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Abstract

To this day, there is still a need for a direct relationship between the microscopic material properties and
network microstructure configuration with the macroscopic mechanical response in order to optimize the
design loops of biomimetic electrospun grafts. Multiscale mechanical modeling arises as a useful alterna-
tive, which allows to represent the individual nanofibers mechanical response and how the interaction be-
tween fibers results in the final macroscopic behavior. In this work, a micromechanical model that accounts
for fiber interaction, progressive straightening (i.e. progressive recruitment) and reorientation is presented.
An RVE is generated by means of a virtual deposition algorithm that mimics the electrospinning process
itself, thus obtaining geometries that resemble the observed electrospun microstructure. These geometries
were then validated by comparison with analysis of SEM images, taking special interest in the diameter,
orientation and tortuosity distributions. Then, an elastic-plastic constitutive law for the nanofibers is imple-
mented along with a simplified kinematic description that results in a significant reduction of the number
of Degrees of Freedom of the discretized mechanical equilibrium problem. Finally, the micromechanical
model is validated against uniaxial tensile tests of electrospun PLLA bone-shaped samples, reproducing
the experimentally observed behavior while employing realistic geometric and constitutive parameters to

characterize the fibers.
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1. Introduction

In the last decades, the electrospinning technique arrived as a novel processing method to produce non-
woven porous matrices conformed by nanofibers [1]. The two-scale structure present in nanofibrous net-
works results in their versatility and improved properties. At the micrometer scale the nanofibers dimension,
composition and interaction imparts unique properties, such as high area to volume ratio, ultrahigh strength-
/toughness coupled with extreme flexibility [2, 3]. On the other hand, the network acts as a continuum at
the macroscopic scale [4, 5]. This characteristic features of electrospun networks results in promising out-
comes in different fields such as textiles, filtration, energy, sensors, aerospace, and biomedical applications,
where the microscale needs to be properly tailored to match the required macromechanical specifications
[1, 6]. Particularly in biomedical applications, the interaction of cells with the electrospun scaffold influ-
ences the cells morphology, adhesion, proliferation and extracellular matrix formation [7]. In addition, the
macroscopic properties of the scaffold must match those of the replaced tissue in order to reduce the risk of
scaffold failure due to a mechanical mismatch [8—10]. Therefore, a deeper understanding of these structures
and how the nanofiber interactions results in the targeted macro-scale properties is of primary importance
[11, 12]. However, since purely descriptive modeling is the most commonly used approach, still to these
days the full mechanical behavior of nanofibrous scaffolds is barely understood [11, 13, 14].

When designing a scaffold for a particular application, the most common development approach in-
volves a significant number of experimental iterations [4, 15]. Moreover, the electrospun unique microstruc-
ture, with high porosity and a fibrous network with absence of a supporting matrix, results in a very different
mechanical response compared to the base material’s bulk counterpart [14]. The nanofibers within the elec-
trospun network are subjected to straightening, reorientation, frictional contact, plasticity, and damage,
among others [2, 16]. These nonlinear mechanisms that nanofibers undergo during deformation are com-
plex to measure or characterize experimentally. Therefore, it is difficult to predict the scaffold macroscopic
mechanical response in relation to its microscopic properties [17].

The lack of understanding and the absence of a theoretical framework able to predict the scaffold macro-
scopic mechanical response in relation to its microscopic properties may prevent electrospun nanofibers

from reaching their full potential [17]. Conventional development approaches often require a significant



number of experimental iterations to explicitly meet the design objectives [4, 15]. Understanding the me-
chanical behavior of nanofibrous scaffolds as a function of its microstructure and fibers properties can help
in achieving the aimed specifications for the target application by much more efficient methods. [11, 12].
In this sense, mechanical constitutive modeling of nanofibrous structures appears as a powerful design
tool, with the potential to link the fiber properties and scaffold microstructure to the desired macroscopic
response [11, 12]. In particular, multiscale mechanical models that represent the nanofibrous network at
the microstructure have been studied with different degree of success [4, 5, 11, 12, 18-23]. To represent
the electrospun network in silico, different Representative Volume Elements (RVEs) with varying levels
of complexity were considered. From unit cells with three or four representative fibers [12, 24], to more
recently, discrete networks models [2, 4, 11, 18-20, 22, 25]. The ideal RVE should mimic the scaffold
microstructure to the highest possible degree, allowing the selection of fiber material, size and arrangement
that would result in the desired mechanical properties of the target biological tissue to replace.

