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A B S T R A C T

Hydrogels are natural/synthetic polymer-based materials with a large percentage of water content, usually above 
80 %, and are suitable for many application fields such as wearable sensors, biomedicine, cosmetics, agriculture, 
etc. However, their performance is susceptible to environmental changes in temperature, relative humidity, and 
mechanical deformation due to their aqueous and soft nature. We investigate the mechanical response of both 
filled and unfilled alginate/gellan hydrogels using a combined axial-torsional rheometric approach with cylin
drical samples of large length/diameter ratio under controlled temperature and relative humidity. Dynamic 
Mechanical Analysis (DMA) is performed on the same specimen in both torsion and extension under identical 
experimental conditions. This rheometric approach ensures consistent initial and boundary conditions, which are 
essential for a reliable estimation of viscoelastic moduli G* and E*, and their dependence on temperature, fre
quency, and relative humidity. Our findings indicate that humidity critically affects the mechanical response of 
the material due to sample volume shrinkage, necessitating corrections to the viscoelastic moduli. We also find 
temperature plays a role only at low/medium relative humidity values. The inclusion of fillers leads to a modest 
increase in the elasticity of the hydrogel, probably due to restricted water diffusion out of the sample. In 
connection with the latest, unfilled samples in breaking tests present only slippage due to twist-induced surface 
water excess, opposite to breakage events shown by filled samples, probably linked to restricted water diffusion.

1. Introduction

Hydrogels are water-based polymeric networks that can swell or 
shrink in a high-volume fraction without losing their physical integrity 
(Ahmed, 2015). From an applicability perspective, hydrogels are very 
suitable materials due to the versatility of the synthesis routes involved 
and the wide variety of natural and synthetic polymers available. 
Therefore, hydrogels are considered as key components in many 
different practical areas such as wearable sensors (Dong et al., 2023; Wu 
et al., 2024), electronic devices (Anjum et al., 2021; Dutta et al., 2024), 
biomedicine (Jridi et al., 2015; Subramani et al., 2020: Wang et al., 
2023), optics (Chervinskii et al., 2021), agriculture (Vedovello et al., 

2024), among others.
Certain types of conductive hydrogels are currently used as wearable 

sensors due to their flexibility and good adhesion. However, as they are 
often exposed to environmental changes in temperature and relative 
humidity, these hydrogel-based wearable sensors can have some draw
backs, such as dehydration, loss of mechanical performance, etc. 
Therefore, these drawbacks can limit long-term wear or reduce the 
durability of the sensors. For example, wearable sensors based on xan
than collagen nanosilver hydrogels exhibit a reduction in tensile 
strength when exposed to varying temperatures, together with fluctu
ating water retention capabilities (Dong et al., 2023). Interestingly, the 
mechanical performance was improved by the addition of plant fibres 
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and polysaccharides. Wearable sensors are usually in direct contact with 
the skin and need to be designed to ensure breathability, but also 
moisture resistance to maintain the device’s shelf life. This is particu
larly relevant for hydrogel-based oxygen sensors in high humidity en
vironments (Wu et al., 2024). On the other hand, the design of wearable 
sensors should aim for an acceptable match between the mechanical 
properties of the sensor and the skin to reduce the influence of the skin 
on the sensor.

In conventional electronics, the materials used are rigid and brittle, 
limiting their design to certain types of applications. In recent years, the 
incorporation of flexible, softer and lighter materials with electro
chemical properties into electronics manufacturing has significantly 
broadened the range of applications. This is the case of polyvinyl alcohol 
and phosphoric acid (PVA- H3PO4) hydrogel polymer electrolytes as 
flexible supercapacitors (Anjum et al., 2021). The mechanical proper
ties, conductivity and capacitance of these flexible supercapacitors are 
strongly dependent on the relative humidity. The Young’s modulus, for 
instance, shows a significant decrease when the relative humidity 
changes between 30 % and 60 %. Conversely, both conductivity and 
capacitance increase. The loss of mechanical stability due to high water 
content can be overcome, or at least improved, by varying the cross
linking density and selecting the appropriate type of monomer, or by 
adding dopants (Dutta et al., 2024).

Hydrogels prepared from biopolymers have been used extensively in 
biomedicine as topical dressings due to their biocompatibility, biode
gradability and suitability for the delivery of drugs (Brumberg et al., 
2021; Mayer et al., 2021; Wang et al., 2023). As in the case of wearable 
sensors, topical dressings are in direct contact with human skin, which 
has a temperature of approximately 30 ◦C. At the same time, they are 
exposed to air with broad relative humidity and temperature variations. 
When the hydrogel is exposed to such conditions, it can suffer from 
swelling or evaporation (Jridi et al., 2015), affecting its mechanical 
properties. A decrease in elasticity with an increase in phosphate buff
ered saline retention after immersion has been observed in poly
acrylamide hydrogels (Subramani et al., 2020), with variation also 
dependent on hydrogel composition.

In the field of optics, temperature and relative humidity also play a 
key role. For example, poly(N-isopropylacrylamide)–acryl
amidobenzophenone (PNIPAm)-based hydrogels have been used in 
metal-hydrogel-metal reflective filters to reversibly tune the optical 
resonance through their swelling/deswelling ability (Chervinskii et al., 
2021). By keeping the relative humidity constant at 80 % and deswelling 
the hydrogel by raising the temperature to 45 ◦C, the authors showed 
that this resulted in a blue shift in the optical resonance. The reverse 
effect, i.e. a red shift of the optical resonance, was also demonstrated by 
lowering the temperature. Mechanical stability must be considered in 
the design of such hydrogels to withstand multiple swelling/deswelling 
cycles.

In agriculture, global desertification has become a major concern for 
food production. Interestingly, hydrogels offer great advantages by 
increasing soil germination, facilitating plant growth and conserving 
water through swelling (Vedovello et al., 2024). This would allow water 
to be stored and released in a controlled manner during periods of 
drought, thereby increasing the efficiency of water resource use. Again, 
the mechanical stability of the hydrogels is critical to prolonging their 
shelf life.

Mechanical integrity of hydrogels can be compromised when sub
jected to varying temperature and relative humidity conditions, there
fore shortening the shelf-life of the material, or impoverishing the 
performance of the application. The addition of different types of fillers 
is often considered to introduce new functionalities or to improve me
chanical stability. Their size, concentration, and surface chemistry have 
a major impact on the overall mechanical performance of hydrogels. For 
example, in acrylamide-based hydrogels, Young’s modulus and tough
ness increase when the diameter of the silica particles is reduced from 
50 μm to 75 nm (Hu & Qu, 2019). In a native gelatin-based hydrogel 

filled with glass beads with diameters between 8 and 12 μm, a significant 
reduction in the viscoelastic modulus was observed at the highest bead 
fraction of 1 %. This could be due to the observed formation of local 
particle clusters, which introduce a discontinuity in the gelatin network 
and thus weaken it (Goudoulas & Germann, 2019). Nanoporous silica 
microparticles have been combined with a hydrogel of oxidized hyal
uronic acid and adipic acid dihydrazide. Negatively charged Si-O-Si and 
Si-OH groups were generated on the surface of the microparticles by 
chemical oxidation with H2O2. The electrostatic interactions between 
negatively charged groups and positively charged nitrogen bonds of the 
hydrogel led to an enhancement of the interaction between the micro
particles and the polymer network of the hydrogel, resulting in an 
improvement of the mechanical properties (França et al., 2021). Fillers 
porosity at the mesoporous level is another significant property, which 
would allow the particles to be loaded with therapeutic agents that can 
be released under certain conditions (Mori et al., 2014).

