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1. INTRODUCTION

Many biological materials have complex fibrillary structure in nature, which plays
a central role in their mechanical properties. Biopolymer fibers have a decisive role in
many natural materials like in spider web [1-3], hairs [4-6], tendons and soft connective
tissue, such as arterial walls and cellular cytoskeleton. The extracellular matrix (ECM) is
also an important structural component of tissue, in which the fiber web is responsible for
sustaining planar stresses in all direction [7,8].

Synthesis of protein-like nano- and microfibers, capable of mimicking biological

functions is the ultimate challenge to modern science A growing need for the production
of artificial biological tissues dictates the production of model fibrous matrix with
adequate properties. The development of sub-micrometer-sized biocompatible fibrous
scaffold with improved chemical and mechanical properties could be of great promise in
several biomedical applications due to the tailor-made synthetic nature, extreme purity,
and possibility of production on a large scale [9,10].
The medical-biotechnological field of tissue engineering encompasses the development,
preparation, and modification of implants. The development of polymer systems that
facilitate the mechanical and cellular regeneration of tissue is a crucial task. Current
strategies include the application of materials that are highly hydrated and its nanofibrous
structure provides an ideal scaffold for the cells to colonize [11]. The development of
novel artificial tissues composed of poly(amino acid)-based fibers may result in new
techniques with improved efficiency [12-14].

Electrospun nano- and micro-fiber networks as novel materials have attracted an
intensive research area over the past decades. Fibrous materials are becoming important
technological applications due to their high mechanical performance and low weight.
However, the electrospinning technology is well developed [15-19] and few studies are
available on the mechanical performance of fibrous structures [20-25], little is known on
the deformation mechanism and rigidity of spun fabrics despite of the fact that strength
and load bearing capacity of these materials are important factors for several
technological and biomedical applications. There is little understanding on how spun
fabrics deform and fail under mechanical load. The mechanical properties of the fiber
assemblies depend on the physical properties of single fibers as well as the geometrical

arrangement [21,26]. Ordered or random structures of nano- and microfibers are highly
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valuable in several technological areas as thin nearly planar fibrous systems like webs,
sheets, yarn tangles [27-30], papers [31], woven and knitted textiles [32,33].

The mechanical behavior of fibrous materials deviates significantly from
traditional materials because of the discontinuous nature of randomly distributed fibers.
It is therefore important to know how microscopic failure processes (for example rupture

or slipping of overloaded fibers) gives rise to macroscopic deformation.

1.1. The manmade and biological fiber networks

Many manmade and biological materials gain their strengths and toughness
through fibrous structure. Paper is one of the oldest manmade random fiber network,
made of cellulose fibers. In paper the fibers are densely packed and bonded by hydrogen
bridges [31].

In the living organism an intercellular substance has formed for cell proliferation,
which provide flexible, but mechanically resistant scaffold for the cells, this is the ECM
[34]. ECM is a non-cellular three-dimensional macromolecular network filled with large
amounts of fluid, composed of collagens, proteoglycans/glycosaminoglycans, elastin,
fibronectin, laminins, glycoproteins [35]. In addition to these macromolecules, it also
contains other types of proteins, hormones, and growth factors that generally promote cell
adhesion, differentiation, and proliferation [35-39]. Due to its structure, the ECM is
permeable to small molecules, flexible and responsive to changes in the environment,
thus not only supporting, but also providing information and material flow (nutrients,
degradation products) between cells [40].

The ECM consists of a large variety of macromolecules, which are fibrous
forming proteins such as collagens, elastin, fibronectin, laminins, glycoproteins,
proteoglycans and glycosaminoglycans. These molecules are highly acidic and hydrated.
The composition and specific structure of the ECM vary from tissue to tissue [41].

The collagen fiber architecture plays a critical role in the biomechanical behavior
of an ECM scaffold. The mechanical properties of the ECM depend on the alignment and
organization of collagen fibers, which are also dependent on the function of the source
tissue [41]. For example, the collagen fibers are highly aligned along the long axis in
tendon or ligament to provide the greatest resistance against strain [42,43]. In other tissues

the ECM has a layered structure in which every layer has its own fiber alignment, but the
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tissues layers can be separated to measure the collagen fiber system with different
directions. Biaxial mechanical testing showed that the structural differences changed the
mechanical behavior of the resulting ECM scaffolds. The longitudinally separated
material showed highly anisotropic behavior and the circumferentially separated material
showed maore isotropic behavior. [41,44].

