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Consequent to the development of bioprinting technologies for biomedical applications, especially in tissue
engineering, a comprehensive review of extrusion-based bioprinting (EBB) has been written. The review was
executed in a manner that laid a foundation for effective optimisation strategies to improve the print resolution
or shape fidelity and cell viability of EBB through bioink. However, before achieving this aim the shearing
characteristic of the bioink (i.e., shear-thinning or thickening) was described by the Ostwald-de Waele and
Herschel-Bulkley models, among other reported models. The dependence of bioink shearing characteristics on
temperature and time was also discussed. Emphasis on how these dependencies can be influenced by cross-
linking of bioink molecules was further highlighted, which can be covalent (chemical-, photo-cross-linking, etc.)
or noncovalent (physical cross-linking, host-guest inclusion, ionic interaction, etc.). Models from literature that
can physically describe print resolution and cell viability in EBB were discussed and compared. Therefore,

multivariable-multiobjective optimisation strategies were proposed with these models.

1. Introduction
1.1. Precedence of bioprinting

The continual need to improve the potential of regenerative medi-
cine has resulted in the development of bioprinting technologies. Bio-
printing is an emerging procedure in tissue engineering proposed for the
restoration of living tissues and organs, as well as providing insights into
their architectural design and functionality. This advancement in tech-
nology has implications for drug development, biocosmetic restoration,
revitalisation, etc. [1,2]. In 1988, Klebe first introduced bioprinting as
cytoscribing technology, which involved micro-positioning cells and
constructing two-dimensional (2D) synthetic tissues [3,4]. Today, bio-
printing has evolved to enable the creation of three-dimensional (3D)
cell-laden constructs. The traditional approach involves depositing
bioink in predefined layered patterns, using a bottom-up assembly
method [5,6]. It is based on the principles of stereolithography and
additive manufacturing [7]. Some key advantages of bioprinting include
the ability to coculture multiple cell types, facilitate controlled delivery
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of growth factors, and integrate vascularisation within tissues [8-10].

A 3D construct of tissue or organ can follow one of two pathways:
either it is incubated in a bioreactor in a controlled environment to
mature before being implanted through surgery (in vitro), or it is printed
directly, utilising the human body as a natural bioreactor (in vivo) [16].
To fabricate tissues or organs, the geometry of the constructs can be
acquired through an imaging technique such as X-ray, computed to-
mography (CT), magnetic resonance image (MRI) and ultrasound im-
aging, Table (1). The gathered image, representing the desired 3D
structure, is then fed into computer-aided design (CAD), image-based
systems, and implicit surfaces software used to design the internal ar-
chitecture of the constructs. This software employs sophisticated algo-
rithms and tools to accurately generate structure path plans using a
specific algorithm that determines the optimal trajectory and deposition
strategy for printing the constructs. Finally, the processed image is
converted into specific file formats, such as STL (Standard Tessellation
Language) or g-code, Fig. (1a). These files serve as instructions that can
be comprehended and executed by bioprinters during the printing pro-
cess [17].
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Table 1
3D imaging techniques with their advantages and limitations.
Imaging Types Advantages Disadvantages Scan
Modalities of time
tissue
X-ray imaging Hard (a) Less expensive (a) Limited soft Seconds
[11] tissue (b)Fast image tissue
acquisition (c) visualisation (b)
Widely available Ionising radiation
(c) Lack of real-
time imaging
Computed Hard (a) High-resolution (a) Expensive (b) Minutes
Tomography  tissue imaging (b) Fast Ionising radiation
(CT) [12] image construction (¢) Limited soft
(c) Multiplanar tissue contrast
imaging with
comprehensive
visualisation (d)
Versatile
applications
Magnetic Hard (a) Excellent soft (a) Longer scan Minutes
Resonance and tissue contrast (b) time (b)Limited to hour
Imaging soft Non-ionising availability, and
(MRI) [13] tissue radiation (c) expensive (c)Less
Multiplanar effective for bone
imaging capability imaging
(d) High spatial
resolution
Ultrasound Hard (a) Non-ionising (a) Challenging in ~ Minutes
[14] and radiation (b) Cost- capturing images
soft effective (c) complex organ (b)
tissue Dynamic tissue Limited
assessment penetration and
resolution
Optical Hard (a) High-resolution (a) Limited Minutes
Coherence and imaging (b) Non- imaging depth
Tomography  soft invasive and non- compared to CT
(OCT) [15] tissue ionising and MRI (b)
Limited field of
view

1.2. Bioprintable materials

In cartilage tissue engineering, such as cartilage and bone bio-
printing, the bioprinted constructs must possess adequate mechanical
stability, including strength, stiffness, and wear resistance, as well as
favourable biological characteristics [18]. The materials used for this
type of bioprinting may require higher processing temperatures and
pressures in the presence of organic solvents [19]. These materials,
which do not accommodate living cells, are appropriately referred to as
biomaterial inks [5]. While both bioink and biomaterial ink can be
considered bioprintable materials, this review focuses on bioink as the
primary bioprintable material of interest. The distinction between these
two types of bioprintable materials lies in their ability to encapsulate
living cells [5,7,18-21].

Bioinks are bioprintable materials that encapsulate living cells
within printable hydrogels. These hydrogels are cross-linked polymeric
matrices prepared from natural or synthetic materials, with a preference
for biopolymers due to their good biocompatibility, biodegradability,
and ability to mimic the extracellular matrix. Examples of biopolymers
used in hydrogel bioinks include hyaluronic acid (HA) [22], alginate,
fibrin, gelatin, collagen, and gelatin methacryloyl (GelMA) [22-24]. On
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the other hand, biomaterial inks are aqueous formulations of polymers
or hydrogel precursors that may contain biological factors but do not
include living cells [5,7,19,20]. They are primarily used for creating
mechanically stable scaffolds and implants, to which cells are subse-
quently introduced [7]. Typical examples of biomaterial inks include
thermoplastic polymers like polycaprolactone (biodegradable), poly-
propylene  (non-degradable), polyoxazolines (thermoresponsive
non-degradable), and biopolymers such as gelatin and fibronectin [20,
21].

Hydrogels are commonly employed in the formulation of both bio-
inks and biomaterial inks due to their remarkable ability to absorb and
retain significant amounts of water without dissolving [25]. The hy-
drophilic functional groups in hydrogels contribute to their
water-absorbing capabilities, while the crosslinking of polymer chains
ensures their resistance to dissolution. Hydrogels exhibit biocompati-
bility, biodegradability, and a close resemblance to natural tissue
structures. Table (2) provides a list of typical natural and synthetic
biomaterial hydrogels used as bioinks in tissue engineering applications.
Natural biomaterial-derived hydrogels offer notable advantages, such as
excellent biocompatibility, biodegradability, and biochemical compo-
nents that promote cell adhesion [26,27]. However, they may have
limitations in terms of mechanical properties and batch-to-batch vari-
ability, which can reduce experimental reproducibility [28]. Synthetic
polymers, on the other hand, offer tuneable and highly reproducible
mechanical properties but often lack the intrinsic biological motifs
required for cell adhesion. They may also pose challenges for enzymatic
modification and remodelling [29]. Nevertheless, researchers have
addressed these limitations by exploring chemical modification or
incorporating biomolecules into synthetic polymers to enhance their
bioactivity [30].

