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Abstract

The mechanical behavior of a three-dimensional cross-linked fiber network embedded in matrix is
studied in this work. The network is composed from linear elastic fibers which store energy only
in the axial deformation mode, while the matrix is also isotropic and linear elastic. Such systems
are encountered in a broad range of applications, from tissue to consumer products. As the matrix
modulus increases, the network is constrained to deform more affinely. This leads to internal
forces acting between the network and the matrix, which produce strong stress concentration at the
network cross-links. This interaction increases the apparent modulus of the network and decreases
the apparent modulus of the matrix. A model is developed to predict the effective modulus of the
composite and its predictions are compared with numerical data for a variety of networks.

1. Introduction

Fiber networks are structural elements in many biological and engineering materials. In
engineering materials, fibers are arranged in regular, periodic patterns or are distributed
randomly. Standard woven fiber composites belong to the first type, while composites with
chopped randomly distributed fibers belong to the second. In both cases, fibers do not form a
cross-linked network. Networks are also produced for structural applications in soft
materials, with examples being non-wovens used for special clothing, tissue paper and other
consumer products. In these examples the fibers are cross-linked to form the network and
may or may not be embedded in a matrix. In many applications, fiber clumps are used for
their absorbing properties and hence are embedded in a fluid. Random fiber networks are
also used as tissue scaffolds, a case in which the network is not embedded at the beginning
of the growth process, but may become part of the developing biological construct as the
process evolves.

Soft connective tissue in humans and animals is composed from cells and extra-cellular
matrix (ECM), with the ECM including a fiber network and macromolecular components
such as proteoglycans and glycoaminoglycans. Many connective tissues contain mostly
collagen fibers, but other types of fibers, such as elastin, can be present. The mechanical
behavior of the tissue is controlled by the response of the fiber network, which interacts
strongly with the surrounding matrix. A similar situation is found in eukaryotic cells, whose
structural element is a dense network of F-actin - the cytoskeleton. This network hosts the
cellular organelles and is embedded in a fluid containing the essential bio-macromolecules
of life.
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Therefore, understanding the mechanical behavior of fiber networks embedded in a matrix
(which may be stiffer or more compliant than the network itself) is essential in many
applications. While the mechanics of non-embedded random networks has been studied
extensively across a variety of fields [e.g., 1,2,3,4,5], only a limited number of works have
addressed the full effects of the matrix on both local and overall properties of the composite
[e.g., 6,7,8].

Initial studies of tissue deformation have used phenomenological models to describe the
experimental data while a more recent “parallel model,” in which the influence of the fiber
and matrix are independently accounted for, has been developed to quantify the influence of
the tissue architecture [7]. Although this approximation provides accurate predictions in the
limit of one constituent being much stiffer than the other, it precludes the investigation of
the local stress state which is strongly influenced by the interaction between network and
matrix. Understanding such local quantities is important in the attempt to describe damage
accumulation and failure. A step forward in this direction is represented by the models that
utilize an additional term to account for the fiber-matrix interaction [9,10]. However, this
approach has limitations since, in general, the functional form of the interaction term is
unknown.

A computational model of tissue mechanics in which the coupling to the matrix and fibers is
explicitly represented has been developed [8]. The matrix constitutive model is Neo-
Hookean and based on fitting to experimental data [7,11], while the network is composed
from non-linear elastic fibers that carry only axial loads. This model uses a representative
volume element (RVE) level in a sequential multiscale scheme to provide the local (sub-
scale) material behavior to a continuum model representing the problem on larger scales.
The coupled network-matrix model has also been used to investigate the local stress
distribution in the matrix at the RVE level [8]. It was observed that the interaction produces
a very heterogeneous stress state in the matrix. The large effective Poisson ratio of the
network subjected to tension causes a compressive stress on the matrix which has the
interesting effect of reducing the stress in the direction of loading. This analysis indicated
that the network-matrix interaction cannot be neglected.

In the present work we use a representation similar to that in [8], but with linear constitutive
behavior for both matrix and fiber materials, in order to investigate the effect of the matrix
on network deformation and vice-versa, that of the network on the stress distribution in the
matrix. Specifically, the objectives are a) to characterize the stress distribution in the matrix
and the dependence of the network kinematics on matrix stiffness, and b) to outline a
method that can be used to predict the elastic modulus of the composite structure.

