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ARTICLE INFO ABSTRACT

Keywords: One of the exciting future directions in the 3D printing field is the development of innovative personalized smart
Printability constructions for bio-applications, including drug delivery, namely high-throughput drug screening and
Extrudability

customized topical/oral administration of pharmaceuticals, as well as tissue engineering. In this context,
hydrogels have emerged as a promising material that, when combined with extrusion 3D printing, allow the
creation of soft-material structures with defined spatial locations, that can be printed at room temperature and
customized by tuning the geometric design and/or the formulation components. Thus, the efficacy and quality of
such vehicles is dependent on formulation, design, and printing process parameters. However, hydrogel inks are
often designed and characterized using different methods and this lack of uniformity impairs. Characterization
techniques are usually arbitrary and differ among research groups, challenging the inference of possible con-
clusions on hydrogel behaviour and potential applications. Therefore, to properly analyse the potential of a
particular hydrogel ink formulation, we review, for the first time, the most frequently employed characterization
procedures, from rheological approaches to printing parameters and settings, and discuss their relevance, lim-
itations and drawbacks, and highlight future perspectives. Overall, to accelerate the development of high-quality
3D constructs, comprehensive characterization protocols for both pre-printing and printing assays should be
adopted. Furthermore, their transversal adoption could serve as a boost in terms of quality requirements and
regulatory aspects.

Printing accuracy
Shape fidelity
Printing precision

1. Introduction sintering printing (SLS), inkjet printing (1J), and digital light processing

(DLP) (Azad et al., 2020; Bom et al., 2020; Derakhshanfar et al., 2018;

3D Printing is an additive manufacturing process in which a 3D
construct is generated layer-by-layer, based on a computer-aided design
(CAD) model (Bom et al., 2021; Ngo et al., 2018; Ozbolat et al., 2016;
Pati et al., 2015; Song et al., 2010; Wang et al., 2015; You et al., 2017).
However, this technology is not limited to one technique, instead of-
fering a panoply of methods, that can be divided in seven main cate-
gories: powder-based printing (binder jet printing), extrusion-based
printing (fused deposition modelling (FDM) and hydrogel-forming
extrusion (HFE)), stereolithographic printing (SLA), selective laser

Kirchmajer et al., 2015; Ngo et al., 2018; Vithani et al., 2019; Wang
et al., 2015). Among these, 3D printing-based HFE has been leading to
growing interest in various fields such as oral and topical/transdermal
drug delivery, tissue engineering, regenerative medicine, and biological-
based therapies, due to the ability of printing semi-solid or solid 3D
constructs (simple or complex vehicles or devices) at room temperature
using a wide range of polymers (Bom et al., 2021, 2020; Economidou
et al., 2018; Gu et al., 2020; Kirchmajer et al., 2015; Kotta et al., 2019;
Ngo et al,, 2018; Prasad and Smyth, 2016; Wang et al., 2015).

Abbreviations: CAD, Computer-aided Design; FDM, Fused Deposition Modelling; HA, hyaluronic acid; HFE, Hydrogel-forming Extrusion; SLA, Stereolithography;
SLS, Selective Laser Sintering; 1J, Inkjet Printing; DLP, Digital Light Processing; UV, Ultraviolet; POI, Parameter Optimization Index; TSS, Theoretical Shear Stress;
LVER, Linear Viscoelastic Region; PCL, Polycaprolactone; PEG, Polyethylene Glycol; PEGDA, PEG diacrylate; PTRI, Printing Temperature Range Interval; CFD,
Computational Fluid Dynamics; NO, Nozzle Offset; NG, Nozzle Geometry; CT, Computed Tomography; MRI, Magnetic Resonance Imaging.
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Furthermore, HFE enables the printing of different layers composed by
different materials within a single construct, being considered a very
versatile manufacturing approach (Firth et al., 2018; Gillispie et al.,
2020).

The process of introducing a new medicine to the market is laborious
and frequently challenged by failure in late-stage trials (Peng et al.,
2017). 3D bioprinting is an emerging alternative that combines drug
discovery and drug delivery, through the creation of advanced and/or
biomimetic constructs, creating an ideal platform for high-throughput
drug screening via microarrays in different tissue development stages,
with increased insight over traditional 2D models due to a closer
resemblance to the native tissue architecture, although it still battles
some trade-offs such as limited resolution and reproducibility (Ozbolat
et al., 2016; Peng et al., 2017). Hence, printing is valuable for pre-
clinical drug assessment, including efficacy and toxicity studies. More-
over, drug-loaded hydrogels are fine-tunable by varying parameters
such as crosslinking degree, polymer concentration and molecular
weight, allowing the optimization of drug delivery strategies, both from
a general and a personalized point-of-view (Lee et al., 2019). Although,
it is possible to realize that HFE 3D printing technologies have come to
revolutionize the pharmaceutical and biomedical fields, with the po-
tential to completely change design, manufacturing, and prescription
paradigms (Trenfield et al., 2018). Nevertheless, hydrogel printing is not
an easy task since this type of polymeric solutions are mostly composed
of water molecules and/or other solvent-like compounds (Wang et al.,
2015), which can hinder the achievement of adequate printing accuracy
and shape fidelity (upon deposition). In addition, the hydrogels’ visco-
elastic properties can hamper the printing of tall structures (over 1 cm)
or complex structures with well-defined angles or even circular, also
depending on the printer’s resolution (Gillispie et al., 2020). As a result,
most polymeric hydrogel inks are not self-supporting and tend to
collapse or spread substantially after printing due to gravitational forces
(leading to an overall loss of structure by means of compression or
sagging) and surface tension (Gillispie et al., 2020; Ribeiro et al., 2017).
Therefore, hydrogels often cannot maintain its 3D shape (Skardal et al.,
2016), and secondary interventions may be necessary to promote the
gelation of the hydrogel inks resorting to physical, ionic, or radiation
crosslinking (Cui et al., 2020; Gillispie et al., 2020; You et al., 2017).
Considering ionic crosslinking, 3D extrusion printers that simulta-
neously print the hydrogel and the ionic solution (coaxial printing or
dual printing) already exist. In addition, some printers have UV light
incorporated in the extrusion head, allowing the crosslink to be per-
formed at the end of the printing procedure, between each layer or
directly in the extruding filament. Consequently, the modus operandi of
the printer, and the type of settings it provides, can also be considered
parameters that influence the printing quality.

Overall, the challenges inherent to the semi-solid extrusion 3D
printing technology over other 3D printing methods, go from the
hydrogel intrinsic properties to the need of a secondary crosslinking
strategy, the knowledge over the printer settings, and the adoption of
reliable and standardized characterization methods. Thus, and as dis-
cussed so far, ensuring printing quality is a fundamental prerequisite for
the success of HFE 3D printed constructs. However, by analysing the
most recent literature on this subject, it isclear that there is still
misinformation and a lack of uniformity of concepts and analysis
methodologies to be adopted (Lee et al., 2018; You et al., 2017). In
addition, and as previously mentioned by Naghieh et al. (Naghieh et al.,
2019) and Gillispie et al. (Gillispie et al., 2020), although there are
several studies reporting the 3D printing extrusion of different poly-
meric materials, the real picture and the definition of printing quality
remain unclear, leaving essential questions on how to categorize the
relationships between printability and other interrelated factors, such as
physicochemical, rheological, morphological, and mechanical proper-
ties of 3D printed constructs. For example, some authors use a rheo-
logical approach to describe printability, while others have been
focusing on studying the influence of ionic crosslinkers, nozzle variables,
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material composition, pore and filament dimensions, geometry, and
printing angle on printing quality, as well as in the gelation properties of
materials during the printing process (Cai et al., 2020; Freeman and
Kelly, 2017; He et al., 2016; Magalhaes et al., 2019; You et al., 2017).
However, considering only one of the factors is not a systematic
approach to improving printing quality. In addition, when choosing
different analysis and characterization strategies, authors preclude a
reliable comparison of data. Understanding the influence of the most
diverse variables interlinked with the overall 3D printing process can be
critical to ensure the printing of high-quality 3D constructs and to ensure
their functionality and application features.

This article presents and discusses the most relevant parameters that
influence the printing quality ranging from pre-printing (rheological
parameters and nozzle selection) to printing (pressure and nozzle offset
optimization, shape fidelity and printing accuracy tests). An additional
section discusses the limitations and drawbacks of the most common
methods used for characterization and optimization of hydrogel inks
printed through 3D HFE-based printing techniques and presents future
perspectives.

