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Abstract

A systems approach that integrates processing, structure, property and performance relations has
been used in the design of multilevel-structured fibrous materials. For electrospun fibrous structure,
numerical implementation of multiscale materials philosophy provides a hierarchy of computational
models defining design parameters that are integrated through computational continuum mechanics.
Electrospun micro/nano (multiscale) poly(e-caprolactone) (PCL) fibrous scaffolds were studied. The
fibrous structures were evaluated for their mechanical, morphological and cell attachment properties.
The cell attachment studies showed that cell activity on multi-scale scaffolds was higher compared to
micro-fibrous scaffolds. These results suggest that the combination of a micro- and nano-fiber hierarchical
scaffold could be more beneficial for tissue engineering applications than for individual scaffolds.
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1 Introduction

The variety of materials and fibrous structures that can be electrospun allow for the incorporation
and optimization of various nanofiber functions, either during spinning or through post-spinning
modifications [1]. Electrospun nanofibers have more than ever received greater attention, primar-
ily because nanoscaled structures can be easily fabricated by the simple electrospinning process.
These non-woven structures show unique morphologies in nano- or micrometer scales according
to various electrospinning conditions. The unique relationship between surface and mechanical
properties that occurs at the nanoscale define features that form the basis of nanoscale fibres and
their versatility [2-4]. The chemical interactions dominate at smaller scales while bulk mechanics
at larger scales. The balance between them in the system is a determinant factor from the aspect
of assembly, from shape to chirality to hierarchy. Complicated phenomena for fibrous structure
operate at multiple material scales and are governed by varying degrees of network properties;
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thus, numerical models are a necessary tool to unravel the relationships among individual network
components and the aggregate properties and functions of the whole system. For example, scaffold
design structures, their fabrication and structural behaviour at different scales lead to numerous
experimental and computational challenges. In particular, there is a need for modelling and test
tissues at multiple scales to gain an insight into issues such as drug delivery, drug interaction
and cellular—environment interactions. The modelling of bio-inspired materials, such as fibrous
scaffold, involves the concepts of both forward and inverse modelling [5]. A forward problem is
to simulate biological material properties and responses using internal microstructures already
determined by nature. On the other hand, a bio-inspired design may be regarded as an inverse
problem. Here the internal microstructures are not initially known and the aim is to design these
structures that will provide the desired properties, which may be required to be superior to those
of nature. An inverse problem is inherently difficult since the specified performance criteria might
consist of multiple properties (high strength, high toughness, significant extensibility, etc.) and
multi-physics properties (elastic stiffness, thermal conductivity etc.).

Learning from nature is a source of bio-inspiration for scientists and engineers to design mul-
tifunctional synthetic materials with multiscale structures. Hierarchical structures with extraor-
dinary properties that exist are widespread in bio-systems, such as bone, skin, nacre (shell) etc.
The lessons drawn from hierarchical biological materials could obviously help us to design new
nanostructure engineering materials and products [6-8]. Hierarchy in a material system is rep-
resented by several structural quantifications. The first come from the multiscale nature, i.e.,
the system is built on different structural levels with gradual transition in sizes among them.
This multiscale always brings multiple heterogeneity into the system where each phase occupies
a relevant structure level. This current paper examines how such multi-scaling, hydrogenizing or
multi-phasing are advantageous or beneficial to account for the associated unique functionalities
in fibrous materials systems.

2 Hierarchical Nanofiber-based Structure

According to the present stage of technology [9], at least four different levels of organization
(see Fig. 1) can be put together to form a nanofiber based hierarchically organized structure.
At the first level (nanoscale), nanoparticles or a second polymer can be mixed in the primary
polymer solution and electrospun to form composite nanofiber. With the incorporation of nano-
objects into electrospun solution it is possible to create nanofibers with various properties such
as conductive network, ultraporous fibers, and ultrastrong fabrics. Using a dual-orifice spinneret
design, a second layer of material can be coated over an inner core material during electrospinning
to create the second level organization. Rapid evaporation of the solvents during the spinning
process reduces mixing of two solutions, thus forming core-shell nanofiber. Hollow nanofiber has
many applications in drug transport, nanofluid devices, and nanofibre sensors. At the same level,
various surface functionalization techniques may be used to introduce an additional property to
the nanofiber surface. The third level organization is fibres oriented and organized to optimize
structural performance. A multi-layered nanofiber fabric or mixed micro-nanofibers 3D structure
can be fabricated in situ through selective spinning or using a multiple orifice spinneret design,
respectively. There are various methods to produce a multiscale structure; one of them is to
use modulation processing parameters during electrospinning and different setup constructions.
Finally, the nanofibrous assembly may be integrated within a microfiber structure with various