2. Model and simulation procedure

The model used in this study is shown in Fig. 1. The cubic simulation representative volume
contains a network of trusses which are joined at all crossing points by freely rotating pins.
These links transmit forces, but not moments. The network has additional nodes at the
intersection points with the boundaries of the volume element (Fig. 1a). The entire volume is
discretized using tetrahedral finite elements which are assigned matrix properties. The
volume of the fibers is not explicitly represented in the model. This is not a limitation in
situations, including that discussed here, in which the volume fraction occupied by fibers is
small. Furthermore, the matrix prevents the fibers from coming in direct contact with each
other during deformation at points other that the existing cross links, so representing the
fiber volume is also not critical from this point of view.

The network is generated using a VVoronoi procedure [12]. Seed points are placed randomly
in the simulation cell and are used to construct a VVoronoi tessellation. The edges of the
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Voronoi cells become network segments, and nodes are placed at all edge intersections and
at intersections with the model boundaries. The seed points are removed after this step. Any
isolated fibers or fiber clusters are removed to leave a single, fully interconnected network.
Five statistically similar but distinct models were created and analyzed. Fibers are oriented
isotropically inside the model. The coordination number, i.e. the number of segments
emerging from each cross-link, equals four at all fiber cross-links. The network is
characterized by its density, p, defined as the total length of fiber per unit volume, and by the
mean segment length, /.. The model size, L, (Fig. 1a)), is used to normalize all lengths in the
problem. The networks analyzed in this study have densities in a narrow range bounded by
71 and 77 L~ which corresponds to /L being 0.104. The segment lengths follow a Poisson
distribution, so the entire distribution is characterized by its mean.

The solid matrix and embedded fiber network are meshed together such that mesh vertices
and mesh edges on the fibers are shared with the adjacent 3D solid elements. Fig. 1(b)
shows the mesh on the surface of one of the models, with the points where the fibers
intersect the respective plane being marked by red dots.

Linear shape functions are used to interpolate the displacement field in both matrix and
network segments. Since linear tetrahedral and truss elements have the same nodal
displacement variables, compatibility between the two types of elements is ensured
throughout the deformation history.

The matrix is linear elastic with Young’s modulus £, and Poisson ratio v ;. The fibers are
described by a linear elastic model with modulus £z and have cross-sectional area Az The
relevant quantity is actually the axial stiffness of the fibers, £#45 which is kept as a
parameter. The range over which these parameters are varied is: £, [1, 10%|Pa, E/Af
[8.17,65.34] N. This range includes the values corresponding to the collagen-agarose system
studied experimentally in [11]. The results remain valid for all combinations of material
parameters leading to the same non-dimensional quantities discussed in section 3.3.

The model is deformed by imposing displacement boundary conditions. A uniaxial strain is
applied in the x; direction, €11= €, while the faces perpendicular to the x,and x3axes are
kept traction free. Most simulations are performed up to € = 0.105 applied strain.

The overall Cauchy stress, 611, was evaluated based on the reactions evaluated on the face
with normal in the x; direction, and the current area of the respective model boundary
segment. Formally one may refer to stresses associated with the network and with the
matrix, i.e. 11=67,+67], the two components being computed with the reactions acting at
the nodes where the network intersects the model boundary and those corresponding to
matrix elements, respectively. Alternatively, one may compute the two components using
the strain energy stored in the matrix and network elements. However, this additive
decomposition does not imply that the network and the matrix act in parallel. The central
purpose of this work is to quantify the interaction between these two components.

The Newton-Raphson method was used to solve the finite element equations describing the
mechanics of the coupled system. Since the constitutive behavior of all constituents is linear,
the problem remains linear at small deformations. As the applied strain increases, the
response becomes non-linear and the iterative procedure is used to solve the non-linear finite
element equations.

This work focuses on describing the effect of the network deformation on the matrix, and
that of the matrix on the network. These effects are compared with the response of the
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respective isolated sub-systems, network and matrix, subjected to the same deformation.
Further, the variation of the elastic moduli with system parameters is evaluated and
described quantitatively using a simple mean field-type model.