2. 3D Hydrogel-forming extrusion (HFE)
2.1. Printing concept and hydrogel-forming polymers

The 3D HFE printing process describes the computer-controlled
layer-by-layer dispensing of semi-solid (molten or semi-molten) poly-
meric solutions, dispersions or pastes through a movable nozzle in (x,y,
z) coordinates, create a 3D structure. The associated term “hydrogel-
forming” implies the use of polymers that react by means of physical,
ionic, or radiation crosslinking, allowing the gelation of the 3D printed
construct (Godoi et al., 2016). Hydrogel-forming polymers can be clas-
sified either considering their source (synthetic, natural or hybrid/
modified), ionic charge (non-ionic, cationic, anionic or ampholytic),
biodegradability (biodegradable or non-biodegradable), physical prop-
erties (smart or conventional), electrostatic nature and/or gel-forming
mechanism (physical, chemical or radiation crosslinking) (Kirchmajer
etal.,, 2015; Lee et al., 2018; Li et al., 2020). A wide variety of polymers
are currently exploited for HFE 3D printing, including those of natural
origin such as gelatin, alginate, fibrin, starch, and chitosan, and those of
synthetic origin such as polyethylene glycol (PEG) or polycaprolactone
(PCL). Chemical/physical modified (e.g., gelatin methacryloyl and
pregelatinized starch) or hybrid polymers (e.g., PEG diacrylate (PEGDA)
crosslinked with hyaluronic acid (HA)) with unique properties, have
also gained a lot of attention since their use can improve the physico-
chemical properties of the hydrogel and/or the 3D construct function-
ality and applicability (Bom et al., 2020; Carrow et al., 2015). The
advantages and disadvantages of the different polymers available for
HFE have been extensively reviewed elsewhere (Cui et al., 2020; Gopi-
nathan and Noh, 2018; Li et al., 2020) and will not be extensively dis-
cussed in this review article. Briefly, the criterion for selecting a polymer
is dependent on features such as the biocompatibility, production
method and cost, rheological and mechanical features, extrusion
mechanism, the desired applicability and functionality of the 3D
construct, the crosslinking mechanism of the polymer, and several
others (e.g., sustainability concerns).

2.2. Printers

Common extrusion-based 3D printers can be classified according to
the printing driven system into pneumatic, mechanical (piston and
screw-driven) or solenoid-based systems (Fig. 1) (Bedir et al., 2020;
Boularaoui et al., 2020; Firth et al., 2018; Gu et al., 2020; Lee et al.,
2018; Li et al., 2020; Pati et al., 2015; Seoane-Viano et al., 2021). To
streamline, pneumatic extrusion 3D printers use compressed air to
dispense the ink, via an on-off valve switching control or valve-free
system, that is directly connected to the cartridge (Firth et al., 2018;
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Fig. 1. Representation of the mechanism in three distinct extrusion-based
printing techniques: pneumatic, piston-driven and screw-driven extrusion.
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Gu et al., 2020). The valve switching control is highly recommended for
low-viscosity inks to prevent dispensing when no pressure is being
employed; for high-viscosity materials, valve-free systems can be
considered, because the flow rate when no pressure is applied (only
considering gravitational forces) is neglectable (Firth et al., 2018). The
use of pneumatic-driven systems provides a high degree of precision
associated with the extrusion control process, as well as a faster response
time after the start of the extrusion process, since the cartridge can be
pressurized instantly, and significant pressures can be achieved without
compromising the integrity of the 3D constructs (Firth et al., 2018).
Mechanical-driven extrusion systems apply a mechanical force directly
to the cartridge, providing a much simpler mechanism than the one used
in pneumatic extrusion. In piston-driven systems, a piston is coupled to a
motor employing a guide screw and when the motor starts, the rota-
tional movement of the guide screw is transferred to the linear move-
ment of the piston, which pushes the ink out of the nozzle, starting ink
extrusion. The concept of a screw-driven system is similar to a piston-
driven one, except that the screw, which is connected to the motor, is
used directly for extrusion, as a substitute of a piston (Gu et al., 2020).
The piston-driven system provides enhanced control over the extrusion
flow, whilst the screw-driven system delivers superior spatial control
and is more efficient to dispense materials with higher viscosities than
the piston-driven systems. The overall mechanism is simpler than the
pneumatic one, and is more affordable and easier to transport, elimi-
nating the necessity of utilizing an air compressor device (Firth et al.,
2018). The solenoid systems work through electrical pulses that are
directed to a valve located at the base of the syringe (Boularaoui et al.,
2020; Firth et al., 2018; Seoane-Viano et al., 2021). Besides the differ-
ences in the modus operandi and in advantages/disadvantages,
pneumatic-driven systems are more suitable for printing hydrogels with
shear-thinning properties, piston and screw-driven systems are more
suitable for extrusion of high viscosity inks, and solenoid systems are
more suitable for low viscosity inks that require ionic or UV crosslinking
(Boularaoui et al., 2020; Firth et al., 2018; Gu et al., 2020; Seoane-Viano
et al., 2021).

3. Print quality

Ensuring print quality is one of the main challenges when consid-
ering an HFE-based 3D printing technique since hydrogels are mainly
composed of water which can inherently hamper the printing of high-
quality, accurate and reproducible 3D constructs. Furthermore, it is
essential to understand in-depth the concept of print quality for future
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translation of 3D printed constructs to the market (approval and
commercialization). The question then is, what is considered print
quality? Does it depend exclusively on the hydrogel characteristics
(rtheological behaviour, mechanical properties, and crosslinking
method), and/or also on printing parameters? How can it be defined?
Print quality is a concept that is poorly defined in literature, without
standardized nomenclature and procedures, with different authors
describing different ways of evaluating such a concept. Although some
authors have already discussed this topic and have proposed more ac-
curate definitions in an attempt to standardize concepts, these are not
yet consensual, due to the fast-growing increase in 3D printing research.
Thus, to overview in-depth the concept of print quality, a survey of the
most used terms in the literature was carried out, which will be further
discussed.

The concept of print quality can cover definitions such as printability
(most cited), printing accuracy, printing precision, printing fidelity,
extrudability, extrusion uniformity, structural integrity and construct
integrity. Within this tangle of definitions, printability is the one that
causes more misunderstanding in the literature, because this word,
which was initially used to describe the relative ability of paper to take
printed ink, was adopted for 3D printing contexts independently of the
resources, materials and techniques used. Thus, and as each type of 3D
printing technique has a specific set of requirements (from materials to
printing mechanism), the word acquired many different meanings that
also change depending on the planned application, further complicating
the understanding of the term (Gillispie et al., 2020; Naghieh and Chen,
2021). The word printability, according to its etymology, is the ability to
print (Lee et al., 2020). In a 3D printing context, however, it refers to the
ability of a material to be used in a layer-by-layer system to create a 3D
object according to a computer-defined design. However, some authors
go beyond this basic definition and try to detail it further, to increase the
perception of the term. Agarwal et al. (Agarwal et al., 2021), defined
printability as “an extent of the ease of printing bioink formulations,
specific to each bioprinter type”. According to Godoi et al. (Godoi et al.,
2016), printability depends on the material and can be affected by its
rheological properties, gelification mechanisms (crosslinking) and
thermal properties. The definition of Theus et al. (Theus et al., 2020) was
based on the previous one (Godoi et al., 2016) but considered surface
tension a critical factor, in addition to the rheological properties. Li et al.
(Li et al., 2020) also considered that the printability of hydrogel mate-
rials is dependent on the rheological properties (viscosity, shear-
thinning behaviour, yield stress) and crosslinking mechanisms.
Furthermore, and according to Murphy and Atala (Murphy and Atala,
2014), printability can be defined as “properties that facilitate handling
and deposition by the bioprinter, which may include viscosity, gelation
methods and rheological properties.”, whilst highlighting the influence
of print time and nozzle gauge on printability. Gopinathan and Noh
(Gopinathan and Noh, 2018) described printability as being dependent
on distinct parameters such as viscosity and the surface tension of the
bioink, crosslinking ability, or surface properties of the printer nozzle,
whereas for Gillispie et al. (Gillispie et al., 2020), printability is
considered the ability to achieve desirable printing outcomes under a set
of printing conditions, in a particular application. To minimize further
misunderstanding the authors also clarified the meaning of printing
conditions (which relate to process parameters, including printing set-
tings and environmental conditions) and printing outcomes (referring to
the measures of success for the printing procedure). Thus, instead of
considering printability only as a parameter that depends exclusively on
the characteristics of the material, several authors also include in their
definition the influence of the printing parameters/settings (e.g., feed
rate, pressure, construct design, nozzle geometry and printing temper-
ature). For example, Suo et al., describes printability as dependent on the
extrusion state of the needle, where: a) a extrudate in the form of a
droplet can be considered unprintable; b) a lumpy extrudate can cause
nozzle clogging; and, c¢) a smooth, silky and filamentous extrudate is
considered printable (Suo et al., 2021). Thus, for some researchers the
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definition of printability is purely qualitative or determined by visual
analysis (which can sometimes lead to ambiguity), with no general
consensus. To solve this doubtfulness, some authors underlined the need
of establishing and adopting a semi-quantitative or quantitative defini-
tion of printability to improve and facilitate the development, charac-
terization and optimization of high-quality and reproducible 3D
constructs. Ouyang et al. (Ouyang et al., 2016) developed a new semi-
quantitative method for evaluating printability based on rheological
measurements and image analysis (perimeter and area determination),
which has already been used by several authors in recent papers (Cai
et al., 2020; Habib et al., 2018; Habib and Khoda, 2018; Kreller et al.,
2021; Soltan et al., 2019). For a quantitative definition of printability
index (Pr), the authors proposed the following equation (for squared
shapes) — Fig. 2 (A):
z 1 I?

