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a b s t r a c t

The objective of this study was to introduce a class of collagen-fiber reinforced bio-composite laminates
as biomimetic of soft tissues. These novel all-natural bio-composite laminates include long collagen fi-
bers from soft coral embedded in an alginate hydrogel matrix. Controlling the fiber orientation and
volume fraction enabled the fabrication of laminates with wide range of mechanical behaviors. Four
material systems were investigated in the current study having different fiber orientations: longitudinal
(0�), transverse (90�), cross-plied (0/90�) and angle-plied (±30�). The range of Fiber volume fractions
(FVFs) for the laminated membranes is between 0.21 and 0.31. The laminates were subjected to uniaxial
loading, yielding hyperelastic stressestrain behavior.

A hyperelastic finite element (FE) model was constructed for the heterogeneous laminate, based on the
fiber and matrix hyperelastic material behavior and their FVF, in order to predict the overall bio-
composite mechanical behavior. The predictions of the FE model were verified from the tested lami-
nated systems. The FE model consisted of beam elements representing the collagen fibers embedded in
the solid matrix (alginate). Good predictions were demonstrated by the proposed FE model compared
with the tested bio-composites for all orientations up to 10% strain. The overall hyperelastic stressestrain
behavior was in a similar range to known native soft tissues. In addition, the model allowed for exam-
ining the mechanical behavior of laminates with other FVFs. The new bio-composite material can be used
for future soft tissue mimicry and repair.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Thin layers with oriented collagen fibers are the principal
building blocks of many soft tissues [1e4]. Nature, in its thousands
of years of evolution, has created a variety of specialized collagen-
based heterogeneous tissues based on the same repeating building
blocks. The variations in composition, orientation and distribution
of fibers are responsible for a wide range of distinct mechanical
behaviors. Yet, soft tissues share the similar overall hyperelastic
behavior due to collagen's hierarchical structure [1].

The desire to mimic these natural structures has driven
biomechanical engineers to develop custom-made bio-inspired
materials with mechanical properties similar to natural tissues.
New biomaterials are constantly being designed to function in
extremely complicated physiological surroundings [5e8].
Biomimetics of shape and form of tissue structures is still in its
infancy, however, complex structures of biomaterials as cartilage
[9], anterior cruciate ligament [10], blood vessels [11] and annulus
fibrosus [12] are designed as the tissue itself. Specific structural
characteristics as nanofibers net [2,13], fiber crimping [14,15] and
fiber orientations [12,16] are being developed towards creation of
suitable tissue analogs. Currently, the preferred biomaterials are
the native tissues themselves [17]. Mimicking the hyperelastic
behavior of native tissues is essential to prevent regional mismatch
while a new graft is assimilated to the host tissue. This discrepancy
can induce local stress concentration due to stiffness mismatch
between the native tissue and the implanted graft, which can result
in hyperplasia or even tissue failure [18].

Mechanical properties of biomaterials can be tuned by adjusting
diverse parameters, such as crosslinking [19], material concentra-
tion [20,21], and architecture [22,23]. The mechanical properties of
fiber-reinforced bio-composites are relatively easier to manipulate
by adjusting their fiber fraction and orientation. Scaffolds based
on bio-composites have been designed for blood vessels [11],
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abdominal walls [24], cartilage [25], and cardiac tissue [26],
combine mechanical robustness with biological functioning similar
to native tissue structures.

Computational simulations for the mechanical behavior of
newly engineered biomaterials may lead to rapid progress and
accelerate their development. Such computational models have the
potential to design and introduce new biomaterial systems and to
simulate their response to multiaxial loadings in order to obtain
optimized materials and structures. For example, Sasson et al. [27]
have examined the hyperelastic behavior of chitosan gel for nucleus
pulpous replacement using hyperelastic constitutive FE model to
test other loading modes. Neal et al. [28] have simulate the me-
chanical properties of poly(glycerol sebacate) (PGS) scaffold in
different patterns in order to design desirable material properties
for cardiac tissue scaffold. Pore fraction influence was tested using
hyperelastic NeoeHookean material model to simulate the non-
linear behavior of PGS [29]. Fabrication and mechanical testing of
oriented electrospun fiber laminates seeded with annulus fibrosus
cells with a combination of in silico anisotropic constitutive model
were developed [13,30,31]. The mechanical behavior of the aniso-
tropic laminates was examined and the influence of fiber orienta-
tion, interlamellar interactions and tissue growth were explored.