1.3. The characteristic expectation of bioprintable materials

In summary, bioprintable materials, whether with or without cells,
can be enhanced by incorporating biologically active components to
improve the biochemical, rheological, and mechanical properties of the
printed constructs. An ideal bioprintable material should possess

Table 2
Some common bioinks used in tissue engineering.
Bioink Cell types Applications
Natural biomaterial based
Alginate [31] Chondrocytes Cartilage
Gelatine [32] Fibroblasts Skin
Collagen [33] Fibroblasts Skin
Fibrin [34] Platelets Wound healing
Hyaluronic Acid [35] Mesenchymal stem Cartilage,
cells Nerves

Matrigel [36] Cancer cells Cancer research

Chitosan [37] N/A Bone, cartilage
Synthetic biomaterial based
Polyethylene Glycol (PEG) [38] N/A Bone, nerves
Polycaprolactone (PCL) [39] Osteochondral Cartilage
Poly (lactic acid) (PLA) [40] Mesenchymal stem Scaffolds
cell

Poly (lactic-co-glycolic acid) (PLGA) Mesenchymal stem Bone

[41] cell
Polyvinyl alcohol (PVA) [42] N/A Scaffolds

S SRRt

a. Reference g-code shape

b. Printed Bioprint

¢. Compare Bioprint to g-code

Fig. 1. Typical illustrations of g-code shape, Bioprint and their comparison.
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properties that facilitate its processability in achieving bioprinting ob-
jectives: (a) Generation of tissue constructs with adequate mechanical
strength and robustness while maintaining compatibility with the me-
chanics of the target tissue; (b) Ability to undergo adjustable gelation
and stabilisation processes, enabling high precision and shape fidelity;
(c) Biocompatibility and biodegradability that closely mimic the natural
microenvironment of the tissues; (d) Suitability for chemical modifica-
tions to address the specific requirements of different tissue types; (e)
Potential for large-scale production, minimising batch-to-batch varia-
tions; (f) Shear-thinning behaviour to protect cells from high shear stress
during printing [22,43,44]. Therefore, the key to successful bioprinting
lies in determining the optimal formulation of bioprintable materials.
Especially for cell-laden bioink, where biological characteristics such as
cytocompatibility, cell proliferation, and cell adhesion are critical [22].
Since adequate cell viability in the bioprint must be achieved, attaining
these highlighted objectives is more difficult for cases of 3D bioprinting
with bioink, compared to traditional 3D printing without bioink [22,43,
45-47].

Two critical factors that need to be monitored and controlled for
bioink during bioprinting are shape fidelity (an evaluation of the
structural differences between the design and actual bioprint [43],
Fig. (1¢)) and cell viability (a measure of the proportion of living cells in
the bioprint [48]) [49]. It is important to note that shape fidelity de-
pends on print resolution, which measures the uniformity of bioink
thickness over the smallest unit, such as a line or arc, in the bioprint
filament. Print resolution significantly contributes to overall shape fi-
delity [50]. Various factors and decisions before (e.g., composition of
bioinks including materials, types of living cells, and additives), during
(specific bioprinting methods and parameters, in situ cross-linking, etc.),
and after (specific type and degree of cross-linking) the bioprinting
process can affect these responses [51].

1.4. Methods of bioprinting, extrusion-based bioprinting (EBB), a clear-
cut method

The method of bioprinting plays a crucial role in determining how
shape fidelity and cell viability can be evaluated. This is because the
bioprinting process is typically constrained by the available equipment,
tools, and allowable range of operational parameters. The following are
established bioprinting methods: Droplet-based bioprinting (DBB),
which encompasses inkjet-based bioprinting, acoustic droplet ejection,
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and microvalve-assisted bioprinting principles [52]; Extrusion-based
bioprinting (EBB), which can be further categorised into mechanical
microextrusion, pneumatic microextrusion, and solenoid micro-
extrusion [53]; Light-based bioprinting (LBB), which is based on either
laser or digital light processing principles [54]; Magnetic bioprinting
[55]; and Stereolithography (SLA) Bioprinting [56]. Comprehensive
details on the working principles of these highlighted methods were
reviewed by Adhikari et al. [7]. The capabilities, advantages and dis-
advantages of some of these methods are summarised in Table (3).

In Inkjet-based Bioprinting, bioinks are loaded into inkjet cartridges,
and droplets are accurately deposited onto a substrate or scaffold
using thermal or piezoelectric drop-on-demand delivery methods
[57]. This innovative approach enables the printing of bioinks
without requiring direct contact between the delivery nozzle and the
receiving surface, minimising the risk of contamination. The
non-contact printing method offers several advantages, particularly
in terms of precision and versatility. By incorporating multiple print
heads, each containing a specific bioink or cell suspension, it be-
comes possible to create complex structures with spatially controlled
distribution of different biomaterials or cell populations [58,59].
This capability opens exciting possibilities for fabricating intricate
tissues or organ-like constructs that closely mimic the complexity
and diversity found in natural biological systems.

Laser-assisted bioprinting is an advanced technique that utilises laser
energy to deposit bioinks with exceptional precision and control, of-
fering unique advantages for printing delicate structures while main-
taining cell viability. In this method, a pulsed laser is focused onto a
material called a “donor layer” which contains the bioink [60]. The laser
energy rapidly increases pressure, creating tiny droplets or bioink jets
propelled towards a receiving substrate, often called the ‘“collector
plate”. This process is known as “laser-induced forward transfer”. One of
the main advantages of laser-assisted bioprinting is its ability to deposit
bioinks without direct contact, minimising the risk of damage or
contamination. The precise control over laser parameters, such as pulse
energy, duration, and focal point, allows for accurately placing bioink
droplets or jets onto the collector plate. This level of control enables the
creation of intricate and complex structures with high resolution [60,
61].

Stereolithography (SLA) Bioprinting is an advanced bioprinting

Table 3
Bioprinting techniques with their advantages and limitations.
Bioprinting Advantages Disadvantages Resolution, Speed
Techniques pm
Inkjet-based (a) High resolution (precise deposition of tiny droplets of (a) Limited to low viscosity bioinks due to small nozzle size ~ < 5 to 500 1-10,000
Bioprinting [72] bioink) (b) Versatility in cell types and Bioinks (c) Non- (b) Cell viability challenges due to mechanical stresses, droplet.s~!
contact printing (reduced tendency of delicate cells or shear forces, and changes in temperature (c) Low and
structures damage) (d) Suitability for high-throughput limited cell density (d) Difficulty in printing complex
applications (e) Control over cell density and patterning (f)  structures (e) Limited structural integrity
low cost
Extrusion-based (a) Compatible with wide ranges of bioinks (b) Control (a) Low cell viability (b) Limited biomaterial due to shear 100-500 10-50 pm.
Bioprinting [63] over cell density (c) Ability to print high viscosity bioinks  thinning requirement (c) A long production time st
Laser-assisted (a) High precision (up to nanoscale) and resolution (b) (a) Low printing speed (b) Low printing depth (c) 20 - 100 =~10,000
Bioprinting [60] Non-contact printing (less risk of contamination and Expensive (d) Possible cell and tissue damage due to UV droplet.s™!
damage to printed structure) (c) Minimal shear stress on light
cells (d) Compatibility with a wide range of bioinks
Microvalve-based (a) High precision and resolution (b) Versatile bioink (a) Limited viscosity range of bioinks (moderate to high 50 - 500 0.5-50 mm
Bioprinting [73] compatibility (c) Printing of complex and detailed viscosities) (b) Risk of clogging (c) Potential for cross- st
structures contamination
Magnetic Bioprinting (a) Minimum risk of damage or contamination due to the (a) Limited printing depth (b) Reliance on magnetic 2-100 5-50 mm.
[55] non-contact printing method (b) Versatile bioink properties st
compatibility (c) High cell viability (d) Excellent precision
and resolution
Stereolithography (a) High precision (b) Relatively fast production (c) Good (a) Requires support structures to prevent deformation 10 - 100 > 700 mm.
(SLA) [56] cell viability due to the short exposure to UV or laser light ~ (b) High maintenance cost of the components hr!

(c) Material limitations (primarily suitable for the
photosensitive resin)
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technique that provides unique capabilities for fabricating complex
biological structures. It operates based on the principle of photo-
polymerisation. A liquid bioink containing photopolymerisable com-
ponents, such as hydrogels or resins, is exposed to a specific pattern of
light, typically ultraviolet (UV) light. This light initiates a polymerisa-
tion reaction, causing the liquid bioink to solidify and form a layer. The
process is repeated layer by layer, with each subsequent layer being
cured and bonded to the previous layer. This layer-by-layer approach
allows for the creation of intricate and precise three-dimensional
structures with high resolution [56]. SLA bioprinting excels in
achieving excellent details and high resolution, making it suitable for
printing complex structures at the cellular and subcellular scale. It en-
ables the production of intricately structured scaffolds, microfluidic
channels, and other features that mimic the complexity of native tissues
[62]. SLA bioprinting continues to advance and holds great promise for
tissue engineering, regenerative medicine, and biomedical research.

Extrusion-based bioprinting is another widely employed technique
in bioprinting. This approach involves extruding bioink through a nozzle
or printing head using controlled pressure or mechanical forces, as
shown in Fig. (2a), (2b). Extrusion-based bioprinting offers several ad-
vantages, including versatility in bioink selection and the ability to
incorporate various biomaterials and cells. By carefully controlling the
extrusion process, it is possible to deposit the bioink layer by layer, ul-
timately building a three-dimensional structure with precise control
over its internal architecture [63].

