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Abstract

Material extrusion using medical-grade biodegradable hydrogel demonstrates
significant potential for manufacturing biocompatible scaffolds in regenerative
medicine.However, unpredictable geometric variationsinthe fabricated models, such
as swelling or shrinking, impede the development of complex three-dimensional (3D)
hydrogel architectures for in vitro-functionalized tissues and organs. A primary cause
of structural deformation, such as wrinkling or even collapse, is improper humidity
control during the 3D printing process. Therefore, there is a need to investigate the
swelling—shrinking behavior of hydrogels under varying ambient humidity and to
determine optimal humidity levels for the printing process. This study established a
thermal-humidity—multiphase flow coupling field simulation model to numerically
investigate the humidity-driven swelling-shrinking behavior of hydrogel filaments.
The optimal 3D printing humidity levels were determined for hydrogel filaments
with diameters of 0.2, 0.3, and 0.4 mm, which were found to be 90, 80, and 60%,
respectively. Using these humidity settings, several structures were fabricated,
demonstrating moderated moisture loss of 3D architecture. Notably, a human ear
model was successfully printed, achieving an effective size of 20 mm (length) x 10 mm
(width) x 10 mm (height). Our research can benefit the future development in tissue
engineering and regenerative medicine.

Keywords: 3D printing; Coupling field simulation; Humidity control;
Medical hydrogel
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1. Introduction

Recently, three-dimensional (3D) printing has emerged
as a promising technique in tissue engineering and
regenerative medicine,"” driving significant advancements
in the fabrication of in vitro-functionalized tissues and
organs.>* Through this additive manufacturing technology,
biomimetic 3D architectures with complex geometric
structures can be created using a variety of biocompatible
materials.>®

Material extrusion,”® material jetting,”® and vat
photopolymerization'"'"* are three well-established 3D
printing technologies for fabricating human-scale organs
and physiologically relevant disease models. Of these,
material extrusion has garnered increasing attention due
to its cost-effectiveness and ease of operation.'>'* The 3D
printing process is typically actuated by mechanical force
or pneumatic pressure, and the materials are extruded from
a fine nozzle. Well-arranged filaments are then deposited
on a two-axis substrate along a predefined trajectory.’**¢
Subsequently, a 3D biomimetic architecture is constructed
through layer-by-layer deposition.

Currently, medical-grade biodegradable hydrogels
have become well-acclaimed bio-inks adopted in material
extrusion.'” These hydrogels closely mimic the biochemical
and physical properties of the native extracellular matrix,
offering advantages for regenerative medical applications,*®
such as excellent biocompatibility, prominent drug-
encapsulating capability, and negligible cytotoxicity.”” This
makes hydrogel materials highly promising candidates for
developing tissue engineering scaffolds as delivery vehicles
for biologically active substances or cells.”’

However, as hydrogels are water-insoluble 3D
polymeric networks that retain large volumes of fluid,
they demonstrate pronounced humidity-driven swelling-
shrinking behavior.! A wealth of biodegradable hydrogels,
such as Pluronic F-127 (F-127), poly(ethylene glycol)
diacrylate (PEG-DA), and polyvinyl alcohol (PVA),
demonstrate uncontrollable swelling-shrinking behavior
when the ambient humidity is unstable. This high
susceptibility to the ambient humidity variation often
leads to unpredictable geometric sizes in 3D bioprinted
structures, which may alter their physical properties.
Therefore, humidity control has emerged as a significant
parameter in hydrogel-based 3D printing. For example,
Chang et al.” fabricated a multicomponent 3D structure
of micro-vessel fragments using F-127 with a material
extrusion device and highlighted humidity as a significant
parameter in ensuring the precise deposition of hydrogel
and maintaining the structural fidelity of printed
architectures. Similarly, Lv et al.*® created a 3D-printed
architecture with stomata-like microstructures using PEG-

DA hydrogel, where regulated humidity induced geometric
variations that enabled the opening and closing functions
of rhombus-shaped stomata. Dai et al** prepared a
humidity-driven, dynamically colorful display platform via
material extrusion of PVA hydrogel. The platform’s optical
properties could be modulated by the humidity-driven
swelling behavior of the hydrogel, enabling a controllable
color of the 3D-printed platform. Additionally, Sun et al.”
developed a 3D-printed, flexible humidity sensor with a
composite of carbon nanotubes, polyaniline, and gelatin.
In this system, changes in humidity induced deformation
of the gelatin hydrogel, resulting in detectable variation in
the electrical resistance of the composite material.

