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A B S T R A C T

Exudate absorption is a key parameter for proper wound dressing performance. Unlike standardized tests that 
consider exudate viscosity close to that of water, patients’ exudates vary greatly in composition and, therefore, 
viscosity. This work aimed to investigate the effects of exudate viscosity and pore size of hydrogel-like dressings 
on the exudate absorption rate to establish rational criteria for the design of dressings that can meet the 
personalized needs of wound treatment. Computer-aided design (CAD) was used for Digital Light Processing 
(DLP) 3D printing of hydrogels with 0%, 30% and 60% porosity. The hydrogels were characterized in detail, and 
the absorption of two simulated exudate fluids (SEFs) was video-recorded. The same CAD files were used to 
develop in silico models to simulate exudate uptake rate. Both in vitro data and in silico modeling revealed that 
low-viscosity SEF penetrates faster through relatively small hydrogel pores (approx. 400 μm) compared to larger 
pores (approx. 1100 μm) due to capillary forces. However, in vitro vertical uptake took longer than when 
simulated using CAD design due to lateral fluid absorption through the pore walls in the hydrogel bulk. Dis
tortions of hydrogel channels (micro-CT images) and lateral fluid absorption should be both considered for in 
silico simulation of SEF penetration. Overall, the results evidenced that porous hydrogel dressings allow rapid 
penetration (within a few seconds) and hosting of exudates, especially for pore size <1 mm. This information 
may be useful for design criteria of wound dressings with adequate fluid handling and drug release rate.

1. Introduction

Wound exudate is defined as a water-based leakage from capillaries. 
Its composition varies depending on the exudate production, wound 
healing stage, infection, chronicity of the injury and patient conditions 
(pathologies). The composition of the exudate is a mixture of proteins, 
cells involved in the healing process, enzymes, glucose, bacteria secre
tions (if the case) and waste products (WUWHS, 2007; Ruf et al., 2017). 
When an injury occurs, the inflammatory stage begins with the arrival of 
inflammatory mediators, and the permeability of the capillaries in
creases allowing the excess fluid to arrive at the wound site (Vowden 
and Vowden, 2003). The role of the exudate is to support the healing by 
preventing the wound from drying out, contributing to cell migration, 
providing cell nutrition, allowing diffusion of immune and growth 

factors, and helping the autolysis (Lustig et al., 2021). In the normal 
healing process the exudate is a necessary element; however, in chronic 
and/or infected wounds, the abnormal production of exudate and the 
variations in the components concentration may delay the healing or 
worsen the injury (Tickle, 2016; Townsend et al., 2024).

Chronic wounds are characterized by a prolonged inflammatory 
stage and, therefore, an extended vasodilation can occur, driving an 
overproduction of exudate and leading to skin maceration. Some pa
thologies (e.g. those associated with vascularity) could not produce 
enough exudate to supply the injury needs, such as cell migration, 
hindering the healing. The exudate in chronic wounds is also considered 
toxic for cells, slowing down the recovery. This kind of exudate has a 
high chance of being colonized by bacteria. For all these reasons, the 
exudate of chronic wounds must be assessed and treated properly to 
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reduce the healing time (Tickle, 2016).
Dressings are the most common way to handle fluids in wounds 

(Minsart et al., 2022). Therefore, the way the dressing material interacts 
with the exudate plays an important role in wound management and 
resolution (Santamaria et al., 2023). Traditional wound dressings of 
cotton, bandages and gauzes mainly isolate the wound from contami
nants, but can cause an excessive absorption of the exudate leading to 
dehydration or can damage the tissue by strong adhesion to the wound 
bed. To overcome these problems, new dressing materials have 
appeared in the last few years such as foams, sponges, nanofiber films 
and hydrogels (Sánchez-Machado et al., 2023; Zhang et al., 2024). 
Hydrogels are highly hydrophilic polymeric networks that can retain 
hundreds of times their weight in water. Therefore, using hydrogels as 
wound dressings may keep a moist environment while absorbing and 
retaining the exudate (Amante et al., 2024). The hydrogel swelling in 
exudate fluid can also promote proliferation and migration (Op’t Veld 
et al., 2020; Domínguez-Robles et al., 2023). Although much less stud
ied, the exudate itself can also have an impact on the performance of the 
dressing, and changes in volume and composition could strongly alter 
the release rate of drugs incorporated in the dressings (Agrawal and 
Purwar, 2018; Maver and Maver, 2023).

