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Hydrogels have emerged as highly attractive polymer-based materials owing to their unique solid-liquid
rheological duality, which allows their use in 3D extrusion and inkjet printing, particularly in the field of
biomedical applications. The dynamic moduli (storage modulus, G’, and loss modulus, G”), relaxation
modulus, shear-thinning behaviour, thixotropy, viscoelasticity, and yield stress are the most commonly
employed rheological concepts for hydrogel applications in 3D/4D additive manufacturing. Extrusion,
inkjet printing, and stereolithography are the most studied manufacturing technologies for hydrogel
bioprinting applications. Moreover, hydrogels exhibit a combination of cohesive properties of solids and
the transport characteristics of liquids. Their rheological behaviour, however, varies depending on
whether they are chemically cross-linked, showing a pure solid elastic behaviour, or physically
crosslinked, showing viscoelastic behaviour. While rheology reveals much information about the flow
behaviour of liquids or deformation behaviour of solids, it is not as obvious as to anticipate the
printability of hydrogels. Therefore, a deep understanding of rheological principles and their correlation
with printability is essential. This review begins summarizing various polymer hydrogels. Subsequently,
the definition and description of the most employed concepts, namely relaxation modulus, storage, and
loss moduli, and many others, are necessary to understand and associate the feasibility of hydrogels for
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a particular bioprinting process. This review mainly addresses: (i) rheological determination of the
processing window for direct ink writing (DIW), (i) rheological restrictions for printing beyond direct ink
writing (DIW), and (iii) vat photopolymerization bioprinting and the biological implications of bioprinting.
Finally, all the above concepts are illustrated with a few examples of biomedical applications of 3D/4D
printed hydrogels.
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product (ASTM F42), they have been categorized into seven
main processes: material jetting (a drop by drop of build
material is selectively deposited), binder jetting (a liquid binding
agent is selectively deposited to join powder particles, typically

1. Introduction

Rheology is the scientific basis for the additive manufacturing
(AM) of hydrogels or other polymer-based materials, although it

has not always been taken into consideration. As known, the
growth of 3D and 4D additive manufacturing techniques has
led to a revolution because they offer the possibility of produ-
cing highly customised products for specific applications that
can be designed and fabricated locally."® The concept of
additive manufacturing encompasses different manufacturing
technologies. According to the method used to form the final
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metal, sand and ceramics), vat photopolymerization (photopoly-
merizable resin is selectively cured by a light source), powder bed
fusion (electron beam or laser is used to melt or weld the material
powder), material extrusion (material is extruded through a nozzle
which usually is at high temperature), energy deposition (similar to
material extrusion, the nozzle is not fixed to a specific axis and can
move in multiple directions), and sheet lamination (sheets of
materials are bonded together and cut to shape)."'™®

One of the most promising materials for additive manu-
facturing are hydrogels. While hydrogels are not traditionally
associated with additive manufacturing, there have been sig-
nificant developments in 3D printing hydrogels in recent years
(Fig. 1), particularly in the biomedical field. Bioprintig is one
of the primary applications of 3D printing hydrogels, as living

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Bar chart showing the growing interest in hydrogels between 2006 and 2024 (left). Schematic showing the interrelationship between the

structure, rheology, processing and application of polymer hydrogels.

cells are combined with hydrogel polymeric materials to create
tissue-like structures. These structures can mimic the complex
architecture of natural tissues and organs, making them valu-
able for applications in regenerative medicine, drug testing,
and disease modelling. Furthermore, 3D printing allows pre-
cise control of the geometry and internal structure of the
hydrogel. This level of hierarchy or customisation enables the
fabrication of complex tissue scaffolds with specific mechanical
properties and biofuntionalities tailored to the intended appli-
cation. The main 3D printing processes used for fabricating
hydrogels include extrusion-based 3D printing (direct ink
writing, DIW), vat photopolymerization (stereolithography
(SLA) and digital processing (DLP)) and inject-based processes.
Despite the promising potential of 3D printing hydrogels,
several challenges remain, including achieving high-resolution
printing, maintaining cell viability throughout the printing pro-
cess, and controlling the mechanical properties of the printed
constructs. Many of these challenges are related to the viscoelastic
properties of the hydrogels and their ability to regenerate or
recover after printing. In the case of material extrusion 3D printing
process, hydrogels are forced through a nozzle that moves at a
predetermined rate, being deposited on a static platform; there-
fore, they are subjected to shear, elongational, and compression
forces or a combination of all these forces, leading to variations in
their rheological properties. In contrast, vat photopolymerization
depends on the flow of the polymer resin to fill the void created
by platform movement during printing, along with precisely
controlled light exposure—both in duration and intensity—to
initiate polymerization while preventing overcuring.'® Obviously,
any of the above processes brings about changes in the hydrogel
or polymer material that could compromise the final material
performance, as it is reflected in the schematic interrelationship
between the structure, rheology, processing and application
of Fig. 1.

In order to assess the potential of a hydrogel as a 3D bioink
or injectable material, it is crucial to identify the rheological
properties that allow us to understand and anticipate the
performance of the resulting three-dimensional (3D) structures.
Pseudo plasticity, viscosity and ratio G'/G” and quick gelation

© 2025 The Author(s). Published by the Royal Society of Chemistry

(gelation time), shear-thinning behaviour, the yield stress
(critical stress), self-healing/recovery are the most important
characteristic properties that would identify the injectability
and self-healing ability of the hydrogel and, definitely, the
feasibility of the AM. The viscosity of a hydrogel determines
how easily it flows through the printer nozzle during extrusion.
Hydrogels with higher viscosities may require higher printing
temperatures or pressures to facilitate extrusion, whereas
low-viscosity hydrogels may be prone to sagging or spreading
after deposition. Regarding shear-thinning behaviour, many
hydrogels show a viscosity decrease under shear stresses and,
therefore, facilitate the extrusion and allow finer control over
filament deposition. On the other hand, many other hydrogels
also exhibit thixotropic properties (Section 2.3.4), which allows
hydrogel ink to regain its initial viscosity/structure when print-
ing pauses, thereby preventing excessive spreading or deforma-
tion of the printed layers. Gelation kinetics are intimately
related to the consistency of the hydrogel itself. Rheological
measurements can provide insight into the gelation kinetics of
hydrogel precursors, including the onset of gelation, gelation
time, and gel strength development. Controlling gelation
kinetics is critical for ensuring proper layer adhesion, dimen-
sional accuracy, and structural integrity of the printed parts.
In the case of vat photopolymerization, the flow of the polymer
and the spatial control of light (exposure light and time,
especially) are crucial parameters of the process. The material
must present adequate flow properties to fill the gap left by the
movable platform during printing. Therefore, proper resin flow
helps maintain a stable liquid level in the vat, preventing
interruption in the printing process because of insufficient
material. On the other hand, spatial control of light, typically
a UV laser or a digital projector (DLP), provides selective cure
for photopolymer resin in specific areas corresponding to the
cross-section of the desired part. This involves the control of
exposure parameters, such as light intensity, exposure time,
and light wavelength, as they directly affect the polymerization
rate and degree of crosslinking. Since 3D printing has aroused
so much interest, some general reviews and specific works
related to the rheological behaviour of a particular hydrogel

Mater. Adv., 2025, 6, 4566-4597 | 4567
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or of a particular application, has already been published.**"*’
Most reviews although very exhaustive from emerging bio-
medical application point of view, do not refer to rheological
concepts.®

The most demanded application of hydrogel-based 3D print-
ing is in the area of biomedicine and the most representative
selection are tissue engineering, surgical reparation, drug
delivery and bioelectronic, among others.**>” Beyond polymer-
only hydrogels, cell-laden hydrogels are among the most widely
utilized. Consequently, the cartridge temperature is usually
defined in the range of 30-40 °C (allowing cell survival) and the
printing pressure is 100-200 kPa (reducing cell stress). The
addition of cells after hydrogel bioprinting minimises the impor-
tance of these parameters. Mesenchymal stem cell lines (MSCs)
are the most commonly used cell line in combination with
hydrogels. In general, good viability results were obtained for all
cell lines. Regarding mechanical tests, the Young’s modulus is
widely used in bioprinting, although there is no consensus on
the most important mechanical properties of each bioprinted
structure.

It is obvious that after the manufacturing process, the final
material needs to fulfil a series of requirements depending on
the final application. For applications such as cartilage, bone,
skin, nervous, vascular, neural stem cells, skin tissue recon-
struction, and many/similar applications, flexibility, stiffness,
mechanical strength, and recovery are the required polymer
properties for hydrogels, in addition to biocompatibility, bio-
degradability, anti-inflammatory effects and antimicrobial
properties. This type of studies have been part of many differ-
ent research works or specific reviews. For this reason, the
reviews focused on specific applications of hydrogels, such
as plastic surgery or orthopaedic applications; therefore, they
will not be included in the present review. As an example, see
the ref. 28.

In summary, this review is addressed to briefly introduce the
hydrogels, including the definition of gel structure and the
correlation to rheological properties/concepts, as well as to
define the fundamental rheological concepts to assess the good
printability of hydrogels, in general, and not for a specific
purpose. It also describes the information that can be obtained
from a simple torsional rheometer or an optical rheometer.
Moreover, an important part is addressed for different bioprint-
ing technologies, and finally, some specific examples are devel-
oped from a practical perspective.

2. Hydrogels

Gels, which are three-dimensional polymeric structures, have
proven to be effective storage/incorporation systems for sol-
vents and other components as well as important vehicles for
drug release and magnetic hyperthermia. Polymer hydrogels,
made up of polymers and water, have both cohesive properties
of solids and transport properties of liquids. This duality allows
for the modulation of the activity of the gels in a controlled
manner and their use as a 3D extrusion material. Gels cover a
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wide spectrum of polymers (synthetic and natural), sizes
(macro, micro, and nanogels), and specific properties, which
are very attractive for their applications.

Common polymers used for hydrogels include synthetic
polymers such as polyethylene glycol (PEG), poly(vinyl alcohol)
(PVA), poly(N-isopropylacrylamide) (pNIPAAm), poly(acrylic
acid) (PAA), and poly(2-hydroxy ethyl methacrylate) (PHEMA)
and other acrylics, and natural ones including collagen, hya-
luronic, and bio-based polysaccharides such as alginate, gela-
tin, agarose, cellulose and chitosan. Nevertheless, it is not
yet clear the relationship between the chemical structure
(composition and formulation) of hydrogels, the good print-
ability of hydrogels, and the final behaviour of bioprinted
structures. Therefore, for a given polymer-solvent (water) sys-
tem, it is not possible to predict its gel-forming capacity, nor
determine the key process in the gelation phenomenon or how
the structure of a gel affects its properties; even so, the forming
systems of gels have found numerous specific applications in
many sectors of medicine, agriculture, food, etc. when a 3D
bioprinter is used. A systematic review on hydrogels for bio-
printing has been recently reported, based on a Prisma
methodology.? Authors conclude that (i) alginate is the most
commonly used material followed by gelatin and gelatin-
methacrylamide (GelMA), (ii) the most used concentrations
for these three polymers are 2-4% for alginate, 5% for gelatin
and 10% w/v for GelMA, respectively and (iii) the preferred
cross-linking methods are chemical and based on Ca®" cations
for alginate; thermally induced for the physical cross-linking of
gelatin and UV light as the standard cross-linking for GelMA.>
Among other many hydrogel precursor materials, hyaluronic
acid (HA) has become the one of the most attractive hydrogels
precursor for bioinks due to its excellent physicochemical and
biological properties, such as biocompatibility, hydrophilicity,
non-immunogenicity, and complete biodegradability.*® Recently,
the gel-like cellulose nanofibrils (CNFs) have attracted increasing
attention as an ingredient when formulating the bio(material)
inks for hydrogel extrusion-based 3D bioprinting attributed to
structural similarity to extracellular matrix, low cytotoxicity, and
desirable rheological properties.* The importance of elastin and
its role in auricular cartilage tissue engineering has also been
deeply studied.”® Elastin is a highly insoluble structural protein
that is rich in hydrophobic amino acids, scarce in polar groups,
and found in the extracellular matrix (ECM) of elastic tissues.
Elastin plays essential mechanical and biological roles in its
occurrence, including the flexibility of the tissue and interactions
with cells through specific biochemical and biophysical processes.

Hydrogels can be broadly categorised into physical and
chemical hydrogels based on the interactions that join their
network structures (Fig. 2). Physical hydrogels are mainly
formed through physical interactions such as hydrogen bonding,
hydrophobic interactions, electrostatic interactions or physical
entanglements of polymer chains (Fig. 2a). The physical interac-
tions between different polymer chains prevent the hydrogel from
dissolving, thereby maintaining the structural integrity. Never-
theless, these hydrogels often acquire poor mechanical pro-
perties due to the weak nature of this type of crosslinking.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Schematic representation of the different routes of formation of a polymer hydrogel: physical crosslinking (a), chemical crosslinking (b),

enzymatic crosslinking (c) and its potential macromolecular structures (d).