Although there is a broad consensus that humidity
plays a crucial role in 3D-printed hydrogel architectures,
identifying optimal humidity conditions for hydrogel
3D printing remains challenging. During the extrusion
process, continuous hydrogel filaments are deposited onto
a plate and remain exposed to ambient air until the 3D
structure is fabricated. As water constitutes the majority of
hydrogel volume, any variation in moisture content directly
impacts the geometry of the 3D-printed filaments.*

When 3D printing occurs under inappropriate ambient
humidity, the concentration of water in the ambient
air is remarkably lower than that within the hydrogel
filaments. This disparity causes moisture to evaporate from
the surface of filaments, as water diffuses outward and
transforms into vapor. The resulting moisture loss leads
to filament shrinkage. In contrast, if the ambient humidity
is excessively high, moisture from the ambient air may
diffuse back into the hydrogel, increasing its water content
and causing filament swelling.”” Such humidity-driven
geometric variations often cause deviations from the
predefined 3D-printed filaments. These cumulative errors
during layer-by-layer deposition can lead to wrinkling
or even collapse of the fabricated architecture, ultimately
rendering it unsuitable for medical applications.

These challenges hinder the reliable fabrication of
biomimetic hydrogel architectures, thereby making the
manufacture of functional human-scale tissue or organs
impractical.®® To address these problems, efforts have
been made in recent research. For example, Search et al.”
developed a humidity-controlled chamber capable of
maintaining constant humidity levels from 25 to 80%,
enabling more stable hydrogel 3D printing conditions.
Matamoros et al.*® prepared an atmospheric chamber
to accommodate a self-designed 3D printing device, in
which humidity was precisely controlled to maintain
the geometry of the 3D-printed architectures. Likewise,
Yu et al’' proposed a humidity-controlled enclosure
for regulating ambient humidity distribution during
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hydrogel 3D printing, maintaining levels above 70% to
prevent the shrinkage and collapse of the 3D-printed
hydrogel structures.

Although prior studies have attempted to regulate
ambient humidity during hydrogel 3D printing, most
efforts—including the work by Yu et al.*’ —have primarily
focused on the external environmental control of the
printing space. Specifically, they proposed a humidity-
controlled atmospheric enclosure and developed a fluid-
thermal-humidity coupled finite element method (FEM)
model to simulate the spatial distribution of humidity
within the printing chamber. This strategy successfully
improved macro-scale environmental stability and
reduced the likelihood of structure collapse caused by
low humidity. However, their approach only addresses the
ambient airfield and does not account for the behavior of
individual hydrogel filaments under humidity fluctuations
at the material level. In particular, the internal diffusion of
water within hydrogel filaments, the associated volumetric
deformation, and the interface-driven geometric evolution
remain unmodeled. Consequently, their framework is
incapable of predicting localized distortion, interlayer
error accumulation, or structure failure due to filament-
scale swelling and shrinkage.

However, the omission of humidity-driven swelling—
shrinking behavior of 3D-printed hydrogel filaments in
prior studies has critically limited the advancement of
hydrogel-based 3D printing and hindered progress toward
reliable biomanufacturing. During the hydrogel printing
process, local humidity exerts a significant impact on the
geometric variation of fabricated hydrogel models. To
preserve the shape of 3D-printed hydrogel constructs,
the ambient humidity must be precisely regulated to an
optimal level.

Existing research generally focuses on the invention
of novel humidity-controlled devices®' to precisely
regulate the ambient humidity of 3D-printed structures.
However, these studies typically rely on the trial-and-error
method to identify optimal humidity levels, a method
that is time-consuming, lacks reliability, and suffers from
poor repeatability. Such limitations fall short of meeting
the requirements for manufacturing biomimetic 3D
architectures.

The 3D printing of biomimetic scaffolds aims to
produce a range of complex 3D architectures that
accurately replicate the natural structure of human tissues
and organs.”” Given the tremendous difference in the sizes
of various tissues and organs, hydrogel filaments of varying
diameters are often required during the printing process.
For example, 3D architectures with larger volumes usually
consist of thicker filaments to provide a better load-bearing

property,” while thinner filaments are generally adopted
for smaller constructs to achieve a higher resolution.*
In such complex circumstances, identifying an optimal
humidity level for hydrogel 3D printing becomes
increasingly challenging. Therefore, there is an urgent need
to investigate the humidity-driven swelling-shrinking
behavior of 3D-printed hydrogel filaments.

In this study, the influence of ambient humidity during
the 3D printing process on the swelling—shrinking behavior
of 3D-printed hydrogel filaments was investigated through
numerical simulations and experimental validation. A
two-phase flow simulation model, coupled with heat
transfer and water vapor transport, was developed based
on FEM. The geometric variation of hydrogel filaments
with various diameters under varying humidity conditions
was estimated, and the optimal humidity levels for hydrogel
3D printing were identified. Subsequently, a series of 3D
printing trials was conducted using hydrogel materials
with and without the optimal ambient humidity. The
results demonstrated that the shrinkage of filaments and
the collapse of fabricated 3D architectures were effectively
prevented by maintaining the humidity at an optimal level.

2. Materials and methods

This study proposed a 2D thermal-humidity-multiphase
flow coupling field simulation model for humidity-driven
swelling-shrinking behavior of hydrogel filaments.