The World Union of Wound Healing Societies (WUWHS) defined in 
2007 the concept of TIME, that involves four evaluation steps (Tissue, 
Inflammation/infection, Moisture balance, Edge of the wound) to carry 
out a systematic and individualized approach for the assessment of 
chronic wounds. The aim of TIME is to provide a better treatment and to 
decrease the healing time. The moisture balance step involves the 
evaluation of the exudate in terms of production rate and composition 
(Harries et al., 2016). Although the standardization of wound manage
ment is critical to improve the healing rate, chronic wounds are still a 
big concern and there are some aspects of the exudate that are not 
considered. One of these aspects is the exudate viscosity. As viscosity is 
defined by the resistance of a liquid to flow, this could be a key 
parameter in the interaction with dressings. As mentioned above, the 
exudate should penetrate the dressing at the adequate rate and at the 
adequate extent (Dong and Guo, 2021). The viscosity of exudates has 
been measured to vary widely, reaching values as large as 0.71 Pa⋅s 
(Orlov and Gefen, 2022), depending on the quantity of proteins in the 
exudate, the presence of bacteria and/or biofilm, deterioration of the 
wound bed or residual products of the dressing material (Jones, 2015). It 
has been reported by clinicians that the behavior, in terms of absorption, 
of a dressing in wounds with different viscosity is also different. This 
expected different performance is, however, not considered in absorp
tion tests of dressings before their commercialization. For example, in 
the European Testing Standard EN 13726:2023, the absorbency of 
wound dressings is only tested against an ideal exudate that is far from 
the real situation (Forss, 2022). The standard describes the procedure to 
prepare the simulated body fluid by dissolving 8.298 g sodium chloride 
and 0.368 g of calcium chloride dihydrate for 1 L of deionized water, 
which has a viscosity similar to that of pure water, i.e. 0.001 Pa⋅s. 
Therefore, a better knowledge of how wound dressings interact with 
complex exudates is essential to choose the adequate dressings for each 
patient in the Precision Medicine context. Despite the relevance of the 
topic, there is still a paucity of information on the fluid management 
capacity of wound dressings under more realistic conditions, and only 
recently a comprehensive analysis on the behavior of bordered foam 
dressings has been published (Gefen et al., 2024).

The present work focusses on hydrogel-like dressings obtained 
applying recently developed Digital Light Processing (DLP) 3D printing 
technologies, which allow for versatile personalization of composition, 
external morphology, internal architecture, and incorporation of ancil
lary medicinal substances and drugs (Xu et al., 2021; Joshi et al., 2023; 
Oh et al., 2024). The dressing must have macro and/or micro porosity to 
effectively uptake the exudate by capillarity. Thus, the hypothesis of this 
work relies on the fact that the size of the wound dressing pore and the 
exudate viscosity regulate the exudate uptake rate. Therefore, analyzing 

the effects of both variables, it would also be possible to predict how fast 
an exudate of a given viscosity is absorbed by a specific pore size and, 
therefore the obtained information can be useful for the rational design 
of personalized dressings that can fulfil the specific wound treatment 
needs according to the viscosity of the exudate.

The first objective of the work was to measure the fluid uptake rate of 
two simulated fluids that reproduced two values of viscosities for the 
wound exudates. Hydrogel-based wound dressings were prepared by 3D 
printing of models designed to have different pore sizes but the same 
number of pores (Fig. 1). Once the experimental data were obtained, the 
next objective was to develop in silico models that could simulate the 
uptake of the exudate. Those models could perform as a prediction tool 
for the behavior of wound dressings in the fluid uptake. To conduct an 
accurate comparison between the experimental data and the in silico 
outcomes, the hydrogel dressings were prepared using a DLP 3D printer. 
Among the different 3D printing techniques, vat photopolymerization 
enables fast production of hydrogel objects, which can be suitable as 
dressing materials (Xu et al., 2021; Rodríguez-Pombo et al., 2022). The 
computer-aided design (CAD) model created for the fabrication of the 
3D printed dressing was also used to perform the in silico simulation of 
the fluid uptake, serving as a pivotal parameter to compare both 
experimental and predicted results. To study the differences in terms of 
exudate absorption, three different types of hydrogels were designed, 
with 0%, 30% and 60% porosity. Polyethylene glycol diacrylate 
(PEGDA) was selected as the main component to create the porous 
hydrogels. PEGDA hydrogels are appropriate candidates for tissue 
regeneration or wound dressing due to their biocompatibility, high 
permeability, and intrinsic hydrophilicity to host high amounts of water, 
necessary for absorbing and retaining wound exudate (Browning et al., 
2011). Since the pore channels of the hydrogels can distort, compared to 
the CAD model, after washing and freeze-drying, micro-CT images of the 
dressings were also taken and used for additional in silico simulations, 
showing more reliable results than when the modeling was based on the 
CAD model.

2. Materials and methods

2.1. Materials

Polyethylene glycol diacrylate (PEGDA, Mn 575), lithium phenyl- 
2,4,5-trimethylbenzoylphosphinate (LAP), and methylene blue were 
purchased from Sigma-Aldrich (Dorset, UK). Sodium chloride was from 
Labkem (Barcelona, Spain), calcium chloride dihydrate from Merck 
(Darmstadt, Germany) and xanthan gum (MW > 1,000,000) from Aco
farma (Terrasa, Barcelona, Spain).

2.2. Design of porous 3D printed hydrogels

CAD files were created using TinkerCAD (Autodesk) for the hydro
gels with 0% of porosity, named as S0, and Flatt Pack (Ian Masckery, 
University of Nottingham) for the hydrogels with 30 and 60 % of 
porosity, named as S30 and S60 respectively. The selected percentage of 
no material was distributed in the form of pores by using the pore dis
tribution option in Flatt Pack, that was set to be 4 × 5 along the x and y 
axes. The three hydrogels were designed to be 10 mm in diameter and 5 
mm in height, and the pores were created in the shape of primitive 
honeycomb. The CAD file (.stl) was first processed and sliced using 
Chitubox software (China) to obtain the 2D images for the layers before 
uploading to the printer program. The layers had the same dimensions as 
the designed structure.

