of customized
prosthetics and implants with heterogeneous and com-
plex structure. Progress has been registered in the printing
of stents [181], splints [182], contact lenses [183], bone
implants [184, 185], cartilage or tendon implants [186],
intrauterine contraceptive devices [187], as well as artificial
skin [188], parts of the ear [189] and heart valves [190].

Personalized prostheses allow the restoration of mobility
and function, as well as the normal appearance lost due to
deformities or trauma so that patients can start rehabilita-
tion and participate in daily activities. Partial finger pros-
thesis was recently developed by Young et al. [191] Authors
have shown that AM technology can increase the produc-
tion speed and reduce the production cost of upper limb
prostheses. Another example was demonstrated by Alonso
et al. [192] who prepared a polyvinyl alcohol and gelatine
hydrogel reinforced with ceramics particles for applications
in dentistry. 3D printing can also help patients recover from
fractures or bone defects. The manufacturing of 3D-printed
PCL/B-tricalcium phosphate mandibular prosthesis was
described by Park et al. [193]. TMSC were seeded into the
scaffold and implanted in rabbits to evaluate effects in bone
regeneration. The implanted material induced effective oste-
ogenesis showing that the 3D prosthetic provides a good
environment for bone attachment and regeneration.

As cell printing gained interest in biomedical engineering
field, namely cellularized printed scaffolds for biomedical
application, owing to ability of combining biocompatible
materials, cells, and supportive components into printed
constructs, researchers investigated the possibility to syn-
thesise soft tissue bioprinting hydrogels [194]. A triblock
copolymer PCL-PEG—PCL diacrylate, a single-component
precursor network, was synthesized via ring-opening reac-
tion and formed crosslinked hydrogel under visible-light
exposure. To the PCL-PEG—PCL triblock copolymer diol,
containing hydrophilic PEG segments and hydrophobic
PCL segments, it was further added acryloyl groups, and
the new network was reported as being highly elastic and
excellent mechanical properties to be tuned to match various
native soft tissues and for bio-printing various cells to form



Journal of Polymers and the Environment (2020) 28:1345-1367

1359

cell—gel constructs. Also, the hydrogels present good cell
compatibility to support fibroblast growth in vitro.

3D/4D printing concepts have been exploited in chemi-
cal analysis, microorganism/biomolecule detection and
separation, metabolites monitoring and diagnostics [195].
The clinical benefits of AM are also visible in the field of
anatomical models for surgical planning and training. AM
bio-models can be generated based on CT or MRI volumet-
ric medical images [196]. This technology can improve the
resolution and accuracy of surgical procedures by providing
visual aid or tactile feedback. As a result, this can translate
into reduced operating time, cost, and risks, especially when
patients have deformities or anatomical abnormalities [197].
To date, anatomical replicas of various organs, such as kid-
ney, heart, ureter, liver and even brain, have been beneficial
for preoperative planning [198-200].

Machine Learning in Additive Manufacturing

The multitude of aspects solicited and necessarily imposed
by the AM applications implies and enforces conditions and
factors in relation to materials and processing techniques
and which, in turn, bring a multitude of information that
should be considered to improve the 3D-printing process.
By gathering information involved in the key printing steps
performed in AM, and by providing them to computerized
systems, it is possible to intelligently achieve and pursue
the objectives proposed by machine learning, a branch of
artificial intelligence (a.i.), to improve the efficiency and
performance of the available system in these areas, instead
of following pre-programmed procedures. At the same time,
data sets imply multiple variables and data analyses are com-
plex, so modern computationally intensive methods become
a useful tool for solving the grounds.

As shown in Dennis M. Dimiduk et al. review, drastic
improvements have taken place last years, and are still evolv-
ing, in the fields of automated/autonomous data analysis,
informatics, and deep learning [201]. The advancements
come from the huge digital data, computing power, and
algorithms applied to a.i. systems and then induced to ML.
In the review, a distinction is made between the term ML,
used for obtaining a computed model of complex non-linear
relationships or complex patterns within data, and a.i. as a
framework for making machine based decisions and actions
using ML tools and analyses.

Practically, the current applications of ML in additive
manufacturing are involved in improving the efficiency in
the prefabrication stage and defect detection, while for near-
term are intended the real-time build control and predic-
tive maintenance. At the same time, as it was stipulated in
the Ying Zhang article, ML techniques have been used to
represent inorganic materials [202], predict fundamental

properties [203—-205], create atomic potential, identify func-
tional candidates [206, 207], analyze complex reaction net-
works, and guide experimental design [208-210].

Recent articles by Felix W. Baumann et al. [211], Micheal
Omotayo Alabi et al. [212], Athmaja S. [213] and Dennis
M. Dimiduk et al. [201], also analyze the machine learning
trends in additive manufacturing, ML algorithms for big data
analytics, recent applications of ML with big data in the
AM industry, as well as the perspectives on the impact of
ML, deep learning, and artificial intelligence on materials,
processes, and structures engineering.

The general directions addressed within ML intercon-
nected with the AM objectives are found in the specialized
literature and illustrate the tasks and results obtained in this
field (figure adapted from Felix W. Baumann et al. [201]
review). The next figure illustrates the core concepts as pur-
sued by Felix W. Baumann et al. among AM and ML and
the relations and interdependence within and between these
two domains for influencing the object preparation, as well
as the process parameters, which ultimately determine the
quality of the object.

At the same time, the following adapted figure (from the
review by Felix W. Baumann et al. [211]) underlines the
relationship between individual concepts found at the basis
of ML applications to improve AM processes.

