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Abstract

In the present paper, the three-dimensional structure and macroscopic mechanical response of
electrospun poly(L-lactide) membranes is predicted based only on the geometry and elasto-plastic
mechanical properties of single fibres supplemented by measurements of membrane weight and vol-
ume, and the resulting computational models are used to study the non-affine micro-kinematics of
electrospun networks. To this end, statistical parameters describing the in-plane fibre morphology
are extracted from scanning electron micrographs of the membranes, and computational network
models are generated by matching the porosity of the real mats. The virtual networks are compared
against computed tomography scans in terms of structure, and against uniaxial tension tests with
respect to their macroscopic mechanical response. The obtained virtual network structure agrees
well with the fibre disposition in real networks, and the rigorous prediction of the mechanical re-
sponse of two membranes with mean diameters of 1.10µm and 0.70µm captures the experimental
behaviour qualitatively. Favourable quantitative agreement, however, is obtained only after lower-
ing the Young’s moduli, yield stresses and hardening slopes determined in single fibre tests, and
after reducing the density of inter-fibre bonds in the model of the membrane with thinner fibres.
The simulations thus demonstrate the validity and merits of the approach to study the multi-scale
mechanics of electrospun networks, but also point to potential discrepancies between the proper-
ties of electrospun fibres within a network and those produced for single fibre characterisation, and
highlight the existing uncertainty on the density and quality of bonds between fibres in electrospun
networks.
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1. Introduction

Electrospinning is a relatively low-cost and straightforward process to produce non-woven materials
with fibres of sub-micron diameter. Electrospun membranes can be produced from a wide range
of polymers both at laboratory and industrial scale with different needle-based and needleless
spinning set-ups [1–4]. The membranes consist of electrospun networks (ESNs) of fibres with
typical diameters of 0.02-10µm, and feature several advantageous properties, such as a high surface
area to volume ratio and high porosity [5, 6]. ESNs have therefore growing use in a broad range
of fields, including sensor, filter or energy storage applications and biomedical engineering [7–
10]. In particular in the latter field electrospun materials have shown great potential in tissue
engineering, grafting and drug delivery applications, see e.g. [11–17]. Much of this versatility is
owing to their pronounced two-scale structure, appearing as a network of beam-like fibres on the
micrometer scale and as continuous sheets on the macroscopic, up to meter scale. Most applications
require a targeted design on both nano- and macro scales. A typical example concerns the use of
ESNs as scaffold materials in tissue engineering [14, 18–20], where the fate of the cells in contact
with fibres is highly dependent on the microscopic properties, see e.g. [21–23], while the need for
mechanical integrity and compliance with the mechanical behaviour of the host tissue sets limits at
the macroscopic scale [24, 25]. The properties at the two length scales are strongly coupled [26–28],
so that changes in fibre characteristics or microstructure will translate to the macroscopic behaviour
through a series of mechanisms inherent to the intricate mechanics of fibre networks. Despite their
pivotal role for the mechanics of electrospun materials, these scale-transitioning mechanisms are
still largely elusive. One reason for this is the plethora of different fibres and networks achievable
through a particular choice of base materials, spinning technology and parameters [29] that lead to
a broad range of behaviours and thus diversify the problem tremendously. Nevertheless, even for a
relatively confined system of materials and process parameters, the interdependencies between these
parameters and their concomitant influence on multiple fibre and network characteristics render
the systematic experimental analysis of the interrelation between microscopic and macroscopic
properties extremely challenging. Finally, some characteristics of potentially high relevance can
hardly be measured in experiments at all or only for few isolated fibres, e.g., the inter-fibre friction
or bond strength [30], thus leaving uncertainty about the actual properties deep within the network.

In this regard, virtual experiments based on detailed multi-scale computer models of the real ESNs
can be of great value. Several multi-scale computational models of different complexity have been
presented for ESNs [25, 27, 31–39]. Many of them were proposed towards biomedical applications of
ESNs and can thus be associated with the emerging field of ‘computer-aided tissue engineering’ [40].
Even though all these models come with simplifications and are based on various assumptions on
fibre shapes, network topology and fibre diameters, their simulated responses could be brought in
generally sound agreement with macroscopic experimental data on electrospun membranes. Truly
predictive simulations of the mechanical behaviour of electrospun membranes, that predict the
macroscopic response exclusively on the basis of structural information and single fibre properties,
remain challenging, though. Towards this goal, we have developed a dedicated multi-scale approach
in previous work. The computational framework allows generating 3D virtual electrospun networks
with statistically curved fibres, and to simulate their response to mechanical loads [41]. The model
is defined through the porosity of the membrane, the morphology of the fibres projected onto the
membrane plane quantified by the persistence length and their mechanical properties, including
statistical variations, and their interaction. Based on this information, the model predicts the 3D
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microstructure and can be used to compute the macroscopic response to mechanical loads.

Scanning electron microscopy (SEM) provides the necessary information about the shape of fibres
at surfaces, but non-destructive, true 3D information to validate the predicted 3D structure is
challenging since the sub-micrometer fibre diameters are at the lower limit of what is observable
in laboratory computed tomography (CT) set-ups [42, 43], while confocal laser scanning and mul-
tiphoton microscopy are limited in depth [44, 45]. The mechanical behaviour of single electrospun
fibres can, e.g., be characterised by atomic force microscopy or micromechanical testing [46–48].
It is well known that the mechanical parameters strongly change with fibre diameter [49–51], but
also that fibres of the same diameter can have very different properties depending on their intrin-
sic polymeric structure [52, 53]. Eventually, fibre interactions currently represent the information
most difficult to achieve, and little is known about the location and quality of bonds between fibres,
whether and where they form, if and when they break during deformation.