These interactions are reversible and can be disrupted by
changes in environmental conditions such as temperature,
pH, or ionic strength. Physical hydrogels typically exhibit
properties such as shear-thinning behaviour (reduced viscosity
under shear stress) and self-healing. Examples of physical
hydrogels include those based on polymers, such us polyethy-
lene glycol (PEG) or natural polymers like gelatin or alginate.
However, chemical hydrogels are formed through the covalent
crosslinking of polymer chains, leading to stable covalent
bonds within the hydrogel network (Fig. 2b and c). Polymer
chains can be joined through use of crosslinking molecules or
can be directly bound to each other. It mainly involves Schiff
base reaction, Michael addition reaction, free radical polymer-
ization, click chemistry, and enzyme crosslinking.>***" Chemical
hydrogels have stable network structures and are irreversible
under normal conditions. They often exhibit tuneable mechanical
properties and degradation rates based on the choice of the
crosslinking chemistry. Examples of chemical hydrogels include
those based on synthetic polymers, such us polyacrylamide or
polyvinyl alcohol, as well as natural polymers like hyaluronic acid
or collagen. Polyacrylamide hydrogels are typically cross-linked
with agents such as N,N'-methylenebisacrylamide (MBAA), and
poly(vinyl alcohol)-based hydrogels are cross-linked with glutar-
aldehyde. However, polyethylene glycol-based hydrogels can be
created through the covalent cross-linking of PEG chains, utilizing
either photopolymerization or chemical agents. On the other
hand, alginate hydrogels, which are primarily modified with
functional groups, form chemically cross-linked hydrogels via
UV curing. To obtain versatile biomaterials with enhanced per-
formance, advanced architectures have been developed (Fig. 2d).*>
Hydrogels can be comprised of either a single component forming
a physical or chemical network or multiple polymer components.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Particularly, when two polymers are cross-linked, but not
covalently bonding to each other, the resulting materials are
known as “interpenetrating polymer networks” (IPN). In these
networks, the polymers are physically entangled and cannot be
separated unless chemical bonds are broken. This type of hydro-
gel typically exhibits enhanced mechanical strength, stability, and
swelling behaviour; a common example is the system of poly-
acrylamide (PAAm) and alginate.>® Conversely, if one or more
linear (non-cross-linked) polymer are entangled with the cross-
linked one, the resulting structure is referred to as a “semi-
interpenetrating polymer network” (semi-IPN). These semi-IPN
systems are particularly useful for controlled drug release due to
tuneable porosity.** Finally, hybrid gels were designed to obtain
stimuli-responsive polymer systems. The incorporation of inor-
ganic nanoparticles, such as gold or magnetic nanoparticles,
provides additional functionalities such as light or magnetic
responsiveness, respectively.

Concerning the size of hydrogels, macro- and microgels are
the most used in AM. There are several definitions for macro-
gels. (i) Macrogels tend to adopt the shape of the container or
(ii) a macrogel immersed in excess solvent must be swollen but
not solved (or dispersed), whereas microgels are colloidal
particles dispersed in a solvent. The formation of a chemical
macrogel (tridimensional network) depends on the crosslinker,
polymer concentration, temperature, solvent, and time (aging
has been observed in many polymers). The formation of a
physical macrogel depends on the chemical or physical nature
of crosslinking points of the network (crystal origin, interac-
tions, etc.). Microgel dispersions combine the properties of
hydrogels with the particularities of colloidal systems, and
depending on their composition, they can quickly respond
(much quicker than a macrogel) to external stimuli.*> In most

Mater. Adv., 2025, 6, 4566-4597 | 4569
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applications, microgels are subjected to shear, elongation, and
compression, or their self-assembly is required. Therefore, their
behaviour under such conditions has a direct effect on the final
material performance.

A priori, it is difficult to define which specific gel is more
appropriate for a particular 3D processing technology and a
specific application. In recent years, the concept of 4D printing
has also been considered. 4D bioprinting is an advanced form
of 3D bioprinting that adds the dimension of time to the
process. It involves printing biological structures that can
change shape, function, or behaviour over time in response
to external stimuli such as temperature, humidity, pH, light, or
magnetic fields.>” In this context, although a direct relationship
between the structure of the gel and its bioprintability has not
been established, semi-interpenetrated gels seem more suitable
candidates (see Section 4). Nevertheless, studying the visco-
elastic properties of a particular hydrogel, as a function of
preparation conditions, would allow anticipating its viability
for bioprinting.

Depending on the type of gel, chemical or physical and
macro or micro gels, different theories relates the density of
network chains to the elastic modulus and therefore to 3D
applications. The dependence of the modulus on concentration
for chemical and thermoreversible macrogels and microgels is
widely reported in the literature.*® For instance, in the case of
chemical macrogels, the theory of rubber elasticity, proposed by
James and Guth and later expanded by Treloar and Kuhn,*”"®
predicts a relationship between elastic modulus and concen-
tration of gel, defined by the following equation (eqn (1)):

pRT
M.

G = NkT =

@)

where N is the number of chains/volume, K is the Boltzmann
constant, 7' is temperature, R is the gas constant, p is the density
of the network, and M, is the molecular weight between
entanglements.

Although physical, chemical and interpenetrated gels are
used for AM, their rheological behaviour is very different
between them. For instance, physical gels are relatively easily
deformable and can be disrupted by temperature or environ-
mental changes, whereas interpenetrated gels can add plasti-
city to the system. The rheological properties depend not only
on the nature of the “crosslinking” (in this case also under-
standing as “crosslinking” points physical entanglements) but
on the chemical nature of polymers and the polymer concen-
tration, so, it is very difficult to associate or to anticipate
hydrogel performance based uniquely on its structure and,
therefore, the use of a specific gel for a particular application.
Until the present, it has not been reported such a general
correlation, but some particular studies have been carried
out, for instance, that in which the printability of a double
network alginate-based hydrogel for 3D bio-printed complex
structures has been analyzed.*® Unlike linear polymers, micro-
gels show an increase in viscosity through a different mecha-
nism. At low concentrations, both linear polymers and
microgels show an increase in viscosity proportional to the

4570 | Mater. Adv., 2025, 6, 4566-4597
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product of intrinsic viscosity and concentration. However, at
high concentrations, linear polymers become entangled, resulting
in a rapid increase in viscosity, while microgels become packed
and confined by their neighbours - colloidal arrest - leading to a
further increase in viscosity, faster than in linear polymers.**?°
Furthermore, from a certain concentration and at low stresses, the
microgel dispersions present a behaviour similar to that of a solid.
Particularly attractive are the viscoelastic/viscoplastic gels. When a
viscoelastic/viscoplastic gel is submitted to an applied force, the
polymer network can reorganize itself or have dissipative mechan-
isms, by disrupting or rearranging the crosslinks in the network.
To achieve this, several strategies have been employed, such as the
use of ionic crosslinking, host-guest or other supramolecular
interactions or the introduction of dynamic covalent bonds and
hydrophobic interactions. In the case of 3D bioprinting of micro-
gels or nanogels, they are subjected to shearing, deformation, or
compression conditions and, therefore, it is crucial to determine
and interpret the rheological properties of microgel dispersions.
Furthermore, rheology is presented as a tool to explore the
existence of interactions between microgels, interactions that
can lead to the formation of more complex structures that can
be predicted with the aid of fractal theories and even determine
the minimum critical solution temperature.*’

3. Rheological concepts and tools

Rheology offers crucial insights into both the flow of liquids
and the deformation of solids, making it a fundamental tool in
understanding the behaviour of polymeric gels used in bio-
fabrication. In hydrogel-based 3D printing, rheological proper-
ties influence two critical aspects: (1) the printability of the
bioink, and (2) the mechanical performance and stability of the
resulting printed construct. These two aspects require the
understanding of different rheological properties. Rheology
devoted to structural characterization elucidates the material’s
intrinsic viscoelastic response under small, well-controlled
deformations, offering insights into crosslinking density,
relaxation mechanisms, and other microstructural features.
In contrast, processing rheology addresses how bioinks behave
under the non-linear, often large deformations and high shear
rates encountered during manufacturing processes such as
extrusion or jetting.

In hydrogels, complex rheological behaviour is intrinsically
linked to their molecular architecture. Hydrogels formed via
covalent crosslinking exhibit predominantly elastic responses,
with stress stored rather than dissipated. Conversely, physically
crosslinked (reversible) hydrogels exhibit viscoelastic behaviour
and non-Newtonian flow due to the dynamic nature of their
intermolecular interactions.** This complexity is advantageous
across applications in pharmaceuticals, biomedicine, energy,
environmental science, and food technology, where tailored
rheological profiles are essential.*?

Consequently, hydrogels for additive manufacturing display
multifaceted rheology that cannot be captured by a single
property such as zero-shear viscosity (1) or elastic modulus

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(G"). Instead, full characterization must include the viscoelastic
properties storage (elastic) and loss (viscous) modulus and the
transient responses of creep/recovery and relaxation modulus,
as well as shear rate - dependent viscosity, yield stress and
thixotropy. Those are different aspects of viscoelastic and
viscoplastic behaviour that characterize hydrogels. Viscoelasti-
city, which depends on the time scale of deformation, com-
bines both solid-like (elastic) and liquid-like (viscous)
responses.” Importantly, viscoelasticity is a key design property
for biomaterials in regenerative medicine, as biological tissues
are inherently time-dependent materials that dissipate energy
during deformation rather than behaving as ideal elastic
solids.*® Viscoplasticity, or yield stress behaviour, adds another
dimension by allowing hydrogels to act as solids below a critical
stress threshold, providing in situ structural support, while
flowing as liquids once that threshold is exceeded. This is
especially important for preventing nozzle clogging and feature
collapse during extrusion printing.** Furthermore, non-linear
viscous behaviours such as shear thinning (pseudoplasticity)
and thixotropy govern both the extrusion process and the
recovery of structure post-deposition, enhancing print smooth-
ness, layer adhesion, and shape retention.*”> Thixotropy refers
to the time dependency of viscosity induced by flow. Such
behaviour has been reported for printing inks, and it can be
easily confused with viscoelastic responses.*®*” In injectable
hydrogels, these properties also facilitate spatiotemporal control
over drug release.”®

The primary flow types relevant to 3D printing are shear and
elongational flows. In extrusion-based printing, simple shear
flow dominates within the nozzle, while elongation flows occur
at localized regions like nozzle entrances and during deposition.
While shear flows are relatively easy to generate and control across
a broad range of shear rates and stresses, elongation flows are
harder to replicate experimentally. Therefore, our focus is mainly
on the rheological characterization of hydrogels with attention to
shear rheometry. For further information on the importance of
extensional rheological behaviour and its influence on 3D print-
ing processing, we refer to well-comprehensive review articles.**™>"

Table 1 Rheological properties of hydrogels for 3D printing

View Article Online
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Torsional and capillary rheometers are the most commonly
employed tools for evaluating shear rheology.” Torsional rhe-
ometers apply oscillatory or continuous shear between two
surfaces, one stationary, whereas capillary rheometers can
access higher shear rates (100-10 000 s~ ), approximating those
during direct ink writing (DIW). These residence times are on
the order of milliseconds, much longer than in inkjet printing,
where they are closer to 10 ps.>” Oscillatory shear rheology, in
particular, allows modulation of amplitude and frequency, thus
probing material behaviour across various timescales. It also
differentiates between linear viscoelasticity at small deforma-
tions—where structure remains largely intact,*>**">* and non-
linear behaviour at large deformations, where network
stretching,>**3%%7 yielding, or even structural breakdown can
occur. Such studies are essential to evaluating printability
under conditions that closely mimic actual processing.
Table 1 summarizes the important rheological properties for
the three most widely used hydrogel-printing techniques: mate-
rial extrusion, material jetting, and vat photopolymerization.

The subsequent sections will explore these critical rheologi-
cal properties, highlighting their roles in both processability
and the interplay between rheology, network structure, and
end-use applications of printed constructs.

3.1. Linear viscoelasticity. Rheological properties: G(t), J(t),
G'(w) and G"(w)

Viscoelasticity is the property of materials that exhibit both
viscous and elastic characteristics when deformed. Elastic
deformation is instantaneous, as opposed to viscous deforma-
tion in which there is always a time delay between the applica-
tion of the external load force and its subsequent deformation.
Moreover, unlike elasticity, viscous deformations cannot be
recovered or reversed when the external force is released.
Therefore, the properties of viscoelastic materials are those
for which the stress—strain relationship depends on time,
involving storage and loss of energy, fluid memory, and time
dependence. These relationships are described by the main
viscoelastic functions: (1) the relaxation modulus, G(¢), that

Rheological properties influencing printing process

Printing method Key rheological properties Typical or critical values for hydrogels Ref.
Extrusion-based (DIW) Viscosity (17) e 11: 10>-10° mPa s (at approx. 0.1 s~ ) 2, 53 and
Yield stress (oy) e 7,: 10-1000 Pa (enables shape fidelity) 57-61
Shear-thinning index (n) e n & 0.3-0.6 (pronounced shear-thinning for
smooth extrusion)
Storage modulus (G) e G': 100-10" Pa (must be G’ > G” for structural
integrity and fidelity)
Recovery time/self-healing o Post-printing recovery: <10 s after cessation
of shear for high fidelity preservation of shapes
Inkjet printing Low shear viscosity e ;j < 10-20 mPa s (for droplet ejection) 61-64

Storage modulus, G’

Surface tension

Low-shear viscosity
Photocuring rate: G’
evolution during/after curing
Light penetration depth

Vat photopolymerization
with hydrogel precursors

© 2025 The Author(s). Published by the Royal Society of Chemistry

e Low elasticity to prevent clogging/satellite drops

e Surface tension: 30-50 mN m '

e )] < 5 Pa s (to ensure smooth recoating) 65
e Gelation: within ~seconds: G’ increases rapidly

post-exposure with final G’ often >10° Pa

e Critical for resolution (~100-1000 pm depth range)
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quantifies time-dependent relaxation after imposed a deforma-
tion, (2) the time-dependent creep compliance, j(¢), and (3)
oscillatory stress—strain phase shift that can reveal decomposed
storage and loss moduli, G’ and G”, respectively. All of these
functions are interrelated in the limit of linear viscoelasticity
(LVE) at small strain or stresses.®® Therefore, the linear visco-
elastic properties, including the dynamic moduli (G'(w) and
G"(w)), relaxation modulus and compliance (G(¢) and J(t)), are
unique features of the material structure, because they do not
depend on the applied strain or strain rate and will inform us
about the equilibrium structure of the hydrogels, offering
insight into the viscoelastic memory and long-term behaviour
of hydrogels. These parameters are directly influenced by the
molecular arrangement and interactions within the material.