Hydrogels used in the above applications have a large percentage of 
their surface area exposed to specific temperatures and relative hu
midities, facilitating water and heat exchange with the environment. 
This suggests that mechanical characterization should be carried out by 
exposing a larger percentage of the surface area of the hydrogel to the 
environment to simulate the conditions of use. However, most publi
cations investigating the mechanical properties of hydrogels consider 
plate-plate geometries with small gaps where the fraction of exposed 
surface is minimal. An alternative would be to use solid circular fixtures 
for cylindrical samples with a large L/D ratio, where L is their length and 
D is their diameter, to increase the exposed surface area. Furthermore, 
with this sample geometry, the measured extensional modulus remains 
independent of the L/D ratio. Compared to classical squeeze flow ex
periments on hydrogels with parallel plates, this is a thus significant 
advantage (Wingstrand et al., 2016). Ed-Daoui and Snabre (2021) tested 
cylindrical samples of agarose hydrogels under different compressive 
loading speeds and simultaneously recorded the changes in hydrogel 
volume to determine Poisson’s ratio. Amiri et al. (2023) used a semi- 
analytical method and ran COMSOL-Multiphysics simulations to study 
the coupled extension-torsion deformation of cylindrical hydrogels. 
They showed that the transient behavior of the cylindrical sample is 
highly dependent on the deformation rate and material properties. 
Mollica et al. (2012) applied the continuum mixing theory to study the 
stress relaxation of cylindrical hydrogels subjected to combined torsion 
and extension, where the different relaxations are directly or indirectly 
related to the solvent outflow due to sample twisting. Although these 
studies show the strong influence of temperature and humidity on 
hydrogel mechanics, the literature lacks systematic dynamic data with 
absolute values for tensile and shear moduli measured on the same 
samples under controlled environments.

In the current work, we present a systematic advanced rheometric 
study of alginate/gellan gels unfilled/filled with mesoporous silica 
particles subjected to different types of mechanical deformations 
(extension/torsion) in the linear and nonlinear viscoelastic range under 
different temperatures and relative humidity. A combined axial- 
torsional rheometer is used for this purpose. This type of device has 
recently proven useful for measuring the dynamic extensional modulus, 
E*, and the torsional shear modulus, G*, from a single specimen in a 
single measurement and under the same experimental conditions for the 
case of isotropic specimens (Kim et al., 2024; Rodríguez-Agudo et al., 
2023). This type of measurement of two independent moduli, according 
to the so-called standard or Tschoegl protocol, guarantees identical 
initial and boundary conditions (Tschoegl et al., 2002). It is therefore 
essential for the indirect measurement of G* and E* as a function of 
frequency and temperature with sufficient accuracy and precision. In 
this paper, we extend this type of measurement to hydrogels by adding 
other environmental factors such as humidity to the protocol. The choice 
of alginate/gellan as hydrogel was based on several important features 
(Hazur et al., 2020). For instance, this biocompatible hydrogel model 
system is well-shear-thinning and has therefore been proposed for bio- 
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printing. Besides biocompatibility, the selection of the crosslinker is also 
crucial for bio-printing. Here, CaCO3 induces a moderately fast gelation 
with the aid of Glucono-δ-lactone, resulting in a more homogeneous 
microstructure. This is in contrast, for instance, to the fast gelation of 
sodium alginate observed when CaCl2 is used as a crosslinker (Besiri 
et al., 2020). Gellan is often used for tissue engineering, and the inter
penetrating network nature of the proposed hydrogel allows easy tuning 
of material properties by adjusting the relative composition of compo
nents. On the other hand, the selection of mesoporous silica particles as 
fillers was also based on several relevant characteristics (Mori et al., 
2014), such as non-toxicity, biocompatibility, and biodegradability. 
From a morphological point of view, mesoporous silica particles also 
present a large surface area, high pore volume, controllable pore sizes, 
and surface chemistry.

Our hypothesis is that the rheometric approach presented here, 
based on dynamic mechanical analysis, which is conventionally used for 
solid materials such as elastomers, plastic parts, metals, etc., can be 
extended to softer materials such as hydrogels, and that a complete 
mechanical characterization can be obtained. We also hypothesize that 
this approach has advantages over parallel plate squeeze-flow tests, such 
as providing a larger sample surface exposed to the environment to 
facilitate water and heat exchange; determining torsional and exten
sional moduli with sufficient accuracy and precision, under the same 
exact environmental conditions, in a continuous measurement run. 
Importantly, our hypothesis is supported by structural analysis of the 
different hydrogels using infrared spectroscopy and X-ray diffraction to 
link both the microscopic level and the macroscopic rheometric 
response. Finally, the current work can also be considered an important 
and natural step forward with respect to recent field-relevant publica
tions (Kim et al., 2024; Rodríguez-Agudo et al., 2023).

2. Materials and methods

2.1. Materials

Gellan (Cat. No. J63423.30), with a molecular weight of (1.83 ±
0.07) × 106 Da, and calcium carbonate (CaCO3) (Cat. No. 33295) were 
purchased from Thermo Scientific. Glucono-δ-lactone (GDL) (Cat. No. 
G2164-100G), powdered 1 μm mesoporous silica particles (Cat. No. 
SIAL806889-1G) were purchased from Sigma Aldrich. Sodium alginate 
(Alg) (Cat. No. A3249,0250) with a molecular weight of (6.105 ±
0.007) × 105 Da, high guluronic acid (G) residue content and corre
sponding M/G ratio of 1.38 was obtained from PanReac AppliChem 
(Zvicer et al., 2019).

2.1.1. Preparation of unfilled hydrogels
Two unfilled hydrogels were prepared, one composed of a mixture of 

Alg and gellan and another one with gellan only. The corresponding 
proportions of the different components involved in the hydrogel syn
thesis were chosen to prepare 100 ml batches, similar to those in (Li 
et al., 2020). A volume of 90 ml of double-distilled water was poured 
into a borosilicate glass beaker (VWR) with a capacity of 150 ml, then 
placed in a thermal bath and heated to 80 ◦C using a magnetic stirring 
heating plate (VWR Advanced VMS-C7). Once the temperature of the 
water reached 80 ◦C, a total concentration of 2 % (w/v) polysaccharides 
was added. In the case of the hydrogel composed of the mixture of Alg 
and gellan, the ratio was 2:8. For the pure gellan gel; the ratio was 0:10. 
The baker was sealed with a plastic sealing film (Seal-R-film™) to avoid 
water loss.

