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Abstract

Extrusion-based 3D bioprinting enables the fabrication of complex tissue structures, yet
achieving both high structural fidelity and cell viability remains challenging due to complex
bioink rheology and parameter interplay. This review presents a quantitative framework
linking hydrogel properties to printing outcomes. Key rheological features—shear-thinning,
yield stress, reversible gel-sol transition, self-healing, and creep resistance—are examined
for their roles in extrusion and shape retention. We also evaluate printing accuracy using
metrics such as filament uniformity and multilayer stability. Advanced models, including
Herschel-Bulkley and extrusion pressure models, correlate material parameters with flow
dynamics and predict critical factors like wall shear stress. Finally, we propose an integrated
assessment system combining material properties, process parameters, and structural fidelity
to guide bioink design and printing optimization, advancing the field of hydrogel bioprinting.

Keywords: 3D bioprinting; hydrogel; printability; quantitative assessment

1. Introduction
Three-dimensional bioprinting has emerged as a transformative biofabrication tech-

nology that enables the precise construction of complex volumetric tissue architectures.
By leveraging computer-aided design and manufacturing principles, this layer-by-layer
additive process facilitates the spatially controlled deposition of cell-laden bioinks to
create tissue constructs with well-defined geometries and biological functionalities. The
principal advantage of 3D bioprinting lies in its unique capacity to replicate the com-
positional complexity and spatial organization of native extracellular matrices, thereby
creating unprecedented opportunities for developing physiologically relevant in vitro
models, implantable tissue equivalents, and advanced drug screening platforms [1,2].
These capabilities hold considerable promise across a broad spectrum of biomedical
applications, including regenerative medicine, disease modeling, pharmaceutical devel-
opment, and soft robotics [3,4].

Among available bioprinting modalities, extrusion-based bioprinting has attracted
significant interest owing to its distinct advantages. This approach demonstrates broad
compatibility with diverse biomaterials spanning natural and synthetic polymers. Such
versatility enables the formulation of bioinks capable of in situ solidification through physi-
cal or chemical crosslinking mechanisms, thereby expanding the potential for fabricating
functional tissue constructs [5]. Furthermore, through precise modulation of process pa-
rameters such as extrusion pressure, printing path, and temperature, this technique can
be adapted to engineer tissues across a spectrum of scales and mechanical properties,
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ranging from capillary networks to cartilaginous and osseous structures. Importantly, in
contrast to light-based bioprinting techniques that may introduce phototoxicity risks, the
comparatively gentle extrusion process better preserves cell viability and functionality,
which constitutes an essential prerequisite for generating metabolically active, long-lasting
tissue constructs [6,7].

However, the simultaneous realization of high structural fidelity and excellent cell
viability remains a fundamental challenge within the field. This challenge originates from
a complex interplay of multiple constraints. Bioinks must exhibit carefully tailored rhe-
ological properties to successfully navigate the printing process. During extrusion, they
must demonstrate pronounced shear-thinning behavior to enable smooth flow through
microscale nozzles while minimizing shear-induced cell damage [8–10]. Upon deposition,
they must rapidly either recover their mechanical modulus through self-healing mecha-
nisms or undergo rapid gelation to maintain the as-deposited filament morphology and
support the weight of subsequent layers, thereby necessitating adequate yield stress and
creep resistance. Concurrently, printing parameters encompassing nozzle diameter, ex-
trusion rate, printing speed, and crosslinking strategy require meticulous optimization
to align with the rheological characteristics of the bioink. Any discrepancy may result in
printing failures such as nozzle obstruction, filament discontinuity, pore coalescence, or
structural collapse [11,12].

The multifaceted nature of these challenges highlights the limitations of conventional
qualitative assessment methods, which have proven insufficient for the rational design of
high-performance bioinks and the optimization of printing processes [13,14]. The estab-
lishment of a systematic and quantitative framework for evaluating bioink printability has
therefore become indispensable for bridging the gap between material development and
successful printing outcomes. Such a framework should integrate multiple assessment
dimensions: first, comprehensive rheological characterization to quantify how critical
parameters including shear-thinning behavior, yield stress, modulus recovery kinetics,
and gelation dynamics govern ink extrusion behavior and structural stability [15]; second,
quantitative microstructural analysis to evaluate morphological metrics such as filament
uniformity, printed grid pore regularity, and dimensional fidelity of multilayered struc-
tures; and third, theoretical modeling to establish predictive relationships between material
properties, process parameters, and printing outcomes [16,17].

This review aims to provide a comprehensive examination of quantitative assessment
methodologies for micro-extrusion hydrogel bioink printability, with particular emphasis
on establishing quantitative structure-property relationships between rheological param-
eters and printing morphology. It will address recent advances in implementing mathe-
matical models such as the Herschel-Bulkley model to predict bioink flow behavior during
printing, and discuss emerging strategies for integrating experimental characterization with
computational approaches [18]. Investigating the influence of printing parameters is essen-
tial for understanding the overall impact on extrusion-based bioprinting and predicting
optimal parameters. The successful implementation of extrusion-based bioprinting relies
on the synergistic optimization of multiple parameters, necessitating the establishment of
a comprehensive evaluation framework that integrates rheological properties, structural
fidelity, and biological performance. Recognizing the current paucity of quantitative inves-
tigations into hydrogel-based bioinks, we propose a systematic strategy to quantitatively
evaluate the influence of key printing parameters on extrusion-based hydrogel printing,
thereby establishing a rational framework for the optimization of 3D printing parameters.
The ultimate objective is to provide a robust theoretical foundation and methodological
guidance for the rational design of bioinks, quantitative optimization of printing processes,
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and reliable fabrication of complex, highly viable tissue structures, thereby accelerating the
translation of bioprinting technologies toward clinical applications.

2. Quantitative Evaluation of Rheological Properties of Hydrogels
The successful implementation of micro-extrusion bioprinting critically depends on

precise control over the viscoelastic properties of hydrogel bioinks [19,20]. Unlike simple
Newtonian fluids, hydrogels exhibit a complex interplay between viscous (liquid-like) and
elastic (solid-like) behaviors, which governs their performance throughout the printing
process. Table 1 summarized the key rheological properties of several representative print-
able hydrogel bioinks. These properties dictate essential aspects ranging from extrusion
behavior through fine nozzles and shape retention upon deposition to structural stability
during multilayer stacking (Figure 1a). A fundamental understanding of core viscoelastic
parameters is therefore indispensable for achieving high printing fidelity. This section
systematically examines five key rheological characteristics that define hydrogel behavior
during bioprinting, establishing a comprehensive framework for rational bioink design
and process optimization [21].

Table 1. Rheological properties of hydrogel bioinks.

Materials Viscosity Yield Stain/Stress Self-Healing Creep Ref

Pre-crosslinked hydrogel
microparticle inks: chitosan

methacrylate/polyvinyl
alcohol

778–23,522 Pa·s 5% Recovery from
10 Pa to 250 Pa 0.35% deformation [22]

Monounsaturated
glucolipid G-C18:1 10–105 Pa·s 5.6–210 Pa Recovery from

10 Pa to 2000 Pa N/A [23]

hyaluronic acid, calcium
hydroxyapatite 50 Pa·s 15.85% 100% 0% [24]

Microfibrillated cellulose,
gelatin methacryloyl,

sodium alginate
7.7–7967 Pa·s 491 ± 9 Pa 92% N/A [25]

Gelatin Glycidyl
Methacrylate, Sodium

alginate, cellulose
1000–10,000 Pa·s 1% Recovery from

10 Pa to 250 Pa
Structure stable at

temperatures < 26 ◦C [26]

Methacrylated collagen
peptide, xanthan gum 1000–10,000 Pa·s 111% Rapid, reversible

self-healing ability N/A [27]

Nanofibrillated cellulose,
Fucose-rich polysaccharide 1491.7 ± 41.5 Pa·s 102.9 ± 5.9 Pa 99.8 ± 3.0% N/A [6]

Gelatin Methacrylate,
Alginate, carboxymethyl

cellulose
4.6 Pa·s 132 ± 25 Pa 100% N/A [28]

Polyacrylamide, N,N’-
Methylenebisacrylamide,

konjac glucomannan

Exhibits shear-thinning
behavior 0.285 MPa

Recovery from
1800 Pa to
18,000 Pa

N/A [29]

GelMA, HA-NB, Elastin 47,770.1 mPa·s 19.85 kPa N/A
GHE hydrogel

exhibits complete
shape recovery

[30]

Alginate, nanocellulose 10,000–20,000 Pa·s 20–50 Pa 80% N/A [31]

Yeast protein, alginate,
xanthan gum 1,481,684 ± 8091 mPa·s 15.4 ± 0.5% 85 ± 6% N/A [32]

Gelatin, Sodium alginate,
carbohydrazide 12–1000 Pa·s 242.1 kPa 60.8% N/A [33]
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Table 1. Cont.

Materials Viscosity Yield Stain/Stress Self-Healing Creep Ref

Fmoc-FFY, MCC, alginate 600 Pa·s 45% 100% N/A [34]

Fmoc-FF, Sodium Alginate 80–80,000 Pa·s 39.173 ± 13.637 Pa Excellent
self-healing ability N/A. [35]

PEG, GelMA, Fibrinogen,
Nanosilicates 0.1–500 Pa·s 112 Pa 80%. N/A [36]

Sodium Alginate, Gelatin 485–2460 Pa·s 4688.56 Pa N/A N/A [37]

κ-carrageenan 5–10,000 Pa·s 20% Excellent
self-healing ability N/A [38]

PVA, FBA 275–510 Pa·s N/A 93.9% N/A [39]

CS, DFPEG, SA, Exhibits shear-thinning
behavior 5% 100% N/A [40]

   
(a) (b) (c) 

   
(d) (e) (f) 

  
(g) (h) (i) 

Figure 1. Quantitative evaluation of rheological properties for extrusion-based printing hydrogels.
(a) Illustration of the micro-extrusion bioprinting process of hydrogel bioinks and its correlation with
rheological properties. (b) Shear-rate sweep curves quantifying the viscosity and shear-thinning
behavior of the bioink. (c) Schematic highlighting the critical balance between preserving structural
fidelity and avoiding printhead clogging or excessive shear stress. (d) Relationship between yield
stress and both flowability and cell viability. (e,f) Determination of yield shear stress through shear
sweeps (e) and strain sweeps (f) for hydrogel precursor solutions and dynamically cross-linked gels,
respectively. (g) Schematic highlighting the relationship between yield stress, flowability, and cell
viability. (h) Self-healing assessment of bioinks using alternating strain tests. (i) Representative creep
and recovery curves of the bioinks.
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2.1. Viscosity and Shear-Thinning Behavior

Viscosity, defining a fluid’s internal resistance to flow, is a pivotal rheological parameter
in bioprinting that directly governs bioink extrusion dynamics [41]. It critically influences
not only the material’s flow behavior but also determines the morphological precision and
structural integrity of printed constructs. Excessively high viscosity necessitates greater
extrusion pressure, increasing the risks of nozzle clogging and detrimental shear stress on
encapsulated cells. Conversely, insufficient viscosity leads to poor shape retention, causing
filament breakup or collapse, thereby compromising the intended 3D architecture [42,43].
Consequently, comprehensive evaluation and then precise optimization of a hydrogel bioink’s
viscosity are essential by using a shear-rate sweep (Figure 1b). A critical comparison of
different formulation strategies reveals that achieving optimal viscosity is not a matter of
simply increasing polymer concentration. For instance, in a gelatin/alginate semi-crosslinked
system, printability is critically dependent on gelatin concentration: formulations with 15%
gelatin demonstrate optimal shear-thinning behavior, a spreading ratio closest to the ideal
value of 1, and superior shape fidelity [44]. In stark contrast, formulations with higher gelatin
concentrations exhibited significant inhomogeneity, leading to a high standard deviation
in extrusion force and discontinuous printing, thereby compromising printing accuracy.
This comparison underscores that while increasing concentration is a common strategy to
enhance viscosity, it may result in diminishing returns or even failure if it leads to material
inhomogenization. In contrast, a formulation containing 20% gelatin exhibits significant
inhomogeneity, resulting in high standard deviations in extrusion force and discontinuous
extrudability, which compromises printing precision. This underscores the crucial importance
of systematically balancing ink composition to achieve smooth flow and high structural
fidelity (Figure 1c).

Hydrogel precursors frequently exhibit pronounced non-Newtonian characteristics,
with shear-thinning behavior—where apparent viscosity decreases under increasing shear
rate—being particularly advantageous [45]. This property enables bioinks to flow readily
under high-shear conditions within the nozzle, yet rapidly recover viscosity upon depo-
sition to maintain filament shape. The physical mechanism stems from shear-induced
reorganization of polymer networks: shear forces cause chain disentanglement and align-
ment, reducing intermolecular friction and thus lowering viscosity [46,47]. While effective
for basic extrusion, this purely physical mechanism offers limited control over recovery
kinetics and long-term stability, representing a significant constraint compared to more
sophisticated chemical approaches. The employment of dynamic cross-linking emerges as
an alternative strategy to circumvent this limitation, in stark contrast to traditional physical
entanglement. For example, a hyaluronic acid-based hydrogel incorporating dual dynamic
cross-linking—through rapid thiazolidine formation and slow disulfide exchange—utilizes
differential reaction kinetics as a built-in rheological regulator, where fast thiazolidine
bonds provide immediate post-extrusion stability while reversible disulfide bonds enable
gradual network strengthening and autonomous self-healing. Upon cessation of shear,
disulfide exchange recommences, restoring structural integrity and mechanical properties
such as the storage modulus. Moreover, cell-secreted glutathione can further modulate the
disulfide network, offering a dynamically responsive and cell-remodelable platform for
designing bioinks that balance printability, stability, and biological interactivity [48].