Poly(lactid acid) is a biodegradable polymer with wide biomedical use [54–56]. In the form of
electrospun membranes it is a typical material used in tissue engineering [57]. For example, it was
demonstrated that PLLA fibre scaffolds controlled the phenotype of human aortic smooth muscle
cells in tissue engineered blood vessel grafts [58], and that their modification with osteogenic growth
peptides promoted bone tissue regeneration [59]. In the present study, we consider poly(L-lactide)
(PLLA) as a model system to analyse the multi-scale structure and mechanical behaviour of elec-
trospun networks. We have recently characterised the diameter-dependent mechanical properties
of single electrospun PLLA fibres in the elastic and inelastic tensile strain regimes [60]. In the
present study, we supplement this information by statistical analyses of fibre shape and diameter,
we determine the porosity for two different PLLA membranes with mean fibre diameters of 1.10µm
and 0.70µm, respectively, and we validate the 3D structure of our computationally generated net-
works by means of a nano-CT analysis and advanced filtering techniques. Based on this set of
data, and accepting the uncertainty in the determined single fibre properties and on fibre inter-
action, we predict the response of the membranes under uniaxial tensile loads in terms of stress
and lateral contraction. We show that sound agreement between the simulations and experiments
can be achieved in terms of both this macroscopic response and the microscopic realignment of
fibres in the deforming network, if the single fibres’ mechanical parameters are chosen at the low
end of what is expected from the experimental scatter in [60], and a reduced density of inter-
fibre bonding points is considered in the thin-fibre network. The virtual network simulations thus
suggest that the properties of single fibres within the electrospun network may differ from those
determined from fibres especially prepared for single fibre testing, and that the bond density in
electrospun membranes may vary with fibre diameter. In addition, the micromechanical analysis
of the parametrised network models provides insight to the peculiar kinematics of fibres within
the ESNs, in particular their non-affine motion and realignment. Noteworthy, these results could
hardly be achieved with real networks, and the work thus also highlights the merits of virtual tests
based on dedicated computational models in order to rationalise and complement the analogue
characterisation of ESNs in the lab.
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2. Methods

2.1. Gel Permeation Chromatography (GPC)

PLLA pellets (3100HP Ingeo, Natureworks, USA) were used for the fabrication the electro-spun
samples. The polyester has a D-isomer content lower than 2% (from the manufacturer details). Its
molecular weight was estimated by GPC analyses. PLLA pellets (32 mg) were dissolved in 10 ml
of hexafluoroisopropanol (HFIP) containing 20 mmol of sodium trifluoro-acetate. The obtained
solution was passed through a Viscotek GPC max VE 2001 solvent/sample module (Malvern
Panalytical, UK) and led to the detector unit (Viscotek TriSEC Model 302, Malvern Panalytical,
UK). A PSS PFG (7µm particle size) 3-column set (100, 1000 and 4000Å respectively) was used
for the measurement with a column temperature of 40◦C and an injection volume of 100µl. PLLA
molecular weight was calculated against Poly(methyl methacrylate) (PMMA) standards.

2.2. Electrospinning

The generation of electrospun membranes consisting of PLLA fibres by use of the Nanospider
device (NS 1WS500U, Elmarco) is described thoroughly elsewhere [60]. In brief, dichloromethane
(DCM, Macron fine chemicals, Avantor, USA) was mixed with dimethylformamide (DMF, VWR
chemicals, USA) by a 98 to 2 weight ratio (98/2wDCM/wDMF) to increase the solution conductivity
and relative permittivity. Two different electrospinning solutions were prepared by dissolving PLLA
in form of pellets (3100HP Ingeo, Natureworks, USA) by a weight ratio of 10% (wPLLA/wSolvent)
(sample I) and 8% (wPLLA/wSolvent) (sample II), respectively, in the blend solvents. Furthermore,
a third sample with a weight ratio of 12% (wPLLA/wSolvent) was produced (sample III) for CT
scanning. Tetraethylammonium bromide (TEAB, Sigma Aldrich, USA) was added by a weight
ratio of 0.015%w/wSolvent to increase electrical conductivity. The solution was filled in the reservoir
of the Nanospider device equipped with a spinning carriage module and spinning was performed
with an applied voltage of +20 / − 17 kV and a distance of 220 mm of the source to the substrate.
Furthermore, a relative humidity of 20% and a reservoir speed of 480 mm/s were applied.

2.3. Fibre diameter and shape extraction from SEM

Images of the networks were acquired by SEM (Hitachi s-4800, Hitachi High-Technologies Corpo-
ratin, Japan) for both samples (Fig. 5ab) at an acceleration voltage of 2 kV and 10µA current flow.
Before imaging, the samples were sputter-coated with a 7 nm thick gold palladium layer (Polaron
Equipment, SEM coating Unit E5100, Kontron AG, Switzerland). From the SEM images, N = 100
diameters were measured for both samples with ImageJ software [60, 61]. A Gaussian distribution
[62, 63], specified by the parameters mean d̄F and standard deviation σdF

obtained from the mea-
sured fibre diameters, was used to represent the distribution of the samples in a statistical manner.
The random fibre shape was described by the persistence length lP [41], a shape parameter in-
troduced for the worm-like chain theory [64–66]. In this regard, N = 20 fibres were traced from
the images using the Easyworm software [67], which measures the mean square of the end-to-end
distance 〈R2〉 from the traced fibre sections with arc length s and fits it to the theoretical relation
[66, 67]

〈R2〉 = 4 s lP

1− 2
lP
s

1− e
−
s

2lP

 (1)

to obtain lP of a worm-like chain in 2D.
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2.4. Porosity

The porosity φ describes the ratio of void to fibre volume in a porous structure and was calculated
from the volume vN and the mass mN of a representative piece of network material. A section
with surface area A was cut from the network samples using a scalpel. The thickness tN was
measured using a profiler (Dektak 150, Veeco, USA) equipped with a tip of 2.5µm height. The
mass mN of the cut piece of the material was measured by a weighing scale (AT201, Mettler Toledo,
USA). Finally, the fibre volume vF was obtained by dividing the fibre mass mF = mN with the
mass density ρ = 1.25 g/cm3 of PLLA [68]. With the network volume vN = AtN the porosity is
calculated as

φ = 1− vF

vN
= 1− mF

ρvN
. (2)