The mixture was kept at 80 ◦C for 3 h under moderate continuous 
stirring, with a rotational speed of 2.5 on the magnetic stirring heating 
plate scale, to ensure complete dissolution and hydration of the poly
saccharides. After 3 h of stirring at 80 ◦C, no visible polysaccharide 
lumps were visible, and the temperature was set to 50 ◦C. The solutions 
with the crosslinking agents were prepared as follows: 0.5 g of GDL was 
dissolved in 5 ml of double-distilled water, and 0.3 g of CaCO3 was 

dispersed in 5 ml of double-distilled water. While keeping the temper
ature at 50 ◦C, 5 ml of the GDL solution was added to the polysaccharide 
solution, and the mixture was vigorously stirred to ensure homogeneity. 
Afterward, 5 ml of the CaCO3 dispersion was added, and again, the 
mixture was vigorously stirred. After an additional 30 min, the tem
perature of the sample was cooled to room temperature to reach the final 
gel state. Unfilled hydrogels were stored in a lab refrigerator until 
measurements were performed.

2.1.2. Preparation of hydrogel filled with particles
The preparation of the hydrogel with particles with a final particle 

content of 0.7 % (w/v) was the same as in the case of the pure hydrogel, 
except for the intermediate step of adding the particles. The particles 
were prepared by dispersing 0.7 g of the powder in 2 ml of double- 
distilled water. Subtle shaking was performed in an ultrasonic bath for 
30 to 60 s to break up the visible aggregates. The particle dispersion was 
then added to the polysaccharide solution after being stirred at 80 ◦C for 
3 h, and the mixture was stirred by hand until a clear homogeneous 
dispersion was obtained. The particles were added at this stage of the 
process because the polysaccharide solution had a lower viscosity at this 
temperature, which facilitated redispersion. The subsequent preparation 
steps were the same as those described for the pure hydrogel. Finally, 
filled hydrogels were stored in a lab refrigerator until measurements 
were performed.

2.1.3. Sample preparation for Gel Permeation Chromatography (GPC)
20 mg of each sample was weighed into 10 ml of 0.07 M disodium 

phosphate (Na2HPO4) and heated in an ultrasonic bath at 80 ◦C until 
completely dissolved. After cooling to room temperature, the samples 
were filtered through 0.45 μl syringe filters. 100 μl of each sample was 
injected through an autosampler. Standards and samples were measured 
twice to check reproducibility.

2.1.4. Sample preparation for Fourier-transform infrared (FT-IR) 
spectroscopy

Unfilled and filled hydrogels were freshly prepared as described 
above. Cylindrical sections of 1 cm diameter were cut from the main 
hydrogel blocks. Using a cutter, the cylindrical cutouts were manually 
cut into the thinnest possible slices. The hydrogel slices were placed on a 
non-stick surface and allowed to dry at room temperature for 3 days. 
Dried sample discs were stored at room temperature in an environment 
with low relative humidity prior to measurements.

2.1.5. Sample preparation for X-Ray Diffraction Analysis (XRD)
Unfilled and filled hydrogels were again freshly prepared as 

described above. The entire hydrogel blocks were then transferred to 
independent glass Petri dishes and stored in a laboratory freezer at 
− 30 ◦C to pre-freeze for 4 h prior to lyophilization. After pre-freezing, 
the hydrogels in the Petri dishes were placed in a dry freezer (Christ 
Alpha 1–4) at − 54 ◦C. The chamber was sealed, and a vacuum of 5 ×
10− 3 Torr was applied with an external pump. The hydrogels were kept 
under these conditions overnight to ensure complete lyophilization. 
After lyophilization, the hydrogels showed a significant reduction of 
their original volume due to the absence of water, while maintaining the 
original block shape. The observed structure showed high porosity, and 
slices of a few millimeters thickness were cut from the dried sample 
blocks and used for XRD measurements (Fig. 1). Powdered mesoporous 
silica particles and CaCO3 powders were analyzed as received.

2.2. Rheometric characterization

All the experimental rheometric measurements were performed 
using an MCR 702e MultiDrive Space Rheometer (Anton Paar) with the 
necessary accessories, as described in the following sections.
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2.2.1. Gelation
The purpose of the gelation experiments was to monitor the growth 

of the viscoelastic moduli, G’ and G", up to their maximum plateau 
values, where G’ is the storage or elastic modulus, and G" is the loss or 
viscous modulus. Sample preparation was performed as described in 
Sec. 2.1.1, but with one exception: without the addition of the CaCO3 
dispersion and GDL solution. The temperature of the Alg/gellan solution 
was kept at 50 ◦C. To prepare fresh samples for each gelation kinetics 
experiment, 90 ml of polysaccharide solution was kept at 50 ◦C with 
stirring, and 5 ml of CaCO3 dispersion and 5 ml of GDL solution were 
kept separately. A 9 ml aliquot of the polysaccharide solution was 
poured into the vial, and then 0.5 ml aliquots of both the CaCO3 and GDL 
were added to trigger gelation. The mixture was stirred vigorously with 
a spoon. Afterward, enough of the mixture was added to the lower plate 
of the rheometer. The upper plate was quickly adjusted to the final gap 
position of 1 mm, and the measurement was started. Small amplitude 
oscillatory shear (SAOS) deformations were performed with a constant 
frequency of ω = 6.28 rad/s and a constant strain amplitude of γ = 0.1 
%. A 25 mm parallel plate with a rough surface was used to prevent wall 
slippage. The temperature was maintained at 50 ◦C for 30 min and then 
gradually decreased to 20 ◦C at a rate of 1 ◦C/min. The sample, which 
was already in a fully gelled state, was held at 20 ◦C for 15 min. The 
measurements were performed at room temperature without relative 
humidity control. The final curves are the result of averaging over three 
replicates with fresh sample, where the error bars correspond to the 
standard deviation.

2.2.2. Torsional - extensional mechanical tests
The samples were formed into cylinders with a length (L) of 40 mm 

and a diameter (D) of 5 mm and clamped in a CTD 180 temperature- 
humidity chamber (Anton Paar) (Fig. 2). To prevent the sample from 
slipping out of the clamp, the ends of the cylinder were covered with 
small rectangular pieces of a laboratory paper tower. The specimens 
were subjected to dynamic extensional and torsional loading. Due to the 
large L/D ratio, this technique allowed a high percentage of the hydrogel 
surface to be exposed to the environment, allowing water and heat ex
change while the sample was deformed. The selected L/D ratio was large 
enough to obtain E’ and E" independent of L/D. This is a significant 
advantage over classical squeeze flow tests on hydrogels with parallel 
plates (Wingstrand et al., 2016). Besides, for cylindrical samples, there 
are no warping deformations due to torsion. Thus, there is no torque 
contribution due to warping and therefore no correction of the complex 
shear modulus was necessary (Dessi, 2016; Dessi et al., 2021; Diani & 
Gilormini, 2017; Kim et al., 2024; Müller-Pabel et al., 2022; Rodríguez- 
Agudo et al., 2023). The setup thus provided absolute values for shear 
(G’, G") and extensional modulus (E’, E") in a continuous measurement 
run. Temperature or humidity variations may cause changes in the 
original diameter of the cylindrical sample due to absorption or evap
oration processes, possibly leading to inaccuracies in the estimation of 
viscoelastic moduli since changes in diameter cannot be tracked with the 

device. To overcome this problem, the sample was monitored in the 
chamber to account for any relevant changes in the specimen geometry 
during the measurement.