Our previous study [32,33] presented a new natural collagen-
fiber-reinforced alginate hydrogel matrix with limited mechanical
characterization focusing on a unidirectional fiber alignment. In
this paper, we expand the mechanical characterizations and
modeling of both unidirectional and multi-oriented laminated bio-
composites using controlled fiber fractions and orientations that
ultimately can mimic soft tissues. The unique long collagen fibers
are derived from soft coral, consisting of natural coiling, and
comprising a high degree of crosslinking and in vivo biocompati-
bility. The new material system is fabricated as a set of laminates
each with different fiber orientation. Fiber orientation and volume
fraction are controlled and can be manipulated to produce different
overall hyperelastic mechanical behaviors. Four 3D FE analyses are
generated for the heterogeneous laminates, calibrated for their fi-
ber and matrix constituents, and validated to examine their ability
to predict the tested mechanical behavior of the proposed bio-
composite material systems.
2. Materials and methods

2.1. Bio-composite fabrication and material characterization

2.1.1. Isolation and purification of coral collagen fibers
Soft coral sarcophyton sp. colonies were stored in 70% ethanol. A

piece of coral was harvested and the collagen fibers were exposed
by reaping the edge of the coral. The reaping of the coral opens its
mesenteries which in the fibers are found and highly coiled [34].
While the pieces of the coral move apart, the coiled fibers are
straightened and exposed, allowing their further arrangement in
the composite. The fibers are organized in the collagen in a nested
hierarchical structure and their bundle diameter when extracted
was ranged 61.5 ± 14.3 mm. The extracted fibers were thenwrapped
around thin stainless steel frames to create parallel, organized fiber
arrays. Four different orientations were fabricated: unidirectional-
longitudinal (0�), transverse (90�), cross-plied (fibers wrapped at
0� and 90�) and angle-plied (fibers wrapped at 60� angles). The
orientations were determined by each frame geometry: U-shaped
for transverse and longitudinal, rectangular for cross-plied and
hexagonal for angle-plied. Angle-plied orientationswere created by
spinning the fibers first in one direction and then in the second. The
reinforced collagen fibers were washed with ethanol (70% v/v) and
double-distilled water (DDW).
2.1.2. Fabrication
The arrayed collagen fiber frames were inserted into a dialysis

membrane (6000e8000 MWCO, Spectra Por, SpectrumLabs, USA)
with a 3% w/v sodium alginate solution (Protanal LF 10-60, FMC
biopolymer, USA) in DDW and were cross-linked with 45 mM EDC/
NHS (N-(3-Dimethylaminopropyl)-N0-ethylcarbodiimide hydro-
chloride, SigmaeAldrich, Israel)/(N-Hydroxysuccinimide, Sigma-
eAldrich, Israel). The dialysis membrane was sealed, flattened and
soaked in a 0.1 M CaCl2 (Merck, USA) solution for 48 h at room
temperature to enable ionic gelation of the alginate hydrogel
through diffusion. The complete bio-composite was then removed
from the membrane and frame.

2.1.3. Fiber orientation and characterization
Images of the reinforced fibers were taken with a digital mi-

croscope (AM311S, BigCatch, Taiwan) on a dark background. The
images were processed into binary numerical arrays, followed by
calculating the percentage of white pixels (representing the fibers)
that stood out against the dark background to determine the fiber
fraction. Image processing and calculations were conducted using a
computational program (Matlab). The fraction was normalized to
the final bio-composite thickness. Fiber orientation was captured
using the OrientationJ (Biomedical Imaging Group, �Ecole Poly-
technique F�ed�erale de Lausanne, Switzerland) plugin to the ImageJ
(NIH) software [35].