In the 3D printing of hydrogel structures, well-
arranged filaments were smoothly deposited. The local
humidity within the printing space plays a significant role
in influencing the geometric variation of these hydrogel
filaments. To accurately regulate the humidity field within
the printing space, a novel configuration of an extrusion-
based 3D printer (SIA bioprinter PRO, Shenyang Institute
of Automation, China) was employed, as demonstrated in
Figure 1. The feasibility and reliability of this setup were
validated in previous research.’’ The 3D printing device
comprises a temperature-controlled horizontal plate and
a humidity-controlled atmospheric enclosure. During
the printing process, the print head operates within this
enclosure, allowing the humidity in the printing space to
be precisely maintained at a constant value.

2.1. Finite element method modeling for the

printed filament

To estimate the humidity-driven swelling—shrinking
behavior of printed filaments, a two-phase flow simulation
model coupled with heat transfer and water vapor
transport was developed using COMSOL Multiphysics
6.2 (COMSOL, USA). Mechanical components not
directly interacting with the printed filament, such as the
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Print head

Humidity-controlled
enclosure

Temperatue-controlled
plate

Figure 1. A high-precision 3D printing device with controllable humidity in the printing space.

humidity-controlled enclosure and the 3D print head, were
excluded from the analysis. During the material extrusion
process, continuous filaments with uniform diameters
were extruded from a circular nozzle. Due to gravitational
effects, a compressive deformation occurred at the bottom
of each filament upon deposition on the horizontal plate,
resulting in a cross-sectional profile that was approximately
semi-circular in shape.

To better visualize the physical configuration of the
printing system, a 3D schematic model of the setup was
constructed and rendered to produce the schematic shown
in Figure 2. This schematic illustrates the dimensional
simplification processfromthefull 3D printingenvironment
to the 2D FEM model and visualizes the boundary
conditions and computational mesh used for simulation.
To analyze the geometric variation of the deposited
filament, the developed FEM model was based on a semi-
circular filament cross-section with variable diameter (d).
To ensure the accuracy of the calculation, the ambient air
domain near the filament was also incorporated, as it forms
an essential part of the entire printing space. Since the
filament cross-section and the ambient air domain showed
a mirror symmetry, only half of the geometry was modeled
in 2D, with a symmetry boundary condition applied to
improve modeling efficiency. Geometrical features, such
as shallow grooves and chamfers, were omitted to further
improve the calculation efficiency. The final computational

Table 1. Selected simulation parameters

mesh, auto-generated by COMSOL, comprised 14,090
domain elements.

To estimate the swelling-shrinking behavior of
hydrogel filaments, a moving mesh was employed in the
FEM model to represent both the computational mesh of
the printed filament and the ambient air domain within a
two-phase flow framework. Given that the majority of the
hydrogel’s volume consisted of liquid, the printed filament
was modeled as the first liquid phase. The adjacent ambient
air domain, composed of moist air, was defined as the other
liquid phase. The interface between the hydrogel filament
and the ambient air was treated as a fluid-fluid boundary,
while the outer boundary of the air domain was regarded
as an outlet boundary.

The printing platform used in this study was equipped
with a high-precision temperature control system (+1°C),
enabling stable thermal conditions at the filament—
substrate interface. Consequently, the top surface of the
plate was considered a cold source. The material parameters
of the hydrogel (e.g., diffusion coefficient, viscosity, and
thermal conductivity), although known to be temperature-
dependent, were treated as constant values corresponding
to room temperature, based on steady-state data from
the literature. For the filament material, a well-acclaimed
medical hydrogel material, F-127, was adopted in the
FEM model. The simulation parameters are summarized
in Table 1. To investigate the swelling-shrinking behavior
of filaments under varying humidity conditions, a series

Component Material Thermal conductivity Dynamic viscosity Thermal capacity Density
(W/m/K) (Pa-s) (J/kg/K) (kg/m?)
Ambient air Air 0.0267 17.90x107° 1005 1.225
Printed filament ~ F-127 0.250 1.00x10™"! 4200 1095
Plate Polymethyl methacrylate 0.192 - 1465 1180
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Figure 2. Finite element method modeling for investigating the humidity-driven swelling-shrinking behavior of hydrogel filaments. (A) Schematic
diagram showing the extrusion process of a hydrogel filament. (B) Simplified model and computational mesh of the printed filament.

of analyses were conducted across various diameters and
relative humidity (RH) values.

2.2.The boundary conditions of the finite element
method modeling

2.2.1. Two-phase flow modeling of the

printed filament

To simulate the swelling-shrinking behavior of hydrogel
filaments under varying ambient RH conditions, the two-
phase flow method was employed in the FEM model. A
phase field method is suitable for modeling two immiscible
fluids with stable interfaces. It enables a sharp transition
between the two fluid phases, resulting in a high-resolution
representation of the fluid—fluid interface. The dynamics
of two-phase flow is governed by a widely adopted
Cahn-Hilliard theory™:

%+u-V¢=V-y—/EV‘I’ )
ot 0]
Y =-V-0’'Vo+(¢* -1 In)

where ¢ is the dimensionless phase field variable, which
takes a value of 1 or —1 to distinguish one fluid phase from
another; u is the velocity vector; y is the mobility rate,
which determines the time scale of the Cahn-Hilliard
diffusion; A and w are the mixing energy density and the
interface thickness parameter, respectively, which are both
highly related to the materials; and ¥ is the phase field
auxiliary variable. These parameters were calculated in the
COMSOL software without artificial settings.