2.2.2.1. Amplitude sweeps. Amplitude sweep tests under shear and 
extensional deformations were performed independently. For both types 
of tests, a constant angular frequency of ω = 1 rad/s was employed. For 
torsional tests, the values of the shear strain were selected between 0.01 
and 1000 %. In the case of the extensional tests, extensional forces be
tween 1 and 1000 mN were selected. The initial value for the extensional 
force was selected as small as 1 mN to ensure the measurement started 
well within the liner viscoelastic regime (LVR). The temperature was set 
at 30 ◦C, which is approximately the human skin temperature, and the 
relative humidity was set at 90 % to prevent rapid water loss from the 
hydrogel by evaporation. The final curves in Fig. 4 are the result of 
averaging over three replicates with fresh sample, where the error bars 
correspond to the standard deviation.

2.2.2.2. Frequency sweeps. Frequency sweeps were performed in tor
sion, immediately followed by the same frequency sweep in extension. 
The angular frequency varied from 100 to 1 rad/s. At each angular 
frequency, the cylindrical specimen was first subjected to torsion with a 
constant shear strain of 0.1 % and then to tensile stress with a constant 
strain force of 30 mN, resulting in strain amplitudes between 0.1 and 
0.15 %, depending on the frequency applied. The amplitudes in both 
deformation modes were always within the LVR. The environmental 

Fig. 1. a) Freeze-dried filled hydrogel and b) a cutout for the XRD experiments.

Fig. 2. a) Cut out of the hydrogel in a cylindrical shape. b) Clamped cylindrical 
sample in the DMA geometry. Purple arrows represent the different types of 
deformations applied to the hydrogel sample.
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conditions were the same as for the amplitude sweeps described in Sec. 
2.2.2.1. The final curves in Fig. 5 are the result of averaging over three or 
four replicates with fresh sample, where the error bars correspond to the 
standard deviation.

2.2.2.3. Temperature sweeps. The angular frequency was fixed at 6.28 
rad/s, the selected strain amplitude was γ = 0.1 % for torsion, and a 
constant strain force of 30 mN was selected for the tensile mode. Four 
different temperatures were selected: 10, 20, 30, and 40 ◦C. The relative 
humidity was fixed at 90 %. At each temperature, the specimen was 
subjected first to torsion and then to tensile strain so that both the linear 
viscoelastic torsion and tensile strain moduli could be determined. For 
each data point in Fig. 6, which corresponds to a single temperature, a 
total of four points were measured and averaged during the same 
measurement run. The error bars, which are not visible on the graph 
because they are virtually negligible, correspond to the standard 
deviation.

2.2.2.4. Relative humidity sweeps. Again, the angular frequency was 
fixed at 6.28 rad/s, the strain amplitude was γ = 0.1 % for torsion, and a 
constant strain force of 30 mN was selected for the tensile mode. A ramp- 
down of the relative humidity was first applied from 90 to 30 % at a rate 
of 1 % per measurement point, and then a ramp-up was implemented 
from 30 to 90 %. The temperature was fixed at 30 ◦C. At each relative 
humidity, the specimen was subjected first to torsion and then to 
extension to determine the linear viscoelastic torsional and extensional 
dynamic moduli. The final curves in Fig. 8 are the result of averaging 
over three replicates with fresh sample, where the error bars correspond 
to the standard deviation.

2.2.2.5. Breaking rod tests. The breaking rod tests were performed in 
torsion with a continuous angular deformation rate of φ = 1◦/s. The 
shear stress was determined for each angular deformation, and the test 
was terminated either by fracture of the cylindrical sample or by slip
page. The specimen was monitored in the chamber, and the measure
ment was stopped manually after any of the above events were observed. 
The environmental conditions were the same as for the amplitude 
sweeps described in Sec. 2.2.2.1. Each curve in Fig. 9 represents a single 
measurement on a fresh sample, therefore error bars are not shown.

2.3. Molecular and structural characterization

The molecular weight distribution and the average molecular weight 
of the polysaccharides were determined by GPC, while the structural 
analysis of the hydrogels was performed by FT-IR and XRD 
measurements.

2.3.1. GPC
The molecular weight distribution and the average molecular weight 

of the polysaccharides using an LC 1260 Infinity with RID detection 
(Agilent). The columns used were SUPREMA_10μm - Pre-Column (8 ×
50 mm) + SUPREMA Linear M_10μm (8 × 300 mm), both from Polymer 
Standards Services (PSS). The average molecular weight was obtained 
from two independent measurements on fresh sample. The error was 
taken as the standard deviation.

2.3.2. FT-IR
FT-IR measurements were performed at room temperature using a 

Lyza 7000 FT-IR spectrometer (Anton Paar) equipped with an IRIS single 
reflection diamond ATR (PIKE Technologies). Each spectrum shown in 
Fig. 10 is the resulting average of 24 scans. The standard deviation is 
negligible.

2.3.3. XRD
XRD measurements were performed on a D8 Advance (Bruker) 

equipped with a Lynxeye® position sensitive detector (PSD) in θ-θ ge
ometry. A variable divergence slit and a 2.3◦ soller slit on the secondary 
side were used. The XRD data were acquired over a 2θ range of 5–85◦ 2θ 
at 0.5 s per 0.013◦2θ step. This gave a total count time of 96 s per step 
using the PSD. The instrument used Cu anodes with Cu Kα1,2 radiation 
(λ = 0.154018 nm).

3. Results and discussion

3.1. Two-step gelation

The gelation test was carried out for the unfilled Alg/gellan gel using 
a parallel-plate geometry, as mentioned in Sec. 2.2.1. The experimental 
result is depicted in Fig. 3, showing a two-step gelation process (Li et al., 
2020). The process describes two different gelation mechanisms asso
ciated with the two types of polymers involved. Here, Alg and gellan 
form independent continuous gel networks, which entangle each other. 
This mechanism corresponds, in fact, to the concept of interpenetrating 
polymeric networks applied to binary gels. The first gelation step was 
observed during the initial 1800 s (incubation time at 50 ◦C). Within this 
time interval, a significant increase of the viscoelastic moduli, G’ and G", 
was observed. This can be correlated with the separate crosslinking of 
Alg and gellan. In the subsequent cooling process, which lasted 1800 s 
and in which the temperature gradually lowered to 20 ◦C, the visco
elastic moduli finally reached a plateau value after another significant 
increase. This corresponds to a second gelation step, mainly related to 
further aggregation of gellan in conjunction with some strengthening of 
the Alg network. Eggbox formation by Ca2+ ions binding to Alg and Ca2+

screening of the negative charges of gellan molecules is a competitive 
process. In the first gelation step, the higher negative charge density of 
Alg may favor the binding of Ca2+ ions to Alg molecules. Although the 
corresponding measurement points in the very early gelation stage 
showed some fluctuations due to small torques of the rheometric signal, 
the crossover of G’ and G" was observed to occur ∼ 2 min after the start 
of the measurement (see the short-time region in Fig. 3).

