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Abstract
This study presents a systematic and reproducible methodology for the development 
and evaluation of hybrid hydrogels tailored for extrusion-based 3D bioprinting. 
To demonstrate the applicability of this approach, alginate and xanthan gum were 
selected as model materials, two of the most widely reported polymers in the biofab-
rication literature. Rather than relying on empirical trial and error, the methodology 
integrates material screening, rheological and chemorheological analyses, predictive 
modeling, and experimental validation to address key challenges in reproducibility, 
print fidelity, and structural stability. The AL

4
XA

4
 formulation emerged as a robust 

candidate, exhibiting shear-thinning behavior, rapid thixotropic recovery, and ade-
quate mechanical strength to maintain filament integrity during extrusion. Power-
law-based modeling enabled the rational adjustment of extrusion pressures and noz-
zle configurations, leading to consistent deposition with minimal defects. Although 
no living cells or biological additives were used, bioprinting protocols were applied 
to assess printability and structural performance. The material formed self-support-
ing filaments with unsupported spans up to 6 mm. Chemorheological testing con-
firmed the reinforcing effect of ionic cross-linking (1.5–3% CaCl

2
 ) in enhancing 

construct stability. This framework offers a transferable strategy for standardized 
bioink development and structural benchmarking, paving the way for reproducible 
biofabrication in tissue engineering and related biomedical applications.
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Abbreviations
AL	� Alginate
XA	� Xanthan gum
PR	� Printability ratio
n	� Flow behavior index
K	� Consistency index
μ	� Viscosity
σy	� Yield stress
hmax	� Maximum printable height
ts	� Gelation time
TDS	� Time-dependent solidification
STL	� Standard tessellation language
CAD	� Computer aided design
FDM	� Fused deposition modeling
R1	� Nozzle radius
ΔP	� Pressure drop
Q	� Volumetric flow rate
ρ	� Density
�	� Shear stress
𝛾̇	� Shear rate
�
0
	� Plastic viscosity

DIW	� Direct ink writing
Cf	� Collapse factor
G-code	� Geometric code

Introduction

The swift advancement of three-dimensional printing technologies tailored for vis-
coelastic materials has revolutionized the field of tissue engineering, facilitating the 
fabrication of complex structures pertinent to applications including cartilage repair 
and organ scaffolding. However, designing bioinks that balance biocompatibility, 
biodegradability, and mechanical stability while maintaining the structural precision 
required for complex tissue constructs remains a significant challenge [1–3].

The optimization of specific rheological properties, including shear-thinning 
behavior, yield stress, and thixotropic recovery, is crucial for achieving successful 
bioprinting. These properties ensure stable extrusion and preserve construct geom-
etry during the printing process. For example, insufficient yield stress may result 
in filament collapse, thereby compromising structural integrity. Hybrid hydrogels, 
which integrate the properties of multiple polymers, offer a promising strategy to 
address these challenges by allowing for the precise adjustment of rheological pro-
files [4].

While several studies have extensively characterized the gelation process and 
optimized the extrudability of various hydrogel formulations [5–7], a key limita-
tion persists: the lack of standardized and reproducible methodologies to evaluate 
printability and structural fidelity under unsupported conditions. This gap hinders 
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comparative analysis and reliable implementation across different material systems, 
highlighting the need for systematic frameworks that correlate rheological behavior 
with structural outcomes [8].

Hybrid hydrogels, such as alginate–xanthan gum formulations, represent a unique 
approach to overcoming these challenges by combining the shear-thinning behavior 
and mechanical stability of alginate with the elasticity and structural reinforcement 
provided by xanthan gum [9]. Unlike single-polymer systems, hybrid hydrogels ena-
ble tailored rheological profiles that facilitate extrusion while maintaining integrity 
in multi-layered, unsupported configurations. However, integrating material charac-
terization with process optimization is critical to bridge the gap between material 
development and reliable structural performance [4].

In this context, the present study does not aim to introduce a new material per 
se, but rather proposes a demonstrative framework for evaluating structural perfor-
mance in hybrid hydrogels. While the AL-XA system was selected as a model due 
to its robustness and accessibility, the methodology presented here centered on self-
supporting capacity, collapse quantification, and chemorheological behavior is read-
ily adaptable to other bioinks.

Hybrid hydrogels: leveraging individual properties to achieve novel 
functionalities

Bioprinting is a method used in tissue engineering that deposits bioinks layer by 
layer to construct tissue structures. It offers advantages over traditional techniques, 
such as lyophilization and electrospinning, by improving reproducibility and con-
trol in fabricating biological models [10]. A central challenge remains the develop-
ment of bioinks that meet the mechanical, biological, and rheological requirements 
of bioprinting. Pedroza et al. highlighted that although material innovations address 
specific issues, many still lack clinical applications, particularly for complex organs 
like kidneys, which need architectures that current bioprinting technology cannot 
achieve [11].

Hydrogels are widely used in bioprinting due to their ability to form networks 
that support cell growth and 3D structures [11, 12]. As scaffolds, they are appealing 
because they mimic the extracellular matrix, are processable under mild conditions, 
and can be delivered minimally invasively. These properties make hydrogels ideal 
for applications in tissue engineering, including drug delivery, cellular organization, 
and stimuli-responsive systems [12]. However, when used individually, they often 
lack essential properties such as mechanical strength, cell adhesion, and proper rhe-
ological behavior for advanced applications [13, 14].

Alginate (AL), an anionic polysaccharide derived from brown algae, is one of 
the most widely used base materials in extrusion-based bioprinting due to its shear-
thinning behavior, biocompatibility, and ionic cross-linking capacity with divalent 
cations such as Ca2+ [11, 15, 16]. Nevertheless, its poor cell adhesion and limited 
mechanical strength have motivated extensive research into composite strategies. 
Numerous studies have explored hybrid formulations by blending alginate with 
gelatin, �-carrageenan, or other polymers to improve printability, elasticity, and 
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biological performance, enabling the fabrication of viable and functional constructs 
for diverse biomedical applications [17–19].

Xanthan gum (XA), a bacterial polysaccharide, has also emerged as a valuable 
additive to modulate viscoelastic properties and improve extrusion fidelity, although 
it lacks inherent structural integrity post-cross-linking. The combination of AL and 
XA has shown promise in creating printable hydrogels with balanced mechanical 
and rheological properties [15].