3.1 Effect of the network on the matrix

The reference for this discussion is the response of the matrix to uniaxial loading.
Obviously, the matrix without the embedded network deforms affinely and the stress is
uniform throughout.

In the presence of the network, the stress in the matrix has large spatial variations. Let us
consider systems in which a network with £s4r=8.168 N and //L = 0.104 is embedded in
matrices of different moduli, £, and deform these systems up to € = 0.105. Figure 2 shows
the probability distribution functions (PDF) of normal stresses o7} and o723 evaluated locally
in the matrix elements. 577 is the average of o7} over the entire matrix volume. The
horizontal axis is normalized by £, in order to allow direct comparison of the various cases
considered. In the pure matrix case, the PDFs are delta functions located at 0.105 and 0
(Figs. 2a and 2D, respectively) corresponding to o7} and o77. In presence of the network, the
PDFs are broad, with the second moment increasing as £, decreases. Hence, the network
induces large spatial stress variability in soft matrices. This is an important observation since
the largest stress controls fracture and damage accumulation during fatigue loading.

It is also interesting to observe that the means of the PDFs in Fig. 2a) shift to smaller values
as the matrix stiffness decreases. In other words, when subjected to the same global strain, a
system with a softer matrix would carry smaller normalized stresses (normalization with £,
than a system with a stiffer matrix. A similar effect is observed in Fig. 2b) where it is seen
that the mean increases in absolute value as £, decreases. This effect was discussed in [8]
and it is due to the fact that the network subjected to tension has a Poisson ratio much larger
than that of the matrix. Therefore, when the same strain is imposed in the x; direction on the
network and matrix, the network tends to shrink more in the x,and x3directions, therefore
compressing the matrix. This leads to a mean compressive stress in x>and x3 and, due to
the Poisson effect of the matrix, to unloading in the x; direction.

Since the fibers are represented by straight truss segments in this model, the interaction
between network and matrix takes place exclusively through forces applied by the network
on the matrix at the cross-links. The situation is expected to remain qualitatively similar
even in presence of moderate fiber crimp and curl and when the interface between fibers and
matrix are weak. This leads to significant stress concentration and a highly heterogeneous
stress field characterized by the broad distributions of Fig. 2. To demonstrate the presence of
such concentration sites, the locations (Gauss points) where stress is larger than a specified
threshold are identified and the pair correlation function, g(r), of these points is computed.
Consider a system with £,,= 10 Pa and impose a threshold equal to the standard deviation
of the curve in Fig. 2a. g(r)is computed for this set of points with the origin being selected
always at cross-links. The resulting function is normalized by gy(r), the pair correlation
function evaluated for all Gauss points of the matrix elements and with the same origin. The
ratio g(r)/go(r) represents the fraction of the Gauss points carrying stresses larger than the
imposed threshold (Fig. 3). It is clear that large stresses are found predominantly close to the
cross-links of the network (r - 0). The asymptote at larger values of the variable represents
the fraction of all Gauss points of the model carrying stresses larger than the imposed
threshold.
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3.2 Effect of the matrix on the network

Networks of trusses are known to be unstable if the coordination number, z is smaller than
2d, where d'is the dimensionality of the embedding space [13]. Networks with lower
coordination numbers are floppy and deform without storing energy. The networks
considered in this study have coordination number z= 4, smaller than the value of 6 required
for stability and hence are intrinsically floppy. As discussed in the literature [14,15,16], a
floppy network can be stabilized by accounting for the bending stiffness of fibers and by
transforming the cross-links into connectors that transmit both moments and forces between
the fibers in contact. A floppy network acquires stiffness after a certain amount of strain is
applied. In the case discussed here, the floppy network is stabilized by the presence of the
matrix. Even a matrix with very small £,, would perform this function.

Fiber networks are highly heterogeneous structures which, at low density, low cross-link
density, and/or low fiber bending stiffness (relative to the axial stiffness), deform non-
affinely [14,17]. The deformation is approximately affine at high densities and/or higher
fiber bending stiffness. Various measures of non-affinity have been proposed [14,18,19].
Here we use the measure described by:

”uNF _ ,uAF”

=" @

where uMF and uA* are the displacements of the cross-links in the actual case (NF), and
when the deformation is affine (AF).