Pr= 1 X BT (@D)]
where C is the circularity of an enclosed area (C = %), L stands for
perimeter and A for area.

Naghieh et al. (Naghieh et al., 2019) suggest measuring printability
based on the following equations:

40

7(Ds)*’

Nozzlespeed = (2)
where, Q and Ds are flow rate and standard strand diameter,
respectively.
Based on the nozzle speed equation, strand printability was defined
as:

Ds — Dexp

Strandprintability = 1 —
Dexp

: 3

where Dexp refers to the experimental strand diameter.

Despite the usefulness and significance of the proposed mathemat-
ical equations, they do not fully reflect all factors that can interfere with
printability, in addition to being based exclusively on measurement
parameters in (x,y) (which are inaccurate to evaluate layer stacking in

A
Pr<1 Pr=1 Pr>1
B
Theoretical Effective
print print
Finish A — overprinted
- - T region
B — overlapping
region
C — underprinted
Start region

International Journal of Pharmaceutics 615 (2022) 121506

multilayer printing). Thus, and given the complex nature of the print-
ability concept, several other concepts or indexes have emerged.

Printing accuracy, the second most cited definition in the literature,
is normally used to describe how similar the printed construct is to the
CAD drawing in terms of geometry and spatial resolution. Gillispie et al.
(Gillispie et al., 2020) considered that printing accuracy is the degree to
which printed constructs match their intended size, shape, and location
when applying determined printing parameters. For Webb and Doyle
(Webb and Doyle, 2017), printing accuracy is a direct result of the ge-
ometry of printed lines and is dependent on the pressure applied to the
fluid. According to the fluid mechanics principle, an increase in printing
pressure or a decrease in nozzle diameter increases shear stress, which is
undesirable during the printing process. To maximise printing accuracy
and minimise theoretical shear stress (TSS), the same authors developed
a Parameter Optimization Index (POI). The POI can be determined
through the following equations:

1
POI =A — 4
ccuracy X 7SS ( )
1

TSS =
DG x p’

)

where DG represents the nozzle gauge and p represents pressure.

Accuracy = —, (6)
tline
where tline corresponds to line thickness.
Hence, the POI can be expressed as:
1
POI @)

= line x DG X p

In the study by Kang et al. (Kang et al., 2013), the authors evaluated
print accuracy, print resolution and layer thickness by defining dimen-
sionless variables indexes of length, width, and height, respectively. To
assess print accuracy the authors used the length index L’ (Fig. 2(B)):

U>1

Art

Fig. 2. Different printability formulas used in recent research. (A) Application of the printability formula for pores, developed by Ouyang et al. (Ouyang et al.,
2016), in which a Pr = 1 corresponds to a properly gelled, Pr < 1 means under-gelled and Pr > 1 to an over-gelled ink. (B) Illustration of the L’ index suggested by
Kang et al. (Kang et al., 2013), that allows to categorize the offset in length between the designed and the printed path. (C) Illustration of a nonuniform (U > 1) and a
uniform strand filament (U = 1). (D) Method proposed by He et al. (He et al., 2016) to assess shape/printing fidelity, in which ratios closer to 0 depict enhanced

printing fidelity.
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C

SATBiC ®

where A = average underprinted, B = overlapping and C = overprinted
length of the printed construct.
Print resolution was evaluated through the width index W’:

_ Wavg
)

W

: )

where D = nozzle diameter and Wavg = average construct width be-
tween n samples.
To investigate layer thickness the height index H* was used:

H = T (10)
where H = construct height and T = average thickness.

Another term that is often referred to in the literature is printing
fidelity or shape fidelity, which describes the ability of a hydrogel ink to
maintain its shape following deposition. According to Gillispie et al
(Gillispie et al., 2020), printing fidelity can be analysed whilst using a
single layer, such as by measuring the dimensions of printed filaments,
and can be interpreted by measuring phenomena like spreading ratio,
height maintenance, and/or filament collapse. Schwab et al. (Schwab
et al., 2020) discussed the influence of rheological factors on printing
fidelity and reviewed the most common assessment approaches used to
evaluate printing this parameter in planar and multilayer structures. As
for rheological factors, viscosity is considered the one that mostly in-
fluences shape fidelity, with higher viscosities resulting in higher
printing fidelity. Furthermore, the authors stated that “shear-thinning
behaviour and rapid, reversible sol-gel transition are key factors in
defining printability and shape fidelity in extrusion printing”. In terms of
methods for evaluating shape fidelity, the authors highlighted the pos-
sibility to measure three distinct parameters depending on the structure
to be printed: i) filament circularity, which is directly related to the
geometric macroscopic shape, and describes the phenomenon of fila-
ment spreading on a surface; ii) pore geometry, which describes the
degree of reproducing ideal pore geometric shapes, allowing to evaluate
the spreading and fusion of filaments at the intersection — it is applicable
to constructs of either single or multi-layered structure in order to
identify the quality of layer stacking; and, iii) visual grid, which permits
the direct comparison of printed structures to computer-generated lat-
tices, although limited to uncomplicated constructs with macroscopic
porosity.

To assess filament uniformity, Soltan et al. (Soltan et al., 2019)
defined uniformity factor as (Fig. 2(C)):

lengthofprintedstrand

1)

- lengthoftheoreticalstraightstrand

For open-pore (or lattice) structures, Habib et al. (Habib and Khoda,
2018) defined the diffusion rate, also known as rate of material
spreading, according to the equation below:

At — Aa
At

Dfr(%) = x 100 12)
where At = theoretical area and Aa = actual area.
Kim et al. (Kim et al., 2019) used the following equation to evaluate
printing fidelity:
Printed,
Printingfidelity(%) = —— 20 eaPoTearea - 13)
Designedporearea
He et al. (He et al., 2016) also defined a mathematical expression to
evaluate the 3D constructs lattice quality, which could be related with
printing quality/ fidelity (Fig. 2(D)):

Art — Are
="

Art a#
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where Art is the theoretical area of a lattice and Are is the experimental
area of the lattice.

Sarker and Chen (Sarker and Chen, 2017) developed a mathematical
model based on the relationship between the flow rate and printing
speed. Based on this, Theus et al. (Theus et al., 2020) described that the
printing fidelity of the printed filament (diameter, Dp) can be calculated
by the equation (15) ignoring the swelling and gravity effects:

_ e
Dp =\ 2y as

where Q is the volumetric flow rate and Vp represents the printing
speed.

Curti et al. (Curti et al., 2021) also evaluated the dimensional sta-
bility (Ad) by measuring the dimensional changes (length, L, width - W,
height - H) before and after rehydration of the printed samples, using a
simple equation:

dr — d0
d0

Ad(%) = x 100 16)
where dO is the initial L/W/H of dried samples and dr is the measured L/
W/H after samples rehydration.

Extrudability is another concept derived from printability, which
evaluates the capability to achieve adequate extrusion. According to Gao
et al. (Gao et al., 2019), extrudability can be defined as the minimum
pneumatic pressure required to extrude the ink at a constant flow rate.
The authors further used the terms “extrusion uniformity” and “struc-
tural integrity”. In this context, there is also another term called
“construct integrity” that refers to the ink capability of holding its
structure after printing through area (x,y) measurements.

