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ABSTRACT

Collagen-based hydrogels are three-dimensional, cross-linked structures capable of mimicking the extracellular
fibered matrix of biological tissues, making them particularly well-suited for biomedical applications. These
hydrogels typically exhibit highly non-linear mechanical behavior, which strongly depends on their internal
nanostructural characteristics - an interconnection that remains poorly understood. The aim of this work is to
combine high resolution imaging with a multiscale in silico structural model to virtually reproduce the me-
chanical behavior of a widely used collagen-based hydrogel, using solely its nanoarchitecture as input. The real
fiber structure of the hydrogel was originally quantified at the nanometer scale using state-of-the-art microscopy,
specifically, focused ion beam-scanning electron microscopy (FIB-SEM). In silico shear tests were then performed
on the reconstructed collagen matrix to compute, through a multiscale approach, its homogenized mechanical
response, including the energies and stresses developed by the fibers during the tests. Different samples of the
hydrogel were also mechanically characterized by means of rheological tests to fit the model and show the
feasibility of the methodology. The in silico simulations successfully captured the detailed mechanical in-
teractions between fibers as well as the experimental non-linear mechanical behavior of the hydrogels. Results
also highlight the relevant role of the bending energy throughout the entire range of deformation analyzed. This
methodology provides a framework to elucidate the structure-mechanical behavior relationship of fiber network
topologies, and can be applied to predict mechanical response of both native tissues and biomaterials based
exclusively on their fibered nanostructures.

1. Introduction

flexibility. In addition to providing mechanical support, collagen is
involved in various cellular processes such as cell attachment, cell

Biological tissues of the human body perform crucial physiological
functions. Their cellular and mechanical behavior is strongly influenced
by their fibrous composition, especially by the 3D structural arrange-
ment and the concentration of the fibers [1]. Collagen is among the most
abundant fibrous proteins in mammals and provides an essential support
for the extracellular matrix (ECM) [2-5]. According to its nanostructural
organization, collagen fibers can provide significant tensile strength,
enabling tissues to resist stretching, along with a certain degree of

migration or tissue development and repair. Moreover, this fiber
network might change its geometry and its mechanical response due to
drugs, ageing and disease. For example, in cardiovascular diseases like
aortic dissection, evidence suggests that medial weakness caused by a
significant reduction in interlaminar elastic fibers contributes to the
development of the dissection [6]. In aortic aneurysms, fiber degrada-
tion and fragmentation are also observed [7], and the elastin content
significantly decreases as the aneurysm diameter increases [8]. In
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osteoarthritis, a degenerative joint disease, cartilage undergoes struc-
tural changes in the collagen network [9-11], including collagen reor-
ientation [9,12], collagen degradation, changes in interconnectivity
[13] and a reduction in the collagen content [14]. During cancer, the
extracellular matrix undergoes a dysregulated remodeling, including
both fiber deposition and degradation [15]. Normally, aligned and often
thickened fibers are associated with tissue fibrosis and tumor progres-
sion [16]. Therefore, to advance in the development of predictive
models with enhanced physiological relevance, in vitro and in silico
models need to capture and replicate these nanoscale interactions in the
fibered structure of biological tissues.

A significant amount of in vitro research is now focused on designing
biomaterials that replicate key characteristics of the tissue microenvi-
ronment [17-20]. In this context, the use of collagen-based hydrogels
for 3D healthy and disease tissue modeling is a popular approach due to
their ability to mimic realistic tissue stiffness and composition [21-23].
Collagen-based hydrogels are non-linear viscoelastic materials, whose
mechanical behavior is strongly influenced by their nanostructure. Their
mechanical properties depend on factors such as collagen type, the
concentration, which affects hydrogel’s density and stability, and the
crosslinking method, that varies its strength [24]. The manufacturing
conditions, including the polymerization temperature, pH and ionic
strength, also affect their structural and mechanical properties [25].
Since mechanical properties regulate cell behavior and are essential for
biomedical applications, studying and optimizing them according to the
specific requirements of each application is crucial [24-26]. In this
context, rheology is a suitable tool for monitoring the evolution of
hydrogels during polymerization or under physiological conditions, as
well as for understanding how they respond to macroscopic shear
stresses and strains, providing information about their mechanical per-
formance [27,28].