Having highlighted and discusses the various bioprinting techniques,
this work will focus specifically on Extrusion-based bioprinting (EBB)
and explore strategies for its optimisation. The intricacies of EBB,
including its key components, working principles, and various param-
eters that can be fine-tuned for improved cell viability and shape fidel-
ity, will be discussed. Unlike other bioprinting techniques like Droplet-
based bioprinting (DBB) and EBB, where the mechanism of bioink de-
livery is governed by physical contact, EBB presents challenges to cell
viability primarily due to factors such as droplet size, impact velocity of
the bioink delivery, heat generation, and nozzle clogging [64].

Shear stress is a significant influencing factor in EBB [7]. Operational
factors such as nozzle geometry, nozzle diameter, and extrusion pressure
or velocity play a crucial role in determining the magnitude of shear
stress in EBB. EBB is a popular bioprinting method due to its clear-cut
procedure, simplicity, diversity, and predictability [65]. It is capable
of printing bioinks of a wide range of viscosities (30 mPa.s to over 6 x
10’ mPa.s) and can create large-scale three-dimensional models in
centimetre-scale with high cell densities (>108 cells.mL™1) [46].

The implementation of EBB relies on various operational parameters;
(a) Extrusion pressure or velocity; (b) Nozzle geometry (i.e., cylindrical,
or conical, convergence angle of conical geometry [66]) and nozzle
diameter; (c) Cartridge temperature and platform temperature; (d) Axial
velocity of the printhead in the x- and y-direction; pre-flow and post--
flow time; (e) Path-height and path-space [47,67-71]. These parameters
directly impact bioprint resolution (the precision of the bioink filament)
[47], consequently its shape fidelity, as well as cell viability through

a. Typical EBB bioprinter
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changes in bioink shear stress. The definitions of these preceding oper-
ational parameters are summarised: Nozzle geometry refers to the shape
of the printer nozzle (either cylindrical or conical), while nozzle diam-
eter represents the diameter of the nozzle. Axial velocity denotes the
velocity of the bioprinter’s head, and extrusion velocity is the velocity of
the bioinks as they are extruded from the nozzle tip. Pre-flow and
post-flow time refer to the duration of bioink extrusion stoppage and
continuation at each printing interval. Path-height represents the height
between the bioprint filament and the nozzle tip, while path-space refers
to the spacing between two adjacent bioprint filaments on the printing
platform.

1.5. Research gap, aim and objectives

In Extrusion-based bioprinting (EBB), there is a trade-off between
low shear stress, which is necessary for higher cell viability, and high
shear stress, which is required for higher print resolution and shape fi-
delity using the same bioink [47]. This indicates the need to find an
optimal shear stress value that can simultaneously maximise bioprint
cell viability and print resolution [46]. As two responses need to be
optimised by manipulating the operational parameters mentioned
earlier, a multivariable-multiobjective optimisation strategy becomes
necessary. However, most literature on EBB optimisation focuses on
factor-by-factor and single-objective optimisation strategies [47,74-76].
Therefore, given this research gap, this work aims to review models that
can predict EBB responses based on its operational parameters. And
based on the adequacy of these models, an effective strategy can be
proposed for conducting a multivariable-multiobjective optimisation of
EBB.

1.6. Applicable models and model adoption

In performing the multivariable-multiobjective optimisation of EBB,
the reliability of the deduced optimal condition is significantly depen-
dent on the adequacy of models relating the EBB operating parameters
and responses. Therefore appropriate procedures or methodologies must
be employed to develop the required EBB models. The EBB models can
be developed as mathematical models (i.e., statistical, analytical and
trend-based models) as well as machine learning models. Statistical
models can be considered as the generic multivariable regression
models, developed based on the statistical significance (i.e., a proba-
bility value of less than 5%) of operating parameters to a specific
response [77] through methods such as the Design of experiments
(DOE). Analytical models are models developed based on precise
mathematical relations of operating parameters and response, deduced
from established physical theories, laws, as well as principles governing
the EBB operations [78] (e.g. via material, and energy balances).
Trend-based models are models developed with the priority to fit the
trend of a data set through curve-fitting software and/or tools. The
resulting models are a generic cluster of models encompassing expo-
nential, polynomial, multivariable regression, power law, gaussian etc.

Air Pressure Force
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Fig. 2. Visual illustration of EBB bioprinter and operational modes.
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[79], with no precise analytical relationship. While machine learning
models are algorithm-based models in which a computing system learns
from data and uses algorithms to predict the resulting EBB responses
without explicit mathematical relationship [80].

The numbers, and specific operating parameters to be modelled to an
EBB response, determine the type of EBB model that can be applied, as
well as the complexity of the modelling approach [81]. The mathe-
matical modelling approach [82,83] and machine learning approach are
well reported in EBB [84-86]. Table (4) highlights the advantages and as
well as limitations of machine learning and mathematical modelling.
The mathematical modelling approach will however be applied in
modelling the EBB in this work. The reason is predominately based on
the highlighted features of mechanistic understanding and interpreta-
tion, data requirement, transferability, as well as computational time
and resources. Typically, in regards to data requirement, report [87]
indicates that machine learning requires a minimum of about 1000 data
points [88] for training and testing. Trondle et al. [89] for example
applied 4974 for automated toxicity testing with bioprinted renal
spheroids.

2. Characterisation of the rheological property of bioink

When implementing and evaluating bioprinting, it is important to
perform a prior investigation of the bioink printability, which can be
determined from its shearing characteristics. This investigation enables
the development of the bioink within the operational limits of available
bioprinters and printing accessories, such as nozzle geometry and

Table 4

Comparison of mathematical and machine learning models for bioprinting

process [90,88,91].

Features Machine Learning Model Mathematical Model
Mechanistic Models are based on They are based on
understanding statistical patterns and fundamental laws and

and interpretation

Data requirement

Transferability

Computational time
and resources

Expert knowledge
incorporation

correlations found in the
data. While they can be
powerful for pattern
recognition, their
optimisation landscape can
be difficult to interpret,
making it challenging to
understand why specific
parameter settings are
preferred.

Require a large amount of
high-quality training data to
perform well. However, the
biomedical nature of the
bioprinting process makes
obtaining large amounts of
data challenging.

A model trained on a specific
bioprinting system depends
primarily on the features of
training data. Therefore, it
might not function efficiently
for a different bioprinter,
materials or experimental
setup.

Training complex machine
learning models can be
computationally expensive
and time-consuming,
especially for 3D printing
applications.

Knowledge and expertise
used in developing its models
are represented implicitly in
the data. They might require
additional efforts to describe
explicitly for improvement.

principles that can provide
more direct insights into
how different parameters
impact the bioprinting
process.

Require less experimental
data for calibration and
validation.

If formulated accurately,
mathematical models
based on physical
equations can offer
transferable insights and
optimisation strategies
across various bioprinting
platforms.

In contrast, optimising
explicit physical equations
may involve simpler and
faster computational
methods.

Allow researchers to
incorporate domain
knowledge and expertise
directly into model
formulations.
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diameter [44]. The shearing characteristic of a bioink refers to its flow
behaviour under applied pressure. Bioink can exhibit shear-thinning or
shear-thickening, where the apparent viscosity decreases or increases,
respectively, with an increase in shear rate. This behaviour is typical of
non-Newtonian fluids. In EBB applications, shear-thinning behaviour is
generally desired as it improves the flow of the bioink, and most bioinks
exhibit this property [23,92-94].

The shearing characteristic of a bioink is often mathematically
described using the Ostwald-de Waele or Power-law model, Eq. (1) [19],
based on experimental data of shear stress, 7, and shear rate, y. The
Herschel-Bulkley model, Eq. (2) [19,95] can also be applied, which in
addition accounts for wall slipping through consideration of yield stress,
7,. The yield stress is the minimum pressure that initiates the flow of
bioink [96]. Shear stress is the mechanical force that causes the defor-
mation of bioink’s composite structure along the plane parallel to the
direction of the stress. While shear rate is the rate at which a progressive
shearing deformation is applied. Where k is the flow consistency index,
and n is a dimensionless flow behaviour index. The shear stress can also
be expressed in terms of the bioink shear rate and apparent viscosity, 7,
as given by Eq. (3).