2.3. Photosensitive ink and 3D printing

The photosensitive resin was prepared by mixing PEGDA (35% wt) 
with distilled water (64.975% wt) in an amber vial and stirred until 
homogeneity. Then, 0.025% of LAP was added and the mixture stirred 
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until complete dissolution.
The top-down DLP-based 3D printer consisted in a building platform 

that moves down into the ink container and a digital light projector 
(Wintech DLP6500, USA) placed on the top and facing down, composed 
of a digital mirror device (DMD), a UV light source (405 nm), and UV 
optical lenses (f = 210 mm) (Fig. 1A). First, the platform height was 
adjusted to the focal point of the projector (21 cm distance) to ensure the 
maximum resolution. Then, the platform was placed inside the resin 
container filled with photosensitive ink until flattened with the surface 
of the platform. The printer software was used to adjust the printing 
parameters: light intensity (10%), number of layers (1 layer) and layer 
height (5 mm), while the exposure time varied depending on the 
hydrogel and was 30, 35 and 50 s for S0, S30 and S60 respectively 
(Fig. 1B).

The printed hydrogels were soaked twice in ethanol and then in 
water for 10 min before post-curing. The post-curing method consisted 
of placing the hydrogel in an oven (Heraeus I42, Germany) at 4 cm of a 
375 nm UV-lamp (Philips BLB F8 T5, Netherlands) 5 min per face at 
room temperature. Finally, the dressings were washed with 3 to 5 water 
changes per day until the disappearance of the typical monomer ab
sorption bands at 190–200 nm (Agilent 8453 UV–Vis spectrophotom
eter, Agilent Technologies, UK). The washed dressings were frozen at 
− 80 ◦C and freeze-dried before use (Fig. 1C).

2.4. Dressings physical characterization

The morphology of each dressing was studied as freeze-dried and 
after the exudate uptake experiments. Dressings of each composition (n 
≥ 3) were measured using a Caliper Digital Electronic (Fowler™, 
Newton, MA, USA). Photographs of the top view of each freeze-dried 
dressing were taken using a ruler as a reference (Fig. 1C).

The fluid uptake was estimated by weight using the dried mass of the 
dressing as m0 and the swelled mass as m1 measured after the 

experiments. The excess of liquid was blotted with filter paper before 
weighing. The % of fluid uptake was estimated using the following 
formula: 

%Fluid uptake =
m1 − m0

m0
x100 (1) 

The same equation was used to estimate the changes in size (diam
eter and height) by using initial and final measures instead of m0 and m1.

Surface topography was examined using field emission scanning 
electron microscopy (FESEM Ultra Plus, Zeiss, Oberkochen, Germany). 
Freeze-dried dressings were placed on metal supports and sputter-coated 
with 10 nm thick gold film (model Q150T-S, Quorum Technologies, 
Lewes, UK) before viewing. Some dressings were cut with surgical 
blades to obtain cross-sectional views.

Models of the freeze-dried hydrogels and the corresponding swollen 
hydrogels were created using high-resolution microcomputed tomog
raphy (micro-CT) scanner (Skyscan 1272, Bruker, Kontich, Belgium). 
Images were obtained by scanning at 10 μm/pixel with a resolution of 
2016 × 1344, exposure of 200 ms and voltage, current and rotation step 
setting of 50 kV, 200 μA and 0.4◦, respectively. Reconstruction of the 3D 
structure was carried out using the software NRecon (Bruker-microCT) 
and then, a 3D model (.stl) was obtained using the software CTAn 
(Bruker-microCT). To carry out the scanning of the swollen hydrogels, 
the freeze-dried dressings were immersed for 5 min in a 1:10 dilution of 
OmnipaqueTM (GE Healthcare) staining solution and then blotted su
perficially with filter paper.

2.5. Simulated exudate fluid (SEF) preparation

A saline solution used as a control test solution in dressing perfor
mance was prepared by dissolving 8.298 g of NaCl and 0.368 g 
CaCl2⋅2H2O in 1 L of water (Davies, 2012; Forss, 2022). Xantham gum 
was added to this solution to simulate different viscosities of the 

Fig. 1. (A) Top-down DLP 3D printer used for the preparation of the hydrogel dressings. (B) CAD-files of the designed hydrogels with 0%, 30% and 60% porosity, 
from top to bottom. (C) Appearance of the freeze-dried dressings before used (separation between tick marks represents 1 mm).
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exudate. The dispersion was kept under mechanical stirring using pad
dles (VWR VOS 60 control, VWR) for 1 h at 600 rpm and then at 400 rpm 
overnight. Finally, the SEF was autoclaved at 121 ◦C for 20 min. The 
solution was kept at 4 ◦C for 1 week and warmed at RT before use. The 
pH of the prepared SEF was determined using a pH-meter Crison GLP22 
(Barcelona, Spain). Aliquots of 200 mL for each SEF were taken out and 
a spatula tip of methylene blue was added to stain the solution.

The viscosity of the SEF was determined in a Rheolyst AR-1000 N 
rheometer equipped with an AR2500 data analyzer, a Peltier plate and a 
steel cone geometry (60 mm, 2.1o) (TA Instruments, Newcastle, UK). 
The experiments were carried out at 20 ◦C applying a continuous shear 
rate ramp from 0.05 to 200 s− 1. The viscosity (η) versus shear rate (γ̇) 
plots were analyzed using the Power law model. 

η = m⋅γ̇n− 1 (2) 

In this equation, m is the consistency index, i.e. the viscosity at 1 s− 1, 
and n is the Power law index or fluidity index, which ranges from 1 for 
Newtonian fluids to 0 for very shear-thinning (pseudoplastic) fluids 
(Xuewu et al., 1996). Values of n above 1 are indicative of shear- 
thickening (dilatant) fluids.

The surface tension of the SEF was estimated using a tensiometer 
Lauda Scientific TD1 (Lauda Scientific, Germany) fitted with a Platinum 
ring.