In addition to experimental testing, computational models provide
valuable tools for simulating and predicting the mechanical behavior of
fibered matrices. These models are mainly classified as continuum or
discrete (see Ref. [29] for a review). Continuum models study the overall
network behavior from a phenomenological perspective by homoge-
nizing fiber properties without explicitly incorporating their individual
geometries or interactions [29,30]. They employ polynomial [31],
exponential [32] or logarithmic [33] functions, among others, to express
the strain energy density and simulate the apparent network’s me-
chanical behavior, requiring experimental data to fit model variables. In
the context of collagen hydrogels, Lane et al. [34] conducted unconfined
compression tests using continuum models with four different strain
energy functions. Castro et al. [35] employed a poroelastic continuum
finite element (FE) model, describing the hydrogel’s isotropic hyper-
elasticity in terms of shear and bulk moduli. In a further study, Castro
et al. [36] simulated the non-linear mechanical behavior of hydrogels
under confined compression, varying the hyperelastic model formula-
tion and using two distinct FE solvers. In summary, continuum models
present the advantage of being a useful approximation for reproducing
the mechanical response of fibrous networks, avoiding the complexity of
considering each fiber individually. However, they have limitations in
modeling complex deformations and do not provide detailed informa-
tion about the network’s micro- or nanostructure.

On the other hand, discrete models are able to represent the micro- or
nanostructure of fiber networks by modeling individual fiber compo-
nents. A common approach is simulating random 2D or 3D fiber net-
works [29], where fiber interactions may be omitted [37,38] or modeled
using different methods, including beam [39], welded [40] crosslinks, or
springs [41,42]. These models simulate networks with fibers repre-
sented as straight or wavy segments. However, since these networks are
randomly generated, they do not replicate real geometries. For example,
Sanz-Herrera et al. [43] developed a multiscale formulation to study the
mechanical behavior of curved fibrous networks. After evaluating the
mechanics of a single fiber, the authors proposed a model to generate
fibered matrices based on desired fiber density and geometry, which
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were then subjected to tensile, compression and shear tests. Another
approach involves generating models from images obtained by
computed tomography (CT) [44,45], confocal microscopy [46,47] or
scanning electron microscopy (SEM) [48]. These techniques produce
networks that replicate fibrous structures with varying levels of detail or
enable the creation of artificial networks based on real network data. For
instance, Lindstrom et al. [46] used confocal microscopy on type-I
collagen to develop a fibrous network representation through skeleto-
nization, which was subsequently transformed into random artificial
networks using a Euclidean graph generation algorithm. These two types
of networks did not account for some structural effects, such as tortu-
osity of fibers or fiber interactions, among others, and were analyzed in
shear tests exhibiting similar behavior only in the elastic regime. While
some authors found that network strength does not depend on fiber
tortuosity [49], these features do influence the transition from linear to
non-linear behavior, thus modulating the strain stiffening of the system,
although the effect becomes negligible when the network is embedded
in an elastic matrix [50]. Regarding collagen hydrogels, Olivares et al.
[47] reconstructed 3D collagen networks from confocal images,
obtaining parameters such as fiber orientation, fiber length and pore
size, although mechanical tests were not performed.

In the present work, a novel methodology is proposed with the aim of
virtually reproducing the mechanical behavior of collagen structures
using their nanostructures as input of the computer algorithm. This
approach incorporates the real structure of a collagen-based hydrogel,
considering the different lengths, tortuosities and interconnections of its
fibers. For this purpose, focused ion beam-scanning electron microscopy
(FIB-SEM) was employed to precisely reconstruct the intricate fibrous
microstructure at the nanometer scale. From the FIB-SEM images, the
hydrogel’s nanoarchitecture was characterized, enabling the recon-
struction of its real fibered matrix. A multiscale in silico model was then
applied to reproduce the experimental mechanical response obtained in
rheological tests performed on collagen-based hydrogels. The in silico
simple shear tests were conducted on the reconstructed fibered matrix,
calculating mechanical responses, fiber stresses and strain energy den-
sities, providing a comprehensive understanding of the fibrous net-
works’ behavior.

2. Materials and methods
2.1. Preparation of collagen-based hydrogels

Hydrogels were prepared using type-I collagen fibrils as the primary
structural component, at a final concentration (C) of 0.8 mg/mL. The
commercial collagen was extracted from bovine dermis through an
acidification process and supplied at a stock concentration of 4.0 mg/mL
(Collagen-G; Matrix Bioscience, Deutschland, Germany). Collagen mix-
tures were prepared in 1 mL volumes inside 50 mL conical tubes, with all
reagents and pipette tips kept on ice to prevent an early hydrogel
polymerization. Polymerization was initiated in vitro by adjusting the pH
to 7.4 using 1 M NaOH (Sigma-Aldrich, Missouri, USA), which triggered
the self-assembling of collagen fibrils into bundled fibers, forming a
matrix structure. The solution was also buffered with 0.36 M NaHCO3
(Merck KGaA, Darmstadt, Germany), and mixed with Dulbecco’s
modified Eagle’s medium (Gibco, Thermo Fisher Scientific, Waltham,
Massachusetts, USA), as shown in Fig. 1A. These components also served
as aqueous solvents, providing the hydrated environment essential for
hydrogel formation. The hydrogels were then allowed to polymerize at
37 °C, pre-mounted in a 35 mm petri dish, for 1 hr in an incubator. A
schematic of the collagen hydrogel polymerization is also presented in
Fig. 1A, along with a SEM image of the resulting bovine collagen-based
hydrogel, highlighting its fibrous network structure.