Typically, measurements are made at the macroscopic scale
using dynamic mechanical analysers or rheometers, based on
experiments and equations that allow us to experimentally
access these functions and which are described in detail below.
It should also be noted that alternatively, measurements can
be made at the microscopic scale using microrheology and
scattering.

3.1.1. The relaxation modulus G(t). In a first approach, the
stress relaxation test gives valuable information about the
feasibility of a hydrogel for 3D additive manufacturing. During
the test, a constant deformation, y,, is applied, and the result-
ing stress is recorded as a function of time. The relaxation
modulus, G(¢), that measures the resistance to deformation, is
recorded as the proportionality between the time-dependent

oo
—
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stress, o(t) and the imposed deformation, y,:
a(1)
() ="" (2)
7o
G(t) provides information about hydrogel’s network

dynamics [Fig. 3]. An elastic, covalently cross-linked hydrogel,
would keep the stress almost constant during the experiment,
while soft hydrogels, in which dynamic fluctuations and rear-
rangements occur within the microstructure, would behave like
a viscoelastic material and would relax some of the stress over
time [Fig. 3a].

Modelling the stress relaxation behaviour is key to further
investigating the viscoelastic response of hydrogels. Consider-
ing linear viscoelastic conditions, (LVE), the stress relaxation
response can be understood from the exact solutions to the step
deformations by applying Maxwell’s model. The Maxwell model
establishes the relationships between deformation and stresses
using a mechanical combination of a Hookean spring and
dashpot in series which give rise to a viscoelastic stress relaxa-
tion governed by a single time-scale, t:

a(1)

G(t) = W = Gexp(—%)

(3)

a0
where G =

and 7 = %, the ratio of the dashpot viscosity, #, to

Yo
the spring modulus, G, defines the relaxation time of the

Maxwell model. This represents the time required for the stress

e oo . .
to decay from its initial value, g, to — (i.e. approximately 0.37d,).
e

—— -
O: Maxwell Elastic ) axation time .
= ~_1__C_ e .
= £
g @ 0.8 ]
N B c12c12
0.1 | Noe{ T ; 4
s i €10C10
E ;:
Generalized - el c6C12 1
‘ t=1s Maxwell gM 0.24 i c8cs 1
Strain C6C6
0.01 : ob -
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ﬁ P ¢ Hydrophobic
= .
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— enzene core
S
téo amide bond
S | PEG 20K
§ Stress
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Relaxation Time

spacer CnCn

Fig. 3 Linear viscoelastic properties. Relaxation modulus, G(t): (@) Maxwell-based models for the stress relaxation behaviour. The elastic response with
nearly constant stress over time, and the viscoelastic response with time-dependent stress relaxation modelled using Maxwell-based equations: the
classical Maxwell model (egn (3)), the generalized Maxwell model (gM) (eqn (4)), and the solid generalized Maxwell model (solid gM) (eqn (5)), (b) stress
relaxation behaviour revealing multiscale architecture in polyampholyte hydrogels. Rapid stress relaxation arises from chain segmental rearrangement
(~1 nm) via reversible ionic bond breakage, while slower relaxation corresponds to reorganization of structural domains (~100 nm). Adapted with
permission from ref. 67 Copyright © 2020, American Chemical Society, (c) broad spectrum of relaxation times (0.1-10° s) observed in benzene-1,3,5-
tricarboxamide (BTA) supramolecular fibrous hydrogels. Increasing the hydrophobic outer spacer length (CnCn) leads to reduced viscoelasticity and
longer average stress-relaxation times, reflecting changes in dynamic network stability. Adapted from ref. 68. Copyright © 2023, Wiley.
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As illustrated in Fig. 3a, the stress relaxation curve predicted by
the classical Maxwell model shows a strong decrease from 1 to
near zero, at ¢ = 7, indicative of a viscoelastic liquid-like behaviour.
However, this decay is typically less abrupt due to the presence of
multiple relaxation mechanisms. In such cases, the generalized
Maxwell model, gM (also referred as the Maxwell-Weichert model,
eqn (4)), which consists of several Maxwell elements arranged in
parallel, provides a more accurate description of the material’s
viscoelastic response.

G(1) = Z Gresp(~1) o

Alternatively, viscoelastic solid-like behaviour can be
described using the standard linear solid model, which consists
of a Maxwell element (a spring and a dashpot in series)

t
arranged in parallel with an additional spring, G(7) = % =
0
G. + Gexp (ff), or to the generalized linear solid model (solid
T

gM) in eqn (5):

G(1) = Go + i Giexp (—%) (5)
— j

i=

where G. represents the long-term equilibrium or rubber elastic
modulus of the hydrogel network.

Although most viscoelastic stress relaxation responses of
hydrogels deviate from single exponential decay, exceptional
cases exhibiting essentially Maxwellian behaviour have been
described. A prototypical example includes transient polymeric
networks, such as reversibly crosslinked hydrogels formed via
dynamic chemistry.®®”® These materials are particularly attrac-
tive due to their shear-sensitive nature, which leads to shear-
thinning behaviour, desirable for printable and injectable
hydrogel formulations. Nevertheless, in the majority of hydro-
gels systems, the viscoelastic response is significantly more
complex than predicted by classical the Maxwell model of linear
viscoelasticity. This complexity arises from a broad distribution
of relaxation times, typically attributed to the presence of
multiple structural length scales and dynamic interactions
within the network. Modelling such behaviour is non-trivial.
A comprehensive review by Song et al”' provides advanced
insight into this topic, offering mechanical analogue models
and theoretical frameworks that go beyond the Maxwell para-
digm. These tools enable a more accurate description of non-
Maxwellian relaxation behaviour and facilitate a deeper under-
standing of the molecular and supramolecular physics govern-
ing the relaxation dynamics in increasingly diverse hydrogel
families.

Stress relaxation in hydrogels arises from underlying struc-
tural reorganization phenomena, offering critical insight into
both the material’s dynamic behaviour and its mechanical
properties with direct implications for processability in 3D
printing. A compelling example is provided by Cui et al®
who investigated polyampholyte hydrogels with complex struc-
tures. As illustrated in Fig. 3b, the stress relaxation behaviour

© 2025 The Author(s). Published by the Royal Society of Chemistry
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reveals a multiscale architecture, where structural features at
different length scales exhibit distinct relaxation dynamics,
leading to a combination of mechanical responses. Specifically,
Fig. 3b schematically distinguishes between two characteristic
relaxation modes: the fast and strong stress relaxation attrib-
uted to chain segment reorientation via the rupture of ionic
bonds (on the order of ~1 nm), and a slower, weaker relaxation
associated with the reorganization of structural domains
(~100 nm). This ability of the network to redistribute internal
stresses at multiple scales has been directly correlated
with macroscopic mechanical properties, particularly the self-
healing capacity of the hydrogel.®®

Furthermore, and in anticipation of the discussion in
Section 5, it is noteworthy that stress relaxation capacity of
hydrogels represents a critical parameter in injectable viscoe-
lastic systems, especially in applications where 3D cell migra-
tion and proliferation must be preserved. Numerous studies
have shown that hydrogel bioinks can be molecularly engi-
neered to fine-tune viscoelasticity and shear-thinning beha-
viour, thereby enhancing their processability and biological
functionality. For instance, Fig. 3c illustrates the behaviour of
benzene-1,3,5-tricarboxamide (BTA) supramolecular fibrous
hydrogels, which serve as printable, ECM-mimicking bioinks,
as reported by Hafeez et al.®® In this study, the viscoelastic and
stress relaxation properties of the hydrogels were precisely
controlled by modifying the length of the hydrophobic outer
space (CnCn). Increasing the hydrophobic chain length led to
longer stress relaxation times, indicating more stable and
slowly relaxing network structures. In contrast, short hydro-
phobic chains, display rapid stress-relaxation times and form
round droplets that fail to retain their fibrous architecture after
injection. It was found that hydrophobic lengths exceeding 10
carbons preserved the fibrous morphology and enabled the
successful fabrication of 3D structures. These findings under-
score the importance of the dynamicity of the hydrogels, which
governs the shear-thinning behaviour and the injectability of
these materials, important properties for their application as
bioinks.

3.1.2. The creep compliance J(). As a complement to stress
relaxation, creep tests also provide valuable information about
the architecture of hydrogels and their response during 3D
additive manufacturing. In a creep experiment, a constant
stress, o, is applied and the resulting time-dependent strain,
7(¢) is measured. Subsequent relaxation of the material once the
load is removed can also be recorded, and corresponds to the
creep recovery part of the experiment. The creep compliance,
J(®), is defined as the proportionality between the time-
dependent strain, y(¢), and the imposed stress, ¢:

J(1) = (6)

For a viscoelastic fluid, the long-time creep increases line-

arly with time with a slope equal to %, whereas for a rubber-like

material, the creep increases to a constant value o/, where J. is
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1
the rubber compliance, equal to o Since the functions G(f)
¢

and J(¢) are interconvertible through the Boltzmann superposi-
tion theorem,”>”* details on the application of the models for
the evaluation of the creep behaviour will not be given here.
The schematic description and potential of the creep prop-
erty are illustrated in Fig. 4. During additive manufacturing, a
hydrogel must deform easily when an external load is applied
and recover its integrity once the load is removed. Strain creep-
recovery tests are particularly informative of this behaviour, as
they quantify both the viscoelastic and viscoplastic components
of deformation via the recovered and unrecovered strains,
respectively (Fig. 4a). Creep compliance J(¢f) measures the
time-dependent deformation of a material under a constant
stress and delineates three distinct response regimes: (i) the
elastic response (discontinuous red line) as the material
deforms instantaneously when stress is applied and maintains
deformation without further time dependence. Defines ideal
elastic solids (e.g., stiff hydrogels), (ii) the viscoelastic response
(continuous green line), as the material deforms gradually
under constant stress and may partially (liquid viscoelastic)
or fully (solid viscoelastic) recover when stress is removed.
Typical printable hydrogels below yield stress are viscoelastic

J(t) <ﬁ1 | |
J, )
recovered i

0 i - )
]L’ - l/ns viscous t ']n(m recovered
time (a)
0.16 ' Viscoelastic
—MF3
> \(;/ —— MF6
6 IS — MF9
0.12p D2 —MF12 ]
\C’,/)»S\r ——MF15
3 = — MF18
s w— OR
= 0.08 H
s /”_‘
»n f—————]
0.04 |
Elastic
0.00
0 600 1200 1800 2400
Time (s) (b)

Fig. 4 Creep compliance J(t): (a) creep compliance curves define elastic
response (discontinuous red line), viscoelasticity (continuous green line)
and viscoplasticity (discontinuous blue line); (b) creep—recovery curves
comparing elastic behaviour for a purely covalently crosslinked hydrogel
(OR hydrogel) with hybrid hydrogel networks bearing both covalent and
reversible physical cross-links (MF series). The OR hydrogel displays
negligible creep, whereas the MF hydrogels exhibit time-dependent vis-
coelasticity attributable to dynamic physical cross-links dissipating energy
under load by stretching and disentangle processes. Data reprinted from
ref. 74. Copyright © 2017 RSC.
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solids with fully recover the strain once stress is removed, and
(iii) the viscoplastic response (discontinuous blue line) as the
initial viscoelastic strain is followed by continuous, irreversible
flow under sustained stress. This behaviour is typical when
hydrogels exceed their yield stress. By analysing the shape and
plateau of the J(¢) curve, the hydrogel’s ability to flow, support,
and recover throughout the printing process can be predicted,
guiding the design of formulations that balance extrudability
with post-printing stability.

Although some hydrogels have long been recognized to
exhibit plastic behaviour, few studies have systematically quan-
tified their permanent (unrecovered) deformation. In a recent
study, Nam et al.”> showed that when the applied stress exceed
a certain threshold-defined as yield stress- all tested hydrogels
undergo irreversible creep deformation (i.e., unrecovered or
plastic deformation). The concept of yield stress and its critical
role in hydrogel printability and mechanical performance are
discussed in detail in the dedicated “Yield stress” section.

Creep tests are also invaluable for characterizing the rheo-
logical behaviour of complex hydrogel architectures engineered
to deliver a balanced viscoelastic response. Fig. 4b illustrates
creep-recovery data for two series of hybrid hydrogels: one
containing only covalent cross-links (denoted “OR”) and
another combining covalent and reversible physical cross-
links (the “MF” series). In these hybrid networks, the physical
cross-links form an interpenetrating polymer network that
contributes to time-dependent energy dissipation—evidenced
by the gradual creep and partial recovery—while the permanent
covalent bonds impart instantaneous elastic response and
structural integrity. This dual cross-linking strategy yields
materials that both flow under load and reliably recover their
form once the stress is removed.”*

In addition, creep and creep-recovery tests are particularly
useful for studying very low shear rates over long test times or
under current conditions of use. This type of test would be a
natural choice for measuring the viscoelastic properties of
hydrogels when using stress-controlled rheometers.”*

3.1.3. The dynamic moduli: storage G'(w) and loss mod-
ulus G’(w). The main rheological technique to determine the
viscoelastic properties of hydrogels is the oscillatory shear test,
which allows characterization of the rheological behaviour by
studying the time and strain dependence separately, offering
different experimental approaches that are widely used as
printability criteria.*"®%%"

The oscillatory test involves the application of a sinusoidal
strain to the material: y(¢) = y,sin(wt), measuring the stress,
a(t), that responds to it. For a linear viscoelastic material, the
stress response, in the steady state, is also sinusoidal, but is out
of phase with the strain:

a(w,t) = ao(wt + 0) = yo[G’ sin(wt) + G" cos(wt)]  (7)

where o is the phase angle or phase shift. By comparoi_ng the
amplitude and J, the storage or elastic modulus, G’ = A—Ocos 0,

. 00 . 0
and the loss or viscous modulus G” = —sind, can be deter-
Yo

mined as a function of frequency.
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Fig. 5 Dynamic moduli: (a) Maxwell model [egn (8) and (9)] describes the
viscoelastic liquid-like behaviour; (b) gelation time from Winter and
Chambon model, applied to collagen hydrogels. Data reprinted with
permission from ref. 76 Copyright©2018 RSC; (c) evolution of crosslinking
density (mesh size, ¢) during gelation.