2.5. Nano-CT

Sample III, used for the analysis with CT, with a mean fibre diameter of 1.04µm (N = 100) was X-
ray scanned with a laboratory nano-CT setup (Easy Tom XL, RX Solutions, France). To this end,
a 1 mm wide strip was cut from the fibre network by a scalpel and pulled into a glass capillary of
1 mm outer diameter and 100µm wall thickness with the help of a wire glued to one end of the strip.
The glass capillary was then mounted to the nano-CT setup, thereby fixing the strip of the fibre
network in an upstanding position. 3000 projection images were acquired per 360◦ scan, averaging
over 10 frames each was conducted to improve the signal to noise ratio, with a uniform voxel
size of 402 nm. The X-ray image acquisition was conducted at 50 kV and 100µA. All X-ray scans
were made with the X-ray Tube Unit (Hamamatsu type L10711-02), and collected on a flat-panel
detector (Varian type PaxScan2520) with a pixel matrix of 1920 x 1536 px2 and a pixel size of 127 x
127µm2. The filtered back-projection software X-Act (RX Solutions, Chavanaud, France) was used
for the reconstruction. The image pre-processing included ring artefact suppression. To reduce
noise and edge overshooting artefacts, additionally a Tukey filter and a frequency appodisation
filter were used in the filtered back-projection. A non-local means denoising filter was applied with
Fiji software [69, 70] before volume image segmentation. Then, thresholding was applied on the
sample ROI (Fig. 1a) in Avizo (9.5.0, FEI Visualization Sciences Group). Using the Avizo modules
Cylinder Correlation and Trace Lines, the fibre orientation analysis was performed to create a
line graph with the centre line of each fibre (Fig. 1b, Suppl. Video). This information was finally
extracted and post-processed with Matlab (R2016b, The MathWorks Inc., Natick, MA, USA) to
create histograms of the orientation distribution (Fig. 6). To this end, the in-plane and out-of-plane
orientation, i.e. azimuth and elevation, of segments with length between 1µm to 10µm of the centre
line were calculated. The reference plane for their calculation was specified to meet a zero mean
out-of-plane orientation and the in-plane reference orientation was chosen randomly.

2.6. Uniaxial tensile experiments

A custom-build experimental set-up was used to conduct the uniaxial tensile experiments [see e.g.
71, for details]. The set up consists of two 100 N force sensors attached to two controlled hydraulic
cylinders oriented horizontally (MTS Systems, Eden Prairie, MN). Both force and displacement
were recorded by the system at 10 Hz. Furthermore, a camera (Pike F-100B Allied Vision Tech-
nologies GmbH, Stadtroda, Germany) equipped with a telecentric lens (TECHSPEC R© GoldTLTM,
Edmund Optics, Barrington, New Jersey, USA) recorded a top view of the specimen at 1 Hz. Pieces
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Figure 1: (a) Thresholded CT of a sample electrospun material. (b) Extracted centre lines of the fibres from
post-processing of the CT data (c) Extracted centre lines of the fibres from the microstructural informed numerical
model.

of lN × wN = 80 × 10 mm2 were cut from the electrospun material (sample I, sample II) with a
scalpel. Black markers were drawn on the top surface of the specimen wih a pen (GeoCollege Pig-
mentliner, Aristo, Austria). A custom clamping system, enhanced by sandpaper to reduce slippage,
connects the specimen to the force sensors. A length of 10 mm was used to clamp the specimen
on both ends, thus leaving a free length between the clamps of 60 mm. The displacement of the
clamps was controlled at a nominal strain rate of 0.25 %/s. To reduce pre-stress at the reference
state [72], the experiment started with a visible slack of the specimen between the clamps and the
reference state was determined as the instance, where the force signal exceeds the measurement
noise (Appendix A). After identifying the reference point, the stress-stretch plot was generated
by post-processing the measured data. The nominal stress P = f/(tNwN) was calculated from the
force f and the reference cross-sectional area tNwN. The local in-plane principal stretches (λ1, λ2)
were extracted by tracking the marker points with an optical flow based algorithm [72]. Due to the
alignment of the principal stretch directions (λ1, λ2) with the coordinate axes (X,Y ) with less than
2% difference, we use λ1 = λx and λ2 = λy in what follows. From each sample, N = 3 specimens
were tested and the results are represented as mean ± standard deviation.

2.7. Experimentally informed finite element models

Representative volume elements (RVE) of the network were generated by an initial virtual spin-
ning step, in which the deposition of fibres was simulated in a finite element (FE) framework
(Abaqus/Explicit 2016, Dassault Systèmes Simulia Corp., Johnston, RI, USA) as described in [41].
Fibres were discretised by beam elements with maximal length 3d̄F, which reduce the computa-
tional cost compared to 3D continuum elements but allow modelling the structural response of
the fibres, that are mainly subjected to axial and bending loads within the network. Since fibre
segments can have aspect ratios below 10, shear deformations might become significant for their
mechanical response [60, 73]. Therefore, as in [41], Timoshenko beam elements (Type B31) were
used instead of Euler-Bernoulli theory. Novel to the present work, all microstructural parameters
that inform the network generation process, i.e., the diameter distribution, the single fibre shape
and the network porosity, were defined from experimental measurements.

The diameters of the generated fibres in the numerical model were sampled from the experimentally
parametrised Gaussian distribution (see Sec. 2.3) which was cut at dF,min = (d̄F− 2σdF

) to prevent
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physical unreasonable negative diameters. To take into account the statistical variations in shape of
the fibres, the persistence length lP extracted from SEM (see Sec. 2.3) is used as a parameter in the
random walk algorithm to generate statistically equivalent fibre shapes in-silico [41]. The random
walk is described by a Gaussian distribution of the angle θ between two consecutive segments of
length l as [cf. 41, 66]

P(θ) =
1√

2πσ2
θ

e
− θ2

2σ2
θ (3)

with standard deviation σθ =
√
l/lP.