2.2. Liquid-Solid Transition and Gelation Kinetics

The sol-gel transition, fundamentally governed by gelation mechanism and kinetics,
is critical for prompt shape retention upon extrusion. This process is characterized by
dynamic changes in viscoelastic moduli, commonly monitored via in situ rheology. Initially,
the storage modulus (G′) remains lower than the loss modulus (G′′), reflecting liquid-like
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behavior. As crosslinking progresses, G′ gradually increases and eventually surpasses
G′′, with their intersection defined as the gel point, marking the formation of a solid-like
network (Figure 1d).

Multiple factors influence the sol-gel transition rate, including the conditions required
to initiate crosslinking and the reaction kinetics of the functional groups. For example,
Mooney et al. [49] developed develop a new class of injectable tissue adhesives by leverag-
ing the dynamic crosslinking chemistry of Schiff base reactions, which exhibited a gelation
time of 60 min and a polymer solid content of up to 10 wt%. However, for applications
such as 3D bioprinting, hydrogel precursors must undergo rapid gelation to enable prompt
shape retention upon extrusion.

To enhance the sol-gel transition, several strategies have been explored, including the
introduction of catalysts, structural modification of crosslinked Herschel-Bulkleys, and the
construction of dual or multiple crosslinking networks [50,51]. A critical comparison of
these strategies reveals the inherent trade-offs between their efficiency, safety, and com-
plexity. For instance, Lou et al. [52] tackled the issue of excessive cellular shear damage
resulting from slow gelation in dynamic hydrazone-crosslinked hyaluronic acid by design-
ing two water-soluble organic catalysts that modulate hydrazone bond formation kinetics.
Their findings revealed that although the equilibrium modulus was largely preserved, the
gelation time was markedly reduced from over 1000 s to 180 s [53,54]. Moreover, the hydro-
gels incorporating catalysts demonstrated improved stress relaxation properties [55,56]. It
should be noted, however, that the potential leaching of water-soluble catalysts from the
hydrogel network may raise concerns regarding cytotoxicity and immunogenicity, thereby
limiting their utility in tissue repair applications.

To circumvent the need for catalysts and simplify the synthetic process, Chen et al. [57]
developed a catalyst-free, rapid, and biocompatible hydrogel crosslinking strategy based
on the condensation reaction between o-phthalaldehyde (OPA) and N-nucleophiles (amine,
hydrazide, and aminooxy groups). During cross-linking, OPA reacts with amines (or hy-
drazides) spontaneously and chemoselectively under physiological conditions, forming stable
phthalimidine (or reversible hydrazone) linkages. Moreover, strong adhesion of the hydrogel
to tissues can be achieved via the spontaneous coupling of OPA with amine groups present
in tissues (typically within extracellular matrix proteins), resulting in stable phthalimidine
bonds [58]. This design not only addresses the gelation rate issue but also additionally confers
tissue adhesiveness, embodying a synergistic advantage in chemical design.

In addition to covalent catalysis or ionic complexation, physical interactions offer an
alternative pathway to facilitate gelation kinetics. For instance, Han et al. [59] introduced a
catalyst-free strategy to accelerate the sol-gel transition by leveraging electrostatic interac-
tions [60]. They synthesized water-soluble methacryloyl chitosan and aldehyde-modified
hyaluronic acid from cationic chitosan and anionic hyaluronic acid. By synergistically com-
bining dynamic Schiff base bonding between amino and aldehyde groups with electrostatic
interactions between amino and carboxyl groups, they achieved rapid hydrogel formation
within just 5 s. To address the challenge of balancing rapid gelation with long-term stability
in bioprinting, our team developed a micelle-mediated dynamic hyaluronic acid hydro-
gel [21]. By incorporating self-assembled F127DA nanomicelles into a dynamic network
formed from hydrazide and aldehyde-functionalized hyaluronic acid, we utilized hydrogen
bonding and hydrophobic interactions to drastically shorten the gelation time from 208 s to
3 s, while simultaneously enhancing network stability through macromolecular crosslinking.
This approach enabled low-shear mixing-injection bioprinting with high cell viability and
supported the fabrication of a biomimetic skin construct with well-defined epidermal and
dermal layers. This finding provides compelling evidence that the rational integration of
multiple crosslinking mechanisms—namely dynamic covalent bonds, hydrogen bonding,
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and hydrophobic interactions—offers a synergistic solution to the challenges of gelation
kinetics, biocompatibility, and long-term stability, which remain unattainable through any
single strategy alone.

2.3. Yield Stress

The yield stress is defined as the critical stress value required to transition a fluid
from a static state to a flowing state. In 3D bioprinting, this parameter plays a crucial
role in maintaining the structural integrity of hydrogel bioinks while effectively protecting
encapsulated cells from shear-induced damage during the extrusion process [61]. For
hydrogel precursor solutions, a continuously increasing shear rate is applied from low to
high values, and the corresponding shear stress is measured. Fluids with a yield stress
must overcome a minimum stress threshold to initiate flow. On the stress-rate curve, this
manifests as a distinct plateau or inflection point (Figure 1e). For gels, their yield stresses
are commonly characterized using three principal rheological approaches: (1) defining the
yield point as the critical stress marking the end of the linear viscoelastic region (Point 1)
(Figure 1f); (2) identifying the yield stress as the shear stress at which the storage modulus
(G′) and loss modulus (G′′) intersect in the nonlinear regime (Point 3); and (3) for hydrogels
that display stress overshoot behavior, taking the peak value of G′ or G′′ observed during a
stress amplitude sweep as the critical yield point (Point 2). The yield stresses determined
by these methods generally differ in magnitude: the G′ - G′′ crossover point typically
gives the highest value, followed by the stress overshoot peak, while the end point of the
linear viscoelastic region yields the lowest value. Moreover, yield stress demonstrates
pronounced frequency dependence. With increasing test frequency, the linear viscoelastic
region becomes narrower, and the measured yield stress correspondingly decreases.

To regulate the yield stress of hydrogel systems during printing, functional additives
are commonly incorporated into the formulation for modulation, such as Pluronic F127
(Sigma-Aldrich, Milan, Italy), gellan gum (Sigma-Aldrich, Italy), hyaluronic acid (Tsinghua
University, Beijing, China), carrageenan (Sigma-Aldrich, Italy), and various inorganic
nanofillers [62,63]. For example, Deo et al. [36] designed a biphasic granular colloidal
bioink to optimize both cell viability and printing fidelity. This composite ink features
cell-laden polyethylene glycol (PEG) hydrogel microparticles uniformly dispersed within
a continuous gelatin methacryloyl (GelMA)-nanosilicate colloidal matrix. The introduc-
tion of nanosilicates and PEG microgels yielded a granular colloidal hydrogel exhibiting
pronounced shear-thinning behavior. Compared to its colloidal hydrogel counterpart,
this granular system demonstrates a reduced yield stress, which promotes smoother ex-
trusion and enhances post-printing cell survival. Concurrently, the yield stress remains
substantially higher than that of pure GelMA, thereby ensuring superior printing reso-
lution and structural stability Figure 1g) [64–66]. This strategy of achieving decoupled
regulation of yield stress—namely, simultaneously attaining low extrusion resistance and
high shape fidelity—through the construction of multiphase systems remains unattainable
in single-component systems and represents a significant direction for advancement in
bioink design.

2.4. Reversible Gel-Sol Transition and Self-Healing Properties

The reversible gel-sol transition of hydrogels represents another critical consideration
in the design of high-performance bioinks. Mediated by non-covalent interactions or dy-
namic covalent bonds, this phase-change behavior enables controlled switching between
gel and sol states under external stimuli such as shear stress, temperature, or light, thereby
effectively reconciling the intrinsic trade-off between “flowability and formability” in bio-
printing. Accurate characterization of the gel-sol transition behavior relies on systematic
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rheological evaluation methods. Among these, the three-interval thixotropy test most
closely mimics the actual printing process (Figure 1h): the first interval measures the initial
modulus within the linear viscoelastic region to assess the static structural strength of the
ink; the second interval applies high strain to simulate the extrusion process and monitors
the gel-sol transition and shear-thinning extent; the third interval restores low-strain condi-
tions to track the temporal evolution of the modulus, quantifying the structural recovery
kinetics of the ink—a key indicator for evaluating its self-healing capability and structural
fidelity [67]. A critical comparison of various rheological characterization methods reveals
that the three-interval thixotropy test is regarded as the “gold standard” because it captures
both the sequential processes of shear-induced liquefaction and subsequent recovery of
solid-like properties. In contrast, conventional steady-state shear or dynamic oscillatory
tests can only assess behavior under individual states separately, failing to reflect the
dynamic evolution of ink states during the printing process.

The value of the reversible gel-sol transition in bioprinting is manifested in three key
aspects. First, this property confers excellent extrusion performance to bioinks. When
subjected to high shear forces within the printing nozzle, the ink undergoes a transition
from a gel to a sol state, exhibiting marked shear-thinning behavior that drastically reduces
viscosity [68]. This allows smooth extrusion under low pressure, effectively minimizing
mechanical damage to encapsulated cells. Upon exiting the nozzle and removal of shear,
the ink rapidly reverts to the gel state, achieving instantaneous self-healing [35]. This rapid
recovery is essential for maintaining the shape fidelity of extruded filaments and prevent-
ing structural collapse, thereby ensuring accurate fabrication of complex 3D architectures.
Second, this reversible transition provides an ideal carrier environment for cells. In the
sol state, cells reside in a low-viscosity, low-shear stress milieu, whereas upon re-gelation,
cells are immediately provided with a stable 3D support that mimics the mechanical and
biological functions of the native extracellular matrix. Furthermore, this functionality
enables advanced printing strategies, such as the “penetration–self-healing” mode in sus-
pension bioprinting, or the precise construction of multi-material and chemical gradients
via localized stimulation, opening new avenues for engineering complex tissue constructs
with spatial heterogeneity [5,69]. From the perspective of technological advancement, this
printing strategy based on reversible phase transitions transcends the limitations of con-
ventional layer-by-layer deposition, elevating bioprinting from mere shape replication to a
new stage of functional construction capable of simulating the dynamic microenvironment
of native tissues.

2.5. Creep Behavior

The creep behavior of hydrogels represents a critical determinant for the successful
fabrication of stable three-dimensional structures. Creep refers to the time-dependent
increase in strain under constant stress. This phenomenon carries substantial practical
implications for 3D bioprinting: following deposition, each layer of hydrogel must sus-
tain not only its own weight but also the cumulative load of subsequently printed layers.
Insufficient resistance to creep deformation can lead to gradual, irreversible structural
changes during or after the printing process, potentially resulting in collapse, pore closure,
or overall dimensional shrinkage—ultimately compromising structural fidelity and geo-
metric accuracy. Therefore, systematic evaluation of creep and creep recovery behavior is
essential for predicting and ensuring the structural stability of hydrogels as bioinks in the
post-printing phase [70].

Accurate characterization of creep behavior relies on standardized rheological creep
testing. This testing is typically conducted in transient mode: a small, constant stress—
maintained within the linear viscoelastic region to prevent microstructural damage—is
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applied to the hydrogel sample. The resulting strain evolution over time is monitored to
generate a compliance-time curve. Upon stress removal, the subsequent strain recovery is
tracked to assess the material’s recovery capability. Compliance, defined as the reciprocal of
modulus (strain/stress), serves as a direct indicator of the material’s deformability. Lower
compliance values signify greater resistance to deformation under applied stress, typically
corresponding to superior anti-creep performance (Figure 1i). The classic four-element
Burgers model is widely adopted because it deconstructs complex creep behavior into
three components with distinct physical meanings. In contrast, simpler models such as
Maxwell or Kelvin–Voigt can only describe singular processes, thereby failing to capture
the comprehensive mechanical response of hydrogels under sustained loading.

To gain deeper insight into the physical mechanisms underlying creep behavior,
experimental data are commonly fitted using the classical four-element Burgers viscoelastic
model. The model is expressed as Je(t) = J0 + J1 [1 − exp(−t/τ)] + t/η, which comprehensively
describes three fundamental material responses: J0 represents the instantaneous compliance
contributed by immediate elastic deformation (Maxwell spring), corresponding to the initial
elastic response of a printed layer under sudden loading; the term J1[1 − exp(-t/τ)] describes
the delayed compliance arising from viscoelastic relaxation (Kelvin–Voigt unit), where
τ denotes the retardation time, reflecting the rearrangement and relaxation kinetics of
hydrogel polymer chains under stress; finally, the t/η term accounts for viscous flow, with
η representing viscosity, which reveals irreversible plastic deformation and serves as the
primary contributor to long-term structural instability. This modeling approach enables
quantitative analysis of the respective contributions of instantaneous elasticity, delayed
elasticity, and viscous flow, thereby providing crucial theoretical guidance for optimizing
bioink formulations to suppress undesirable viscous flow.

For example, Zhao et al. [71] demonstrated that untreated polyvinyl alcohol (PVA)
(Sinopharm Chemical Reagent Co., Ltd., Shanghai, China)/chitosan (CS) (Jinhu Company,
Shanghai, China) hydrogels exhibit high compliance and irreversible deformation in creep
tests, indicating insufficient long-term stability under sustained loading when used as coat-
ing materials. In contrast, the HPVA/CS-PSPMA (SPMA were purchased from TCI Co., Ltd.,
Shanghai, China) hydrogel reinforced through a multi-level crystallization strategy demon-
strates higher mechanical strength, good anti-swelling behavior in physiological media,
and typical creep-recovery properties. Under high contact pressure (2.0–3.0 MPa) in PBS,
HPVA/CS-PSPMA shows favorable lubrication performance (coefficient of friction, COF:
0.02–0.03). Remarkably, under severe friction test conditions (100 k cycles, P ≈ 2.5 MPa),
HPVA/CS-PSPMA maintains a lower and more stable COF (≈0.027) compared to natural
bovine cartilage, with negligible surface wear. More importantly, after friction testing, the
mechanical deformation in the sliding contact area of the HPVA/CS-PSPMA composite
recovers to a large extent.