2.2. Rheological tests

The shear strain-stress relationship of collagen hydrogels was
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measured using small-amplitude oscillatory shear (SAOS) tests. Collagen
hydrogels inherently exhibit viscoelastic behavior governed by the
collagen fibers [28,51-53], combining both elastic and viscous re-
sponses. This makes SAOS testing particularly well-suited for charac-
terizing their mechanical properties. These experiments were conducted
using a stress-controlled rotational rheometer (MCR 301; Anton Paar,
Graz, Austria) at 37 °C, employing a standard steel cone geometry
(CP25-1) with a diameter of 25 mm and an angle of 1°, and a standard
Peltier plate. Hydrogels were prepared as described in Section 2.1
(maintaining the same collagen concentration of 0.8 mg/mL in all of
them) and, immediately after mixing, 180 pL were loaded at the center
of the rheometer’s Peltier plate. The cone plate was then positioned at a
gap height of 48 pm. Excess hydrogel that overflowed from the device
was removed using a flat-ended micro spatula. Silicone oil was subse-
quently applied around the cone perimeter to minimize sample drying
during the test. The polymerization of the hydrogels was assessed in situ
by monitoring the evolution of the storage modulus (G) and the loss
modulus (G") over time under constant stress amplitude and frequency.
The strain (1 %) and frequency (1 Hz) values were determined from
preliminary strain and frequency sweeps to ensure they remained well
below the yield strain and exceeded the crossover frequency,
respectively.

Once the viscoelastic properties stabilized after 1 hr of polymeriza-
tion, a stress-strain test was performed. Thus, stress-controlled rotation
was conducted using a logarithmic ramp profile, a standard approach in
rheological analysis when broad stress intervals are involved. Shear
stress was varied from 0.01 to 100 Pa, evaluating the strain at 20 points
per decade. Data acquisition and analysis were performed using
RHEOPLUS/32 software (Anton Paar, Graz, Austria). The test was
repeated two times for different samples (n = 2). A schematic of the
rheometer setup and a detailed view of the hydrogel deposition are
shown in Fig. 1B.

Ll

Fig. 1. Summary of the experimental procedure and FIB-SEM image processing results. A) Schematic representation of the bovine collagen-based hydrogel prep-
aration, showing the initial collagen solution (1) and the polymerized collagen hydrogel (2), along with a SEM image of the fibrous architecture. Scale bar is 2 pm. B)
Schematic representation of the rheometer setup, including a detailed view of the sample deposition. C) Schematic of the FIB-SEM system (1), examples of acquired
FIB-SEM images (2), an image after applying median filtering (3) and interactive thresholding (4), and 3D collagen structure generated after thresholding the
complete set of FIB-SEM images (5).

®) 13.5x13.6x12.7 ym

2.3. FIB-SEM image acquisition

The nanoscale structure of the collagen hydrogels (0.8 mg/mL con-
centration) was analyzed using focused ion beam milling and scanning
electron microscopy (FIB-SEM) [54,55], a technique that allows for the
segmentation of a 3D fibrous network and precise measurement of
structural parameters [56].

First, 100 pL of the hydrogel was prepared following the protocol
outlined in Section 2.1. The sample preparation procedure for FIB-SEM
was based on the method developed by Serra Lleti [57], with slight
modifications introduced to improve contrast and reduce sample
charging and imaging artifacts, as detailed below. After polymerization,
it was fixed in 2.5 % glutaraldehyde with 0.1 M cacodylate-HCI buffer
(pH 7.4) at 4 °C for 2 hr. Following fixation, samples were rinsed three
times with 0.1 M cacodylate-HCI buffer. To enhance the contrast of the
collagen fibers, a post-fixation treatment was applied, involving several
incubation steps in the following solutions: 2 % osmium tetroxide and
1.5 % potassium ferrocyanide (1.5 hr), 1 % thiocarbohydrazide (30
min), 2 % osmium tetroxide (1 hr), 4 % uranyl acetate (10 hr), and 1 %
lead aspartate (1 hr). This treatment was carried out at room tempera-
ture, with washes in distilled water between every step. Dehydration
was subsequently performed using a graded acetone series (50 %-100
%). The sample was finally embedded in hydrophobic Durcupan ACMTH
resin (Sigma-Aldrich, Missouri, USA).