The simplest liquid viscoelastic response, as already dis-
cussed, is well described by the Maxwell model with a single
relaxation time. The equations describing Maxwell’s model
from the dynamical moduli are as follows:

w?1?
4 J—
G'(0) = 625 ()
vy wt
G"(w) = Gil R ©)

The elastic modulus dominates at high frequencies, while
the viscous modulus dominates at low frequencies, as shown in
Fig. 5a. Both curves, G'(w) and G”(w) cross at wt = 1 (relaxation
time, 1 =1 s).

However, most of the viscoelastic responses of hydrogels
need to be modelled using more than one relaxation time, and
are better described by the solid generalized Maxwell model,
using the following equations:

, ) 602‘1,','2
. T

The gM solid model captures well the hydrogel behaviour.
The percolated network originated from covalent crosslinking,
electrostatic interactions, hydrogen bonds, hydrophobic inter-
actions, phase separation, etc., will exhibit a dominant elastic

© 2025 The Author(s). Published by the Royal Society of Chemistry
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contribution, G, even at the lowest frequencies. In addition,
various events can take place at the molecular level, including
the movement of water molecules within the porous network of
the hydrogel which involves additional modes of relaxation.
Therefore, the discrete spectrum of relaxation times obtained
from the solid generalized Maxwell model (G., Gi, 1;) will
provide information on the different time scales as a function
of the polymer length and structure, the water strength bond
and the degree of physical or chemical crosslinking. The
behaviour will distinguish between true gels, for which G’(w)
and G”(w) reach a plateau at low frequencies and weak gels for
which both moduli decrease with decreasing frequencies, as
seen in Fig. 5a. Strong gels do not exhibit relaxations at long
time scales and form true irreversible elastic network structures
over the entire frequency range, whereas weak gels, dissipate
energy due to networks imperfections.**

Additionally, in the context of 3D printing, or injectable
applications, G”(w) is used to describe the viscous flow (repre-
senting the phenomenon of ink passing through a nozzle) and
G'(w) is related to the elastic component that influences the
printing accuracy and determines the shape fidelity (after
printing).”® A proper balance between viscous and elastic
modulus is required to ensure high printing accuracy and
shape fidelity, as highlighted by Townsend et al.””

The oscillatory experiments to determine the structural
features of hydrogels should be performed in the linear visco-
elastic region (LVR), previously delimited to confirm the stabi-
lity of the network in a shear environment. That is, in the linear
region, the small applied deformation would not alter the
microstructure of the hydrogels, so the effect of frequency on
the dynamic moduli provides information on the intrinsic time
scales of the hydrogel. Short time scales correspond to the local
mobility or dynamics at high frequencies, while long time
scales correspond to the relaxations of the long-range struc-
tures studied at low frequencies. The effects on the structure
due to solvent evaporation, curing, gelation, degradation or
directly the recovery of a given load application (self-healing
property) can be controlled by time or temperature sweep
experiments at constant frequency.

Especially relevant is the characterization of the gelation
process. Time or temperature sweeps under constant frequency
allow monitoring the change in viscoelastic properties that
occurs during the gelation process.”®’® A predominantly vis-
cous pre-hydrogel state (G’ < G”), consisting of non-interacting
segments such as dangling ends, stray chains and loops, is
followed by a gelation state when more networks are formed
and, consequently, G’ rapidly exceeds G” (t > tge OF T > Tyel).
For a well-developed network a solid-like behaviour is reached
(G' > @) and the values of the hydrogel moduli can be
evaluated at equilibrium. Therefore, the time or temperature
at the crossover point, G’ = G”, although it can be considered a
measure of the gelling point, is somewhat imprecise, since it
depends on the frequency at which the test is performed.
To avoid this uncertainty, the classical Winter and Chanbom
model is commonly used, and validated for a variety of hydro-
gels including carboximethilcellulose,® gelatin,®" collagen,”®
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and photocrosslinked alginate hydrogels®* among others. The
Chambon and Winter model defines the gel time as the point at
which the storage and loss moduli follow the same power-law
behaviour with respect to frequency:

G'(0) o G"(0) o« o (12)

This condition can be easily detected by the time or tempera-
ture at which tand = G”/G’ is independent of frequency, as
reported in Fig. 5b. In this Fig. 5b, the behaviour of a collagen
gel formed at 20 °C are presented. Based on the Winter and
Chambon criterion, the material initially behaves as a liquid
viscoelastic material. During this stage, the value of tand
decreases with increasing frequency, indicating a predomi-
nantly liquid-like behaviour. As the gelation process progresses
and the three-dimensional network begins to form, the mate-
rial reaches the gel point. This is characterized by tan é becom-
ing frequency-independent, which occurs at approximately
280 seconds. At this stage, the gel has started to transition
from a liquid-like state to a more solid-like state. After the gel
point, the material behaves as a solid viscoelastic material, with
tan d increasing with frequency.

In addition, for many tissue engineering applications invol-
ving the encapsulation of cells within a hydrogel network, it
may be important to employ metrics to describe the dynamic
cross-linking reactions to balance considerations regarding
cross-linking kinetics, together with the final network architec-
ture. Therefore, the gelation process can be detailed by analyz-
ing frequency sweeps at different times, starting from the onset
of crosslinking, which allows for an in-depth understanding of
the microstructural evolution of the hydrogel as the crosslink
density increases.

In summary, dynamic moduli G'(®) and G”(w), along with
the transient relaxation modulus, G(¢) and creep compliance
J(t), measured within the linear viscoelastic (LVE) regime -
where the material’s structure is not permanently deformed
and the response is independent of the applied strain ampli-
tude - provide fundamental information about the intrinsic
viscoelastic behaviour of the material. This information
is crucial for predicting performance under more complex
conditions.”® The application of Maxwell models (classical
and generalized models) enables the quantification of relaxa-
tion times, that is, the time needed for the material to relax,
which are typically linked to the material’s internal structural
characteristics.””7°

While 3D printing processes such as extrusion-based or
inkjet-based printing often involve large deformations and high
shear rates—conditions that extended beyond the LVE
region—the insights gained from LVE measurements remain
valuable. As an example, the relaxation time and Newtonian
viscosity are critical parameters to define the capillary thinning
and jetting of Newtonian and viscoelastic fluids.> More
broadly, LVE data offer a baseline for interpreting material
behavior under nonlinear conditions, as discussed in Section
3.2 (non-linear rheology). A material with a broad relaxation
spectrum, encompassing both fast and slow modes, can facil-
itate smooth flow during extrusion while enabling solid-like
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recovery post-deposition—key for maintaining printed shape.
In creep tests, delayed recovery or permanent deformation
indicates weak print fidelity, whereas immediate or partial
recovery suggests enhanced structural stability.

3.2. Non-linear rheology

As already seen, the printing process requires a certain fluidity
of the hydrogels under shear, while, once at rest, a self-healing
structural response is needed. Due to the strong flows applied
during extrusion or injection, the structure of the hydrogel is
far from equilibrium and the rheological behaviour is no longer
independent of the applied strain or strain rate. Therefore, the
study of hydrogels under conditions closer to those of proces-
sing requires extending the evaluation from the linear regime,
which explains the response of the hydrogel structure at rest, to
the nonlinear regime, which governs the response during
processing. The evaluation usually is discussed in terms of
the non-linear rheology which involves the non-linear visco-
elasticity and the non-Newtonian flow behaviour described by
important flow properties such as viscosity, yield stress and
thixotropy.

3.2.1. Non-linear viscoelasticity. The viscoelastic charac-
terization of hydrogels through the well-known parameters:
relaxation modulus, G(t), creep compliance, J(¢), and dynamic
moduli, G’ and G, extended to the nonlinear regime by
increasing the applied strain or stress, remains of practical
interest to describe the structural changes of hydrogels under
large deformations. In particular, the large amplitude oscilla-
tory shear test (LAOS) is currently high valued due to its
potential sensitivity to the complex deformation mechanisms
of the microstructures of hydrogels used in 3D printing. One of
the most common nonlinear behaviours observed in these
hydrogels is the decrease in dynamic modulus with increasing
strain amplitude. This strain-softening phenomenon is usually
interpreted as a loss of cross-linking and subsequent flow-
induced orientation and alignment of the polymer chains.
The opposite behaviour and less common increase of the
dynamic modulus with strain, strain stiffening behaviour, is
also reported for hydrogels, as for those composed of semi-
flexible filaments, due to an intrinsic strain stiffening of the
filaments.*®* The viscoelastic softening or fluidizing beha-
viour is indicative of the strain-sensitive nature of hydrogels
required to be injectable or 3D printing inks. This behaviour
also has beneficial implications for hydrogels designed for
tissue engineering, for which stress relaxation dynamics play
an important role precisely at physiologically relevant strains
(10-50%). It is known that migrating or mitotic cells exert
protusive forces from 0.1-10 kPa and induce strains of
10-50% depending on cell type.*> As an example, both non-
linear oscillatory strain sweeps, LAOS test, Fig. 6a, and stress
relaxation testing at large strains, Fig. 6b, have been proved to
be good predictors of the critical stresses for cell migration and
proliferation in colloidal gelatin nanoparticle gels.®®

However, the mathematical description of the dynamic
moduli in the non-linear regime implies that eqn (7) is no
longer fulfilled. There is a distinct difference in the analysis of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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exerted by cells embedded in physiological extracellular matrices.

experimental responses, since the stress is not a perfect
sinusoid and the viscoelastic moduli are no longer uniquely
defined. Consequently, alternative approaches, known as LAOS
(large amplitude oscillatory shear) are needed for quantifying
the viscoelastic non-linear material response. The different
methodologies applied to obtain relevant physical meaning
from LAOS data show great potential for understanding
the structural transitions that occur during 3D processing of
hydrogels (gel-sol-gel) and LAOS characterization is a topic of
growing interest for the 3D printing materials community.””
For a deeper understanding of these techniques, specialized
literature is recommended.®”

3.2.2. Non-Newtonian behaviour. The essential parameters
and settings of the printing process, such as nozzle diameter
and printing pressure, determine the flow behavior of hydro-
gels, as will be discussed later in Section 4. The response of the
material to the gradual deformation or shear applied during
extrusion is primarily determined by the viscosity, which is one
of the most important parameters describing the flow beha-
viour of hydrogels.”" In laminar flows, a necessary condition in
stable 3D printing processing, viscosity describes the internal
friction between the fluid molecules. In hydrogel ink, viscosity
depends on polymer concentration and chemical structure,
molecular weight and morphology, as well as being sensitive
to molecular interactions and shear-induced structural changes
occurring during flow.”" Viscosity requirements must be adapted
to the printing technique. Inkjet printing requires very low
viscosity materials (3-30 mPa s), with the low viscosity being a
relevant limiting parameter as nozzle clogging is a persistent
problem.'™® In extrusion printing, however, a wide range of
hydrogel viscosities (30-10” mPa s) can be printed, from the low
viscosities of bioprinting to avoid damage in hydrogel cell for-
mulations, to the high viscosities that delay structural collapse
when high shape fidelity is explicitly required.”

The materials used in 3D printing are defined by their non-
Newtonian complex flow behaviour, so that they have an
optimal relationship with a low viscosity during printing,
and a high viscosity after deposition, behaviour that will be

© 2025 The Author(s). Published by the Royal Society of Chemistry

established depending on the different printing methods, as
will be discussed below. Therefore, the viscosity evaluation
must be performed under various shear flow conditions,
similar to those existing during printing. To this end, it is
common to measure flow through capillary and rectangular-
slit dies, Couette flow through double coaxial cylinders, and
steady torsional flow using parallel-plate geometry. However,
an accurate characterization of the flow and deformation
properties of hydrogels is challenging due to the viscoplasticity
and associated slip behaviour that can affect the most relevant
flow parameters. Experimental methods that avoid slip by using
rough surfaces or calculations to correct for the effect of slip
velocity on the flow of these viscoplastic materials are well
suited procedures to ensure the determination of flow para-
meters and avoid erroneous information, as recently discussed
in comparative studies on the viscosimetry of viscoplastic
hydrogels.”*%¢

The most common non-Newtonian flow that meets the require-
ments for 3D printing is shear-thinning, since the apparent
viscosity decreases as the shear rate increases. The most com-
monly models used to describe this behaviour are listed in Table 2.

The Ostwald-de Waele model (power law) is commonly used
for describing the behaviour of hydrogels in the range of shear
rates of the printing or injection (typically from 10> to
10* s7).""> However, this model is a simplification of shear
thinning behaviour, generally described by Carreau-Yasuda
and Cross equations, including three flow regimes: Newtonian
plateau at very low shear rates, power-law regime at intermedi-
ate rates, and second plateau of viscosity at high shear rates
[Fig. 7a].