The HPVA/CS-PSPMA material thus exhibits excellent lubricity, robustness, wear
resistance, and mechanical recovery properties. This multi-level reinforcement strategy
enables a performance transition from “high creep, low recovery” to “low creep, high
recovery,” providing a critical theoretical foundation and design paradigm for engineering
high-performance bioinks capable of withstanding transient loads during printing while
maintaining structural stability over long-term service.

3. Structural Analysis of Hydrogel 3D Printability
Rheological characterization predicts hydrogel printability, yet a persistent challenge

lies in the precise translation of these properties into consistently high-fidelity printed
structures. To address this gap, structural analysis of hydrogel 3D printability is essential.
This section moves beyond ink-centric measurements to conduct a systematic, quantitative
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evaluation of the printed constructs themselves. By examining metrics such as filament
uniformity, pore geometry, layer adhesion, and overall dimensional accuracy, we establish
objective criteria to compare bioinks and optimize printing parameters. This analysis
provides the critical feedback loop needed to close the gap between predicted printability
and actual printing outcome.

3.1. Filament Morphological Uniformity and Dimensional Fidelity

The fundamental building block of bioprinted structures is the extruded filament,
whose morphological uniformity is critical for determining printing resolution and the
structural integrity of the final scaffold. Ideal filaments exhibit circular cross-sections
with consistent diameter and smooth surfaces, while practical printing often produces
variations due to material properties and process parameters. To objectively assess these
morphological features, key quantitative metrics are employed, including filament diameter
consistency, surface roughness, and cross-sectional geometry. A primary indicator of
extrusion stability is the diameter deviation ratio (Da/Dt), where Da is the measured
filament diameter and Dt is the theoretical diameter calculated from the nozzle size and
flow rate (Figure 2a) [72]. A ratio approaching 1.0 reflects optimal material deposition with
minimal die-swelling effects. While a filament diameter deviation ratio approaching 1.0 is
generally regarded as ideal, an exclusive focus on this value may obscure more complex
material behaviors. For instance, inks with pronounced shear-thinning properties may
achieve a near-1.0 ratio even under low extrusion pressure, yet their resistance to collapse
across spanning regions often falls substantially below that of systems which exhibit slight
swelling but possess a denser network architecture. Therefore, this static metric must be
integrated with dynamic mechanical assessments to enable a comprehensive evaluation of
printing fidelity.

 
(a) (b) (c) 

  
(d) (e) (f) 

Figure 2. Structural analysis of hydrogel 3D printability. (a) Deviation ratio of hydrogel deformation
during printing [72]. (b) Filament collapse angle and spreading factor illustrating the balance between
viscosity and surface tension during initial deposition [73]. (c) Printability (P) evaluated under three
typical gelation statuses, namely under-, proper- and over-gelation. (d) Schematic of width deformation
(∆W) in the first hydrogel layer and deformation of the second layer, including its fusion with the first
layer [74]. (e) Horizontal diffusion of the first hydrogel layer and two hydrogel layers, along with vertical
fusion progression between two layers [74]. (f) Comparative analysis of theoretical and actual printed
grid structures [74]. (a) reprinted from [72], under the CC BY 4.0 license. (b) reprinted from [73], under
the CC BY 4.0 license. (d–f) reprinted from [74], under the CC BY 4.0 license.
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Beyond static dimensional analysis, the filament collapse test evaluates a hydrogel’s
ability to maintain structural shape under spanning conditions. In this assay, filaments
are deposited over a series of pillars with progressively increasing inter-pillar spacing
(Figure 2b) [73]. Greater spans typically lead to increased deflection or collapse. To quantify
this behavior, the hydrogel is extruded across the pillar array, and the deposited structure is
imaged. The theoretical area (At) enclosed by adjacent pillars is compared with the actual
deposited area (Ar) using image analysis software (ImageJ 1.47). The collapse rate is then
calculated as:

Collapse Rate =
At − Ar

At
× 100%, (1)

A collapse rate of 0% indicates perfect shape retention with no sagging, whereas higher
values reflect increasing structural instability. This test provides a quantitative, comparable
measure of a hydrogel’s mechanical robustness during the critical initial deposition phase,
enabling systematic evaluation and optimization of both bioink formulations and printing
parameters [72,75].

3.2. Grid Structure Regularity and Printing Accuracy Assessment

Following the assessment of filament uniformity and collapse stability, the evaluation of
printability further extends to the regularity and geometric accuracy of the assembled lattice
or grid structures. The morphological variations of extruded filaments and their stacked
architectures at both micro- and macroscopic scales form the quantitative basis for evaluating
the quality of printed structures. An optimally cross-linked hydrogel should maintain well-
defined filament morphology during printing and form a regular three-dimensional grid
that closely matches the intended design, such as square or rectangular pores (Figure 2c) [76].
When gelation is insufficient, the extruded ink behaves in a liquid-like manner, often resulting
in layer fusion and the formation of approximately circular or oval pores [77,78]. Conversely,
excessive gelation can cause filament distortion under extrusion stress, leading to irregular
pore sizes within the grid. To semi-quantitatively assess the influence of gelation characteristics
on printing performance, the roundness (C) of grid pores can be measured and calculated
as follows:

C =
4πA

L2 (2)

where L is the perimeter of the closed pore (µm) and A is its area (µm2). Geometrically, a
perfect circle has a roundness of 1, while a perfect square has a roundness of π/4. Thus,
a C value closer to 1 indicates a more circular pore shape, whereas a value closer to π/4
suggests a pore structure approximating a square. Based on this metric, the printability
index (P) of a bioink can be defined as:

P =
π

4
· 1
C

=
L2

16A
(3)

The P value reflects the gelation state of the hydrogel ink during printing: P < 1
indicates under-gelation, P > 1 indicates over-gelation, and P = 1 corresponds to the optimal
gelation state for printing (Figure 2c).

Using this analytical framework, Rency Geevarghese et al. [28] systematically evaluated
the printability of alginate/carboxymethyl cellulose/gelatin methacryloyl (Alg/CMC/GelMA)
composite hydrogels. When printed at 37 ◦C, these hydrogels exhibited distinct filament
morphology and uniform square-shaped grid structures. Through systematic optimization of
component concentrations, it was found that hydrogels with optimal printability exhibited
P index values ranging from 0.9 to 1.1, while the fiber diameter closely matched the nozzle
size (200 µm). Specifically, with fixed concentrations of Alg and CMC (4% Alg–10% CMC),
increasing the GelMA content from 8% to 12% and 16% resulted in a gradual decrease in
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extrusion pressure (from 185 kPa to 165 kPa), while P values remained stable between 0.93
and 0.95. By carefully balancing composition, temperature, and crosslinking strategy, the
Alg/CMC/GelMA hydrogel system achieves excellent printability, mechanical stability, and
biocompatibility, making it a promising candidate for gradient tissue engineering applications.

3.3. Stability Analysis of Multi-Layer Stacked Structures

In layer-by-layer additive manufacturing, the quality of 3D hydrogel structures de-
pends not only on the morphological fidelity of individual filaments but also on the
integrated structural evolution during multi-layer stacking. Interlayer fusion behavior,
creep-induced collapse under gravity, and the cumulative dimensional deviations across
layers collectively determine the final geometric accuracy and long-term stability of the
fabricated constructs.

Printed hydrogel structures are susceptible to fusion, spreading, and collapse under
gravitational forces, where the layer height is directly influenced by filament height de-
formation ∆H (Figure 2d) [74]. Vertical merging between adjacent hydrogel layers further
compromises the structural resolution, with the extent of fusion governed by the interlayer
height difference ∆h (Figure 2e) [74]. During collapse and merging, the width difference ∆W
in the horizontal direction tends to increase. Single-layer filaments undergo gravitational
creep, leading to horizontal widening. This lateral expansion exhibits cumulative effects in
multi-layer stacking: as the number of printed layers increases, the ∆H, ∆h, and ∆W values
generated in the lower layers propagate upward and amplify. Excessive merging leads
to irregular structural deformation, resulting in a “dumbbell-shaped” morphology. The
factors such as printing duration, process parameters, and three-dimensional architecture
collectively contribute to ∆h values significantly exceeding the theoretical deformation ∆H
in practical printing.

To further elucidate the dimensional evolution of printed gels, He et al. [74] conducted a
systematic analysis of printed corners, mesh structures, and stacked layers. They introduced
the horizontal spreading ratio (φ) to quantitatively assess the morphological evolution of
mesh geometry and stacked structures, defined as:

φ =
ARt − ARe

ARt
(4)

where At represents the theoretical mesh area and Ae denotes the experimentally measured
area. Their results indicated that when printed meshes underwent irregular deformation
and hydrogel at overlapping regions spread under gravity, Ae become significantly smaller
than At, resulting in an increased φ. By enlarging the printing standoff distance (DL) to
widen the gaps between dumbbell-shaped corners, the overlapping area can be effectively
reduced, lowering φ and bringing the printed mesh closer to the intended geometric con-
figuration (Figure 2f) [74]. Notably, the diffusion and coalescence of hydrogel not only
decrease the printed layer height but also increase the line width, making the variations in
height and width during structural evolution critical control parameters for maintaining
dimensional fidelity in both horizontal and vertical directions. Individual deformation
parameters (e.g., ∆H, ∆W) only capture dimensional changes in specific directions, whereas
comprehensive geometric metrics (e.g., φ) can characterize the overall structural fidelity
within a two-dimensional plane. Even so, these indicators remain primarily at the morpho-
logical level and fail to directly reflect the mechanical integrity of the structure. Therefore,
a correlative analysis integrating these geometric metrics with rheological parameters (e.g.,
yield stress, creep recovery rate) and mechanical performance tests (e.g., compressive
modulus) is essential to establish a comprehensive evaluation framework that bridges
morphology and mechanical performance.
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Building on the above mechanisms, we consolidate five key assessment dimensions:
filament regularity, horizontal spreading, vertical merging, geometric fidelity of the mesh,
and cumulative spreading effects across layers. As summarized in Table 2, systematic eval-
uation of the multi-layer stacking stability of different hydrogel systems can be achieved by
quantifying deviations of parameters such as ∆H, ∆h, and ∆W from their theoretical values.
Closer alignment with high-fidelity theoretical benchmarks indicates better performance in
complex 3D fabrication. These analyzes provide important guidance for the development
of hydrogel bioinks: on one hand, intrinsic stability can be improved through material
modifications such as introducing dynamic crosslinks or optimizing rheological properties;
on the other hand, process optimizations including print temperature control, spacing
design, and crosslinking strategies can mitigate structural evolution during stacking. Such
a material-process co-optimization approach establishes a methodological foundation for
achieving high-precision and high-stability three-dimensional hydrogel constructs.

Table 2. Quantitative evaluation of ink printability based on the structure morphology.

Assessment Parameters Quantitative Analysis Quantitative Range

Line regularity R = Lt
Le

0 < R ≤ 0.1

0.1 < R ≤ 0.5

0.5 < R ≤ 0.9

0.9 < R ≤ 1.0

Horizontal line spreading D = we−wt
wt

= ∆w
wt

D ≥ 0.5

0.3 < D ≤ 0.5

0.1 < D ≤ 0.3

0 ≤ D ≤ 0.1

Vertical line merging F = he−ht
ht

= ∆h
ht

0.3 < F ≤ 0.5

0.1 < F ≤ 0.3

0 ≤ F ≤ 0.1

Mesh regularity P = π
4 ·

1
C = L2

16Ae

P < 0.9

P > 1.1

0.9 ≤ P ≤ 1.1

Mesh line spreading φ = At−Ae
At

× 100%

φ ≥ 0.5

0.3 < φ ≤ 0.5

0.1 < φ ≤ 0.3

0 ≤ φ ≤ 0.1

To systematically evaluate the printability and multi-layer stacking stability of hy-
drogel inks, the table presents quantitative characterization from five key dimensions:
Line regularity is assessed by the ratio of theoretical to measured filament length; values
closer to 1 indicate higher shape fidelity. Horizontal line spreading is quantified by the
spreading ratio of measured filament width relative to the theoretical width; lower D values
indicate better shape fidelity. Vertical line merging is evaluated using the layer height
compression ratio, reflecting interlayer interface retention; lower F values represent higher
shape fidelity. Mesh regularity is characterized by the printability index, which reflects pore
geometric fidelity—P = 1 denotes an ideal square pore, while deviations indicate under-
or over-gelation. Mesh line spreading is quantitatively described by the pore area loss
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rate, which measures material accumulation at intersection nodes; lower φ values indicate
higher pore integrity.

4. Modeling and Prediction of Rheological Parameters and
Printing Processes

The intricate interplay between rheological properties and printing outcomes necessitates
the development of predictive models capable of accurately describing and optimizing the
bioprinting process. Establishing quantitative relationships among material parameters,
process variables, and printing fidelity provides a rational basis for bioink design and precise
control of printing parameters [79,80]. This section examined both empirical and theoretical
approaches for modeling extrusion behavior, with particular emphasis on the role of shear-
induced effects in maintaining structural integrity and modulating cellular responses.

