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An explicit three-dimensional (3D) finite-element model for dilute nanofibre networks is presented. The model takes into account 3D structure
of networks by mimicking nanomanufacturing process. Realistic elasto-plastic behaviour of individual nanofibres with failure and frictional
interfibre contacts are incorporated. The model is capable of predicting through failure mechanical behaviour of nanofibre networks with large
fibre reorientation and fibre breaks. Comparison of simulated force–strain behaviour with experimental data showed that predicted and
experimental curves exhibited similar shapes consisting of an elastic stage, a strain-hardening stage, and a softening stage, with abrupt
drops coincident with fibre breaks. The numerically predicted maximum tensile force and total failure strain were of the same magnitude
as experimental results. The developed explicit model can be used to study the effects of fibre diameter and mechanical properties,
network density, fibre orientation distribution, and contact conditions on mechanical behaviour of nanofibre networks. Such studies can
shed light on the mechanisms of complex nonlinear deformation and failure of networks and can be used for networks design and
optimisation for applications.
1. Introduction: Continuous nanofibres are among the most
promising types of advanced fibres for their unique functional
properties due to nanoconfinement, extreme surface to mass ratio,
and ultrahigh strength/toughness coupled with extreme flexibility
[1–3]. In most applications [3–7], nanofibres are used in the form
of nanofibre networks (NFNs). Mechanical behaviour of NFNs is
complex and difficult to characterise fully experimentally due to
multiple simultaneous nonlinear mechanisms such as intrinsic
elasto-plastic properties of nanofilaments, interfibre frictional
contacts, and fibre reorientation and damage during deformation.
At the same time, mechanical behaviour of NFNs is fundamental
to their function in most applications [8], therefore various
theories and numerical models have been proposed for predicting
the mechanical behaviour of fibre networks.
In the category of analytical modelling, van Wyk [9] derived a

power-law pressure–volume relation for the uniaxial compression
of wool with a three-dimensional (3D) random orientation. This
theory was further generalised to study mechanics of fibre assem-
blies under general deformation, including compression, extension,
and shear [11–14]. van Wyk’s theory based methods idealised fibre
contacts by ignoring fibre twisting and sliding at contacts. Cox [15]
developed continuum micromechanics model based on representa-
tive volume element (RVE) for predicting elastic behaviour of
paper. Narter et al. [16] extended Cox’s work to 3D anisotropic
fibre webs. Cox’s theory incorporated the distribution and mechan-
ical characteristics of constituent fibres, but only accounted for the
average effect of individual fibres. Neither interfibre contacts nor
transverse fibre deflections were considered.
Onck et al. [17] developed a 2D finite-element model of cross-

linked semiflexible filaments to study shear strain stiffening of
filamentous protein networks. Later, this model was extended to a
3D case by introducing 3D network topology [18, 19]. These
models took into account explicit fibre network structure, elastic
fibre stretching and bending, but interactions between fibres were
simplified to rigid cross-links. For soft fibrous networks composed
of naturally curved fibres, Kabla and Mahadevan [20] developed a
simple microscopic model to study their nonlinear mechanics under
uniaxial loading. The model incorporated fibre curvature, fibre
length, and fibre bending stiffness, and the network structure was
simplified as a unit cell with minimal network connectivity.
Silberstein et al. [21] proposed a microstructurally informed
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continuum-level model for studying elasto-plastic behaviour of
non-woven electrospun polymer mats. The non-woven mat was
simplified as a double layer triangulated network structure using
RVE approach. The model was computationally efficient and
took into account elasto-plastic properties of filaments and fibre
stretching and bending. The simplified network geometries and
connectivities adopted in [20, 21], however, did not explicitly rep-
resent complex 3D network structure and interfibre contacts.
Stylianopoulos et al. [22] employed a multiscale modelling
approach to predict mechanical behaviour of electrospun polyureth-
ane meshes. The model introduced an RVE consisting of 3D fibril-
lar network accounting for fibre density and orientation in an
electrospun mesh at the microscale. Its two assumptions that
bending forces were negligible and that fibres could rotate freely
at cross-links, however, made the predictions of mesh moduli and
fibre realignment less reliable. None of the above numerical
models incorporated interfibre frictional contacts and/or fibre
damage or analysed failure of fibrous networks, and only
Silberstein et al.’s work [21] took into account elasto-plastic prop-
erties of filaments.