2.1.4. Scanning electron microscopy
Collagen fiber microstructural feature examination was con-

ducted by scanning electron microscope (SEM) (Quanta 200 FEG
Environmental Scanning Electron Microscope). The samples were
fixed in 4% formaldehyde and dehydrated through a series of
graded ethanol agents, from 70% to 100% concentration. The sam-
ples were sputtered with a goldepalladium alloy and then exam-
ined with a SEM under high-vacuum conditions.

2.2. Mechanical testing

Tensile testing was performed using an Instron e 5582 loading
frame with a 100 N load cell at a rate of 0.05 mm s�1. Samples were
preconditioned and then stretched to failure. Longitudinal samples
were stretched parallel to the fiber, at an angle of 0� between the
fibers and the loading direction. Transverse bio-composites were
stretched perpendicular to the fiber direction. Cross-plied lami-
nates were stretched with one ply in the tensile direction and the
other perpendicular to the tensile direction (0�/90�). Angle-plied
laminates, which were fabricated with 60� between fiber plies,
were stretched to create a ±30� angle with the tensile axis.

Means and standard deviations (SD) were calculated for all
measurements. Results with values of p < 0.05 were considered
statistically significant.

2.3. Finite element analysis

A finite element (FE) model was constructed to simulate the
mechanical behavior of the fabricated laminates using the Abaqus
FE software (Dassault Systems, Simulia Corp., Providence, RI, USA).
The model was composed of heterogeneous 3D rectangular-shaped
plate, similar to the fabricated bio-composites. The plate was con-
structed with solid elements, represented the alginate matrix.
Beam elements representing the collagen were attached between
the solid elements' nodes (beam type B31H elements and solid
C3D8H elements). Therefore, for each two-noded beam element,
shared common nodes were used with the matched solid element
to allow for translation-only kinematic constraint and its associates
load transfer between the matrix and the collagen constituents.



Table 2
Finite element model size and material parameters for matrix and fibers.

Model Nodes Elements Degrees of freedom (DOF)

Longitudinal 88,564 56,564 311,764
Transverse 88,564 56,564 311,764
Cross-plied 88,564 56,564 311,290
Angle-plied 71,809 40,209 214,101

Material parameters

Ogden order 3-fibers Marlow-tabular uniaxial data (matrix)

Strain[mm/mm] Stress [MPa]

0.000 0.000
m1 �353.23 0.020 0.002

0.049 0.020
a1 �13.53 0.058 0.030

0.077 0.051
m2 205.77 0.086 0.062

0.095 0.073
a2 �10.13 0.104 0.082

0.113 0.090
m3 148.17 0.122 0.096

0.131 0.104
a3 �18.79 0.140 0.109

0.148 0.116

Fig. 1. Hyperelastic true stressestrain response used in the FE models.
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Hybrid solid elements were used due to the incompressible nature
of biological materials. Furthermore, validation of the nearly
incompressible material behavior was done using confined and
unconfined compression tests [27]. The fiber volume fraction was
equivalent to the mean experimental fraction as shown in Table 1.
The detailed problem size in terms of node and element numbers
are listed in Table 2. Thematerials' stressestrain behavior, shown in
Fig. 1, were both considered hyperelastic; the same material
properties were used for all four analyzed cases. The collagen's
effective hyperelastic mechanical behavior was calibrated to fit the
overall behavior based on experimental data, which was fitted
using an Ogden strain energy density function (order 3) [36] as
presented in Eq. (1). A Marlow hyperelastic model [37,38] was used
for the alginate matrix that was considered to be homogenous and
isotropic and presented in Eq. (2). The volumetric part of the
equations was neglected due to the nearly incompressible nature of
the bio-composite.
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The matrix stressestrain behavior was taken from the matrix-
alone tensile measurements. The FE model employed implicit
nonlinear dynamic analysis. The boundary conditions matched the
mechanical tested samples for supported plate under uniaxial load
subjected through displacement control. The influence of off-axis
fibers was tested on the longitudinal and transverse composites,
by deviation of the fibers in 2-degrees in the longitudinal and
transverse models while gradually increasing the FVFs from 1.25%
to 6.5%.

