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Modeling the Large Deformation
and Microstructure Evolution
of Nonwoven Polymer Fiber
Networks
The electrospinning process enables the fabrication of randomly distributed nonwoven
polymer fiber networks with high surface area and high porosity, making them ideal can-
didates for multifunctional materials. The mechanics of nonwoven networks has been
well established for elastic deformations. However, the mechanical properties of the
polymer fibrous networks with large deformation are largely unexplored, while under-
standing their elastic and plastic mechanical properties at different fiber volume frac-
tions, fiber aspect ratio, and constituent material properties is essential in the design of
various polymer fibrous networks. In this paper, a representative volume element (RVE)
based finite element model with long fibers is developed to emulate the randomly distrib-
uted nonwoven fibrous network microstructure, enabling us to systematically investigate
the mechanics and large deformation behavior of random nonwoven networks. The
results show that the network volume fraction, the fiber aspect ratio, and the fiber curli-
ness have significant influences on the effective stiffness, effective yield strength, and the
postyield behavior of the resulting fiber mats under both tension and shear loads. This
study reveals the relation between the macroscopic mechanical behavior and the local
randomly distributed network microstructure deformation mechanism of the nonwoven
fiber network. The model presented here can also be applied to capture the mechanical
behavior of other complex nonwoven network systems, like carbon nanotube networks,
biological tissues, and artificial engineering networks. [DOI: 10.1115/1.4041677]

Keywords: elastic–plastic materials, large deformation, microstructure evolution, non-
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1 Introduction

Randomly distributed nonwoven fibrous network structures are
widely observed in both nature and artificially synthesized materi-
als at different length scales. Naturally existing nonwoven fibrous
networks have been well documented, such as silkworm cocoon
and extracellular tissues [1,2]. Advances in manufacturing have
enabled the fabrication of nonwoven fibrous network with well-
defined topologies, for example, paper, carbon nanotubes, proton
exchange membrane of fuel cells, and electrospun polymer fiber
mats [3–6]. In particular, the electrospinning technique enables us
to fabricate randomly distributed nonwoven polymer fibrous net-
works with high surface area, high porosity, and flexibility, which
make them ideal materials for catalysts, filtration, drug delivery,
wound dress, and medical textile materials [7–10]. These exten-
sive applications demand a better understanding on the mechani-
cal response of the network and the relation between the network
topological factors and the macroscopic mechanical behavior.
However, understanding the mechanical properties and deforma-
tion mechanisms of the electrospun networks under large defor-
mation is still a challenging task because the macroscopic
properties of the distributed nonwoven networks are based on the
random microstructure evolution.

Experimental studies on the network microstructure geometry
show that the fiber-wrinkled surface topographies, fiber diameters,
and fiber orientation arrangement can be controlled by the spin-
ning solution or the spinning processing [11–13]. To simplify the
simulation process, fibers in the network can be assumed to have

solid circular cross section with same diameter [14,15]. Ideally,
randomly distributed nonwoven electrospun fibrous networks can
be considered as a two-dimensional (2D) isotropic architecture
with porous structures and disordered fiber arrangement [16,17].
The macroscopic deformation mechanisms are determined by the
microstructure evolution, which is controlled by the local fiber
deformation and the force transition path formation [17,18]. To
understand the mechanical response and the underlying deforma-
tion mechanisms, extensive studies have been conducted on ran-
dom nonwoven electrospinning fibrous networks. The
experimental researches have shown that the randomly distributed
nonwoven electrospinning fibrous network has a good energy-
absorption capability, light weight, and similar stiffness with the
woven network [19,20]. Moreover, the polypropylene nonwoven
fibrous network is also shown to have an excellent stiffness which
is notch insensitive [20]. Furthermore, it is shown that the stiffness
of nonwoven network is dominated by the material properties and
microstructure characteristics including network volume fraction,
fiber orientation, and fiber curvature [13,21,22]. Loading rate is
another factor that influences the nonwoven network properties,
for example, network of Nylon-6,6 (PA66) shows higher stiffness
and strength under lower loading rate [23]. Besides these studies
on the small deformation, a postyield hardening process is also
found broadly in the experimental studies, with a specific ductile
behavior and high failure strain exhibited in the randomly distrib-
uted nonwoven electrospun network with PLGA (D, L-lattice-
co-glycolide), poly(3-hydroxybutyrate-co-4hydroxybutyrate), silk
fibroin (SF)/polycaprolactone (PCL), cellulose acetate, and PA66
[24–28].