Rheological optimization for hybrid hydrogels in 3D bioprinting

Rheology is fundamental to understanding how hydrogels behave under stress dur-
ing extrusion in bioprinting[20, 21]. The rheological properties of a bioink directly 
impact its ability to flow through the nozzle, form continuous filaments, and main-
tain structural integrity upon deposition. Shear-thinning materials, whose viscosity 
decreases with applied shear, are particularly critical for ensuring smooth extrusion 
and precise filament formation [15, 20, 21].

Maintaining a stable flow rate and precise material deposition is essential in 
bioprinting. The volumetric flow rate ( Q ) must synchronize with the print head’s 
speed to produce uniform layers without deformation or collapse [22]. Rheological 
models, such as the power-law model, effectively describe the flow behavior of non-
Newtonian fluids such as AL and XA hydrogels, which exhibit pseudoplasticity (i.e., 
viscosity decreases with increasing shear). Controlling these properties is critical for 
optimizing print fidelity and structural stability [21].

Hybrid hydrogels composed of AL and XA exemplify tunable pseudoplastic 
behavior, offering the ability to balance yield stress and flow properties. Achieving 
this balance ensures smooth extrusion and stable post-printing structures. This study 
applies classification frameworks proposed by Rau et al., which categorize materials 
based on yield stress and time-dependent solidification, to enhance the printability 
and reliability of extrusion-based constructs [22].

Enhancing precision and structural integrity with viscoelastic materials in 3D 
printing

Three-dimensional printing is structured around three core stages: preprocessing, 
processing, and post-processing. It begins with a conceptual design, often derived 
from digital blueprints or real structures captured via 3D scanning, MRI, or CT, 
which form the foundation for creating a three-dimensional model ready for fabrica-
tion [10, 23]. During the preprocessing phase, careful material selection, tailored 
to the specific application, is essential—such as using hybrid hydrogels combin-
ing beta-tricalcium phosphate ( �-TCP) with biopolymers like collagen or gelatin to 
mimic the inorganic components of bone tissue in bioprinting bone models [24].

Direct Ink Writing (DIW), a technique closely aligned with 3D bioprinting, offers 
precision in the fabrication process by using a pressure-controlled system that depos-
its material layer by layer without requiring heat. This method provides flexibility in 
processing a wide range of materials and involves three key subfunctions: extrusion, 
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solidification, and layer support. During extrusion, a pressure gradient is applied to ini-
tiate material flow, while internal shear forces regulate filament continuity and stability 
[22]. Solidification transitions the material from a viscous state to a stable structure 
with acceptable deformation, while layer support ensures that the printed material bears 
the weight of subsequent layers without collapsing or deforming, maintaining structural 
integrity throughout the build process [22, 25].

The creation of three-dimensional models relies on CAD software to generate 
a mesh representation, typically exported in STL format, which outlines the surface 
geometry but lacks material and physical properties required for direct 3D printing, and 
slicer software, such as Slic3r or Simplify3D, then converts this STL file into G-code, 
an operational protocol for printers used to fine-tune printing parameters by dictating 
extruder movements and parameters like motor speed, ensuring accurate layer-by-layer 
fabrication [26, 27].

In this study, optimizing G-code was crucial for fine-tuning print parameters such as 
speed, pressure, and material placement, allowing for the precise adjustment of extru-
sion speed and pressure to control strand width; this directly impacted the structural 
and functional integrity of DIW-printed models with greater precision, offering flex-
ibility that mitigated common issues such as over- and under-extrusion, thereby ensur-
ing more consistent and reliable prints and maintaining print fidelity to match intended 
designs [26, 28–30]. An effective technique toward optimizing extrusion printing qual-
ity is also printing parameter optimization, as recent studies demonstrate how system-
atic tuning of these parameters can significantly improve printability and construct 
fidelity in extrusion-based processes [31].

To evaluate the precision and structural fidelity of the printed constructs, this study 
employed quantitative methods such as circularity algorithms and macropore fidelity 
analysis. Specifically, the Printability Ratio (PR), defined as a geometric function of 
macropore perimeter and area, was calculated from cross-hatched mesh patterns to 
assess deviation from the intended geometry. These metrics—further detailed in Sec-
tion 2.8—were essential for ensuring that the printed structures retained their intended 
shape and pore architecture [32, 33].

Although this study focuses on optimizing the processing phase, post-processing is 
also crucial for maintaining the printed geometry and ensuring tissue viability. A key 
aspect of this work is the evaluation of the self-supporting capacity of the printed con-
structs, which is critical to ensure they can withstand gravitational forces without defor-
mation. This is assessed through the Collapse Index, providing a quantitative meas-
ure of the scaffold’s structural stability. Additionally, chemorheological evaluations 
and cross-linking with calcium chloride (CaCl

2
 ) were performed to further improve 

the mechanical integrity and solidification behavior of the bioprinted constructs [34]. 
Constructs are typically maintained in bioreactors to ensure sterility and mechanical 
stability under optimal conditions, as established in prior studies, but these aspects are 
beyond the scope of the present work [35–37].
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Materials and methods

Materials and equipment

Sodium AL (MKCF1224, Sigma-Aldrich, St. Louis, MO, USA) and XA (Bob’s 
Red Mill, USA) were used as the primary components for the bioink formulation. 
Polylactic acid (PLA) was utilized for fabricating molds in the strand collapse 
tests using Fused Deposition Modeling (FDM). The bioprinting process was con-
ducted using an Allevi 3 bioprinter (Allevi Inc., USA), equipped with 20 G and 
22 G nozzles (inner diameters of 0.610 mm and 0.413 mm, respectively), along 
with Allevi syringes to ensure accurate extrusion of the bioinks. The printed 
structures were deposited onto plastic Petri dishes. Rheological properties, such 
as viscosity and viscoelastic behavior, were measured using an Anton Paar MCR 
92 rheometer (Anton Paar, Austria). Calcium chloride (CaCl2) was employed 
as the cross-linking agent to induce gelation of the sodium AL during and after 
bioprinting.