These results help us to understand the relationship between the collagen fiber
alignment and the mechanical behavior, which is essential to create an artificial tissue
scaffold which is significantly similar in structure and mechanical properties to the natural
ECM.

1.2. Material selection of the scaffold

The selection of materials from which fibers can be prepared is rather wide,
including both inorganic and organic materials, such as metals [45-47], oxides [48-50],
glass [46,51,52] and any synthetic polymers [53-56]. The selection of material is

predominantly based on the particular application.

1.2.1. Preparation of polysuccinimide (PSI)

For creation of an ECM like artificial tissue scaffold a biocompatible and
biodegradable polymer is needed. The poly(amino acids) meet these requirements, in
which the polymer chain is composed exclusively of amino acids found in living
organisms, so that it can be broken down by cells, used as a nutrient, and does not elicit
an immune response in the cells.

Interest in poly(amino acids) began in the second half of the 19th century, when
the first successful attempts were made to produce aspartic acid-based polymers. Schaal
was the first to thermally bond aspartic acid molecules in 1871 [57]. He was followed by
Schiff in 1897, who was able to combine four and then eight monomer units initially. He
already used the collective name poly(aspartic acid) for the resulting tetra and octaaspartic
acid [58]. Later, Frankel and Berger synthesized a-poly(aspartic acid) using
N-carboxyanhydride method [59]. In the 1950s, Harada developed several methods for
synthesizing poly(aspartic acid). First, by copolymerizing maleic acid amine and maleic
acid, and then from a mixture of monoammonium fumaric acid and malic acid, it was

possible to produce poly(aspartic acid) with a low degree of polymerization [60]. Jozsef
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Kovacs, Imre Konyves and Arpad Pusztai were the first to produce poly(aspartic acid)
via PSI by a thermal process in 1953 [61].
PSI is the anhydrous form of poly(aspartic acid), which transformation can take

place in the body, so PSI is ideal for medical application [12,62].

1.3.  Electrospinning

Several techniques are available to prepare porous and fibrous structure for
biomedical applications, such as drawing and phase separation, but the most common
method is electrospinning. In this technique several materials can be used, and it allows
to create polymer fibers with diameters varying from nm to pm [63-65].

Electrospinning technique was invented by Formhals in 1934, who applied
electrical field to impose a uniaxial stretching of a viscoelastic jet derived from the
polymer solution. This continuously reduce the diameter and leads to form nanofibers
[15].

The schematic image of an electrospinning instrument can be seen in Fig. 1, the
main parts of which are a syringe filled with the polymer solution, a pump to ensure an
even flow of the solution, and a collector where the polymer nanofibers can be collected.
A high DC voltage is essential for this technique. The positive electrode is attached to the
metal needle tip of the syringe, while the negative electrode (ground) is attached to the
collector in front of the needle. When a DC voltage is applied, the fibers are leaving the
syringe, the polymer solution flies towards the collector with a whipping motion,
meanwhile the solvent evaporates, so on the collector a solvent-free polymer nanofiber
network is formed [15-18].

Syringe

pump +
DC high .
voltage =

Figure 1: Schematic image of an electrospinning instrument.
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1.4.  Mechanical properties of fiber mats

Nowadays the technology to prepare fibers from several materials is developing
rapidly. Despite the number of experimental studies on fundamental mechanical
properties can be found in the literature rather rare [15,21,23,24,53,54,56,66].

The mechanical properties of planar fiber networks highly depend on the
interactions between the fibers. With increasing number of contact points between
electrospun fibers, the fiber-fiber adhesion force increases [67]. These interactions
between the cross-lapping fibers include non-bonded van der Waals interactions that are
responsible for the resistance against deformation. Whenever a contact point experiences
a force equal to or greater than its strength threshold, it breaks. Similar effects can happen
during debonding and slipping of stick fibers due to stretching [68].

Every breakage of contact point is detectable and countable in the loading curve,
and two model can describe the mechanical properties of this fibrous structure, the
Sacrificial bond and hidden length model, and the Fiber Bundle Model.

1.4.1. Sacrificial bond and hidden length (SBHL) model

Many biological and polymeric materials gain their strength and toughness from
the combinations of organic and inorganic components [69-72], which provide a
reversible, molecular-scale energy-dissipation mechanism [73]. In some natural
materials, for example bone [74-79], abalone shells [80,81] and diatoms [82-84], the
molecules possess a reversible toughening mechanism which greatly increase the fracture
toughness of biomaterials [74,77,85]. This model is equivalent with the cooperation
between weak bonds, which is widely used in the mechanical studies of fibrous materials
[86,87].