To facilitate the comprehension of print quality, as well as to stan-
dardize and reduce the number of concepts used in the literature, we
propose the adoption of only the following concepts: printability,
extrudability, printing accuracy, printing/shape fidelity, and printing
precision, which translate the essentials that must be considered in an
HFE-based 3D printing process. The definitions of the proposed concepts
are summarized in Table 1.

These concepts will be used, accordingly, throughout this review
article to facilitate the interpretation of the following sections.

Table 1
Definition of concepts related to the printing quality.

Concept Definition

Printability The ability of a certain ink to achieve extrusion and maintain
shape fidelity with high printing accuracy, which is influenced by
pre-printing (rheological and nozzle features), printing [design,
slicing, g-code (e.g., pressure, temperature and feed rate) and
non-g-code parameters (e.g., environmental conditions)] and
post-printing parameters (e.g., crosslinking, coating or drying
techniques).

Extrudability The capability of achieving extrusion, which is influenced by
rheological parameters, printing parameters and environmental
conditions.

Printing Degree to which the 3D printed construct matches their size and

accuracy spatial location, with respect to the original CAD model in terms
of length, width, and height.

Printing fidelity Degree to which the 3D printed construct matches their geometry
with respect to the original design file in terms of length and
width.

Printing Measures the repeatability or reproducibility of a print in terms of

precision size, geometry, and spatial location.
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4. 3D printing process optimization
4.1. 1. Pre-printing

4.1.1. Rheology

Overall, rheology studies the deformation and the flow of hydrogels
in response to forces applied. In an HFE-based process, the ink is initially
in a bulk resting state (no flow) inside the cartridge, and when forces are
applied, it transitions to endure deformation and flow in high shear
conditions while moving through the nozzle walls. Subsequently, it ac-
quires a new shape until it finally returns to a new resting state (Fig. 3)
(Schwab et al., 2020; Seoane-Viano et al., 2021). The pivotal rheological
properties which relate to these transitions are viscosity, the viscoelastic
shear moduli, the viscosity recovery behaviour, and shear stress, which
can be associated with the ink’s performance before (rest and flow
initiation), during (flow behaviour - extrudability) and after printing
(printing accuracy, shape fidelity and adhesiveness) (Amorim et al.,
2021; Schwab et al.,, 2020). The key rheological parameters that
describe these phenomena are discussed below, as well as the most used
tests for their characterization, including rotational and oscillatory
methodologies.

4.1.1.1. Flow behaviour. Newtonian fluids possess a linear relationship
between the rheological elements of shear stress and shear rate, whereas
fluids depicting deviations to that linearity are described as non-
Newtonian. These can be further classified into time-independent (e.
g., shear-thinning and shear-thickening) or time-dependent fluids (e.g.,
thixotropic or antithixotropic) (Fig. 4(A)) (Cooke and Rosenzweig,
2021; Schwab et al., 2020; Shahbazi and Jager, 2021).

The behaviour of Newtonian fluids can be described through the
Newton’s law (Chhabra and Richardson, 1999; George and Qureshi,
2013):

T =7y, a7
where 7 is the shear stress (Pa), 1) is the viscosity (Pa.s) and y is the shear
rate (s71).

The behaviour of non-Newtonian fluids can be described through the
power-law viscosity model, proposed by Ostwald in 1925 (Chhabra and
Richardson, 1999; George and Qureshi, 2013):

n=Ky, (18)
where K is the consistency index (Pa.s") and n is the flow behaviour
index (dimensionless).

1. Resting state or flow initiation

P<rt, P>1,

Velocity, v

b b

No
Extrusion Extrusion Shear stress, T

2. Velocity and shear stress at nozzle wall
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Depending on the value of n, different regions can be identified: i) n
< 1: shear-thinning; ii) n = 1: Newtonian; and iii) n > 1: shear-
thickening.

Ideal inks should have two properties: i) they should exhibit a shear-
thinning behaviour upon the application of a deforming force; and, ii)
their viscosity should increase quickly after the removal of the force to
guarantee high shape fidelity and printing accuracy (Amorim et al.,
2021; Ramesh et al., 2021). Most inks used for HFE 3D printing (e.g.,
temperature-sensitive hydrogels, partially crosslinked hydrogels, and
colloidal suspensions) can be classified as non-Newtonian systems with
shear-thinning properties, whose viscosity decreases with increasing
shear stress.

4.1.1.2. Viscosity. Viscosity can be defined as the resistance of a fluid to
flow during the application of stresses and is a major influencer of
extrudability, printing accuracy and shape fidelity. In practical terms,
viscosity is defined as the ratio of shear stress to shear rate. The viscosity
of hydrogel inks can be influenced by: i) temperature: ii) polymer con-
centration; iii) molecular interactions; and, iv) molecular weight
(Schwab et al., 2020). Usually, higher viscosity inks result in higher
printing accuracy and can more easily retain shape after extrusion.
However, an increase in viscosity requires an increase in the extrusion
shear stress, which can also influence cell viability and consequent
biological performance or drug retention capabilities (Cooke and
Rosenzweig, 2021; Schwab et al., 2020; Shahbazi and Jager, 2021). To
avoid the need of increasing extrusion shear stress, it is also possible to
control extrudability by using different nozzle geometries or sizes (see
Section 4.1.2) or by adjusting printing parameters (see Section 4.2). Low
viscosity hydrogel inks can minimize nozzle clogging during printing
but can result in poor printing accuracy and shape fidelity retention
(Mohammed et al., 2021).

4.1.1.3. Yield stress. The yield stress or yield point indicates the limit of
elastic behaviour, corresponding to the minimum stress that is necessary
to induce flow, and can be measured through shear stress sweep tests.
Ideal inks are those with yield stress followed by a high shear effect,
therefore fitting the Herschel-Bulkley equation (Amorim et al., 2021;
George and Qureshi, 2013; Shahbazi and Jager, 2021; Townsend et al.,
2019). Some authors suggest that the yield stress can be considered an
important parameter to infer over the printing accuracy and shape fi-
delity, and it can also serve as an indirect indication of the ink’s ability to
support subsequent stacked layers (Amorim et al., 2021). Cooke et al.
(Cooke and Rosenzweig, 2021) also highlighted that the ink’s yield

3. Viscosity recovery

t

Fig. 3. Rheological parameters influencing printing. The force driving extrusion needs to be greater than the material yield stress to counteract resistance to
movement. The velocity of the ink increases in the centre of the nozzle and decreases near the nozzle wall. On the opposite, shear stress is bigger next to nozzle walls
and smaller near the centre. Printed materials need to recover their viscoelastic behaviour upon deformation induced by shear stress to produce 3D constructs with

proper shape fidelity.
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Fig. 4. Flow behaviour. (A) Relation between shear stress and shear rate in different materials, where the slope of the function is viscosity. Materials can be
categorized based on the obtained curve profile. (B) Oscillatory frequency sweep test with controlled shear strain, showing the crossover point representing the sol-

gel transition phase.

stress determination can be useful to presume the required pressure
needed for extrusion. In particular, the research carried out by Mouser
etal. (Mouser et al., 2016), showed that yield stress plays a crucial role in
filament formation and deposition, suggesting that high yield stresses in
which viscosity decreases rapidly result in adequate extrudability and
higher printing accuracy. Ribeiro et al. (Ribeiro et al., 2017) further
proposed a straightforward theoretical model to predict filament
collapse, after printing, directly from the yield stress value, which can be
of great value for optimization studies. However, Amorim et al. (Amorim
et al., 2021) highlighted that the yield stress effect by itself is not an
indicator of good printability, being necessary to analyse other param-
eters to infer this parameter.

4.1.1.4. Thixotropy. A three interval-time-thixotropy test can also be
performed to investigate the viscosity recovery behaviour of the 3D
printed structure, and the time required for that to occur; this test
measures the viscosity within 3 shearing intervals: i) low shear interval
(until a shear rate value of 10° s’l) to check the viscosity of the ink
before printing; ii) high shear interval to simulate the stress exerted
inside the nozzle walls; and, iii) low shear interval for monitoring the
recovery ability (Amorim et al., 2021; Cooke and Rosenzweig, 2021;
Jiang et al., 2019; Zhang et al., 2021). However, and as highlighted by
Amorim et al. (Amorim et al., 2021), measuring the recovery behaviour
by means of oscillatory tests (shear storage modulus vs time) can be
more helpful than by rotational tests, since the first option integrates the
elastic modulus which plays an equally important role in this process.
Up to date, this approach has not yet been properly explored.