2.6. SEF absorption experimental measurement

The vertical absorption of SEF through the pores of each dressing was 
monitored using a video set-up that consisted of a porous sintered filter 
plate from a Buchner glass funnel placed in a glass Petri dish and a 
PixeLINK (Canada) scientific camera with an optical lens (f = 35 mm) at 
the focal distance from the filter with a slight elevation and inclination 
(Fig. S1). The dressings were firstly pre-wet in SEF solution (colorless) 
and blotted with paper to eliminate the excess of liquid in the macro
pores. Then, the dressing was placed on the surface of the filter plate, 
which had previously been wet in a blue-stained SEF solution and placed 
in a Petri dish filled with the stained SEF solution until half the height of 
the filter plate. The videos were recorded using the PixeLINK software 
and subsequently analyzed using the open-source program Tracker 
(Open-source physics) (Videos S1-S4 in Supplementary Material). The 
program took the height of the dressing as a reference and then the 
movement of the stained SEF was monitored frame by frame with a pixel 
tracking. Staining the exudate solution facilitated the tracking of the 
fluid along the pore. The experiments were carried out in triplicate for 
each type of dressing and for the two SEFs prepared with different 
contents in xanthan gum.

2.7. SEF absorption simulation

The in silico study of the exudate uptake for the dressing was devel
oped using the software StarCCM+ (Siemens Industries Digital Software, 
Simcenter STAR-CCM+, v 2302, Siemens 2023) based on computational 
fluid dynamics (CFD). This software uses protocols that allow dividing 
the region of study into smaller parts at which Navier-Stokes equations 
are numerically solved. The software offers a highly configurable envi
ronment in which a wide variety of setups is possible with enough trial 
and error. StarCCM+ also includes methods to generate a custom mesh 
for the problem at stake; several meshes have been tried to find an in
termediate point between fast and accurate simulations.

Since the focus of this study was the behavior of different viscosity 
liquids when in contact with the proposed hydrogel dressings, the sim
ulations revolved around the multiphase interaction and volume of fluid 
(VOF) modules. These modules enabled the simulation of a region with a 
mixture of substances in different states of matter, in our case gas and 
liquid.

The capillarity effect is mainly given by the angle of contact between 

the chosen viscous liquid and any of the surfaces on the model. These 
angles were set independently for each solid surface and were how we 
specified the type of solid material we were working with. To avoid 
interferences due to the irregular surface channels of the 3D models 
created from the printed hydrogels, the 3D mesh resolution was 
increased keeping the other simulation conditions the same. The incre
ment in the mesh resolution was done to obtain a higher precision of the 
solvent front position, increasing, therefore, computational resources.

3. Results and discussion

3.1. Design and characterization of the dressings

All the dressings were designed in a cylindrical form of 10 mm 
diameter and 5 mm height (Fig. 1). The shape and the number of pores 
distributed along the hydrogel were set to be the same for both types, 
namely the only difference between 30 and 60% of porosity is the size of 
the pore (Fig. 1B and C).

PEGDA-based polymers are receiving increasing attention as com
ponents of hydrogel dressings due to their intrinsic hydrophilicity and 
capacity to retain water molecules. PEGDA and LAP are also frequently 
used together, for example in water solutions of 25% PEGDA and 0.5% 
LAP (among other acrylates/crosslinkers) (Lan et al., 2023). A water- 
based ink composition of solely PEGDA and water was chosen to 
avoid any changes in the hydrophilicity of the polymer chains triggered 
by the presence of other components. Also, the minimum quantity of 
LAP in the ink that allowed good printability was used to preserve the 
green chemistry and sustainability principles. The ink composition that 
provided high 3D printing fidelity and relatively fast production of 
hydrogels was 35% of PEGDA with 0.025% of LAP in water.

The 3D printed hydrogels were washed and post-cured under UV- 
light to ensure complete removal of unreacted monomers. The freeze- 
dried dressings had a sponge-like consistency, white color, and visible 
regular porosity according to the CAD design (Fig. 1C). Height and 
diameter were, however, slightly smaller than in the CAD model 
(Table 1), which could be attributed to a contraction of the hydrogel 
network during the freeze-drying process and/or a scalation of the DLP 
during the layer projection. Porous dressings are commonly supplied in 
a dry state to reduce the weight of the packaging and increase the sta
bility against microbial growth. These reasons motivated the study after 
drying of the hydrogels, but depending on the application moist 
hydrogels (solely or pre-loaded with an ancillary medicinal substance) 
could also be used directly.

Surface and porosity were evaluated using SEM micrographs, which 
showed smooth surfaces for the three kinds of hydrogels (Fig. 2). 
Interestingly, the micrographs revealed unidirectional straight lines 
alongside the material, which were more evident in higher magnifica
tions. This pattern presented in the surface could be attributed to the 
DMD pattern of the projector.

Table 1 
Average weight, diameter (d) and height (h) for the freeze-dried dressings, and 
the size of their pores according to the CAD design and obtained from SEM 
images after freeze-drying and after re-swelling (n = 6).