7 =k(dv/dr)" = k" @
7 =1, +k(dv/dr)" =7, + kj" )]
7 =n(dv/dr) =gy 3)

The Ostwald-de Waele [47-52] and Herschel-Bulkley model
[97-102] are popular simplified models reported in literature to eval-
uate and validate bioink shearing characteristics. It has been frequently
reported that n < 1, i.e., a definition of shear-thinning. Note that n > 1
signifies shear-thickening, and n = 1 implies a Newtonian fluid [19,
103], as depicted in Fig. (3). In addition to these two models, there are
other models available, such as the Cross, Carreau-Yasuda, and
Carreau-Gahleitner models [104-106].

Most of the properties of bioink are temperature-dependent, as such
and temperature variations can significantly alter these properties
[107]. It is widely reported in literature that bioink viscosity generally
decreases with increasing temperature [48,108-113]. Although a
reverse scenario to this claim has been reported, where increased tem-
perature enhances physical cross-linking to strengthen the bioinks
structure [101,114] while still retaining its shear-thinning character-
istic. Given these observations, it is crucial to quantify the rheological
changes of bioink with temperature. However, there is limited literature
available on the mathematical evaluation of these phenomena, except
for the study by Magalhaes et al.[71], which considered the Ostwald-de
Waele model with an exponential ratio of temperature. Li et al. [112]
graphically demonstrated the changes in flow consistency index, k, and
flow behaviour index, n, with respect to temperature. A more appro-
priate approach to account for temperature dependences would be to
follow the premise of Gabas et al. [115] report for goat milk, where the
parameters (flow consistency index, k, flow behaviour index, n, yield
stress, 7, and apparent viscosity, 1) for bioinks can be modelled using the
Arrhenius model, Eq. (4). Where Ay, E,, R and T are pre-exponential
factors, activation energy, ideal gas constant and temperature, respec-
tively. In a similar procedure, Abu-Jdayil et al. [116] reported on labneh
rheological properties, and modelled its apparent viscosity, 7, with Eq.
(4), while the flow consistency index, k, and flow behaviour index, n,
were modelled with Egs. (5) and (6) respectively. These approaches
could be applied to bioinks. Where a, b, ¢, », and # are curved fitted
constants dependent on the nature of the specific bioink.

Kk, n,7,,t,17 = Agexp(E, /RT) “4)
Ink = a + bT + cT? (5)
n=1-4/(T+#) (6)
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Fig. 3. Graphical illustration of the relationship of shear rate with stress and viscosity.

Eq. (5) models the flow consistency index, k, as an exponent of the
quadratic relation of the fluid temperature, like Eq. (4). On the other
hand, the flow behaviour index, n, in Eq. (6) is an inversely proportional
model that assumes the bioink shearing characteristic would be New-
tonian (n = 1) at a specific high-temperature limit, such that the term »
/(T+#) would be approximately zero based on the decimal points
considered. While Eq. (4) is adequate for modelling all the above-stated
rheological parameters from a mathematical standpoint, Eq. (6) may be
more suitable for the flow behaviour index, n, from a physical inter-
pretation standpoint. However, the decision on which equation to use
for any of these rheological parameters should be based on the model
that fits the experimental data best.

Furthermore, in addition to temperature dependence, bioink
shearing characteristics can also be time-dependent. Specifically, the
apparent viscosity can either decrease with time on shearing (thixo-
tropic) or increase with time (rheopectic) [117]. A thixotropic bioink is
usually desirable for EBB if thixotropy occurs within a short time. It is
important for bioink viscosity to steadily decrease on the application of
shear rate and rapidly recover on termination. This implies that for EBB,
extrusion of bioink through a narrow printer nozzle can be achieved
without necessarily increasing the shear stress [23,93]. Following the
Abu-Jdayil et al. [116] report for labneh, the Waltmann model could
also be used to describe thixotropy bioink as given by Eq. (7), which
relates how the shear stress, 7 changes with time, t. Moreover, it is ex-
pected that the timing characteristic of bioink thixotropy will be tem-
perature dependent, which can be modelled by Eq. (4) as described by
Ouyang et al. [118] for a so-called gelation time, which declines with the
decrease in temperature. It should be noted that models with time, t,
Egs. (4) and (7) describing thixotropy are not expected to affect bioprint
quality significantly, but rather, it eases the bioprinting process and
enhances the post-printing properties of bioprint. Also, based on its
temperature dependence, it is expected to be influenced by platform
temperature.

7=A —Blnt @)

2.1. Cross-linking of bioink

Having highlighted the temperature dependence and thixotropy of
bioink, it should be stated that enhanced molecular interactions inside
the bioink could influence the temperature dependence and thixotropy
behaviour of bioink [101,114]. Different molecular interactions,
resulting in cross-linked matrix (thus the gelation of bioink) are usually
necessary for the maintenance of bioprint shape fidelity and cell
viability [69,119,120]. This enhanced molecular interaction is termed
cross-linking - it is the formation of bonds between polymeric chains in
the bioink. Cross-linking can be initiated before or after the bioprinting
process (i.e., pre- or post-cross-linking) [119]. Post-cross-linking is
favourable for bioinks with high enough viscosity to maintain their

shape fidelity after bioprinting [77], while pre-cross-linking is suitable
for bioprint, which exhibits instability of shape fidelity (because of low
viscosity) after bioprinting [121]. This viscosity yardstick highlighted in
these definitions buttresses how bioink cross-linking kinetics could be
monitored [122-124].

Typical classification of cross-linking includes physical and chemical
cross-linking. In the case of physical cross-linking, it is the result of non-
covalent bond formation or weak interactions, which can be: host-guest
inclusion (such as the supramolecular host-guest interactions [125]);
ionic interaction (often with divalent cation, such as Ca?*, Mg“and
Ba2* [126]); hydrophilic and hydrophobic interactions; hydrogen bonds
etc. [127-130]. The resulting materials are characterised by poor me-
chanical stability, and the cross-linking network is reversible [127,128,
131]. On the other hand, chemically cross-linked hydrogels are formed
by covalent bonds, thus providing irreversible and strong interaction
with the polymeric matrix. A covalently cross-linked network can be
initiated by: chemical reagents, which may be cytotoxic; enzymatic re-
actions; ultraviolet photopolymerisation etc. [7,43,69,132]. A compre-
hensive review of cross-linking has been reported in literature [7,132,
133].

3. Relationship among operational parameters and with
responses in EBB

Extrusion-based bioprinting (EBB) involves the use of a cartridge or
syringe filled with bioink. It relies on applying controlled pressure to the
loaded cartridge, which then extrudes the bioink through a nozzle onto
the bioprinter platform, as shown in Fig. (5). Based on existing research
in literature, it has been observed that the operational parameters (such
as extrusion pressure or velocity, nozzle geometry, nozzle diameter,
cartridge temperature, platform temperature, axial velocity, pre-flow
time, post-flow time, path-height and path-space) exhibit proportional,
inverse, joint, and combined relationships with the printer responses (i.
e., print resolution and cell viability). exhibit proportional, inverse,
joint, and combined relationships with the printer responses [49], as
depicted in Fig. (4). Consequently, the precise exposition of these re-
lationships, as reported in the literature will be discussed. The primary
influencing factor on both print resolution and cell viability in EBB is

- Print resolution

T ‘Sie_liviabﬂity

Bioprint responses

Shear stress

Fig. 4. Illustration of the impact of shear stress on bioprint responses.
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shear stress [81,134], which is determined by the fluid mechanics and
rheology of the bioink being extruded through the printer nozzle.
Therefore, in EBB, the shear stress experienced by a bioink with known
rheological properties is influenced by the bioprinter nozzle (i.e., its
geometry and diameter), extrusion pressure or velocity, and cartridge
temperature [74,110,135].