3. Results

The fabrication process created consistent bio-composites of
long coral collagen fibers embedded in alginate hydrogel matrices
with four fiber orientation formats: unidirectional (longitudinal
and transverse), cross-plied and angle-plied, as shown in Fig. 2.

The laminates' geometrical properties are listed in Table 1. The
fiber orientations were arranged according to each frame geometry
(0�, 90�, 0�/90� and ±30� with the vertical axis). The orientation
angles were verified using OrientationJ, as evident in Fig. 3. SEM
images of the aligned fibers confirmed that the collagen fibers
retained their coiled structure post-processing and alignment
(Fig. 4a). Variations in orientation in each group were not sub-
stantial as seen in the representative OrientationJ-generated col-
ormap (Fig. 3 and Table 1), although there were off-axis fibers
detected by SEM as observed in Fig. 4b,c.

The mechanical behavior of the bio-composite materials were
examined under tensile loading using a mechanical testing setup,
as shown in Fig. 2a.

The general behavior of all laminates was hyperelastic with
large deformations; the laminates demonstrated non-linear
Table 1
Geometrical and mechanical properties of bio-composites.

Orientation (nominal
angle)

n Thickness
[mm]

Width
[mm]

Length
[mm]

Fiber
fraction

Variatio
angle [�

Longitudinal (0�) 8 0.62 ± 0.13 9.8 ± 2.3 25.2 ± 4.3 0.21 ± 0.07 �1.5 ±
Transverse (90�) 6 0.71 ± 0.14 11.8 ± 1.0 17.5 ± 3.5 0.22 ± 0.05 89.2 ±
Cross-plied (90�) 7 0.60 ± 0.26 12.3 ± 1.9 22.7 ± 5.0 0.31 ± 0.13 90.7 ±
Angle-plied (60�) 6 0.8 ± 0.19 10.5 ± 1.0 17.9 ± 3.2 0.21 ± 0.06 58.0 ±

a The measured angle was the angle with the vertical axis for the unidirectional orien
stressestrain relationships (Fig. 6). The mechanical measure-
ments are presented as the true (Cauchy) stress and logarithmic
strain values. The ultimate tensile strength (UTS) was taken as the
maximum stress before failure andmeasured to be 0.68 ± 0.34MPa
and the ultimate strain was taken as the maximum strain before
failure was measured to be 0.20 ± 0.04. The mechanical properties
of each tested group are shown in Table 1. The mean fiber fraction
was 24 ± 9%, the differences among the groups were not statisti-
cally significant (Fig. 5a, p-value ¼ 0.1073). Therefore, the groups
could be compared, although cross-plied bio-composites presented
a slightly higher average fiber fraction, which probably had an ef-
fect on the tensile strength. A significant difference was seen in the
n around nominal
]a

Ultimate tensile strain [mm/
mm]

Ultimate tensile strength
[MPa]

0.69 0.17 ± 0.02 0.75 ± 0.21
2.23 0.21 ± 0.05 0.29 ± 0.13
4.69 0.20 ± 0.01 0.99 ± 0.32
8.77 0.23 ± 0.03 0.64 ± 0.31

tations and between the plies for the plied orientations.



Fig. 2. Collagen-alginate bio-composites: (a) Extraction of collagen fibers from soft coral. (b) Tensile test of an angle-plied bio-composite. (cee) Three collagen fiber alignments:
longitudinal, angle-plied and cross-plied, respectively. (feh) Different bio-composite orientations: longitudinal, angle-plied and cross-plied, respectively (Scale bars in white are
10 mm).
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ultimate strains of the angle-plied and longitudinal groups
(p ¼ 0.0059), as demonstrated in Fig. 5b. Ultimate tensile strength
was significantly higher in the longitudinal samples and cross-plied
samples in comparison to the transverse samples (0.75 ± 0.21 MPa,
0.99 ± 0.32 MPa and 0.29 ± 0.13 MPa, respectively). The laminates'
effective stressestrain behaviors are presented in Fig. 6 as means
and standard deviation.