Hydrogel Mass 
(mg)

d (mm) h 
(mm)

CAD 
pore size 
(μm)

SEM pore 
size 
(dried) 
(μm)

SEM pore 
size (wet) 
(μm)

S0 105.0 
± 6.0

6.32 ±
0.09

3.45 
±

0.15

0 0 0

S30 99.6 
± 8.9

6.28 ±
0.26

3.66 
±

0.09

963.9 ±
14.1

393.7 ±
26.7

650.7 ±
81.9

S60 32.4 
± 2.7

5.36 ±
0.38

3.61 
±

0.21

1331.2 
± 14.2

1097.3 ±
25.8

1280.6 ±
37.1
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Pore size of dried S30 and S60 hydrogels was also assessed through 
SEM images using the image processing software ImageJ (LOCI, Uni
versity of Wisconsin). For each hydrogel, the average pore size (4 
measurements of the diameter in different pores) was obtained and 
compared with the size of the CAD model (Table 1). The hydrogel size 
and pore size decreased after freeze-drying approx. 30% for S60 and 
60% for S30 compared with the STL model of 10 × 5 mm (diameter x 
height). Once re-swollen S60 hydrogels recovered approx. 99% the 
initial pore size, while in the case of S30 hydrogels the pore size 
remained below 70% initial values.

3.2. Simulated exudate fluid (SEF)

The behavior of the hydrogels regarding fluid uptake was investi
gated using two exudate-substitute fluids (SEFs) prepared with standard 
saline solution (containing NaCl and CaCl2) to which different pro
portions of xanthan gum were added to modulate their viscosity. Studies 
on full-thickness wounds reported very varied exudate volume per day, 
ranging from 0.0 to 47.0 mL/day with a mean value of 6.0 mL/day 
(Iizaka et al., 2011). Also, different viscosity values have been reported. 
For example, the viscosity of human plasma from fresh blood has been 
estimated to be 1.7 times greater than that of water with values ranging 
from 1.35 to 1.25 mPa⋅s (Malomuzh et al., 2020); the lowest values 
corresponding to diabetic patients (Mellinghoff et al., 1996). Other 

Fig. 2. (A,B) Cross-section and surface images at 100× of freeze-dried S0 dressing (scale bar 200 μm); (C,D) Cross-section images of freeze-dried S30 dressing 
recorded at 100× (scale bar 200 μm) and 500× (scale bar 50 μm); and (E, F) Surface images of freeze-dried S60 dressing at 100× (scale bar 200 μm) and 500× (scale 
bar 50 μm), respectively.
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studies have described exudate viscosity values as high as 230 to 710 
mPa.s (Orlov and Gefen, 2022). Thus, to cover a biorelevant range of 
viscosity values, two SEFs were prepared containing 0.1% and 0.2% (wt) 
of xanthan gum as thickening agents. The dispersions were vigorously 
stirred and then autoclaved. After one week kept at 2–8 ◦C, the SEFs 
were warmed up, and the dynamic viscosity (Fig. 3), surface tension and 
pH were estimated (Table S1).

The 0.1 % xanthan gum solution provided an increment in the vis
cosity compared to water of up to 26.5 mPa⋅(vs. 1 mPa⋅s), while the 
dynamic viscosity (consistency index) of 0.2% xanthan gum solution 
was one order of magnitude larger (Table S1). In addition, the surface 
tension of the SEF solutions decreased to 61.7 and 62 mN/m (0.1 and 
0.2% xanthan gum, respectively) from 75.1 mN/m of water.

3.3. SEF absorption experimental measurement

The next step was to study how SEFs of different viscosities were 
absorbed through dressings with different pore sizes. Some parameters 
were controlled to minimize possible interferences. First, hydrogel 
macroporosity was designed to be only vertical and the dressing was 
exposed to the fluid from only one side of the pores, mimicking the 
placement on the top of the wound. Second, the freeze-dried hydrogels 
were first wetted in the correspondent colorless SEF to recover the initial 
pore size. Once rehydrated, the hydrogels were blotted gently with filter 
paper to absorb the excess of fluid inside the pores. This overall pro
cedure was chosen to avoid changes in the size of the pores due to a 
volume phase transition while measuring fluid uptake rates.

The hydrogels rehydrated in the colorless SEF solutions were 
weighed and measured, and the changes in the swelling and water up
take were estimated using Eq. (1) (Fig. 3). The height of the hydrogels 
after rehydration was similar to that of the designed model, but the 

diameter values were slightly smaller. As mentioned, this could be 
attributed to the scalation of the model when is projected to print, which 
affected only the x and y axis. On the contrary, the height depended only 
on the axial movement of the platform and was closer to the CAD model 
when rehydrated. Total water uptake and swelling were similar for both 
types of hydrogels.

Movement of stained SEF through the rehydrated hydrogels (n = 3) 
was recorded by monitoring the position of the front of the stained 
(bluish) SEF (representative Videos S1 to S4 in Supplementary Material) 
and further analyzed with the video analyzer program Tracker. PEGDA- 
based hydrogels have the unique advantage of being completely trans
parent when hydrated, which allow visualizing the wound bed directly 
through the dressing without removing it. Hydrogels placed on the filter 
plate impregnated with the stained solution evidenced a rapid change in 
color (from colorless to bluish) from the bottom to the top, meaning that 
SEF uptake occurred very rapidly (Fig. S2). The quantification of the 
time it takes for the fluid to reach the top of the hydrogel was done using 
the tracking option of the software, and it was possible to manually 
select the front of the fluid using a frame-by-frame transition. Since the 
hydrogel was blotted before been placed in the set-up, the vertical fluid 
uptake through the pores was visualized due to the stained solution as a 
blue straight line or, in other cases, as a wider colored front of absorp
tion color (Fig. 4). In some cases, the position of the fluid front was 
tracked and positioned along the channel at the selected video frames by 
using the height of the corresponding rehydrated hydrogel as a 
reference.