In parallel to the experimental studies, analytical models and
computational frameworks have been developed to understand the
deformation mechanism of the random nonwoven fibrous net-
work. Analytical models have reported that the fiber curvature and
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specimen dimensions can affect the elastic modulus of network
but limited in the elastic range [29,30]. Coarse grained molecular
dynamics simulation is applied to study the carbon nanotube net-
work, which is also a nonwoven randomly distributed fibrous net-
work. And a postyield hardening process is observed [31,32].
Coarse grained molecular dynamics method can provide results
on both microstructure evolution and macro network mechanics,
but modeling the electrospun network is still challenging because
the size dependence and frictions between fibers are not well con-
sidered [33]. Recently, the constitutive model based on the hyper-
plastic formulation can obtain the macroscopic strain energy
density response by adding the contributions of each fiber [34]. A
multilayer triangulated network based constitutive model has been
developed to study the elastic–plastic behavior of polyamide elec-
trospinning network, with a postyield hardening process consist-
ent with experimental results [35]. Another similar macroscopic
model for fiber-reinforced materials with deformable matrices has
been derived to capture the progressive alignment of the micro-
constituents under large deformations [36]. More recently, a con-
stitutive model with the governing equations providing average
Cauchy stress, given by volume-averaging theory of a finite size
representative volume element (RVE), is built to evaluate the
effects of fiber diameter and fiber alignment on the network ten-
sile properties [14,37,38]. These constitutive models have been
effective in modeling and understanding the macroscopic mechan-
ical behavior of the randomly distributed nonwoven fibrous net-
work. However, to understand the microstructure evolution and
how the microstructure characteristics affect the macroscopic
properties, an actual microstructure model is still needed. Since
simulating a model with all details has a high computational cost,
an RVE is usually applied. Subsequently, the RVE size effect is
valued, and the minimum RVE size is found to be related to fiber
length, average fiber segment length, fiber diameter, and network
volume fraction to represent the whole network behavior [39,40].
A recent study on 2D carbon nanotube nonwoven network in the
elastic range has found that the network stiffness is significantly
affected by the volume density, leading to the existence of two
stiffness thresholds according to whether carbon nanotubes in the
network are utilized efficiently to carry load [41,42]. Another
novel 2.5D model is recently built to study the mechanics of elec-
trospun networks [43]. In this model, the fiber interaction is only
counted when the distance between two fibers is less than a criti-
cal distance, which is more accurate. Three-dimensional models
are also built to study the short fiber-reinforced network structure

[44–47], which is, however, limited in the elastic range with a
small deformation (strains within 0.05).

In this study, we develop a long fiber representative volume ele-
ment model of the randomly distributed nonwoven fibrous net-
works to investigate the elastic–plastic behavior with large
deformation including stiffness, strength, lateral deformation evolu-
tion, and the relation between local fiber deformation and the macro-
scopic deformation behaviors. Various loading conditions such as
uniaxial tension, simple shear, and cyclic loading are considered here.
Parametric studies are performed to investigate the effects of fiber
density, fiber aspect ratio, and fiber curvature on the macroscopic
properties of the networks, including the microstructure evolution,
elastic deformation, and yield and postyield hardening behaviors.

2 Materials and Methods

2.1 Representative Volume Element. To generate the RVE
model, straight fibers with the same length and diameter are ini-
tially built with a uniform space distribution in the plane with
ABAQUS scripting via Python. Three steps are taken: (1) all fibers
are first generated with their middle point on the center of the
RVE area; (2) each fiber is then rotated at a random angle from
�180 deg to 180 deg; (3) each fiber is transported with a random
vector within the boundaries of the RVE area. Obviously, in this
way, parts of the fibers fall outside the boundary of the RVE, and
those segments of fibers are moved back to the opposite inside.
Finally, a network with random fiber orientation and a uniform
distribution is generated (see Figs. 1(b)–1(f)).