2.2.2. Flow condition of the ambient air

To conduct further analysis based on the two-phase flow
model, the flow conditions within the ambient air were also
considered. During the evaporation process of the printed
filament, water contained within the hydrogel filament
diffuses into the ambient air and transitions into vapor.
Conversely, water vapor from the ambient air is absorbed
into the hydrogel during the swelling process. This transfer
of water vapor results in a slight flow of moist air within
the ambient air domain. The Reynolds number (R,) was
employed to determine this type of flow condition®:
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R == (D)

where p is the density of moist air;u is the flow speed;
u is the dynamic viscosity of the fluid; and L is the
characteristic length, which can be estimated according to
the proposed FEM model:

Iv)

where D, and D, are the diameters of the printed
filament and the ambient air domain, respectively. Given
the low speed of the moist airflow, the value of R, was
estimated to be lower than 2300. It implies that the flow
condition of the ambient air should be defined as laminar
flow in the FEM model. Furthermore, as the density of
fluid exhibits little fluctuation with pressure in the model,
the laminar flow in the ambient air domain was regarded
as incompressible.

2.2.3. Cold source of the plate

According to the configuration presented in Figure 1,
hydrogel filaments are deposited onto a temperature-
controlled plate during the 3D printing of hydrogel
architectures. Hence, the top surface of the plate,
represented as a cold source in Figure 2, was defined as a
temperature boundary. Specifically, the initial temperatures
of the plate, the ambient air, and the printed filament were
all set to room temperature in the FEM model.

2.2.4. Water vapor transport at the

fluid-fluid interface

When hydrogel filaments are exposed to ambient air with
inappropriate RH levels, moisture exchange between the
hydrogel filaments and the surrounding environment often
results in swelling or shrinking of the filaments. To account
for water vapor transport across the fluid-fluid interface,
the transport of diluted species model was utilized in the
FEM simulation. To achieve the calculation of the diffusion
and the convection process of water vapor, a widely
adopted mass conservation equation, which is associated
with FicK’s laws of diffusion,” was employed:

where c is the concentration of water vapor; D' denotes
the diffusion coeflicient; and J is the diffusive flux vector,
which measures the amount of substance that flows
through a unit area during a unit time interval.

According to the mass conservation equation
(Equation V), directly using RH as an input parameter
in the calculation is impractical. Hence, to analyze
geometric variations under a variety of RH conditions,
the relationship between the vapor concentration and RH
must be clarified®:

(VD)

where the ¢, and ¢, are the concentration and saturation
concentration of water vapor, respectively. When defining
RH in the FEM model, a conversion from RH to ¢, must
be implemented in advance. By inputting the calculated ¢,
and corresponding c,, into the simulation, the geometric
variation of printed filaments under various ambient RH
conditions can be calculated. In the model, the ¢, was
set to the same value for both the ambient air and the
outlet boundary.

2.3. Preparation of hydrogel filaments

for experimental validation

To validate the reliability of the calculation results,
printing trials were conducted using hydrogel filaments.
F-127, selected for these trials, is a well-acclaimed
medical hydrogel material in regenerative medicine due
to its excellent biodegradation properties and outstanding
biocompatibility.

In this study, a 30% (w/v) F-127 solution was prepared
for the 3D printing experiments. Specifically, the mixture
of 1.5 g F-127 powder (P2443-1KG, Sigma-Aldrich, USA)
and 5 mL phosphate-buffered saline (Thermo Fisher
Scientific Inc., USA) was prepared and stored at 4°C for 24
h. Before each 3D printing, the prepared 30% (w/v) F-127
solution was transferred into syringes and centrifuged for
10 min at 4°C to remove air bubbles within the hydrogel
material. Hydrogel filaments with diameters of 0.2, 0.3,
and 0.4 mm were then extruded using a self-designed
high-precision 3D printing device. A humidity-controlled
enclosure was used to maintain a constant ambient RH for
hydrogel filaments during and after the deposition process.
To evaluate the geometric variation of the printed filaments
under the RH of 50, 60, 70, 80, and 90%, an electronic
digital microscope (Inskam-316, Aomekie, China) was
employed to capture micrographs of the filament cross-
sections. Representative geometric variations of hydrogel

oc
—+V-J+u-Vc=0
o J V)
J=-D'Vc¢ (VI)
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filaments with various diameters under the RH of 50% are
demonstrated in Figure 3.

2.4. Preparation of 3D-printed ear model

The widely adopted F-127 hydrogel was employed for the
3D printing trials. Before the experiment, the 30% (w/v)
F-127 solution was prepared and stained with red ink
to facilitate the microscopic observation of the printed
structures. Three digital models of human ears with
identical shapes but various sizes were designed, with
a height ratio of 2:3:4. For the smallest ear model, F-127
was extruded through a 0.2 mm nozzle under ambient RH
levels of 90 and 80%. For the medium-sized ear model,
a 0.3 mm nozzle was adopted, and the ambient RH was
controlled at 80 and 70%. Lastly, for the largest ear model,
F-127 material was printed employing a 0.4 mm nozzle
under the ambient RH of 60 and 50%. To evaluate the print
quality of each 3D architecture, photographs of the overall
view were taken using an electronic digital microscope
(Inskam-316, Aomekie, USA), while top-view micrographs
were taken using an optical microscope (PH50-3A43L-
A1600X, Phenix, China).