For each network generation, a set of 1000 fibres with linear elastic material properties were de-
posited on each other within an initial simulation. The material properties (here Young’s modulus
E=1500 MPa, Poisson’s ratio νF=0.4) are extraneous to the deposition simulation as the driving
mechanism behind the compaction is a body force acting on the fibres and adjusted to meet the
measured porosity with less than 1.5 % difference. Thus, the final 3D fibre shape, i.e. their out-of-
plane inclination, follows exclusively from the experimentally predefined porosity (see Sec. 2.4).

For later validation against experimental data the nodal coordinates of each finite element after
deposition were extracted and their out-of-plane elevation angles with respect to the X-Y plane
were determined. The according in-plane azimuthal angles were calculated from the X-direction.

A thorough experimental study of the mechanical and morphological properties of PLLA fibres,
produced by needleless electrospinning was conducted previously by our groups [60] and served as
input for the described model. The experiments suggested an elastic-plastic mechanical behaviour
of the single fibres, described in the FE model by a bi-linear elasto-plastic model with three param-
eters, viz. the Young’s modulus, the yield stress and the hardening slope. A strong dependence of
these parameters on the diameter in the range of 200 nm to 1400 nm was reported for electrospun
PLLA fibres [60], and a power law fit E = 11e3d′F

−1.321[GPa] (R2 = 0.88), where d′F is the fibre
diameter dF in units of nanometer, was given for the the Young’s modulus E. Using the data from
[60], we here add descriptive trend lines for the hardening slope H (R2 = 0.58) and the yield stress
Py (R2 = 0.78) in the experimentally reported range as

Py = 160.33 e−
2.37
1000

d′F [MPa], H = 342.56 e−
1.95
1000

d′F [MPa], (4)

obtained through least square regression (Fig. 2). The parameters were obtained from nominal
stress values and converted to the corresponding true stress values before using them as input for
the Abaqus implementation.

The interaction of fibres is modelled as a tie constraint at their initial contact points by connecting
the translational degrees of freedom, i.e. cross-linking, of the nearest element nodes of both fibres.
Hard contact in normal direction is preventing penetration when the deforming fibres get in contact
during the loading. For the tangential behaviour at these evolving contacts frictionless sliding
(µ = 0) was assumed, since the real value was not known and numerical studies showed that even
an unrealistically large frictional coefficient had only a moderate effect on the tensile stress response
(Appendix C).

2.8. Simulation of uniaxial tension tests

The final network model was used to simulate uniaxial tension experiments (Fig. 3). For a given
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[42]

[42]

[42] [42]

Figure 2: Single fibre material parameters in dependence of fibre diameter. Experimental data of the (a) Young’s
modulus (b) hardening and (c) yield stress [60] with an according fitted trend line and a reduced relation. (c)
Comparison of the single fibre nominal stress-stretch curve for a fibre with diameter dF=1.10 of the fitted trend and
with reduced parameters.

macroscopic network deformation with longitudinal stretch λx, affine displacements of the boundary
nodes with initial coordinates (Xi, Y i) in the extension direction were applied according to

uix = Xi(λx − 1). (5)

The stress free boundaries in Y - and Z-direction are realised by linearly coupling all displacement
degrees of freedom of the boundary nodes to a freely moving reference point (Y ref , Zref)[cf. 74]

uiy =
Y i

Y ref
uref
y , uiZ =

Zi

Zref
uref
Z . (6)

For a comparison with the experimental data, the macroscopic deformation of the numerical model
in Y -direction λy = 1 + uiy/Y

i is calculated from the displacement of any boundary node uiy.
The volume averaged nominal stress tensor P = (

∑
i f i ⊗ X i)/VN is evaluated from the nodal

forces f i, their reference positions X i and the network volume VN [41, 75]. Based on convergence
studies conducted previously [41], the normalised width w̄ = w/d̄ of the square networks’ in-plane
dimension and their normalised thickness t̄ = t/d̄ were chosen to meet a representative network
size (w̄ > 350, t̄ > 17). All simulations were performed with N = 3 realisations of each network
and results were represented as mean ± standard deviation.
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Figure 3: FE simulation of a discrete network in uniaxial loading. (a) Reference configuration. (b) A representative
response of the model to an applied longitudinal network stretch (λx = 1.15) showing local axial elemental strains
εAX.

2.9. Reduction of cross-link density and material parameters

In the reference model all initial contact points of the fibres formed during the network generation
step were treated as bonds between fibres, i.e. cross-links of the network, and their translational
degrees of freedom were coupled. The connection of fibres in real ESNs can result from different
interactions, including material bonds due to fusion of fibres and adhesion [30]. The physical
origin of the interaction is not relevant from a modelling perspective, however, the presence of the
connection may depend on several factors during the electrospinning, such as the solvent-polymer
ratio, the solvent evaporation kinetics and, finally, the amount of solvent still present when the
fibres get in contact. To investigate the effect of reduced inter-fibre bond density, and assuming a
homogeneous distribution of the bonds between fibres in the membrane, every forth, third or second
cross-link of the network was removed by releasing the coupling between the nodal displacements
in respective simulations, leading to cross-link densities of 75%, 66% and 50%, respectively.

The mechanical characterisation of single fibres reveals that the spread in both elastic and inelastic
properties increases with decreasing diameter (Fig. 2). Moreover, it is known that the use of dif-
ferent solvents [76] and solvent concentrations [52] can lead to fibres of comparable diameter that
differ significantly in their behaviour due to differences in polymer alignment and crystallinity, and
we hypothesised that differences may also occur between fibres formed within a network and those
deposited on custom rigs for single fibre testing. Therefore, in addition to the empiric relations be-
tween fibre diameter and axial Young’s modulus, yield stress and hardening, respectively, obtained
by a direct least squares approximation ([60], Eqs. 4), we considered a second set of general bilinear
relations [cf. 77], which represent material characteristics at the bottom of the experimental spread,
and performed additional sets of simulations. The modified empiric relations are given by

E = (5.5 ln(e−0.04
d′F−250

5.5 + 1) + 0.8) [GPa]

H = (25 ln(e−0.25
d′F−600

25 + e−0.028
d′F−600

25 ) + 40) [MPa]

Py = (13 ln(e−0.11
d′F−600

13 + e−0.003
d′F−600

13 ) + 8) [MPa]

(7)

and are indicated by the beige dashed lines in Fig. 2a-c. To illustrate the effect, Fig. 2d exemplifies
the nominal stress-stretch curve of a fibre with diameter (dF=1.10 nm).
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Noteworthy, the spread in the experimental data (Fig. 2a-c) also suggests that the mechanical
properties of fibres are not deterministic even for a given diameter. The use of a deterministic
empiric dependency on dF may thus affect the outcome of the network simulations. We therefore
also performed additional simulations in which the fibre yield stress Py – as the most influential
parameter – was sampled from a normal distribution with the mean given by Eq. (4) and a coef-
ficient of variation of 25% for each dF. However, the results described in Appendix B indicated
that the effect is small when compared to that of cross-link density and an overall reduction of
material properties.