In what respects to fibers kinematics, the most common approach consisted in the application of affine
deformation [13, 16, 18, 26]; while statistical averaging was also considered [27, 28]. The affine versus non-
affine fibril kinematics was discussed for natural extra-cellular collagenous networks [29]. It was found that
due to the rearrangement of the fibers during deformation associated with straightening and reorientation
mechanisms, a non-affine approach is more representative of the network behavior. Recently, Domaschke
et al. [5] presented a predictive computational model based on the geometry and elastic-plastic mechanical
properties of single fibers, providing insight to the peculiar kinematics of the fibers, in particular their
non-affine motion and realignment.

Different levels of complexity were also used for the nanofibers micromechanical models. From linear
mechanical models [18, 30], to the inclusion of fiber breaking [13], and plasticity [12], resulting in a nonlin-
ear macroscopic response. Other studies considered more complex, nonlinear hyperelastic constitutive laws
[11, 14, 16, 24], even though the use of such laws does not comply well with reported mechanical tests for
individual nanofibers [31-36]. Moreover, experimental observations indicate that initially wavy nanofibers
straighten and align along the applied load direction during tensile test [12, 36, 37]. This is a phenomenon

that closely resembles the straightening mechanism, usually called recruitment, of natural fibers in collagen



networks, which greatly increase their load bearing capacity when they become straight. This particular
mechanism is responsible for the non-linear ‘J-shaped’ response of most biological tissues where collagen
fibers are a relevant component [38, 39].

In a recent work, we introduced a micromechanical model that accounts for the progressive straighten-
ing of initially undulated nanofibers (i.e. progressive recruitment) [22]. We emphasized that this process,
taking place at the microscale of electrospun scaffolds, contributes to the highly nonlinear macroscopic be-
havior observed in nanofibrous structures. The use of a multiscale constitutive model helped to understand
and explore the most relevant features that result in the characteristic mechanical behavior of nanofibrous
scaffolds, providing the explanation of the material constitutive behavior in terms of natural, easily recog-
nizable and measurable parameters.

In this work, a more realistic microscopic element is being considered for the electrospun network as
well as a less restrictive approach for the microscopic kinematics, allowing for fiber recruitment, reorien-
tation and interaction. Following the works of Carleton et al. [40] and Ziindel et al. [23], we begin by
generating an RVE through a virtual deposition algorithm that mimics the electrospinning process itself,
thus obtaining geometries that resemble the observed electrospun microstructure. These geometries were
then validated by comparison with analysis of SEM images, taking special interest in orientation and tor-
tuosity distributions. Then, an elastic-plastic constitutive law for the nanofibers is implemented along with
a simplified kinematic description that allows a significant reduction of the number of degrees of freedom
of the associated algebraic system of equations. Finally, the micromechanical model is validated against
uniaxial tensile tests of electrospun PLLA bone-shaped samples, successfully reproducing the experimental

response while being compliant with reported values for the fibers constitutive parameters.

2. Material and Methods

2.1. Materials

Poly(L-lactic acid) (PLLA) (PLA2002D, Mn 78.02 kg/mol, Mw 129.91 kg/mol, IP 1.67) membranes
were produced by the electrospinning technique with methodology and conditions previously optimized by

Montini-Ballarin et al. [41]: solution concentration 10% wt/V in dichloromethane (DCM) and dimethylfor-



5 2.2 Scanning Electron Microscopy (SEM)

mamide (DMF) with 60:40 v/v proportion; flow rate 0.5 ml/h, needle-collector distance 10 cm, and applied
voltage 10kV.

The electrospinning setup consisted of a high voltage power supply (Gamma High Voltage Research
Inc., Ormond Beach, Florida, USA), a blunt stainless steel needle (18 gauge, Aldrich®), a syringe pump
(Activa®A22 ADOX, Ituzaingd, Argentina), and a plane collector of stainless steel. The electrospinning
process was carried out for 2 h, while the needle position was shifted every 15 min to achieve a uniform
thickness along the membrane dimensions. Circular specimens of 15-20 cm were produced. Then, a punch
was used to die-cut dumbbell-shaped specimens from the membranes (Fig. 1). Additionally, some samples

were separated to obtain SEM images in order to characterize the electrospun microstructure.
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Figure 1: a) Dimensions of the PLLA dumbbell specimens (in mm). Thickness values were measured at several points for each
specimen, with values between 0.05 mm and 0.07 mm. b) Image of a specimen ready to be tested (a speckle pattern was applied in
order to apply Digital Image Correlation techniques).

2.2. Scanning Electron Microscopy (SEM)

Electrospun samples were sputter-coated with a thin layer of gold to perform Scanning Electron Mi-
croscopy (SEM) (JEOL Model JSM-6460LV). SEM images of the samples were taken and imported into
ImagePro Plus software (Media Cybernetics Inc., USA) for analysis of the microstructure geometry (Fig.
2). The fiber orientation and tortuosity of 100 fibers was analyzed for each sample. The tortuosity of a fiber
is defined as the ratio of its contour length to its end-to-end length. The orientation for non straight fibers

was measured along the end-to-end line.
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Figure 2: Microstructure characterization from SEM analysis of PLLA electrospun scaffolds.