Machine learning can comprise (*) a common applica-
tion for materials selection based on predictions of future
properties of unknown compounds, or discovering new
ones, (**) tools for extracting greater and more accurate
information from diagnosis, and (**%) instruments for the
automation loop between diagnosis and synthesis, and

Object Process
placement/ P Process Monitor & Applications
Preparation arameters Control
Object
Property/ General
Quality
ML |
°?&"o§
~—

Fig.8 The core concepts of AM and ML (adapted from Felix W.
Baumann et al. [211])
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reducing the degree of human intervention and reliance
on heuristics [214, 215] [Fig. 8].

The development of QSARs,—which links measured
properties to the compound chemical structure—and
other models by which experimental data are deposited
into mathematical algorithms, offers in the frame of the
machine learning solutions for preparation of materials
with good performance and predicted properties, even the
discovery of new materials with potential of applicability
in the AM field [136, 216-218] [Fig. 9].

Within the framework of “Advancing and accelerating
materials innovation through the synergistic interaction
among computation, experiment, and theory: opening
new frontiers” workshop [219] and the MGI, whose ulti-
mate goal is to bring products to market, six application-
focused domains were identified as areas of importance:
(1) materials for health and consumer applications, (ii)
materials for information technologies, (iii) new func-
tional materials, (iv) materials for efficient separation
processes, (v) materials for energy and catalysis, and (vi)
multicomponent materials and additive manufacturing
[220].

All these areas, including those of multicomponent
materials and additive manufacturing, comprise polymers
owing to their structural and functional characteristics,
and highly tunable physical, chemical, and electrical
properties. In this context, there is an imperative neces-
sity for predictive models to guide the development of
processing parameters and enable control of the structure
and defects in 3D printing of polymers, to create hier-
archical 3D structures with predictive behavior related
to their microstructure and interfaces, and characteriza-
tion methods to conclude about the behavior of the mac-
romolecular chains at interfaces leading to crosslinked
networks and strengthening of the complex three dimen-
sional structures as they are produced [221-229].

SMART
RING

/

COLLECT DATA
FEED ML WITH DATA

* Sensors collect data
from the AM process

* Generating input data
and the results

for the ML algorithms
| from the collected data |

ADDITIVE

MANUFACTURING

ML RESULTS

* ML generatesresults,
could be classification
or prediction from the
inputdata

MACHINE
LEARNING

Future Directions and Challenges

Even though AM offer unparalleled flexibility in design-
ing materials over traditional manufacturing methods, there
are several limitations that can hinder the progression to
market. These include the impossibility to print large vol-
umes of materials, slow print times, limited material avail-
ability, inaccurate actuation, high-cost printers, and there is
no possibility to print more materials on the same printer.
For bioprinting, it is essential to further develop in-depth
and complex in vitro and in vivo studies assessing efficacy,
and safety. More importantly, there is only one AM prod-
uct approved by the FDA on the medical market. The main
obstacles can be found in the lack of regulation and control
standards for the additive manufactured medical devices.
However, regulatory requirements are hard to implement,
mainly due to the variability of AM methods. Taking into
account all the techniques and materials currently available,
there is no possibility to provide a universal set of guidelines
for all printing methods. Furthermore, although the studies
highlighted in this review are certainly innovative and may
form the basis of future medical devices, follow-up stud-
ies that use and in-depth characterize the applied concepts
are generally not pursued. So far, for example, reports that
demonstrate the performance of an implanted device made
by using the AM technology remain scarce. Few materi-
als present complex geometries and elastic properties that
mimic the human tissue. Moreover, studies that demonstrate
the application of these research efforts in a clinical con-
text have hardly been published. These are the main current
limitations of AM applicable to the biomedical field that
companies and researchers are trying to solve in order to
produce devices in predictive and reproductive ways.
Despite these limitations and uncertainties, one clear
thing is that this technology is still in an early development
phase as a research area. We envisaged that due to the prom-
ising features demonstrated so far, an unexpected multitude
of unexplored research areas and disciplines will benefit

SMART
MANUFACTURING

OPTIMIZED DATA

ADDITIVE
MANUFACTURING

* Optimized data are
used as new
parameters for further
AM process

Fig.9 The relationship between ML and AM processes. (adapted from Felix W. Baumann et al. [211])
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from the innovations of 3D printing, spanning from medi-
cine to robotics, energy technologies, biotechnology, and
food production. In the coming years, a quantitative increase
will also be recorded in the development of high-perfor-
mance printers, a good example being the 5D technology.
Five-axis 3D printing is currently of high interest because it
addresses some of the challenges associated with regular 3D
printing. Thus, due to its ability to build an object from sev-
eral directions, stronger parts can be produced. Multi-mate-
rial printers will also be developed. The investments in this
area will further lead to innovations in high-performance
biocompatible materials. A strong emphasis on personaliza-
tion and individualization will also be pursued.

We also believe that the printing technology will soon be
readily available to the general public, the cost of 3D print-
ers will decrease and more objects developed through CAD
will be accessible from the online platforms. This will have
a profound effect on the manufacturing businesses, but also
on the society that asks for new strategies, innovations and
policies alike.

Conclusions

In the health sector, 3D/4D printing can generate efficiency,
create innovative products, improve the quality of medical
performance, and reduce costs and production risks. This
technology has grown enormously in the manufacture of
new drug formulations, implants, personalized prostheses,
advanced diagnostics, biosensor based feedback devices, and
bioprinting of human tissues and organs and has demon-
strated that it has the ability to play a key role in the progres-
sive development of new materials. Furthermore, it seems
that AM technology is turning into a multidisciplinary field
that will require scientists to become knowledgeable outside
of their main field of study, including biology, material sci-
ence, and chemistry. Ultimately, these early successes can
hope to provide a future in which medical treatments can
become highly personalized with patient-specific treatments,
but there are many areas that require further development
before the impact of AM technology can be fully evaluated.
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