2.5. Statistical analysis
All experimental results were obtained from at least three
independent replicates. For each group, data are presented

as mean * standard deviation. Statistical significance was
evaluated using one-way analysis of variance (ANOVA)
followed by Tukey’s Honestly Significant Difference test for
post-hoc comparisons. A p-value < 0.05 was considered
statistically significant.

3. Results and discussion

3.1. Analysis of the calculation results

The numerical investigation of the humidity-driven
swelling-shrinking behavior was conducted based on
three types of printed filaments with diameters of 0.2, 0.3,
and 0.4 mm. For the evaporation process of each hydrogel
filament, the initial RH was set to 50, 60, 70, 80, and 90%.
To mimic the actual working conditions of the extrusion
process, the cold source and room temperature were set
to 25°C.

Figure 4 illustrates the transient-state RH distribution
in the ambient air of the 0.2 mm filaments. The continuous
movement of the fluid-fluid interface reflects the geometric
variation of each hydrogel filament during the evaporation
process. As presented in the figure, high-humidity moist
air is gathered near the printed filament. Due to the
water vapor diffusion from the hydrogel material, the
humidity field in the ambient air domain demonstrates a

0s 60 s

0.2 mm

0.3 mm

0.4 mm

120 s 180 s

Figure 3. Micrographs of deposited hydrogel filaments with various diameters under a relative humidity of 50%. Scale bar: 0.1 mm; Magnification: 64x.

Volume 11 Issue 4 (2025)

415

doi: 10.36922/1JB025220222


https://doi.org/10.36922/IJB025220222

International Journal of Bioprinting

Swelling—shrinking behavior of hydrogel

120 s 180 s
RH(%)
9
=
= 73
s \
50
RH(%)
9%
X
z - 78
60
RH(%)
96
2
S
> \ 83
70
RH(%)
96
B
=]
3 \ 88
80
RH(%)
9
=
= \ 93
90

Figure 4. Humidity distribution in the ambient air with a filament diameter of 0.2 mm, illustrating the geometric variation of the printed filament under

various relative humidity (RH) conditions.

moisture gradient in the radial direction. When the RH is
defined to a low value, such as 50%, the rate of moisture
loss is significantly increased, leading to the most severe
geometric shrinkage of the printed filament.

The process from deposition to the complete collapse
of the entire hydrogel structure lasts for approximately
180 s. Given that 3D printing of large-scale architectures
is typically time-consuming, such a rapid geometric
decrease is unacceptable during the fabrication process.
As the ambient RH increases, the concentration of water
in the ambient air approaches that within the hydrogel
filament. This leads to insufficient moisture transfer and
vapor diffusion, moderating the geometric shrinkage
of the just-printed hydrogel filaments. Figure 5 and 6

demonstrate the geometric variations of the 0.3 and 0.4
mm filaments, respectively.

With increasing filament diameter, the geometric
shrinkage of the hydrogel filaments is alleviated. Among
the three types of hydrogel filaments with various
diameters, the 0.4 mm filament exhibits the largest initial
volume and contains the greatest amount of water. This
implies a higher moisture retention capacity during the
evaporation process. Therefore, compared with the 0.2
and 0.3 mm filaments, the 0.4 mm filament demonstrates
superior shape stability when exposed to moist air at the
same RH.

As the RH increases, both the 0.3 and 0.4 mm filaments
ultimately demonstrate swelling behavior. When the
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Figure 5. Humidity distribution in the ambient air with a filament diameter of 0.3 mm, illustrating the geometric variation of the printed filament under

various relative humidity (RH) conditions.

concentration of water vapor in the ambient air exceeds
that within the hydrogel, moisture absorption occurs at the
fluid—fluid interface, leading to geometric swelling of the
printed filaments.”

The swelling-shrinking behavior of printed filaments
was quantitatively compared and investigated (Figure 7).
As demonstrated in Figure 7A, the original and deformed
shapes of the filament are outlined separately using
dashed lines. During the humidity-driven geometric
transforming process, the height of each printed filament
was measured and symbolized as “H2,” while the height
of the original shape of the filament was symbolized as
“H1, which corresponded to the radius of the original
filament. To quantitatively evaluate the extent of geometric
shrinkage, the ratio of H2 to H1 was calculated for each
printed filament.

As demonstrated in Figure 7B, five geometric variation
curves are obtained for the 0.2 mm filament. All curves
display a clear linear reduction over time, with the most
pronounced shrinkage observed at an RH of 50%. Likewise,
the geometric variation curves of the 0.3 mm filament, as
presented in Figure 7C, show similar trends when the RH
is not more than 80%. However, the geometric variation
curve exhibits an increasing trend at an RH of 90%.
In Figure 7D, linear increases in the curves of 0.4 mm
filaments occur when the RH is not lower than 70%, with
the most prominent swelling occurring at 90% RH.