2.3. Mechanical Testing

Uniaxial tensile tests were conducted on the electrospun dumbbell-shaped specimens. The thickness
of each specimen was determined from the average of three measurements with an absolute digital caliper
573-191-20 (Mitutoyo, Japan). These values fall in the range 0.05-0.07 mm depending on the region of the
membrane from which the specimen is taken.

The samples were pulled monotonically at a rate of 6 mm/min on an Instron EMIC 23-50 universal
tensile testing system. Video extensometry was employed to monitor both axial and transverse strain. To
that end, the specimens were covered with a speckled pattern (Fig. 1b) and the images were recorded and
post-processed with the Vic2d system from Correlated Solutions (Fig. 3a) [42]. Knowing the zone in the
specimen where the failure took place, allowed for an accurate measurement of the strain at this area (Fig.
3b). Elastic modulus, yield stress and post-yield tangent modulus were measured from the stress-strain
curve. Results are presented as mean + standard deviation for N = 3 samples.

0.156

0.138

0.119

Axial strain

0.101

. 0.083
(a) (b)

Figure 3: Setting for the uniaxial tensile tests showing the camera lens (left) and a processed showing a color map according to the
axial strain (right).



3. Calculation

3.1. Formulation of the model

3.1.1. Generation of Representative Volume Elements (RVE)

A virtual deposition algorithm is developed to generate geometries that resemble the microstructure of
electrospun structures according to SEM observations. This algorithm closely follows the works of Ziindel
et al. [23] and Carleton et al. [40], with an improvement in the required parameters to employ variables
with experimental meaning and feasible to measure.

The generated geometry is a superposition of N; plane layers, where each layer is virtually deposited
with a methodology that imitates the real deposition of nanofibers during the electrospinning process.
Within each layer, the nanofibers are approximated as piece-wise linear curves consisting of a concate-
nation of straight segments.

The algorithm steps for the deposition of a single fiber are as follows (see also Fig. 4):

Algorithm: Deposition of a single fiber

1 Set a square domain of side length L,

2 Randomly select a point P; on the border

3 Deposit the first segment, of length [, and angle ¢,. This angle can be generated from an
orientation distribution function that must be defined beforehand

4 Concatenate a second linear segment, of same length [, but with with an angle 6 which deviates
from 0 by a value 6%5. The deviation angle is randomly selected from the interval
[—dew, +€dmax} , where 9, is the maximum deviation angle between segments

5 Repeat this concatenation of linear segments until the fiber curve exits the layer domain, at which
point the last segment is trimmed

The deposition of fibers within the layer is repeated until a desired volume fraction (n) is achieved.
The volume fraction (i.e. the ratio of volume occupied by the fibers to the total volume of the layer) is
calculated considering that the layer thickness is equal to the fibers diameter D. Additionally, it is noted
that the volume fraction (77) may be related to porosity (p) of the mesh by the relationship p =1 (7).

Finally, the intersections between the fibers are computed, restricting the possibility of contact between
fibers within the same layer and adjacent layers (Fig. 5). This approach also allows to estimate the cross-
link density (§), a microstructural parameter that is particularly difficult to measure experimentally [43, 44]

and, at the same time, essential for a reliable prediction of the macroscopic behavior [23].
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Figure 4: Virtual deposition of a layer of fibers. a) Each single fiber is virtually deposited starting at a random boundary point and
then concatenating linear segments until the fiber exits the RVE. b) The same process is repeated thus obtaining several fibers with
different orientations and tortuosity. ¢) The process ends when the volume occupied by the fibers reaches a prescribed fraction of the
total RVE volume. To compute the volume of the fibers, their diameter D must be supplied beforehand.

Figure 5: Cross-links (white circles) between fibers occur only within the same layer or between fibers from adjacent layers. In this
schematic example, there is an apparent intersection between the red and green fibers (as seen in the projection at the right), but their
corresponding layers are too far apart in the out-of-plane coordinate, and therefore no cross-link is generated.

It is also possible, and convenient, to formulate the algorithm in terms of dimensionless lengths, using
D as the normalizing scale length, and defining l:,‘ = % as the dimensionless layer length, and I, as the

dimensionless segment length.