Figure 4 shows the value of the non-affinity parameter of eq. (1) computed for networks
embedded in matrices with various £, The non-affinity is pronounced when £, is small
and decreases to zero as £, increases. Therefore, in the limit of large matrix stiffness, the
network is forced to deform affinely. This is possible only if constraint forces, the reactions
of the forces acting on the matrix described in section 3.1, act on the network at the cross-
links. In the limit of large £, the network is more compliant than the matrix and hence the
internal forces imposing the compatibility of the two constituents do not lead to significant
matrix deformations. Hence, in this limit, the network follows the matrix and deforms
affinely.

This also reflects in the fraction of fibers subjected to tension. When £, is large, the fraction
is similar to that predicted by the affine model. For an effective Poisson ratio of 0.3 and
affine deformation with strain €17 < 0.2, 51% of the fibers are in tension. Our model predicts
an asymptote to this limit (51%) when £, > 10° Pa. For £,,=10 Pa, 84% of the fibers are in
tension for all strains €17 < 0.2. When deformation is more non-affine, the amount of
relaxation is larger and hence more fibers are engaged in the tensile macroscopic
deformation.

3.3 Effective elastic modulus of the composite

Let us analyze now the degree of non-linearity of the mechanical behavior and the effective
small strain modulus of the network-matrix system. The stress-strain curves of all systems
considered are non-linear. The non-linearity is purely geometric since the constitutive
equations of the matrix and fiber materials are both linear. Figures 5a) and 5b) show the
stress strain curves, oq; (€), of two models with £,=10 and 10* Pa, respectively. The same
network considered above, characterized by EzAf=8.168N and //L = 0.104, is embedded in
the two matrices. The filled symbols correspond to the total stress 011 (€), while the open
symbols correspond to the component of the total stress associated with the network, 67, (¢).
In the stiffer matrix case (Fig. 5a), the network contributes little to the overall modulus, as
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expected, and the degree of non-linearity of 611 (€) is small. The situation is reversed in the
softer matrix case (Fig. 5b). The non-linearity of the network is pronounced and this reflects
in aq1 (€). The data indicate the intuitive fact that the non-linearity in the behavior of the
network-matrix system is associated with the large geometric non-linearity of the network.
To make this effect more obvious, Fig. 5¢) shows the contribution to these stress-strain
curves from the non-linear component. Denote by £the small strain effective modulus of the

network-matrix system (£ = oyy/¢ for & — 0), and further, define E"=67, /e fore - 0. The
non-linear component is evaluated as

NL(e)=(611(¢) — Ee) /611(e) ()

The non-linearity is much more pronounced in the soft matrix case, while the network
component is always more non-linear than the total stress-strain curve.

Evaluating the effective modulus, £, and Poisson ratio, v, of the network-matrix system
yields additional insights. Figure 6a) shows the computed £ function of the matrix modulus
for the network considered above, with £445=8.168N and //L = 0.104 (black squares). The
effective modulus is always larger than £, and increases with increasing matrix modulus.
When £, is so large that the matrix constrains the network to deform affinely (£, > 10 Pa
for this particular network), the effective modulus reaches a plateau. This plateau can be
predicted by observing that in this regime both network and matrix deform affinely. Hence,
the two components act as if they were in parallel in this limit. Specifically, £can be
computed as the sum of £, and an effective (fictitious) modulus of the affinely deforming

network, £q5.

Let us estimate £ ¢ by imposing an affine deformation on all network segments. For a
uniaxial deformation with €11 = € and €5, = €33 = -v/7 ¢, and assuming that the fiber
orientation distribution is uniform, one may write the strain energy density of an affinely
deforming network as [20,21]:

1 g 21
ugff:ZpEfAf/osimp( \/(1 — vme)sing?+(1+¢) cosp? — 1) d(p:ZpEfAfF(E) ®3)

where @ is the angle made by the direction of given fiber with the x; axis and Ag) represents
the integral. Requiring that this energy density equals 1/2E§ff52, leads to

n 1
EaffzipEfAfF(E)/EQ @

Therefore, for large enough £, E:Em+E;Lff. E ¢ s computed with the values of p and
EAFof this particular network is used to normalize the vertical axis in Fig. 6a). The close
match with the numerical data in the plateau region provides support for the conjecture that
the two components of the system act in parallel in this regime.