2.10. Analysis of local segment alignment and stretches

Specimens with a rectangular shape of 6 × 25 mm were cut from sample I and stretched with an
in-situ tensile stage [60]. The fibre alignment was measured from images obtainend by SEM of
stretched specimens and also from rendered visualisations of the results from according simulation
at different stages of the uniaxial tests. Cut-outs of both SEM and rendered simulation results are
shown in Fig. 5. The SEM images were first segmented into binary (black and white) images with
the plugin DiameterJ [61]. The obtained binary images and the images of the numerical results
were post-processed by the orientationJ plugin of ImageJ, that provides an orientation parameter
called ‘coherency’ ranging from 0 (random orientation) to 1 (fully aligned fibres), which was used
for comparison.

Special attention is given to the fibre segments between two cross-links, whose deformation can
be analysed in the computational model. To this end, the current nodal positions (x ) of the
cross-links are extracted for each step with given macroscopic network stretch λx, and the segment
stretches λs = R/R0, defined as the ratio of the current end-to-end distance of a segment R to the
initial one R0 (see Fig. 10a), are computed from the simulation results. The in-plane displacements
u i = x 2D

i −X 2D
i of the nc cross-links are calculated from the in-plane components of the nodal

coordinates (x 2D
i ,X 2D

i ) and a planar non-affinity measure H2D

H2D =
1

nc

nc∑
i=1

||u i − uaff
i ||

||uaff
i ||

(8)

is evaluated in line with former studies [cf. 78] based on the relative difference of u i to an according
hypothetical affine displacement uaff

i . Additionally, the effective segment stretch λe is defined as
the ratio of the current end-to-end distance R to the segments initial arc length L0 (λe = R/L0,
see Fig. 10a), so that λe = 1 indicates the state in which a segment becomes straight. The values
R and L0 are calculated from the element nodal coordinates, extracted from the Abaqus output
file by Python interface (2.7.3, Python Software Foundation, OR, USA) and post-processed by a
Matlab script. Finally, the fractions of material that under tension (λs > 1), straight and under
tension (λe > 1) or yielded (λe > λy), respectively, are determined through subsequent analyses in
Matlab, by division of the total volume of elements in the respective state of interest by the total
volume of all elements.
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Figure 4: Histograms of the single fibre diameters and the corresponding Gaussian distribution for (a) sample I and
(b) sample II.

3. Results

3.1. Microstructure

An established method to influence the microstructure of electrospun mats is the use of solvent
mixtures and respective polymer-to-solvent ratios [60]. Thus, two electrospun mats with weight
ratios of 10%wPLLA/wSolvent (sample I) and 8%wPLLA/wSolvent (sample II) were produced for
mechanical testing. The averaged molecular weight of the used PLLA pellets was measured as
178 kDa with a poly-dispersity index of 2.24. SEM images were acquired from samples of both
membranes (Fig. 5ab) and the diameters of N = 100 fibres were measured, and mean (d̄I

F=1.10,
d̄II

F=0.70) and standard deviation (σI
dF

=0.420, σII
dF

=0.251) were calculated. Following [62, 63],
Gaussian probability density functions, uniquely defined through these parameters, were used to
model the stochastic diameter distribution, although they provide only a coarse approximation
when compared to the histograms obtained by experimental analysis (Fig. 4). The polymer-to-
solvent ratio does not only affect the fibre diameter and surface topography [79], but also fibre
tortuosity, as observed from the measured persistence length lP (see Sec. 2.3) that takes mean
values of lIP = 959.4µm and lIIP = 440.1µm, respectively, indicating that thicker fibres have a
straighter shape.

3.2. Porosity

For the calculation of the network porosity, the mean values tIN = 507µm and tIIN = 245µm of
mat thickness were obtained, and pieces with areas of AI = 397 mm2 and AII = 291 mm2 were
excised from both membranes to measure their weight (mI

N = 10.35 mg mII
N = 4.33 mg). Finally,

the porosity (φI = 0.9588, φII = 0.9519) of both samples was calculated with Eq. (2). Note, that
the amount of fibre bulk material (1− φ) is 16.7% higher in sample II compared to sample I.

3.3. Structure of real and virtual ESNs

Based on the ‘planar’ information (d̄F, σdF , lP) and porosity (φ) virtual networks were generated
(Fig. 5cd). While sound agreement between the in-plane statistical structure of real and compu-
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Figure 5: Top view cut-outs of (a,b) SEM and (c,d) rendered images of the discrete model for (a,c) sample I and
(b,d) sample II. The scale bar applies to all images.

tational ESNs is expected by definition, the 3D structure of the virtual networks is a result of the
predefined macroscopic porosity of the mat (Sec. 2.7). The 3D structure was therefore validated
against CT measurements, in particular, the distribution of the out-of-plane angle of the finite
elements (Fig. 1c) was compared to the orientation of segments along the fibres’ centre lines traced
in the CT images (Fig. 1b, Suppl. Video). The analyses (Fig. 6) reveals that most segments are
oriented in out-of-plane direction within limits of about ±π/16, i.e. ±11.25◦ and an approximately
uniform distribution within the plane for both the computational network (blue bars) and the
electrospun mats (filled green bars).