3.1.2. Determination of RVE size

Given the stochastic nature of the virtual deposition algorithm, the obtained geometries exhibit statistical
differences between each other. This difference naturally decreases for meshes with a greater population of
fibers, with in turn depends upon the mesh size. The size of a virtual mesh, defined by both L~,‘ and N,
must be large enough to properly represent the overall properties of the material at a given macroscopic

point. This means that set of geometries of the same size should have essentially the same orientation and
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tortuosity distributions, as well as the same intersection density.
To determine the necessary size of the meshes to qualify as RVEs, we conducted a study of the statistical

variation of these geometric properties versus mesh size, presented in detail in Appendix A.

3.1.3. Fiber Mechanical Model

To establish a mechanical model for the proposed RVE, first we must describe the mechanics of its
constituents: the electrospun nanofibers. The fibers in the mesh are in reality three-dimensional bodies.
However, due to their long and slender shape, a 3-D continuum model approach becomes impractical. As
a result, the usual approach to the kinematics of fiber meshes implies the idealization of each fiber as a
one-dimensional structural element that exists in a 3-D space [4, 11, 23]. In this work, we propose an
additional simplification to the fiber kinematics by acknowledging that although electrospun fibers are stiff
under traction, their flexural resistance is negligible, causing them to easily buckle up under compression
[45, 46]. Therefore, in our model, the elastic behavior of the fiber resembles a bilinear spring characterized
by a taut and a slack elastic modulus (£ and E), respectively), depending if the fiber is straight or kinked,

as shown in Fig. 6 [22].

Elastic =i-> Plastic

Fiber stress

Wrinkled +§* Straight

1
Fiber elongation

Figure 6: Mechanical behavior of a single fiber under traction: in its initial configuration the fiber is wrinkled and exhibits a very small
resistance against deformation. Once it becomes straight, its stiffness increases significantly. Then, at larger elongations, the fiber
reaches a yield threshold stress, followed by a linear plastic response. Although at some point the fiber would break, that region of the
curve was intentionally left out, because such phenomena was not taken into consideration in the present model.

The main advantage of this approach is a significant reduction of the number of Degrees of Freedom
(DOF) needed to describe the kinematics of each nanofiber. With the usual approach where each fiber is
modeled as a beam, the position and rotation values of every point in the 1D representation of the fiber must

be acknowledged for, whereas with the proposed representation only the positions of its two extreme points
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are needed.

In addition, it can be stated that an initially wrinkled fiber under traction shows negligible resistance
up to the point when it becomes straight (i.e. gets recruited), greatly increasing its load bearing capacity
thereafter. More important, in a previous work we observed that the progressive recruitment of the fibers is
a crucial factor for the non-linearity in the mechanical response under traction of nanofibrous meshes [22].
In such cases, the subset of fibers that are straight (recruited) bear the vast majority of the applied load,
while the contribution of the wrinkled fibers is merely marginal.

To describe an individual fiber within the mesh according to the previous concepts, we will define two
quantities: an orientation unit vector (a) aligned with the end-to-end line of the fiber, and the initial tortuos-
ity of the fiber (\()) defined as the ratio of its initial contour length (Lg) to its initial end-to-end length (ly)
[22]. The initial tortuosity of the fiber is a crucial parameter, greatly affecting the fiber mechanical behavior,
because it defines wether the fiber is wrinkled (Aj > 1) or straight (A\j; = 1) in the initial configuration.
Under this simplified description, it results a practical approach to introduce the end-to-end elongation of
the fiber (\), defined as the ratio of end-to-end length to resting end-to-end length (lp): A = 1/l (Fig. 7).

Then, from the provided definitions for A and A{, it follows that the fiber gets recruited at the defor-
mation given by A = \{j, meaning that the initial tortuosity coincides with the recruitment end-to-end
elongation of the fiber. This same approach has been successfully applied for polymeric networks in the

context of constitutive models for rubber materials under large deformations [47].

“ A=1
Ap>1

(a) (b) (©)
Figure 7: Reduced kinematic description of a fiber: a) in its initial configuration the fiber is wrinkled, b) the fiber is somewhat deformed
but remains wrinkled, c) the fiber is deformed and has become straight. The initial end-to-end length ({o) is selected as the reference

length to measure the fiber elongation (A = {/lo). The initial tortuosity of the fiber Ay = Lo /lop) measures how far from becoming
straight the fiber is in its initial configuration.