Later, samples were mounted onto standard SEM pin stubs. A
conductive surface was achieved by coating the samples with a 30 nm
layer of gold/palladium alloy (80/20). Images were acquired using a
Zeiss Crossbeam 550 microscope (ZEISS, Oberkochen, Germany)
equipped with a Xe/Ga ion source. The FIB-SEM system was configured
at a 54° tilt to align the SEM and FIB columns (Fig. 1C; detail 1).
Therefore, the coincidence point was located at a working distance of
5.2mm. A 15 x 15 pm area on the resin block surface was selected, and a
1-pm-thick platinum protective layer was deposited using the electron
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beam for 5 min to safeguard the sample. Autotuning and tracking marks
were etched into this layer to minimize curtaining artifacts during FIB
milling and to correct alignment errors during post-processing. The FIB-
SEM process involved iterative slicing and polishing of the embedded
hydrogel, with high-resolution images captured for each layer (pixel
size: 9.37 x 9.37 nm in x- and y-axis, and 20.21 nm in z-axis; see detail 2
in Fig. 1C). The complete set of FIB-SEM images of the hydrogel can be
seen in Video SM1 in the supplementary material.

2.4. Hydrogel nanostructure generation

To reconstruct the nanostructure of the collagen-based hydrogels,
the FIB-SEM images described in Section 2.3 (Fig. 1C; detail 2) were
used. The FIB-SEM images were analyzed using Avizo software (Thermo
Fisher Scientific,c Waltham, Massachusetts, USA). First, a median
filtering was applied to diminish the noise while retaining the integrity

A X-Y Plane

B Collagen Structure C

VOI 1

VOI 2

VoI 3

Spatial Network
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of the fiber edges, considering a 3D interpretation with 18 neighboring
pixels (Fig. 1C; detail 3). Then, an interactive thresholding was set for
the fibers, with an intensity range between 40 and 255 (Fig. 1C; detail
4). The resulting 3D collagen structure is shown in Fig. 1C (detail 5).

Three inner volumes of interest (VOIs), each approximately 4.7 x
4.7 x 5.1 pm, were defined to encompass different parts of the collagen
structure, while minimizing the boundary edge effects. The selected
VOIs and their corresponding 3D structures are shown in Fig. 2A and B,
respectively. Moreover, small spots of residual noise, each less than
1000 pixels in size, were removed from each VOI using the plugin
Remove Small Spots.

The 3D fibered structure of each VOI was skeletonized using the
plugin Filament Editor, which enables the modeling of fibered structures
as lines with a certain thickness. In this way, the fibers were divided into
segments of variable lengths, each discretized into multiple points.
Fig. 2C displays the skeletonized fibered structure (spatial network)

X-Z Plane

D Reconstructed Matrix

Fig. 2. Summary of the methodology followed to reconstruct the nanostructure of collagen-based hydrogels. A) Selection of three different volumes of interest
(approximately 4.7 x 4.7 x 5.1 pm) within the complete collagen structure in the X-Y and X-Z planes (scale bar is 2 pm in both views). For each selected volume of
interest: B) 3D collagen structure; C) spatial network after skeletonizing the 3D collagen structure (nodes in gray and segments in red, blue and green for VOI 1, 2 and
3, respectively); and D) visualization of the reconstructed fibered matrix (it can be observed that the fibered matrix coincides, without including isolated segments,

with the collagen structure).
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obtained from each VOI These spatial networks were subsequently
extracted, including the coordinates of all points, the points composing
the segments, and the initial and final nodes of each segment. Finally,
using the Spatial Graph Statistics module, geometrical parameters such as
total segment length (L), length between endpoints (L), tortuosity (T)
and orientation were obtained for each segment of the spatial networks.
In this context, tortuosity is defined as the ratio between the total length
and the endpoint length of a segment:

T=L,/L )

Segment orientations were characterized by means of two angular
components: ¢ and 6. Orientation ¢ represents the azimuthal angle in
the X-Y plane (calculated from the X-axis to the Y-axis), ranging from
0° to 360°. In contrast, orientation € describes the elevation angle be-
tween the segment and the Z-axis. This angle varies from 0°, indicating a
segment perpendicular to the X-Y plane, to 90°, when the segment is
parallel to it. Other alternative methods, such as Fourier transform-
based indicators to characterize fiber orientation distribution and
anisotropy [58], could be employed.

Regarding fiber thickness, this parameter can be computed as an
output of the FIB-SEM analysis by extracting the mean radius of the
segments. However, some studies suggest that these values may not
reflect the true fiber thickness, as they are obtained from dehydrated
samples [59,60]. Consequently, this parameter has been omitted in this
work.

A comparison of the extracted data from the three VOIs is provided in
Table 1 and Figs. SM1 and SM2 in the supplementary material. Table 1
shows that the skeletonization of different volumes resulted in a com-
parable number of segments, points and nodes. It also indicates that the
geometrical metrics of the VOIs had similar mean and standard devia-
tion values. Furthermore, the overall standard deviations of the con-
nectivity metrics are negligible. Figs. SM1 and SM2 highlight a general
similarity in the histograms of the geometrical parameters across the
VOIs. Together, these results demonstrate that the three selected VOIs
exhibit similar characteristics, suggesting that they are representative
spatial networks of the hydrogels’ nanoarchitecture.