Figure 6b) shows the effective Poisson ratio versus £, (black squares). As the matrix A
stiffness increases, the Poisson ratio decreases and becomes equal to that of the matrix, i.e. v
=v/M=0.3. For this particular type of network, the value corresponding to £,,=10Paisv =
0.376.

In order to estimate £ for smaller values of £, for which the deformation is not affine, we
develop a mean-field model based on the following simplified physical picture. Let us
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consider an isolated fiber tied to an infinite three-dimensional matrix. The system is
deformed affinely by applying appropriate forces on the fiber (step 1). Note that no internal
forces act on the matrix since the affine field matches the boundary conditions. The
boundary of the model is then fixed and the interior is allowed to relax (step 2). In the
equilibrium configuration the fiber changes length and the internal forces acting on it are the
reactions of the forces acting on the matrix. Computing the energy of the system after
relaxation allows evaluation of the effective stiffness of the network-matrix system based on
an energetic approach similar to that used above for the affine deformation.

Two approximations are made when this approach is applied to the entire network. It is
assumed that a) fibers relax independent of each other, and b) the interaction of the internal
forces acting on the matrix due to fiber relaxation can be neglected.

The strain energy density of the network during the relaxation of step 2 is computed by
assuming that each fiber relaxes by a fraction B of its affine deformation of step 1. Then,

1
u'(B)=4pErAr (1= B)°F(e). @)

The total energy stored in the matrix during the relaxation process is equal to the work
performed by the internal forces. For each fiber, these are a pair of forces aligned with the
fiber and acting on the matrix in opposite directions at the location of the two ends of the
fiber. Under the assumption that these internal forces do not interact, the problem is
equivalent to computing the work done by a force Pacting on an infinite isotropic
continuum, i.e. A5/2, where 6 is the displacement of the point where Pacts. Note that Pis
equal to the force stretching the bar and leading to the strain energy density of eq. (5). Using
the Green’s function solution for an isotropic three-dimensional solid [22], one can write:

lP(S:EE—mﬁQL2 \/(1 — Vme)2sincp2—|—(1+€)2coscp2dgo -1 ’ (6)
2" 2a "7 '

In the Green’s function solution, the energy stored in the body diverges and the solution
predicts 6 — oo . To avoid this problem, an inner spherical cut-off of radius /5, heeds to be
taken in the vicinity of the force 2. Parameter a in eq. (6) depends on v/7and Ry, as o =
MV™] Ry and hence has units of inverse length. Function /reads /(v) = (12v3 — 10v2 —
11v + 11)/(241(1 - v)2). With this, the strain energy density stored in the matrix due to the
relaxation of all (non-interacting) fibers is evaluated as:

m(g)=tEm 2
U (ﬁ)—4 - pELI.B°F(g). (7)
Here we have taken L¢= /, the mean fiber length. Finding the minimum (with respect to )
of the total strain energy density ¢(B) = ¢/7 (B) + /" (B) leads to p = 1/(1 + n)), where
By L
"_E_f 2a.A; is a non-dimensional parameter.

With this, one may compute the total strain energy stored and then the effective modulus of
the network-matrix system, which can be written as:

n

E=F,,+ gff—].—F’I]‘ (®)
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Figure 7 shows the effective modulus of the network-matrix system, (E-£,,) / of [+ VErsus
n/(1 + n) for several networks with different //L (in the range 0.1 to 0.2) and E#A#(in the
range 8.17 to 65.34 A) and embedded in matrices with £, ranging from 10 to 104 Pa. The
same value for parameter a (i.e. o = 4/3) is used for all curves. The data collapse on the line
of slope 1, providing support to eqg. (8). The prediction of eq. (8) is also added to Fig. 6a)
(red dashed line) and is seen to provide a good representation of the data.