Observe that, according to given description, A = 1 corresponds to the fiber in its initial, wrinkled,

configuration. Then, as the ends of the fiber are pulled further apart (A > 1) it gradually uncurls, but still
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remaining wrinkled while A < A{, therefore offering a small resistance to deformation, represented by the
small elastic modulus Ej,. With further elongation the fiber eventually becomes straight (i.e., gets recruited)
at A = )\, greatly increasing its resistance to deformation, thus shifting its elastic modulus to the much
bigger E;. Consequently, the elastic response of the fiber is given by the following stress vs elongation

equation:

Ey(A-1) if A<
t= (1)

Ey(\;—1)+ E; (%—1) if A=A
0
Where the constitutive equation for a nanofiber is defined in terms of engineering stress (1st Piola
Kirchoff stress), that is, force per unit area of the reference section. In this way, there is the advantage of
being able to directly correlate the stress-strain curve with data from experimental measurements.
To introduce plastic behavior into the model, we assume a simple law where the same plastic elongation

(AP) is applied equally to both the initial resting contour length (L) and the initial resting end-to-end length

(lo):

L= \Lg 2)

6=l 3)

where L, and [{, are the resting contour length and resting end-to-end length of the fiber after suffering
plastic deformation.
To obtain AP, we employ a constitutive equation for the rate of plastic elongation () depending upon

the axial stress [12]:

. . t
AP = a,sinh (W) 4)
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where a,, is a proportionality coefficient measured in [sfl] , by is the initial resistance to yield with units of
stress, and ¢, is the post-yield hardening exponent.

Then, the proposed elastic-plastic constitutive law can be summarized in the following equation:

A
. E;,<ﬁ71> if A<\

®)
Ey(M\—1)+ B, </\0% - 1) if A> GNP

3.1.4. Mesh Equilibrium
The idealized microscale consists in a mesh of fibers inter-connected at their end nodes (Fig. 8). The
constitutive elements of this mesh are the set of fibers (F) and the set of nodes (N). The nodes can be

further subdivided between the set of inner nodes (V7) and the set of boundary nodes (Np). Note that

NrUNg = N and Nt N Nz = (), where () is the null set. To work with these sets, we employ an

enumeration:
N={n;n=1, .., N,} 6)
F=A{i;j=1, .., N} @)

where IV, is the total number of nodes and N the total number of fibers in the mesh.

Additionally, since every fiber spans between two nodes, we can also express it as an ordered pair:

F={iws (ir,ig); i1 €N ig e N;i=1, ..., Ny} ®)

where 7 and i, are the initial node and the end node of the fiber, respectively.

Inversely, each node n is connected to the subset of fibers F,, that either has n as their initial node or



end node:

3.1

Formulation of the model

Fo={i (i1,42); i1 € N5 ia e Nsi=1, ..., Np; n € (i1,i2)}

©))

(a)

s

(b)
Figure 8: Mesh schematic showing the reduced kinematic description of the fibers. a) The fibers as virtually deposited form piece-wise
end-to-end line plus a parameter (its initial tortuosity).

linear curves that can intersect each other forming cross-links. b) In the simplified kinematic description, each fiber is reduced to its

Observe that the deformation of the mesh is completely defined by the nodes displacements, because
they determine the fibers elongations. For the node n, we can write its displacement u,, as:

u, =, — X,

(10
where z,, and X, are the current and initial positions of the node n, respectively.
It is important to note that, while the displacement of the inner nodes will result from the equilibrium

of the mesh, the displacement of the boundary nodes is prescribed following an homogeneous deformation
according to the macroscopic deformation gradient tensor F:

u,=F-1)X, VneNp

atn

To calculate the force exerted by a fiber 7 to a node n (f]*), we define a fiber-node orientation vector a;'



14 3.1 Formulation of the model

such that:

a; ’Lf n= il
a = 12)
—  a; Zf n = ’i2

where a; is the orientation vector for the fiber 7 defined from its initial node (i) to its end node (i2).

i+ (m,n)

j = (n,0)

Figure 9: Node n and the fibers connected to it (represented by their end-to-end lines), of which two have their numeration shown as
7 and j. The fiber ¢ connects the node n to the node m, and the fiber j connects it to the node o. Since the node n is the final node
of the fiber 7 (i2 = n), then its orientation vector a; points towards n, and therefore aj' = —a;. For the fiber j the case is different
because its orientation vector (a;) already points outwards from n, resulting in a;L = aj.

At a given configuration, the deformation of the fiber ¢ depends on the initial and end positions of its

end nodes:
=2 T
[1Xi, = X ||
Then, f* can be expressed as:
D?
£ = ti7r4’ al (14)

Finally, to calculate the equilibrium of the mesh, we postulate that the sum of forces exerted by the
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fibers at each inner node must be zero:

D=0 VneN (15)

1€Fn

3.1.5. Stress homogenization
Once the equilibrium configuration of the mesh is found, the macroscopic Cauchy stress tensor (T') is

obtained as the average of its microscopic counterpart (T',,) over the volume of the RVE (V,):

1
T=— [ T,V (16)
V;L ‘/“ F 12

For the present case, however, it is convenient to express this as a sum over the volumes of the fibers:

T:iZ[ti (a; ® a;) V] (17)
Vi ieF

where ¢; (a; ® a;) is the microscopic Cauchy stress tensor, and V; is the volume of the fiber 7, considered
to be incompressible.