Considering the number of segments in each VOI, the segment den-
sity (an indirect representation of fiber density) was obtained by taking
into account their total volumes (111.8 pmg). Based on this ratio, the
collagen concentration-segment density relationship was determined.
The resulting values were 4.24-10"1* mg/segment, 4.32- 10714 mg/
segment and 4.20-107'* mg/segment for VOIs 1, 2 and 3, respectively,
showing very small variation among them.

Finally, the spatial network data extracted from Avizo (point co-
ordinates, segment points and initial and final nodes) were processed in
Matlab (MathWorks, Natick, Massachusetts, USA) to generate the
fibered matrices of the three VOIs. This processing removed the isolated
segments from the networks, as these would have negligible influence on
the shear test results, and generated files containing the final co-
ordinates, elements (connections between points) and nodes. Using
these coordinates and elements, the reconstructed fibered matrices of
the considered VOIs were visualized in ParaView (Kitware, Clifton Park,

Table 1
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New York, USA), as shown in Fig. 2D. Upon examining the visualiza-
tions, it was confirmed that the resulting fibered matrices coincided
(excluding the isolated segments) with the collagen structures obtained
from Avizo (see Fig. 2B and D).

2.5. In silico simple shear tests

The methodology proposed by Sanz-Herrera et al. [43] was used to
simulate the experimental results of the rheological tests on the bovine
collagen-based hydrogels prepared in Section 2.1. In their work, fibered
structures were modeled using 3D Euler-Bernoulli beam elements (3
translations + 3 rotations) in an updated Lagrangian scheme [43]. The
resulting multiscale model enables the analysis of the micromechanical
interactions between fibers to determine the macroscopic mechanical
behavior of fibered matrices. Thus, a set of different matrices was
generated and subsequently subjected to in silico tensile/compression
and simple shear tests [43]. In the present study, the same methodology
was employed to perform virtual simple shear tests on the reconstructed
fibered matrices of the considered VOIs.

The input data required for the model (see Ref. [43] for a complete
description) include the coordinates, elements and nodes of each VOI,
obtained after processing the data extracted from Avizo. Moreover, to
perform the simple shear test on each reconstructed fibered matrix, the
axial and bending stiffnesses of the fibers were adjusted to ensure that
the resulting mean curve closely matched the experimental curves.

The bending and axial stiffnesses, k, and kg, respectively, can be
defined by the following equations:

ky =E;-I; @
ko = Ep-Ay @)

where Es is the Young’s modulus of the collagen fibers, I is the second
moment of inertia of the cross-section and Ay is the cross-sectional area
of the fibers. Ir and Ay are interpreted in the present study as apparent or
effective properties, given the hierarchical and multiscale nature of
collagen fibers [61]. Therefore, instead of using fiber diameter to obtain
these quantities, they should be computed through the interaction of
fibrils and crosslinks at different spatial scales.

In addition to obtaining the shear stress-strain curves of the selected
VOIs, the total, axial, bending and torsional accumulated strain energy
densities were calculated for each case analyzed, as well as the total,
axial and bending stresses developed for the elements of the segments
that composed the fibers.

3. Results and discussion

3.1. Rheological tests reveal the highly non-linear mechanical behavior of
the collagen hydrogels

The bovine collagen-based hydrogels with a concentration of 0.8
mg/mL were subjected to rheological tests following the procedure
described in Section 2.2. Fig. 3B plots the experimental results obtained

Comparison of the selected volumes of interest in terms of connectivity (number of segments, points and nodes) and geometrical metrics (mean (standard deviation) of
total segment length, endpoint length, tortuosity, azimuthal angle and elevation angle of the segments). Overall mean (standard deviation) is also provided for both

connectivity and geometrical metrics.

Metric VoI 1 VOI 2 VOI 3 Mean (SD)
Connectivity Number of Segments 2108 2070 2128 2102 (29)
Metrics Number of Points 54467 53117 56438 54674 (1670)

Number of Nodes 1710 1751 1766 1742 (29)
Geometrical Total Segment Length, L; [nm] 341.30 (339.37) 348.16 (329.69) 350.18 (346.83) 346.55 (338.75)
Metrics Endpoint Length, L [nm] 298.86 (284.27) 304.78 (276.37) 304.47 (289.25) 302.70 (283.37)

Tortuosity, T [—]
Azimuthal Angle, ¢ [°]
Elevation Angle, 6 [°]

1.13 (0.31)
164.33 (106.00)
56.23 (22.42)

1.14 (0.32)
170.67 (98.13)
53.43 (22.67)

1.14 (0.31)
174.13 (101.11)
55.17 (22.69)

1.13 (0.31)
169.72 (101.88)
54.95 (22.62)
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Fig. 3. Results of the rheological tests performed. A) Result of the in silico simple shear test for each volume of interest. B) Comparison of experimental results
(represented by markers) and in silico results (represented by the mean curve). C) State of the fibered matrix of the volumes of interest before (shear strain = 0 %),
during (shear strain = 15 %) and after (shear strain = 30 %) applying the in silico simple shear test.

for each test, up to a maximum shear strain of 30 %. The results show
consistent trends across the different tests, with shear stress values
ranging between 0 and 3 Pa. Moreover, the tests capture the non-linear
mechanical behavior characteristic of this type of collagen tissues.
Initially, a region with approximately linear behavior is observed up to
10-15 % shear strain. This linearity shifts to non-linear behavior, likely
due to the progressive alignment and stretching of collagen fibers in the
direction of the applied load.