Generally, significant geometric variations of extruded
filaments are not permitted in the manufacturing
of 3D biomimetic architectures.” To meet the strict
requirements of medical applications, deviations between
the size of the shrinking filament and that of the original
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Figure 6. Humidity distribution in the ambient air with a filament diameter of 0.4 mm, illustrating the geometric variation of the printed filament under

various relative humidity (RH) conditions.
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Figure 7. Quantitative comparison of the geometric variation of the printed filaments. (A) Schematic diagram of the transformed filament in the finite
element method model. (B-D) Geometric variation curves of the printed filaments with various diameters: (B) 0.2 mm, (C) 0.3 mm, and (D) 0.4 mm.

Volume 11 Issue 4 (2025)

418

doi: 10.36922/1JB025220222


https://doi.org/10.36922/IJB025220222

International Journal of Bioprinting

Swelling—shrinking behavior of hydrogel

filament should be minimized. To identify the optimal
RH levels for hydrogel 3D printing, horizontal dashed
lines corresponding to an H2/H1 of 1 are included in
Figure 7B-D. The geometric variation of the 0.2 mm
filament reaches the greatest moderation at 90% RH. For
the 0.3 mm filament, both the curves of the 80 and 90%
RHs demonstrate lower deviations from the dashed line.
Similarly, for the 0.4 mm filament, the geometric variation
presents the lowest alleviation at 60 and 70% RHs.

In practice, the challenges posed by humidity-driven
swelling are more severe than those of humidity-driven
shrinking. During the layer-by-layer deposition process,
well-arranged hydrogel filaments in adjacent layers fuse,
creating an architecture with a larger volume. When the
RH s too low, shrinking filaments reduce structural density
and slightly weaken the mechanical properties of the
manufactured 3D structure. However, due to the fusion of
hydrogel filaments, the moisture transfer between adjacent
filaments can partially moderate the impact of moisture
loss. In contrast, when the RH is excessively high, swelling
filaments reduce the spacing between adjacent filaments,
lowering the pore size within the 3D architecture. This can
not only cause uncontrolled mechanical properties but
also lead to poor breathability, limiting the applicability

of the biomimetic structure in cell culturing or tissue
engineering.

Therefore, based on the deformation trends obtained
from the simulations, the RH level corresponding to the
minimal deviation from an H2/H1 of 1 was selected as
the optimal RH for each filament diameter. According
to the calculation results, the optimal RH levels for the
3D printing process of the 0.2, 0.3, and 0.4 mm hydrogel
filaments were 90, 80, and 60%, respectively.

3.2. Experimental validation of the

simulation results

As demonstrated in Figure 8A, the height of the 3D-printed
F-127 filament was measured from the captured
micrographs. By calculating the H2-to-H1 ratio based on
the micrographs, the geometric variation curves of 0.2, 0.3,
and 0.4 mm F-127 filaments were plotted (Figure 8B-D).
When compared with the simulation results in Figure 6,
although the experimental curves do not perfectly
match the simulated data, the overall trends show strong
agreement. To measure the deviation of the experimental
results from the simulated data, absolute errors (¢) between
the simulated and the experimental geometric variation
curves were calculated at several time points (Table 2).
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Figure 8. Geometric variation curves of the 3D-printed hydrogel filaments. (A) Schematic diagram of the measurement of filament diameters. (B-D)
Geometric variation curves of hydrogel filaments with various diameters: (B) 0.2 mm, (C) 0.3 mm, and (D) 0.4 mm.
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Compared with the simulated curves in Figure 6, the
variation of each experimental curve in Figure 8 is not
strictly linear. Instead, all experimental curves exhibit a
decreasing rate of descent over time, resulting in increasing
deviation between the experimental and simulation data.
This phenomenon can be attributed to the unique internal
structure of hydrogel materials, which consists of a fluid
phase (water) and a solid phase (crosslinked polymer
network). During moisture loss, the polymer network
remains within the filament, playing the role ofload-bearing
and shape-retaining. At the beginning of evaporation,
the polymer network constitutes a small volume of the
hydrogel filament and thus has little impact on geometric
variation. However, as water content in the material
decreases, the proportion of the solid phase increases.
Consequently, the influence of moisture loss on geometric
shrinkage is gradually alleviated as H2/H1 decreases,
eventually leading to a greater e. Nevertheless, although
neglecting the polymer network causes a gentle increase in
¢, the simulation results still match the experimental data
well in most cases. As shown in Table 2, the maximum

absolute error (e, ) across geometric variation curves
is limited to 0.228, supporting the reliability of the FEM
simulation results.