In the expression above it is assumed that the stress tensor within each fiber is constant and the fiber
only undergoes traction along its orientation line. Observe that, as a consequence of the selected constitutive
equation for individual fibers, the contribution of wrinkled fibers to the overall macroscopic stress is only
marginal, and therefore we can apply the proposed formula without introducing any significant error to the

homogenized response.
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4. Results and Discussion

4.1. Experimental Results

The processing of SEM images with Image-Pro Plus software allowed to characterize the electrospun
PLLA microstructure, obtaining orientation, diameter, and tortuosity histograms (Fig. 2). The orientation
distribution corresponds to an isotropic arrangement with no preferred alignment, assumed to be product
of a uniform probability density function (PDF) (Fig. 10a). The diameter measurements show a unimodal
distribution that can be accurately represented by a Normal PDF with mean 0.463 pm and standard deviation
0.131 um (Fig. 10b). The tortuosity distribution, however, exhibits a positive asymmetric distribution as
a consequence of the geometric condition of A\” > 1 (see section 3.1.3). A good representation of this
histogram can be obtained by a Truncated Normal PDF with a mean of 1, a standard deviation of 0.14, and

a minimum tortuosity value of also 1 (being thus equivalent to a half of a Normal PDF, renormalized) (Fig.

10c).
50 50 5 60
= exp = exp = exp

w40 — pdf © 40 — pdf 1y 050 — pdf (5
g : £ g
g € £40 4
30 o 30 3 ]
g 5 & & t30 35
L a I a @ a
220 220 2 a
2 ok 220 2
w10 w10 1 “10 1

0 0 0 0 0 0

0 30 60 90 120 150 180 00 02 04 06 08 1.0 1.2 1.0 1.2 1.4 1.6 18
Orientation angle [*] Diameter [um] Initial tortuosity

(a) (b) (c)

Figure 10: Characterization of the electrospun PLLA microstructure from analysis of SEM images. a) The fiber orientation angle
histogram shows an isotropic distribution that can be represented by a uniform PDF . b) Diameter histogram showing a unimodal
distribution that can be represented by a Normal PDF (mean is 0.463 um and standard deviation is 0.131 um). c¢) Initial tortuosity
histogram showing a positive asymmetric distribution that can be represented by a Truncated Normal PDF (mean is 1, standard
deviation is 0.14, and minimum tortuosity value is 1.

The uniaxial tensile stress-strain response was found to be elastic-plastic with some degree of post-yield
hardening (Fig. 11). The samples show an initial linear elastic response up to a strain of 0.03. This behavior
is followed by a yield event and an almost linear plastic response until failure. It was also observed that
necking occurred previous to failure. This can be related to the material microstructure, because during
uniaxial traction, the reorientation of fibers along the load direction at the area of the sample where the
strain is maximum generates an additional transverse contraction that evolves into necking. The results for

the elastic modulus, yield stress and post-yield modulus are summarized in Table 1.
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Table 1: Mechanical properties of the tested PLLA electrospun samples, calculated from the uniaxial stress-strain curves.

#1 # #3 Avg.  Std.Dev.
Elastic modulus (MPa) 76.74 10556 127.20 103.17 20.67
Yield stress (MPa) 146 133 147 142 0.061

Post-yield modulus (MPa) 6.92 5.63 6.08 6.21 0.54

= N w
=) =) =)

Engineering Stress [MPa]

o
=)

0.00 0.05 0.10 0.15
Axial Strain

Figure 11: Uniaxial tensile characterization of electrospun PLLA. The three obtained stress-strain curves are shown together with the
average curve.

4.2. Comparison with Experimental Measurements

The parameters of the virtual deposition algorithm were optimized to obtain geometries that resemble
the analyzed electrospun PLLA microstructure (Table 2. To this end, the orientation of the virtual fibers
is drawn from a uniform distribution successfully obtaining geometries with no preferred alignment (Fig.
12b). The virtual tortuosity histogram, controlled through l; and 0%,,,., has a positive skew distribution
similar to the experimental histogram, but with some difference in the standard deviation, being greater for
the virtual histogram. The main difference was the choice of a fixed diameter value of 0.45 um for all the
virtual fibers instead of admitting a statistical distribution. The volume fraction, on the other hand, was
optimized to fit the macroscopic stress-strain response of the uniaxial tensile tests (obtaining n = 0.19) that

complies well with reported experimental estimations [48].

Table 2: Parameters of the virtual deposition algorithm used to generate geometries similar to the electrospun microstructure.