High shear stress is a significant cause of cell death in EBB [92].
Therefore, achieving low shear stress is crucial for promoting higher cell
viability in bioprinting [47], indicating an inverse relationship between
shear stress and cell viability. The following approaches can help in
reducing shear stress: (a) Application of lower extrusion pressure at a
constant temperature, using a specific nozzle geometry and diameter;
(b) Use of a larger nozzle diameter for a specific nozzle geometry at a
constant temperature and pressure; (c) Application of a higher cartridge
temperature (within a safe limit to avoid cell damage) at a constant
pressure, using a specific nozzle geometry and diameter; (d) Changes in
nozzle geometry for a specific nozzle diameter at a constant temperature
and pressure [7,66,110,136]. Regarding nozzle geometry, using a
conical nozzle instead of a cylindrical one offers advantages in terms of
lower shear stress. In this case, the bioink’s shear stress increases to-
wards the outlet region of the conical geometry and is highest at its tip,
thus reducing cells’ exposure time to high shear stress [7]. The expla-
nations provided above demonstrate that nozzle diameter and temper-
ature generally have an inverse relationship with shear stress, while
extrusion pressure has a proportional relationship. It is important to note
that the relationship between temperature and shear stress, and conse-
quently cell viability, should be carefully managed. Increasing the car-
tridge temperature can lower shear stress by reducing the viscosity of
the bioink [110]. However, temperature should be controlled within a
certain limit to avoid damaging the bioink cells.

Furthermore, in contrast to cell viability, a higher print resolution
requires high shear stress, indicating a proportional relationship. As a
result, cell viability and print resolution exhibit a competitive relation-
ship with shear stress. In addition to the previously mentioned param-
eters (extrusion pressure or velocity, nozzle geometry, nozzle diameter,
and cartridge temperature), other factors such as axial velocity, pre-flow
time, post-flow time, platform temperature, path-height, and path-space
can also influence shear stress [67,137,138]. Literature reviews have
discussed the impact of these additional parameters on shear stress.

It is generally suggested that axial velocity should be selected
interactively with the extrusion pressure or velocity [66]. Lower
extrusion pressure requires slower axial velocity, while higher extrusion
pressure necessitates faster axial velocity to achieve higher print reso-
lution [23,96,97]. Consequently, it has been recommended to adjust the
extrusion velocity to match the axial velocity [139-141]. However, this
assertion is debatable as Attalla et al. [139] observed that the relation-
ship between extrusion velocity (or pressure) and axial velocity is often
nonlinear due to the non-Newtonian behaviour of bioink. Therefore,
while extrusion velocity and axial velocity may be proportional, they are
not necessarily equal. Although Heile et al. [142] reported that faster
axial velocity and slower extrusion velocity resulted in higher print
resolution, further investigation is needed to confirm this relationship. It
should be noted that the independent impact of extrusion velocity on
bioprinting responses has not been extensively discussed, as it can be
inferred from the extrusion pressure at a given nozzle geometry, nozzle
diameter [46,142-144], and, to some extent, the cartridge temperature
(considering the dependence of bioink shearing characteristics on tem-
perature, as discussed earlier).

The pre-flow and post-flow times are related to the axial velocity and
can affect print resolution (or shape fidelity) [145], although the specific
relationship has not been reported in literature. Platform temperature is
important for post-printing cell viability, as a significant temperature
difference between the cartridge and platform can cause thermal shock
to cells. It has been reported that printing on a non-heated platform
results in lower shape fidelity compared to a heated platform [36].

Regarding path-height and path-space, reports indicate they interact
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with extrusion pressure and nozzle diameter. Increasing extrusion
pressure requires a corresponding increase in path-height and path-
space. Path-height and path-space are chosen relative to the nozzle
diameter [146]. An excessively high path-height can lead to incomplete
or thinner bioprints since the extruded bioink may not make proper
contact with the platform. On the other hand, a path-height that is too
low can disrupt the bioprinting process as the print nozzles may collide
with already layered bioprint patterns, thereby affecting shape fidelity
[137].

To summarise the discussion on the operational parameters of EBB
regarding shear stress and its relationship with the two highlighted re-
sponses, it can be inferred that cell viability and shape fidelity have a
significant competitive relationship. Therefore, it is important to find
compromise or optimal values for the operating parameters that
simultaneously maximise shape fidelity and cell viability or minimise
their trade-offs [46].

3.1. Modelling the theoretical prediction of EBB bioprint

3.1.1. Analytical model without wall slippage

Having discussed the relationships between operational parameters
and responses in EBB, mathematical models can be deduced to describe
some of these relationships. This can be achieved by performing a force
balance in collaboration with the preceding shearing characteristic
models described by Egs. (1)—(3).

To begin developing the mathematical model, consider the steady-
state laminar extrusion of a finite elemental bioink filament of radius,
r through a cylindrical nozzle of radius, R, and length, L, as illustrated
by Fig. (5b), in similarity with the report of Ozbolat [43,147]. The force
balance between the prevailing pressures, P, acting on the bioink, bio-
ink’s resistance to the flow, i.e., shear stress, 7z, and the resulting pres-
sure drop, AP, can be expressed by Eq. (8). The pressure drop, AP,
represents the pressure difference required to initiate the extrusion of
bioink.

P(nr®) = (P + AP)(ar*) + 7(27rL) (€©))

T = —rAP/2L = rAP/2L ©

Assuming the shearing characteristics of the non-Newtonian bioink
follow the Ostwald-de Waele model (without wall slippage), such that
Eq. (1) can be substituted into Eq. (9). This substitution leads to Eq. (10),
and by rearranging and integrating from the finite elemental bioink
radius, r, to the nozzle radius, R, yields the instantaneous extrusion
velocity, v, as given in Eq. (11).

0 AP\ R
— (=2 1/n
/dv <2kL> /r dr (10)

r

Un 1/n i)
=G () = GE) @)

1D

By evaluating Eq. (11), the velocity profile for extrusion can be
deduced. The maximum extrusion velocity occurs at the core, r = 0, and
the minimum velocity (i.e., zero) is at the nozzle wall, r = R, as illus-
trated in Fig. (3b). Since the extrusion velocity varies significantly from
the core to the wall, it is necessary to calculate the average velocity,v,
through the nozzle. This can be determined from the bioink’s instanta-
neous volumetric flow rate, q = 2arvdr, as expressed by Eq. (12), and by
integrating results into Eq. (13) [44].

R
v —q/ﬂR2 = 27rrvdr/ﬂR2 = Z/Rz/vrdr (12)
0
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Fig. 5. The flow of bioinks through a cylindrical nozzle of Extrusion-based bioprinting (EBB).
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The average velocity, vV deduced, can be used to estimate the radius
of the print filament, R, Eq. (15) [148]. This can be achieved through a
material balance of the total volumetric flow rate, Q of bioink from the
tip of the bioprinter nozzle, R and the volumetric flow rate of the
deposited filament on the bioprinter platform, as given by Eq. (14). That
means the volumetric flow rate of extrusion is equal to that of deposi-
tion, where v, is the axial velocity [148].

VaR? = VpﬂRg 14)
~\ 12 1/2 1/2n
R, = R(L) - (L) (£> RE
Vp vp(3n+1) 2KL
=f(n,k,L,R,AP & v,) (15)

Nam and Park [149] compared the experimental and analytical flow
rates of sodium alginate solution. They examined the extrusion pressure
for different nozzle diameters and the filament diameters at different
nozzle velocities, using Eq. (15). The analytical and experimental results
showed agreement at various nozzle velocities and pressures, up to 32
psi [149].

Preceding the discussion on the relationship of operational param-
eters with print resolution or shape fidelity, it is important to consider
the practical validity of Eq. (15) as demonstrated by Nam and Park
[149]. This equation can serve as a measure for correlating and evalu-
ating the relationship between the operational parameters and the print
resolution. By mathematically quantifying the bioprint filament radius,
R, (which directly relates to print resolution and consequently shapes
fidelity) to the operational parameters. It can be inferred from Eq. (15)
that bioprint filament radius, R, will always be larger than the nozzle
radius, R. Furthermore, the shear-thinning effect has a significant

impact on Ry, with a more pronounced effect observed for lower values
of the flow behaviour index, n. For instance, when comparing two sce-
narios with the same bioprinter nozzle radius (R), the R;, at n = 0.2 will
be greater than the R, for n = 0.5.

In terms of the extrusion pressure, AP, an increase in its magnitude
will result in a proportional increase in the bioprint filament radius, R;,
with the increment being higher for bioinks exhibiting a more pro-
nounced shear-thinning effect. On the other hand, the flow consistency
index, k, and bioprinter nozzle length, L, bioprint filament radius, R,
will decrease by a square root factor of its value, with a more significant
decline observed for bioinks with a stronger shear-thinning effect.
Similarly, for axial velocity, v,, an inverse relationship exists with bio-
print filament radius, R,, where higher values of v, correspond to
smaller values R;, following a square root factor.