Preparation of hydrogels

AL and XA hydrogels were prepared individually in concentrations ranging from 
0.5% to 8% (w/v) for alginate. Hybrid mixtures were also formulated to study 
the effect of adding xanthan gum: AL2XA1, AL4XA2, AL4XA4, AL4XA6, and 
AL6XA6. In each formulation name, the numbers indicate the concentrations (in 
%) of alginate and xanthan gum, respectively. For example, AL6XA6 corresponds 
to a formulation with 6% alginate and 6% xanthan gum.

All solutions were dissolved in deionized water under magnetic stirring for 
8 h. During the first 40 min, the temperature was maintained at 60 ◦C to facili-
tate solubilization, particularly in highly viscous formulations such as AL6 and 
AL6XA6. A laboratory spatula was used to prevent powder from adhering to the 
walls of the vessel and to promote uniform dispersion. Stirring continued at room 
temperature for the remaining time.

The same preparation procedure was applied uniformly to all individual and 
hybrid formulations.

Preliminary manual extrudability assessment

Before proceeding with detailed rheological characterization and experimen-
tal bioprinting, a manual extrudability assessment was conducted to refine the 
selection of bioinks, based on a similar approach described by O’Connell [38], 
though adapted to meet the specific needs of this study. This step allowed us to 
limit the number of formulations evaluated, thereby enhancing the efficiency of 
the optimization process. Each bioink was carefully loaded into syringes, ensur-
ing the absence of air bubbles, and extruded through 22 G and 20 G nozzles. The 
goal was to achieve smooth, uninterrupted extrusion, while preventing material 
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leakage or clogging at the nozzle tip. Additionally, we ensured that the extruded 
material retained its shape without excessive spreading.

This initial assessment was crucial for identifying potential printability 
issues early on, ensuring that only formulations with adequate flow properties 
advanced to subsequent rheological and bioprinting tests.

Rheological characterization and extrusion parameters

In accordance with the rheological roadmap proposed by Rau et al. [22], a rota-
tional flow sweep was performed to analyze the material’s response to varying 
shear rates, focusing on yield stress materials and those exhibiting time-depend-
ent solidification. The experiments utilized an Anton Paar MCR92 rheometer 
with parallel plate geometry (1 mm gap), where the shear rate was logarithmi-
cally ramped from 0.01 s-1 to 100 s-1, producing a comprehensive viscosity pro-
file over a broad range.

The material’s non-Newtonian behavior was described using the Power-Law 
model, which relates shear stress ( � ) to shear rate ( 𝛾̇):

Here K represents the consistency index, while n denotes the flow behavior index 
[21]. These parameters were extracted from the experimental data using Python 
(version 3.10) with the NumPy and SciPy libraries for data processing and curve 
fitting.

Using the extracted parameters, the extrusion pressure for bioprinting was 
estimated through the pressure drop equation for cylindrical nozzles:

where L
1
 is the nozzle length, R

1
 is the nozzle radius, Q is the volumetric flow rate, 

and ΔP is the pressure drop [39, 40]. The volumetric flow rate was adjusted from 0 
to 3 mL/min to simulate standard bioprinting syringe capacities. Materials requiring 
pressures beyond the bioprinter’s operational capacity were deemed non-extrudable.

For yield stress characterization, the Casson model was employed:

where �
0
 is the yield stress, and �

0
 represents the plastic viscosity. This model effec-

tively captures the initial resistance to flow and subsequent plastic flow behavior, 
offering critical insights into the material’s printability.

The integration of these rheological analyses enabled a predictive understand-
ing of material performance during extrusion, ensuring that the bioink met the 
mechanical and operational demands of the bioprinting process.

(1)𝜏 = K ⋅ 𝛾̇n

(2)ΔP = 2KL
1
R
−(3n+1)

1

(

Q ⋅ (3n + 1)

�n

)n

(3)
√

𝜏 =
√

𝜏
0
+
√

𝜂
0
𝛾̇
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Oscillatory rheology: amplitude sweep assessment

To further investigate the viscoelastic properties of the alginate–xanthan gum hydro-
gels, an oscillatory amplitude sweep was performed. The strain amplitude was logarith-
mically increased from 0.01% to 100%, maintaining a constant angular frequency of 1 
Hz. Both the storage modulus ( G′ ) and loss modulus ( G′′ ) were recorded to observe the 
transition from elastic (solid-like) to viscous (liquid-like) behavior.

The critical strain, defined as the point where G′ significantly decreases, was identi-
fied as the material’s yield point. This parameter is essential for ensuring printability 
and mechanical stability during extrusion.

Thixotropic recovery test

To evaluate the material’s ability to recover its structure after yielding, a three-interval 
thixotropy test was conducted. The sample was initially subjected to high strain (10%) 
for 100 s to induce yielding, followed by a low strain (0.01%) for an additional 100 s to 
monitor recovery behavior. The percentage recovery was calculated as the ratio of the 
storage modulus ( G′ ) after the low-strain phase to its initial value, providing a quantita-
tive measure of structural recovery.

This test is crucial for predicting the hydrogel’s capacity to maintain its form 
between consecutive layers during 3D bioprinting, ensuring structural integrity 
throughout the printing process.

Optimization of bioprinting parameters: impact on extrusion speed 
and resolution

Bioprinting was conducted using a specifically selected bioink, which exhibited suit-
able rheological properties as determined by the tests performed in this study. A custom 
G-code was designed prior to printing, controlling extrusion speeds across multiple 
lines with varying velocities to optimize filament deposition in Allevi 3 bioprinter. This 
setup provided precise control over the extrusion process, bypassing the limitations of 
conventional slicer software [29, 30].

Pressure adjustments were programmed into the Allevi BIOPRINT PRO software, 
using ranges derived from rheological flow sweep data. These controlled variations in 
speed and pressure were crucial for maintaining consistent filament size and uniform-
ity, which had a direct impact on extrusion resolution [5].

Filament dimensions were measured using ImageJ software, with triplicate sam-
ples taken to ensure accuracy and consistency. The collected data were processed and 
analyzed using Python, where trends were visualized to identify the optimal printing 
conditions.
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Precision quantification in 3D printing of biomaterial inks: correlating circularity, 
gelation, and macropore fidelity

To engineer a precise and stable macroporous scaffold, we employed G-Code to 
design a cross-hatched mesh with adjustable spacing between horizontal and verti-
cal strands. By systematically varying the distances between the strands, we gen-
erated macropores of different sizes, allowing us to evaluate printability precision 
( PR ) using the circularity algorithm. This method, defined by the equation:

where L represents the perimeter and A the area of the printed macropores, was cru-
cial for ensuring that the strands retained their structural integrity without merging 
or collapsing. The calculation of PR provided a quantitative measure of print fidel-
ity, helping us maintain the distinct geometry of each macropore.