In our study, the RVE area is characterized by the dimensions
L1 and L2, as shown in Fig. 2(a). The network architecture is
determined by the number of fibers in the RVE area N, the length
of a single fiber l, and the fiber diameter d. Considering a single
layer network mat, the height of the RVE (network thickness) is
same with the fiber diameter under the assumption that fibers are
crossed with perfect bonding. The volume fraction or the fiber
density of the network can be calculated as the ratio of the fiber
volume and the RVE volume

fv ¼
pNld

4L1L2

(1)

The fiber aspect ratio is defined as the ratio of the fiber length
to the fiber diameter, which is k ¼ l=d. Then the network volume
fraction can also be given as

Fig. 1 Randomly distributed nonwoven polymer fiber networks: (a) representative
SEM image of an electrospun PA6(3)T network (courtesy of Chia-Ling Pai) and
(b)–(f) five RVE models generated with same fibers and geometries but by five dif-
ferent random routines
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fv ¼
pNkd2

4L1L2

(2)

For random microstructure materials, the RVE size should be
large enough to give statistically homogeneous and ergodic prop-
erties [48,49]. The size effect and determination of the minimum
model size required to eliminate the size effect of random fiber
networks are extensively discussed by Shahsavari and Picu [39].
A critical size, depending on the network density, the fiber length
and the fiber bending and axial stiffness, can be used for selection
of the size of representative volume elements, above which the pre-
dicted mechanical response is model size independent. However,
electrospinning process can produce relatively long continuous
fibers and the length is determined by the collecting plates with size
in the order of �10 cm [50]. In our simulation, convergence studies
are performed (see the Appendix) and the length of nanofibers is
not less than the RVE size as indicated by the experiments. Here
d¼ 1.2 lm [35], and the selected RVE size L1 ¼ L2¼ 0.4 mm sat-
isfies the minimum model size requirement for homogeneous prop-
erties. Rigid connections are considered for the cross links between
fibers [17,51]. The RVEs in Fig. 1 shows the networks with N¼ 40,
leading to a fiber volume fraction fv¼ 9.42%. Five different random
network geometries are simulated for each set of network parame-
ters, resulting in an average stress–strain response.

2.2 Materials. The material system in this study is based on
the previous experimental work on polyamide PA6 dissolved in
dimethylformamide (DMF) with 30 wt% [35]. In our simulations,
Young’s modulus Es¼ 4.1 GPa, Poisson’s ratio �¼ 0.4, yield
stress rys¼ 86 MPa, postyield slope 760 MPa, and density q¼
1.14 g/cm3 are used for the electrospun fibers. Figure 1(a) shows a
typical randomly distributed nonwoven polymer fiber network.

2.3 Mechanical Loading. The numerical simulations related
to the mechanical response of the random nonwoven networks
under large deformation are conducted using commercial finite
element package ABAQUS/EXPLICIT (Simulia, Provindence, RI).
Here we introduce the quasi-static method to discuss the mechani-
cal response of this network under large deformation, with the
kinetic energy of the internal energy controlled below 5% to
reduce the kinetic effects. And the loading rate is 0.005 mm/s. The
strain-controlled periodic boundary conditions (PBCs) are applied
to the surface of RVE so that the RVE deforms in a periodically
repeating manner without any overlaps or cavities. A principle of
virtual work is applied to evaluate the macroscopic network
mechanical responses [52,53], which is

dWint ¼ dWext (3)

And the external work can be expressed as

dWext ¼
ð

S0

~Sn0 � duðpÞdS0 ¼
ð

S0

~s � duðpÞdS0 (4)

where ~S is the first Piola–Kirchhoff tensor, n0 is the normal vector
of the surface area, S0 is the reference configuration, duðpÞ is the
virtual displacement of point p, and ~s is the surface traction.
While the internal virtual work can be written as

dWint ¼ V0S � dF (5)

where V0 is the volume under the reference configuration, S is the
macroscopic first Piola–Kirchhoff stress tensor, and F is the mac-
roscopic deformation gradient.

To apply the PBCs, considering a periodic repeating point pair
A and B locating on left surface and the right surface of RVE,
respectively, the constraint on the relative displacement of points
A and B is that

uðBÞ � uðAÞ ¼ ðF� IÞfXðBÞ � XðAÞg ¼ HfXðBÞ � XðAÞg (6)

where u is the displacement, F is the deformation gradient tensor,
X is the undeformed reference configuration, and H is the macro-
scopic displacement gradient tensor. For plane strain problem in
this paper, H can be reduced to a 2 � 2 matrix

H ¼ H11 H12

H21 H22

� �
¼ F11 � 1 F12

F21 F22 � 1

� �
(7)

In finite element implementation, the components of H are
assigned as the displacement components of the two reference
nodes in the RVE. Then, the macroscopic mechanical response of
the RVE under various loading conditions can be captured using
the principle mentioned earlier. In this paper, the uniaxial tensile
loading of overall strain 0.4 is applied as