Furthermore, the relationship between axial velocity, v,, and
average extrusion velocity, v, can be deduced from Eq. (14). Similarly,
the relationship between v, and extrusion pressure, AP, can be evalu-
ated from Eq. (15). These models clearly demonstrate that extrusion
pressure (or velocity) and axial velocity are proportional, which con-
tradicts the claim that extrusion velocity should match axial velocity
[139-141]. It supports the claim made by Attalla et al. [139], and other
reports [43,147] that the proportionality between extrusion velocity
and axial velocity is non-linear. Additionally, Eq. (15) reveals that the
flow behaviour index, n, amplifies the effect of all other parameters,
suggesting it is a more significant rheological parameter than the flow
consistency index, k.

3.1.2. Analytical model with wall slippage

It is important to note that the development of Eq. (15) assumes a
steady linear shear rate. However, when wall slippage needs to be
considered, Eq. (2) can serve as the basis for deriving the instantaneous
extrusion velocity, v, average extrusion velocity, v and bioprint filament
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radius, Ry, as given by Egs. (16)—(18). Egs. (16)—(18), can be deduced
from the underlying principles used to deduce Eqs. (13)-(15). It is worth
mentioning that Eqs. (16)—(18) are unpopular for simulation and com-
parison with experimental results, even though the assumption on the
effect of wall slippage has been highlighted in literature [66,96,112,
147-149].

= () R (- ) - () "
=) )

A2 S G W R - A e (TO)]/ZHRW 3
P Vo B vp(3n+1) 2L k

=f(nk 7,L,R,AP & v;)

18

In the preceding derivations of Egs. (8)-(18), the [66,97,113,
148-150] mathematical relationships between the operational param-
eters and bioprint filament radius, R, in Eq. (18) are similar to those in
Eq. (15). However, the exact mathematical quantification of the effects
of the bioprinter nozzle, R, and flow consistency index, k, differs. Spe-
cifically, Ry (¢, R/ — ,R¥?), and R,x (¢, — w2)k /?". Addi-
tionally, the consideration of yield stress, 7,, is different, where R« (¢
— w37;Y/?). Note that ¢ and w are arbitrary mathematical constants that
depend on the specific parameters (i.e., R, k and 7,)) being considered in
relation to R,,.

3.1.3. Analytical model based on Poiseuille flow index

Applying an empirical expression (i.e., Poiseuille flow index) for
shear rate, y, Eq. (19) was deduced from an experimental procedure for
viscosity measurement. This expression creates the basis for an alter-
native approach to the derivation of bioprint filament radius, R, Eq.
(20) and average velocity, v, Eq. (21) as reported in literature [96,150,
151]. Eq. (20) is deduced by the substitution of Eqgs. (19) and (9) into Eq.
(3), wherein r = R. While Eq. (21) is obtained from the substitution of
Eq. (20) into Eq. (14). Egs. (20), (21) were reported to be adequate for
identifying the optimal printing parameters to maximise the shape fi-
delity of bioprint. Moreover, experimental data showed a good agree-
ment with model predictions [96,150,151].

. (3n+1\ 4Q  (3n+1) (VR
y*( in );;?’( n ><R a9

o n AP\
R, =R (—311 . 1) (2;1va> =f£(n,n, LR, AP & v,) (20
~  (R\’ / n \[APR?
V=W (E) - (311+ 1) ( 2L ) (21)

Eq. (20) differs and its simpler than Eqgs. (15) and (18), due to the
absence of flow behaviour index, n, as an exponent. Additionally, the
effects of flow consistency index, k, and yield stress, 7, are not accounted
for. However, the consideration of the bioink viscosity, #, in this case,
incorporates these effects, Eqgs. (1)-(3). Another distinction is that the
flow behaviour index, n, does not interactively combine with the effect
of extrusion pressure, AP, nozzle length, L, and radius, R.

3.1.4. Modelling print resolution of EBB bioprint

In summary, the reported models for bioprint filament radius, R,,
Egs. (15), (18), and (20), have been developed based on specific as-
sumptions. Therefore, the adequacy of these models can only be ascer-
tained via comparison of predicted results to experimental bioprint
filament radius, R in terms of percentage print resolution, % PR, Eq.
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(22) as reported by Truccos et al. [151] and as illustrated in Fig. (1c).
Note that the closer %PR is to zero the better. An alternative approach
reported by Li et al. [112], is to minimise the difference between
Ry and R, via an empirical relationship, Ryz = R,(1 + C72)*/®, that
relates them to a fitted shear coefficient, C, and shear stress, 7, using Eq.
(15) for R,,. The result of Li et al. [112] report showed adequate prox-
imity between analytical, R, and experimental, Ry, bioprint filament
radius. Although Truccos etal. [151] and Li et al. [112] approaches may
be adequate to quantify the difference or even minimise R;, and Ry, they
are still limited in their applications. This is because there are some
operational parameters such as platform temperature, path-height,
path-space, pre-flow and post-flow time whose relationship with bio-
print filament radius, R, can not be analytically described by Egs. (15),
(18), and (20). Alternatively, these parameters can be accounted for by
other equations, such as the statistically fitted experimental models,
described in the proceeding section.

%PR = <w>100: |Rpr /R, — 1]100 (22)

The relationship of bioprint filament radius, R, to print resolution
(%PR), as illustrated in Eq. (22), stems from their definitions and liter-
ature review. In 3D bioprinting, print resolution (PR) represents the
deposited bioink in the x- and y-direction [50]. In other words, for a
given nozzle size, it is a measure of the uniformity of bioink thickness
(diameter, 2R,) over the smallest unit (a line or arc) of a bioprint fila-
ment [152]. The term uniformity implies the absence of contours
resulting from swelling or shrinking of the bioprint filament thickness,
and length. The length of the bioprint filament is made by the axial
movement of the printer head and its thickness by axial velocity, v,. Egs.
(15), (18), and (20) imply that for a bioink with specific properties, the
resulting R, from given nozzle sizes significantly influences PR [153].
Furthermore, because PR in collaboration with dimensionality (print
resolution in the z-direction, i.e., the uniformity of the height of layered
bioprint filaments) constitute shape fidelity [50], it means that better PR
result in better shape fidelity.

3.2. Modelling cell viability in EBB bioprint

While several experimental models have been reported in the liter-
ature to describe cell viability during bioprinting [74,148,154], a
theoretical model derived from established physical principles for cell
viability in relation to shear stress and other factors has not been
developed. Lemarie et al. [154] reported a linear model, based on the
linear portion of the generalised statistical model, Eq. (23). This model
describes cell viability (i.e., fi(x) = %CV) for different nozzle geometry
and diameter via correlation with three parameters (i.e., % = 3): wall
shear stress, 7= xp; residence time, t = x»; and bioink viscosity, # = xs,
using actual experimental values, &, instead of coded values (x). Ning
et al. [148], on the other hand, presented an exponential model, Eq.
(24), based on observed parabolic trends exhibited by cell death. This
approach is more realistic than a linear model that assumes an accel-
erated cell death without plateauing. Where b,, b;, and b, are experi-
mentally curve-fitted factors. Nair et al. [74], however, developed a
more comprehensive statistical model for cell viability (i.e. fi(x) =
%CV) that accounts for all components of Eq. (23) in correlation with
two parameters (i.e. .7 = 2): extrusion pressure, AP = x;; and nozzle
diameter, 2R = x, in terms of coded experimental values, x. The model
proposed by Nair et al. [74] is more robust as it incorporates quadratic,
interactive, and linear terms, addressing the limitations of the linear
model assumption and accounting for the plateauing effect observed in
the exponential model. In Eq. (23), x; and x; represent independent
parameters, /3, is a constant of the independent variables, g; is the linear
term coefficient, f; is the quadratic term coefficient, g; is the cross-term
or interactive coefficient, and .77 is the number of parameters
considered.
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Eq. (23) is typically developed by considering statistically significant
parameters with a probability value of less than 5% (i.e., P-value < 0.05)
or 95% confidence interval fence [74]. Therefore, it can be generally
applied to any process based on the statistical significance of experi-
mental results between the investigated parameters, x, and the corre-
sponding expected results or responses, f;(x). On this premise, Eq. (23)
can also be applied to model the bioprint filament radius, R, especially
when investigating its dependence on operational parameters like
platform temperature, path-height, path-space, pre-flow and post-flow
time.