We carefully analyzed the PR values obtained from varying strand spacings to 
identify the optimal conditions for scaffold stability. Values exceeding 1 indicated 
a tendency for strand collapse, likely due to excessive spreading of the bioink. In 
contrast, PR values slightly below 1 suggested ideal gelation properties, where the 
bioink formed stable and well-defined macropores without excessive deformation. 
Our goal was to optimize the macropore dimensions to achieve a PR value close 
to, but slightly less than, 1—typically within the 0.85–0.98 range—thus promoting 
slight filament contraction upon deposition. This behavior improves pore definition 
and minimizes structural overlap, contributing to a scaffold architecture with high 
spatial fidelity and favorable conditions for tissue integration [32, 33].

Additionally, the pressure and velocities applied during the printing process were 
calibrated based on previous experiments to ensure consistency in material flow and 
structural stability.

Printability and layer support evaluation

The printability and structural stability of the AL4XA4 hydrogel formulation were 
assessed by evaluating both its solidification behavior and its ability to support mul-
tiple layers without deformation. The permissible gelation time ( ts ) necessary to pre-
vent strand spreading or collapse during extrusion was calculated using the follow-
ing equation, adapted from Duty et al. [25]:

where � represents the ink’s viscosity, h
0
 is the height of the extruded strand, � is the 

material’s density, and g is the gravitational constant. This approach ensures that the 
hydrogel solidifies rapidly enough to maintain the printed structure without signifi-
cant deformation during the extrusion process [22, 41]. Additionally, the yield stress 
( �y ) was measured to estimate the maximum printable height ( h

max
 ) the hydrogel 

could support before yielding, using the equation:

(4)PR =
L2

16A

(5)ts ≤
0.761�

h
0
�g
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This provided an estimation of the material’s structural integrity, defining the max-
imum height that could be printed without deformation, ensuring mechanical sta-
bility during and after the extrusion process [42, 43]. A strand collapse test was 
conducted to further evaluate the material’s structural integrity under gravitational 
forces. Hydrogel filaments were printed across gaps ranging from 1 mm to 6 mm 
using a custom fixture designed in Autodesk Fusion 360, with extrusion parameters 
adjusted via G-code. The Collapse Index ( Cf  ) was used to quantify the structural 
collapse of the filaments, following the equation adapted from Habib et al. [44]:

where Atc
 is the theoretical area of the filament spanning the gap, and Aac

 is the 
actual area measured after collapse. A lower Cf  indicates superior structural stabil-
ity, with minimal deviation from the theoretical area. Each test was repeated three 
times to ensure reproducibility, and statistical analysis was conducted to confirm the 
consistency of the hydrogel’s performance [45]. These evaluations provided criti-
cal insights into the hydrogel’s mechanical properties, particularly its ability to span 
unsupported distances.

Chemorheological evaluation

The chemorheological evaluation aimed to characterize the cross-linking behavior 
of the AL4XA4 hydrogel using calcium chloride (CaCl2) as an ionic cross-linker. 
Experiments were conducted with an Anton Paar MCR92 rheometer equipped with 
parallel plate geometry and a 1  mm gap. Oscillatory amplitude sweeps were per-
formed to monitor the evolution of the storage modulus ( G′ ) and loss modulus ( G′′ ) 
during the cross-linking process. Two concentrations of CaCl2 (1.5% and 3%) were 
tested, and cross-linking was initiated by introducing the CaCl2 solution into the 
hydrogel via micropipette. The rheometer gap was recalibrated during the process to 
maintain consistent measurement conditions.

Post-extrusion cross-linking was assessed by fabricating a 3D ear model. The 
hydrogel was extruded in its uncross-linked state and cross-linked immediately after 
deposition by uniformly applying the CaCl2 solution across the printed structure.

Results and discussion

Preparation and preliminary extrudability assessment of AL‑XA bioinks

To initially assess the extrudability of various bioink formulations, concentra-
tions of AL and XA ranging from 0.5% to 8% (w/v) were manually tested. AL-
based bioink is the most extensively studied for extrusion-based bioprinting, and 

(6)h
max

=
�y

�g

(7)Cf =
Atc

− Aac

Atc

× 100%
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their printability and structural stability can be improved by mixing other poly-
mers [46, 47]. XA was introduced to improve not only cell adhesion but also the 
structural integrity of the bioink. Different concentrations of XA were incorpo-
rated progressively to observe its effects as a plasticizer and its influence on the 
bioink’s extrudability. The outcomes are summarized in Table  1. In the initial 
experimental phase, the focus was on pure AL concentrations at the extremes of 
0.5%–8%. These tests showed that both extremes led to poor printability, with 
the material either collapsing post-dispensing or failing to extrude properly due 
to improper viscosity. Printing with low viscosity ink results in the deformation 
and collapse, and the nozzle jamming occurs when high viscosity materials are 
printed [48].

The inclusion of 4% and 6% XA alongside 4% AL yielded printable bioinks 
capable of forming stable, continuous filaments. In contrast, the 6% XA and 6% 
AL mixture clogged the syringe, suggesting that excessive XA content leads to 
over-viscous formulations. These outcomes are visually summarized in Fig. 1.

As depicted in Fig. 1, the formulations containing 4% AL and 4–6% XA dem-
onstrated consistent filament formation with limited spreading and no nozzle 
clogging during manual extrusion tests, which was instrumental in narrowing 
down bioink formulations for subsequent rheological and bioprinting experiments 
by identifying non-viable mixtures early on and optimizing the overall workflow 
to focus on formulations with the best printability and structural cohesion.