D[pm] n E,u l~s 0dmaz Nl pg
0.45 0.19 200 5 5° 15 «t

The taut elastic modulus for the virtual fibers, E;, was set to 3.0 GPa as reported by others for PLLA

nanofibers [49]. The value of Ej, although necessary to avoid displacement indeterminacies of the nodes
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Figure 12: Comparison of the RVE geometry to the electrospun microstructure. a) Virtual deposited geometry generated with the
parameters given in table 2. b) Orientation histogram for the simulated mesh together with the experimental result obtained from SEM
images. c) Initial tortuosity histogram for the simulated mesh, also shown together with the experimental histogram.

connected to wrinkled fibers, has only a negligible effect upon the overall response and does not affect
the resulting stress-strain curve. It is therefore set to one thousandth of E; (3.0 MPa). The rest of the
constitutive parameters were optimized to fit the average experimental stress-strain curve (Table 3). The
resultant fit is shown in Figure 13 along with the virtual fiber response corresponding to the optimized
constitutive parameters.

It is interesting to observe that the experimental stress-strain response was reproduced employing an
RVE that emulates the real microstructure according to the SEM image analysis. Simultaneously, the mod-
eled single fiber response agrees well with the experimental behavior reported by others for single PLLA
nanofibers [31, 49]. This represents a new step forward in the modeling of nanofibrous materials, since
many previous similar models rely on the introduction of non realistic features such as the presence of a
base continuous material, the assumption of non-linear hyperelastic fiber response, or the imposition of a

periodic geometry, among others [11, 12, 23].

Table 3: Constitutive parameters optimized to adjust the experimental stress-strain response.

EyMPa] Ey[MPa] a,[1/s| bp[MPa] ¢,
3.0x 10 3.0 1x10% 5.0 0.5
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Figure 13: Uniaxial tensile response of the RVE fitted to reproduce the experimental data. The obtained fit was very good (R? =
0.994), specially for the low and mid range of deformations where its most important, since the higher deformations would fall outside
of the working range for biomimetic scaffolds.

4.3. DOF Analysis

The use of computational simulations to help guide the experimental design of electrospun scaffolds
is a helpful approach, and it has been widely explored in several works [9, 18, 19, 21, 22, 28, 50]. The
objective of this development is the in silico design of tailored microstructures for patient-specific scaffolds
that can be effectively realized. To achieve such a goal, a candidate model must be integrated into an op-
timization algorithm in order to obtain the parameters that define a microstructure that meets the design
requirements. It is important to note that, as a result of the optimization stage, the computational efficiency
of the simulations becomes an important feature. However, the usual approach for fibrous networks simu-
lations based on RVEs, where fibers are modeled as slender beams (discretized in finite elements), entail a
high computational cost [4, 5, 11, 23].

Here we present a reduced kinematic description for the fibers in the network (see section 3.1.3) that
leads to a significant reduction of the number of DOF, compared with recent efforts where the RVEs consider
slender beams models for the fibers (Fig. 14) [23]. Therefore, while avoiding costly finite element models
for each individual fiber of the mesh, the proposed approach is still composed by an RVE that resembles the
electrospun microstructure, preserving a detailed representation of the fibrous network as a whole, and thus
achieving a balance between performance and accuracy. As a consequence, the model is formulated in terms
of observable and meaningful parameters, allowing for an effective communication between simulations
and experimentation. Simultaneously, its reduced kinematics are an advantage for optimization applications

where computational efficiency becomes crucial.
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Figure 14: Number of Degrees of Freedom (DOF) versus RVE size for the proposed model with the reduced kinematic fiber descrip-
tion, compared with the values reported by Ziindel et al. [23] for a finite element fiber network model. The results show a reduction
in the number of DOF by over a factor of 10. To make a valid comparison, for each RVE size a number of N = 10 meshes were
generated following the parameters given in [23]. The mean number of DOF for each size was calculated and plotted (circles) while
the standard deviation was found to be negligible. A quadratic regression is also shown (blue line).

Naturally, the reduced kinematic approach does not capture the positions of all the points that conform
the fibers as a 1D curves within the RVE. As a consequence, the interactions between nanofibers are as-
sumed to occur only at cross-links in which the displacements are linked. Other types of interaction due to
contact and friction, that can take place during the deformation of the RVE, are disregarded. The inclusion
of contact forces between fibers, however, is expected to become a relevant phenomena only if nanofibers
become densely packed. In the case of uniaxial traction, for instance, this could happen at large deforma-
tions due to the lateral contraction, where fibers become highly aligned and approach one another within
each layer. Nonetheless, such deformations would fall outside of the typical range of interest for biomimetic

applications, which is the intended aim.