The hierarchical structure of bone includes hydroxyapatite-impregnated twisted
collagen fibrils, collagen fibers and a lamellar structure of collagen fibers. The
mineralized collagen fibrils are interconnected by a special protein-based “glue” which is
composed of polymer chains with SBHL systems [75,76,88]. In bone, and other
biomaterials, this so-called glue molecule may include more than one polymer chain with
SB-s which are forming within the chain itself, crosslinking the different chains and

connecting the chains to the collagen fibrils (Fig. 2) [88]. Order of magnitude calculations
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evidence that less than 1% by weight of this "glue™ can have profound effects on the
fracture resistance, because of SBHL [75,76].

Figure 2: Hypothesized structures of assembled glue molecules, with SB-s (blue

circles) along the backbone of the polymer molecules [88].

SB-s are defined as bonds that break before the molecular backbone is broken,
because these bonds are frequently weaker than the covalent bonds of the main structure
[74]. The hidden length is the part of the molecule that was covert from external forces
by the SB [73]. In these networks of cross-linked molecules, large amounts of length can
be hidden from an applied load by a variety of cross-links, including SB-s and entire
cross-linking molecules as well [73].

The SBHL system provide a reversible, molecular-scale energy-dissipation
mechanism which greatly increases the energy needed to break the material [74,77,85].
This system dissipates large amounts of energy with entropic and enthalpic forces while
stretching out the hidden length of the “glue” molecules which is exposed when SB-S
break [74]. The energy-dissipation during stretching allows to protect strong molecular
bonds from irreversibly breaking, as the SB-s are much weaker than the bonds holding
the structure together, so this will break first [76]. Another interesting property of the
SB-s that they can form and open reversibly, because they based on multivalent cations
cross-linking negatively charged molecules [74,76,89,90]. Recent atomic force
microscopy experiments evidence that the behavior of soft matrix is governed by

electrostatic interactions between negatively charged proteins and divalent Ca%* ions
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[76,91], so the effectiveness of the energy-dissipation mechanism increases with the
presence of Ca?*ions [76].

1.4.1.1. The breakage of a network with SB-s

First let’s see what happens when there is only one SB. During the stretching the
weakest SB breaks first (Fig. 3 (a)), which unravels the corresponding hidden length, and
causing a force drop as an immediate result of the spike in entropy (Fig. 3 (b)) [73,88,92].

Initially, when the SB (star) is intact, only the entropy of the polymer (black part)
contributes to the entropic spring (Fig. 3 (a)). As the force on the polymer increases and
the breakage force of the SB is reached, it breaks which results in a drop in the force
(Fig. 3 (b)). This force is typically around 300 nN [73]. After the breakage, the HL (red
part) is released and from now the change of entropy of this part also contributes to the
entropic spring of the polymer, so more work is needed against the change of entropy to
stretching the polymer further (Fig. 3 (c)) [88,92].

(a)
(]
2
o]
fy
Extension
(b)
]
8 /\/&\/\
=]
e
Extension
(c)
(]
2
o
fry
- -
Extension

Figure 3: Schematic drawing of the basic principles of the SBHL mechanism. The star
indicates the SB, and the red part represents the HL [92].

This is a self-healing mechanism, that means it could be reversible. When the

force is relaxed, entropy collapses the polymer, and SB-s could reform [73].

10
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When multiple SB-s with hidden length are present in a molecule, obviously
multiple peaks appear in the force-extension curve, as it can be seen in Fig. 4, and the

amount of dissipated energy is increased by the existence of several SBHL domains
[73,88].

\ Polymer breaks

Force

A

B
A
B

Extension

Figure 4: The schematic mechanical curve of a polymer with multiple SB-s with

different strength, which is indicated by A and B letters [73].

If there are multiple polymer chains in a network with multiple SBHL system, the
collective behavior of a group of polymer chains can be investigated, in which the force-
extension curve looks smoother and maximum force increases as the number of chains

(Np) increases (Fig. 5) [88]. It is similar to the cohesive laws routinely used in fracture
mechanics [93,94].

-9 -8
25x 10 ' ' ' ’ 2x 10 ‘ ' ' '
N =5 b A —_— N =50
2 (a) —N:=10 ( ) / _.NZ=100
— N,=20 15} N, =200
215 g
8 g1
5 4 £
0.5} : - 4 |5
- —“‘—‘_
0 ' . : - 0 : : ' o
0 05 1 1.5 2 25 0 05 1 15 2 25
Extension (m) x10° Extension (m) < 10™

Figure 5: Representative curves illustrating force-extension response for: 5, 10, 20 (a)
and 50, 100, 200 polymers (b) [88].