In this work, GDL and CaCO3 were added to the polymer solution for 
crosslinking. The mixture was then stirred, and a sufficient amount of 
sample was quickly added to the base plate of the rheometer geometry. 
The gelation time was prolonged by the specific selection of the cross
linker so that the crossover of the viscoelastic moduli could be recorded. 
Note that, when CaCl2 or another fast crosslinker is used, the experi
mental setup must be adapted to capture the crossover of the viscoelastic 
moduli and to follow their subsequent evolution properly. For example, 
Besiri et al. (2020) reported the development of a customized 

Fig. 3. The gelation curve for the unfilled Alg/gellan gel with a concentration 
ratio of 2:8. G’ and G" are the viscoelastic moduli, and T is the temperature 
inside the humidity chamber. Number 1 in the green circle indicates the first 
phase of gelation during incubation at 50 ◦C. Number 2 in the blue circle refers 
to the second phase of gelation during the cooling process.
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rheological experimental setup that allowed the rapid gelation of Alg 
and Ca2+ to be monitored in situ and in real-time, with the transition 
between G’ and G" observed as early as 5 s after the onset of the gelation 
reaction. In this custom-built setup, gelation is induced using a baseplate 
geometry with two tiny holes on the surface of the baseplate through 
which the crosslinker is brought into contact with the sample. A certain 
volume of crosslinker is injected into the cavity of the base plate using a 
connected syringe, and the additional volume is pushed into the cavity, 
which is completely prefilled with crosslinker and forces the same 
amount through the tiny holes into the sample. CaCl2 is widely used as a 
crosslinker for Alg, but due to its high solubility in water, gelation occurs 
very quickly. One approach to slow gelation and gain more control over 
the gelation process is to use CaCO3 due to its lower solubility in aqueous 
solutions. The addition of GDL lowers the pH and gradually dissociates 
Ca2+ from CaCO3. The increase in free Ca2+ due to its release from 
CaCO3 results in slower internal gel formation and a more homogeneous 
final microstructure. The implementation of this approach is well-suited 
for bio-printing or 3D printing.

3.2. Strain amplitude sweeps at constant temperature and relative 
humidity

The experiments were performed for the unfilled and filled hydrogels 
under constant temperature T = 30 ◦C and constant relative humidity 
RH = 90 %. The high humidity value was selected to bring the water 
desorption rate to a minimum during the experiment, subsequently 
reducing the impact of possible sample volume variations. Results are 
depicted in Fig. 4, where the shear and extensional moduli are presented 
as a function of the shear strain and the extensional strain, respectively. 
Data points are the result of an average of over three or more inde
pendent measurements. The error bars represent the standard deviation. 
In the case of the torsional tests, the sample was subjected to a varying 
strain amplitude, and, on the other hand, a varying extensional force 
was applied in the case of the extensional tests, as mentioned in Sec. 
2.2.2.1.

In strain amplitude sweep tests in torsion (Fig. 4a), the three systems 
show an initial plateau value over a certain range of strain amplitudes, 
which delimits the conventional LVR. A drop from the plateau values of 
the storage moduli determines the end of the LVR. For the pure gellan 
gel (red squares), the LVR is restricted to a smaller strain amplitude 
when compared to the other two systems. This is related to the brittle 
and stiff character of the structure formed by the gellan polymer chains, 
which also results in larger moduli values associated with higher 
stresses. These higher stresses are directly related to the length of the 

gellan polymer chains, which are approximately 3 times longer than 
sodium alginate chains, as determined by GPC experiments. For the case 
of the unfilled and filled Alg/gellan gels (black squares and blue 
squares), the LVR ends at larger strain amplitudes. The Alg polymeric 
network introduces ductility and softness to the overall microstructure, 
postponing fracture and resulting in smaller moduli values. For the three 
systems, the storage modulus is approximately one order of magnitude 
larger than the loss modulus, indicating a predominant elastic character. 
The embedded silica particles make the hydrogel more brittle and thus 
slightly increase the torsional storage modulus. A stronger reinforce
ment of the mechanical properties of the filled hydrogel can be achieved, 
for instance, by crosslinking the particles with the matrix (Tallawi & 
Germann, 2020). In the tensile tests (Fig. 4b), the LVR is extended over a 
shorter interval of strain amplitudes. Again, the values of the extensional 
storage modulus for the pure gellan gel are larger than those corre
sponding to the other two systems, and the effect of the embedded 
particles is not significant when comparing the unfilled and filled Alg/ 
gellan gels. As expected for isotropic materials, the absolute complex 

Young’s modulus, |E*| =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(E’)
2
+ (E”)

2
√

, remains 2–3 times larger than 

the absolute complex shear modulus, |G*| =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(G’)
2
+ (G”)

2
√

, for unfilled 
materials over a wide range of deformations. This is also true for the 
filled Alg/gellan gels, indicating that the filler does not cause anisotropy 
in the mechanical properties of the sample. The absolute complex 
Poisson’s ratio, |ν*|, can be defined as (Rodríguez-Agudo et al., 2023): 

|ν*| =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

|E*|
2

4|G*|
2 −

|E*|

|G*|
cos(δE − δG) + 1

√

, (1) 

where δG and δE are the phase shift angles for torsional and extensional 
measurements, respectively. Our aim for the amplitude sweeps is a 
qualitative comparison. The absolute complex Young’s and shear 
moduli were obtained on two different samples, making it difficult to 
quantify the absolute complex Poisson’s ratio with high precision 
(Rodríguez-Agudo et al., 2023). The pure gellan gel has an average value 
of 0.32 ± 0.03 in the LVR. This is well below the values for unfilled and 
filled Alg/gellan gels, which are 0.44 ± 0.06 and 0.42 ± 0.07, respec
tively. A lower absolute complex Poisson’s ratio again indicates a less 
compliant and stiffer/brittle material compared to Alg/gellan. On the 
other hand, the low influence of fillers on the polymer network is again 
confirmed by a similar complex Poisson’s ratio of filled and unfilled Alg/ 
gellan. When both samples are subjected to the same extensional (or 
compressional) strain, ε, the results show that the pure gellan gel ex
hibits a greater change in volume than the Alg/gellan sample. This is 

Fig. 4. Amplitude sweeps tests in a) torsion and b) extension for the unfilled and filled hydrogels. Shear (G’, G") and extensional (E’, E") moduli are presented as a 
function of the shear strain, γ, and the extensional strain, ε, respectively, for T = 30 ◦C and RH = 90 %.
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also immediately apparent from the approximation ΔV/V ≈ (1 − 2|υ*| )ε 
(Rodríguez-Agudo et al., 2023).