4.1.1.5. Viscoelastic shear moduli. A considerable number of reported
studies only analyse viscosity (through rotational tests) as a measure of
the influence of ink components, and ultimately to select the optimal
formulation(s) for advancing the research. However, oscillatory tests
should also be considered to characterize the viscoelastic features of
hydrogel inks, by determining the loss or viscous modulus (G“) and the
storage or elastic modulus (G’). In the context of HFE 3D printing, G” is
used to describe the viscous flow (representing the phenomenon of ink
passing through a nozzle) and G’ is linked with the elastic component
that influences the printing accuracy and determines the shape fidelity
(after printing) (Amorim et al., 2021). A proper balance between viscous
and elastic modulus is required to guarantee high printing accuracy and
shape fidelity, as highlighted by Townsend et al. (Townsend et al.,
2019). Usually, these complex moduli are measured through amplitude
or frequency sweep tests with controlled shear strain. The first one is
normally used to determine the linear viscoelastic region (LVER) and to
define the shear strain to be used in the frequency sweep test. The second

test, in addition to being able to characterize the viscoelastic behaviour
of the hydrogel inks within the LVER, also makes possible to determine
the yield stress. In addition to these assays, a single frequency strain-
controlled time event sequence or a single frequency strain-controlled
ramp test can be used to assess the time- and temperature-dependent
viscoelastic behaviour, respectively (Fig. 4(B)) (Amorim et al., 2021;
Cooke and Rosenzweig, 2021). Furthermore, it is also highly recom-
mended to determine the loss or damping factor, Tan & (G“/G’), which
describes the viscoelastic behaviour through a dimensionless index in
samples when there is a phase transition (sol-gel phase) (Bom et al.,
2020; Gao et al., 2019; Seoane-Viano et al., 2021).

In a previous report by our group (Bom et al., 2020), it is highlighted
that Tan & (G*“/G’) can be presented as a function of time sequence,
which allows the determination of gelation time for ionic-crosslinked
hydrogel inks in function of the viscoelastic behaviour by defining the
crossover point. Furthermore, these data were also used to infer over the
adhesiveness strength of the hydrogel inks developed. A single fre-
quency strain controlled with temperature ramp test can also be per-
formed to determine gelation time and the printing temperature range
interval (PTRI) for physical or UV crosslinked hydrogel inks (Amorim
et al., 2021). According to O’Connell et al. (O’Connell et al., 2017),
special care must be taken when selecting the ramp rate (°C/min), since
it is necessary to assure that the sample tracks the temperature of the
measuring system, avoiding sudden changes in temperature. According
to the same authors, the ramp rate should not exceed 2 °C/min.

Gao et al. (Gao et al., 2019) studied the effect of G’, G*“ and Tan & on
the printing accuracy in z-axis (defined as structural integrity) and
printing precision (referred to as extrusion uniformity) using alginate/
gelatin-based inks (studied as single polymeric components and as a
mixture). In addition, a first-order interactive model was established to
correlate G’ and G” with the extrudability pressure. Lower Tan & was
correlated with increased printing accuracy in z-axis, whereas higher
Tan & was correlated with increased printing precision. The results
further showed that the extrusion pressure of a hydrogel ink is co-
determined by G’ and G”, highlighting the influence of the ink elastic
properties. Although these results may not reflect all polymeric mate-
rials that can be used as extrusion printing inks (only two model mate-
rials have been studied), they certainly indicate the proper methodology
to be used when evaluating the printing quality of other hydrogel inks
whilst considering their viscoelastic behaviour. This study also showed
that, although viscosity can be considered the primary physicochemical
parameter affecting print quality, by itself it does not reflect the complex
behaviour of hydrogel-based inks during the 3D printing process.

Park et al. (Park et al., 2020) established rheological methods to
study the effects of cooling and heating rates on sol-gel and gel-sol
transitions. The authors performed temperature sweep tests with
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oscillatory shear, using gelatin methacryloyl as a representative com-
pound, at four rates: 0.3 °C/min, 0.6 °C/min, 2.5 °C/min, and 10 °C/
min. The results highlighted that the higher cooling rates led to lower
temperatures at which the increases in G’ and G "’ occurred, and to lower
gelation temperatures; effects like this were also noticed for the heating
assays performed, although less significantly. Furthermore, the authors
emphasized that the cooling/heating mechanism of the rheometer by a
Peltier bottom plate increased these effects, since only the bottom of the
sampl-es was cooled down or heated. Overall, these results suggest that
temperature sweep tests must be performed at several rates, or that the
rate should be identified as relevant to the actual application, in order to
be representative of the physical gelation process under evaluation.

4.1.2. Nozzle selection

Selecting a nozzle tip is a pivotal component of the pre-printing
optimization process, as it can have a considerable effect on deter-
mining the optimal printing speed and pressure, as well as on achieving
adequate extrudability, printing accuracy and shape fidelity. Within this
context it is necessary to consider the nozzle inner diameter, length,
profile, geometry, and material. As a rule, the extrudability of hydrogel
inks increases when: i) the diameter of the nozzle is larger; ii) the nozzle
length is shorter; and, iii) conical nozzles are used instead of cylindrical
nozzles (Gillispie et al., 2020). On the contrary, printing accuracy and
shape fidelity increase when the inner diameter of the nozzle is smaller
(Bom et al., 2020; Webb and Doyle, 2017). However, the probability of
partial or full nozzle clogging increases proportionally with the decrease
in the nozzle inner diameter, which in turn is related with the viscosity
properties of the hydrogel ink. Partial nozzle clogging can cause geo-
metric misalignments by dragging material during printing, as well as
leading to the extrusion of a smaller amount of material, which in turn
can affect printing accuracy and precision. Full nozzle clogging requires
cleaning the cartridge and nozzle, delaying the printing process. The
geometry of the nozzle (e.g., conical, or cylindrical) determines the
shear stress that hydrogel inks undergo during extrusion, which directly
correlates with the amount of material extruded. Considering the nozzle
profile, cylindrical needles require higher pressure and can be more
prone to clogging, whereas tapered needles can significantly decrease
the pressure needed to extrude and reduce clogging (Mohammed et al.,
2021). Regarding the material, the choice should always be dependent
on the extrusion temperature and/or formulation components. The
choice of the ideal nozzle is characterized by such trade-offs, making this
a fundamental step in the optimization process.

Cai et al. (Cai et al., 2020) reported a study testing two different
nozzles: the precision stainless steel tip (cylindrical shape with inner
diameter of 250 pm), and the smooth flow tapered tip (conical shape
with inner diameter of 250 pm). The results showed that when the cy-
lindrical nozzle was used, thinner and straighter filaments were ob-
tained compared to those printed with the conical nozzle (although the
diameter of the nozzles was the same). However, when using the cy-
lindrical nozzle, a higher printing pressure was required, possibly
because this nozzle has a longer narrow tip end. Overall, the results
suggested that cylindrical nozzles afford a higher printing accuracy and
shape fidelity, compared to conical nozzles.

Magalhaes et al. (Magalhaes et al., 2019) resorted to computational
fluid dynamics (CFD) simulations to evaluate the shear stress caused by
the internal pressure of different nozzle designs, varying convergence
angles, needle hub lengths, shaft lengths, and exit diameters; the inlet
diameter was fixed as 10 mm for all nozzles. The data obtained showed
that small convergence angles at the shaft, lead to higher nozzle walls
shear stresses, and bigger exit diameters worst the printing accuracy.
Overall, convergence angles and exit diameters were disclosed as the
most important parameters that affect the balance between shear stress
and printing resolution.
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4.1.3. Correlation between rheology and nozzle selection: Influence on
printing

To identify the optimal printing parameters, besides rheological
features, it is also necessary to consider geometrical (nozzle) and
instrumental (printer) parameters. For example, the optimal range of
rheological properties for a hydrogel ink to be printed at 45 °C and 20
PSI through a conical nozzle with 100 pm, will be different when
considering a higher nozzle inner diameter or a cylindrical nozzle; the
same is true if the pressure is changed. Thus, some authors have
described the potential of using mechanical fluid model laws to derive
the flow rate, since it is a readily quantifiable measure of extrusion. For
extrusion 3D printing, the flow rate is influenced by the ink flow
behaviour, temperature, nozzle geometry, and dispensing force. Jiang
et al. (Jiang et al., 2019) listed all the common mathematical equations
that can be used to model extrusion for both cylindrical and conical
nozzles and discussed their potential contribution to the development of
complex and accurate extrusion models, while several other authors
have been focusing on the development and application of such complex
models. For example, Chen et al. (Sarker and Chen, 2017) developed a
model based on the fundamentals of fluid mechanics to evaluate the flow
rate of chitosan-based inks using a modified pneumatic-dispensing 3D
printer. The model included pressure, temperature, needle geometry,
surface tension and rheological parameters, and the authors emphasized
the influence of the needle geometry and yield stress features of the
hydrogel inks on the determination of the flow rate. Kang et al. (Kang
etal., 2013) used the Hagen-Poiseuille law to describe the fluid flow and
approximate the maximum wall shear stress in the nozzle based on
pressure, nozzle diameter and hydrogel viscosity. A study by Sarker et al.
(Sarker and Chen, 2017) focused on the development of model equations
based on mechanical fluid model laws to predict the flow rate of alginate
hydrogel inks with varying concentrations (1-4%) and at different
temperatures (25-55 °C), considering the shear and slip flow from a
tapered needle.