Three-dimensional FE models were generated to simulate the
mechanical response of the bio-composite laminates having the
same fiber fraction. A strain rate of 1 mm s�1 was used for all FE
models. When all the fibers were aligned in the loading direction,
the bio-composite axial stress at 18% strain was about 3 orders of
magnitude higher than the matrix, and when the fibers were
orthogonal to the loading direction, their influence was negligible
(Fig. 6). The experimental fiber volume fractionwas not identical in
all samples; therefore, the cross-plied model was recalculated with
a compatible fiber fraction of 21%, the same as the other laminates,
to allow a better comparison between the models. The influence of
off-axis fiber deviationwas very small (Fig. 6A,B) in the longitudinal
and transverse models, therefore the use of the FE models with the
major direction is proven accurate.

Fig. 7 summarizes the results of the four oriented composite
models for the same fiber volume fraction. It shows that the lon-
gitudinal composite was stiffer than the cross-plied, which was
stiffer than the angle-plied (±30�). These three composites were
stiffer than the transverse laminate, as expected.

The strain rate influence on mechanical behavior was examined
in the FEmodels. The difference between the experimental rate and
the computational rate was negligible, with a minor difference of
1.8%, allowing the use of a faster strain rate to enhance



Fig. 3. Fiber orientation characterization using the OrientationJ plugin (ImageJ, NIH). (a) Longitudinal. (b) Cross-plied. (c) Transverse. (d) Angle-plied. The color map represents the
angle with the horizontal axis. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. SEM images of isolated collagen fibers. (a, b) Cross-plied fibers (magnifications of �1000 and �69, respectively). (c) Angle-plied fibers (magnification of �70).
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computational efficiency and convergence.
The proposed FE model and its numerical predictions are in

good agreement with the experimental results up to 10% strain
(Fig. 6). The angle-plied results showed a very good fit throughout
the strain range, as demonstrated in Fig. 6D. Longitudinal and
cross-plied laminates presented very close response up to 10%
strain, as seen in Fig. 6A,C. The predictions for the transverse
laminate stress levels were slightly lower than the experimental
values, but higher than the matrix-alone, as demonstrated in
Fig. 6B. The simultaneous use of the same material properties in all
tested fiber orientations verified the numerical results.

The FE models allowed examining the mechanical response of
Fig. 5. Experimental values of the four bio-composites: (a) Fiber fraction of the four fabrica
Ultimate tensile strength. (Where ‘*’ stands for 0.01 < p value < 0.05, ‘**’ 0.001 < p value <
laminates for additional fiber fractions that were not fabricated (for
example, for 25%, 50% and 75% fiber fractions). Stressestrain results
shown in Fig. 8 for different laminated composite material systems
with increased fiber volume fraction. The transverse model is not
presented due to similarity in fiber fraction results when the fibers
were orthogonal to the loading direction.

4. Discussion

Novel bio-composite-oriented laminates, based on alginate
matrix reinforced with natural collagen fibers, were fabricated and
mechanically tested. Previous work [32,33] was limited to
ted bio-composites measured using digital computation. (b) Ultimate tensile strain. (c)
0.01 and ‘***’ 0.0001 < p value < 0.001).



Fig. 6. Effective mechanical stressestrain behavior of the tested bio-composites compared with the corresponding FE models. (A) Longitudinal laminates. (B) Transverse laminates.
The inner images present the results of FE models with 2� off axis of fibers in comparison to the model without off-axis fibers. (C) Cross-plied laminates. (D) Angle-plied laminates.
The calibrated stressestrain curve for the matrix is plotted as a reference.
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manufacturing and testing this material system in its unidirectional
reinforcement. This study introduces and investigates multi-
layered laminates with collagen reinforcements having different
orientations. These biomimicry inspired fiber-reinforced composite
systems provide a relatively simple method for tailoring their
mechanical properties, specifically, by changing the volume frac-
tion of fibers and orientations. Furthermore, these composites
allowed the creation of anisotropic materials in which the me-
chanical properties varied with loading directions, similar to the
features of many soft tissues.