The dressing with no porosity (S0) were discarded due to the 
excessively long uptake times. Also, the SEM images did not evidence 
measurable porosity, and thus simulation of the fluid absorption was not 
possible for S0. Analysis of the videos evidenced that the fluid sorption 
was not homogeneous when compared among pores of the same 

Fig. 3. Viscosity of the SEFs prepared with 0.1% (green) and 0.2% (yellow) of xanthan gum at 20 ◦C (circles) and the correspondent power law fitting model (lines). 
Bar graphs represent the increment in the size (diameter and height) and the water uptake (weight) when the freeze-dried hydrogels were rehydrated in SEFs of low 
(0.027 Pa⋅s) and high (0.2 Pa⋅s) viscosity. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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hydrogel. Some of the uptakes started immediately after the hydrogel 
touched the setup platform, but others were delayed by a few seconds. In 
almost all recordings, the end of the tracking was easy to set because the 
stained solution reached the top of the pores. The tracking of the fluid 
along the pore channel could only be done from the pores that were 
situated in front of the camera thanks to the colorless/transparency of 
the dressing. However, the tracking was not a straightforward task, 
although the color change was evident, in some cases, the front of the 
fluid was hidden with the color changes of the surroundings. Regardless 
of these inconveniences, fluid sorption through several pores was 
tracked. Three different methods were applied to collect the data, as 
follows. 

1) First method: the instant when the hydrogel touched the wet filter 
disc was selected as the zero time, and the uptake was visually fol
lowed until the fluid reached the top of the hydrogel defined as final 

time. The absorption rate was estimated by the corresponding height 
of the hydrogel divided by the difference between the selected time 
points.

2) Second method: the instant when the front of the solvent started to 
ascend was selected as the zero time, and the uptake was visually 
followed until the fluid reached the top of the hydrogel defined as 
final time. The absorption rate was estimated by the corresponding 
height of the hydrogel divided by the difference between the selected 
time points.

3) Third method: the upward movement of the fluid through the 
channels was tracked by selecting the front of the fluid at different 
time points by frame-by-frame transitions.

To compare the outcomes from methods 1 and 2, the velocities ob
tained were transformed in the time that the fluid took to ascend 5 mm 
(theoretical height of the hydrogel). Both methods revealed similar 

Fig. 4. Video frames of the SEF uptake along one pore of each hydrogel. The front of the liquid is marked with a yellow line. (For interpretation of the references to 
color in this figure legend, the reader is referred to the web version of this article.)
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average times when the correspondent mean values were compared; 
however, the standard deviations for method 2 were smaller than for 
method 1 (Fig. 5A and B). Therefore, method 2 was chosen to obtain the 
time the SEF needs to cross the hydrogel.

The visualization and data curation suggested that for S30 hydrogel 
the absorption rates were determined by the viscosity of the fluid. The 
time predicted for the fluid to ascend 5 mm in S30 was 0.78 ± 0.37 s for 
SEF of 0.027 Pa⋅s and 2.61 ± 0.59 s for SEF of 0.2 Pa⋅s. The lower ab
sorption rate as the exudate viscosity increases is consistent with results 
from previous studies carried out with different dressing (Forss, 2022).

The data processed for S60 hydrogel recordings suggested that the 
uptake pattern was similar to that of S30 hydrogels, namely the higher 
the viscosity the longer the time to reach the top. While the SEF of the 
lower viscosity needed 2.18 ± 0.70 s to reach the top, the SEF with 
higher viscosity took 5.36 ± 3.01 s. However, recordings of S60 
hydrogels (especially those in contact with the fluid of 0.2 Pa⋅s) evi
denced larger data dispersion (Fig. 5B), which could be attributed to the 
strands of this pore size. The only difference between S30 and S60 
hydrogels is the size of the pore, which in turn means that strands 
(“lateral walls”) between pores are, therefore, thinner in S60 than in 
S30. Thus, the lateral walls of S60 pores may be prone to be distorted 
during swelling and blotting. Distortions of the strands may alter the 
pore diameter and shape providing different uptake rates. Also, SEM 
images evidenced some fractures in those strands, so that the pores with 
some cracks could act as a larger pore, and hence, varying the absorption 
rate. Despite these uncertainties, the uptake was overall faster for the 
hydrogels with lower pore size (S30 vs. S60), evidencing the effect of 
capillary forces, which inversely correlate with the diameter of the pores 
according to the Young-Laplace equation (Tuller and Or, 2005).

The third method was chosen to visualize how the fluid was posi
tioned along the height of the pore and to study variations in the rates 
along the upward movement. For this method, only the pores closer to 

the camera were recorded and the position of the fluid tracked. The fluid 
position data was first normalized by using the final height of the 
tracking as 100%, namely the percentage of pore filled with fluid, and 
represented as a function of time (Fig. 5C and D). The data representa
tion suggested that the rates (or the slope between two consecutive 
points) were faster at the beginning and slowed down with the height. 
The experiments using the low viscosity SEF exhibited faster rates for 
S30 than S60 hydrogels, which is consistent with other methods. The 
experiments with the high viscosity SEF did not evidence correlation 
between the pore size and the absorption. The decrease in absorption 
rate as a function of the height is explained by the fact that the attractive 
interaction between the hydrogel and the SEF, which causes the liquid to 
rise to the top of the channel, is counteracted by the gravitational force 
on the liquid column, which contribution becomes more relevant as the 
diameter of the pore increases (Ramsden, 2016).