3.3. 3D printing trial for hydrogel filaments under
optimal humidity

Due to the remarkable humidity-driven swelling-
shrinking behavior of hydrogels, inappropriate RH levels
within the printing space can severely affect the layer-by-
layer deposition of complex 3D architectures. To address
this issue, the present method aims to identify optimal RH
levels for 3D printing hydrogel filaments and to alleviate
the collapse or shrinkage of multilayered constructs.
According to the FEM simulation result, the optimal RH
levels for the 0.2, 0.3, and 0.4 mm hydrogel filaments are
90, 80, and 60%, respectively. To validate the feasibility
of these conditions, 3D hydrogel architectures were
manufactured using the 3D printer shown in Figure 1, and
the corresponding results are presented in this section.

Figure 9A-C demonstrates 3D-printed ear models of
small, medium, and large sizes, respectively, fabricated

Table 2. The absolute error and the maximum absolute error between the simulated data and the experimental results across

multiple time points

d (mm) RH (%) €
20s 40s 60s 80s 100s 120s 140's 160 s 180s
50 0.024 0.015 0.015 0.015 0.040 0.076 0.110 0.134 0.171 0.171
60 0.012 0.017 0.035 0.062 0.091 0.127 0.162 0.202 0.228 0.228
02 70 0.019 0.030 0.050 0.076 0.103 0.133 0.164 0.193 0.224 0.224
80 0.015 0.027 0.043 0.064 0.080 0.101 0.122 0.143 0.162 0.162
920 0.005 0.010 0.015 0.021 0.027 0.033 0.039 0.045 0.051 0.051
50 0.008 0.010 0.008 0.007 0.002 0.002 0.006 0.013 0.021 0.021
60 0.006 0.007 0.006 0.005 0.002 0.001 0.004 0.009 0.014 0.014
70 0.003 0.004 0.003 0.003 0.001 0.002 0.005 0.008 0.008
0.3
0.001
80 0.001 0.001 0.001 0.001 0.001 0.002 0.005 0.002 0.002 0.005
920 0.001 0.001 0.002 0.003 0.005 0.006 0.007 0.009 0.011 0.011
50 0.006 0.004 0.004 0.003 0.002 0.001 0.003 0.005 0.009 0.009
60 0.002 0.002 0.002 0.001 0.001 0.001 0.001 0.002 0.003 0.003
0.4 70 0.003 0.002 0.002 0.001 0.001 0.003 0.001 0.002 0.005 0.005
80 0.007 0.005 0.006 0.004 0.002 0.001 0.003 0.006 0.012 0.012
90 0.011 0.008 0.009 0.005 0.003 0.001 0.005 0.009 0.019 0.019

Abbreviations: d:, diameter; RH, relative humidity.
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under optimal RH conditions of 90, 80, and 60%. Under
these conditions, the constructs maintained splendid shape
throughout the 3D printing process. The well-arranged
F-127 filaments provided stable support for adjacent
layers and exhibited smooth, uniform shapes. In contrast,
Figure 9D-F presents ear models printed under
inappropriate ambient RH conditions of 80, 70, and 50% for
the small, medium, and large sizes, respectively. Although
the F-127 hydrogel filaments initially appeared continuous
upon deposition, as printing proceeded, a gradual
shrinkage and even collapse occurred due to inappropriate
ambient RH. This compromised the capability to support
the upper layers and resulted in irregular holes within the
3D-printed architectures. At the edges of each model, an
evident moisture loss occurred, as demonstrated in the
micrographs. These fragile structures often fail to provide

the mechanical or biological properties required for
medical applications.

The observed phenomena can be explained as follows.
The medical-grade biodegradable hydrogel used in this
study consists of hydrophilic polymer networks that retain
plenty of water and exhibit pronounced humidity-driven
swelling-shrinking behavior. As illustrated in Figure 6,
to minimize moisture loss and geometric variation of the
hydrogel filaments, specific RH levels were selected as
the optimal RH for each filament diameter. Since the ear
models (Figure 9A-C) were printed under these selected
RH conditions, the shape of each hydrogel filament was
maintained throughout the manufacturing process. On
the contrary, when the ambient RH was inappropriate
(Figure 9D-F), the moisturelossled to geometric shrinkage.

Cii

1

M CHii

Figure 9. Photographs and micrographs of the 3D-printed ear models. (A-C) Ear models printed with filament diameters of (A) 0.2 mm, (B) 0.3 mm,
and (C) 0.4 mm under optimal ambient humidity conditions. (D-F) Corresponding models printed under relatively low ambient humidity conditions,
showing structural deformation. Scale bar for all upper panels: 10 mm; Magnification: 8x. Scale bar for all lower panels: 0.5 mm; Magnification: 64x.
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To provide a quantitative basis for evaluating the
printing quality of the hydrogel constructs under different
RH conditions, the overall height of each printed structure
was measured as a representative indicator of structural
integrity. Given the complexity of the ear-shaped geometry,
conventional image analysis techniques, such as edge
detection, contour extraction, or pixel-wise segmentation,
were not feasible for consistent quantitative assessment.
Therefore, vertical height was selected as a measurable
and reproducible metric that reflects the degree of
structural collapse or swelling caused by humidity-driven
deformation. The height of each sample was obtained
from side-view images and is presented in Table 3. The
results demonstrate that samples printed under optimal
RH conditions exhibited significantly greater structural
retention compared to those printed under inappropriate
RH conditions.