3.4. Mechanical response of real and virtual ESNs

The measurements of fibre shape, fibre diameter distribution, fibre mechanical properties and
network porosity served as input to generate 3D computational models with parameters that are
statistically representative for the membranes I and II (Fig. 5cd). To assess the predictive qualities,
the macroscopic mechanical response of the microstructural informed network model (Fig. 7 - grey)
and the electrospun samples (Fig. 7 - green) in uniaxial tension were compared. The comparison
reveals that both FE simulation and experiment show an increase in stiffness for fibre networks with
lower mean diameter. Furthermore, good qualitative agreement in terms of stress-stretch (P -λx,
Fig. 7ac) and lateral contraction (λy-λx, Fig. 7bd) for both samples can be observed. Quantitatively
the lateral contraction curves show much better agreement than the stress-stretch (P -λx) responses,
that only match well in the elastic range. Also the hardening slope is adequately captured for both
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Figure 6: Comparison of the in-plane and out-of-plane orientation distribution from the microstructural informed
FE model and from CT of electrospun samples.

samples whereas the yield stress is overestimated, leading to a nearly constant offset of the post-
yield curve compared to the experiment. This effect is less pronounced for the sample I, which has
a higher mean diameter compared to sample II.

3.5. Effect of reduced bond density and material properties

To study the effect of cross-links between fibres, two additional simulations with 75% and 50%
cross-links were conducted on N = 1 realisations of each network. The study reveals, that the
stiffness in the elastic range decreases and the lateral contraction increases by reducing the density
of cross-links, as exemplarily shown for network II in Fig. 8. The influence of the single fibre
material behaviour was assessed by reducing the single fibre material properties (E, Py and H)
through a modification of the corresponding empiric relationships (Fig. 2abc), and the effect is
again shown in Fig. 8 for sample II. The strong effect on all three regions of the stress-stretch curve
(elastic behaviour, yielding and hardening) is clearly visible. Noteworthy the reduced stiffness,
yield stress and hardening in the stress response (Fig. 8a) are accompanied by stronger lateral
contraction (Fig. 8b).

Based on this parametric study, the tensile response was again simulated for N = 3 realisations of
the networks with the reduced-value parameter set for both samples and, additionally, cross-link
density reduced to 66% for the thin-fibre network II. The results are shown in Fig. 7 (green) and
lead to better agreement with the experimental data.

3.6. Kinematics of fibres and fibre segments in the network

In addition to the 3D fibre disposition in the reference state (Fig. 6), also the change of fibre
in-plane orientation distribution with deformation was experimentally quantified and compared
to respective numerical simulations with the reduced fibre material model (Fig. 8) of sample I.
To this end, N = 3 top-view SEM images and N = 3 rendered representations of the numerical
results at different macroscopic network stretches were analysed by ImageJ. The resulting mean
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Figure 7: Comparison of the experimentally obtained and by the numerical model predicted stress-stretch curves for
(a) sample I and (c) sample II and the in-plane lateral vs longitudinal stretch λy −λx curves for (b) sample I and (d)
sample II. All graphs show mean and standard deviation (shaded areas) of N = 3 data sets respectively. Coefficient
of determination evaluated with the respective mean values.

and standard deviations of the orientation parameter indicate an increase of the fibre orientation
parameter for increasing network stretches λx for both the experimental studies and the numerical
model (Fig. 9a) and show good quantitative agreement.

Finally, the qualified model for network I, that shows good agreement in terms of both macro-
scopic network response (Fig. 7) and fibre realignment (Fig. 9a), was used to investigate the micro-
kinematics resulting from a macroscopic deformation of the network, in particular the non-affinity
of the deformation of fibre segments and the distribution of their stretches. The measure of non-
affinity H2D (Eq. (8)) shown as mean and standard deviation from N = 3 realisations of the
numerical model indicates clear deviation from the affine (zero) case (Fig. 9b). The histograms
of the segment stretches λs are characterised by a pronounced peak at λs ≈ 1 for a macroscopic
network stretch of λx = 1.02, indicating that a large amount of segments are at or close to their
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Figure 8: Influence of (a) the amounts of cross-links and the reduced material parameters on the numerical model
predicted stress-stretch curves and (b) the lateral in-plane vs longitudinal stretch λx − λy curves of sample II.

reference length in this early state of deformation, representative for the elastic range of the stress-
strain curve. Although still clearly visible, the peak reduces for an increased macroscopic networks
stretch (λx = 1.10), and an increasing amount of fibre segments become either compressed (λs < 1)
or extended (λs > 1). The fraction of material under tension (λs > 1), and straight (λe > 1) is
shown in Fig. 10b. The analysis reveals that after a rapid increase to about 60% the amount of
fibrous material under tension drops to about 40%, and increases again slightly in the plastic region
of the response curve. Furthermore, the figure shows that after a strong initial rise, the fraction
of yielded material (λe > λy) increases at nearly constant rate. The fractions of yielded material
are analysed for both the models before (solid orange line) and after (grey dotted line) adaption
of the single fibre material parameters, corresponding to the two sets of simulations shown in Fig.
7, and the results in Fig. 10b show that the effect of the fibre parameter set is small.

4. Discussion

In this work, the capability of an advanced 3D DNM [41] to predict the macroscopic mechani-
cal behaviour of electrospun membranes exclusively from structural information and single-fibre
mechanical properties was investigated.