The laminates in the study exhibited hyperelastic behavior with
similar range as native tissues, demonstrating that a combination of
Fig. 7. Predicted stressestrain behaviors from the four FE models for FVF of 21%.
materials inspired by the natural tissue combination may produce
compatible material properties. For example, the mechanical
properties of the angle-plied laminates were compatible with tis-
sues of the aorta, which consist of 25e35% collagen fibers with a
strength of 0.3e0.8 MPa [1].

As with many native soft tissues, for example, the aorta is
composed of several layers: the intima, adventitia and media, each
with discrete properties. The media's and adventitia's tensile
strengths are about 0.4 MPa and 1.4 MPa, respectively [39]. The
mean angle between fiber orientations of the adventitia is about
67� with the circumferential axis, which is equivalent to the current
angle-plied (±30�) laminates with fiber fraction of about 50%. The
media's angle between fiber orientations is about 21� with the
circumferential axis, exhibiting about 3 times less strength. These
tissue layers can be mimicked and combined as bio-composite
laminates to create a complex tailor-designed aortal structure.

Significant difference in ultimate strains was observed
(p ¼ 0.0059) between the longitudinal and angle-plied samples,
but not between the other groups as demonstrated in Fig. 5b. The
angle-plied laminate's failure strain was higher than the longitu-
dinal laminate's corresponding native tissue behavior. It is possible,
if designed with a different matrix material, to get higher failure
strains, since the alginate matrix provided limited ability to stretch,
andwaswhere the failure occurred. In nature, soft tissue types have
different fibers arrangements and preferred orientations. Tissue
fiber volume fraction and structural arrangement have a major
impact on mechanical behavior. For example, in tendons and liga-
ments, collagen fibers are arranged parallel to the loading direction,
resulting in high-strength tissue with relatively low strains [1,2].
These tissues are mainly subjected to uniaxial tensile loading in the



Fig. 8. Predicted effective stressestrain behaviors of bio-composite laminates having
different fiber fractions. (A) Longitudinal. (B) Cross-plied. (C) Angle-plied.
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fiber direction. In annulus fibrosus (a fibrous tissue of the inter-
vertebral disc), which is subjected to multiaxial tension, compres-
sion and shear, for instance, fibers are arranged in ±30� lamellas.
Despite its relatively low tensile strength, this tissue arrangement
has the ability to withstand higher deformations [1,2]. Hence, we
expected to find the same variance in ultimate strain between the
angle-plied and longitudinal laminates.

Fiber micro-crimping is characterizes soft tissues and plays a
major role in hyperelastic tissue behavior, allowing tissue durability
[14,15]. The natural coral collagen coiling was preserved during the
bio-composite fabrication and was verified by SEM images (Fig. 4).
The method for quantifying fiber volume fraction was also verified
by comparing fiber volume fraction FE model results with the
corresponding experimental results.

In the fabricated samples, the fibers were aligned in preferred
directions (Fig. 3), but as in natural soft tissues, some fibers were
aligned off-axis. The off-axis deviation was calculated (Table 1) and
a 2-degrees deviation was embedded in the longitudinal and
transverse FE models (Fig. 6A,B). The angle deviation had minor
effect on the mechanical behavior of the composites. These finding
justified the use in the models with the main direction without
deviations.

The reason that the longitudinal and cross-plied composites
showed significantly higher strength compared to the transverse
laminates was because in these arrangements, the collagen fibers,
which were aligned in the tensile direction, bear the load. Trans-
verse samples showed the least strength since they had no fibers in
the loading direction, and most of the mechanical behavior is
matrix-dominated, as seen in Fig. 7. The longitudinal and transverse
laminates were actually the same samples, tested in different ori-
entations, demonstrating anisotropic behavior: strength and stiff-
ness were higher when load was applied in the direction parallel to
the collagen fibers.