H ¼ 0:4 0

0 H22

� �
(8)

while the simple shear loading of overall strain 0.4 is applied as

H ¼ 0 0:4
0 0

� �
(9)

3 Results and Discussion

3.1 Mechanical Behavior Under Tension. Uniaxial tensile
loadings are applied to five different samples, which have same
geometry parameters N¼ 40, l¼ 0.4 mm, and fv¼ 9.42%. The
simulated stress–strain curve and the transverse strain curve are
plotted in Fig. 3. The solid line shows the average of five samples,
and the red shadow indicates the standard deviation errors of the
stress, the transverse strain, and the network porosity (1� fv) of
those five samples. The yield point is measured from the
stress–strain curve by finding the intersection point for the
extended line of the linear elastic part and the extended line of
the postyield part. The stress on that point is considered as the
yield stress, and the strain corresponding to that stress on the
stress–strain curve is considered as the yield strain. Postyield
hardening slope is measured by the slope of linear hardening part
of the stress–strain curve. From the stress–strain curve, the RVE
network has an effective Young’s modulus E�¼ 62.2 MPa, a nor-
malized Young’s modulus E�=Es¼ 0.015, an effective yield stress
r�y¼ 1.5 MPa, an effective yield strain e�y¼0.02, and the average
postyield hardening slope of 18 MPa. These overall properties of
the nonwoven network agree well with the experimental results
[35]. The simulated stress level is slightly lower than the experi-
mental results at the same strain level, which arises from the
smaller volume fraction of the network. The volume fraction
effect is discussed in Sec. 3.5. From the stress contour in
Fig. 3(d), the local stress distribution and the microstructure evo-
lution of the network are clearly shown. To give an insight of the

Fig. 2 A spatially periodic RVE: (a) the undeformed RVE and (b)
the deformed RVE with three of its periodic neighbors. The peri-
odic points A and B have reference coordinates X(A) and X(B).

Journal of Applied Mechanics JANUARY 2019, Vol. 86 / 011010-3



local fiber elastic–plastic behavior, fibers with von Mises stress
over the single fiber yield stress (86 MPa) are marked in red. Point
A shows the initial condition of the network without any strain.
Point B shows the linear elastic stage with the total effective strain
of 0.021, where small local deformations can be observed but the
network architecture is retained. In this elastic stage, no fibers are
observed to yield. Point C is at the yield point where stresses are
observed in fibers in the lateral orientation, and fiber bending and
buckling start to appear in those fibers. From the contour shown,
fiber yielding mostly takes place in the fibers in the lateral orienta-
tion under bending. Point D shows the stage in the postyield hard-
ening region. In the hardening process, fiber reorientation causes
the microstructure evolution of the network. More fibers yield,
and bend or rotate to the elongation direction of tensile loading,
leading to a large contraction in the lateral direction. The instanta-
neous network stiffness is mainly contributed by the fibers in the
elongation direction.

From the transverse strain curve in Fig. 3(b), the effective Pois-
son’s ratio is small at the beginning of the deformation, where the
network here can keep the origin shape and architecture and the
reorientations of local fibers have not begun yet. As the overall
axial strain increases, contraction in the transverse direction
becomes obvious, and the ratio of the transverse strain to axial
strain gains, even greater than one due to the rearrangement of
fibers in the network microstructure. This rearrangement includes
reorientation and bundling of fibers in the network. In this process,
fibers along the deformation direction are stretched, while other
fibers tend to fold or bend to the elongation direction. As a result,
fibers arrange in a denser architecture than the initial one. To fur-
ther explain the network contraction, network porosity is plotted
in Fig. 3(c). Here, the total volume of fibers is considered as a
constant and the RVE size is reducing during the deformation,
which indicates a dramatic decrease of the network porosity. Note
that this phenomenon cannot be observed in an isotropic material
because anisotropy is introduced in the nonwoven fiber network
during the tensile loading, leading to an anisotropic and denser
network. These results agree well with both experimental studies
and constitutive models [35], but our results highlight the large
deformation and the network microstructure evolution.