The effective Poisson ratio of the material can be determined using the same model. Each
fiber oriented at an angle ¢ with respect to the loading direction acts on the matrix with a
force given by (after the relaxation of step 2):

P,=(1—-B)E;A; (\/(1 — vme) sing?+(1+¢)cosp? — 1), (9)

which has a component in the direction perpendicular to the loading direction of magnitude
Py sin @. The planar density of fibers with orientation between ¢ and @ + afp crossing a
plane parallel to the loading direction is p, = 1/2 p sir? ¢ d@, and the effective normal stress
produced by these fibers perpendicular to the loading direction can be computed as Ay p,sin
©. The average normal strain in the matrix in the x, direction due to the action of the
network results by summing contributions of fibers with all orientations:

1 x . - 1
EQQZW(lgﬂ)PEfAffo/z (\/(1 — vme) sinp?+(1+¢) cosp? — 1) sin®pdp=-—(1-P)pEs A;G(e), (10)

2E,,

where G (g) represents the integral. After adding the Poisson effect of the matrix, the
effective Poisson ratio can be written:
1 E;

’\: m l' = — m -
p=v"+lim,_,o|€92|/e=V —|—2Em

n .. |G(e
A lim,_, .
P fl—i—n 1Me—0 - (11)

The prediction of eq. (11) is shown in Fig. 6b) (dashed red line) and is seen to be in good
agreement with the values computed with the numerical model. The agreement is not as
good at the lowest value of the matrix modulus.

It appears that, despite the approximations made, the simple model presented here captures
the main features of the mechanics of this system, at least in the range of parameters
considered. This indicates that, although the deformation is highly non-affine in systems
with low £, the interaction of the internal forces is weak. Expression (8) allows for
predicting the effective modulus of network composites over a broad range of system
parameters.

4. Conclusions

A cross-linked fiber network embedded in an isotropic matrix introduces significant
heterogeneity in the mechanics fields. The network is constrained by the matrix to deform
more affinely than it would in the absence of the embedding medium. This occurs due to
internal forces applied by the matrix on the network. The reactions of these forces act on the
matrix and introduce significantly heterogeneous stress and strain fields which are
concentrated around the network cross-links. Hence, damage is expected to nucleate at these
concentration sites. The network also renders the deformation of the network-matrix
ensemble non-linear, the degree of non-linearity depending on the stiffness of the matrix, i.e.
on the degree of network constraint. The effective small-strain modulus of the composite
can be captured with a simple micromechanics model in terms of system parameters.
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Figure 1.

a) Schematic representation of the network. The red dots represent the points where the
network intersects the model boundaries. b) Model surface showing the discretized matrix
and the ends of fibers intersecting the respective plane (red dots).
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The stress is normalized with the matrix modulus, £,
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Figure 3.
Normalized pair correlation function g(r) indicating stress concentration close to the network
cross-links (i.e. at r — 0).

Soft Matter. Author manuscript; available in PMC 2014 July 28.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Zhang et al. Page 13

0.]2 L | LR R A | ETR B L | ILTRLEFl L] | LG | R | L LR AL | LI N R AL | Py o T LR 2 AL |
. g 085y -
9 I =

0.10 Z 080 (5 U B
Q L

0.08 = g i
_ = 075

H 0.06 g 0.70 - 1
. 3 .

0.04 T 0.65f -
L L‘s L

0.02 S 0.60f i
L ] r

| g 055 ) \ i

' = 0.50f .

-0.02 1 Iz I3 l4 I5 I6 ERpTETRe: PR, i g

10 10 10 10 10 10 10' LR [V N | AR 1 Bt e [
E,, [Pa] ol
Figure4.

a) Variation of the nonaffinity measure of eq. (1) with the matrix elastic modulus £, b)
Fraction of fibers loaded in tension versus the matrix modulus £,
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Stress-strain curves for the matrix-fiber system and for the network evaluated for systems
with a) £, = 104 Pa and b) 10 Pa. c) Nonlinearity parameter of eq. (2) corresponding to the

total and fiber stress-strain relationships.
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Figure6.

Variation of a) the effective modulus of the network-matrix system, E, and b) the effective
Poisson ratio, v, with the matrix stiffness £, The vertical axis in a) is normalized with the
apparent modulus of the network constrained to deform affinely, provided by eq. (4). The
prediction of the mean field model of egs. (8) and (11) are shown by the dashed red lines in
a) and b), respectively.

Soft Matter. Author manuscript; available in PMC 2014 July 28.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Zhang et al. Page 16

1+n

Figure7.
Variation of the normalized effective modulus of the network-matrix system with parameter
n (eq. (8)) for systems with various parameters.
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