Table 1   Manual extrudability 
assessment of bioink 
formulations

AL (%) XA (%) Outcome

0.5 0 Not printable
2 1 Not printable
4 2 Not printable
4 4 Printable
4 6 Printable
6 6 Syringe clogging
8 0 Not printable

Fig. 1   Visual assessment and 
optimization of bioink formula-
tions: dispensing dynamics 
illustrated on petri dish surfaces
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Rotational flow sweep and rheological analysis

Rotational flow sweeps were employed to evaluate the viscosity ( � ) of hydrogel 
formulations across a spectrum of shear rates ( 𝛾̇ ), as delineated in the methodol-
ogy. AL4 demonstrated an initial viscosity of 3.73 mPa⋅ s at a shear rate of 0.01 
s −1 , which markedly diminished to 0.255 mPa⋅ s at a shear rate of 1000 s−1.

The 4% XA (XA4) exhibited a substantial initial viscosity of 2215.81 mPa⋅ s. 
This viscosity underwent pronounced shear-thinning, decreasing to 555.1 mPa⋅ s 
at elevated shear rates. The shear-thinning behavior observed in both materials 
underscores their appropriateness for extrusion bioprinting applications, as it 
offers the requisite balance between flowability under pressure and stability at 
rest [49]. These results are illustrated in Fig. 2.

As the concentration of XA increased in the formulations, a corresponding 
increase in viscosity and a reduction in shear rate were observed [50], with the 
AL4XA4 blend showing a viscosity of 3136.5 mPa⋅ s at a shear rate of 0.01 s −1 , 
decreasing to 555.1 mPa⋅ s at 1000 s−1 , while the AL4XA6 blend exhibited even 
higher viscosity, starting at 6953.8 mPa⋅ s at 0.01 s −1 and decreasing to 1187 
mPa⋅ s at 1000 s−1 , highlighting XA’s role as a viscosity modifier that enhances 
the resistance of the material to flow, particularly at lower shear rates [50]. This 
relationship is shown in Fig. 3.

Fig. 2   Rotational Flow Sweep analysis of AL at 4% and XA at 4%. The graph shows the viscosity pro-
files for both materials, with noticeable shear-thinning behavior across the tested shear rates, demonstrat-
ing their potential for extrusion bioprinting
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Prediction of extrusion pressures using power‑law parameters

The experimental data from the rotational flow sweeps were analyzed using the 
power-law model (Equation 2), yielding the consistency index ( K ) and flow behav-
ior index ( n ) for each hydrogel formulation. These rheological parameters, shown in 
Table 2, are essential for understanding the material’s behavior under shear. Specifi-
cally, K represents the material’s viscosity at a specific shear rate, while n describes 
the degree of shear-thinning, indicating how much the viscosity decreases as the 
shear rate increases.

Using these parameters, the extrusion pressures required for each formulation 
were estimated by applying Equation 2, which integrates K , n , nozzle geometry, and 
volumetric flow rates ( Q ). The volumetric flow rates tested ranged from 0 to 3 mL/
min, a range typical in extrusion-based 3D bioprinting. These calculations ensured 
that the predicted pressures aligned with practical printing conditions, enabling 
smooth and consistent material deposition.

Fig. 3   Flow Sweep Analysis of increasing XA concentrations on the viscosity of hybrid hydrogels. The 
graph illustrates how XA enhances viscosity, particularly at low shear rates, while maintaining flowabil-
ity at higher shear rates

Table 2   Consistency index ( K ) 
and flow behavior index ( n ) for 
hydrogel formulations, derived 
from the power-law model

Formulation K (mPa⋅s) n

AL4 0.40 0.56
AL2XA4 102.39 0.29
AL4XA2 28.53 0.49
AL4XA4 142.73 0.33
AL4XA6 252.32 0.28
XA4 92.37 0.31
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Figures 4 and 5 illustrate how smaller nozzle diameters demand significantly 
higher extrusion pressures, especially for formulations with higher xanthan gum 
concentrations, as exemplified by the AL4XA6 formulation requiring nearly dou-
ble the pressure compared to AL4XA2 under the same flow rate; these findings 
emphasize the impact of K and n on extrusion performance, validate the predic-
tive capabilities of the power-law model, and highlight its utility in optimizing 
extrusion parameters in bioprinting by anticipating the necessary pressures for 
specific material compositions and nozzle configurations, thus ensuring reliable 

Fig. 4   Pressure as a function of flow rate for various formulations

Fig. 5   Pressure required for different nozzle sizes and formulations
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material flow and consistent deposition while reducing trial and error during pro-
cess setup.

Rheological analysis: casson model evaluation

The rheological behavior of the AL4XA4 formulation was further evaluated using 
the Casson model (Equation 3), which provides insights into yield stress ( �

0
 ) and 

plastic viscosity ( �
0
 ). The fitting yielded a yield stress of 187.17 Pa and a plastic 

viscosity of 0.59 Pa ⋅ s , with an excellent coefficient of determination ( R2 = 0.95 ). 
These parameters underline the formulation’s significant resistance to flow ini-
tiation, critical for maintaining structural stability during extrusion-based 3D 
bioprinting.

The elevated yield stress highlights the material’s ability to support multi-lay-
ered constructs without collapsing, while the high plastic viscosity ensures pre-
cise filament deposition and shape retention post-extrusion. The Casson model 
fitting, presented in Fig.  6, demonstrates the suitability of AL4XA4 as a yield 
stress ink, effectively minimizing deformation during bioprinting and enhancing 
reproducibility across various extrusion conditions.

The rheological characterization using the Casson model, which comple-
ments the findings from the oscillatory and flow sweep analyses, demonstrates 
that the yield stress ( �y ) reflects the minimum stress required to initiate material 
flow under continuous shear—critical for ensuring stable extrusion during bio-
printing—while the gel point identified in the oscillatory amplitude sweep marks 
the transition from solid-like to liquid-like behavior ( G� = G�� ) under oscillatory 
deformation, highlighting that yield stress ensures extrusion consistency and the 
gel point governs post-extrusion solidification [9, 21, 22].

Fig. 6   Casson Model Fitting and Yield Stress Analysis for AL4XA4 ink, showing a yield stress of 
187.17 Pa and plastic viscosity of 0.59 Pa ⋅ s , with a determination coefficient ( R2 = 0.95)
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Oscillatory amplitude sweep and recovery behavior

Subjected to rheological characterization using an oscillatory amplitude sweep, the 
hybrid AL4XA4 gum bioink exhibited a transition from a solid-like to a viscoelastic 
state at a yield stress of 111.40 Pa, necessary for controlled extrusion, and as shear 
stress increased to 153.63 Pa, it demonstrated a sol–gel transition, maintaining struc-
tural integrity and ensuring stability under extrusion conditions.