3.4. SEF absorption simulation

The CAD models created for 3D printing were used in the CFD soft
ware to simulate the interaction of the hydrogels (pore size) with the two 
SEFs differing in viscosity. To predict the behavior, the 3D models were 
encapsulated in the software in a cylindrical volume slightly larger than 
the model. The used cylinder was 18 mm tall and, initially, the volume 
was only filled with the viscous liquid at the first 3 mm from its base; the 
rest of the volume was filled with air. Inside this cylinder, a virtual 
hydrogel was placed high enough, so the base of the hydrogel was barely 
touching the surface of the liquid. The contact angle between the liquid 
and the cylinder was set to 90◦ to minimize interferences; for the 
hydrogel wall this value was set to 25◦.

Simulations with different viscosities were made from 8⋅10− 4 Pa⋅s 
(water) to 0.7 Pa s, i.e. the maximum exudate viscosity according to 
reported data (Orlov and Gefen, 2022). Both S30 and S60 hydrogels 

Fig. 5. (A, B) Results obtained by analyzing the SEF uptake through S30 (blue line) and S60 (red line) hydrogels, applying methods 1 and 2. Triangles represent the 
mean time that the SEF needs to ascend 5 mm (pore height) for each viscosity. Standard deviations are represented as shaded colors. (C, D) Position of the solvent at a 
certain time of the experiment for low- and high-viscosity SEF, respectively. Two replicates were represented for each type.
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were used for the model. To measure the simulated liquid level, the 
percentage of liquid at several points in a vertical line was sampled over 
time. When the liquid-gas mixture in the pores reached a concentration 
of 70% (or volume fraction) of liquid or higher at any point we assumed 
that the full height of the hydrogel was filled with the liquid; this 
methodology was named as simulation 1. The measurement of the liquid 
level was also repeated but sampled when the liquid reached a con
centration of 99% or higher, this methodology was named as simulation 
2 (Fig. 6).

Simulations 1 and 2 evidenced that the time to fill the pore was 
determined by the viscosity of the fluid, where the more viscous fluid 
took longer times to escalate through the pore channel model. This is 
consistent with other CFD numerical simulations (Andredaki et al., 
2020; Neunkirchen et al., 2022) that reported that droplets of liquids 
with higher viscosities took longer time to penetrate through a column 
of specific porosity. Simulation 1 suggested that the pore size could 
regulate the time that the fluid reached the top of the hydrogel as can be 

seen in Fig. 7B, where the liquid reached the top faster for the smaller 
pore size. However, in simulation 2 the pore filling seemed to be inde
pendent of the pore size (Fig. 7C). Interestingly, when Fig. 7C was 
zoomed in (Fig. 7D and E), the difference between pore sizes were in 
terms of milliseconds and were faster for the largest pore size.

3.5. In vitro and in silico comparison

Attending only to the fluid viscosity, for both in silico and in vitro, the 
upward movement of the fluid through the pore was apparently 
dependent on the viscosity, where absorption times were higher for the 
SEF of 0.2 Pa⋅s. Regarding the pore size, in simulation 1, when the front 
of the fluid was considered the 70% of the volume fraction, the differ
ence in time between hydrogels with different pore size in the same fluid 
were roughly 50% longer for S60 than for S30 (Table S2), suggesting 
that the pore size also contributed to the uptake rate. Per contra, when 
the volume fraction was considered 99% (simulation 2) the fluid 

Fig. 6. Evolution of one single pore filling using simulation method 2 for each hydrogel in the low and high viscosity SEFs. Brown color represents volume fraction of 
exudate while blue represents air. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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reached slightly faster the top of S60 than S30 hydrogel. In vitro ex
periments suggested that for the lower viscosity SEF, the pore size may 
influence the uptake rates. However, the experiments with high vis
cosity SEF did not evidence a clear influence of pore size, while the 
average time obtained with methods 1 and 2 was longer for S60 than 
S30, the times obtained by tracking the fluid using method 3 were 
shorter.

Methods 1 and 2 of data collection displayed the experimental time 
that the fluid took to fill the entire pore channel. The comparison of the 
experimental data with the corresponding simulation time evidenced 
that both follow similar trends, but simulations with fluids of any vis
cosity rendered faster filling of the pores. This could be explained as the 

simulation did not consider the fluid uptake intrinsic to the material, just 
the movement through the architectural vertical pores due to capillarity. 
Also, the simulations using CAD models considered the hydrogel pores 
as regular along all the structure, which was not the experimental sit
uation as seen in SEM. So that, when the hydrogels were tested in vitro, 
the fluid that was absorbed by the polymeric material among pores, and 
distortions or structural breakages along the channels could slow down 
the absorption rates through the pores. Interestingly, tracking the po
sition of the SEF front along the experiment, it was noticeable that the 
behavior of the liquids during the upward movement was quite similar 
to the simulated ones; the movement being faster at the beginning of the 
uptake and slowing down near the top.

Fig. 7. (A) Examples of frames for the video of the uptake simulation generated using the CFD software. Simulation corresponded to the S30 hydrogel in a fluid of 
viscosity 0.02 Pa⋅s. The hydrogel model was represented in white color and the image corresponded to a vertical interior section of the hydrogel to see how the liquid 
was absorbed through the pores. The volume fraction of liquid was represented in the right bar as 0% (blue) and 100% (dark red). (B, C) Percentage of pore filled by 
the fluid (%) at certain time points from simulation 1 and 2, respectively. (D, E) Amplifications of simulation 2 from the final time points of low and high viscosity 
SEFs, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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The effect of lateral fluid absorption (spread within the material of 
the wall of the pores) was modeled by Neunkirchen et al. (2022) using a 
tube model with porous walls. The simulation of the fluid filling sug
gested that the uptake rate through the capillary was slowed down due 
to the fluid escaping from the lateral pores, and the model outcomes 
were also corroborated experimentally with different materials. This 
situation may be similar to the experimental behavior of S30 and S60 
hydrogels where the microporosity of the material and its hydrophilicity 
could act as an external force that drains the liquid horizontally, slowing 
down the vertical absorption rates.