The Newtonian or zero shear viscosity parameter correlates
with molecular characteristics, concentration, temperature,
pressure and other environmental parameters (pH, physical
interactions, hydrogen bonds, etc.). The upper viscosity, 7.,
describes the second Newtonian plateau, at the highest velo-
cities, a region that is not accessible experimentally for the
majority of the materials. The critical strain rate, j., between
the Newtonian and non-Newtonian regimes characterizes the
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Table 2 Models to evaluate Newtonian, pseudoplastic and viscoplastic behaviour

Newtonian o = g 1o Newtonian viscosity
Y o shear stress
7 shear rate
Ostwald-de Waele # = Kj" " 1 is the viscosity

or power-law

Carreau-Yasuda n—M _ [+ ( /10)”]%
o /
Mo — N

the critical shear rate in the transition
from newtonian to non newtonian flow
a Yasuda exponent (a = 2, the equation
becomes the Cross model)

Cross Mo — N

T T Gy

Bingham G =0y + N1 gy is the yield stress

np1 is the plastic viscosity

Herschel-Bulkley ¢ = gy + K" K consistency index

n extent of shear thinning

relaxation times /4 of the models. j., depends on the nature and
structure of the material and is a well-defined value for homo-
geneous systems, whereas in many cases the transition from
non-Newtonian to pseudoplastic covers a wide range of 7.
As can be seen in the Fig. 7a, the Carreau-Yasuda model best
fits a fast transition type, while the Cross model accounts for a
very wide transition. The index of flow, n, accounts for the slope
of the curve viscosity vs. shear rate and expresses the degree
of pseudoplasticity. A value of n close to one indicates a
Newtonian behaviour, whereas n close to zero indicates pro-
nounced shear thinning, with n = 0 being observed for plug
flow, the plastic behaviour occurring before the yield stress.
3.2.3. Yield stress. The Bingham and Herschel-Bulkley
models provide suitable description of yield stress fluids
[Fig. 7a—c]. Upon exceeding the stress limit, the fluid can
exhibit Newtonian behaviour (Bingham’s model) or pseudo-
plastic behaviour (Herschel-Bulkley’s model). The presence of a
critical yield stress for the onset of flow is a relevant property of
printable or injectable hydrogels. If the material is subjected
to stress values below the critical yield stress, it behaves as a
solid (gel), (plastic behaviour related to plug flow, n = 0),
whereas if the critical limit is exceeded, the material responds
with a flowing behaviour, and is sensitive to shear (sol). The
yield stress property is typically associated with structured
materials, such as hydrogels. When a genuine yield stress is
present, the material’s structure can fully recover once the
shear force is removed. This behaviour is exemplified by a
thermogelling nanoemulsion system evaluated below (20 °C)
and above (50 °C) its gelation point, as illustrated in Fig. 8.
At 20 °C (sol state), Fig. 8a displays steady shear rheology

4578 | Mater. Adv., 2025, 6, 4566-4597

K is the flow consistency index

n is the power law index, express the extent
of shear thinning during flow

o is the upper limit of the viscosity

A is the relaxation time, 4

o is related to n, and expresses the
degree of shear thinning.

Newtonian liquid-assisted®”
Prepolymer solution of gelMA 5 w/w%°®

Alginate hydrogels®®
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Dynamically cross-linked granular hydrogels'®*
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Alginate/gelatin hydrogels'*>
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Chitosan ink'**

Chitosan/graphe oxide hydrogels
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with characteristic pseudoplastic (shear-thinning) behaviour.
In contrast, Fig. 8b shows the gel state at 50 °C undergoing a
cyclic flow sweep—from low to high and then high to low shear
rates—demonstrating a non-thixotropic, plastic response.
LAOS measurements at a frequency of 20 rad s ' further
support these observations: the viscoelastic moduli shift under
applied stresses of 500 Pa and 5 Pa indicate structure break-
down and complete recovery, respectively, confirming the
presence of a true yield stress and the hydrogel’s capacity for
full structural regeneration."**

However, when the strain effects are dependent on time,
thixotropy is observed, a particular behaviour that will deserve a
more detailed explanation later on. In fact, the yield stress is
considered to be critical factor in 3D printing extrusion-based
processes. Above the yield stress the pressure required for
extrusion decreases, and reversible yielding processes will
correlate with the printing accuracy, mechanical stability and
shape integrity of injectable/printable hydrogels.”>%"*>11°

The stress value required to initiate flow is called the ‘static
yield stress’ and the stress value measured when flow stops is
called the ‘dynamic yield stress’. In the extrusion process, the
‘static yield stress’ is the upper steady state limit, which
indicates some structural breakage or reorganization necessary
for flow to begin. Conversely, as the material exits the die and
the shear rate becomes zero, the flow stops and the value of the
dynamic yield stress does not relax to zero, because of the solid-
elastic-like behaviour of the reformed structure. Additionally,
the static and dynamic yield stress values inform about the
microstructural changes that occur during printing process.
Although the relationship between the static and dynamic

© 2025 The Author(s). Published by the Royal Society of Chemistry
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critical stress and the printability or injectability parameters are  of yield stresses remains one of the main rheological contro-
well accepted, the concept and the experimental determination versies in the rheology of soft materials. This is because most
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soft materials have no real yield stress as they can flow on
sufficiently long time scales. Therefore, in 3D printing, the
concept of yield stress will correspond to the stress necessary
for flow on the time scales relevant to the application and
processing of these materials. In the practice, numerous ways
are reported to determine experimentally the yield stress para-
meter. Reports on the field include (a) steady flow, (b) oscilla-
tory shear, and (c) creep test, to name a few examples.*>*”18
Fig. 7b provides an example of the determination of the yield
stress for a hydrogel from steady shear flow measurements
using the Herschel-Bulkley model. It should be noted that in
this case, the effect of slip has been previously corrected for in
order to enhance the accuracy and precision of the results.
However, to fully understand the 3D printing extrusion or
injection of viscoplastic hydrogels, it is necessary to measure
the flow behaviour through capillary flow experiments. Flow
profiles have been studied using techniques such as embedded
fluorescent bead tracking,"**'*° small-angle or neutron X-ray
scattering,"** or polarization microscopy.'** In general, it has
been shown that the flow of hydrogels exhibit a region in the
centre of the capillary where there is not shear but deformation
by plug flow, while near the capillary wall, the hydrogel under-
goes the largest shear velocities. Fig. 7c illustrates the velocity
profiles rationalized according to plastic flow models. As yield
stress values is exceeded, the amplitude of the plug flow zone
decreases. These results are of great relevance for hydrogels used
as bioinks, as the non-sheared zone will protect cell survival.">?
3.2.4. Thixotropy. A thixotropic fluid takes a finite time to
reach equilibrium viscosity when subjected to a step change in
shear rate.">® The viscosity decreases continuously by applying
a shear rate, but when the flow stops, the material start to
rebuild its structure and viscosity can increase over time.
Therefore, thixotropy is a time-dependent shear-thinning prop-
erty related to the shear-induced structural changes. As in the
case of yield stress determination, the value of thixotropy can
vary depending on the specific experimental parameters of the
test, so it is important to use the same experimental methods
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and parameters to ensure a reliable comparison between
different formulations.

Thixotropy is observed usually in colloidal gels."”*'** The
microstructure of these systems changes during shearing from
randomly spatially distributed particles to particles oriented
with the flow direction. Upon cessation of flow, the reconstruc-
tion of the microstructure can take a long time, because only
Brownian motion is present at that time. Polymer gels can also
exhibit thixotropic behaviour, which is manifested by the
change of their microstructure during shearing. However, the
term thixotropy, in the context of hydrogel injectable design, is
understood closely related to self-healing properties, as it is
connected to the tendency of a gel system to reorganize
the bonding interactions after the mechanical deformation.
Thixotropy is understood as an optimal mechanical property
observed in many gel systems where the gels break into a quasi-
liquid or solution-like state under mechanical strain and
recover their original form (here, gel) under static conditions.
Therefore, in that context, thixotropy is a reversible, isothermal,
time-dependent shear-thinning behaviour of gel systems
distinguished by reversible transformation from gel-sol-gel
structural transition.'**"**®

To recognize thixotropic behaviour, several measurement
procedures are available. The most commonly applied is the
hysteresis loop, in which a shear rate ramp-up and a consecu-
tive ramp-down measurement are performed, until the shear
rate is reduced to its initial value. If the down-ramp measure-
ment indicates a lower viscosity and lower yield stress, thixo-
tropy is present, and the amount of thixotropy can be deduced
from the area between the hysteresis loop'*® [Fig. 9a]. Although
this type of measurement is commonly used, it suffers from
several shortcomings. Firstly, shear rate and time are coupled,
which makes it difficult to assign the observed behaviour to the
correct parameter. The second problem is the fact that the
measurement is highly dependent on the shear history, the
maximum shear rate and the acceleration rate. Finally, irrever-
sible effects due to viscoelasticity can cause the formation of a
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Fig. 9 Thixotropy response with finite time to structural recovery: (a) hysteresis loop for carbopol gel at different concentration. Reprinted
with permission from ref. 129. Copyright© 2024 AIP Publishing, (b) irreversible structural breakdown in the experimental time scale reported for
self-assembled nanofibers of double-hydrophobic elastin-like hydrogels. Reprinted with permission from ref. 126. Copyright © 2021 MDPI.
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hysteresis loop, which makes it impossible to attribute the
observed behaviour to the correct effects.

Another type of measurement for the determination of the
thixotropy of hydrogels is the three-step oscillation method
(or three-interval thixotropic test (3ITT)) [Fig. 9b]. In the experi-
ment, three consecutive oscillation time sweeps with different
strain amplitudes are applied to the sample, inside and outside
the linear viscoelastic region (LVR). Thus the sequence of the
experiment is as follows: (1) the structure at rest is evaluated
within the LVR regime, moduli with G’ higher than G” indicates
solid-type behaviour (gel state) (2) large strain amplitudes out-
side the linear regime cause the structure to break, and the
behaviour becomes G’ > G’ (liquid-type behaviour), and
(3) regeneration of the structure is observed at low strain
amplitudes, within the LVR condition. Under LVR condition
of low strain amplitude, shear does not affect the structure,
thereby simulating a quiescent situation. This sequential test is
employed for the assessment of thixotropic recovery. Total
recovery is observed in Fig. 8c, whereas Fig. 9b shows only
partial recovery, highlighting the hydrogel’s thixotropic nature.

4. Bioprinting

The additive manufacturing fabrication concept has democra-
tized the capacity for obtaining complex 3D shapes for numer-
ous applications. One of the most important synergistic
combinations is aroused by merging the intrinsic capacities
of obtaining complex, multi-material three-dimensional shapes
with the soft material properties provided by hydrogels, and the
incorporation of biologically active components. This combi-
nation has attracted the attention of biotechnology researchers,
leading to the term bioprinting."*® As in the case of addi-
tive manufacturing, the term bioprinting does not focus on a
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specific type of additive manufacturing, but on the final bio-
logical application of the obtained 3D object. In the same
manner, hydrogels exploited for 3D printing are known as inks
or bioinks depending on their formulation. Groll et al. defined an
ink as a biomaterial used for printing and cell-contact occurs post-
fabrication, and bioink as ‘a formulation of cells suitable for
processing by an automated fabrication technology that may also
contain biologically active components and biomaterials."**

Among the different bioprinting options, two major manu-
facturing concepts can be differentiated. The first type of
manufacturing is material extrusion bioprinting.>'**"*? This
type of manufacturing focuses on the extrusion of material
through a printing nozzle that selectively deposits the material
to generate the final 3D part. The second type focuses on the
photopolymerization of water-based precursors that give rise to
the final cross-linked hydrogel."** In both cases, the physicochem-
ical properties in general, and the rheological properties in
particular, have imposed a series of requirements for the material
to be valid in a certain type of manufacturing. Thus, the rheol-
ogical characterization of the material has a pivotal role in
predicting the capabilities of materials in bioprinting. In the same
way, they imposed limitations for a certain types of materials,
resulting in a lever for the development of new technological
solutions that allow the manufacture of a greater range of materials.
Thus, in the following points, the importance of rheological features
in different bioprinting options will be described.

4.1. Material extrusion bioprinting

As mentioned, material extrusion bioprinting relies on the
selective deposition of fluidized material through a printing
nozzle or needle that, afterwards, consolidates in a solid
structure capable of retaining the imposed 3D shape. The most
conventional material bioprinting is the so-called direct ink
writing (DIW) [Fig. 10a].

b) Digital Light Processing (DLP)
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Fig. 10 Conventional bioprinting technologies: (a) direct ink writing (DIW) and (b) digital light processing (DLP).
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From a rheological point of view, this process is governed by
the flow capabilities of the material through the printing nozzle
to produce a continuous bead. The required shear stress and
the resulting shear rate can be estimated by well-established
analytical equations.”> However, these equations assume a
fully-developed flow with neglectable flow entrance effects,
which is usually the case. The extrusion capabilities of the
material are highly affected by the geometrical configuration of
the printing nozzles. Conventional printing nozzles usually
present either a straight or a tapered conical configuration.
In the case of straight needles, the volumetric flow (Q) can be
calculated as a function of the applied pressure, as shown in
eqn (13):°¢

0=

TR ((AP)R) 1/n (13)

(1/n) +3\ 2mL

where R and L are the capillary radius and length respectively
and m and n the consistency index and pseudoplasticity index
related to the power-law of pseudoplastic materials.

The analytical approximation works for tapered cylindrical
geometries, resulting in eqn (14):°¢

] (52
3n |m\n R, — Ry
with R; and R, as the initial and final radii of the printing
needle, respectively.

During a DIW process, no material accumulation occurs and
therefore, the volumetric flow that exists in the printing nozzle
is deposited in the printed strand. As a first approach, it is
possible to estimate the printing velocity (Vprinting) by assuming
that the printing velocity equals the exit velocity (Veyc) of the
material. This is not always the case as (I) the printing velocity
is usually higher than the exit velocity, resulting in a material
elongation and (II) the layer thickness is usually lower than the
nozzle diameter. However, this assumption is a good starting
point for the optimization of the printing process.