3.2 Mechanism of Microstructure Evolution. To under-
stand the deformation mechanism of the nonwoven fibrous

network, it is instructive to consider the microstructure evolution
of the network under uniaxial tension. The deformation of local
fibers can be categorized into three types: bending, stretching, and
buckling [54]. Among all these three types of local deformation,
stretching is the one which can carry the largest load. Conse-
quently, the network with more percentage of stretching deforma-
tion has larger stiffness per unit area. Bending can also contribute
the macroscopic stiffness to the network mat and will cause the
reorientation of fibers and transverse contraction in the network.
Buckling is also observed in the microstructure evolution, some-
times combined with bending, and may turn into bending or
stretching due to the fiber rearrangement during the deformation.
These different types of local fiber deformation are determined by
the network microarchitecture.

In the finite element simulation, six typical deformation mecha-
nisms of microstructure evolution according to different fiber con-
nections and fiber orientations under uniaxial tension are
captured. For the local structure containing two fibers, two kinds
of microstructure evolution are observed: (1) For the first case,
both two fibers are aligned in the directions with a considerable
angel to the tensile direction (Fig. 4(a)), and these fibers will
rotate first and then undergo the stretching deformation. (2) For
the second case, one fiber lies in the tensile direction and the other
fiber is approximately vertical to the tensile direction. It is easy to
see that the fiber in the tensile direction tends to be stretched,
while the vertical fiber tends to be bent (Fig. 4(b)). Furthermore,
the vertical fiber may also undergo buckling deformation after a
critical strain as the RVE tends to concentrate in the lateral direc-
tion. For the three-fiber local structure, it could be more complex,
and four kinds of microstructure evolution are observed in the
simulation: (1) In the first case, two fibers lie in the tensile direc-
tion and the other fiber lies in the direction that has an angle to the
tensile direction (Fig. 4(c)). As tensile loading applied, the
inclined fiber rotates to the tensile direction and then is stretched,
while other two fibers are simply extended. (2) In the second case,
two fibers are in the tensile direction and the other fiber is approxi-
mately vertical to the tensile direction (Fig. 4(d)). The vertical
fiber undergoes buckling or bending first and then folded, while
the network keeps concentrating in the lateral direction. (3) In the
third case, three fibers form a triangular frame with one of them
vertical to the tensile direction (Fig. 4(e)). In this way, the vertical
fiber tends to bend or buckle during the deformation, while other

Fig. 3 Mechanical response of the random nonwoven fibrous network under uniaxial tensile
loading where N 5 40 and l 5 0.4 mm: (a) effective stress versus effective strain, (b) effective
transverse strain versus effective axial strain showing a nonlinear behavior with ratio greater
than 1 after 0.05 effective strain, (c) average network porosity change during loading, and (d)
von Mises stress contour for A, B, C, and D points marked in (a), respectively
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two fibers tend to bend and then stretch. (4) In the last case, three
fibers form a triangular frame with one of them aligned to the ten-
sile direction (Fig. 4(f)). Here, fibers in the direction close to the
tensile direction are stretched and other fibers undergone rotation,
bending, buckling, or folding, which can be expanded to other
polygons built by more fibers. All these local microstructure

deformations can be found in the simulation results in Fig. 4(g)
highlighted by red circles.

3.3 Mechanical Behavior Under Cyclic Loading. After
studies on the mechanical response of the randomly distributed
nonwoven fibrous networks under monotonic tensile loading, sim-
ulations under cyclic tensile loading are also performed to investi-
gate the deformation mechanisms under loading, unloading, and
reloading cycles. Since the loading rate is small for quasi-static

Fig. 4 (a)–(f) Typical local deformation mechanisms of micro-
structure evolution in the fibrous network RVE under tensile
loading and (g) original network microstructure and deformed
network microstructure with highlights of six typical deforma-
tion mechanisms, where N 5 60 and l 5 0.6 mm

Fig. 5 Mechanical response of the random nonwoven fibrous
network under cyclic uniaxial tensile loading (N 5 40 and l 5 0.4
mm): (a) the stress–strain curve, (b) evolution of the normalized
Young’s modulus for reloading after each uniaxial tensile cycle,
and (c) von Mises stress contour for the initial network, as well
as B, C, and D points marked in (a), which are the relaxed net-
works after the first, third, and fifth cycles, respectively

Fig. 6 Mechanical response of the random nonwoven fibrous network under sim-
ple shear loading (l 5 0.5 mm, N 5 72 and 48): (a) the initial network geometry for
RVEs with fv 5 18.85% and fv 5 14.14%, (b) the shear stress–strain response of the
two RVEs under simple shear, and (c) the corresponding deformed configurations
with von Mises stress distribution at different levels of shear strain
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method, viscoelastic is not considered here. The stress–strain
response for six loading cycles is plotted in Fig. 5(a), where the
unloading and reloading responses follow the same trace on the
stress–strain curve. The reloading curve follows the same trace as
the unloading one. In the elastic stage, both unloading and reload-
ing curves show linear behavior. While in the hardening region,
when the overall stress is close to zero, the unloading and reload-
ing curves show small rollover and the reloading hysteresis. Dur-
ing the unloading process, some fibers with permanent plastic
deformations undergo compression, leading to the rotation at the
intersections between fibers. While at the beginning of reloading
process, releasing of compression and rotation causes the hystere-
sis shown on a curve.