3.3. Frequency sweeps at constant temperature and relative humidity

Angular frequency tests were performed for the unfilled and filled 
hydrogels within the LVR at constant temperature T = 30 ◦C and relative 
humidity RH = 90 %. Again, the high relative humidity value was 
chosen to preserve the original sample size as much as possible by 
slowing the likely desorption of water. Experiments were conducted in 
torsion (Fig. 5a) and extension (Fig. 5b). As observed for inter
penetrating network hydrogels that present a strong gel nature (Ng 
et al., 2023), they exhibit a reduced dependency of the viscoelastic 
properties on the angular frequency range studied, and an almost perfect 
power-law trend (dashed lines in Fig. 5).

It can be observed for both torsion and extension modes that, as in 
the case of strain sweeps, the pure gellan gel presents the highest 
response. The responses of the unfilled and filled Alg/gellan gels are 
very similar, whereas the filled hydrogel shows slightly higher elastic 
moduli values. Therefore, the presence of particles at the defined frac
tion 0.7 % (w/v) does not greatly influence the final mechanical prop
erties as a function of frequency. Still, a small variation is observed, as in 
the case of strain sweeps (Fig. 4). The mesoporous silica particles used in 
the present work do not have a specific surface functionalization, which 
could then explain why changes in viscoelasticity are very small because 
of the low particle-polymer network interaction. The absolute complex 
Poisson’s ratio was calculated for ω = 1 rad/s, which is the angular 
frequency used in the amplitude sweep tests. Again, the lowest value is 
found for the gellan gel, 0.18 ± 0.02. This is followed by the filled and 
unfilled Alg/gellan gels, 0.33 ± 0.01 and 0.34 ± 0.06, respectively.

3.4. Temperature sweeps at constant relative humidity

Temperature sweeps were performed for the three different hydro
gels at RH = 60 % and 90 %. The viscoelastic moduli were obtained at 
both fixed angular frequency and strain amplitude within the LVR. In 
Fig. 6a, storage moduli in torsion are shown for 90 % (filled squares) and 
60 % (empty squares). At 90 %, it is readily observable that temperature 
does not play a role. A plausible explanation may be built on the fact that 
a very high RH is hindering material surface/environment water ex
change due to quasi-water-saturated air. Results show an almost con
stant value for all the explored temperature values, where the pure 
gellan gel exhibits the highest elastic response, also observed in exten
sion mode in Fig. 6b.

While the influence of temperature at RH = 90 % is negligible, the 

reduction to 60 % undoubtedly introduces a dependency on tempera
ture. The overall drop is similar in both modes. For instance, at T = 40 ◦C 
in torsion, G’ at the highest relative humidity is ∼ 2.1 times larger than 
G’ for the lowest relative humidity. This factor is ∼ 2 in extension. The 
decrease in the storage modulus is also observed for the unfilled and 
filled Alg/gellan gels in extension mode for E’, with a dropping factor at 
T = 40 ◦C of ∼ 1.5 for the unfilled hydrogel and of ∼ 1.3 for the filled 
hydrogel. In torsion, the dropping factor at T = 40 ◦C for the unfilled 
hydrogel is ∼ 1.6, larger than its counterpart for extension, which is ∼
1.4. In torsion, pure gellan gel shows a continuous decrease of the 
storage modulus, G’, with a dropping factor of ∼ 1.3 between T = 10 ◦C 
and 40 ◦C. In extension, a continuous decrease of the extensional storage 
modulus, E’, with temperature is again observed for the gellan gel, with 
the same dropping factor of ∼ 1.3. In the case of the unfilled/filled Alg/ 
gellan gels, the dropping factors are similar for both systems in torsion 
(∼1.4) and extension (∼1.3).

3.5. Relative humidity sweeps at constant temperature

Relative humidity sweeps (RHS) were performed at a fixed angular 
frequency and at a fixed strain amplitude within the LVR for the three 
systems. As described in Sec. 2.2.2.4, relative humidity varied from 90 to 
30 % and then from 30 to 90 % during the same experiment. The tem
perature is fixed at 30 ◦C.

As mentioned in Sec. 2.2.2, environmental conditions like tempera
ture and relative humidity could affect the overall mechanical response 
of the hydrogel samples due to their effect on the sample’s shape during 
the experiments through water desorption. Therefore, the cylindrical 
sample was monitored during each experimental test to account for 
possible shape changes. In Fig. 7a, the relative change of the sample’s 
diameter is presented for different experiments over the test time. For 
clarity, the three hydrogels are compared only in the case of the relative 
humidity sweeps; for the strain sweeps (SS) and temperature sweeps 
(TS), only the filled Alg/gellan and the pure gellan gels are presented. 
We found that the diameter fluctuations during SS (green symbols) and 
TS (purple symbols) sweeps remained between − 1.6 % and 1.6 %, 
approximately. Here, it is important to note that the relative humidity 
was fixed at 90 %. In contrast, diameter fluctuations are larger in the 
case of the RHS and especially relevant during the second part of the RH 
cycle, from 30 to 90 % (yellow symbols). Gellan gel presents the smallest 
diameter variations with a maximum of 3.9 % at the end of the exper
iment, followed by the filled Alg/gellan gel with a maximum of 6.25 %, 
and finally, the unfilled Alg/gellan gel with a maximum of 7.5 %. 
Interestingly, a rapid and earlier increase in the diameter variation is 
visible for the unfilled hydrogel compared to the filled hydrogel and the 

Fig. 5. Angular frequency sweep tests in a) torsion and b) extension for the unfilled and filled hydrogels. Shear (G’, G") and extensional (E’, E") moduli are presented 
as a function of the angular frequency sweep, ω, for T = 30 ◦C and RH = 90 %. Dashed lines indicate a power-law fitting for the torsional and extensional elastic parts.
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Fig. 6. Temperature sweep tests for four different temperatures: 10, 20, 30, and 40 ◦C, at two different relative humidity, RH = 60 % and 90 %. Experiments were 
performed for the unfilled and filled hydrogels. Storage moduli are presented as a function of temperature for RH = 60 % (empty squares) and 90 % (filled squares) in 
a) torsion and b) extension.

Fig. 7. Relative variation of the sample’s diameter as a function of the test time. D (0) and D (t) are the diameters at the beginning of the experiment and at test time 
t, respectively, are presented in a). Three different tests are shown: green symbols are SS at RH = 90 % and T = 30 ◦C, purple symbols are TS at RH = 90 %, and 
orange symbols are RHS at T = 30 ◦C. Filled hydrogel (squares) and pure gellan gel (triangles) were compared for the three tests. Unfilled hydrogel (circles) is 
compared to the other systems only for RHS. The vertical dashed line marks the end of the first part of the RH cycle and the beginning of its second part. Correction 
factors in torsion, FT , and in extension, FE, obtained for the storage moduli of the different hydrogels during the first 25 min are shown in b). The images in c), d), e) 
and f) show the time evolution of the sample diameter of the Alg/gellan gel during an RHS test for different times during the experiment.
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pure gellan gel.
For cylindrical specimens, the complex viscoelastic moduli are 

related to the specimen dimensions by the following expressions 
(Rodríguez-Agudo et al., 2023): 

|G*(t) | =
M
φ
•

32L(t)
πD(t)4, |E

*(t) | =
F
s
•

4L(t)
πD(t)2, (2) 

where M is the torque, φ is the deflection angle, F is the applied force, s is 
the displacement, and L(t) and D(t) are the length and the diameter at 
test time t of the cylinder, respectively. The dimensions of the cylindrical 
specimen are fixed at the beginning of the experiment, so the estimated 
viscoelastic moduli are based on these dimensions. If the length and 
diameter of the specimen remain approximately constant throughout 
the experiment, the preset dimensions are valid. However, if significant 
changes occur, as in the case of the RHS, correction factors for the 
viscoelastic moduli in torsion, FT , and in extension, FE, must be 
considered: 