4.1. Empirical Models for Pressure-Modulus Relationships in Extrusion

The printing process of hydrogel inks encompasses three primary stages: extrusion,
filament formation, and layer-by-layer stacking. Among these, extrusion pressure is a
critical process parameter that governs both ink extrudability and the morphological
fidelity of the printed structure [37,72,81]. To quantify the relationship between extrusion
pressure and material rheology, Lee et al. [82] proposed a first-order iterative model that
predicts the extrusion pressure (Pr) using the storage modulus (G′) and loss modulus (G′′)
as independent variables:

Pr = β0 +
(

β1 × G′)+ (β2 × G′′ ) +
(

β1 × G′ × G′′
)

(5)

where β0, β1, β3, and β3 are fitting constants.
Model analysis indicates that an increase in G′′ leads to a rapid rise in extrusion

pressure Pr. This is attributed to the simultaneous occurrence of high-frequency and
low-frequency deformations during extrusion: in the high-frequency regime, the viscous
response of the hydrogel exhibits solid-like behavior, and frequent deformation dominated
by G′′ significantly elevates extrusion resistance. Furthermore, the morphology of extruded
filaments is closely related to the loss tangent (tanδ = G′′/G′). A lower tanδ generally
corresponds to irregular and rough filament contours, whereas a higher tanδ promotes the
formation of smoother and more uniform extruded lines, thereby enhancing the geometric
fidelity of the printed structure.

4.2. Theoretical Analysis of Shear Stress and Shear Rate Distribution Within Nozzles

During bioprinting, the distribution of shear stress and shear rate within the nozzle
significantly influences the flow behavior of hydrogel inks, extrusion stability, and the
viability of encapsulated cells. Given the challenges associated with direct measurement
of the internal flow field, theoretical modeling based on fluid dynamics principles has
become essential for analyzing stress distributions, optimizing printing parameters, and
predicting cellular mechanical responses. A typical bioprinting nozzle can be simplified as
a cylindrical pipe with a constant cross-section (Figure 3a). Under the assumption of steady
laminar flow, fluid moves axially (along the z-direction) driven by a pressure gradient,
exhibiting a parabolic velocity profile in the radial direction. Force balance analysis is
performed on a fluid cylindrical element of radius (r) and length (dL). The forces acting on
this element include the driving force due to the pressure difference across its ends, viscous
resistance, and shear stress on its lateral surface. According to the force-balance equation:

∑ F = F1 + F2 + F3 = 0 (6)
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which simplifies to:
πr2P′ − πr2(P′ − ∆P′)− 2πτrdl = 0 (7)

 
 

(a) (b) (c) 

 
(d) (e) (f) (g) 

 
(h) 

Figure 3. Rheological modeling and flow simulation of bioinks in a cylindrical nozzle. (a) Force-balance
analysis of fluid flow in a circular tube. (b,c) Simulated shear-rate profile (b) and velocity profile (c) of
the nanocomposite hydrogel bioink within the nozzle based on the Herschel-Bulkley fluid model [83].
(d) Dependence of wall shear rate and plug-flow diameter of the hydrogel microparticle bioink on
extrusion rate [22]. (e) Shear stress profiles of the hydrogel microparticle bioinks within extruder tip [22].
(f,g) Predicted shear-rate profile (f) and velocity profile (g) of the hydrogel microparticle bioink under
typical experimental printing conditions using the Herschel-Bulkley model [22]. (h) Scaffolds fabricated
with different parameter combinations exhibited varying levels of structural integrity and distinct pore
architectures [72]. (b,c) reprinted with permission from [83] Copyright© 2018 American Chemical Society.
(d–g) reprinted with permission from [22] Copyright© 2020 Wiley Publishers. (h) reprinted from [72],
under the CC BY 4.0 license.

Rearranging yields the radial distribution of shear stress within the fluid:

τr =
r
2

(
∆P′

dL

)
(8)
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where ∆P is the pressure drop over the entire nozzle length L, and R is the nozzle radius.
This expression indicates that shear stress varies linearly with radial position, reaching zero
at the center (r = 0) and the maximum shear stress occurs at the nozzle wall (r = R):

τwall = ∆P′ × R
2L

(9)

4.3. Rheological Models for Extrusion Behavior Analysis

Hydrogel bioinks typically exhibit shear-thinning behavior, which can be effectively
described using either the power-law model or the Herschel-Bulkley model. The Herschel-
Bulkley equation is expressed as:

τ = τ0 + mγn (10)

where τ represents the shear stress, τ0 is the yield stress (Pa), m denotes the consistency
coefficient (·Pa·s−1), γ is the shear rate (s−1), and n is the flow behavior index. The shear
stress at any radial position r can be expressed as:

τ = τ0 + mγn =
r
R

τwall =
∆P′

2L
r (11)

When the material exhibits no yield stress (τ0 = 0), the power-law model becomes a
special case of the Herschel-Bulkley model. Fitting rheological data yields the parameters m
and n, which allow calculation of the shear-rate distribution during ink extrusion through
the nozzle. The shear-rate profile is given by:

γ =

 0 0 ≤ r ≤ R0( τwall
m
) 1

n
(

r
R − τ0

τwall

) 1
n R0 ≤ r ≤ R

(12)

Integration of the shear rate with respect to radius yields the velocity distribution (υ)
across the nozzle:

υ =


R( n

n+1 )(
τwall

m )
1
n
(

1 − τ0
τwall

) n+1
n 0 ≤ r ≤ R0

R
( n

n+1
)( τwall

m
) 1

n

((
1 − τ0

τwall

) n+1
n −

(
r
R − τ0

τwall

) n
n+1
)

R0 ≤ r ≤ R
(13)

Finally, integration of the velocity profile over the nozzle cross-section gives the
volumetric flow rate:

Q = πR3
(

n
n + 1

)(τwall
m

) 1
n

((
1 − τ0

τwall

) n+1
n
(

1 − 2n
(2n + 1)(3n + 1)

(
1 − τ0

τwall

)(
τ0

τwall
n + 2n + 1

))
(14)

In the absence of yield stress (τ0 = 0), these expressions simplify to:

γ =
(τwall

m

) 1
n
( r

R

) 1
n (15)

ν = R
(

n
n + 1

)(τwall
m

) 1
n

(16)

Q = πR3
(

n
3n + 1

)(τwall
m

) z
n

(17)

These models provide a powerful tool for analyzing the extrusion process of hydrogel
inks. Gaharwar et al. [83] developed a nanocomposite hydrogel system with measurable
yield stress by integrating κ-carrageenan with methacrylated gelatin and nanoclay. They
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employed the Herschel-Bulkley model to examine the shear rate and velocity distributions
during extrusion. When the yield stress of the hydrogel exceeds the applied shear stress,
a solid-like plug flow region forms in the central part of the nozzle, where the velocity is
uniform and no velocity gradient exists (Figure 3b,c) [83]. In our previous work, we devel-
oped a self-healing bioink based on pre-cross-linked chitosan methacrylate and polyvinyl
alcohol hybrid hydrogel microparticles. The ink exhibits reversible gel-sol transition under
shear, pronounced shear-thinning behavior, a yield stress of approximately 540 Pa, and
rapid self-healing capability, making it suitable for extrusion-based 3D bioprinting. To
gain deeper insight into its flow behavior during printing and the resulting influence on
print quality, we performed numerical simulations using the Herschel-Bulkley model to
analyze the shear-rate distribution and stress state of the microparticle system within the
nozzle. Simulation results revealed a characteristic plug-flow profile inside the nozzle:
the shear rate reached its maximum near the wall (up to 1800 s−1), while it approached
zero in the central region, forming a nearly shear-free plug-flow zone (Figure 3d–g) [22].
This plug-flow region effectively shields the majority of the material from shear-induced
damage, thereby enabling the direct printing of high-aspect-ratio and high-precision com-
plex structures. Chai et al. [72] optimized the printing parameters based on mechanical
properties to achieve consistent extrusion of hydrogel filaments without deposition delays.
Random parameter combinations resulted in significantly compromised structural integrity
due to poor filament formability, presenting a stark contrast to the superior performance of
the optimized group. Scaffolds fabricated using random parameter combinations suffered
from severe structural deformation caused by filament merging and collapse, failing to
maintain three-dimensional integrity, with pore architecture becoming nearly indiscernible.
In contrast, scaffolds produced with the optimized parameter combination exhibited ex-
cellent structural integrity and well-defined pore architecture. These results conclusively
demonstrate the superior printing performance achieved with the optimized parameters,
validating the scientific rigor and effectiveness of the parameter optimization methodol-
ogy. Overall, by integrating rheological modeling with printing-process simulation, we
established a theoretical framework for the rational design of bioinks and the systematic op-
timization of printing parameters. This approach advances 3D bioprinting from empirical
trial-and-error toward a predictable and controllable methodology.

5. Comprehensive Evaluation Framework and Future Perspectives
The successful implementation of extrusion-based bioprinting relies on the synergistic

optimization of multiple parameters, necessitating the establishment of a comprehensive
evaluation framework that integrates rheological properties, structural fidelity, and bio-
logical performance [79,84,85]. This framework should incorporate quantitative metrics
spanning from molecular-scale interactions to macroscopic structural integrity, enabling
systematic correlation between material properties, processing parameters, and printing
outcomes. Specifically, the evaluation system must encompass both static rheological
parameters (e.g., zero-shear viscosity, equilibrium modulus) and dynamic response char-
acteristics (e.g., shear-thinning exponent, recovery rate, gelation kinetics), coupled with
quantitative analysis of printed structures through parameters such as line uniformity, grid
regularity, and layer fusion quality [86–88]. The integration of these multi-scale indicators
provides a robust foundation for rational bioink design and process optimization.

A persistent challenge in extrusion-based bioprinting lies in the inherent trade-off
between optimal printability and favorable biological outcomes—two objectives often
governed by conflicting material requirements. For instance, increasing polymer concen-
tration or crosslinking density enhances shear-thinning behavior and shape fidelity but
simultaneously reduces pore size and increases matrix stiffness, thereby restricting cell
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proliferation, migration, and matrix remodeling. Similarly, while a high yield stress im-
proves structural self-support and filament fidelity, it inevitably elevates extrusion pressure
and shear stress at the nozzle wall, leading to compromised cell viability and membrane
integrity. Fast-gelling systems, although advantageous for preserving deposited geometry,
may result in heterogeneous crosslinking or limited cellular reorganization.

It is worth emphasizing that quantitative rheological and structural metrics serve as
a critical bridge connecting immediate post-printing cell survival with long-term tissue
maturation. During the initial printing phase, parameters such as the shear-thinning index,
yield stress, and shear recovery kinetics directly regulate the mechanical stress experienced
by cells during extrusion and the subsequent structural integrity of the printed construct.
Optimized shear-thinning behavior substantially mitigates cell membrane damage at the
nozzle, while rapid shear recovery combined with an adequate storage modulus (G’) helps
prevent structural collapse and maintain controlled inter-filament porosity. These factors
collectively support immediate post-printing cell viability and facilitate the establishment
of initial nutrient diffusion pathways. As culture progresses into the long-term phase,
the biological relevance of these rheological and structural parameters becomes increas-
ingly evident. Quantitative mechanical attributes—such as the equilibrium modulus after
crosslinking and the stress relaxation rate—can be tailored to mimic the microenviron-
mental stiffness of specific native tissues, thereby guiding stem cell lineage specification
(e.g., higher modulus favoring osteogenesis, faster stress relaxation supporting neuronal
or adipogenic differentiation) [89]. Structural features—including microporosity intercon-
nectivity, fiber alignment, and degradation kinetics, which are co-determined by yield
stress and crosslinking behavior—provide a spatiotemporal framework for extracellular
matrix deposition, cell migration, and tissue fusion [84]. These biomimetic characteristics
ultimately govern key functional endpoints of tissue maturation, such as vascularization,
specific protein expression, and synchronization of electromechanical activities (e.g., en-
hanced myocardial contractility, glycosaminoglycan accumulation in cartilage, or albumin
secretion by hepatocytes). Thus, rheological and structural metrics not only define the
processing window for predicting printability, but also delineate the potential trajectory
from a three-dimensional biomimetic construct toward a fully functional tissue [90,91].

It should also be noted that while the Herschel-Bulkley model combined with laminar
pipe flow provides a useful engineering approximation for predicting extrusion behavior,
this theoretical framework inherently simplifies the complex flow characteristics of real
bioinks. In practice, bioinks often exhibit non-ideal phenomena such as wall slip, time-
dependent thixotropy, particle migration, and non-uniform crosslinking, factors which are
not captured by idealized models. In this study, we critically examined these assumptions
by drawing on the existing literature on the Herschel-Bulkley model and its application to
complex fluids [92,93]. Regarding wall slip, the use of a specific nozzle geometry, coupled
with experimental verification that slip velocity remained negligible within the investi-
gated shear rate range, supports the validity of the no-slip assumption. This assumption
yields conservative pressure drop estimates and is widely adopted in hydrogel extrusion
modeling. Thixotropy measurements confirmed that the ink’s structural recovery rate
substantially exceeded the printing timescale, thereby minimizing deviations from the
steady-state flow behavior assumed by the Herschel-Bulkley model. With respect to particle
or cell migration, the extremely short residence time within the nozzle during extrusion-
based printing—combined with post-printing imaging—confirmed that cell distribution
remained homogeneous, suggesting that sedimentation or shear-induced migration was
not a significant concern in this system. Furthermore, it should be emphasized that the
present model describes only the flow behavior of the pre-crosslinked ink prior to extrusion.
Crosslinking occurs post-printing and therefore does not influence the fluid dynamics
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during the extrusion process itself, a distinction that is critical for accurately interpreting
the rheological predictions in the context of biofabrication [92,94].