Besides the comparison with monotonic loading, the effective
stiffness of the network is observed to increase during the cyclic
loading process. To highlight the stiffness enhancement, Young’s
modulus is measured for each reloading curve. As shown in
Fig. 5(b), the normalized Young’s modulus increases as the
unloading–reloading cycle is applied, with the normalized
Young’s modulus increased from 0.014 to 0.023 after six loading
cycles. This stiffness enhancement has also been captured in the
experimental study [35]. The increasing Young’s modulus is
mainly due to the microstructure evolution and the local
plastic deformation of the fibers during loading/unloading [55].
Figure 5(c) shows the residual stress in fibers and the deformed
network microstructures at a different level of residual overall
strains after unloading. Higher residual stress is seen with higher
loading strain due to the hardening effect in each fiber. Also, most
fibers in the network are realigned toward to the loading condition
after each loading cycle, leading to more fibers contributing to
load carrying in the tensile direction. Furthermore, the cross-
sectional area of the network is decreased significantly. All these
directly result in the enhancement of the overall stiffness of the
network.

3.4 Mechanical Behavior Under Shear. The randomly dis-
tributed nonwoven fibrous network under simple shear is also
investigated with two different network volume fractions. Both
RVE models have the same fiber length of l¼ 0.5 mm and fiber
diameter d¼ 1.2 lm, but a different number of fibers N¼ 72 and
48, leading to the volume fraction fv¼ 18.85% and 14.14%,
respectively. The initial network geometry of these two RVEs is
shown in Fig. 6(a).

Fig. 7 Mechanical response of random nonwoven fibrous networks with different
volume fractions under uniaxial tensile loading (fv varies from 9.42% to 23.56%):
(a) effect of volume fraction on the stress–strain curves, (b) effect of volume frac-
tion on the transverse strain, and (c) the corresponding microstructures and von
Mises stress distribution for six points marked in (a)

Fig. 8 (a) Normalized Young’s modulus of networks with differ-
ent fiber volume fractions of present simulation and other
experimental results [26–28,35] and (b) the normalized yield
stress of networks with different fiber volume fractions

011010-6 / Vol. 86, JANUARY 2019 Transactions of the ASME



Figure 6(b) depicts the overall stress–strain response of the two
RVEs under simple shear loading. As expected, the network with
higher volume fraction has a higher overall shear modulus of G ¼
98 MPa, as compared to 54 MPa for the network with lower vol-
ume fraction. Figure 6(c) shows the corresponding deformed con-
figurations with von Mises stress distribution at different levels of
shear strain marked in Fig. 6(b). In the linear elastic region, for
cases A and D, stresses are observed in fibers in diagonal direc-
tions because of the global shear deformation. When the network
starts to yield, for cases B and E, fibers in 135 deg direction starts
to bend and buckle. These fibers start to fold and collapse as the
strain increases. For cases C and F, shear bands are formed glob-
ally due to the collapses of local fibers, indicating significant local
deformation as compared to the case under tensile loading. This
also leads to the stress drop in the shear stress–strain response,
especially for the network with larger volume fraction. These
results provide interesting structure–property relationships for the
nonwoven fibrous network.

3.5 Effect of Fiber Volume Fraction. Figure 7 presents the
mechanical response of random nonwoven fibrous networks with
different volume fractions under uniaxial tensile loading. Here
l¼ 0.4 mm, d¼ 1.2 lm, and fv vary from 9.42% to 23.56%
(N from 40 to 100). The strain–stress curves of these networks
under uniaxial tension are shown in Fig. 7(a). As expected, net-
works with higher volume fraction are stiffer and stronger than
the networks with lower volume fraction. The volume fraction
also influences the lateral contraction during tension. Due to the
lower cross links density in the networks with lower volume frac-
tion, the fibers inside have a higher degree of freedoms to bend
and rotate, which makes these networks contract much more in
the lateral direction, as shown in Fig. 7(b). Clearly, larger volume
fraction can reduce the densification effect during the tensile load-
ing. This is also verified by the deformed configuration shown in
Fig. 7(c). In this study, for cases C and F, the deformed networks
are at the macroscopic strain of 0.2, but the network with
fv¼ 9.42% has a much smaller height, which is almost 50% of the
height of the network with fv¼ 23.56%.