These experimental results are consistent with other findings re-
ported in the literature [62,63]. For instance, the results (Fig. 3B) are in
line with those obtained by Arevalo et al. [62], who performed rheo-
logical tests on a two-layer system consisting of polyacrylamide and rat
tail type-I collagen gels, with varying collagen concentrations in the
range of 0.25-1.5 mg/mL. In their study, an approximately linear
response could be observed at the beginning of the tests, followed by a
non-linear increase in shear stress as the tests progressed, which was
attributed to the network’s realignment in the shear direction. This
behavior is in agreement with the present observations, with differences

in the shear stress-strain curves probably due to factors such as collagen
source, collagen concentration or polymerization temperature, among
others.

3.2. Insilico shear stress-strain curves accurately predict the experimental
mechanical behavior of the hydrogels

An in silico simple shear test was performed on the three fibered
matrices reconstructed from the FIB-SEM images of the bovine collagen-
based hydrogel. To fit the resulting curves to the experimental ones, the
following bending and axial stiffness values were used during the tests:
kp=>5.3-10" Pa-ym* and k,=1.7-10% Pa-um?. These two parameters rely
within the order of magnitude of single collagen fiber stiffness [64],
reduce the number of phenomenological parameters of conventional
hyperelastic laws used for hydrogels [65] and also remove the isotropy
assumption.

It can be seen that the resulting curves are similar for the three VOIs
(Fig. 3A), although not identical, as the corresponding fibered matrices
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represented different regions of the global fibered matrix of the hydrogel
(see the selection made in Fig. 2A). Nevertheless, the similarity of the
results suggests that using other VOIs would yield equivalent outcomes.
Furthermore, a non-linear mechanical behavior, typical of the simulated
collagen hydrogels, is observed again in all three computational curves
(as occurred in the experimental tests; see Fig. 3B). In particular, in the
initial region of the curves, where deformations are low (approximately
0-10 % shear strain), bending stiffness dominates, representing the
resistance of the fibers to deformation due to changes in their curvature.
In this region, which exhibits approximately linear behavior, some fibers
begin to uncoil or straighten and align with the direction of the applied
load. Thus, the slope of the shear stress-strain curves in this region is
governed primarily by the bending stiffness of the fibers. On the other
hand, in regions with intermediate deformations, the fibers become
more aligned with the load direction, reducing the influence of bending
stiffness and increasing the effect of axial stiffness, which leads to non-
linear behavior. This axial stiffness, which measures the resistance of the
fibers to axial deformation under tensile or compression loads, improves
the ability of the fibered matrix to withstand the applied load. Finally, at
high levels of deformation (strain stiffening region, at the end of the
tests), axial stiffness becomes the dominant factor. In that region, more
fibers are fully or almost fully uncoiled and closely aligned with the load
direction, resulting in an increase in shear stresses.

Fig. 3B shows the mean value of the three curves obtained from the
VOIs, compared to the experimental results described in Section 3.1. It
can be noted that this mean in silico test curve closely matched the
experimental ones across the entire deformation range. This indicated
that the reconstructed fibered matrices and their subsequent in silico
tests were capable of accurately simulating both the real fibered matrix
of the hydrogels and their non-linear mechanical behavior. Therefore,
the FIB-SEM technique proved to be an effective tool for precisely
reconstructing the fibrous nanostructure of the hydrogels. In this
context, different studies have used imaging techniques to reconstruct
fibrous networks with varying levels of detail. For example, Chen and
Siegmund [44] used pCT images to model a 3D geometrically realistic
fibrous network of a porous non-woven material for compression sim-
ulations. Similarly, Gaiselmann et al. [66] computationally generated
the microstructure of compressed gas-diffusion layers, simulating the
uniaxial compression of the fiber network. Other authors developed a
methodology to characterize the topology of engineered fiber networks
using SEM images and extracted parameters such as fiber orientation,
connectivity or diameter [67]. In contrast, some studies focused on
simplifications; for instance, reconstructing wood fiber networks from
pCT and converting them into a Euclidean graph representation, which
was then simplified for mechanical simulations [68]. In the present
work, a step further is taken by employing FIB-SEM imaging, a
state-of-the-art technique, to achieve a high-fidelity 3D reconstruction of
a fibrous network at the nanometer scale while enabling the extraction
of geometric parameters at the segment level into which the fibers are
divided.