4.1. Comparison with other state of the art approaches

Despite an increasing number of applications [3, 10, 80, 81] and a rising interest in computational
modelling [29] of electrospun networks, only few multi-scale discrete computational attempts have
been made to model this material [25, 32, 36–38, 75, 82]. Different from these approaches, we have
not used macroscopic mechanical data to determine model parameters but informed the model
exclusively by measurable parameters that define the network’s in-plane morphology, porosity and
the diameter-dependent elasto-plastic properties of single fibres. We omitted major simplifications
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Figure 9: (a) Comparison of the reorientation of the fibres quantified by the ImageJ orientation parameter from
post-processing of top-view SEM and rendered images of the discrete model. An error of 2% in network stretch
λ1 is assumed for the SEM data. (b) Non-affine deformations in uniaxial tension quantified by the parameter H2D

(Eq. 8) revealed by the ny the numerical model of sample I with reduced single fibre properties. The error in ImageJ
orientation parameter of the SEM data as well as the shaded area for the FE data is representing the standard
deviation of N = 3 data sets respectively. Coefficient of determination in (a) evaluated with the respective mean
values.
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Figure 10: (a) Histogram of fibre stretch distribution for two macroscopic network stretches λX . Blue and orange
shaded part of the histogram show the fraction of elongated segments (λS >1) for A: λX = 1.02 and B: λX = 1.10
respectively. (b) Fraction of the fibrous material with either elongated fibre segments (λs, λe > 1) or with segment
stretches exceeding their yield threshold (λe > λy). Data given for numerical model of sample I with reduced material
(solid orange line) and initially determined (dotted grey) properties (see Fig. 2b)

on fibre topology and network structure, such as the assumption of straight or sine fibre shapes
[25, 31, 36, 37, 82], regular unit cells [31], or 2D-Delaunay triangulated networks [27]. Finally we
used an RVE based multi-scale approach, thus omitting assumptions on the relation between the
macroscopic deformation and kinematics of fibre segments such as affinity [31, 75].
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4.2. Effect of polymer-to-solvent ratio on fibre structure

Two distinct networks with different fibre diameters were produced by making use of the known
influence of the polymer-to-solvent ratio in electrospinning [60, 83]. Besides the fibre diameter, also
the fibre tortuosity is influenced by the amount of solvent in the solution [84], reflected here by
decrease of the persistence length for lower fibre diameters. A possible explanation is the reduction
of the bending stiffness EI [84], as the second moment of area reduces much faster (I ∝ d4

F) than a
possible increase of the Young’s modulus E with a decrease of the fibre diameter dF leading to less
deformation resistance to transverse forces acting on a polymer jet in the electrospinning process.

4.3. Predictive qualities of the model

The network generation procedure [41] simplifies the complex electrospinning process to a body-
force driven deposition and compaction, stopping when the experimentally measured porosity is
reached. Although this procedure does thus not fully capture the physics of the deposition process,
the comparison with nano-CT data showed that the 3D fibre disposition (Fig. 6) in computational
and real networks is in good agreement. Synchrotron X-ray imaging [85, 86] has been used for
the extraction of high-resolution images of electrospun materials, and laboratory nano CT-systems
were used to determine fibre diameter distribution, porosity and pore size distribution [87, 88].
Here we have shown that a laboratory CT set-up and appropriate filtering techniques can also be
used to obtain CT scans of electrospun membranes which allow identifying the centrelines of PLLA
fibres with mean diameters of around 1µm.

For the assessment of the predictive capabilities of the numerical model in terms of mechanical
behaviour, the fitted trendlines to measured microstructual parameters were used at first to in-
form and generate statistically equivalent DNMs. The microstructural model forecasted the stress
response of electrospun material qualitatively well, including the bilinear stress response (Fig. 7ac)
and strong lateral contraction (Fig. 7bd). Also the elastic behaviour and the hardening slope were
adequately captured, but the yield point and post-yield stress in the plastic regime were overes-
timated for both samples, and in particular for sample II. Moreover, the experimentally observed
increase of network stiffness with lower mean diameter (Fig. 7) is captured by the numerical model,
although the increase is much more pronounced in and overpredicted by the DNM. To shed light on
this mismatch, we studied two characteristics of the computational model, for which the existing
information is affected by uncertainty: the actual properties of fibres in a network, and the density
of cross-links between fibres.

While it was assumed at first that fibres spun for single fibre testing as obtained in [60] have the
same mechanical properties as fibres in a network, the good agreement of our simulations based on
reduced single fibre material properties (Fig. 2abc) with the experimental data for sample I (Fig. 7)
questions this assumption. During the production of the electrospun membranes, the spinning
process was activated only a few seconds to generate the single fibres. The spinning environment
changes during a long lasting network generation process because the air becomes enriched by the
evaporating solvent. An increased concentration of solvent vapour in the environment surrounding
the electrospinning jet and the resulting fibre could decrease the evaporation rate of the solvent
during fibre formation. Indeed, just recently obtained results showed a reduction of the Young’s
modulus for solvents with lower evaporation rates [76]. However, the direct comparison with the
latter study is not possible, as different solvents were used, which could also influence the mechan-
ical properties of the fibres. Nevertheless, other studies already suggested that solvent molecules
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remaining in the fibre after deposition favour the relaxation of the polymer chains stretched by
the electrospinning drawing forces, and thus reduce the fibre stiffness [52]. Morevover, this effect
[76] was much more pronounced for very thin fibres below a certain threshold diameter (∼ 600 nm)
which could explain why the deviation between the measured network response and the numerical
simulation based on single fibre properties is stronger for sample II with thinner fibres.

The computational model initially assumed that all contact points between fibres forming during
the deposition step remain as permanent bonds. Reductions of the cross-links to 75% or 50%
provided a marked reduction of the elastic modulus of the network, i.e. the stiffness in the small
strain elastic regime and a decrease of the macroscopic yield stress. The combination of reduced
single-fibre properties and cross-link density finally led to sound agreement between simulation and
experiment for the thinner fibre network (sample II). Physically a reduced number of crosslinks
could be explained by a faster evaporation of the solvent in thinner fibres due to an increased
surface-to-volume ratio leading to drier and less sticky fibres when they come into contact.

Finally we note that, in lack of experimental information, the frictional coefficient, which controls
the tangential forces between contacting fibres in the simple contact model used, was set to zero.
Although this limitation is arguable, simulations with friction coefficients up to µ = 5 showed that
the stress response is only slightly affected, so that friction alone could not explain the initially
observed mismatch between model and experiment, although it might have a more notable effect
on the predicted lateral contraction (Appendix C).