After that, the material must be reconstituted to generate a
solid strand capable of maintaining the printed geometry.
As the main advantage of bioprinting, the obtained 3D objects
tend to be porous structures produced by depositing material
bridges previously printed strands. Finally, the characteristics
of the ink have to provide enough mechanical support for the
consecutive layers to produce the final 3D geometry. Based on
these two steps, Williams et al. al discussed the implications of
rheological parameters in DIW>® and proposed a printability
roadmap based on simple rheological experiments.>® This
initial approach might serve as a reference but is not specifi-
cally designed for hydrogels.

Extrusion-based bioprinting for hydrogels by DIW is closely
connected with the yield stress and the elasticity of the fluid.
As explained in Section 3, yielding fluid requires a minimum
shear stress to promote the material flow. Hydrogel yield stress
depends on the network structure and the presence of other
components such as fillers or biologically active components
(e.g, cells or drugs). The effect of the material structure on the
yield stress and its importance on printability in DIW printing

(14)
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has been recently reviewed.” Briefly, yield stress is related to the
presence of weak interactions (i.e. hydrogen bonds or inter-
particle interactions) within the hydrogel. However, shear
stresses in conventional DIW printers used to be high enough
to overpass the yield stress, resulting in the material flow.

The material behaviour during flow is also considered in
DIW. In fact, most of the hydrogels used for this technology
showed a remarkable shear-thinning behaviour, denoted by the
decrease of the viscosity as the applied shear rate increases.**'*®
As a representative example of the shear-thinning characterization,
Nelson et al evaluated the shear-thinning characteristic of a
yielding mixture of reactive methacrylic monomers and F127-
dimethacrylate hydrogels.”*® They discussed not only viscosity
curves (viscosity vs. shear rate) but also the flow curves (stress vs.
shear rate) and fitted the obtained results to the Hershel-Bulkley
model for yielding fluids. However, multiple times shear-thinning
is wrongly attributed to the hydrogel flow instead of the plug flow.
Plug flow is a characteristic of the yielding fluids and it occurs when
the material slips through the dye and, consequently, the inner part
of the extrudate is not subjected to shear. An initial approach to
identify the possible wall slip is to analyze the flow curve.
A constant value of the shear stress as the shear rate increases is
indicative of material slip in the measurement. This effect is
translated to a characteristic slope of —1 in the viscosity curve,
which can be misinterpreted as a shear-thinning behaviour. This
characteristic slope of —1 does not unequivocally prove that a plug
flow is generated during the extrusion of the material since the flow
profiles in the rheometer and during extrusion are different, but a
certain level of wall-slip should be expected.'**

Once the material exists in the printing needle, it consoli-
dates into a solid strand that leads to the final 3D object. This
step could be approached from two different perspectives
depending on the type of hydrogel printed. Many hydrogels
base their printing capabilities on a physical structural recovery
process (step 2a) which is usually attributed to a high thixo-
tropic behaviour of the material, but also can be promoted by
material reaction in the printing platform (e.g., by UV irradia-
tion, coagulation, or temperature change). The capacity of the
hydrogel to produce a successful reconstruction after extrusion
is usually addressed using a three-interval thixotropic test
(3ITT).>° As it has been commented in Section 2, this protocol
consists of applying a time sweep with 3 differentiated ampli-
tude regions. The first and last steps are performed using an
amplitude within the linear viscoelastic region of the hydrogel,
whereas during the middle step, a high amplitude oscillatory
shear (far from the linear regime) is applied in order to
simulate the flow conditions of the extrusion. The key para-
meter of this experiment is the time that the hydrogel requires
to recover the elastic character again (G’ > G") after the non-
linear step. In most examples of printable hydrogels, the
recovery of the elastic modulus occurs almost instantly,
although printable hydrogels with recoveries of up to 90 seconds
have been reported.'*®

Although the previous experiments can give an idea of the
capabilities of gel to be able to be printed, these results cannot
be directly correlated with relevant parameters for printing
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such as resolution, printing accuracy and fidelity or the maxi-
mum printing height. To address the printing capacities of
materials and to correlate them with the rheological behaviour
of the material, specifically designed 3D objects have been
proposed as benchmark structures to correlate the ultimate
printing performance and the intrinsic rheological properties
of hydrogels. The maximum height that a printing can achieve
is directly related to the capacity of the material to retain the
shape without deforming. This characteristic is, of course,
directly related to the yield stress of the material. In literature,
several studies proposed an empirical threshold value for the
elastic modulus between 800 and 1000 Pa.'*” However, more
systematic approaches were proposed. Liu et al. correlated the
yield stress of the printable ink with the maximum height
achieved during the printing."*” To do so, they establish the
printing yield stress, o}, using a truncated cone shape as a
benchmark stricter. Thus, the printing yield stress, o}, is
defined as the maximum height that can be printed without
observing the material buckling. Additionally, the study asses
the rheological requirements for successful printing and deter-
mines that two different criteria have to be accomplished. The
first one is the ‘“recoverability” criterion and related to the
down-ramp yield stress, o, , and the second one is to the
“material strength” that was correlated with the creep yield
stress, oy, and flow yield stress, of. Similarly, the maximum
length of the bridges has been investigated. For that, Therriault
et al. developed a printing protocol to address the maximum
distance that a material can support without collapsing and
correlated with the yield stress of the ink."*%%°

In some cases, printed hydrogels are unable to produce
three-dimensional pieces due to an inefficient consolidation
process. In these cases, the material can be provided with
sufficient mechanical strength through post-treatment (step
2b). The strategy consists of crosslinking the material at the
nozzle exit using an external stimulus (e.g., UV light, thermo-
gelation or immersion in chemical solutions).

One of the most important aspects of printing is the fidelity
and precision of the printed parts. Multiple alternatives to
address printing accuracy, fidelity and precision can be found
in the review papers of Marto and coworkers®" and Malda and
coworkers.” According to their work, the main rheological
factors influencing the printing quality are the yield stress,
the elastic modulus and tan delta values as well as the recovery
time in thixotropic experiments. However, the quantitative
analysis of the influence of each of these parameters is still
unclear. According to Gillispie et al.,**® G’ and yield stress can
be associated with the capacity to forming high bridges while
high tan delta values are correlated with high turn accuracy.
However, further analysis should be performed to standardize
printability measurements.

4.2. Rheological restrictions for printing: beyond direct ink
writing (DIW)

The rheological analysis of DIW permits the material tuning to
accomplish with the printing requirements of this technology.
In the same way, it imposes a series of restrictions that not all
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hydrogels might fulfil. In general terms, the major difficulties
for a material printing can be classified into an inadequate
viscosity of the material during flow and a high thixotropic
effects of the ink that impede the material self-standing during
printing. Researched tried to overcome these limitations and,
as a result, expanded the material bioprinting beyond the
conventional DIW.

4.2.1. Incorporation of rheological modifiers. Hydrogels
are often formulated with rheological modifiers to achieve the
appropriate rheological properties for DIW. The role of these
modifiers can be to modify either the extrusion capabilities or
the recovery of the hydrogel structure.

As a key parameter for extrusion, viscosity limits the print-
ability of hydrogel materials, usually due to high viscosity. In
order to produce a correct extrusion, researchers worked with
rheology modifiers (usually of low molecular weight hydrogel
precursors) that are crosslinked immediately after extrusion,
either chemical or light-induced crosslinking.**>*#*'*> Alterna-
tively, Fitremann et al. proposed the printing of dimethylsulf-
oxide soluble low molecular weight precursors that, while
printing in a water bath, are capable of producing the hydrogel
through a self-assembly process.'*> However, such methodo-
logy is highly dependent on the material’s self-assembly proper-
ties as well as the printing parameters. In a different approach,
several researchers focus on the combination of different
polymer networks to produce the required viscous dissipation
for the flow. This concept of double-network proposed an
interesting approach in terms of material development.'**

However, in some cases, the viscosity has to be increased to
produce a successful printing. In this case, hydrogels used to be
modified with yield stress fluids (i.e. Carbopol or Pluronics
F127) to maximize the printing capacities of such hydrogels.'*>"*¢
These types of fluids permit as well a precise tuning of the material
thixotropy and recovery after printing.

The use of rheology modifiers is highly extended in litera-
ture. However, this strategy might alter the mechanical and/or
biological behaviour of the hydrogel and compromise its per-
formance as a biomaterial. In this sense, a thorough selection
of the rheological modifier is required.

4.2.2. Printing into supporting media. Obtaining objects
from low-moduli gels and highly thixotropic materials presents
a remarkable challenge for material printing. These types of
materials attract interest as they can mimic the mechanical
characteristics of extracellular matrix (ECM). However, the lack
of elasticity and/or the inappropriate kinetics results in insuffi-
cient support for successive layers, resulting in the structure
collapsing. In order to face these problems, new bioprinting
concepts have been introduced by directly printing into
supporting media."*”""*° Among other advantages, this kind
of printing permits the production of vascularized objects.**’”
As an example of supporting media approaches, suspended
layer additive manufacturing (SLAM) takes advantage of yield
stress materials of different slurries as printing media for DIW
hydrogels."*® This concept was expanded even further in order
to produce embedded printing with multi-internal surfaces."®
Undoubtedly, the rheological control of the yield stress of the
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printing medium is key for successful printing in those cases.
Granular hydrogels based on Carbopol ETD 2020 are consid-
ered a gold standard for yield stress supporting media®>**>
although different slurries based on agarose, gelatins'*® or
Pluronic F-127"°° have also been proposed.

Another straightforward approximation was to produce the
bioprinting at low temperatures. This approach was used by
Forte et al. to produce printings of super soft hydrogel compo-
site by directly printing into an isopropanol bath cooled using
solid carbon dioxide."

4.3. Vat photopolimerization bioprinting

The pioneering technology of additive manufacturing of vat
photopolymerization (VP) has also been applied for hydrogel
bioprinting.’***** The general concept behind the fabrication
is the generation of a 3D object through a photoinduced
chemical reaction that results in the solidification of the initial
resin. Therefore, the selective illumination of the resin, either
point by point or layer by layer, results in a selective solidifica-
tion of the resin into the desired pattern.'®

Initial VP relies on stereolithography (SLA) as a printing
process. This fabrication consists of the irradiation of indivi-
dual points of the model in a mobile printing platform. As a
result of this point-by-point fabrication, high-resolution objects
can be obtained, although the printing times were relatively
high. Vat photopolymerization was democratized with the
irruption of digital light processing (DLP). In contrast to SLA,
this technology irradiates the sample layer by layer using an
LED projector, which significantly reduces the price of the
printing as well as the printing times. From these initial
processes, new concepts arose in vat photopolymerization.
The main ones are related to two-photon photopolymerization
and volumetric printing. The first uses femtosecond pulses to
produce photons within the reactive resin. Similarly, volumetric
printing superimposes images at different angles to produce
prints inside the resins without the need for printing support.

These fabrication technologies have been as well applied to
hydrogel resins, leading to a new type of bioprinting technol-
ogy, mainly using DLP [Fig. 10b]. In contrast to extrusion-based
bioprinting, the material is not subjected to significant shear
forces to produce the flow, which might eventually kill the cells
and bioorganisms during printing. However, the main draw-
back comes from the need for application of light, which might
be detrimental to cell viability, as will be discussed later.

From a material point of view, these fabrication techno-
logies require reactive resins that, upon light irradiation, are
capable of producing a solidification of the material. Similarly,
hydrogel precursors have been applied to produce photocros-
slinkable resins, using water as the medium that is going to be
retained after polymerization.

The rheological requirements for the validation of material
in vat photopolymerization are not as strict as the ones for
material extrusion bioprinting. In this case, the viscosity of the
resin, composed of hydrogel precursors and water, might be the
most important limitation. During printing, the resin should
cover the already formed layer, in order to provide fresh
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material for the following layer to be printed. Thus, a viscosity
window is required for a correct printing, usually, between 0.1
and 10 Pa s.">* Apart from that, rheological measurements have
been extensively used for monitoring the gelation processes.
The prerequisite for this type of fabrication is the material to
produce a fast photopolymerization that results in the material
cross-linking. The experimental condition of these tests consist
of performing time sweeps while illuminating the sample. The
analysis permits to follow the cross-linking kinetics, as well as
determining the gelation point of the material.

4.4. Biological implications of bioprinting

The ultimate goal of bioprinting is to produce a biologically
active object, where the hydrogel material, the biologically
active component and the final shape interact synergistically
to produce next-level applications. However, transformation
processes implied in bioprinting might reduce, or even spoil,
the bioactivity of the components of hydrogels.'*

During a DIW process, material is initially subjected to
relatively high shear rates (and shear stresses) that interfere
the cell viability.'*®***'>” Given that cell survival depends on
the velocity and shear rate profiles to which the cells are
subjected, a possible approximation can be to change the
velocity profile inside the printing needle. Pochan et al. studied
the cell survival for a cell dispersion while injected through a
syringe, and compared to those encapsulated within a B-haipin
hydrogels."*® They conclude that the yield stress of proposed
hydrogels transforms the velocity profile of the stream into a
plug flow fashion profile. This characteristic profile occurs
when only the outer layers, those that are subjected to shear
stresses greater than the yield stress, are able to flow. As a
consequence, the cells incorporated into the core of the hydro-
gel do not suffer shearing forces, increasing the cell’s survival.
Modifying the velocity profile towards plug flow fashion pro-
files is an alternative that can be extrapolated to bioprinting. In
fact, it is very likely that hydrogels usually named ‘shear-
thinning” produce wall slip during printing. However, a correct
understanding of the effect of velocity profiles on the biologi-
cally active components might permit establishing a connec-
tion between the hydrogel formulation, the rheological
performance and the bioactivity of the final printing.