4.2. Printing

To adequately assess the potential that a particular ink has to create
constructs with high resemblance to the computer-aided design (CAD),
in a reproducible way, the parameters which are related to the design
and the printer machine should be adjusted.

4.2.1. Design

The construct’s design is the primary step to guarantee the printing
quality, namely in the design of complex and intricate structures. CAD
models, which are the conceptual drawings of a structure to be
mimicked by the printer in a plane with (x,y,z) coordinates, are gener-
ally built-in specialized softwares. There are several CAD programs
commercially available, and some are free online. However, the sensi-
tivity of ink formulations further hinders the establishment of optimized
CAD simulations (O’Connell et al., 2017; Ramesh et al., 2021).
Computed Tomography (CT) scans and magnetic resonance imaging
(MRI) have demonstrated potential to accelerate this process, since these
are able to adequately delimit the outlines of tissue constructs at a faster
pace (Datta et al., 2018; Peng et al., 2017; Unagolla and Jayasuriya,
2020; Wang et al., 2015).

After creating a 3D model from one of the methods mentioned above,
an .stl file is created and imported into a slicing software (e.g., Cura,
Slic3r, and RepSnapper). Slicing is the automated creation of G-code
based on the submitted CAD model, i.e., it cuts the 3D model into cross-
sectional layers and establishes the commands that the printer must
meet to print each layer. Generally, layer width and height are user-set
parameters that will modulate the slicing procedure (Baumann et al.,
2016). This type of software also offers the possibility of simulating and
printing support regions, i.e., regions that do not compose the 3D model
originally, but that must be created to support the formation of other
parts which are effectively represented in the 3D model. In the end of the
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process, a G-code file is generated that contains the full set of commands
to which the printer will conform so that the desired construct is pro-
duced. Understanding G-code is not crucial to have successful prints, but
it is useful to the printer user because it allows to manipulate both the
structure and printing process post-slicing, offers flexibility in trouble-
shooting, and can accelerate some printing procedures. Nevertheless,
the variation that exists between commercially available printers,
regarding the accepted G-code, somewhat hinders a standardized
knowledge of the latter.

4.2.2. Printer

Some parameters of the process must be defined by the operator to
the equipment, namely: Pressure (P) - the driving force of extrusion in
pneumatic-based systems, where different flow rates originate at
different pressures; Nozzle offset (NO) - the distance between the nozzle
and the printing bed; Feed rate (F) - also named as nozzle speed or ve-
locity, it corresponds to the moving speed of the printer’s arm and
nozzle; Temperature (T) - the temperature of the ink inside the cartridge;
and, Nozzle geometry (NG) - embraces sub parameters such as nozzle
diameter, nozzle length and type of nozzle.

However, the optimal values for these user-set parameters are
generally unknown. The aforementioned rheological analysis enables
researchers to predict a temperature range for printing or the minimum
required pressure for extrusion, for instance, but these are insufficient to
deliver the most accurate printing. Therefore, it is necessary to adjust
such parameters to the ink in use, and the tests displayed below aim at
providing the narrowest group of parameter settings possible.

4.2.3. Optimization of parameters related to extrudability

4.2.3.1. Filament drop test. An adequate extrudability is fundamental to
have an optimal printing process. Therefore, it is necessary to optimize
extrusion-related parameters, with pressure being the most relevance in
pneumatic HFE (He et al., 2016; Naghieh and Chen, 2021). First and
foremost, the pressure exerted to extrude material has to be higher than
the material surface tension and/or yield stress (He et al., 2016; Naghieh
and Chen, 2021; Schwab et al., 2020), otherwise there will be no
extrusion due to the resistance to flow of the ink.

Heetal (Heetal., 2016) suggested a test of static extrusion in which
sodium alginate would be extruded at different pressures and temper-
atures, in order to assess the size of hanged filaments. However, the
criteria for choosing an optimal size range are poorly defined and greatly
depend on the viscosity of the materials being used. Other authors have
added that this type of test also gives detail about the gelation status and
homogeneity of the ink (Cai et al., 2020; Habib et al., 2018; Ouyang
et al., 2016; Paxton et al., 2018; Suo et al., 2021; Wu et al., 2018).
Specifically, inks are generally classified as under-gelled, if a droplet
forms at the nozzle tip, properly gelled if a continuous filament is
extruded (Cai et al., 2020; Habib et al., 2018; Ouyang et al., 2016;
Paxton et al., 2018; Wu et al., 2018), or over-gelled if an irregular, curvy
and non-uniform filament is formed (Fig. 5(A)) (Cai et al., 2020; Ouyang
et al., 2016; Wu et al., 2018). Thus, this test is useful to verify if the sol-
gel transition temperature defined by rheological analysis is correct.
However, droplets can form with over-gelled formulations, and a
continuous filament may not accurately translate into a properly gelled
solution, since under-gelled formulations can also depict similar
behaviour and, in addition, cause jet-like extrusion, if pressures are high
enough. Indeed, it has been shown that alginate inks with increasing
concentrations of CaCly, which are relatively close to an over-gelled
status, could form droplets that can achieve higher printing accuracies
when printing grid-like structures compared to inks that form contin-
uous filaments (Kim et al., 2019; Park et al., 2017). Because the mech-
anism of HFE is directed to printing on solid surfaces, rather than into
air, which creates the need of validating this test with effective filament
printing, we believe that tests that use deposition are preferable for
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Fig. 5. Optimization of parameters related to extrudability. (A) The fila-
ment drop test has 3 outcomes regarding the filament shape after extrusion,
depending on the used materials and printing parameters: (i) droplets, (ii)
continuous filaments, or (iii) bumpy and irregular filaments. (B) Delimiting an
ideal nozzle offset is vital to an accurate printing. (C) Hypothetical represen-
tation of a process map for the optimization of pressure and feed rate in which
the window of optimal parameters is defined by measurements of the
spreading ratio.

determination of extrudability parameters.

4.2.3.2. Nozzle offset test. Nozzle offset, which represents the distance
between the nozzle and the printing surface, is often considered since it
can affect the printing accuracy and shape fidelity of 3D constructs
(Fig. 5(B)). Furthermore, this parameter should be carefully defined and
precisely controlled over the experiments to guarantee high printing
precision (Mohammed et al., 2021; Naghieh and Chen, 2021; Schwab
et al., 2020). Naghieh et al. (Naghieh et al., 2019) evaluated the influ-
ence of nozzle offset in the line width at a constant nozzle speed of 35
mm/s, using a 200 um nozzle. By modulating the nozzle offset, a wide
range of strand diameters were obtained, varying from 0.1 to 0.6 mm,
which reinforces the importance of adjusting such printing parameters.
The authors further highlighted that a large nozzle offset can lead to
non-continuous printing, while a small distance between the printing
surface and the nozzle may lead to squeezing of the ink or hinder the
proper ink flow during deposition.