Recognizing that these trade-offs cannot be fully eliminated, we advocate for a
paradigm shift from qualitative compromise toward quantitative trade-off management.
Multi-objective optimization frameworks enable the identification of formulation and
processing conditions that achieve an optimal balance between printability metrics (e.g.,
filament fusion ratio, shape fidelity index) and biological performance indicators (e.g.,
cell viability, proliferation, extracellular matrix deposition) [95,96]. Recent advances in
dynamic covalent chemistry (e.g., Schiff base, Diels-Alder reactions) and supramolecular
interactions (e.g., host-guest complexes, hydrogen bonding) offer promising pathways to
decouple these traditionally conflicting attributes [86,97]. Furthermore, machine learning
approaches are emerging as powerful tools for navigating the complex parameter space,
enabling predictive optimization of bioink formulations and printing conditions based on
historical data and theoretical models [98,99].

Given the current lack of unified data standards in the field of extrusion-based bioprinting,
the deep integration of machine learning with experimental datasets does not necessarily
depend on the a priori standardization of data. To address the modeling complexities inherent
in non-structured data environments, a progressive integration strategy can be implemented
through the following complementary pathways [100]. First, direct modeling based on
locally consistent datasets has proven to be practically feasible. Even moderately sized
rheological datasets (e.g., 100–200 samples) derived from a single experimental system, when
combined with algorithms such as random forests or decision trees, can achieve high-precision
predictions of key printability metrics (e.g., viscosity, filament width). This demonstrates that,
even in the absence of cross-laboratory standardization, internally self-consistent datasets
can still provide tangible support for the rational formulation optimization of bioinks [101].
Second, transfer learning offers a theoretically viable route to bridge heterogeneous data
sources. By pre-training on large-scale material databases or rheological data from analogous
polymer systems, followed by fine-tuning with limited experimental data from target bioink
formulations, this approach can effectively mitigate the challenges of model generalization
in small-sample regimes. Third, embedding domain knowledge as physical constraints
into model architectures has emerged as a novel strategy for handling non-standardized
data [80]. For instance, constructing composite loss functions based on thermodynamic
consistency or classical Herschel-Bulkley constitutive models not only reduces reliance on
massive training datasets but also enhances model interpretability and extrapolative capacity
under diverse experimental conditions. Finally, the coupling of active learning with closed-
loop bioprinting experimentation systems holds the potential to fundamentally transform the
traditional “data first, modeling later” research paradigm. By iteratively selecting the most
informative experimental conditions in real time, such systems can generate structured, high-
value datasets as an integral part of the printing process, thereby enabling the co-evolution of
machine learning modeling and process optimization. In summary, data standardization and
the application of machine learning are not sequential stages in a linear progression, but rather
a mutually reinforcing, dual-track process of co-evolution. The former lays the foundation
for long-term model generalizability and the robust accumulation of data, while the latter
already provides practically applicable predictive tools for rational formulation design in the
present [79,102].

A hierarchical evaluation system should be established, incorporating both material-
centric and process-centric parameters. At the material level, key indicators include:
(1) shear-thinning index (n) reflecting extrusion ease, (2) yield stress (τ0) determining
structural self-supporting capability, (3) recovery time (trec) characterizing self-healing
efficiency, and (4) gelation time (tgel) governing solidification kinetics [32,33]. At the structural
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level, quantitative metrics such as printing accuracy ratio, line diffusion rate, and layer fusion
index provide objective assessment of printing fidelity. The integration of these indicators into
a standardized scoring system would significantly facilitate comparative analysis between
different bioink systems and accelerate material development cycles [80,103,104].

Future bioink development should focus on multi-functional systems that simultane-
ously address printability, biocompatibility, and bioactivity. This includes: (1) incorporat-
ing enzyme-responsive or pH-sensitive moieties for targeted drug release in pathological
microenvironments [105–107], (2) designing interpenetrating networks combining rapid
physical gelation with covalent crosslinking for enhanced mechanical stability [108], and
(3) integrating bioactive peptides to promote specific cellular responses [109]. Partic-
ularly, stress-yielding hydrogels that exhibit solid-like behavior under low stress yet
flow under high stress represent an ideal platform for protecting cells during extrusion
while maintaining structural integrity post-printing. Additionally, the development of in
situ monitoring systems coupled with closed-loop feedback control could dynamically
adjust printing parameters based on real-time assessment of filament formation and cell
viability [3,110–112].

6. In Summary
The advancement of three-dimensional bioprinting reflects a paradigm shift from em-

pirical optimization to quantitatively driven and standardized methodologies. This review
systematically synthesizes an integrated evaluation framework for hydrogel printability,
founded on three interconnected pillars: rheological characterization, microstructural anal-
ysis, and theoretical modeling. The dynamic rheological properties of hydrogels, including
shear-thinning behavior, yield stress, self-healing capability, and creep resistance, collec-
tively establish the physical foundation for extrusion feasibility, structural retention, and
long-term stability. Quantitative assessment of printed structures using metrics such as the
printability factor and line diffusion rate provides reproducible and objective standards for
comparative evaluation of bioinks and printing processes. Furthermore, theoretical models
such as the Herschel-Bulkley and extrusion pressure models enable the correlation of
material parameters with shear fields and flow profiles during printing, thereby facilitating
the prediction and control of critical process variables such as wall shear stress that directly
influence structural fidelity and cellular integrity.

Future advancements in bioprinting will hinge on multidisciplinary and multi-scale
innovation. A central priority is the development of intelligent bioinks that integrate
dynamic covalent bonds and supramolecular chemistries to exhibit stimuli-responsive,
self-healing, and stress-yielding characteristics. Such functionalities synergistically en-
hance printability, cytocompatibility, and biological performance. Equally critical are
standardization initiatives and data-driven methodologies, including unified rheological
testing protocols, benchmarking of printing accuracy, and open-access bioink databases
coupled with machine learning, which collectively accelerate the optimization of bioink
formulations and printing parameters. The implementation of closed-loop biomanufactur-
ing systems incorporating in situ monitoring and real-time feedback control will further
ensure dimensional precision and cell viability across scales, from individual filaments
to complex volumetric tissues. By establishing a rigorous quantitative foundation and
fostering cross-disciplinary integration, bioprinting is poised to overcome existing limi-
tations in structural complexity, functional maturity, and manufacturing reproducibility.
These advances will expedite the clinical translation of bioprinted constructs into tangible
applications in regenerative medicine, disease modeling, and drug screening.

https://doi.org/10.3390/gels12030189

https://doi.org/10.3390/gels12030189


Gels 2026, 12, 189 21 of 26

Author Contributions: Conceptualization: S.Y., Y.L. and H.Z.; Investigation: S.Y., Y.L., S.C. and J.F.;
Methodology: H.Z.; Formal analysis: Y.L.; Writing—original draft: S.Y.; Writing—review and editing:
S.Y., Y.L. and H.Z. All authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by the Science and Technology Innovation 2035 Major Project
of Ningbo (2024Z212), the Ningbo Natural Science Foundation (2022J121), the Open Foundation of
the State Key Laboratory and the Key Laboratory of Polymeric Composite & Functional Materials of
Ministry of Education (PCFM-2025A02).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Figure 2a reprinted from [72], under the CC BY 4.0 license. Figure 2b
reprinted from [73], under the CC BY 4.0 license. Figure 2d–f reprinted from [74], under the CC BY 4.0
license. Figure 3b,c reprinted with permission from [83] Copyright© 2018 American Chemical Society.
Figure 3d–g reprinted with permission from [22] Copyright© 2020 Wiley Publishers. Figure 3h
reprinted from [72], under the CC BY 4.0 license.

Acknowledgments: The authors acknowledge support from Research Institute of Smart Medicine
and Biological Engineering, Health Science Center, Ningbo University.

Conflicts of Interest: The authors declare that they have no conflicts of interest.

References
1. Pardo, A.; Gomez-Florit, M.; Davidson, M.D.; Ozturk-Oncel, M.O.; Domingues, R.M.A.; Burdick, J.A.; Gomes, M.E. Hierarchical

Design of Tissue-Mimetic Fibrillar Hydrogel Scaffolds. Adv. Healthc. Mater. 2024, 13, e2303167. [CrossRef]
2. Lloyd, E.C.; Dhakal, S.; Amini, S.; Alhasan, R.; Fratzl, P.; Tree, D.R.; Morozova, S.; Hickey, R.J. Porous hierarchically ordered

hydrogels demonstrating structurally dependent mechanical properties. Nat. Commun. 2025, 16, 3792. [CrossRef]
3. Xiang, G.; Yin, B.; Shiroud Heidari, B.; Youssef, G.; Gosecka, M.; Gosecki, M.; Torres, F.G.; Wong, S.H.D.; Dodda, J.M. Programmable

Hydrogels: Frontiers in Dynamic Closed-Loop Systems, Biomimetic Synergy, and Clinical Translation. Adv. Sci. 2025, 12, e12037.
[CrossRef]

4. You, P.; Sun, H.; Chen, H.; Li, C.; Mao, Y.; Zhang, T.; Yang, H.; Dong, H. Composite bioink incorporating cell-laden liver
decellularized extracellular matrix for bioprinting of scaffolds for bone tissue engineering. Biomater. Adv. 2024, 165, 214017.
[CrossRef] [PubMed]

5. Luo, Y.; Xu, R.; Hu, Z.; Ni, R.; Zhu, T.; Zhang, H.; Zhu, Y. Gel-Based Suspension Medium Used in 3D Bioprinting for Constructing
Tissue/Organ Analogs. Gels 2024, 10, 644. [CrossRef] [PubMed]

6. Lameirinhas, N.S.; Carvalho, J.P.F.; Teixeira, M.C.; Luís, J.L.; Esmail, A.; Pinto, R.J.B.; Oliveira, H.; Freitas, F.; Oliveira, J.M.;
Vilela, C.; et al. Nanocomposite hydrogel-based bioinks composed of a fucose-rich polysaccharide and nanocellulose fibers for
3D-bioprinting applications. Bioprinting 2025, 45, e00382. [CrossRef]

7. Manzoli, S.; Merotto, E.; Piccoli, M.; Gobbo, P.; Todros, S.; Pavan, P.G. An Overview of 3D Bioprinting Impact on Cell Viability:
From Damage Assessment to Protection Solutions. J. Funct. Biomater. 2025, 16, 436. [CrossRef]

8. Chirianni, F.; Vairo, G.; Marino, M. Influence of extruder geometry and bio-ink type in extrusion-based bioprinting via an in silico
design tool. Meccanica 2024, 59, 1285–1299. [CrossRef]

9. Ng, W.L.; Shkolnikov, V. Jetting-based bioprinting: Process, dispense physics, and applications. Bio-Des. Manuf. 2024, 7, 771–799.
[CrossRef]

10. Lombardi, L.; Scalzone, A.; Ausilio, C.; Gentile, P.; Tammaro, D. Optimizing nozzle design in extrusion-based 3D bioprinting to
minimize mechanical stress and enhance cell viability. Int. J. Bioprint. 2025, 11, 315–327. [CrossRef]

11. Navaneethan, B.; Amoli, M.S.; Yang, Y.C.; Rezapourdamanab, S.; Tseng, C.Y.; Singh, Y.; Guo, C.L.; Serpooshan, V.; Chou, C.F.
Scalable Biofabrication of Functional 3D Scaffolds via Synergy of Autopilot Single-Jet Electrospun 3D PCL Fiber Scaffolds and
Cell-Laden Hydrogels. ACS Appl. Mater. Interfaces 2025, 17, 47878–47893. [CrossRef] [PubMed]

12. Murenu, N.; Faber, J.; Soufivand, A.A.; Buss, M.; Schaefer, N.; Budday, S. Cell Behavior and Complex Mechanical Properties of 3D
Printed Cell-Laden Alginate-Gelatin Macroporous Mesostructures. Macromol. Biosci. 2025, 25, e00204. [CrossRef] [PubMed]

13. Reza Barbaz-Isfahani, A.S.; Jamali, M.; Khademi, A.; Iranmanesh, F.; Iranmanesh, P.; Khandan, A.; Sheikhbahaei, E. Advanced
Bioprinting Methodologies: A Quantitative Analysis and Exploration of Innovative Techniques for Tissue Engineering. Nanomed.
Res. J. 2025, 10, 95–113. [CrossRef]

https://doi.org/10.3390/gels12030189

https://doi.org/10.1002/adhm.202303167
https://doi.org/10.1038/s41467-025-59171-w
https://doi.org/10.1002/advs.202512037
https://doi.org/10.1016/j.bioadv.2024.214017
https://www.ncbi.nlm.nih.gov/pubmed/39236580
https://doi.org/10.3390/gels10100644
https://www.ncbi.nlm.nih.gov/pubmed/39451297
https://doi.org/10.1016/j.bprint.2024.e00382
https://doi.org/10.3390/jfb16120436
https://doi.org/10.1007/s11012-024-01862-7
https://doi.org/10.1007/s42242-024-00285-3
https://doi.org/10.36922/IJB025190182
https://doi.org/10.1021/acsami.5c07425
https://www.ncbi.nlm.nih.gov/pubmed/40694341
https://doi.org/10.1002/mabi.202500204
https://www.ncbi.nlm.nih.gov/pubmed/40958737
https://doi.org/10.22034/nmrj.2025.01.010
https://doi.org/10.3390/gels12030189


Gels 2026, 12, 189 22 of 26

14. De Villiers, M.; Kotze, A.F.; du Plessis, L.H. Pneumatic extrusion bioprinting-based high throughput fabrication of a melanoma
3D cell culture model for anti-cancer drug screening. Biomed. Mater. 2024, 19, 055034. [CrossRef]

15. Shin, J.; Tabatabaei Rezaei, N.; Choi, S.; Li, Z.; Kim, D.H.; Kim, K. Photocrosslinkable Kidney Decellularized Extracellular
Matrix-Based Bioink for 3D Bioprinting. Adv. Healthc. Mater. 2025, 14, e2501616. [CrossRef]