As mentioned, vat photopolymerization processes rely on the
application of energetic lights (usually in the UV or blue range of
the visible spectrum) to produce the chemical cross-linking of the
hydrogel. Both the radiation itself and the chemical reaction
undergoing upon irradiation have a detrimental effect on the cell
survival."*® It is widely accepted the effect of radiation in the cell
viability, to the extent that the term phototoxicity was used to name
this effect."”® The adverse effect on biological structures is
obviously dependent on the wavelength and dose.** However,
the UVA range and shortwave visible wavelengths have been
demonstrated harmful to cells and DNA."*® Apart from producing
soft solid 3D structures, the utilization of hydrogels can provide
extra protection for cells against light and harmful environments.

Apart from radiation, multiple components of the hydrogel,
such as monomers*®® or photoinitiators,**>*** are demonstrated
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cytotoxic. To overcome this problem, no cytotoxic alternatives
have been developed. As a general trend, natural biopolymers or
their modifications, such as gelatin-methacrylate (Gel-MA),*®*
alginate'®* and others. Regarding radical photoinitiators, lithium
phenyl (2,4,6-trimethyl benzoyl) phosphinate (LAP) is considered a
water-soluble and non-cytotoxic gold standard photoinititator for
vat photopolymerization bioprinting, although its cytotoxicity is
currently under discussion.'®*'*>'%® As a consequence, other
photoactivated cross linking chemistries are being investigated.
Among them, the most promising alternative is the thiol-ene
chemistry.'®*'%” As an example, Burdick et al. developed cytocom-
patible norbornene-modified hyaluronic acid that were printed
by DLP technology.'®® In addition, other types of photoinitia-
tors such as conjugated polymer nanoparticles are also being
explored.'®*'7°

The use of hydrogels as inks for both DIW and VP bioprint-
ing permits extra protection for bioactive molecules and cells
throughout different methods. These effects, in addition to
their capacity to mimic biological tissues and fulfil the rheolo-
gical requirements of bioprinting, have boosted the number of
applications in relevant biological and medical fields.

5. Biomedical applications of 3D/4D
printed hydrogels

Advances in 3D printing technologies, along with the refine-
ment of hydrogel features that fulfill biological functions while
remaining compatible with 3D printing techniques, are driving
the development of bioprinted constructs capable of
more accurately replicating the morphological, biochemical,
and functional characteristics of human tissues. Initially, 3D
printed hydrogels must be non-cytotoxic and biocompatible for
intended biomedical applications. Over the last few decades,
there has also been a significant expansion in objectives, with a
growing emphasis on inducing cell differentiation within 3D
tissue in vitro models. In this regard, the hydrophilicity and
swelling of hydrogels facilitate the permeation of drugs, oxygen,
nutrients, metabolism, and waste for effective drug and/or cell
delivery ensuring optimal cell fates for tissue repair and local
microenvironment remodelling.'”* Furthermore, the ability of
smart hydrogels to change their properties over time in
response to external stimuli, (i.e., temperature, pH, enzyme
activity, or redox balance) makes 4D printed hydrogels ideal
candidates for biosensing.'”?

5.1. In vitro tissue models

Hydrogels are used as bioinks for 3D in vitro models that
present higher performances in comparison to traditional 2D
cultures and commercial tissue-like models. For example,
Lazzari et al. demonstrated how spheroid models of pancreatic
cancer (PDAC) mimic the microenvironment’s effect on drug
sensitivity and treatment resistance, similar to what is seen
in vivo. The model, which replicated key features of PDAC, was easy
to use and could be valuable for drug screening, studying cancer
cell-stroma interactions, and examining tumor angiogenesis.'”
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Rath and co-workers developed a 3D lung cancer spheroid model
with human A549 cells embedded in a collagen gel. Them, they
successfully proved the efficacy of a tryptophan-rich anticancer
peptide (ACP) against A549 spheroids (>75%) at low concentra-
tions, without harming healthy human amniotic membrane
mesenchymal stem cells (<15%)."”* In another study, Skardal’s
group designed a 3D organoid consisting of liver, cardiac, and lung
constructs to investigate liver metabolism of the prodrug capecita-
bine into 5-fluorouracil (5-FU), thus observing downstream toxicity
in lung and cardiac organoids. Furthermore, they expanded this
model to six humanized constructs, including liver, cardiac, lung,
endothelium, brain, and testes organoids, and demonstrated
multi-tissue interactions by metabolizing the alky-lating prodrug
ifosfamide in the liver organoid, which produced chloroacetalde-
hyde and induced downstream neurotoxicity.'”> 3D bioprinting of
hydrogels affords precise control over the 3D structure and spatio-
temporal distribution of materials, cells, and/or bioactive mole-
cules. Interestingly, in vitro models enable the testing of novel drugs
or therapies in environments that closely mimic physiological
conditions, thereby avoiding animal experimentation.

In the case of 3D extrusion printing of cell-laden hydrogels,
several parameters need to be considered such as the hydrogel
concentration, the temperature and printing time, as well as
the needle diameter and plug flow to control the shear rate
facilitating the cell survival. Multiple natural and synthetic
polymers have been used as hydrogel matrixes for bioinks.
Alginate was one of the first types of polymeric hydrogels
investigated as a bioink. Mei and co-workers synthesized bio-
degradable hydrogels, based on oxidized alginate modified
with an arginine-glycine-aspartic acid (RGD) peptide sequence,
which were used to encapsulate human adipose-derived stem
cells (hADSCs) to be later printed in a defined lattice structure
on a gelatin substrate that physically cross-linked the hydrogel.
These alginate-based bioinks were able to modulate the pro-
liferation and spreading of hADSCs without affecting the
structure integrity of the lattice structures. The optimal para-
meters for hADSCs proliferation were a 5% oxidation percen-
tage, alginate concentrations ranging from 10% to 15% w/v,
and kinematic viscosities from 400 to 3000 mm® s~ "."”® Primary
constituents of the body’s native extracellular matrix (ECM)
include natural polymers like collagen, elastin, and fibrinogen,
which have drawn a lot of attention in bioink formulations. In
this sense, hydrogels from collagen type-I and high-G-content
LF10/60 alginate with embedded preosteoblasts and hADSCs
cells were also developed to promote higher osteogenic activities
than the “conventional” alginate-based bioinks. In another
approach, chondrocytes were re-suspended in collagen/alginate
solutions and placed into extrusion cartridges for extrusion
through a 0.26 mm V-type needle. After printing, the 3D
constructs were physically crosslinked with 10% CacCl, and
0.1% FBS and incubated in the culture medium for 3, 7, and
14 days to construct in vitro 3D cartilage tissue. Changmo
Hwang and co-workers proposed a coaxial-nozzle-based print-
ing method using a gelatin bioink prepolymer with a tyramine
functional group, containing different cell types, human umbi-
lical vein endothelial cells (HUVECs) and human dermal
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fibroblasts (HDFs), for vascular structure generation. Polyethy-
lene glycol (PEG) was introduced as a spacer between gelatin
and tyramine (GPT) to accelerate the gelation process through
an enzymatic crosslinking, in less than 5 seconds. The coaxially
extruded tubes, featuring HUVECs-in-core (gelatin) and HDFs-
in-GPT sheath (GPT) configuration, demonstrated a radial
distribution of multiple vascular cells, serving as a proof-of-
concept for one-step generation of 3D vascular constructs."””

Nowadays, the focus is also on photopolymerizable
bioinks."”®% Eben Alsberg and co-workers designed a photo-
polymerizable bioink that consisted of ionically cross-linked
oxidized and methacrylate alginate (OMA) microgels. The
hydrogels were easily printed to be further chemically cross-
linked when a photoinitiator (PI) and a UV absorber were
incorporated leading to 3D bioconstructs with a crosslinked
gradient. To demonstrate their feasibility as cell-laden bioinks
for 4D living cell bioprinting, three types of cells were exam-
ined, fibroblasts (NIH3T3), a cancer cell line (HeLa), and
human bone marrow-derived mesenchymal stem cells (hMSCs).
The cell-laden printed hydrogels showed high cellular viability
after 24 h culture for 4D living cell bioprinting.'®! Khoon S. Lim
et al. developed photocurable hydrogels based on methacrylated
poly(vinyl alcohol) (PVA-MA), gelatin-methacryloyl (Gel-MA), and a
visible light photoinitiator that allowed the bioprinting of con-
structs with high-resolution (25-50 um). Human mesenchymal
stromal cells (MSCs) and articular cartilage-derived progenitor
cells (ACPCs) were laden into the hydrogels and processed
through DLP 3D printing leading to bioactive constructs with
long-term survival (>90%) of encapsulated cells up to 21 d.'*?
In this line, Kaushik Chatterje et al synthesized photocurable
methacrylate-k-carrageenan (MA-k-CA) as a precursor for DLP 3D
bioprinting with encapsulated NIH-3T3 cells, using lithium phe-
nyl (2,4,6-trimethyl benzoyl) phosphinate (LAP) as a photoinitiator
and tartrazine as a photoblocker, and exposed to the cytocompa-
tible visible blue light (405 nm) to fabricate 3D hydrogels with
complex structures. The NIH-3T3 cells embedded within the 3D
printed scaffolds showed high viability and good proliferation
over several days [Fig. 11A]."%?

5.2. Tissue engineering and wound healing

Natural polymer-based hydrogels have been integrated with
bioactive glasses that possess angiogenic properties and aid
tissue regeneration. Bertuola et al. fabricated 3D printed scaf-
folds from hydrogels formed by a mixture of natural polymers,
gelatin, alginate, and hyaluronic acid, and different concentra-
tions of bioactive glasses (2-8% wt). The hydrogels were physi-
cally crosslinked by calcium and showed tensile modulus in
the range of 130 kPa to 160 kPa, similar to skin tissue.
Fibroblast cells could attach and grow onto the surface of the
3D printed scaffolds, revealing they were not cytotoxic. Besides,
a hydroxyapatite layer was created in the scaffolds after 2 days
cell culture for osteochondral interface scaffolds.'®® Recently,
we developed printable hydrogels made of alginate (Alg)
pre-crosslinked with calcium, microcrystalline cellulose (MCC),
and a tripeptide, Fmoc-FFY (Fmoc: 9-fluorenylmethoxy-
carbonyl; F: phenylalanine; Y: tyrosine), which promoted cell
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adhesion. The cytocompatibility of the 3D printed scaffolds
was tested in contact with MG63 osteosarcoma cells. Although the
cell growth was retarded in the scaffolds containing the peptide,
cells exhibited a heightened propensity to foster adhesive inter-
actions with the scaffold rather than with other cells for potential
bone tissue engineering applications.™ Silk fibroin modified with
glycidyl-methacrylate (Silk-GMA) hydrogels were loaded chondro-
cytes and processed by DLP 3D printing. In vitro cell tests proved
that the 3D bioprinted Silk-GMA hydrogels ensured chondrocytes
viability, proliferation and differentiation to chondrogenesis.
The in vivo transplantation of the 3D bioprinted scaffolds into a
partially defected trachea rabbit model demonstrated the for-
mation of new cartilage like tissue and epithelium surrounding
the transplanted scaffolds for cartilage regeneration purposes
[Fig. 11B]."%

3D bioprinted scaffolds, with a surface of 2 x 2 cm and
400 pm thickness, were designed for cardiac tissue regeneration.
They were composed of a hyaluronic acid/gelatin hydrogel matrix
containing human cardiac-derived progenitor cells (hCMPCs).
Subsequently, they were transplanted in a mouse model of
myocardial infarction (MI) resulting in a notable decrease in
adverse remodeling and the preservation of cardiac performance,
as confirmed through high-resolution magnetic resonance ima-
ging (MRI) and histological analyses. In addition, the 3D bio-
printed scaffolds supported the long-term in vivo survival and
engraftment of hCMPCs, which exhibited a progressive increase
in cardiac and vascular differentiation markers over 4-weeks."*®
Tuszynski and co-workers created biomimetic central nervous
system (CNS) 3D printed structures, from gelatin methacrylate
(GelMA) and poly(ethylene glycol) diacrylate (PEGDA) loaded with
neural progenitor cells (NPCs), which could be easily customized
and scaled to match the specific shape and length of spinal cord
lesions in individual patients. The 3D bioprinted scaffolds sup-
ported axon regeneration and formation of new ‘neural relays’
across transection sites of complete spinal cord injury in vivo in
rodents to restore synaptic transmission and improve functional
outcomes enhancing CNS regeneration.'®” In the same line, He
et al. developed a biomimetic epithelium/stroma bilayer implant
with robust surgical handling ability for corneal regeneration
based on PEGDA-GelMA hydrogels via DLP. A bi-layer dome-
shaped corneal scaffold was printed. It was comprised of a first
epithelia layer formed by the rabbit corneal epithelial cells
(rCECs)laden PEGDA-GelMA hydrogel and a second fibrous
stroma layer made of rabbit adipose-derived mesenchymal stem
cells (rASCs)laden PEGDA-GelMA hydrogel and orthogonally
aligned. This 3D bioprinted corneal was applied in a rabbit
anterior lamellar keratoplasty (ALK) model giving rise to efficient
sealing of corneal defects, re-epithelialization and stromal regen-
eration. The synergistic interplay between the microstructure of
the 3D printed corneal scaffold and the precisely positioned cells
within the epithelial and stromal layers created an ideal micro-
environment for corneal regeneration.'®®

5.3. Drug delivery

3D printing-based drug delivery platforms enable rapid and
precise manufacturing, facilitating efficient personalized drug
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(A) Schematic representation of 3D bioprinting of MA-k-CA prepolymer solution mixed with NIH 3T3 cells (a.1) and a digital photograph of DLP

printed 3D tissue construct (a.2). 3D fluorescence image of merged live/dead NIH 3T3 cells stained with calcein AM (live cells: green) and ethidium
homodimer | (dead cells: red) on day 30 (a.3). Adapted and reprinted with permission from ref. 183. Copyright 2022 Elsevier. (B) Artificial trachea printed
by DLP with chondrocyte from rabbit ear, and cultured for 1 week (b.1). Artificial trachea was implanted. Scale bars represent 5 mm (b.2). Endoscopy at
6 weeks after trachea transplantation (b.3). Adapted and reprinted with permission from ref. 184. Copyright 2019 Elsevier.