The distortion of the structure and its correlation with the absorption 
rates were evaluated by micro-CT scanning of the freeze-dried and re- 
swollen hydrogels and reconstructing the 3D model (.stl). The CFD 
simulations using CAD models provided an ideal uptake rate considering 
all the pores equal in terms of surface regularity. However, during the 
post-printing process, the hydrogels experienced volume shrinkage 
when freeze-dried and then a volume transition when swelled again to 
recover totally or partially the initial volume (data in Table 1). So that 
the structure could be compromised during the experiments, as observed 
in SEM analysis. It was evident that a more realistic 3D model approx
imation is necessary to better understanding the behavior of the dress
ings when they are in contact with the wound exudate. To tackle these 
differences a 3D model of the post-processed scaffolds was created by 
the reconstruction of the scanned images obtained by micro-CT analysis.

3D models of the freeze-dried and swollen hydrogels were obtained 
(Fig. S3), and the simulation was carried out again for S30 hydrogels 
using these models. The volume shrinkage was evident when compared 
both printed models, freeze-dried and swollen, and also the distortion of 
the pore strains. Simulation using the micro-CT model of the swollen S30 
hydrogel (Fig. S3B) in the SEF of 0.027 Pa⋅s displayed two interesting 
outcomes. First, the simulation provided different uptake times for each 
pore (Fig. S4) which was more consistent with the in vitro results where 
the recordings confirmed the variability in terms of absorption times for 
each single pore. Second, the absorption times obtained in the simula
tion using the real micro-CT information were longer than those ob
tained using the ideal CAD model. While for simulation 1 and 2 the 
predicted times were 0.05 s and 0.109 s respectively, the micro-CT based 
simulation showed a mean value of 0.21 ± 0.02 s (Fig. 8) which was 
closer to the correspondent experimental value of 0.78 ± 0.37 s.

Although simulations of the 3D printed hydrogels did not provide the 
same absorption times as the in vitro tests, results from the in silico 
modeling suggested that strand distortion due to handling, post pro
cessing or even swelling-deswelling may notably contribute to the 
variability of exudate sorption rate among pores and also to slow down 
the uptake. Moreover, in good agreement with recent reports on 
bordered foam dressings, an increase in viscosity slows down the 
exudate flow rate (Gefen et al., 2024) although a complex relationship 
with pore size can be inferred.

4. Conclusions

Porous hydrogel networks are gaining increasing attention as wound 
dressings due to their intrinsic affinity for water, which allows regu
lating the moisture balance of wounds but also the release of a variety of 
ancillary medicinal substances. The fact that most hydrogels are trans
parent and colorless was exploited here for direct monitoring of fluid 
absorption and replenishment within hydrogel dressings of different 
pore sizes. DLP 3D printing was used to prepare dressings with very 
precise control of the number and allocation of unidirectional pore 
channels with diameters in the micrometer scale. Using two fluids that 
simulated one of the most frequent viscosities of exudates (0.027 Pa⋅s) 
and one of the largest viscosity conditions (0.2 Pa⋅s), both experimental 
data and computational modeling evidenced that the absorption occurs 
faster for low-viscosity exudates through hydrogels with smaller pores, 
as both factors facilitate capillary forces. Although for hydrogels with 
larger pores and in contact with high viscosity exudates the absorption is 

still quite fast, the results show large variability and are less predictable. 
Thus, an increase in the hydrogel pores beyond 400 μm may not facili
tate exudate absorption, while it may compromise the consistency 
(strength) of the hydrogel dressing. Relevantly, the upward movement 
of exudate through the hydrogel is faster in the first few millimeters in 
contact with the wound bed and then slows down. This finding also 
draws attention to the thickness of the dressing, as thick hydrogels may 
make the removal of wound exudate slower.

The comparison of in vitro absorption and in silico simulation clearly 
highlights two relevant limitations of computational modeling, which 
also have a practical impact: i) spongy hydrogel dressings can be 
internally distorted during processing and handling, which alters the 
cylindrical pores compared to the CAD model used for 3D printing, and 
therefore, such distortions need to be considered for more accurate 
simulations. In parallel, spongy dressings need to be accompanied by 
detailed instructions for use regarding the pressure to be exerted on their 
structure during handling and wearing, as it can distort the pores and 
compromise the exudate absorption rate; and ii) the bulk of the hydro
gels has an inherent affinity for water and such exudate absorption by 
the bulk of the hydrogel can act as a force that drains liquid horizontally, 
slowing down vertical absorption rates. The relevance of this last factor 
will depend on the hydrophilicity of the polymer network. A deeper 
understanding of exudate absorption may be useful for the rational 
design of wound dressings that regulate exudate absorption and also 
deliver drugs at the adequate rate for each patient.

Supplementary data to this article can be found online at https://doi. 

Fig. 8. Frames of the simulations when the pore was filled with the low- 
viscosity exudate (0.027 Pa⋅s). The top frame corresponds with the simula
tion carried out with the S30 CAD mode. Successive frames below correspond 
with the simulation carried out using the micro-CT model of the swollen 
S30 hydrogel.
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