Currently, numerous studies have explored 3D printing
using F-127 materials. However, a majority of these
printed structures exhibit shrinkage and collapse during
the extrusion process due to inappropriate ambient RH.
Moisture loss significantly limits the fabrication of large-
scale 3D architectures with complex structures. Table 4
compares the 3D-printed F-127 architectures of various
sizes in existing studies. It demonstrates that the effective
lengths and widths of recently proposed structures usually
fall within the range of 5-10 mm, with effective heights
generally not higher than 8 mm. Meanwhile, the shapes
of these architectures are not complex enough to meet
the requirements of medical applications. In contrast, in
this study, a 3D-printed ear model with an effective size

of 20 mm (length) x 10 mm (width) x 10 mm (height)
is successfully generated. This outcome confirms that 3D
printing with optimal RH conditions can alleviate moisture
loss and enhance the structural fidelity of 3D architectures.

F-127 was selected as the model hydrogel in this study
due to its pronounced and stable geometric deformation
under varying RH conditions, along with its excellent
printability and reproducibility. These characteristics made
it suitable for controlled investigation of humidity-driven
swelling-shrinking mechanisms and for quantitative
FEM modeling. However, it is important to note that the
proposed finite element framework—including two-phase
flow modeling, water vapor transport simulation, and
RH-geometry coupling—is not limited to the specific
material properties of F-127. The model is designed
to be generalizable and can be applied to other widely
used hydrogel-based inks, such as GelMA with tunable
crosslinking density, ionically crosslinked alginate, and
photopolymerizable PEG-DA, provided that key physical
parameters (e.g., swelling ratio, viscosity, and diffusion
coefficient) are available. These hydrogels are extensively
used in tissue engineering and bioprinting, indicating the
strong applicability and scalability of our model in practical
biomanufacturing settings.

4, Conclusion

In this study, the humidity-driven swelling-shrinking
behavior of hydrogel filaments during 3D printing
was investigated through numerical simulations and
experimental validation. A novel FEM coupling field
simulation model was developed to identify optimal

Table 3. Overall heights of printed structures with various humidity levels

Figure Filament diameter (mm) Ambient humidity (%) Overall height (mm)
A 90 5.4
0.2
D 80 4.5
B 80 8.5
0.3
E 70 7.6
C 60 10.0
0.4
F 50 8.8

Table 4. Results of printed F-127 structures in recent studies

Reference Structure Filament diameter (mm) Effective size (length x width x height, mm?)
4 0.5 8x8x1
Reticulate structure
2 0.2 10x10x5
Cube structure 5%5%5
43 0.4
Pyramid structure 10x10x8
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ambient RH conditions for hydrogel extrusion. Printing
trials were conducted to validate the effectiveness of the
proposed approach in mitigating geometric shrinkage
in 3D-printed architectures. The main conclusions are
summarized as follows:

(i) A FEM thermal-humidity-multiphase flow
coupling field simulation model was proposed and
experimentally validated, successfully predicting the
geometric variation of hydrogel filaments under a
variety of ambient RH conditions.

(ii) The optimal RH conditions for 3D printing of

hydrogel filaments with diameters of 0.2, 0.3, and 0.4

mm were identified as 90, 80, and 60%, respectively.

(iii) Printing trials using F-127 hydrogel materials

demonstrated that higher ambient RH effectively

prevents both uncontrollable geometric swelling and
shrinkage during the 3D printing process.

(iv) Under optimized RH conditions for hydrogel
filaments, 3D architectures of the human ear were
successfully manufactured with an effective size of

20 mm (length) x 10 mm (width) x 10 mm (height).

It should be noted that the humidity-driven swelling-
shrinking behavior discussed in this study is specific to
hydrogel-based biomaterials, such as F-127 and GelMA.
These materials possess high water content and strong
moisture responsiveness under ambient conditions. In
contrast, thermoplastic biocompatible polymers, such
as polycaprolactone and polypropylene, are largely
unaffected by humidity due to their hydrophobic nature
and low water uptake. Therefore, the findings of this study
are not intended to generalize across all biocompatible
printing materials.

Although the present study provides a quantitative
understanding of humidity-driven deformation in single-
layer hydrogel filaments, the current model is limited to
2D cross-sectional simulations and does not fully capture
the 3D deposition dynamics of multilayer structures. In
practice, interlayer moisture transport, filament fusion
behavior, and cumulative deformation significantly impact
the final geometry and functionality of printed biomimetic
constructs. Due to the absence of robust theoretical models
for describing layer-by-layer coupling and time-dependent
structural evolution, accurate simulation of full 3D
architectures remains a challenge. Future work will focus
on developing a comprehensive, multi-physics 3D FEM
framework that incorporates interlayer interactions and
global deformation mechanisms. This will further enhance
the predictive capability and practical value of the proposed
approach in large-scale hydrogel biomanufacturing.
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