The increase in the loss factor ( tan � ) with applied shear stress suggests a shift 
toward viscous behavior, facilitating smoother extrusion and filament formation, 
which is crucial for reducing structural defects during biofabrication by prevent-
ing premature deformation and enabling continuous flow; as observed in other xan-
than–alginate systems [9], where xanthan gum enhances elasticity at low shear stress 
and viscosity at higher stress levels, the hybrid formulation AL4XA4, compared to 
simpler alginate systems, shows a delayed transition to a viscous state, likely due 
to the synergistic interactions between alginate and xanthan gum, thus improving 
structural integrity during extrusion and being critical for high-fidelity bioprinting 
(Fig .7).

A step strain recovery test was conducted on a material, exposing it to a shear 
stress of 200 Pa for a duration of 10  s, which surpassed the sol–gel transition 
stress threshold. Demonstrating rapid elastic recovery, the material restores the 
predominance of the storage modulus over the loss modulus within approximately 
0.55  s, signifying pronounced thixotropic properties that enable the bioink to 
swiftly re-solidify post-extrusion, recovering to around 300 Pa, which underscores 
its mechanical integrity for repeated bioprinting and aligns with xanthan–alginate 

Fig. 7   Oscillatory amplitude sweep of AL4XA4. The graph illustrates the storage modulus (G’) and loss 
modulus (G”) as functions of increasing shear stress. The yield stress is identified at 111.40 Pa, followed 
by a sol–gel transition at 153.63 Pa, which is critical for the extrusion and structural integrity of the 
bioink
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systems where polymer interactions stabilize the hydrogel network. Furthermore, 
the AL4XA4 hybrid formulation, characterized by an elevated content of xanthan 
gum, exhibits accelerated recovery dynamics, underscoring the significance of 
xanthan in the immediate reorganization of the hydrogel matrix [9]. This attrib-
ute is advantageous for achieving precise, defect-free layer-by-layer bioprinting 
(Fig. 8).

Fig. 8   Step strain recovery test of the hybrid alginate–xanthan gum bioink. Panel a illustrates the recov-
ery behavior after applying a shear stress of 200 Pa, while panel b zooms in on the recovery period 
between 190 and 210 s, demonstrating the material’s fast recovery capability

Fig. 9   a The G-code script enabled precise control over extrusion speeds for each printing line, ensur-
ing uniform material deposition. Unlike conventional slicer software, which applies predefined global 
parameters, this approach allowed for a customized extrusion profile tailored to the rheological proper-
ties of the bioink. b The simulated trajectory visually represents the programmed variations in extrusion 
speed along the printing path, highlighting the gradual increase in velocity. c The experimental validation 
demonstrates the printed filaments at different speeds, showing a clear correlation between programmed 
speed and filament morphology
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Optimization of bioprinting parameters: impact on extrusion speed 
and resolution

Figure  9 illustrates the G-code model designed and simulated using the ncviewer 
online simulator. a) This G-code allowed precise control of extrusion speeds across 

Fig. 10   Effect of extrusion pressure on filament size for AL4XA4 using a 22 G nozzle. Filament sizes 
range from 1.4 mm to 3.4 mm as pressure increases

Fig. 11   Effect of extrusion pressure on filament size for AL4XA4 using a 20 G nozzle. Filament sizes 
range from 0.8 mm to 2.3 mm, showing similar behavior to the 22 G nozzle
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each printing line, ensuring uniform deposition. Unlike conventional slicer software, 
which relies on predefined global parameters, this approach allowed a customized 
extrusion profile tailored to the rheological properties of the bioink [29, 30]. Such 
precision was crucial for achieving consistent filament deposition, as validated 
experimentally.

The optimization process revealed a direct correlation between extrusion pres-
sure, velocity, and nozzle size, confirming predictions from the rheological models. 
As shown in Figs. 10 and 11, smaller nozzles, such as 22 G, achieved higher resolu-
tion but required higher pressures to maintain consistent extrusion. Filament sizes 
for the 22 G nozzle increased linearly with pressure, ranging from 1.4 mm at 13 psi 
to 3.4 mm at 45 psi. In contrast, the 20 G nozzle exhibited a similar trend with larger 
filament sizes, ranging from 0.8 mm to 2.3 mm under the same pressure conditions. 
These findings validate the rheological predictions and highlight the role of pressure 
in determining print resolution.

Extrusion velocity also played a critical role in filament formation, as illustrated 
in Figs. 12 and 13. At low speeds (1–3 mm/s), overextrusion caused filament defor-
mation and inconsistent sizes, particularly with smaller nozzles. At higher speeds 
(>7 mm/s), subextrusion resulted in incomplete deposition and structural disconti-
nuities. Optimal conditions were observed at intermediate speeds, such as 9 mm/s, 
where filament sizes closely matched the theoretical range predicted by rheological 
models, with diameters decreasing to 0.9 mm for the 22 G nozzle and 0.6 mm for 
the 20 G nozzle.

Fig. 12   Effect of extrusion velocity on filament size for AL4XA4 using a 22 G nozzle. Higher speeds 
produce finer filaments (down to 0.9 mm at 9 mm/s), although extreme speeds cause discontinuities and 
subextrusion



	 Polymer Bulletin

These findings align conceptually with the optimization framework presented by 
Belgin Paul et al. [51], where parametric analysis was employed to optimize extru-
sion parameters for �-TCP scaffolds. While both studies emphasize the importance 
of balancing speed, pressure, and nozzle size, the approaches differ in their method-
ologies. The Taguchi method used by Belgin Paul et al. leverages statistical optimi-
zation to identify robust parameter sets across variable conditions, providing versa-
tility for a wide range of materials. In contrast, the pre-designed G-code in this study 

Fig. 13   Effect of extrusion velocity on filament size for AL4XA4 using a 20 G nozzle. The results show 
similar trends to the 22 G nozzle, although the larger nozzle allows more stable filament formation at 
higher speeds, reducing the risk of subextrusion

Fig. 14   Summary of the effects of varying pressures and velocities on filament formation using 22 G and 
20 G nozzles. Optimal extrusion parameters are crucial for maintaining accuracy and avoiding overextru-
sion or subextrusion, particularly in small-scale structures
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integrates rheological data to directly control extrusion parameters, ensuring fidelity 
under controlled conditions. Together, these approaches highlight complementary 
strategies for achieving high-dimensional accuracy in bioprinting.