4.2.3.3. Linear filament tests. Due to the limitations mentioned for the
test above, to the lack of a rheological model that allows the prediction
of an ideal pressure, and to the shortage of tests that allow varying the
pressure while keeping all other parameters constant, the extrusion
pressure needs to be defined using other approaches. Printing simple
linear filaments with a constant width (which can be defined in the
slicing software) is a method of deposition that permits the assessment of
the optimal pressure and feed rate. Recently, Armstrong et al. (Arm-
strong et al.,, 2021) applied a method to qualitatively categorize
extrudability by evaluating line width, with the creation of a ‘process
map’, in which filaments with smaller spreading delimit a range of
optimal extrusion parameters (Fig. 5(C)). The authors went further and
defined material models which are implemented into controlled designs
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that contain varying parameters while printing, thus delivering superior
constructs. Some printers, however, may not possess this ability. Nozzle
offset and temperature are parameters that can be used to represent a
third dimension which could possibly be incorporated into this mapping
procedure. The spreading ratio is a way of analysing line width and is
typically quantified by measuring printed lines with imaging software
and fitting equation (19) to the obtained values:

Printedneedlediameter

Spreadingratio = 19)

Needlediameter

Therefore, spreading ratios closer to 1 translate into excellent
printing because measured and defined line widths are similar (Ramesh
et al., 2021). Increasing feed rates will, up to a certain point (which is
dependable on the ink), deliver narrower filaments, and slower feed
rates will return thicker filaments due to material accumulation (He
et al., 2016).

4.2.4. Characterization of printed hydrogels

Once the adequate window of printing parameters for a given ink is
determined, the characterization of several printed constructs which
differ both in morphology and layer number, must be performed. This
characterization allows to further narrow the set of printing parameters
and, more importantly, to assess if the formulation is capable of
rendering high quality and complex 3D structures.

4.2.4.1. Filament fusion tests. Filament fusion tests consist in printing a
meandering pattern with parallel strands and decreased spacing be-
tween filament segments, so that the merging between these can be
evaluated (Cai et al., 2020; Ribeiro et al., 2017; Schwab et al., 2020).
Therefore, it is possible to establish the minimum distance necessary to
avoid filament merging, for a particular set of parameters. After depo-
sition, the material is prone to spread and merge due to the surface
tension between ink and support adhesion materials (e.g., plastic, glass,
others) and between adjacent filament segments, leading to a time-
dependent loss of resolution (Cai et al., 2020; Schwab et al., 2020).
Lower material spreading and fusion results in higher printing
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resolutions, since the distance needed to create two distinct parallel
filaments is lower. Inks with lower yield stress or under-gelled tend to
have larger propagation of fused segments. Consequently, the initial
filament distance should consider the ink rheological features and
nozzle diameter. Ribeiro et al. (Ribeiro et al., 2017) applied, in a com-
posite ink of poloxamer and PEG, an initial distance of 0.25 mm, with a
gap increase of 0.05 mm per line, up to a distance of 0.55 mm. Cai et al.
(Cai et al., 2020) reversed the direction of the test by moving through
decreased spacing, in distances ranging from 2 mm to 0.5 mm in
alginate-gelatin formulations that incorporated laponite. The design of
the meandering pattern should consider the following parameters to
better assess shape fidelity and printing accuracy (Fig. 6(A)): (1) fs —
fused segment length; (2) f4 - filament distance; (3) f; — filament thick-
ness. These are quantifiable through imaging software, but visual in-
spection may be sufficient if simpler constructs are to be designed. The f;
parameter tends to increase with decreasing fy, creating an exponential
function in which the effect of f; is addressed by normalizing f; with the
average f;. Regarding the number of layers, it can be done in single
layers, although the use of 3 or more layers is also informative. For
instance, Habib et al. (Habib et al., 2018) designed a 4-layered
meandering pattern with a distance range of 1-5 mm in 1 mm in-
crements of filament spacing, where subjacent layers were in 0°-90°
rotational patterns.

4.2.4.2. Filament collapse test. The collapse test offers insight over the
structural stability of the material, which is one of the requisites of shape
fidelity. It is important that the hydrogel can counteract its own weight
and gravity deformation, since multi-layered constructs will often have
shapes with overhangs or parts with filaments that contain no under-
lying support. The test is performed on top of a structure that contains
pillars with increasing distance. Analysis is conducted through the
measurement of the angle of deflection (Fig. 6(B)), which indicates the
degree of collapse (Cai et al., 2020; Kim et al., 2018; Ribeiro et al., 2017;
Schwab et al., 2020). The angle of deflection can be measured by uti-
lizing 20 s video stills, as proposed by Ribeiro et al. (Ribeiro et al., 2017),
whereas other authors used imaging software at both defined (Kim and

I
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Fig. 6. Characterization of printed hydrogels. (A) Meandering pattern used for fusion tests; f; - fused segment length, f; - filament thickness, f; - filament distance.
(B) Depiction of possible outcomes in filament collapse tests, with and without sagging; L - length, F, - gravitational force, O - deflection angle, F,, - force exerted by
the filament to counteract gravity. (C) Angle printing (right, obtuse, and acute/sharp angles) allows the assessment of overlapping in regions where the direction

changes abruptly.
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Nam, 2020) and undefined time frames (Cai et al., 2020). Naturally,
smaller angles of deflection translate into more stable structures, as is
the case of materials with higher yield stress, hence it is assumed that
inks with low yield stress will generate high deflection angles or even
break and collapse (Ribeiro et al., 2017; Schwab et al., 2020). However,
this type of materials can still have their angle of deflection analysed in
the smaller gaps. Another method, proposed by Habib et al. (Habib and
Khoda, 2018), suggests that a collapse area factor (Cf) can also be used
to analyse deflection, whilst resorting to the theoretical (At) and actual
(Aa) area between the two pillars (equation (20)):

_Ar—Aa

cf x100% (20)

Materials which are unable to bridge the gap between pillars will
have a collapse factor equal to 0, whilst a straight filament will have a
collapse factor of 100% (Habib et al., 2018; Habib and Khoda, 2018).

Perhaps the major drawback of this test is that the pillar array
structure is not commercially available, which conjectures some vari-
ability regarding gap dimensions, with gap sizes from 1 to 12 and 1 to
16 mm being reported (Cai et al., 2020; Kim and Nam, 2020; Ribeiro
etal., 2017; Schwab et al., 2020; Therriault et al., 2007). The addition of
more layers adds more weight for the printed filament to sustain, which
could also hamper results for the deflection angle and relationships that
could be extrapolated regarding yield stress.

4.2.4.3. Angle tests. Shape fidelity in angles is harder to achieve rela-
tively to straight lines and to circles, although the latter can also present
challenges to some printers, due to the sudden change of direction (Wu
et al., 2018). The overlap that exists when printing sharp angles is a
major concern in printing, since it can lead to printing failure due to the
inability of the construct to maintain a uniform height. As will be dis-
cussed, although this test can be integrated when testing the pentagram
geometry, it is recommended that the extent of the overlap problem is
addressed before printing more complex structures (He et al., 2016).
Generally, acute angles present the worst outcomes in overlapping
terms, but obtuse and right angles should be tested as well, to gain
further insight about the hydrogel potential (Fig. 6 (C)). Wu et al. (Wu
et al., 2018) proposed a deviation rate calculated by dividing the dif-
ference between theoretical and effective angles for the theoretical
angle, with sharp angles delivering higher deviation rates than obtuse
angles. To minimize the overlap effects, reducing pressure/flow rate or
accelerating printing speed before reaching these angles, has been sug-
gested to improve the printing quality and thus, shape fidelity (He et al.,
2016). However, not all printers possess the capability of dynamically
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changing pressure throughout the procedure.

4.2.5. Planar and multi-layered structures

Planar 3D constructs are sometimes preferable to more complex
structures. These are typically single layered constructs and, if designed
accordingly, can complement tests done previously, in addition to the
assessment that can be made regarding the correct display of spatial
location and size of the construct in relation to the CAD model. For these
tests, the suggested geometries typically involve grids, circles, squares,
and star-shaped pentagrams — Fig. 7. For instance, printing circles will
check arc motion capabilities, squares are useful for quantification of
printing accuracy (Koch et al., 2020), pentagrams can be used to replace
angle tests, and using different infills in grid-like structures can help
validate if some shapes are reproducible inside contours. Still, in single
layer structures, it is possible to create complex shapes by recurring to
infill patterns that can simultaneously assess printing accuracy and
shape fidelity.