5. Conclusions

In this work, we presented a micromechanical model for electrospun scaffolds taking into account the
main aspects of the nanofibrous microstructure. The proposed RVE is constructed following a virtual de-
position algorithm inspired in the electrospinning process itself, obtaining geometries highly correlated
with actual features of the electrospun microstructure according to SEM image analysis. This algorithm
assumes that the fibers are deposited according to a set of parameters that stochastically determine their
position, orientation and tortuosity. Finally, cross-links are introduced where fiber intersections occur.

A simplified kinematic representation was adopted for the fibers, where the end nodes positions and



initial tortuosity fully describe the deformed configuration, thus greatly reducing the total number of degrees
of freedom in the micromechanical model. The elastic mechanical behavior of the fibers was modeled with
a simple bilinear law defined by a taut and a slack elastic modulus depending on the fiber state being straight
or wrinkled, respectively. Plastic behavior was also considered with the introduction of a yield stress and
post-yield hardening.

The use of a micromechanical model contributed to explore and understand the most relevant features
that result in the typical mechanical behavior of nanofibrous materials, providing a way to explain the
complex material macroscopic behavior relying on simple microscopic phenomena.

To validate the model, microscopic characterization via SEM and uniaxial tensile tests were performed
on PLLA electrospun samples. Analysis of the SEM images using image processing software allowed to
obtain the experimental diameter, orientation and tortuosity distributions. The uniaxial stress-strain curves
exhibited an elastic-plastic macroscopic behavior, from which elastic modulus, yield-stress and post-yield
modulus were extracted. Then, the virtual deposition algorithm parameters and constitutive parameters
were either imposed to reported values or adjusted to fit both the observed microstructure and the experi-
mental uniaxial curves. Most importantly, the values of the adjusted parameters fall within expected ranges
according to experimental works, meaning that the overall mechanical response was successfully repro-
duced while maintaining a good representation of the microscopic mechanical behavior. Even more, they
could be set as a function of microstructure measurements and individual fiber properties. Consequently,
the proposed model could be used to predict the macroscopic mechanical response of electrospun networks.

Finally, the presented RVE can be a good candidate to be included in multiscale frameworks for me-
chanical analysis, having the advantage of a reduced number of Degrees of Freedom while maintaining a

faithful representation of the material behavior.
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Appendix A. Determination of RVE size

The stochastic nature of the virtual deposition algorithm means that meshes generated employing the
same set of parameters will differ from one another. Still, it is expected that for sufficiently large meshes,
the statistical variation will become negligible. Therefore, in order to determine the minimal RVE size
that yields statistical equivalent geometries, the mean and standard deviation of the mechanical properties
(elastic modulus, yield stress and post-yield modulus) is computed for a set of N = 10 meshes generated
under the same set of deposition parameters. Additionally, to obtain results independent from scaling
effects, instead of the length L, for the RVE size, the length L~M normalized by the mean fiber diameter is
used as independent variable.

The obtained mechanical parameters are plotted against RVE size (both L~# and N;), showing that they
converge to stable values for increased RVE sizes, as the standard deviation decreases. This proves to be
equally true for the three analyzed mechanical parameters: the elastic modulus (Fig. A.15), the yield-stress
(Fig. A.16), and the post-yield modulus (Fig. A.17). To better quantify this phenomena, we also compute
the Relative Standard Deviation (RSD), defined as the ratio between the standard deviation and the mean,
for each property and each RVE size. Although there is no established threshold to achieve, we show that
with l:u = 200 and N; = 15 the RSD falls below 2% for the three analyzed parameters. Furthermore, in

that case the mechanical response results in stress-strain curves with little variability (Fig. A.18).
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Figure A.15: Statistical variation of the elastic modulus versus RVE size. a) Mean and standard deviation (error-bars) versus layer
normalized length L, for meshes consisting of N; = 5 layers. b) Idem for meshes of L, = 200 but different N;. ¢) RSD
corresponding with (a). d) RSD corresponding with (b).
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Figure A.17: Statistical variation of the post-yield modulus versus RVE size. a) Mean and standard deviation (error-bars) versus
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Figure A.18: Statistical variation of the stress-strain curve for N = 10 meshes of RVE size given by L.u = 200 and N; = 15,

employing the same parameters used to fit the experimental data in Fig. 13. The plot represents the mean (solid line) and standard
deviation (shaded area).
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Micromechanical model for fiber interaction, recruitment and reorientation is presented
A virtual deposition algorithm that mimics the electrospinning process is used
Elastic-plastic constitutive law for the nanofibers is implemented

Complex material macroscopic behavior is explained with simple microscopic
phenomena

The model could predict the macroscopic mechanical response of electrospun networks
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