3.2.1. Statistical model development

A reliable approach for developing the statistical or multivariable
regression model highlighted in Eq. (23) is through classical Design of
Experiment (DOE), which employs various methodologies such as
factorial design, response surface methodology (e.g., Central Composite
Design [CCD], Box-Behnken Design [BBD]), and others [155]. These
methodologies serve as precursors for optimising the deduced responses,
fi(x). In DOE, a specific number of experimental runs, Eq. (25) are
performed, depending on the number of parameters, .77, as well as the
number of centre points, ., considered. Additionally, DOE typically
utilises coded values, x, to express the operational parameters rather
than their actual experimental values, £. The relationship between
coded values, x, and actual experimental values, ¢, is defined by Eq.
(26).

N =% 4+27 + n (25)
(=3

= 26

* ﬂfkangc ( )
(fmax — E)

_ 27
ﬁ aékange ( a)
/)) _ (gmax — é) (27b)

fRange

Where, &range =
ence between the maximum, &,,, and minimum, &, value), & =
0.5(Emax + Emin)s is the actual average value and p, is a constant specific
to the type of DOE. Typically for CCD design, f is given by Eq. (27a) or
(27b) depending on the allowable upper and lower limit of the actual
values of parameters in the process being considered. Where the ‘star

(Emax — Emin)» is the actual value range (i.e., the differ-

points’ that allow for evaluation of curvature are given by a = +(2k)*°2°
[156]. Each process parameter used in the CCD is distributed over the
limits illustrated in Table (5): upper limit, + a; upper mid-point, + 1;
mid-point, 0; lower mid-point, — 1; lower limit, —a for circumscribed
CCD.

Table 5

Applied Materials Today 34 (2023) 101914

4. Optimisation of shape fidelity and cell viability during
bioprinting

Having discussed the models representing bioprinting responses
(print resolution, %PR, and cell viability, %CV) to printing parameters
(extrusion pressure or velocity, nozzle geometry, nozzle diameter; car-
tridge temperature, platform temperature, axial velocity, pre-flow time,
post-flow time, path-height, and path-space time), these models can be
used for bioprinting optimisation. Table (6) summarises the application,
advantages and disadvantages of these models. Considering that some
parameters interact with each other and that the two responses (print
resolution and cell viability) are in competition due to shear stress, a
multivariable-multiobjective optimisation approach for EBB can be
proposed. This optimisation approach shares similarities with the
approach applied by Shi et al.[157] for optimising shape fidelity, and
satellite formation for drop-on-demand bioprinting. However, it is

Table 6
Summary of reported models applicable for print resolution and cell viability.
Model purpose Model  Advantages Disadvantages
Bioprint Eq. Report analytical Complex analytical
filament (15) relationship with relationships with
radius [43, extrusion pressure, or parameters; Neglect the
147,149] velocity, axial velocity, effect of wall slippage,
nozzle size, and and other bioprinting
cartridge temperature parameters such as
(via Arrhenius platform temperature,
equation); Lesser pre-flow time, and post-
parameters, as such flow time
cheap and take less time
to develop
Bioprint Eq. Report analytical Complex analytical
filament (18) relationship with relationships with
radius [66, extrusion pressure, or parameters; Neglect the
96,112, velocity, axial velocity, other bioprinting
147-149] nozzle size, cartridge parameters
temperature (via
Arrhenius equation), as
well as wall slippage via
yield stress; Lesser
parameters, as such
cheap and take less time
to develop
Bioprint Eq. Simplified analytical Neglect the effect of wall
filament (20) relationship with slippage, flow consistency
radius [96, extrusion pressure, or index, and other
150,151] velocity, axial velocity, bioprinting parameters
nozzle size, cartridge
temperature (via
Arrhenius equation);
Lesser parameters, as
such cheap and take less
time to develop
Cell viability Eq. Simplified statistical Depending on the number
[74,154] (23) model with the ability to  of parameters to consider,
incorporate all it maybe expensive and
statistically significant take a lot of time to
bioprinting parameters. develop
Cell viability Eq. Simplified curve-fitted Does not consider the
[148] 24) relationship with wall effect of other bioprinting

shear stress and
residence time; Cheap
and less time to develop

parameters

Ilustration of coded and actual limits of parameters for inscribed central composite design.

Variable, unit symbols Coded and actual value

x;(-1), lower limits x;(-a), Lower midpoints x;(0), midpoints xi(+a), Upper midpoints x;(1), upper limits
Extrusion pressure, Pa & €11 E_q1 £0.1 €11 E_al
Platform temperature, °C Ex e E a7 €0, £z E a7
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worth noting that most studies on the optimisation of bioprinting shape
fidelity and cell viability have typically followed factor-by-factor and
single-objective optimisation routes [47,74-76]. For instance, Webb and
Doyle [47] and Lewicki et al. [75] employed a so-called Printing Opti-
misation Index (POI) to simultaneously optimise the shape fidelity and
cell viability of hydrogel.

Successful optimisation of bioprinting necessitates knowledge of the
acceptable limits of bioprinting parameters, which has been thoroughly
reviewed by Sanchez et al. [69]. In summary, the following reasonable
minimum and maximum value range for cell-laden bioink were pro-
posed: (15,40)°C for cartridge temperature; (0,40)°C for platform tem-
perature; (5 X 10’6,10) bar for extrusion pressure; (210,514) pm for
nozzle diameter and (0.2,400) mm.s~ ! for axial velocity. However, it is
important to note that these reported ranges might be constrained by the
allowable limits of the available bioprinters and associated accessories.

4.1. Proposition for multivariable-multiobjective optimisation

On the premise of using Eq. (23) for cell viability prediction due to
earlier stated reasons, and using either Egs. (15), (18), (20), or (23) for
bioprint filament radius in conjunction with percentage print resolution
(%PR), Eq. (22), the bioprinting process can be optimised. Depending on
how rigorous the bioprinting optimisation is intended (i.e., considering

RPE/RZ\/(n/(3n+ 1)) (AP/24Lv,) — 1]100

minimise

Applied Materials Today 34 (2023) 101914

or velocity, v, axial velocity, v,, nozzle size, R and cartridge tempera-
ture, T, that minimises percentage print resolution %PR(x) = f (AP, v;, R
and T.), as well as maximises percentage cell viability, %CV(x) = f (AP,
vp, R and T,) are to be determined (i.e., four parameters, .%" = 4, hence
requiring a minimum experiment of N = 24). Then Eq. (28) can be
solved to determine these optimal values, using Egs. (15), (18), or (20)
to obtain R, in %PR(x), Egs. (22), and (23) to calculate %CV(x). Note
that cartridge temperature can be incorporated into R, in %PR via its
influence on the bioink flow consistency index, k, flow behaviour
index, n, yield stress, 7, and apparent viscosity, ; as highlighted by Eqs.
(4)—(6). In summary, this proposition leverages analytical models, Eqs.
(15), (18), or (20) in collaboration with experimental statistically fitted
models, Eq. (23). Since the number of parameters to optimise is limited
due to the number of parameters in the analytical model, the number of
experiments to perform will also be limited.

Consider an example illustration of Eq. (28) based on this proposition
outlined in Eq. (29). In this illustration, Eq. (20) was used for the esti-
mation of R,,, in Eq. (22), and augmented with Eq. (4) to account for the
influence of T.. Additionally, Eq. (23) is used to model cell viability in
terms of actual experimental values, £ (AP, v,, R and T.). The bio-
printing process is assumed to be subject to lower (0.5 bar, 0.8 mm.s ™,
0.1 mm, 4.0 °C) and upper (1.5 bar, 100 mm.s !, 0.42 mm, 40 °C) limits.