In this Letter, we propose an explicit 3D finite-element model for
dilute NFNs. The model takes into account realistic elasto-plastic
properties of polymer nanofibres, 3D explicit network structure,
and frictional interfibre contacts. The model is used to predict
tensile behaviour of NFNs with large fibre reorientation and fibre
breaks through failure. The numerical predictions are compared
with experimental data.
2. Model development: An explicit finite-element model of NFNs
was developed on the basis of LS-DYNA software. Material
properties of nanofibres were obtained from quasi-static uniaxial
tensile tests of single nanofibres using Nano UTM experimental
system (see [2] for experimental details). For electrospun single
nanofibre with diameter D = 600 nm manufactured using 10%
polyacrylonitrile (PAN) solution, the typical engineering stress–
engineering strain curve is shown in Fig. 1. It can be seen that
single nanofibre behaved as an elasto-plastic material.
Elasto-plastic material model was therefore used for modelling
nanofibres in the network. The model incorporated elasto-plastic
characteristics such as Young’s modulus, yield strength, tangent
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Table 1 Key parameters of elasto-plastic material model for PAN
nanofibre

Young’s modulus,
GPa

Yield stress,
MPa

Tangent modulus,
MPa

Strain at
failure

20.77 463.07 185.30 0.726

Fig. 3 Initialised 3D structural model of NFN

Fig. 4 Uniaxial tensile test model for NFN

Fig. 1 Engineering stress–engineering strain curve from UTM tensile test
for single PAN nanofibre (D = 600 nm)

Fig. 2 Three-dimensional structural model of NFN before contact
initialisation
a Planar view (x–z)
b Vertical view (x–y)
modulus, and strain at failure. Key parameters of the material model
extracted from the experimental data are listed in Table 1.

A 3D beam element was chosen for modelling nanofibres in
NFNs to account for nanofibre stretching and bending.
Computationally efficient and robust Hughes–Liu element with cir-
cular cross-section matching nanofibre diameter and cross-sectional
integration was selected.

An automated contact detection algorithm was utilised to detect
and model interfibre contacts. This algorithm generated contact
forces, which resisted fibre penetration and defined fibre interac-
tions using penalty method. General contact interactions are typic-
ally defined by specifying the external surfaces of the beam
elements as contact surfaces. Sliding between fibres at the contact
points is controlled by friction. The frictional coefficient μc is
assumed to be dependent on the relative velocity of the surfaces
in contact

mc = FD+ FS− FD( )e−DC· vrel| | (1)

where FS is the static friction coefficient, FD is the dynamic friction
coefficient, DC is the exponential decay factor, and vrel is the rela-
tive velocity of the surfaces in contact. To the best of our knowl-
edge, to date no research has been performed to reveal the
frictional properties of nanofibres. In this Letter, friction coeffi-
cients were assumed to be FS = 1.0, FD = 0.7 × FS = 0.7 and the
exponential decay factor was set to a large value, DC = 100, to
ignore the unknown dependence on the relative velocity of the sur-
faces in contact.

The 3D structural model of a dilute NFN was developed by mim-
icking nanomanufacturing process. First, planar positions (x–z) of
nanofibres randomly distributed in a 100 µm × 100 µm unit cell
were generated by a customised MATLAB program. Different ver-
tical positions (y) were assigned to each fibre so that the fibres were
initially located in parallel planes. Geometric information of fibre
positions was then imported to LS-DYNA. The material model,
element formulation, and contact definition discussed earlier were
applied in order to generate the finite-element model before the
contact initialisation, as illustrated in Fig. 2. A finite-element simu-
lation was then run and all fibres were pulled down to the lowest
plane one by one by applying displacement boundary conditions
at the ends of the fibres. This procedure mimicked natural inter-
action of nanofibres during their deposition onto substrate from
728
& The Institution of Engineering and Technology 2016
the electrospun cloud [3] as well as modelled mechanical gripping
of the network in mechanical tests. Natural contacts between fibres
and the entangled network structure were thus initialised, as illu-
strated in Fig. 3.

Only the geometric information (i.e. nodes and elements posi-
tions) of the initialised model (Fig. 3) was exported for further
mechanical modelling. The residual stress and strain developed in
the contact initialisation process were ignored. With the exported
geometric information, a rigid square frame was built around the
NFN and the ends of nanofibres were fixed to the frame. Same ma-
terial model, element formulation, and contact definition were then
reapplied to the NFN model. The frame was cut at the centre. The
left part of the frame was clamped and all degrees of freedom
(DOFs) were constrained. Displacement boundary conditions
were applied on the right part of the frame in x-direction while all
other DOFs were constrained. In such way, the uniaxial tensile
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Fig. 5 Force–engineering strain curve and associated NFN structure
evolution from tensile test simulation of NFN without fibre breaks

Fig. 7 Force–engineering strain curves from UTM tensile tests for dilute
PAN NFNs
test of NFN could be simulated to predict its tensile behaviour, as
shown in Fig. 4.