4.4. Micromechanical insights provided by numerical approach

The agreement of the numerical model with reduced material properties in terms of both micro-
scopic and macroscopic properties with the experiments suggests the use of simulations to analyse
microscopic responses not accessible in experiments. As expected from previous studies [25], the
fibre deformations calculated with the numerical model show significant deviations from the affine
case (Fig. 9b). Furthermore, the simulations reveal that only a fibre fraction of 40%-60% are under
tension (λs > 1), or materially stretched (λe > 1) and contribute to the resistance of the material in
the uniaxial tension load cases (Fig. 10). The small effect of single fibre properties on the amount of
tensioned or yielded material (Fig. 10b) also indicates only a slight influence on the network kine-
matics. This observation is in line with the macroscopic network response, as a change of single
fibre properties has a stronger effect on the stress (Fig. 7ac) than on lateral contraction (Fig. 7bd)
in uniaxial tension.

5. Conclusions

Discrete network models of electrospun poly(L-lactide) mats with random fibre alignment were
generated by initial deposition simulations and informed exclusively by statistical information
on diameter, shape and elasto-plastic properties of single fibres, as well as macroscopic network
porosity. The morphology of the resulting three-dimensional network structures compared well
with the structural information obtained by nano-computed tomography thus suggesting that the
virtual networks are representative of their real-world counterparts in terms of structure. Although
in good qualitative agreement, the rigorous prediction of the macroscopic mechanical behaviour
of the electrospun PLLA membranes in uniaxial tension overestimates the experimental stress
response. The analysis of this quantitative difference points at two critical aspects with regard
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to the uncertainty of information available to parametrise the models. The first one concerns
the properties of single fibres that – for a given diameter – may differ between electrospun fibres
produced for single fibre testing and fibres within a network, in this work both produced with a
needleless set-up. The second aspect concerns the quality and number of connections that form
between fibres, which remains a large unknown difficult to determine in experiments. The necessary
adjustment of the model parameters in order to match the experimental data on poly(L-lactide)
mats suggests that the material parameters characterising the elasto-plastic behaviour of single
fibres in the network are all at the lower end of the experimental scatter obtained in single fibre
tests, and that thinner fibres form less cross-links than thicker ones in the corresponding networks.
Both effects can be explained by different solidification conditions in network vs. isolated fibres, and
of thick vs. thin fibres, although no direct evidence of this hypotheses could be given. After these
slight adjustments, however, the computational networks become representative for the PLLA
mats not only in terms of structure and the macroscopic response in simple tension tests, but
also with respect to their micro-kinematics, validated in terms of fibre realignment with applied
loads. The use of the thus qualified computational model to study the kinematics of fibre segments
provides further insight that cannot be gained through experiments: The analyses reveal that the
deformation of the segments is generally non-affine, and that a notable fraction of fibre segments
remains close to the unstretched state when the samples undergo uniaxial tension. Moreover, the
fraction of material that is under tension raises quickly up to about 60% in the elastic regime of a
simple tension test, then drops to about 40% when plastification sets in, and increases only slightly
with further macroscopic strain. In summary, the work shows that porosity measurement and
statistical single-fibre data are sufficient to generate computational network models that represent
virtual twins of electrospun membranes in terms of morphology, and that are very close to the
real networks in terms of both macroscopic and microscopic mechanical behaviour. Such models
may thus be used in a variety of computational studies for analysis and design purposes. However,
the strong influence of single-fibre properties and cross-link density points to the need for a better
understanding of how fibres form and connect within the network.

Appendix A. Reference point algorithm

For soft materials, the experimental determination of the reference state is difficult [72]. To evaluate
the reference point a base line was first defined by fitting a linear function to the first r data points
of the noisy force signal by the least square method, where r = 40 in the present case (Fig. A.1).
The maximal difference of a single force value of these points to the one prescribed by the linear
function was set as scatter value s. To evaluate if the next ∆r = 5 points are within the scatter,
the algorithm checked if the mean of the absolute difference of these 5 points to the values given
by the linear function is outside the scatter sf whereby the scatter factor f = 0.8 has shown to be
a good choice. If the check was positive, the first of the ∆r = 5 points was chosen as reference for
the experiment, if not, the algorithm started again including the additional 5 points (r = r+ ∆r).

Appendix B. Influence of non-deterministic material properties

To consider the effect of stochastic material parameters the yield stress for a fibre with a given
diameter dF is sampled from a Gaussian distribution with mean P̄y = 160.33 exp(− 2.37

1000d
′
F) and

19



−1 −0.5 0 0.5 1 1.5 2

0

0.1

0.2

0.3

Displacement [mm]

F
or
ce

[N
]

Force data
Scatter boundaries
Reference point

Figure A.1: Reference point algorithm used on the force-displacement data. Red lines show the scatter boundaries.
Black dashed line indicates the defined reference point.

standard deviation P sd
y = 0.25P̄y, i.e. a coefficient of variation of CoV = 25%, in one additional

simulation of sample I. Comparing the results with the initially conducted simulations with N = 3
realisations of sample I and deterministic fibre yield stress, i.e. Py = 160.33 exp(− 2.37

1000d
′
F), shows

that both the stress and lateral contraction response are within the scatter of the previously
conducted simulation (Fig. B.2). The study reveals only a minor influence of a stochastically
distributed single fibre yield stress on the overall network response.
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Figure B.2: Comparison of the response of the microstructural discrete model of sample I to uniaxial tension informed
by the mean values of the fitted single fibre mechanical parameters (FE trend) with a normally distributed single
fibre yield stress (Distributed Py). Values of the FE trend represented as mean and standard deviation (shaded area).
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Appendix C. Influence of friction

Repeated computations for sample I with a changed frictional parameter from µ = 0 (no friction)
up to µ = 5 (high friction) in the discrete network model revealed only a small effect on the stress
response, but a more notable reduction in lateral contraction (Fig. C.3).

1 1.05 1.1 1.15 1.2

0

0.05

0.1

λx

N
om

in
al

st
re

ss
[N

/m
m

2
]

µ=0
µ=1
µ=5

1 1.05 1.1 1.15 1.2

0.4

0.6

0.8

1

λx

λ
y

Figure C.3: Influence of friction coefficient µ on the macroscopic response of the network model for sample I.
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