FT(t) =
⃒
⃒G*

corrected

⃒
⃒

⃒
⃒G*

uncorrected

⃒
⃒
=

D4
0

D(t)4 •
L(t)
L0

, and (3) 

FE(t) =
⃒
⃒E*

corrected

⃒
⃒

⃒
⃒E*

uncorrected

⃒
⃒
=

D2
0

D(t)2 •
L(t)
L0

, (4) 

respectively. Here, L0, and D0 refer to the preset or initial length and 
diameter, respectively, and L(t), and D(t) are the actual length and 
diameter at instant t, respectively. It is important to notice that length is 

measured by the rheometer during the experiment. For simplicity, the 
viscoelastic modulus correction was implemented only for the storage 
modulus, considering the viscous part to be negligible compared to its 
elastic counterpart. This consideration leads to the following approxi
mations |G´| ≅ |G*|, and |E´| ≅ |E*|. The correction factors shown in 
Fig. 7b correspond to discrete measurements taken every 5 min. A linear 
interpolation for each 5-min interval was considered to estimate the 
correction factors associated with the measured storage moduli at each 
time point.

The uncorrected RHS results are shown in Fig. 8a and c for torsion 
and extension, respectively. The corrected and uncorrected storage 
moduli are compared for torsion and extension in Fig. 8b and d, 
respectively. The corrected storage moduli are higher than the uncor
rected ones because the correction factors FT, and FE are greater than 1 
for each relative humidity value, except in the case of gellan gel where 
the correction factors are less than 1 during the second part of the 
relative humidity cycle. During the first part of the sweep cycle, where 
the relative humidity decreased from 90 % to 30 %, the three hydrogels 
experienced a continuous decrease in diameter in both torsional and 
extensional modes. The corresponding dropping factors for the uncor
rected and corrected storage moduli are shown in Table 1. The dropping 
factor is calculated as the ratio between the initial and final values of the 
storage moduli for each cycle and mode. For the uncorrected moduli, 
within the first cycle, the Alg/gellan gel is the one that experiences the 
greatest reduction in both torsional and extensional modes, with drop
ping factors of ~1.70 and ~ 1.66, respectively. During the second part of 
the cycle, a similar reduction is observed for all systems, which is 

Fig. 8. Relative humidity sweeps at a constant temperature of 30 ◦C for unfilled and filled hydrogels. Uncorrected viscoelastic moduli are shown as a function of RH 
in a) torsion and c) extension. Corrected and uncorrected storage modulus comparisons are given in b) and d) for torsion and extension, respectively. Black arrows 
indicate the direction of the RHS, which runs over two intervals: from 90 to 30 % first and then from 30 to 90 %. Letters S and E refer to the start and the end of the 
RHS, respectively. Error bars are not shown in b) and d) for clarity.
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stronger in torsional mode for the unfilled and filled Alg/gellan gels. 
Considering the dropping factor for the full cycle of relative humidity 
sweep (Table 1), the most affected mode is torsion, and the largest 
decrease in elasticity is experienced by the Alg/gellan gel, followed by 
the filled Alg/gellan gel, and finally by the pure gellan gel. In compar
ison to the uncorrected moduli, the corrected storage moduli show 
smaller decreases for the unfilled and filled Alg/gellan gels in torsion. In 
extension, however, the reduction is more pronounced. In the case of 
gellan gel, the decrease is greater in both torsion and extension 
compared to the uncorrected values. This means that a change in elas
ticity due to changes in specimen shape becomes more apparent after 
correction. An overall decrease in elasticity is observed for extension. 
Interestingly, the absolute values of the extensional storage moduli 

suffer a smaller change when corrected in comparison to their torsional 
counterparts. This can be observed in Fig. 8b and d.

3.6. Breaking rod tests at constant temperature and humidity

Breaking rod tests were performed for the three different hydrogels 
at constant RH = 90 % and T = 30 ◦C in torsion mode under a continuous 
angular deformation rate of φ = 1◦/s. The hydrogel’s high surface 
moisture induced early slippage in the clamping locations during sample 
twisting. Therefore, small cuts of soaking paper were attached to the 
hydrogel cylinder extremes to increase friction between the geometry 
and the sample to improve clamping (Fig. 9d and e). The three systems 
showed a similar pseudoplastic behavior before rod breaking or 

Table 1 
Dropping factors in torsion and extension modes for the full RHS cycle and for the first and second parts of the full RHS cycle for uncorrected (left) and corrected (right) 
storage moduli.

Dropping factors for uncorrected storage moduli Dropping factors for corrected storage moduli

Mode 90 % → 30 % (full cycle) Mode 90 % → 30 % (full cycle)
Alg/gellan gel Gellan gel Filled Alg/gellan gel Alg/gellan gel Gellan gel Filled Alg/gellan gel

Torsion 2.08 1.75 1.80 Torsion 1.74 1.91 1.61
Extension 1.95 1.71 1.67 Extension 2.03 1.94 1.69

90 % → 30 % (first part of cycle) 90 % → 30 % (first part of cycle)
Alg/gellan gel Gellan gel Filled Alg/gellan gel Alg/gellan gel Gellan gel Filled Alg/gellan gel

Torsion 1.70 1.44 1.50 Torsion 1.41 1.45 1.43
Extension 1.66 1.51 1.31 Extension 1.53 1.57 1.34

90 % → 30 % (second part of cycle) 90 % → 30 % (second part of cycle)
Alg/gellan gel Gellan gel Filled Alg/gellan gel Alg/gellan gel Gellan gel Filled Alg/gellan gel

Torsion 1.22 1.21 1.22 Torsion 1.17 1.28 1.13
Extension 1.17 1.14 1.26 Extension 1.29 1.24 1.27

Fig. 9. Breaking rod tests in torsion for a) unfilled Alg/gellan gel, b) pure gellan gel, and c) filled Alg/gellan gel are presented. Shear stress, τ, is plotted versus shear 
strain, γ. Pictures of a cylindrical sample of the pure gellan gel before and after the breaking are shown in d) and e), respectively.
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slippage. The main differences are observed in shear stress maxima and 
their associated strains. For unfilled and filled Alg/gellan gels, Fig. 9a 
and c, respectively, maximum shear stresses are between 8 and 12 kPa 
and are reached at γ ∼ 20 %. The maximum shear stress corresponding 
to the pure gellan gel is, however, between 14 kPa and 17 kPa and is 
reached at γ ∼ 15 % (Fig. 9b).