delivery and treatment, and minimizing the risk of side effects
stemming from overdoses,'®® which is even more critical in
children that need drug doses adapted to their requirements
(age, weight, pathological state, etc.)."*>'°° 3D printed patient-
tailored medicinal hydrogels are a great alternative to traditional
solid tablets providing an attractive and funny eye-catching
appearance and rapid fabrication of dosage-personalized gum-
mies. For such purpose, different natural polymers, including
gelatin, carrageenan, xanthan gum, and starch, were investigated
as hydrogel inks loaded with ranitidine hydrochloride, a drug
used for the treatment of peptic ulcer disease and gastroesopha-
geal reflux disease in children that requires a variable dosage

© 2025 The Author(s). Published by the Royal Society of Chemistry

depending on the age, weight, and clinical condition of the
patient. The inks were processed by 3D extrusion printing and
the printed gummy oral dosages complied with the ranitidine
hydrochloride individual dose accuracy, uniformity of drug
content and dissolution, which depended on the hydrogel
formulation.”" In another work, 3D printed gummies were
obtained by DIW of hydrogels composed of gelatin, hydroxypro-
pylmethyl cellulose (HPMC), reduced syrup, water, and the anti-
epileptic drug lamotrigine. HPMC facilitated the printing at room
temperature, while the combination of gelatin and HPMC modu-
lated the viscosity and printability of the hydrogels, and the
strength of the gummy formulations after printing. Besides, the
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employment of food colouring sets allowed to obtain 3D printed
gummies with different colours making them more attractive for
children. The drug delivery profiles of lamotrigine-loaded printed
gummies showed almost 85% drug release within 15 min. They
were temperature sensitive and dissolved quickly at body tem-
perature (37 °C). Additionally, gummy formulations are generally
chewed and the small pieces will result in faster drug dissolution,
thus improving drug adherence of pediatric patients in future
clinical settings."*

SLA 3D printing also allows to fabricate high-resolution unit-
dose and modified-release oral dosage forms for industrial
production and personalized medicine. Solid bladder devices
were fabricated by SLA 3D printing of a thermoset elastic resin
and lidocaine, which allowed to slow the dissolution rate of
lidocaine and extend its local effect [Fig. 12A]. All solid devices
(10%, 30%, and 50% drug loading) were successfully printed,
with average weights of 1411.7 mg, 1564.7 mg, and 2549.2 mg,
corresponding to 150 mg, 450 mg, and 1250 mg of lidocaine,
respectively. The devices’ outer diameters were suitable for
catheter insertion. Drug delivery profiles from the 3D bladder
devices were obtained in 500 mL of simulated urine fluid to
simulate the dissolution conditions in the bladder. The devices
with higher lidocaine content (solid 50%) showed faster
release, with 90% released in 3 days. The solid 30% devices
followed first-order kinetics, releasing 88% over 14 days, while
the solid 10% devices had a nearly linear release, with 61%
released after 14 days. Reducing the concentration of elastic
resin increased the release rate due to lower crosslinking
density, which enhanced drug diffusion.'®® Basit and co-workers
fabricated 3D printed drug loaded hydrogels from SLA of a
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mixture that contained polyethylene glycol diacrylate (PEGDA),
polyethylene glycol (PEG), diphenyl(2,4,6-trimethylbenzoyl)phos-
phine oxide as a photo-initiator, and 4-aminosalicylic acid (4-ASA)
and paracetamol (acetaminophen) as model drugs. The drug
loading in 3D printed hydrogels was similar to the theoretical
ones, 5.69% for paracetamol and 5.40% for 4-ASA, meaning
that drugs were not degraded during the 3D printing process,
which is very interesting for thermally labile drugs. The dis-
solution profiles of the drug-loaded printed tablets were tested
in vitro simulating gastric and intestinal conditions of the
gastrointestinal tract. Results pointed out the drug release
initiated in the gastric phase and persisted throughout the
intestinal phase, and it was not affected by the pH. 3D printed
hydrogels with different crosslinking degrees were fabricated to
modulate the drug dissolution profiles by varying the percen-
tages of PEGDA and PEG within the ink formulation. Increased
quantities of PEGDA decreased the dissolution rate, whereas
higher concentrations of PEG 300 facilitated the drug release.
Almost 100% of paracetamol was released after 10 h from the
hydrogels containing 35% PEGDA, while it decreased up to 76%
for those containing 90% PEGDA. Similar trends were obtained
for the 4-ASA formulations."®* The same authors also proved
the addition of water (30% w/w) to the PEGDA/PEG formulation
to print hydrogels that contained and retained the water
endowing them with a pre-swelling effect prior to dissolution
testing, thereby increasing the drug release rate of ibuprofen.'®®
In the case of polymer hydrogels to be processed by SLA, one key
feature to be taken into account is the chemical reaction between
the photopolymer and the drug to be loaded. Basit and co-workers
showed the occurrence of a Michael addition reaction between the

b.2) 160

Resistance (kQ2)

3 6 9 12 15 18 21
Time (s)

(A) Photographs of the 3D printed structures, solid 10% device, solid 30% device, and solid 50% device. Scale in cm. (a.1) Cumulative release

profile of lidocaine hydrochloride from the 3D printed devices (a.2). Reprinted with permission from ref. 193. Copyright 2020 Elsevier. (B) 3D printed
hollow cube (left) and cone pattern (right) made of k-carrageenan/PAAmM DN hydrogel (b.1). Change of resistance with time when the 3D printed DN
hydrogel with the shape of number “S” was used as a conductor, and the insets show the 3D printed DN hydrogel-based strain sensor attached on the
wrist at different bending radians, 0, n/4, and nt/2, respectively (b.2). Reprinted with permission from ref. 198. Copyright 2018 Springer Nature.
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diacrylate group of PEGDA and the primary amine group of
amlodipine. Therefore, a careful selection of photocurable resins
needs to be addressed considering the drug to be loaded into the
hydrogels to be manufactured via SLA 3D printing technology.'*®
Very recently, Regato et al. developed 4D printable hydrogels
from ethylene glycol/thioether acrylate (EG,SA) monomers. The
presence of acrylate groups allowed their photopolymerization by
UV light, while the thioether groups conferred response to reactive
oxygen species (ROS) such as H,0,. The flexibility of the printed
hydrogels could be improved through the copolymerization of
EG;SA monomers with a polar monomer, 2-hydroxyethyl acrylate
(HEA), leading to P[(EG;SA)-co-HEA)] hydrogels that were
employed as matrixes for the encapsulation of a chemotherapeu-
tic drug, 5-fluorouracil (5FU), which showed a sustained release
over time modulated by the presence of H,O, and the morphology
of the printed scaffolds."®”

5.4. Biosensors

Polymer hydrogels have also been used for the fabrication of
flexible and wearable biosensors.'®*°* In this regard, self-
healable double-network hydrogels formed by an ionically
cross-linked k-carrageenan network and a covalently cross-
linked polyacrylamide (PAAm) were processed by DIW at 40-
70 °C followed by an UV curing step to enhance the mechanical
properties of the printed structures. They exhibited a high
strain sensitivity with a gauge factor of 0.63 at 1000% strain,
which allows their employment as sensitive wearable strain
sensors for applications in robotics and human motion detection
[Fig. 12B]."*® Wallin and collaborators developed 3D printed
finger-like actuators by SLA from smart hydrogels with controlled
microporosity that were able to perspire at elevated temperatures.
The multimaterial fabrication required two hydrogel materials, a
thermally expanding hydrogel made of PAAm to build the dermal
layer, and a thermally contracting hydrogel based on poly-n-
isopropylacrylamide (PNIPAm) for the strain-limiting actuator
body at high temperatures.>®® In another work, 3D printing of
PNIPAAm was carried out using projection micro-stereolitho-
graphy. The temperature dependent deformation of 3D printed
hydrogels depended on the polymer composition and the control
of the manufacturing process parameters. Moreover, the transi-
tion temperature was also modulated through the incorporation
of a hydrophilic ionic monomer, methacryl-amidopropyl-
trimethyl-ammonium chloride (MAPTAC), which shifted the swel-
ling transition temperature of PNIPAAm. These 4D printed
stimuli-responsive hydrogels may be employed as flexible sensors
and actuators.”®® Recently, Raquez and co-workers designed
biological mimicking anisotropy-encoded hydrogel actuators
made of PNIPAM and poly(2-carboxyethylacrylate) (PCEA).
Gradient-like hydrogel structures were fabricated via SLA 3D
printing by varying the crosslinking density or chemical composi-
tion of the hydrogel. The multi-responsive 4D printed hydrogel-
based actuators showed rapid and reversible shape-changing
ability and their bending states could be manipulated by varying
the osmotic pressure (ethanol, heptane), temperature (25 and
50 °C) and pH (3 and 8).>°> Thermo- and pH-responsive hydrogels,
composed of methacrylated poly(ethylene oxide)-poly(propylene

© 2025 The Author(s). Published by the Royal Society of Chemistry
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oxide)-poly(ethylene oxide) (PEO-PPO-PEO) triblocks copolymer-
ized with acrylic acid, were printed by SLA. Results demonstrated
that the water uptake and dimensional changes exhibited of the
3D printed constructs depended on the temperature and pH.
A fast and reversible swelling-deswelling response was observed
when the pH fluctuated between 2.0 and 7.4 paving the way for
the development of medical sensors.’’® Complex 4D structures
consisting of acrylamide-PEGDA hydrogels covalently bonded
with UV curable polymers were obtained by DLP. These hydrogels
were printed mimicking cardiovascular stent morphologies to
expand the blood vessel with stenosis. Their shape memory effect
allowed them to be squeezed into a compacted shape at the
programming temperature recovering their original shape after
heating back the programming temperature.”®”

6. Conclusions and outlook

This review article focused on the rheological scientific basis of
polymer hydrogels tailored for 3D and 4D printing techno-
logies, enabling the fabrication of highly customized products
that can find applications in the biomedical field. It summar-
ized a wide variety of polymers that were used for the develop-
ment of 3D printable polymer hydrogels, including synthetic
polymers such as PVA, PEG, PMMA, and natural polymers like
hyaluronic acid, alginate, and gelatin, among others. This wide
variety of base materials, along with the different cross linking
strategies — both physical (e.g., hydrogen bonds, electrostatic
interactions, etc.) and/or chemical (acrylic bonds, imine bonds,
etc.) - significantly affects rheological properties of the hydro-
gels (e.g., G', G, creep compliance, yield stress, thixotropy, etc.),
which influence their printability.

From a practical standpoint, key rheological parameters
needed for additive manufacturing with hydrogels can be
assessed using a torsional rheometer through basic steady or
dynamic flow measurements of the initial hydrogel. First, it is
necessary to study the linear rheological behaviour of the gel,
that is, rheological measurements in equilibrium, to under-
stand the structure of gels and then, the non-linear rheological
behaviour, that is, rheological measurements to determine the
flowability of hydrogels and their ability to recover the structure
once the flow ceases. This involves characterizing shear thin-
ning, yield stress, and thixotropic recovery as functions of
applied deformation.

Nevertheless, different 3D printing technologies require
distinct rheological characterizations. For material extrusion-
based technologies and inkjet bioimpresion, a torsional rhe-
ometer typically provides sufficient information. In contrast,
technologies such as vat photopolymerization demand photo-
rheology experiments to monitor how the viscoelastic proper-
ties of hydrogels change under light exposure, either over time
or at varying depths. Interestingly, it is noteworthy that the
properties of the polymer hydrogels could be easily tuned by
adjusting parameters such as the polymer(s) concentration(s),
polymer mixture, crosslinking density, crosslinking type,
etc. These modifications allow the hydrogel’s properties to be
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tailored to specific requirements of different printing techni-
ques (DIW, DLP, SLA, etc.) and the intended application of the
final printed structure. Moreover, it should be noted that the
rheological properties of the polymer hydrogels are even more
critical when cells are laden within the polymer bioinks during
the 3D printing process to ensure a high cell viability after
bioprinting.

The capacity of 3D and 4D printed polymer hydrogels to
mimic the morphological, biochemical, and functional charac-
teristics of human tissues makes them excellent candidates for
different biomedical applications. These include the develop-
ment of in vitro tissue models, tissue engineering, wound healing,
drug delivery systems and biosensors. Certainly, although signifi-
cant progress has been made in these areas, continued research is
essential to develop nobel printable formulations with tuneable
properties, enhanced biocompatibility, and stimuli-responsive
behaviour (e.g., temperature or pH sensitivity). Such advance-
ments are crucial for reproduce more closely the characteristics
of human tissue and organs, ultimately leading to the develop-
ment of intelligent artificial organs capable of efficiently and
durably replacing damaged parts of the human body and improv-
ing people’s quality of life.

Current challenges in this field are guided to overcome
limitations in printable hydrogel systems - for example, inade-
quate viscosities of the bioink during flow and a high thixo-
tropic effect of the ink that impede the material self-standing
during extrusion printing, or fast photopolymerizable resins
allowing a high rate of cell survival for cell-laden bioinks.

While this review primarily focuses on biomedical applica-
tions, the potential of 3D printed polymer hydrogels extends to
other innovative fields such as the food industry, soft robotics,
and atmospheric water harvesting. Furthermore, advancing the
study of hydrogel rheology and establishing a comprehensive
database linking rheological properties to printing parameters
and final material performance would represent a significant
leap forward for the additive manufacturing (AM) community.
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