The state of the fibers of the three VOIs before (0 % shear strain),
during (15 % shear strain) and after (30 % shear strain) performing the
virtual simple shear tests is shown in Fig. 3C. Additionally, the complete
in silico tests for VOIs 1, 2 and 3 are presented in Videos SM2, SM3 and
SM4, respectively, in the supplementary material. The progressive
deformation of the fibered matrices can be observed as the tests proceed,
along with the formation of the shear stress-strain curves. Moreover, a
different response was found between fibers oriented in the shear di-
rection and those more perpendicular when applying the shear tests.
While fibers oriented perpendicular to the shear direction tended to
buckle, fibers aligned with the load experienced a stretching process (a
similar analysis was discussed for a fibrin network in Ref. [69]).

In addition, in Fig. SM2 in the supplementary material, the histo-
grams of the azimuthal () and elevation () angles of the segments
(taking into account that the fibers were divided into segments during
the reconstruction of the hydrogel network) are provided for the three
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VOIs prior to applying the virtual shear tests. These angles were ob-
tained as described in Section 2.4. Regarding the orientation ¢
(Fig. SM2A), the angles spanned the entire range from 0° to 360° with
relatively comparable frequencies, showing peak values at different
angular positions depending on the VOLI. In the case of the orientation 6
(Fig. SM2B), the fiber segments adopted angles between 0° and 90°,
indicating that they were distributed across all spatial angles. The most
frequent orientation was near 90° (segment parallel to the X-Y plane),
although significant and similar frequencies were found between
approximately 30° and 85°. Orientations closer to 0° showed lower
frequencies, revealing that few segments were aligned perpendicular to
the X-Y plane. Overall, this suggests that the distributions were not
uniform, though a broad range of angles with approximately constant
probability was present.

3.3. Accumulated strain energy densities show dominant bending with
increasing axial contribution

The accumulated strain energy densities developed by the fibered
matrices are displayed in Fig. 4A. These energies were decomposed into
axial, bending and torsional components. In the cited figure, the mean
values of the energies across the considered VOIs are represented, along
with the standard deviations. It can be observed that similar accumu-
lated energies were obtained in the virtual tests of the three VOIs, as the
standard deviations were small (the shaded areas are close to the mean
curves), again indicating a consistent response among the VOIs. Bending
energy dominated across the entire range of shear strain, playing a
critical role in both uncoiling fibers and aligning them with the direction
of the applied load. In contrast, axial energy became significant at
approximately 15-20 % shear strain, corresponding to the straightening
of certain fibers. However, torsional energy remained almost negligible
throughout all three virtual tests.

Fig. 4B shows the mean energy fractions of the axial and bending
components, as torsional contributions had little impact on the total
accumulated energy. It can be seen that the bending and axial energies
became comparable towards the end of the tests due to the effect of the
axial stiffness and the straightened fibers. These results are qualitatively
similar to others presented in the literature [70-72]. In those works, the
evolution of bending and stretching energies was studied using
computational fiber networks models. The results showed that, up to a
certain point of deformation, the contribution of bending energy to the
total elastic energy of the network was dominant. However, beyond this
point of shear strain, stretching energy started to dominate. In the pre-
sent study, a similar trend was observed, with the importance of bending
energy decreasing and axial energy progressively increasing, although
the transition point was not reached in the deformation range analyzed.
In another 3D model of crosslinked F-actin filaments [73], it was also
found that overall bending energy density governed at small strains,
axial energy at large strains and that torsional energies were insignifi-
cant. In addition, Sanz-Herrera et al. [43] calculated the accumulated
energies in a random fibered matrix subjected to a simple shear test,
considering parameters defining the fibers and the axial and bending
stiffnesses within the order of magnitude reported in the literature for
biological fibrous networks. Their results also revealed a dominant
bending energy and an increase in axial energy in the final stages of the
test.

Finally, the evolution of the axial, bending and torsional accumu-
lated energies in the fibers during the three virtual tests is shown in
Videos SM5-13 (SM5-7 for VOI 1, SM8-10 for VOI 2 and SM11-13 for
VOI 3) in the supplementary material. As an example, the axial and
bending accumulated energies in the fibers of the VOI 1 are plotted in
Fig. 4C at two points of deformation (during and after the shear test),
since the torsional energies were approximately negligible. Again, it can
be observed that the bending energy iss the highest and that the axial
energy is mainly accumulated by the uncoiled fibers. At the end of the
test, the maximum axial and bending energy values were of the same
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Fig. 4. Accumulated energies. A) Mean values (lines) and standard deviations (shaded areas) of the total, axial, bending and torsional accumulated strain energy
densities developed by the fibered matrices of the volumes of interest in shear test. B) Fractions of the mean axial and bending energies with respect to the total
energy (torsional energies were neglected). C) Axial and bending accumulated energies (in Pa-um®) at 15 % and 30 % shear strain in the fibers of the fibered matrix of

the volume of interest 1.

order of magnitude and relatively similar. Equivalent analyses are per-
formed with the other two VOIs (see the corresponding videos).