(29)

—(B, + B AP + ..+ BT + B AP? + .. + BT + B, AP.v, + .. + B, AP.T,)

the number of parameters), two propositions can be explored using the
general multivariable-multiobjective optimisation structure, Eq. (28)
[158]. Where %PR is intended to be minimised, %CV is to be maximised
(i.e., minimise — %CV); G(x) denotes the vector of non-linear inequality
constraint; H(x) represents the vector of non-linear equality constraint; g
represents the coefficients of parameters in the linear inequality
constraint; s is the constants in the linear inequality constraint; h rep-
resents the coefficient of parameters in the linear equality constraint;
and m represents the constant for linear equality constraint. The
constraint models are formulated based on the operational parameters,
x, with lower limits, 1, and upper limit, u. Note that when using Eq. (23)
in collaboration with Egs. (15), (18), or (20) for optimisation purposes,
then parameters in Eq. (23) must be expressed in terms of their actual
values, ¢ (i.e., x = &£). Among other software options, Eq. (28) can be
solved in MATLAB using multi-objective optimisation functions such as
fminimax and gamultiobj [159].

minimise{%PR(x), —%CV(x)} (28)

Subject to

. . G(x) <0
Inequality constraint { ar<s
. o H(x)=0
Equality constraint { = m

Allowable limits 1 < x <u

Proposition 1

Assuming prior knowledge of certain bioprinting parameters are
known, and/or resources are limited in the number of experiments that
can be performed. Specifically, assuming values of parameters such as
nozzle geometry, platform temperature, pre-flow time, post-flow time,
path-height and path-space are fixed or their optimal already known,
and that the optimal values of parameters such as extrusion pressure, AP

11

n,7n = Agexp(E, /RT,)
Subject to
0.5 < AP < 1.5bar

0.8 <vp < 100mm.s™*
0.1 <R<042mm

40< T <40°C

Note that while the percentage print resolution (%PR), Eq. (22), is
deduced through R, analytically derived as given by Eq. (20) in Section
(3.1). The percentage cell viability (%CV) is derived by multivariable
regression described in Section (3.2.1).

Proposition 2

In the case where a comprehensive investigation of optimal values of
bioprinting parameters is required, such that more parameters: extru-
sion pressure, AP or velocity, v, axial velocity, v,, nozzle size, R, car-
tridge temperature, T., platform temperature, T,, pre-flow time, ty,
post-flow time, t,, path-height, h,, and path-space, h, (i.e. nine param-
eters, .7 = 9, hence requiring a minimum experiment of N = 99) are to
be considered. As earlier discussed, in this case, Eq. (23) will be the
choice in modelling both R;, in percentage print resolution %PR(x) = f
(AP, vp, R, T, Ty, tpe, tp, hy and hy), and percentage cell viability, %CV(x)
= f (AP, v, R, T, T}, tpe, tp, hy and hy) in the optimisation model, Eq.
(28). Contrary to Proposition 1, the cartridge temperature can be
directly incorporated into R, for the %PR model, like other parameters.

Similarly in the case of Proposition 2, the optimisation model can be
represented by Eq. (30), specifically using the coded values, x;, of the
parameters. The subscript, i = 1, 2,..., % represents the parameters AP,
Vp, R, T¢, Tp, tpe, tp, hy and hy. Where in this case ﬂ/ typically depicts the
constant and coefficients of the PR model, analogous to f in Eq. (23)
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used for the CV model.

minimise By thixi+ .4 PoXo +/}11X%+"+/}99xg +hpXixa+.. +fgXiXe
(o HPrx1 o BoXo B X7+ PooXs +BipXiXa ..+ BroXiXo)
(30
Subject to
—-1<x <1

Note that both percentage print resolution (%PR), Eq. (22), is
deduced through R, derived by multivariable regression, as well as the
percentage cell viability (%CV) described in Section (3.2.1).

In evaluating the two propositions, Proposition 2 offers a more
rigorous, and accurate approach compared to Proposition 1. However,
Proposition 2 requires a larger number of experimental runs, making it
potentially more expensive and time-consuming than Proposition 1.
Proposition 2 is particularly suitable for modelling parameters that do
not have a known analytical relationship with bioprint responses.
Typically, parameters such as pre-flow time, post-flow time, path-
height, and path-space can be modelled into R, in percentage print
resolution %PR(x) since these parameters have been reported to influ-
ence print resolution or shape fidelity [139-141]). Similarly, as high
platform temperature is known to hurt living cells [69]).

4.2. Summarised applicability of propositions

In summary Proposition 1 offers a simplified approach when prior
knowledge is available regarding optimal values that specifically
enhance print resolution or shape fidelity for familiar shapes and/or
bioinks. Consider a situation where it is required to reprint a construct
with a different type of bioink. Furthermore, assuming in the previous
work the optimal platform temperature, pre-flow time, post-flow time,
path-height and path-space (if they were significant or had an adequate
correlation to the responses) have been deduced via Proposition 2. It will
be appropriate to perform the optimisation of the task with the new
bioink through Proposition 1 rather than with Proposition 2. This is
because only the rheology of the process (i.e. bioink) has changed, as
such it is expected to affect the shear stress of the process. And since
there is no logical correlation between bioink rheology as well shear
stress to platform temperature, pre-flow time, post-flow time, path-
height and path-space; as opposed to extrusion pressure, AP or velocity,
v, axial velocity, v,, nozzle size, R (applicable only if a different nozzle is
to be applied), cartridge temperature, T.. Furthermore, in another sit-
uation where a different shape is to be printed, however with a known
type of bioink, hence its rheological properties are also known. It will
also be appropriate to apply Proposition 1 rather than Proposition 2.
This is because it is likely that it would only be necessary to optimise;
platform temperature, pre-flow time, post-flow time, path-height and
path-space depending on their significance to the response. In this case,
it should be however noted that Eq. (23) will be the choice in modelling
both R, in percentage print resolution %PR(x) and percentage cell
viability, %CV(x) in the optimisation model, Eq. (28) in a similar fashion
illustrated in Proposition 2. Although with a reduced number of exper-
iments (i.e., four parameters, 7% = 5, hence requiring a minimum
experiment of N = 35).

On the other hand, Proposition 2 is best applied during the initial
developmental stage of bioprinting for new shapes and bioinks, where a
more comprehensive exploration of parameters is necessary. Further-
more, even though machine learning is not the focus of this study,
however as time progresses (i.e., over the years) sufficient data is likely
to be generated from Proposition 1 and Proposition 2 that could be
subsequently applied for machine learning development. Therefore
mathematical modelling and optimisation through the highlighted
propositions can serve as a precursor to machine learning applications,
as highlighted in Table (7).
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Table 7
Summarised comparisons of Proposition 1 and Proposition 2.

Consideration Proposition 1 Proposition 2

Initial product development Not suitable More suitable

Development of familiar shape Suitable Not suitable
with new bioink
Development of new shape with  Suitable Not suitable

familiar bioink
Applicable models
Experimental runs and resources

Statistical model
Higher as such more
expensive
Applicable over time

All model types
Limited as such less
expensive

Machine learning application Applicable over time

5. Conclusion

In conclusion, two propositions have been suggested for the effective
optimisation of extrusion-based bioprinting (EBB). These propositions
were based on multivariable-multiobjective optimisations, taking into
account multiple operational parameters or variables (extrusion pres-
sure or velocity, nozzle geometry, nozzle diameter; cartridge tempera-
ture, platform temperature, axial velocity, pre-flow time, post-flow time,
path-height, and path-space time) and the competing influences of shear
stress on the bioprinting responses or objectives: Print resolution, PR or
shape fidelity and cell viability, CV. It was reported that Proposition 1
offers a simplified approach when prior knowledge of optimal parameter
values that specifically influence shape fidelity is available for familiar
bioinks and bioprint shapes. While Proposition 2, a more rigorous
approach, is suitable for the initial developmental stage of bioprinting
new bioprint shapes with new bioinks.

To lay a robust foundation for these propositions, a thorough review
of bioink shearing characteristics and models describing extrusion-based
bioprinting was conducted. It was found that bioink shearing charac-
teristics are predominantly shear-thinning and can be described by
models such as the Ostwald-de Waele model, as well as the Herschel-
Bulkley model, among other reported models. The study also dis-
cussed how temperature and time dependence can be incorporated into
the modelling of bioink’s shearing characteristics using rheological pa-
rameters such as flow consistency index, k, flow behaviour index, n,
shear stress, 7, yield stress, 7,, and apparent viscosity, # and in collab-
oration with the Arrhenius model, as well as other forms of models.
Theoretical and experimental models from literature that are useful for
modelling EBB were highlighted, specifically focusing on models for
bioprint filament radius, R, and cell viability, CV. These models were
evaluated based on rheology, the incorporation of bioprinting parame-
ters, and their mathematical relationships.

In light of these evaluations and following the structure of
multivariable-multiobjective optimisation, the two propositions were
developed. It is expected that in future studies, these propositions will be
further explored and applied in the bioprinting of hyaluronic acid-based
bioinks.
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