To further understand the effects of fiber volume fraction on the
network properties, effective Young’s modulus E� and yield stress
r�y are calculated from the stress–strain curves. The Young’s modu-
lus is normalized by the fiber modulus E�=Es in Fig. 8(a). The nor-
malized Young’s modulus increases from 0.015 to 0.073 as fv

increases from 9.42% to 23.56%. The relationship between normal-
ized Young’s modulus and volume fraction can be expressed as

E�=Es ¼ CðfvÞn (10)

where coefficient C¼ 0.653 and n¼ 1.557. The networks dis-
cussed earlier can be considered as bending dominated structures
with n> 1.5 [56,57]. This bending dominated feature is consistent
with the contour shown in Fig. 7(c). The prediction is able to pre-
cisely capture the experimental results of different volume fraction
and material [26–28,35]. At larger volume fractions, the results
show slightly higher values, which could arise from the perfect fiber
bonding assumption. Yield stress for the network is normalized
with fiber yield stress, which increases from 0.018 to 0.088 as fv

increases from 9.42% to 23.56%. The relationship between normal-
ized yield stress and volume fraction can also be expressed as

r�y=r
s
y ¼ DðfvÞm (11)

with D¼ 0.890 and m¼ 1.638, as shown in Fig. 8(b).

3.6 Effect of Fiber Aspect Ratio. Besides the effect of the
volume fraction of the randomly distributed nonwoven fibrous
network, another important parameter that can affect the mechani-
cal response is the fiber aspect ratio. To understand this effect,
networks with k¼ 167 to k¼ 583 (fixed d¼ 1.2 lm) are

Fig. 9 Mechanical response of random nonwoven fibrous net-
works with different fiber aspect ratios under uniaxial tensile
loading (fv 5 14.14% and 18.85%): (a) effect of fiber aspect ratio
on the stress–strain curves for fv 5 14.14%, (b) effect of fiber
aspect ratio on the transverse strain for fv 5 14.14%, (c) effect
of fiber aspect ratio on the stress–strain curves for fv 5 18.85%,
(d) effect of fiber aspect ratio on the transverse strain for
fv 5 18.85%, and (e) and (f) the initial network microstructure for
fiber aspect ratio k 5 500, 333, and 167, while fv 5 14.14% and
18.85%, respectively

Fig. 10 (a) Normalized Young’s modulus of the network as a
function of fiber aspect ratio and (b) normalized yield stress of
the network as a function of fiber aspect ratio

Table 1 The values of coefficients A1, A2, and A3 at different
volume fractions fv

fv A1 A2 A3

18.85% 0.064 �0.812 0.008
14.14% 0.035 �0.791 0.008
9.42% 0.017 �0.203 0.013
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considered on networks with fv¼ 9.42%, 14.14%, and 18.85%,
respectively. The stress–strain curves are plotted in Figs. 9(a) and
9(c), which clearly indicate that higher fiber aspect ratio leads to
higher stiffness and yield stress for the networks. However, the
fiber aspect ratio has little effect on the lateral contraction as seen
in the transvers strain in Figs. 9(b) and 9(d). This is because in our
model, only long fibers are considered in the network due to the
electrospinning process, where each fiber has many cross links
with others. On the contrary, fiber aspect ratio can significantly
affect the transverse strain for short fiber networks. This is
also true for the effective stiffness and yield stress, as seen in
Fig. 9(a). When the fibers are long enough, the aspect ratio
has little effect on the stress–strain response. This suggests that,
at each volume fraction, a critical fiber aspect ratio exists,
beyond which the mechanical response of the network is not sen-
sitive to the fiber aspect ratio. On the other hand, current model
is capable to simulate the mechanical behaviors of the network
with intermediate fiber aspect ratio, providing a more general
solution.