3. Results and discussions: Two cases were studied with the 3D
explicit finite-element model developed in the previous section.
In the first case, fibre breaks were not taken into account by
ignoring the parameter of strain at failure in the material model,
for the purpose of observing large fibre reorientation during
deformation. Simulated force–engineering strain curve and
associated NFN microstructure evolution as a function of strain
are shown in Fig. 5. It can be seen that the dilute NFN without
fibre breaks under tensile load behaved like elasto-plastic
material. At engineering strain ɛ = 0.04 the NFN effectively
yielded and after that the force–strain curve went into
strain-hardening stage. By tracking the NFN deformation at
ɛ = 0.6 and ɛ = 1.2, large fibre reorientation was observed (Fig. 5).
In the second case, fibre breaks were incorporated by setting ma-

terial model parameters according to Table 1, and more realistic
simulation results were obtained. Simulated force–engineering
strain curve and associated NFN microstructure evolution as a func-
tion of strain are shown in Fig. 6.
Similar to the results from the first case, the NFN effectively

yielded at ɛ = 0.04 and after that the force continued increasing in
a strain-hardening stage. At ɛ = 0.50, the force reached the
maximum value and after that the force–strain curve went into a
softening stage, in which the force decreased toward the total
failure point. At total failure strain (i.e. the engineering strain
beyond which the NFN can no longer carry load) ɛ = 1.20, the
force decreased to 0. It can be observed that the force strain curve
exhibited abrupt drops during the softening stage. By tracking asso-
ciated NFN structural changes it was found that each of the drops
Fig. 6 Force–engineering strain curve and associated NFN structure
evolution from tensile test simulation of NFN with fibre breaks
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was coincident with some fibre breaks. For example, at ɛ = 0.50
there were 2 fibre breaks and at ɛ = 1.15 there were 15 fibre beaks
accumulated (see Fig. 6).

An experimental study of tensile behaviour of dilute NFNs was
performed in order to qualitatively compare numerical results and
experimental data. Samples of dilute NFNs were manufactured by
electrospinning 10% PAN solution. Quasi-static uniaxial tensile
tests for the samples were performed using Nano UTM system.
Force–engineering strain curves from the tensile tests for two
samples of dilute NFNs are shown in Fig. 7, from which it can
be seen that the curves are not identical. This is due to structural ran-
domness of NFNs resulting from randomness of the electrospinning
process and is mainly due to randomness in fibre orientations,
mechanical properties, and areal density distribution.

Similarly, in our finite-element model the distribution of fibre
orientation could also cause structural randomness. In order to test
this, four additional models were developed and tested using the
protocol described above. All characteristics of the models were
the same except the fibre orientations, which were randomly gener-
ated for each model. Simulated force–strain curves are compared in
Fig. 9 Force–engineering strain curves from experimental and numerical
tensile tests for dilute NFNs

Fig. 8 Force–engineering strain curves from tensile test simulations for
dilute NFNs with randomly generated fibre orientation distributions

729
& The Institution of Engineering and Technology 2016



Table 2 Mean values of maximum force and total failure strain from
experimental and numerical tensile tests for dilute NFNs

Maximum force, mN Total failure strain

experimental 0.117 1.78
numerical 0.141 1.04
Fig. 8, from which it can be seen that the structural randomness in
models would also cause randomness in the simulation results.

One curve from experimental results (Fig. 7: ‘exp 1’) and one
from numerical simulations (Fig. 8: ‘num 1’) are compared in
Fig. 9. It can be seen that numerical and experimental load–strain
curves show qualitatively similar shapes and similar patterns of
drops which are coincident with fibre breaks during NFN deform-
ation through failure. Mean values of the maximum force and the
total failure strain deduced from numerical and experimental data
are compared in Table 2, from which it can be seen that in both
cases the values have the same order of magnitude. In conclusion,
the developed explicit 3D model is capable of capturing the pattern
of nonlinear tensile behaviour of dilute NFNs through failure.

4. Conclusions: An explicit 3D finite-element model for dilute
networks of continuous nanofibres was developed. The model
utilised elasto-plastic material model and automated contact
detection algorithm to incorporate realistic properties of polymer
nanofibres with failure and frictional contacts between fibres. The
geometric model was built by mimicking nanomanufacturing
process to replicate the entangled structure of NFNs. The model
was capable of predicting tensile behaviour of dilute NFNs with
large fibre reorientation and fibre breaks. Numerical results were
qualitatively compared with experimental data. It was found that
numerical and experimental force–engineering strain curves
shared similar patterns of drops which were coincident with fibre
breaks, and the numerically predicted and experimental maximum
force and total failure strain were of the same order of magnitude.

The developed model can be extended for studying NFN behav-
iour through failure under other, more general loads by applying
different boundary conditions during simulations. The explicit
nature of the model enables quantitative tracking of nanofibre
damage and fibre reorientation accumulations in NFNs, which
will be valuable in future studies of nonlinear mechanisms of
NFN deformation and failure. NFN structural characteristics such
as fibre density, initial fibre orientation distribution, contact condi-
tions, and fibre diameter are controllable in the model, which
enables future parametric studies of the effects of these character-
istics on NFN mechanical behaviour.
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