Figure 14 summarizes the observed trends in extrusion fidelity, emphasizing the 
interplay between speed, pressure, and nozzle size. Overextrusion, prevalent at low 
speeds and high pressures, resulted in deformation and resolution loss. Subextru-
sion, occurring more frequently at higher speeds, led to insufficient deposition and 
structural weaknesses. These observations underscore the critical need for precise 
calibration of extrusion parameters to achieve consistent print quality.

Quantification of macropore geometry and circularity

A cross-hatched mesh was designed using G-code with a 90-degree rotation to 
determine the optimal macropore size and filament fusion condition. Macropores 
from 1 mm2 to 4 mm2 were generated, and PR was calculated diagonally for each 
macropore size to quantitatively evaluate the material’s ability to preserve its geom-
etry in a solid state [32, 33]. This experimental setup is demonstrated in Fig. 15.

As extrusion velocity increased to 240 mm/min and beyond, all macropore sizes 
(2x2 mm, 3x3 mm, and 4x4 mm) were successfully evaluated, showing noticeable 
improvements in precision and structural integrity. At these higher velocities, the 
Printability Ratio (PR) generally remained below 1 but within the optimal range 
(typically between 0.8 and 0.97), indicating sufficient extrudability while main-
taining the intended geometry. The data revealed that increased velocity reduced 
filament size, resulting in more accurate macropore geometries and higher PR val-
ues, highlighting the critical role of velocity in enhancing resolution and fidelity 
(Fig. 16).

To explore the influence of pressure on print resolution, an additional experiment 
was conducted with a constant extrusion velocity of 360  mm/min. The extrusion 
pressure was systematically reduced to as low as 15 psi, while maintaining all other 

Fig. 15   a G-code script used to generate a cross-hatched mesh with a 90-degree rotation for macroporos-
ity quantification. b Digital representation of the designed macropore structure. c Printed sample show-
casing filament fusion and macropore formation, with PR calculated diagonally to assess structural integ-
rity and printability
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conditions consistent with previous tests. This reduction in pressure led to a fur-
ther decrease in filament diameter, enabling successful assessment of the 2x2 mm 
macropore, which was previously challenging under elevated pressure conditions. 
At a pressure of 15 psi, the 2x2 mm macropore achieved a PR of 0.922, demonstrat-
ing the material’s capability to preserve its geometry with high fidelity. Building on 

Fig. 16   Experimental results demonstrating the optimization of pressure and velocity on macropore 
geometry in DIW-printed hydrogel constructs using a 22 G nozzle. The figure highlights the impact of 
varying pressure and velocity settings on the Printability Ratio (PR) and the material’s ability to maintain 
its designed macropore sizes, ensuring structural integrity and precision in the printed constructs

Fig. 17   Optimizing macropore formation at 360 mm/min yielded a 2x2 mm macropore at 15 psi, leading 
to the design of an 8x8 macropore mesh with improved resolution
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this, a comprehensive 8x8 macropore mesh was developed, representing a scaffold 
with optimal structural attributes for tissue engineering purposes (Fig. 17).

Evaluation of printability and structural stability

The printability of AL4XA4 ink was assessed by analyzing strand height ( h
0
 ) under 

varying extrusion conditions, focusing on gelation time ( ts ) and structural stability. 
Smaller strands, such as those formed at 540 mm/s and 11 psi (0.680 mm), exhibited 
rapid gelation ( ts = 0.037 s ), maintaining structural fidelity during extrusion. In con-
trast, larger strands, like those extruded at 1 mm/s (3.885 mm), gelled more slowly 
( ts = 0.212 s ), resulting in spreading and reduced print quality. Gelation time ( ts ) 
was inferred from oscillatory amplitude sweep experiments, specifically from the 
point at which the storage modulus ( G′ ) exceeded the loss modulus ( G′′ ), indicating 
the transition from liquid-like to solid-like behavior.

Oscillatory amplitude sweep experiments supported these results, revealing a 
recovery time ( tr = 0.55 s ) where the storage modulus ( G′ ) surpassed the loss modu-
lus ( G′′ ) shortly after shear stress was removed. This rapid recovery underscores the 
material’s ability to re-solidify effectively, enabling consistent layer-by-layer print-
ing while minimizing structural defects. Together, these parameters emphasize the 
need to balance extrusion speed, pressure, and material properties to ensure print 
fidelity and structural cohesion.

Further analysis of the rheological properties demonstrated AL4XA4’s capabil-
ity to support multi-layered constructs. Using the yield stress ( �y = 153.63 Pa ), the 
theoretical maximum printable height ( h

max
= 9.32 mm ) was calculated. However, 

experimental observations revealed deformation at heights exceeding 3.89 mm, indi-
cating the need for additional stabilization strategies, such as modified cross-linking 
techniques, to achieve reliable performance in taller constructs.

Self‑supporting experimental setup

To evaluate the material’s structural stability in unsupported spans, a custom plat-
form was designed using Autodesk Fusion 360 and fabricated via fused deposition 
modeling (FDM) in PLA (Fig.  18). This experimental setup tested spans ranging 
from 1 mm to 6 mm under two distinct extrusion conditions to assess the hydrogel’s 
inherent structural integrity prior to cross-linking.

Deformation was quantified using the Collapse Index ( Cf  ), which was calculated 
for two conditions: high pressure and speed (15 psi, 360 mm/s) and low pressure 
and speed (11 psi, 60 mm/s). At higher pressure and speed, Cf  remained below 5% 

Fig. 18   Custom experimental setup designed in Fusion 360 and printed in PLA using FDM to evaluate 
the self-supporting capability of the AL4XA4 hydrogel across gap sizes (1–6 mm)
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across all gap sizes, with minimal deformation (3.92%) observed at the largest span 
(6 mm). In contrast, at lower pressure and speed, Cf  increased significantly, reaching 
74.31% for the same gap size, as shown in Table 3. These results demonstrate that 
higher extrusion pressures and speeds effectively reduce sagging and maintain fila-
ment cohesion, ensuring structural stability in unsupported spans.