B. Mijovic et al. / Journal of Fiber Bioengineering and Informatics 6:1 (2013) 23-32 25

processing techniques (laser ablation, photolithographic patterning) to create the fourth-level
organization.
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Fig. 1: Hierarchy levels of fibrous structure

3 Multiscale Structural Model

Hierarchical organization of the fibre structure introduces the need of multiscale approach in

order to determine overall mechanical properties. Fig. 2 presents a SEM example of unimodal

and modulated fibre structure with distinct micro and nanoscale morphology. The actual three-

dimensional (3D) fibrous structure is described numerically by two scale models. Random nanofiber
network on lower microscale creates a 3D membrane as a set of repeating representative volume

elements (RVE). The mesoscale model is represented as a layered quasi-continuum 3D membrane

between meso-fibre networks [10] (see Fig. 3).

Fig. 2: SEM picture a) unimodal and b) bimodal fibre structure

3.1 Micro Level Problem

The nanofibre membrane model consists of finite set repeating (representative volume element)
RVE in Gauss points. The network under RVE was derived from a marked two-dimensional
random point field. The Poisson distribution for a large population was used as,

exp(—n) (1)

n
P(T):;!
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Fig. 3: Multiscale model fibrous structure

Eq. (1) represents the probability of finding r fiber centres per unit area for a network with a
mean number of fiber centres per unit area of n. Each point is associated with a length ¢ and
orientation . Generally, the length probability density function used for the models construction
is given by

(¢/br)""

p(l) = ) exp(—C/b)) L =by-b, (2)

where, b; and by are constants and [ is the mean fiber length. The discrete nanofiber network is
used in small regions of interest around the defects in the area of high strain gradients, whereas
continuum models (membrane finite element with drilling degree of freedom) are used for the
remaining domain of the nanofibre network.

3.2 Scale Transition

The basic principle of the method is highlighted in Fig. 4, where the scale transitions between
micro and mesoscales are indicated. The model is based on solving two boundary value problems,
one at each scale, using the finite element method. At the mesoscale, the domain is discretized into
beam and membrane finite elements. The solution procedure on microscale follows the following
steps:

a) The governing macroscopic kinematical quantities (the generalized strains, €, i.e. the mem-
brane deformation and the curvature k) are transferred to the micro-scale in order to define a
boundary value problem on a micro-scale RVE. The equilibrium equation of the RVE in terms of
the Cauchy stress tensor o, is

Vi 0m =0 (3)

where V,, is the gradient operator. (The subscript “M” refers to a macroscopic quantity, whereas
the subscript “m” denotes a microscopic quantity). A node was placed at each interfiber crossing
and a straight Timoshenko finite beam element was assigned to each connected fiber segment.
Each bond was rigid and plastic shear deformation was not accounted for. The mechanical char-
acterisations of the microstructural components are described by stress—deformation relationship
for every nanofiber element. The micro-scale boundary value problem can be solved in a standard
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manner, leading to a deformed RVE with boundary displacements and surface tractions [11-13]
(see Fig. 4).

Microfiber network

Nanofiber

problem

Fig. 4: The homogenization procedure for fibrous structure

b) Following the standard finite element procedure for the micro level RVE, after discretisation,
the weak form of equilibrium (3) leads to a system of non-linear algebraic equations in the
unknown nodal displacements u. The incremental microscopic system of equations, from which
the dependent degrees up of freedom have been eliminated, is written and rearranged in the form

Kpp Kpp _ dup _ ofp ( 4)
K FP K FF ou F 0
System (4) is taken at the converged state of a microscopic increment, thus the residual forces

in the free nodes ur can be neglected ¢ j:p ~ 0. Elimination of Jur from the system (4) leads to
the condensed tangent stiffness matrix K that relates the variations of

[k] ) {5UP} = {5fP} (5)

0fp - is increment prescribed nodal forces. The tangents can be obtained directly from the
RVE stiffness matrix through a static condensation process.

c¢) The stress distribution in the microscale is averaged, returning a macroscopic stress tensor
Y to every quadrate point in the mesoscale problem,

1
\4

d) Convergence criteria for the stress are checked at the mesoscale.

Fig. 4 shows the schematic for this dual-scale methodology. It is emphasized that the scale-
bridging is based on the homogenization technique, in which volume averaging theorems are
applied to the microscale variables to determine the mesoscale ones.
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3.3 Macroscopic Properties

From a macroscopic point of view, a (numerical) generalized stress—strain constitutive response at
every macroscopic in-plane integration point is obtained. The energy averaging theorem, known
in the literature as the Hill-Mandel condition [14] or macro homogeneity condition, requires that
the macroscopic volume average of the variation of work performed on the RVE is equal to the
local variation of the work on the macro scale.