After reaching the maximum shear stress, the hydrogels undergo 
breaking or slippage, where the latest originates from the water expelled 
through the cylinder surface due to applied deformation (Banerjee & 
Ganguly, 2019; Zhang et al., 2022). Water coming out from the hydrogel 
wets the surface in excess, reducing friction between the sample and the 
clamps and then inducing slippage. This is reflected in the smoother 
decay of the shear stress. However, this phenomenon does not happen 
with the same frequency for the three hydrogels. The unfilled Alg/gellan 
gel always presents slippage (Fig. 9a), meaning that the amount of 
expelled water is large. In the case of the pure gellan gel (Fig. 9b), 
approximately half of the events correspond to slippage and the other 
half to breaking. This may be related to the higher brittleness of the 
gellan gel compared to the alginate gel and a possible barrier to water 
diffusion due to the internal polymer network. Finally, the filled Alg/ 
gellan gel also shows both breaking and slippage (Fig. 9c). Here, parti
cles seem to be hindering water diffusion, then reducing the amount of 
water expelled. Therefore, this would prevent slippage occasionally. The 
capacity of retaining water regarding microstructure nature/composi
tion is in accordance with water loss during relative humidity sweeps 
(Fig. 8), where the diameter variations are smaller for the filled Alg/ 
gellan and the pure gellan gels compared to the unfilled Alg/gellan gel. 
A plausible reason to explain the occasional slippage for the filled 
hydrogel and the pure gellan gel can be related to the clamping of the 
sample: anchoring force at both sample ends could vary, which would 
determine how tightly the sample is clamped. During breaking rod tests, 
applied torsional stresses are high, especially when approaching the 
stress limit. These high torsional stresses compete with the anchoring 
force, where the latest can occasionally be overcome by the first, leading 
to slippage. This can also explain why slippage is not observed for 
amplitude and frequency sweep tests: applied stresses are much smaller 
compared to the anchoring force.

3.7. GPC

The estimated average molecular weight for Alg is (6.105 ± 0.007) 
× 105 Da, which is in the same order of magnitude as a previously re
ported value of 1.57 × 105 Da (Topuz et al., 2012). In the case of gellan 
gum, the estimated average molecular weight is (1.83 ± 0.07) × 106 Da, 
which is in accordance with what was published in the work of Chen 
et al. (2017).

3.8. FT-IR

FT-IR spectra for the unfilled and filled dried hydrogels are shown in 
Fig. 10. In the case of the Alg/gellan and gellan gels, the pattern peaks 
can be clearly identified as peaks coming from gellan gum (Meera 
Naachiyar et al., 2021), which is the predominant component in the 
hydrogels besides water. The presence of Alg in Alg/gellan gels does not 
induce either wavenumber shifts or the appearance of new relevant 
peaks. This suggests that there is no significant interaction between the 
Alg and gellan networks. The presence of silica particles in the filled Alg/ 
gellan gel can be observed in the characteristic FT-IR peak of SiO2 
(Ioniţâ et al., 2022). The corresponding stretching bands of the peaks for 
each component of the hydrogel are shown in Table 2.

3.9. XRD

The XRD diffractograms for the unfilled and filled lyophilized 
hydrogels and for the CaCO3 and silica powders are shown in Fig. 11. 
The sharp peaks observed in the patterns of the three samples, with 2θ 

between 29.4◦ and 65.7◦, correspond to the diffraction pattern of CaCO3 
with its dominant peak at 2θ ≈ 29.4◦. This indicates the crystalline 
nature of the CaCO3 structure, comparable to previously reported results 
(Li et al., 2020). Note that no new crystalline structures are formed. In 
the case of the Alg/gellan gel and the pure gellan gel samples, the 
broader peaks between 5.5◦ and 21.5◦ correspond to the XRD pattern of 
gellan gum, which is in very good agreement with previous publications 
(Meera Naachiyar et al., 2021). In the case of the filled Alg/gellan gel, 
there is a broader peak located at 2θ ≈ 23◦ due to the presence of SiO2 
(silica particles), which is consistent with the pure SiO2 XRD pattern 
measured in this work and reported in the literature (Sidney Santana 
et al., 2021).

4. Conclusions

In this work, we have presented a systematic study of the mechanical 
properties of three different model hydrogels by implementing a com
bined axial-torsional rheometric approach. We have shown that this 

Fig. 10. Absorption FT-IR patterns of the filled and unfilled dried hydrogels are 
shown. Relevant pattern peaks are identified by the values of their corre
sponding wave numbers. Dashed lines in black indicate common relevant 
peaks. Dashed lines in blue correspond to peaks that only appear for the filled 
Alg/gellan gel. Each spectrum was normalized by its highest peak value and 
displaced along the Y-axis to improve the viewing.

Table 2 
Stretching band assignments for FT-IR pattern peaks shown in Fig. 10.

Wavenumber 
[cm− 1]

Material Stretching band Reference

720 Silica Si-O-Si Ioniţâ et al., 2022
1027 Alginate & 

Gellan
C-O Modrogan et al., 2020; 

Sarker et al., 2014; Panday 
et al., 2023; Wang et al., 
2021

1167 Silica Si-O-Si Ioniţâ et al., 2022
1409 Alginate & 

Gellan
Symmetric 
carboxyl group

Modrogan et al., 2020; 
Sarker et al., 2014; Panday 
et al., 2023 Wang et al., 
2021

1462
1602 Alginate & 

Gellan
Asymmetric 
carboxyl group

Modrogan et al., 2020; 
Sarker et al., 2014; Panday 
et al., 2023; Wang et al., 
2021

1734 Oxidized 
Gellan gum

C=O Wang et al., 2021

2843–2915 Alginate & 
Gellan

C-H Panday et al., 2023

3221–3323 Alginate & 
Gellan

O-H Modrogan et al., 2020; 
Panday et al., 2023
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approach can be extended to softer materials such as hydrogels and that 
absolute values of the shear (G’, G") and extensional (E’, E") moduli can 
be measured in a continuous measurement run. We used cylindrical 
samples with a large L/D ratio, providing E’ and E" independent of L/D, 
which turns into a considerable advantage over classical squeeze flow 
tests on hydrogels using parallel plates. Besides, the use of cylindrical 
samples prevents using further warping correction factors for obtaining 
G’ and G". On the other hand, the sample’s cylindrical shape provided a 
larger hydrogel surface exposed to the environment, facilitating water 
and heat exchanges. This allowed us to study in detail the effect of 
temperature and relative humidity on the material mechanical proper
ties. Relative humidity turned out to be the primary factor affecting 
hydrogel mechanical properties, whereas only at low/medium relative 
humidity values is the participation of temperature triggered. Impor
tantly, a correction for viscoelastic moduli was necessary, since varia
tions in relative humidity affected the dimensions of the samples. The 
inclusion of silica particles showed only a small improvement in the 
mechanical properties. More importantly, the presence of fillers seemed 
to affect water diffusion towards the hydrogel surface, consequently 
reducing water loss due to environmental and external stress factors. A 
future study could be the selective crosslinking of surface functionalized 
particles with gellan gum, alginate, or both biopolymers for 
reinforcement.
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