The AL4XA4 hydrogel successfully supported spans up to 6  mm without 
cross-linking, showcasing its inherent structural integrity under optimized extru-
sion conditions. These results align with prior studies [52], which highlighted the 
effectiveness of dual-cross-linking mechanisms in extending unsupported spans. 
Incorporating delayed cross-linking strategies could further enhance performance, 
enabling the fabrication of larger and more intricate geometries while maintaining 
print fidelity. It is worth noting that lower Cf  values indicate reduced deformation 
and higher shape retention, making values closer to zero a desirable outcome when 
evaluating gravitational stability in self-supporting structures.

Chemorheological evaluation

The chemorheological analysis of the AL4XA4 hydrogel was conducted to evaluate 
the effects of ionic cross-linking with CaCl2 on its mechanical stability and suitabil-
ity for biomedical applications. Results demonstrated that increasing concentrations 
of CaCl2 (1.5% and 3%) produced a significant increase in the storage modulus ( G′ ) 
and loss modulus ( G′′ ), indicating the development of a rigid external layer due to 
ionic cross-linking. This external layer maintained the geometry and functionality 
of the hydrogel during bioprinting, enabling it to support complex configurations 
essential for advanced applications. The rheological evolution during this cross-link-
ing process is shown in Fig. 19.

These findings emphasize the role of controlled ionic cross-linking in optimizing 
hydrogel performance for bioprinting. This study demonstrated that the AL4XA4 
hydrogel retains its structural integrity during post-extrusion processes. Further-
more, the synergistic effects of alginate and xanthan gum contribute to enhanced 
mechanical stability, as reported in prior studies [9].

Although the chemorheological evaluation focused on the AL4XA4 formula-
tion, this assessment served as a representative model. The cross-linking behavior 
observed is expected to be applicable to the other hydrogel compositions tested 

Table 3   Collapse Index ( Cf  ) for 
different printing conditions. 
Values are expressed in 
percentage

Gap (mm) C
f
(�����, �����∕�)[%] Cf (11 psi, 

60 mm/s) 
[%]

6 3.92 74.31
5 1.30 52.19
4 4.71 38.16
3 1.94 23.34
2 1.17 14.89
1 1.33 2.98
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in this study, given their similar alginate–xanthan gum matrix and rheological 
characteristics.

While this study exclusively employed calcium chloride (CaCl2) as the ionic 
cross-linker, recent findings suggest that the combined use of different divalent cati-
ons such as barium, magnesium, or strontium can further modulate the mechani-
cal properties and gelation kinetics of hydrogels [53]. Incorporating these alterna-
tive cations could represent a promising route to enhance post-printing stability and 

Fig. 19   Chemorheological analysis of AL4XA4 hydrogels cross-linked with varying concentrations of 
CaCl2. The graph highlights the increase in G′ and G′′ due to ionic cross-linking

Fig. 20   Three-dimensional-
printed ear model using 
AL4XA4 hydrogel cross-linked 
with CaCl2, demonstrating its 
capacity to maintain structural 
integrity in complex geometries
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should be considered for future hydrogel formulations based on this chemorheologi-
cal framework.

The applicability of this cross-linking behavior was demonstrated through the 
fabrication of a 3D model of a human ear. The hydrogel was extruded in its uncross-
linked state, followed by immediate post-extrusion cross-linking, which preserved 
its intricate geometry without collapse (Fig. 20).

This demonstration confirms the viability of the alginate–xanthan gum formu-
lation as a structurally robust and printable hydrogel suitable for complex geome-
tries. It is important to acknowledge that neither alginate nor xanthan gum possesses 
inherent cell-adhesive motifs. Consequently, future work could focus on enhanc-
ing the biological functionality of the system by incorporating components such as 
gelatin, whose intrinsic cell-binding motifs (e.g., RGD sequences) could promote 
cellular adhesion and integration[11]. This would enable the development of a 
next-generation hybrid hydrogel that combines structural integrity with bioactivity, 
addressing the dual requirements of mechanical performance and cellular interaction 
in tissue engineering applications.

Conclusion

This study establishes a systematic methodology for optimizing hybrid algi-
nate–xanthan gum (AL4XA4) hydrogels for extrusion-based 3D bioprinting, inte-
grating rheological and chemorheological characterization, predictive modeling, and 
experimental validation. This comprehensive approach addresses key challenges in 
achieving reproducibility, print fidelity, and structural stability, providing a robust 
framework for bioink development.

The rheological analysis revealed that AL4XA4 exhibits shear-thinning behavior 
with a consistency index ( K = 142.73 mPa ⋅ s ) and flow behavior index ( n = 0.33 ) 
derived from the power-law model. These parameters were critical in predicting 
extrusion pressures and optimizing flow conditions for precise filament deposi-
tion. Oscillatory amplitude sweep tests identified a yield point at 111.40 Pa and a 
sol–gel transition at 153.63 Pa, essential for understanding the material’s transition 
from solid-like to viscous behavior under shear. The Casson model further charac-
terized the yield stress ( 187.17 Pa ) and plastic viscosity ( 0.59 Pa ⋅ s ), demonstrating 
the bioink’s resistance to flow initiation and its capacity for maintaining structural 
integrity during extrusion.

Chemorheological analyses highlighted the impact of calcium cross-linking 
(1.5% and 3% CaCl

2
 ) in enhancing mechanical stability and enabling unsupported 

spans up to 6 mm. This was validated through Collapse Index measurements, which 
confirmed minimal deformation ( < 5% ) under optimized extrusion conditions. The 
bioink demonstrated excellent self-supporting capabilities and post-extrusion solidi-
fication, ensuring reproducibility in fabricating complex geometries. Additionally, 
predictive models were effectively integrated with custom G-code configurations to 
control extrusion speed and pressure, minimizing defects and achieving consistent 
macropore fidelity.
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This work underscores the importance of integrating material science with 
process optimization to develop bioinks tailored for high-precision bioprinting. 
The methodology not only overcomes traditional trial-and-error approaches but 
also provides a foundation for advancing extrusion-based bioprinting techniques. 
Future directions include exploring adaptive hydrogel formulations responsive to 
biological environments, leveraging machine learning for predictive modeling, 
and expanding the framework to design scaffolds and drug delivery systems for 
clinically relevant applications in regenerative medicine.
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