% / O+ OFdV = Sy - 6Fy (7)

The microfiber net was modelled as a combination of truss and beam elements. Nanofiber
net is presented as a membrane finite element with drilling degree of freedom. The independent
rotation field @, for membrane element, is interpolated as follows [15]

And the in-plane displacement field vector {u,v}? is approximated by the Allman-type in-
terpolation. The vibrational formulation suggested by Hughes [16] on macro scale is described

as
/ M? 1 / N 1
o - o - T - - 2 T
/E 2/ A / mDmade+ 27/(5 19) dV—l—/u de (9)
0 0

\4 |4
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The positive penalty parameter v in equation (9) is problem-dependent. Minimization of Equa-
tion (9) results in a total matrix, as sums of beam/truss and membrane stiffness, as follows

KTOTAL = KBEAM + KMEMBRANE (10)

The stiffness matrix of the membrane has the following form

14 \%4

where [B] and [D] are gradient displacement and elasticity matrix, respectively. The computations
have been carried out using a finite element computer programme put together by the authors.

4 Experimental

The poly (e-caprolactone) (PCL) solutions (Sigma—Aldrich, mol. weight = 65,000) in acetone
were produced by stirring the solvent and particulate polymer at 50 °C until the solid was fully
dissolved. Electrospun PCL fibers were produced using a 20 ml/h solution flow rate, a 10-20 kV
potential between the needle tip and 10-20 cm collector distance. Samples were collected at room
temperature and with humidity (~30% RH). After deposition, the samples were exposed to a
vacuum at room temperature for 8 h to insure that the residual solvent levels were insignificant.
Characterization of the tissue scaffolds included image analysis, tensile tests, and porosimetry
measurements to demonstrate enhanced properties and preferred morphologies.
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5 Results

Fig. 5 shows an example of electrospun fabrics PCL structure in 2D and 3D form, where the 2D
structure is represented as a thin shell that incorporates the 3D structure.

2D 3D

Fig. 5: 2 & 3D electrospun fibrous nanostructure

SEM photomicrographs of the PCL fibrous structure created with a cylindrical electrode is
shown in Fig. 6. From the SEM photomicrographs it is evident that the fibre mat contains nano
and micro fibres, which will be an ideal element for the fabrication of multifunctional fibrous
structures.

SEMHV:10.00 kv WD: 7.033 mm MIRAW TESCAN
SEM MAG: 2000 kx  Det: SE 2um -l

Fig. 6: SEM image of multiscale fibres of PCL

The experimental data for the fiber diameter dependence on solution concentration and electric
field has been identified in previous works [17, 18]. The multiscale fiber distribution dependence on
fibre diameter and electric field determined by multiple regression analysis using experimental data
for electrospinning PCL solution is shown in Fig. 7. Based upon surface response methodology
[19, 20] the coefficient in Weibull distribution model is given with Eq. (12),

B1—1 B1 B2—1 B2
-6 e (@) 4 [ 2
("‘)1 @1 ("‘)1 @2 @2 @2
Bi=Ai v+ Bi-y+C

(12)
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where x and y are fibre diameter and electric field, respectively. An assumption that shapes
parameter 3 and scale parameter quadratic depends on the electric field y. The surface contours
plots of these parameters outline the optimum condition for electrospinning.

Fiber
distribution

Fig. 7: Probability density dependence on fiber diameter and electric field

The computational model for elastic property was fit with the experimental stress—strain curve
for a PCL electrospun mesh. The tensile properties of electrospun fabrics were measured as a
function of fibre diameter and density, and compared to those predicted using a numerical model
for fibrous networks previously described. The resultant best fit for the effective Young’s modulus,
was found to be dependent on fibre density and fibre diameter in Fig. 8.
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Fig. 8: Modulus dependence on fiber density and diameter

A common problem in the design of tissue engineered scaffolds using electrospun scaffolds is the
poor cellular infiltration into the structure. To tackle this issue, cell adhesion on PCL electrospun
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scaffold was investigated previously [21, 23]. The distribution of the electrospun fabric’s pores
was related to the average pore area, conducted by porosimetry [23].

6 Conclusion

The current study has successfully presented the nanofibrous membrane numerical model concern-
ing finite element analysis, by solving two boundary value problems, one at each scale (transitions
between micro and mesoscales). The mesoscale domain is discretized into beam and membrane
finite elements, following the four steps solving the microscale level. The numerically generalized
stress—strain constitutive response at every macroscopic in-plane integration point concerns the
macroscopic scale and a computational model for the elastic property fitting with the experimental
stress—strain curve of the electrospun PCL.
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