16. Mierke, C.T. Bioprinting of Cells, Organoids and Organs-on-a-Chip Together with Hydrogels Improves Structural and Mechanical
Cues. Cells 2024, 13, 1638. [CrossRef]

17. Ahmadi Soufivand, A.; Lee, S.J.; Jungst, T.; Budday, S. Challenges and perspectives in using finite element modeling to advance
3D bioprinting. Prog. Biomed. Eng. 2025, 7, 032004. [CrossRef]

18. Yao, Y.; Gao, Q.; Yu, K.; Qi, L.; Lin, Z.; Xu, J.; Li, Y.; Zhang, P.; Zhu, M.; Lu, L. Study on the formation mechanism of viscoplastic
line deposition for predicting filament width. Mater. Des. 2025, 249, 113550. [CrossRef]

19. Skelton, M.L.; Gentry, J.L.; Astrab, L.R.; Goedert, J.A.; Earl, E.B.; Pham, E.L.; Bhat, T.; Caliari, S.R. Modular Multiwell Viscoelastic
Hydrogel Platform for Two- and Three-Dimensional Cell Culture Applications. ACS Biomater. Sci. Eng. 2024, 10, 3280–3292.
[CrossRef]

20. Nieva-Esteve, G.; Agulló, N.; Grande-Molina, M.; Adell, N.; Tarrado, X.; Calvo-Duarte, L.; Valls-Esteve, A.; Krauel, L.;
Fenollosa-Artés, F.; Bartes, R.T.; et al. Developing tuneable viscoelastic silicone gel-based inks for precise 3D printing of
clinical phantoms. Mater. Adv. 2024, 5, 3706–3720. [CrossRef]

21. Zhang, H.; Luo, Y.; Li, G.; Hu, Z.; Xu, R.; Zhu, T.; Cao, X.; Yao, Y.; Jian, W.; Chen, J.; et al. Micelle-facilitated gelation kinetics and
viscoelasticity of dynamic hyaluronan hydrogels for bioprinting of mimetic constructs and tissue repair. Compos. Part B Eng. 2025,
294, 112151. [CrossRef]

22. Zhang, H.; Cong, Y.; Osi, A.R.; Zhou, Y.; Huang, F.; Zaccaria, R.P.; Chen, J.; Wang, R.; Fu, J. Direct 3D Printed Biomimetic Scaffolds
Based on Hydrogel Microparticles for Cell Spheroid Growth. Adv. Funct. Mater. 2020, 30, 1910573. [CrossRef]

23. Fragal, E.H.; Poirier, A.; Bleses, D.; Faria Guimarães Silva, Y.; Baccile, N.; Rharbi, Y. Microbial biosurfactant hydrogels with
tunable rheology for precision 3D printing of soft scaffolds. Soft Matter 2025, 21, 4476–4487. [CrossRef]

24. Xin, H.; Seigneur, A.; Bernardin, A.; Virk, S.S.; Virk, A.S.; Calderon Vaca, M.; Amin, S. Effect of Entrapped and Free Calcium
Hydroxyapatite Particles on Rheological Properties of Hyaluronic Acid–Calcium Hydroxyapatite Composite Hydrogels. ACS
Omega 2025, 10, 48242–48256. [CrossRef]

25. Li, N.; Bassett, D.C.; Zhang, Z.J. Microfibrillated cellulose (MFC)-composite formulations for 3D bioprinting with excellent
printability, mechanical strength, and biological functionality. Chem. Eng. J. 2025, 524, 169037. [CrossRef]

26. Mondal, G.; Chowdhury, S.R.; Paul, P.; Basu, B. Dual Crosslinkable Gelatin Glycidyl Methacrylate-based Hydrogel: Key Insights
to Biophysical Properties and Applicability Towards 3D Printing. Regen. Eng. Transl. Med. 2025, 11, 977–998. [CrossRef]

27. Weng, H.; Decarli, M.C.; He, L.; Chen, W.; van Rijt, S.; Bernaerts, K.V.; Moroni, L. Mechanical Reinforced and Self-healing
Hydrogels: Bioprinted Biomimetic Methacrylated Collagen Peptide-Xanthan Gum Constructs for Ligament Regeneration. Adv.
Healthc. Mater. 2025, 14, e2502341. [CrossRef]

28. Geevarghese, R.; Zur-Pinska, J.; Parisi, D.; Wlodarczyk-Biegun, M.K. A comprehensive protocol for hydrogel-based bioink design:
Balancing printability, stability, and biocompatibility. J. Mater. Chem. B 2025, 13, 13750–13768. [CrossRef]

29. Du, L.; Xiao, Y.Y.; Jiang, Z.C.; Xu, H.; Zeng, H.; Li, H. A high temperature-resistant, strong, and self-healing double-network
hydrogel for profile control in oil recovery. J. Colloid Interface Sci. 2025, 679, 490–502. [CrossRef] [PubMed]

30. Wang, D.; Zeng, J.; Zhu, H.; Liu, S.; Jia, L.; Liu, W.; Wang, Q.; Wang, S.; Liu, W.; Zhou, J.; et al. Extrusion bioprinting of
elastin-containing bioactive double-network tough hydrogels for complex elastic tissue regeneration. Aggregate 2024, 5, e477.
[CrossRef]

31. Usala, E.; Gonzalez, Z.; Campillo, N.; Baena, J.; Ferrari, B.; Rodríguez, A.; Espinosa, E. Impact of steam sterilization on the
rheological characteristics, printability, and bioactivity of nanocellulose/alginate hydrogels for 3D bioprinting. Carbohydr. Polym.
Technol. Appl. 2025, 11, 100970. [CrossRef]

32. Peleg-Evron, O.; Hen, N.; Davidovich-Pinhas, M.; Levenberg, S.; Bianco-Peled, H. Design and Characterization of Yeast Protein–
Polysaccharide Bioink Blends for 3D Printing. Polysaccharides 2025, 6, 101. [CrossRef]

33. Nie, X.; Tang, Y.; Wu, T.; Zhao, X.; Xu, Z.; Yang, R.; Sun, Y.; Wu, B.; Han, Q.; Hui, J.; et al. 3D printing sequentially strengthening
high-strength natural polymer hydrogel bilayer scaffold for cornea regeneration. Regen. Biomater. 2024, 11, rbae012. [CrossRef]

34. Hernandez-Sosa, A.; Ramirez-Jimenez, R.A.; Rojo, L.; Boulmedais, F.; Aguilar, M.R.; Criado-Gonzalez, M.; Hernandez, R.
Optimization of the Rheological Properties of Self-Assembled Tripeptide/Alginate/Cellulose Hydrogels for 3D Printing. Polymers
2022, 14, 2229. [CrossRef]

35. Field, E.H.; Ratcliffe, J.; Johnson, C.J.; Binger, K.J.; Reynolds, N.P. Self-healing, 3D printed bioinks from self-assembled peptide
and alginate hybrid hydrogels. Biomater. Adv. 2025, 169, 214145. [CrossRef]

36. Deo, K.A.; Murali, A.; Tronolone, J.J.; Mandrona, C.; Lee, H.P.; Rajput, S.; Hargett, S.E.; Selahi, A.; Sun, Y.; Alge, D.L.; et al.
Granular Biphasic Colloidal Hydrogels for 3D Bioprinting. Adv. Healthc. Mater. 2024, 13, 2303810. [CrossRef] [PubMed]

https://doi.org/10.3390/gels12030189

https://doi.org/10.1088/1748-605X/ad651f
https://doi.org/10.1002/adhm.202501616
https://doi.org/10.3390/cells13191638
https://doi.org/10.1088/2516-1091/addb19
https://doi.org/10.1016/j.matdes.2024.113550
https://doi.org/10.1021/acsbiomaterials.4c00312
https://doi.org/10.1039/D4MA00011K
https://doi.org/10.1016/j.compositesb.2025.112151
https://doi.org/10.1002/adfm.201910573
https://doi.org/10.1039/D5SM00248F
https://doi.org/10.1021/acsomega.5c05147
https://doi.org/10.1016/j.cej.2025.169037
https://doi.org/10.1007/s40883-025-00413-0
https://doi.org/10.1002/adhm.202502341
https://doi.org/10.1039/D5TB00737B
https://doi.org/10.1016/j.jcis.2024.10.077
https://www.ncbi.nlm.nih.gov/pubmed/39490267
https://doi.org/10.1002/agt2.477
https://doi.org/10.1016/j.carpta.2025.100970
https://doi.org/10.3390/polysaccharides6040101
https://doi.org/10.1093/rb/rbae012
https://doi.org/10.3390/polym14112229
https://doi.org/10.1016/j.bioadv.2024.214145
https://doi.org/10.1002/adhm.202303810
https://www.ncbi.nlm.nih.gov/pubmed/38749006
https://doi.org/10.3390/gels12030189


Gels 2026, 12, 189 23 of 26

37. Dey, M.K.; Devireddy, R.V. Rheological Characterization and Printability of Sodium Alginate–Gelatin Hydrogel for 3D Cultures
and Bioprinting. Biomimetics 2025, 10, 28. [CrossRef] [PubMed]

38. Bono, F.; Strässle Zuniga, S.H.; Amstad, E. 3D Printable κ-Carrageenan-Based Granular Hydrogels. Adv. Funct. Mater. 2024,
35, 202413368. [CrossRef]

39. Yu, Y.; Zhao, Y.; Zou, Y.; Lu, C.; Li, N.; Shi, Z.; Li, X.; Lai, X. Ultra-sensitive pH responsive hydrogels with injectable and
self-healing performance for controlled drug delivery. Int. J. Pharm. X 2025, 9, 100334. [CrossRef] [PubMed]

40. Ma, Y.; Tang, Y.; Fan, J.; Sun, T.; Qiu, X.; Wei, L.; Zhang, X. A pH-responsive dual-network biopolysaccharide hydrogel with
enhanced self-healing and controlled drug release properties. RSC Adv. 2024, 14, 38353–38363. [CrossRef]

41. Rijns, L.; Duijs, H.; Lafleur, R.P.M.; Cardinaels, R.; Palmans, A.R.A.; Dankers, P.Y.W.; Su, L. Molecularly Engineered Supramolecular
Thermoresponsive Hydrogels with Tunable Mechanical and Dynamic Properties. Biomacromolecules 2024, 25, 4686–4696. [CrossRef]

42. Sadeghzade, S.; Cao, J.; Yang, R.; Li, Y.; Li, Y.; Zhang, D.; Liu, J.; Yu, Z.; Fang, L.; Yuan, H. Highly stretchable alginate/
methylcellulose hydrogels for 3D bio-printing: Photopolymerization approach enhancing structural integrity. Giant 2024,
18, 100280. [CrossRef]

43. Gunter, E.; Popeyko, O.; Vityazev, F.; Popov, S. Effect of Callus Cell Immobilization on the Textural and Rheological Properties,
Loading, and Releasing of Grape Seed Extract from Pectin Hydrogels. Gels 2024, 10, 273. [CrossRef] [PubMed]

44. Cavallo, A.; Radaelli, G.; Al Kayal, T.; Mero, A.; Mezzetta, A.; Guazzelli, L.; Soldani, G.; Losi, P. Optimization of Gelatin and
Crosslinker Concentrations in a Gelatin/Alginate-Based Bioink with Potential Applications in a Simplified Skin Model. Molecules
2025, 30, 649. [CrossRef]

45. Kitana, W.; Levario-Diaz, V.; Cavalcanti-Adam, E.A.; Ionov, L. Biofabrication of Composite Bioink-Nanofiber Constructs: Effect of
Rheological Properties of Bioinks on 3D (Bio)Printing and Cells Interaction with Aligned Touch Spun Nanofibers. Adv. Healthc.
Mater. 2024, 13, e2303343. [CrossRef]

46. Palacin-Garcia, R.; Goni, L.; Rio, T.G. Exploring the Rheological Properties of 3D Bioprinted Alginate-Based Hydrogels for Tissue
Engineering. Biomimetics 2025, 10, 491. [CrossRef]

47. Rony, F.K.; Appiah, J.; Alawbali, A.; Clay, D.; Ilias, S.; Azad, M.A. Evaluating Swellable Cross-Linked Biopolymer Impact on Ink
Rheology and Mechanical Properties of Drug-Contained 3D-Printed Thin Film. Pharmaceutics 2025, 17, 183. [CrossRef]

48. Tavakoli, S.; Krishnan, N.; Mokhtari, H.; Oommen, O.P.; Varghese, O.P. Fine-tuning Dynamic Cross–linking for Enhanced 3D
Bioprinting of Hyaluronic Acid Hydrogels. Adv. Funct. Mater. 2023, 34, 2307040. [CrossRef]

49. Nam, S.; Lou, J.; Lee, S.; Kartenbender, J.M.; Mooney, D.J. Dynamic injectable tissue adhesives with strong adhesion and rapid
self-healing for regeneration of large muscle injury. Biomaterials 2024, 309, 122597. [CrossRef]

50. Huang, Y.; Kang, H.; Wang, Y.; Liu, K.; Wei, W.; Dai, H. One Stone Three Birds: Silver Sulfadiazine Modulates the Stability and
Dynamics of Hydrogels for Infected Wound Healing. Adv. Healthc. Mater. 2024, 13, 2400242. [CrossRef] [PubMed]

51. Yang, M.; Zhao, H.; Yu, Y.; Liu, J.; Li, C.; Guan, F.; Yao, M. Green synthesis-inspired antibacterial, antioxidant and adhesive
hydrogels with ultra-fast gelation and hemostasis for promoting infected skin wound healing. Acta Biomater. 2024, 184, 156–170.
[CrossRef] [PubMed]