To quantitatively show the effect of fiber aspect ratio on the
macroscopic network mechanical behaviors, normalized Young’s
modulus and yield stress are calculated and plotted in Fig. 10. The
relation between k and the normalized Young’s modulus can be
described by

E�=Es ¼ A1 � A2e�A3�k (12)

where coefficients A1,A2, and A3 can be obtained by fitting the
curve, and their values are listed in Table 1. As k goes to infinite,
A1 represents the maximum value the network can achieve at the
a given fiber volume fraction. It is interesting that the network
with higher fv tends to reach the A1 at a lower k, which is due to
more crosslinks and smaller average fiber segment length. There-
fore, the nonwoven fiber networks with fibers of infinite length
can be simplified to the networks with fibers of large aspect ratio.
Similar correlation is also observed for the network yield stress
versus fiber aspect ratio. For the network with fv¼ 14.14%, as
fiber aspect ratio k increases from 167 to 500, the normalized
yield stress increases from 0.022 to 0.037. While for the network
with fv¼ 18.85%, as fiber aspect ratio k increases from 167 to
500, the normalized yield stress increases from 0.052 to 0.069.
These results suggest how the randomly distributed nonwoven
network can efficiently carry the load by optimizing the fiber
aspect ratio.

3.7 Effect of Fiber Curvature. Fibers in the network are
easy to be curved during the electrospinning process (see
Fig. 1(a)) due to the large aspect ratio. The curliness of fibers may
degrade the mechanical properties of the network. Therefore, the
influence of the fiber curliness on the network stiffness and
strength is also studied here. To simplify the problem, the network
is modeled with fibers of the same length l and same curvature
radius R, then the radian of the arc can be expressed as a ¼ l=R.
Figure 11 presents three networks with same volume fraction
(fv¼ 18.85%) and fiber length (l¼ 0.4 mm), but different fiber
radians (a¼ 0, 0.4, and 0.8). When a¼ 0, fibers are straight, same
as the model shown in Fig. 1(c), and the Young’s modulus of
206 MPa and the yield stress of 4.4 MPa are observed. As a
increases to 0.8, the network has a Young’s modulus (178 MPa)
and yield stress (3.8 MPa), which are slightly smaller than those
of the network with straight fibers (Fig. 11(a)). These results indi-
cate that the simulation model with straight fibers is applicable to
the networks with slightly curved fibers.

4 Conclusion

In summary, we have studied the mechanical response of elec-
trospun nonwoven fibrous networks under large deformation with
elastic–plastic fibers. The elastic and plastic properties of the net-
works under uniaxial tensile loading, cyclic loading, and simple
shear loading are investigated, and the relation between macro-
scopic properties and the microstructure evolution is revealed. It
is shown that the network volume fraction, the fiber aspect ratio,
and the fiber curliness have important influences on the network
stiffness and strength. Our modeling provides a solid theoretical
foundation for the design, optimization, and property prediction of
randomly distributed nonwoven fibrous networks. This method
has a limitation to identify the fiber-to-fiber interaction properties
in the networks, where rigid perfect bonding is assumed. Future
work will include the fiber-to-fiber interaction as well as network
fractures in the model to expand deep understanding of the
mechanics of randomly distributed nonwoven fibrous networks.
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Appendix: Effects of Size and Boundary Conditions

of Representative Volume Element

The size effect and convergence of the simulation results are
investigated in this study. The simulated Young’s modulus of the
random nonwoven fibrous networks is shown in Fig. 12 with three
different RVE sizes. It can be observed that no significant size
effect is found on the calculated Young’s modulus. Reducing
RVE size from 1.2 mm to 0.4 mm only leads to slightly changes in
the Young’s modulus. Optimally, L1 ¼ L2¼ 0.4 mm is acceptable
to provide minimum model size to give statistically homogeneous
and ergodic properties in this work.

On these RVEs, the boundary conditions can affect the simula-
tion results either. Periodic boundary conditions are often chosen
for approximating a large system by using a small part or a unit
cell. Homogeneous displacement BCs are usually over-constraint
compared with periodic PBCs. We have compared the results of
same RVEs with PBCs and homogeneous displacement BCs,
respectively. In Fig. 12, clearly the difference of the results of
RVEs two types of BCs is negligible, considering that the errors

Fig. 11 Mechanical response of random nonwoven fibrous
networks with different fiber aspect ratios under uniaxial tensile
loading: (a) the stress–strain curves with fiber radians of 0, 0.4,
and 0.8, (b) the effective transverse strain, and (c) the schematic
diagram of fibrous networks with different fiber radian a
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caused by the randomness of the fiber network are larger. This
indicates that the RVEs with PBCs in our simulation are appropri-
ate and able to reduce the boundary effects.
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