Nonetheless, the adequate formation of multi-layered structures is
vital and might be the ultimate challenge to some inks since constructs
of interest to drug delivery and tissue engineering applications will
rarely consist of single layered structures. Indeed, the shapes required
for tissue engineering are more intricate and complex because these
often try to replicate organs or tissues. However, drug delivery appli-
cations based on printing may also aim at creating multi-layered con-
structs, such as patches for topical drug administration or the creation of
cylindrical pills. Therefore, attempting to produce structures of several
layers prior to printing complex scaffold morphologies is imperative.
Moreover, it allows to assess layer stacking and, consequently, fusion
height. The phenomenon of fusion between subjacent layers causes a
differential between the height of printed scaffolds and the theoretical
height of the CAD model, which, similarly, to overlapping, creates non-
uniform heights along the construct that can cause print failure. Fusion
height has been quantified by comparing effective and theoretical
heights, but there is a lack of methods to visualize the deformation that
spreading and consequent fusion between stacked layers cause on the
filament geometry.

Grid-like structures are by far the most attempted design in hydrogel
characterization (Cui et al., 2020; Jessop et al., 2019; Leucht et al., 2020;
Liu et al., 2019, 2017; Wang et al., 2018), due to the formation of a
matrix with transversal porosity, which fulfils the needs of scaffolds for
tissue engineering in terms of providing adequate environments for cell
proliferation and nutrient circulation, whilst creating biodegradable
drug carriers with tunable pore size for either fast or controlled drug
release for delivery applications. These structures are versatile because

*% ol

Fig. 7. Representative CAD models for (A) grid-like structures, (B) hollow and filled cubes, (C) star-shaped pentagram, and (D) cylinders.
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they permit the characterization of different parameters, either related
to the printer or to the printing process, such as the maintenance of a
constant diameter in linear filaments, resistance to collapse in overhangs
and parts with no subjacent support, the fusion between filaments if the
pore size is relatively small, the diffusion of material in Dumbbell bars
and corners, and allow the incorporation of area measurements that
quantify printing accuracy. Depending on the type of infill pattern, the
capability of successfully overlapping can also be studied, as well as
lateral porosity (Ribeiro et al., 2017). The formation of a perfect grid-
like structure means that the optimization of printing parameters was
done correctly and that a particular ink is a promising candidate to be
used in the printing of complex constructs. However, some inks do not
possess the necessary mechanical properties to create this type of
structure, even if they can be used for other types of structures. Printing
multi-layered cylinders is also common practice due to the interest in
bioprinting human cannular tissue (Gao et al., 2019; Jessop et al., 2019;
Jia et al., 2016; Leucht et al., 2020; Liu et al., 2019, 2017; Pi et al., 2018)
and it can address the problem that some printers have in delivering the
same resolution when printing in arc motions. Additionally, it is a type
of structure of simple design that facilitates the measurement of fusion
height and the maintenance of shape fidelity over time, something that
is feasible right after printing as well as several hours or days later
(Jessop et al., 2019). Pi et al. (Pi et al., 2018) were able to bioprint
hollow cylinders with an inner and outer layer composed of different
materials that aim at mimicking native tubular tissue. Liu et al. (Liu
et al., 2019) combined both hollow cylinders, also constituted by
different materials, and grids, by printing lattice structures with hollow
fibers, similarly to the work reported by Kim et al. (Kim and Nam, 2020).
The same rationale of measuring fusion height can be applied regarding
printing hollow cubes, but these are often neglected since the informa-
tion obtained with these structures can also be obtained with cylindrical
structures. Still, the overlap influence of right angles over fusion height
is determinable. Filled cubes have been printed to assess shape fidelity
(Liu et al., 2017) and have been attempted as patches for topical drug
delivery (Bom et al., 2021, 2020). Printing multi-layered star-shaped
pentagrams, besides allowing to check shape fidelity, printing accuracy
and height uniformity in apexes and edges, also corroborate the results
of previous angle tests that regard overlap impact.

5. Conclusions and future outlook

The pharmaceutical, cosmetic, and (bio)medical research commu-
nities have been studying the possibility of using hydrogel extrusion 3D
printing to fine-tune drug delivery rates by varying the extent of cross-
linking, the polymeric material used, and/or the design of the 3D
construct, to substitute conventional pills and tablets that offer fixed
dosages (Lee et al., 2019). One of the exciting future directions in the
fields of 3D technology is indeed the print of new personalized smart
constructions for bio-applications. These constructions can perform
specific functions, such as disease treatment or increase the normal ca-
pabilities of the human body. The production of smart constructions by
3D printing is already a reality, but there is still a long way to overcome
the limitations of the 3D printing process, which includes the develop-
ment of inks with new compositions, adequate rheological properties,
and improvement of printing resolution to guarantee high printing ac-
curacy and fidelity.

3D (bio)printing is still in its beginning, , therefore it is not surprising
that both nomenclature and procedures are not yet properly standard-
ized.. Herein, we propose the adoption of only five concepts, namely
printability, extrudability, printing accuracy, shape fidelity, and print-
ing precision, which translate the essentials that must be considered in a
hydrogel-forming extrusion (HFE) -based 3D printing process. The
adoption of less but concise concepts is proposed as a way of simplifying
and grouping concepts that were previously divided, thus avoiding the
current lack of uniformity found in the literature. Another important
aspect that must be highlighted is that the concept of printability must
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be seen as the result of all others and cannot be limited to just one
measure of characterization. In this context, it is also necessary that
researchers start considering the adoption of hydrogel inks character-
ization protocols that should include both pre-printing (rheology and
nozzle selection) and printing assays. Few researchers consider rheology
as a valuable tool, and most only routinely use rotational viscosity tests,
disregarding the evaluation of the elastic properties, which have an
equally significant impact on parameters such as extrudability, printing
accuracy and shape fidelity. Furthermore, and as previously mentioned
by Cooke et al. (Cooke and Rosenzweig, 2021), new rheological se-
quences can be designed by combining the analysis of different pa-
rameters that are usually characterized separately, to replicate the
printing process and environmental conditions. Thus, it is expected that,
soon, different and more robust rheological tests will be included in the
characterization and optimization protocols of hydrogel inks.

Since rheological parameters are the major influencers for successful
printing procedures, the methods used for downstream optimization of
printing parameters or for the ink characterization should consider both
the material and printing mechanism utilized (Lee et al., 2020; Pati
etal., 2015). For instance, if the ink has a high viscosity and the operator
is free to choose between a pneumatic or a screw-driven extrusion, the
latter would be a wiser choice considering the rheology of the formu-
lation (Pati et al., 2015). As discussed, pressure remains the most rele-
vant printing parameter in pneumatic extrusion, but methods to
adequately define it whilst other parameters are kept constant are still
lacking. The considerations withdrawn from the filament drop test seem
very dependent on the ink composition and profile, which can lead to
different researchers defining different pressure ranges as optimal for
the same material. The idea of a process map is an alternative where
other parameters are not constant, something that can cause variance
across studies as well, in addition to being relatively slow. The filament
fusion test and the filament collapse test both offer quantitative pa-
rameters, such as the angle of deflection or the fused segment length,
allowing researchers to predict the potential use of a previously studied
hydrogel in a particular application. Regarding planar and multi-layered
structures, it would be ideal if standard shapes were constantly applied
and reported throughout different studies for comparison and repro-
ducibility. Still, the use of different infill patterns, which can create more
complex shapes, is recommended if researchers aim at further charac-
terizing a specific formulation. In addition, and although the determi-
nation of fusion height during layer stacking is tackled by measuring and
comparing both the CAD model and construct height, there is still no
method that allows to assess which regions of the filament are being
morphologically affected by the merging and/or spreading of the
different layers, which may represent a problem when fabricating more
complex shapes.

For the sake of progress and to accelerate the implementation of this
technology, it is imperative that methodologies employed by different
research groups become standardized and universal, thus sharing com-
mon features. This would allow to characterize several inks in a simul-
taneously fast and practical manner, which would grant a correct
comparison of formulations developed. This is also of major interest
because it will further clarify, both in the technical and regulatory
standpoint, the potential of a hydrogel ink to be used, e.g., on tissue
engineering or drug delivery. As previously mentioned by our group
(Bom et al., 2021), it is expected that new regulatory guidelines emerge
soon, and the clarification and adoption of such standardized method-
ologies for optimization and characterization of hydrogel inks represent
a great advance, particularly in terms of product safety and quality, to
guarantee the widespread use in pharmaceutical and medical contexts.
Furthermore, the adoption of such methods could serve to eventually
create a public database regarding the performance and printability of
the various polymers available for HFE, allowing a faster implementa-
tion of this type of manufacturing technologies in industrial, pharma-
ceutical and hospital environments, and subsequently facilitate the
customization of the 3D printed vehicles.
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