11
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A saw-tooth like behavior can be seen in the force-extension curves (Fig. 5) as
deforming a material with SB-s in molecules, which corresponds to unfolding and
detachment events of the SBHL systems mechanism [95]. A similar behavior has been

found for parallel polyprotein dimers [84] and spider capture silk [96].

1.4.1.2. Effects of SBHL on mechanical properties

SB-s and HL improve the fracture-resisting properties, as an increase of the initial
stiffness of the material, and increase fracture toughness of several composite materials
[85,96]. The strength is given from the initial slope of the force-extension curve, which
is significantly changes as the material contains SBHL system. A high strength means
that the material deforms only a little under the applied load [97].

In Fig. 6 two force-extension curves can be seen, the gray one shows a material
with SB-s where the initial slope of the curve is significantly steeper (dash-dotted line),

than the slope (dotted line) of a material without sacrificial molecules (black curve) [73].

4
80 - 7 r’ié
A nn 2
1 Strength with ¢ U‘] /‘; / ;
sacrificial bonds{/ IV " A P/
60 - ) YZK
3 \ / %
/ 1 A {
g 40 - o W, 7 Strength
w i /“" v without
M Extra toughness sacrificial
20 - A bonds
P ...
T,;' A e nsnsenennn®
0 . - ] . 1 v ] . ] w T
0 50 100 150 200 250 300

Pulling distance (nm)
Figure 6: Loading curve of a material with SB-s (gray curve), and without SB-s (black

curve) [73].

The shaded area in Fig. 6 shows the dissipated energy, which is significantly
increase when deforming the material with SB-s, this is the extra toughness gained by the
SBHL system [73].

12
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The increased stiffness and toughness of materials resulting from the SBHL
system mechanism is not only dependent on molecules with condensed domains within
the molecule but rather on the presence of the shielded loops that are hidden from the
applied force by SB-s [73].

A more complete understanding of this SBHL system mechanism can be useful in
developing innovative therapeutic procedures. For example, this can help us to
understand the changes in the bone mechanical response with aging, when the number of
polymers produced by the osteocytes decreases, and therapeutic interventions can be
suggested, which can help enhance bone mechanical behavior in the elderly [98,99]. The
SBHL mechanism also must be considered in designing bio-inspired composite materials

with improved fracture resistance properties, higher strength and toughness [88].

1.4.2. Fiber Bundle Model

The most accepted model of microscopic fracture mechanism is based on the Fiber
Bundle Model (FBM) introduced by Peirce in 1926 to understand the strength of cotton
yarns [100]. It considers how microscopic failure processes give rise to macroscopic
deformation. This model was later modified and generalized in order to explain a variety
of phenomena, including the damage and fracture caused by the breaking of fibers in
mingled mats [101-104].

The Fiber Bundle Model envisages the material as a set of N, parallel, non-
interacting fibers clamped at one end with an external load applied at the other end. The
applied load is shared equally among the fibers. Each fiber is assumed to have identical
spring constants k but their breaking strengths are different. If the extension & exceeds
the rupture threshold, the fibers fail the weaker before the stronger. When the fiber bundle
is loaded, certain overloaded fibers break according to their thresholds. If N fiber has

failed at a certain extension , then the bundle experiences a force:
N
f:K'(NO_Nf)S:NoK(l_N_;)S (1)
The term (1 — N;/N,) denotes the fraction of fibers that are intact at extension &.

The quantity N¢/N, can be replaced by F (&), which means the cumulative distribution

function (CDF) of breaking extensions. Thus, the loading force can be written as:
f=Ko[1-F ()] e )

13
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The above expression says that shape of loading curve is directly related to the
CDF of failures. The proportionality constant K, = N,k is called initial stiffness, which
characterizes the resistance against deformation in lack of any material failure. The F (¢)
cumulative distribution function is also defined by the probability density function (PDF)
f(&)as:
Fe)=F (e) = [;” f () de (3)
Here & can be considered as a random variable called load threshold of fibers. The
F (&) CDF tells us the probability that random variable £ assumes a value less than or
equal to a given €*.
There are several probability distribution functions, describing random
experiments, whose outcome cannot be predicted with certainty (uniform, normal,

exponential, Poisson, Student’s, Gamma, and so on) [105].

14
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2. OBJECTIVES

To understand and model the mechanical behavior of fibrous biological tissues |

have prepared weak electrospun fiber systems in order to study the loading behavior of

fibrous texture.