In summary, the proposed methodology enabled the calculation of
the accumulated energies in the fibered matrices, revealing trends
(Fig. 4A-B) similar to those reported in previous studies. Different from
earlier models based on random fibrous networks, this approach
considered real fiber structures and represented the distribution of each
energy density component across all the fibers throughout the virtual
experiments (Fig. 4C and corresponding videos). As far as the authors’

knowledge, no other studies have computed these properties at this level
of detail in a real network, making this a novel and accurate contribution
to fiber network analysis.

3.4. Bending dominates total stresses, while straightened fibers develop
the majority of axial stresses

In this section, the total, axial and bending stresses calculated during
the virtual tests are presented. The evolution of these stresses in each
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element of the fibers of the three VOIs is displayed in Videos SM14-22
(SM14-16 for VOI 1, SM17-19 for VOI 2 and SM20-22 for VOI 3) in
the supplementary material. Moreover, in an equivalent manner to
Section 3.3, the stresses developed in the fibers of the VOI 1 at two points
of deformation are plotted in Fig. 5 (at 15 % and 30 % shear strain). By
analyzing the axial stresses, it can be seen that the straightened fibers
developed the majority of this stress (with positive values and reddish
colors), while the buckled fibers exhibited negative stress values (rep-
resented by bluish colors in the figure). At the end of the test, the min-
imum axial stresses (in absolute values) were approximately an order of
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magnitude lower than the maximum ones. Similar to the energy results,
the bending stresses were the most significant during the simple shear
test and also showed high values in the uncoiled fibers, with maximum
values approximately three times higher than the maximum axial stress
at 30 % shear strain. Finally, the total stresses resulted from the sum of
the two previous stresses, with the bending stress added when the axial
stress was positive and subtracted when the axial stress was negative.
Once again, a clear difference in magnitude was observed between the
maximum and minimum total stresses (in absolute values) when the test
was completed. This analysis would be equivalent for the VOIs 2 and 3

Shear Strain = 30%
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Fig. 5. Axial, bending and total stresses (in Pa) at 15 % and 30 % shear strain in the fibers of the fibered matrix of the volume of interest 1 in shear test.
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(see the corresponding videos).
4. Conclusions

In this work, a methodology was developed to precisely reproduce in
silico the mechanical behavior of collagen-based hydrogels as observed
in experimental studies. For this purpose, the real nanostructure of
bovine dermis collagen hydrogels was accurately reconstructed using
FIB-SEM images of the hydrogels, assuming that the dehydration process
had limited influence on the fiber nanoarchitecture. This represents a
novel method for reconstructing the nanostructure of a fibrous material,
offering a more accurate network than other previous image-based
models that simplify the structure. Three different inner volumes of
interest were selected from the reconstructed network, and a multiscale
model was employed to perform in silico shear tests on these volumes.
Therefore, this methodology provided a framework to elucidate the
structure-mechanical behavior relationship of the fiber network
topology.

The results of the experimental tests were qualitatively consistent
with findings reported in the literature, while the virtual tests conducted
on the three volumes of interest produced results comparable to the
experimental ones. In particular, this methodology successfully repli-
cated the experimental shear stress-strain curves of the collagen
hydrogels, capturing their characteristic non-linear behavior from the
fibrous network nanostructures. Additionally, the model predicted that
bending energy was the most significant within the analyzed deforma-
tion range. This was attributed to the stretching and alignment of certain
collagen fibers along the load direction during the tests. In contrast,
axial energy became increasingly significant after the transition to non-
linear mechanical behavior, corresponding to the straightening of spe-
cific fibers. Moreover, to the best of the authors’ knowledge, this was the
first study to analyze and represent the evolution of axial and bending
stresses in each element of a real fiber network, which could provide
useful information that complements the understanding of the me-
chanical behavior of this type of network.

In summary, this work has the advantage and novelty of enabling the
in silico reconstruction of the real fibered matrix of a hydrogel at the
nanometer scale, taking into account the varying lengths and tortuos-
ities of the fibers, as well as the simulation of its mechanical behavior.
Although the proposed methodology was applied to specific collagen-
based hydrogels, it can be extended to other types of hydrogels and
fiber networks in different engineering materials. For instance, it could
be employed for soft tissues, which typically exhibit higher stresses and
accumulated energies. In addition, this approach also allows for study-
ing the apparent mechanical properties of degraded and/or remodeled
hydrogels based on FIB-SEM images. Therefore, future work will focus
on extending this methodology to other materials and tissue types, also
expanding the range of mechanical tests to reproduce the response
under tensile and compressive loading conditions.
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