Experimental results provided mechanical information on bio-
composites with fiber fractions of about 20e30%. However, these
results did not provide information about themechanical behaviors
of other FVFs. Toward this goal, an FE heterogeneous micro-model
was proposed to analyze and predict the mechanical behavior of
the four tested material systems, and to examine other possible
configurations with different FVFs. The FE model provided good
predictions for mechanical response of the fabricated laminates. In
the angle-plied laminates, the predicted stressestrain curve was
good throughout the entire testing range. For cross-plied and lon-
gitudinal laminates, the predicted behavior was accurate up to
about 10% strain, and then themodel predicted higher stresses than
the actual measurements. The reason for these results could be that
additional mechanical mechanisms were playing a role, such as
plastic deformations or damage behavior, which the current model
did not include in the constitutive parts for the fiber and matrix
constituents.

The FE model showed that the fibers carried most of the load
and were able to bare higher stress levels with increased FVF
(Fig. 8). Therefore, for the same level of FVF, the longitudinal
laminatewas stiffer than the cross-plied laminate, whichwas stiffer
than the angle-plied. While the transverse laminate was the least
stiff, since it had no fibers in the loading direction. However, in the
transverse laminate case, the increase in FVF did not have a
noticeable effect since the behavior is strongly matrix-dominated.

The models' hyperelastic material properties were based on
experimental results. An alginate matrix was tested as a matrix-
only material, but in-situ collagen fiber properties did not repre-
sent the fiber-alone properties due to its complex structure.
Therefore, the deduced effective fiber stressestrain curve can be
viewed as describing the fibers in the form of an idealized contin-
uumwith cylindrical cross-section. This can explain why the tested
load-deflection of a collagen fiber bundle yielded drastically lower
stressestrain curve. This is due to the fact that the bundle was a
collection of discrete coiled fibers that did not act as continuous
media. Moreover, the environment of the single-bundle fiber tests
(wet/dry conditions) along with the internal fiberefiber intra-slip
caused the low effective mechanical response of the calibrated fi-
bers. In addition to its role as a binder, the matrix provided an
aqueous surrounding to the collagen fibers. This aqueous
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surrounding allowed internal inter-fiber slipping similar to the
non-collagenous component of native soft tissues [40].

The strain rate influence was examined and found to have
negligible effect on the results since the overall imposed displace-
ment rate was in the quasi-static level. Faster strain rates allowed
computationally efficient modeling and rapid convergence.

The in-silico aided design, using the proposed FE models in
combination with selective manufacturing of the bio-composite
laminates, provide a good starting point for soft tissue mimicry of
complex structures as of native tissues.

5. Limitations

The FE models included several idealizations neglecting several
material complexities, such as matrix porosity, fiber coiling, and
nano-to-micro level hierarchical micro-structures. The models did
not account for anymechanism to simulate tissue damage. Collagen
fibers were assumed to be a continuum, with a radial cross-section.
Increasing fiber fraction was done by increasing the cross-section
effective diameter. Temperature influence was not tested and
fabrication and mechanical testing were conducted in room tem-
perature, the collagen should not be significantly affected since its
melting temperature is 68 �C [34]. Variability of the orientation
exists in all manufactured composite systems. However, the me-
chanical response was not strongly influenced.

6. Conclusions

We have created novel collagen fiber-reinforced bio-composite
laminates that exhibited overall hyperelastic behavior and
biocompatible constituents, similar to native tissues. The bio-
composites were fabricated in four fiber orientations and their
mechanical response was tested and characterized. Hyperelastic FE
anisotropic models were developed and found able to predict the
overall tensile behavior as a function of the different fiber volume
fractions. The mechanical behaviors were found to be in the same
range of well-known native soft tissues. The calibrated model may
be used asmechanical framework and provide a good starting point
for soft tissue mimicry and tissue repair. More complex structures
with tailored mechanical functions can be designed with the pro-
posed model.
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