52. Lou, J.; Liu, F.; Lindsay, C.D.; Chaudhuri, O.; Heilshorn, S.C.; Xia, Y. Dynamic Hyaluronan Hydrogels with Temporally Modulated
High Injectability and Stability Using a Biocompatible Catalyst. Adv. Mater. 2018, 30, e1705215. [CrossRef]

53. Pan, H.; Qu, Y.; Wang, F.; Zhao, S.; Chen, G. Horseradish peroxidase-catalyzed crosslinking injectable hydrogel for bone repair
and regeneration. Colloid Interface Sci. Commun. 2025, 66, 100828. [CrossRef]

54. Jin, X.; Wei, C.; Li, K.; Yin, P.; Wu, C.; Zhang, W. Polyphenol-mediated hyaluronic acid/tannic acid hydrogel with short gelation
time and high adhesion strength for accelerating wound healing. Carbohydr. Polym. 2024, 342, 122372. [CrossRef]

55. Kim, H.S.; Li, C.J.; Park, S.M.; Kim, K.W.; Mo, J.H.; Jin, G.Z.; Lee, H.H.; Kim, H.W.; Shin, U.S.; Lee, J.H. Development of an
Injectable Biphasic Hyaluronic Acid-Based Hydrogel with Stress Relaxation Properties for Cartilage Regeneration. Adv. Healthc.
Mater. 2024, 13, 2400043. [CrossRef] [PubMed]

56. Nerger, B.A.; Kashyap, K.; Deveney, B.T.; Lou, J.; Hanan, B.F.; Liu, Q.; Khalil, A.; Lungjangwa, T.; Cheriyan, M.; Gupta, A.; et al.
Tuning porosity of macroporous hydrogels enables rapid rates of stress relaxation and promotes cell expansion and migration.
Proc. Natl. Acad. Sci. USA 2024, 121, e2410806121. [CrossRef]

57. Zhang, Z.; He, C.; Rong, Y.; Ren, H.; Wang, T.; Zou, Z.; Chen, X. A fast and versatile cross-linking strategy via o-phthalaldehyde
condensation for mechanically strengthened and functional hydrogels. Natl. Sci. Rev. 2021, 8, nwaa128. [CrossRef]

58. Yasar, M.; Oktay, B.; Gurkan, A.C.; Apohan, N.K. Self-healing and cell adhesion properties of dynamic and photo-crosslinking
PEG-based dual networks soft hydrogels. J. Polym. Sci. 2024, 62, 4228–4239. [CrossRef]

59. Zhou, F.; Hong, Y.; Liang, R.; Zhang, X.; Liao, Y.; Jiang, D.; Zhang, J.; Sheng, Z.; Xie, C.; Peng, Z.; et al. Rapid printing of
bio-inspired 3D tissue constructs for skin regeneration. Biomaterials 2020, 258, 120287. [CrossRef]

60. Zhang, W.; Shi, K.; Yang, J.; Li, W.; Yu, Y.; Mi, Y.; Yao, T.; Ma, P.; Fan, D. 3D printing of recombinant collagen/chitosan
methacrylate/nanoclay hydrogels loaded with Kartogenin nanoparticles for cartilage regeneration. Regen. Biomater. 2024,
11, rbae097. [CrossRef]

https://doi.org/10.3390/gels12030189

https://doi.org/10.3390/biomimetics10010028
https://www.ncbi.nlm.nih.gov/pubmed/39851743
https://doi.org/10.1002/adfm.202413368
https://doi.org/10.1016/j.ijpx.2025.100334
https://www.ncbi.nlm.nih.gov/pubmed/40927751
https://doi.org/10.1039/D4RA05775A
https://doi.org/10.1021/acs.biomac.3c01357
https://doi.org/10.1016/j.giant.2024.100280
https://doi.org/10.3390/gels10040273
https://www.ncbi.nlm.nih.gov/pubmed/38667692
https://doi.org/10.3390/molecules30030649
https://doi.org/10.1002/adhm.202303343
https://doi.org/10.3390/biomimetics10080491
https://doi.org/10.3390/pharmaceutics17020183
https://doi.org/10.1002/adfm.202307040
https://doi.org/10.1016/j.biomaterials.2024.122597
https://doi.org/10.1002/adhm.202400242
https://www.ncbi.nlm.nih.gov/pubmed/38513263
https://doi.org/10.1016/j.actbio.2024.06.010
https://www.ncbi.nlm.nih.gov/pubmed/38897336
https://doi.org/10.1002/adma.201705215
https://doi.org/10.1016/j.colcom.2025.100828
https://doi.org/10.1016/j.carbpol.2024.122372
https://doi.org/10.1002/adhm.202400043
https://www.ncbi.nlm.nih.gov/pubmed/38569577
https://doi.org/10.1073/pnas.2410806121
https://doi.org/10.1093/nsr/nwaa128
https://doi.org/10.1002/pol.20240198
https://doi.org/10.1016/j.biomaterials.2020.120287
https://doi.org/10.1093/rb/rbae097
https://doi.org/10.3390/gels12030189


Gels 2026, 12, 189 24 of 26

61. Koivisto, J.T.; Gering, C.; Karvinen, J.; Maria Cherian, R.; Belay, B.; Hyttinen, J.; Aalto-Setala, K.; Kellomaki, M.; Parraga, J.
Mechanically Biomimetic Gelatin-Gellan Gum Hydrogels for 3D Culture of Beating Human Cardiomyocytes. ACS Appl. Mater.
Interfaces 2019, 11, 20589–20602. [CrossRef]

62. Bhusari, S.; Hoffmann, M.; Herbeck-Engel, P.; Sankaran, S.; Wilhelm, M.; Del Campo, A. Rheological behavior of Pluronic/Pluronic
diacrylate hydrogels used for bacteria encapsulation in engineered living materials. Soft Matter 2024, 20, 1320–1332. [CrossRef]

63. Braccini, S.; Chen, C.B.; Lucejko, J.J.; Barsotti, F.; Ferrario, C.; Chen, G.Q.; Puppi, D. Additive manufacturing of wet-spun
chitosan/hyaluronic acid scaffolds for biomedical applications. Carbohydr. Polym. 2024, 329, 121788. [CrossRef]

64. Zhou, Q.; Chng, C.-P.; Zhao, Y.; Wang, Y.; Xu, H.; Huo, Y.; Huang, C. Ethanol-induced gelation enables direct three-dimensional
printing of sodium alginate hydrogel. Mater. Des. 2024, 239, 112746. [CrossRef]

65. Panyamao, P.; Charumanee, S.; Ruangsuriya, J.; Saenjum, C. Coffee parchment-derived nanocellulose as reinforcing agent in
hydrogel inks for extrusion-based 3D printing of biphasic osteochondral scaffolds. Carbohydr. Polym. Technol. Appl. 2025,
10, 100752. [CrossRef]

66. Song, Y.E.; Eckman, N.; Sen, S.; Jons, C.K.; Saouaf, O.M.; Appel, E.A. Highly Extensible Physically Crosslinked Hydrogels for
High-Speed 3D Bioprinting. Adv. Healthc. Mater. 2025, 14, 2404988. [CrossRef] [PubMed]

67. Al-Farhan, W.; Abusara, O.H.; Abu-Sini, M.; Hikmat, S.; Tarawneh, O.; Al-Kouz, S.; Hamed, R. Development, Characterization,
and Biological Evaluation of a Self-Healing Hydrogel Patch Loaded with Ciprofloxacin for Wound Dressings. Polymers 2025,
17, 2686. [CrossRef]

68. Li, J.; Yin, F.; Wang, J.; Du, H.; Xu, F.; Meskers, S.; Li, Y.; Wijker, S.; Peng, Y.; Bellan, R.; et al. Self-Regulating Hydrogel with
Reversible Optical Activity in Its Gel-to-Gel Transformation. J. Am. Chem. Soc. 2025, 147, 17361–17371. [CrossRef]

69. Caiado Decarli, M.; Ferreira, H.P.; Sobreiro-Almeida, R.; Teixeira, F.C.; Correia, T.R.; Babilotte, J.; Olijve, J.; Custodio, C.A.;
Goncalves, I.C.; Mota, C.; et al. Embedding Bioprinting of Low Viscous, Photopolymerizable Blood-Based Bioinks in a Crystal
Self-Healing Transparent Supporting Bath. Small Methods 2025, 9, e2400857. [CrossRef]

70. Amorim, P.A.; Agten, H.; Vermeulen, M.; Van Vlierberghe, S.; Geris, L.; Bloemen, V. Novel GelMA/GelMA-AEMA Hydrogel
Blend with Enhanced Printability as a Carrier for iPSC-Derived Chondrocytes In Vitro. Gels 2025, 11, 698. [CrossRef]

71. Zhao, W.; Zhang, Y.; Zhao, X.; Sheng, W.; Ma, S.; Zhou, F. Mechanically Robust Lubricating Hydrogels Beyond the Natural
Cartilage as Compliant Artificial Joint Coating. Adv. Sci. 2024, 11, e2401000. [CrossRef]

72. Chai, W.; An, Y.; Wang, X.; Yang, Z.; Wei, Q. Optimization of SA-Gel Hydrogel Printing Parameters for Extrusion-Based 3D
Bioprinting. Gels 2025, 11, 552. [CrossRef]

73. Rodriguez-Rego, J.M.; Mendoza-Cerezo, L.; Macias-Garcia, A.; Mendoza-Cerezo, L.; Carrasco-Amador, J.P.; Marcos-Romero, A.C.
Methodology for characterizing the printability of hydrogels. Int. J. Bioprint. 2023, 9, 667. [CrossRef] [PubMed]

74. He, Y.; Yang, F.; Zhao, H.; Gao, Q.; Xia, B.; Fu, J. Research on the printability of hydrogels in 3D bioprinting. Sci. Rep. 2016, 6, 29977.
[CrossRef]

75. Trifan, A.; Liciu, E.; Nedelcu, A.S.; Dragomir, M.; Cristea, D.D.; Mateescu, C.S.; Nitulescu, D.A.; Cirstea, C.A.; Banciu, A.;
Toader, G.; et al. Effect of Phosphate Phase Incorporation on 3D-Printed Hydrogel Scaffolds: Towards Customizable Bone Graft
Materials. Gels 2025, 11, 665. [CrossRef]

76. Ouyang, L.; Yao, R.; Zhao, Y.; Sun, W. Effect of bioink properties on printability and cell viability for 3D bioplotting of embryonic
stem cells. Biofabrication 2016, 8, 035020. [CrossRef]

77. Dong, L.; Fan, Z.; Fang, B.; Zhao, X.; Yao, H.; Cai, G.; Yang, S.; Zhang, G.; Cheng, X.; Feng, Y.; et al. Oriented cellulose hydrogel:
Directed tissue regeneration for reducing corneal leukoplakia and managing fungal corneal ulcers. Bioact. Mater. 2024, 41, 15–29.
[CrossRef]

78. Lin, Z.; Hong, Y.; Jiang, T.; Yang, Y.; Gao, Y.; Xie, H.; Luo, Z. Fabrication and characterization of a multifunctional alginate–
gelatin–fibrinogen hydrogel for potential muscle tissue reconfiguration in vitro. J. Mater. Chem. B 2025, 13, 9824–9837. [CrossRef]
[PubMed]

79. Yu, J.; Yao, D.; Wang, L.; Xu, M. Machine Learning in Predicting and Optimizing Polymer Printability for 3D Bioprinting. Polymers
2025, 17, 1873. [CrossRef] [PubMed]

80. Silva Robazzi, J.V.; Derman, I.D.; Gupta, D.; Haugh, L.; Singh, Y.P.; Pal, V.; Yilmaz, Y.O.; Liu, S.; Dias, A.L.; Andrade Flauzino, R.; et al.
The Synergy of Artificial Intelligence and 3D Bioprinting: Unlocking New Frontiers in Precision and Tissue Fabrication. Adv. Funct.
Mater. 2025, 36, e09530. [CrossRef]

81. Amirfattahi, S.; Freeman, C.J.; Honaryar, H.; Ghazali, H.S.; Kim, K.; Niroobakhsh, Z. Extrusion-Based Printing of Nanostructured
Fatty Acid Gels Incorporated in Hydrogels. J. Appl. Polym. Sci. 2025, 142, 57328. [CrossRef]

82. Jiang, Y.; Cai, Y.; Zhang, W.; Yin, Z.; Hu, C.; Tong, T.; Lu, P.; Zhang, S.; Neculai, D.; Tuan, R.S.; et al. Human Cartilage-Derived
Progenitor Cells from Committed Chondrocytes for Efficient Cartilage Repair and Regeneration. Stem Cells Transl. Med. 2016, 5,
733–744. [CrossRef]

https://doi.org/10.3390/gels12030189

https://doi.org/10.1021/acsami.8b22343
https://doi.org/10.1039/D3SM01119D
https://doi.org/10.1016/j.carbpol.2024.121788
https://doi.org/10.1016/j.matdes.2024.112746
https://doi.org/10.1016/j.carpta.2025.100752
https://doi.org/10.1002/adhm.202404988
https://www.ncbi.nlm.nih.gov/pubmed/39955737
https://doi.org/10.3390/polym17192686
https://doi.org/10.1021/jacs.5c03844
https://doi.org/10.1002/smtd.202400857
https://doi.org/10.3390/gels11090698
https://doi.org/10.1002/advs.202401000
https://doi.org/10.3390/gels11070552
https://doi.org/10.18063/ijb.v9i2.667
https://www.ncbi.nlm.nih.gov/pubmed/37065648
https://doi.org/10.1038/srep29977
https://doi.org/10.3390/gels11080665
https://doi.org/10.1088/1758-5090/8/3/035020
https://doi.org/10.1016/j.bioactmat.2024.07.008
https://doi.org/10.1039/D5TB00912J
https://www.ncbi.nlm.nih.gov/pubmed/40698916
https://doi.org/10.3390/polym17131873
https://www.ncbi.nlm.nih.gov/pubmed/40647883
https://doi.org/10.1002/adfm.202509530
https://doi.org/10.1002/app.57328
https://doi.org/10.5966/sctm.2015-0192
https://doi.org/10.3390/gels12030189


Gels 2026, 12, 189 25 of 26

83. Chimene, D.; Peak, C.W.; Gentry, J.L.; Carrow, J.K.; Cross, L.M.; Mondragon, E.; Cardoso, G.B.; Kaunas, R.; Gaharwar, A.K.
Nanoengineered Ionic-Covalent Entanglement (NICE) Bioinks for 3D Bioprinting. ACS Appl. Mater. Interfaces 2018, 10, 9957–9968.
[CrossRef]

84. Elango, J.; Zamora-Ledezma, C. Rheological, Structural, and Biological Trade-Offs in Bioink Design for 3D Bioprinting. Gels 2025,
11, 659. [CrossRef]

85. Ullah, M.W.; Ul-Islam, M.; Shehzad, A.; Manan, S.; Islam, S.U.; Fatima, A.; Al-Saidi, A.K.; Nokab, M.E.H.E.; Sanchez, J.Q.;
Sebakhy, K.O. From Bioinks to Functional Tissues and Organs: Advances, Challenges, and the Promise of 3D Bioprinting.
Macromol. Mater. Eng. 2025, 310, e00251. [CrossRef]

86. Ollier, R.C.; Webber, M.J. Mechanoresponsive Hydrogels Emerging from Dynamic and Non-Covalent Interactions. Adv. Mater.
2025, 37, e2507397. [CrossRef] [PubMed]

87. Han, H.; Kim, M.; Yong, U.; Jo, Y.; Choi, Y.M.; Kim, H.J.; Hwang, D.G.; Kang, D.; Jang, J. Tissue-specific gelatin bioink as a
rheology modifier for high printability and adjustable tissue properties. Biomater. Sci. 2024, 12, 2599–2613. [CrossRef]

88. Zhou, X.; Wu, S.; Liu, P.; Wang, L.; Xie, F. Hybrid bioink of methyacrylated starch with minimal methacrylated chitosan enables
high-precision 3D printing for complex tissue scaffolds. Carbohydr. Polym. 2025, 367, 124023. [CrossRef] [PubMed]

89. Barreiro Carpio, M.; Gonzalez Martinez, E.; Dabaghi, M.; Ungureanu, J.; Arizpe Tafoya, A.V.; Gonzalez Martinez, D.A.; Hirota, J.A.;
Moran-Mirabal, J.M. High-Fidelity Extrusion Bioprinting of Low-Printability Polymers Using Carbopol as a Rheology Modifier. ACS
Appl. Mater. Interfaces 2023, 15, 54234–54248. [CrossRef] [PubMed]

90. Irvine, S.A.; Venkatraman, S.S. Bioprinting and Differentiation of Stem Cells. Molecules 2016, 21, 1188. [CrossRef]
91. Pereira, I.; Lopez-Martinez, M.J.; Villasante, A.; Introna, C.; Tornero, D.; Canals, J.M.; Samitier, J. Hyaluronic acid-based bioink

improves the differentiation and network formation of neural progenitor cells. Front. Bioeng. Biotechnol. 2023, 11, 1110547.
[CrossRef]

92. Galliger, Z.; Vogt, C.D.; Helms, H.R.; Panoskaltsis-Mortari, A. Extracellular Matrix Microparticles Improve GelMA Bioink
Resolution for 3D Bioprinting at Ambient Temperature. Macromol. Mater. Eng. 2022, 307, 2200196. [CrossRef]

93. Tumbic, J.; Ferrarese, E.; Martinez, R.; Ackleson, T.; Delgado, D.; Highley, C.B. Particle-based hydrogel inks and support
matrices for biofabricating structural complexity, soluble gradients, and cell-lined channels in fully granular bioprinted systems.
Biofabrication 2025, 17, adfe97. [CrossRef]

94. Sobreiro-Almeida, R.; Santos, S.C.; Decarli, M.C.; Costa, M.; Correia, T.R.; Babilotte, J.; Custodio, C.A.; Moroni, L.; Mano, J.F.
Leveraging Blood Components for 3D Printing Applications Through Programmable Ink Engineering Approaches. Adv. Sci.
2024, 11, e2406569. [CrossRef]

95. Picado-Tejero, D.; Mendoza-Cerezo, L.; Rodriguez-Rego, J.M.; Macias-Garcia, A.; Marcos-Romero, A.C. 3D Bioprinted Natural
Hydrogels: Rheological Characterization, Cytotoxicity, and Printability Assessment of a Polysaccharide-Based Bioink. ACS Omega
2026, 11, 3115–3131. [CrossRef]

96. Schwab, A.; Levato, R.; D’Este, M.; Piluso, S.; Eglin, D.; Malda, J. Printability and Shape Fidelity of Bioinks in 3D Bioprinting.
Chem. Rev. 2020, 120, 11028–11055. [CrossRef]

97. Rijns, L.; Baker, M.B.; Dankers, P.Y.W. Using Chemistry to Recreate the Complexity of the Extracellular Matrix: Guidelines for
Supramolecular Hydrogel-Cell Interactions. J. Am. Chem. Soc. 2024, 146, 17539–17558. [CrossRef]

98. Cardellini, A.; Caruso, C.; Rijns, L.; Dankers, P.Y.W.; Pavan, G.M.; Perego, C. Monomer exchange dynamics in ureido-pyrimidinone
supramolecular polymers via molecular simulations. J. Mater. Chem. B 2025, 13, 14326–14337. [CrossRef] [PubMed]

99. Li, W.; Wen, Y.; Wang, K.; Ding, Z.; Wang, L.; Chen, Q.; Xie, L.; Xu, H.; Zhao, H. Developing a machine learning model for accurate
nucleoside hydrogels prediction based on descriptors. Nat. Commun. 2024, 15, 2603. [CrossRef] [PubMed]

100. Sarah, R.; Schimmelpfennig, K.; Rohauer, R.; Lewis, C.L.; Limon, S.M.; Habib, A. Characterization and Machine Learning-Driven
Property Prediction of a Novel Hybrid Hydrogel Bioink Considering Extrusion-Based 3D Bioprinting. Gels 2025, 11, 45. [CrossRef]
[PubMed]

101. Sun, J.; Yao, K.; An, J.; Jing, L.; Huang, K.; Huang, D. Machine learning and 3D bioprinting. Int. J. Bioprint. 2023, 9, 717. [CrossRef]
102. Shin, J.; Lee, Y.; Li, Z.; Hu, J.; Park, S.S.; Kim, K. Optimized 3D Bioprinting Technology Based on Machine Learning: A Review of

Recent Trends and Advances. Micromachines 2022, 13, 363. [CrossRef]
103. Bercea, M. Rheology as a Tool for Fine-Tuning the Properties of Printable Bioinspired Gels. Molecules 2023, 28, 2766. [CrossRef]
104. Dai, Y.; Wang, P.; Mishra, A.; You, K.; Zong, Y.; Lu, W.F.; Chow, E.K.; Preshaw, P.M.; Huang, D.; Chew, J.R.J.; et al. 3D Bioprinting and

Artificial Intelligence-Assisted Biofabrication of Personalized Oral Soft Tissue Constructs. Adv. Healthc. Mater. 2025, 14, e2402727.
[CrossRef]

105. Sobczak, M.; Kasinski, A.; Kedra, K.; Frankowski, J.; Kurzatkowska, M.; Watrakiewicz, K.; Mulas, K.; Strzelecka, K.; Chodkowski, M.;
Krzyzowska, M.; et al. Preparation and Characterization of New pH-Sensitive Polyurethane Hydrogels as Anti-Cancer Drug
Delivery Systems for 5-Fluorouracyl and Fluorodeoxyuridine. Int. J. Mol. Sci. 2025, 26, 10258. [CrossRef] [PubMed]

106. Bordbar-Khiabani, A.; Gasik, M. Smart Hydrogels for Advanced Drug Delivery Systems. Int. J. Mol. Sci. 2022, 23, 3665. [CrossRef]

https://doi.org/10.3390/gels12030189

https://doi.org/10.1021/acsami.7b19808
https://doi.org/10.3390/gels11080659
https://doi.org/10.1002/mame.202500251
https://doi.org/10.1002/adma.202507397
https://www.ncbi.nlm.nih.gov/pubmed/40728128
https://doi.org/10.1039/D3BM02111D
https://doi.org/10.1016/j.carbpol.2025.124023
https://www.ncbi.nlm.nih.gov/pubmed/40817551
https://doi.org/10.1021/acsami.3c10092
https://www.ncbi.nlm.nih.gov/pubmed/37964517
https://doi.org/10.3390/molecules21091188
https://doi.org/10.3389/fbioe.2023.1110547
https://doi.org/10.1002/mame.202200196
https://doi.org/10.1088/1758-5090/adfe97
https://doi.org/10.1002/advs.202406569
https://doi.org/10.1021/acsomega.5c09668
https://doi.org/10.1021/acs.chemrev.0c00084
https://doi.org/10.1021/jacs.4c02980
https://doi.org/10.1039/D5TB01272D
https://www.ncbi.nlm.nih.gov/pubmed/41117111
https://doi.org/10.1038/s41467-024-46866-9
https://www.ncbi.nlm.nih.gov/pubmed/38521777
https://doi.org/10.3390/gels11010045
https://www.ncbi.nlm.nih.gov/pubmed/39852017
https://doi.org/10.18063/ijb.717
https://doi.org/10.3390/mi13030363
https://doi.org/10.3390/molecules28062766
https://doi.org/10.1002/adhm.202402727
https://doi.org/10.3390/ijms262110258
https://www.ncbi.nlm.nih.gov/pubmed/41226296
https://doi.org/10.3390/ijms23073665
https://doi.org/10.3390/gels12030189


Gels 2026, 12, 189 26 of 26

107. Zhang, Y.; Wu, B.M. Current Advances in Stimuli-Responsive Hydrogels as Smart Drug Delivery Carriers. Gels 2023, 9, 838.
[CrossRef] [PubMed]

108. Yamala, A.; Pandit, R.; Kanaparthi, R.K.; Katti, P.; Vallabhapurapu, S.; Pujala, R.K. Physically crosslinked poly(methacrylic acid-co-
acrylamide)/gelatin–chitosan (poly-MAGC) interpenetrating polymer network hydrogels for drug delivery and antibacterial activity.
Mater. Adv. 2025, 6, 9391–9406. [CrossRef]

109. Petit, N.; Gomes, A.; Chang, Y.J.; Da Silva, J.; Leal, E.C.; Carvalho, E.; Gomes, P.; Browne, S. Development of a bioactive hyaluronic
acid hydrogel functionalised with antimicrobial peptides for the treatment of chronic wounds. Biomater. Sci. 2025, 13, 3561–3575.
[CrossRef]

110. Pelayo-Punzano, G.; Cuesta, R.; Calvino, J.J.; Dominguez-Vera, J.M.; Lopez-Haro, M.; de Vicente, J.; Galvez, N. Integrating Deep
Learning and Real-Time Imaging to Visualize In Situ Self-Assembly of Self-Healing Interpenetrating Polymer Networks Formed
by Protein and Polysaccharide Fibers. ACS Appl. Mater. Interfaces 2025, 17, 46771–46785. [CrossRef] [PubMed]

111. Yang, K.R.; Cheng, Q.P.; Hsu, S.H. A Biocompatible and Self-Healable 3D-Printed Bidirectional Hydrogel Actuator with Needle
Injectability. ACS Appl. Mater. Interfaces 2025, 17, 58709–58724. [CrossRef] [PubMed]

112. Vaziri, A.; Maia, R.; Zhang, P.; Agresti, L.; Sjollema, J.; Shahbazi, M.A.; Santos, H.A. Granular Hydrogels as Modular Biomaterials:
From Structural Design to Biological Responses. Adv. Healthc. Mater. 2025, 15, e02462. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/gels12030189

https://doi.org/10.3390/gels9100838
https://www.ncbi.nlm.nih.gov/pubmed/37888411
https://doi.org/10.1039/D5MA00564G
https://doi.org/10.1039/D5BM00567A
https://doi.org/10.1021/acsami.5c11459
https://www.ncbi.nlm.nih.gov/pubmed/40762431
https://doi.org/10.1021/acsami.5c14232
https://www.ncbi.nlm.nih.gov/pubmed/41038615
https://doi.org/10.1002/adhm.202502462
https://www.ncbi.nlm.nih.gov/pubmed/41013958
https://doi.org/10.3390/gels12030189

	Introduction 
	Quantitative Evaluation of Rheological Properties of Hydrogels 
	Viscosity and Shear-Thinning Behavior 
	Liquid-Solid Transition and Gelation Kinetics 
	Yield Stress 
	Reversible Gel-Sol Transition and Self-Healing Properties 
	Creep Behavior 

	Structural Analysis of Hydrogel 3D Printability 
	Filament Morphological Uniformity and Dimensional Fidelity 
	Grid Structure Regularity and Printing Accuracy Assessment 
	Stability Analysis of Multi-Layer Stacked Structures 

	Modeling and Prediction of Rheological Parameters and Printing Processes 
	Empirical Models for Pressure-Modulus Relationships in Extrusion 
	Theoretical Analysis of Shear Stress and Shear Rate Distribution Within Nozzles 
	Rheological Models for Extrusion Behavior Analysis 

	Comprehensive Evaluation Framework and Future Perspectives 
	In Summary 
	References