The main purpose of the thesis was to establish the characteristic load-

displacement behavior of brittle fibrous scaffold prepared by electrospinning from PSI,

as well as to study how the microscopic failure process gives rise to a macroscopic plastic

deformation.

The objectives of the thesis were the followings:

1.

to prepare planar, randomly oriented fibrous network from PSI by
electrospinning technique and study the fiber mats morphology, which
include the determination of the fiber’s diameter, the examination of the
surface and the orientation of the fibers

to measure the fundamental mechanical properties of the fiber networks and
quantify the damage formation by determining the number and the magnitude
of abrupt force drops

to analyze and understand the force-extension behavior of these fibrous
structures by the Sacrificial Bond and Hidden Length model, and the Fiber
Bundle Model

to determine the cumulative distribution function of failures, appearing on the
loading curve as abrupt force drops during extension, and analyze them on
the basis of Weibull distribution

to compare the mechanical behavior of these artificial fibrous mats with
human tissue to justify the relevance of this study in the design of medical

implants

15
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3. RESULTS

3.1. Preparation of the samples

The investigated samples were made from PSI, which was synthesized from
L-aspartic acid by thermal polycondensation, the exact method can be found in previous
publications of the research group [10,12]. PSI was dissolved is DMF in a concentration
25 m/m% for electrospinning. 9 kV DC voltage was applied, the needle-collector distance
was 15 cm and the flow rate was 1 ml/h. All figures and evaluations presented in this

work belong to the randomly oriented samples.

3.2.  Characterization of PSI electrospun fibers

3.2.1. Morphological analysis

Morphological analysis was performed in order to observ the fibrous structure of
the prepared samples. A Jeol JSM 6380LA scanning electron microscope with an
accelerating voltage of 10 kV was used to visualize the fibers. For the investigation, the
samples were sputtered with gold for 1 min. The SEM images in Fig. 7 show three

different PSI electrospun fibers and a magnified one used in characterization. The fibers

have smooth surface, individual fibers build up the mats, no fusion can be seen.

Figure 7: SEM images of three different PSI electrospun fibers and a magnified one
used in characterization.

16
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3.2.2. Determination of fiber diameter

The SEM images, shown in Fig. 7, were used to determine the diameter of the
fibers. The average fiber diameter was calculated over 100 fibers taken from five different
samples of the same condition by measuring the diameter of each fiber perpendicularly to
its long axis. ImageJ analysis software was used for this purpose. | have found that a wide
variety of fiber diameters occur within a sample, but the data of the different samples
were similar. The average fiber diameter, which is representative for all sample, was

found to be: 720+210 nm standard deviation.

3.2.3. Determination of fiber orientation

Quantification of the fiber alignment was determined from three images per each
sample by applying the Fast Fourier Transform (FFT) of SEM images in ImageJ analysis
software [26]. The FFT command computes the Fourier transform and displays the power

spectrum from which the angle is expressed in degrees. The exact code can be found in

the site of ImageJ [106,107].
©
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Figure 8: SEM images of the fibers (A), FFT output image (B), Directionality
histograms (C): Amount of pixel intensity plot in function of the direction.

17
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Based on the SEM images shown in Fig. 8 (A) FFT has been performed and shown
in Fig. 8 (B). From these images, the software determines the orientation of the fibers by
analyzing the intensity across the FFT image and create a histogram shown in Fig. 8 (C).
These figures do not indicate definite alignment in the fiber mats, however a slight

orientation against the director, between 80° and 100°, occurs.

3.3.  Unidirectional stress-strain measurements

Strain-controlled unidirectional extension experiments were performed on several
layers of the sheets. The samples were cut into rectangular specimens in different width
and length with a razor. The sample considered to be a 2D network, as the thickness is
negligible compared to the width and length. The distance between the two grips was 30
mm, which was considered to be the real length (ho) for the calculation of strain. The
tensile tests were performed by an Instron 5942 testing machine with a 50 N load cell.
The load cell accuracy was found to be equal to or better than 0.25% of the indicated

force. Fig. 9 shows the experimental set-up. All extension measurements were performed

at room temperature. The measured data were analyzed with a MATLAB code.

RS
= >
Bz

1

KA
e

(a) (b) (c) (d)
Figure 9: Strain controlled force measurements conducted by Instron 5942 equipment

(@), the electrospun fiber mat under stretching (b), SEM picture showing the fibers (c)
and (d).

A typical load—displacement curve of a sample is shown in Fig. 10. The
experimental loading curve shows a symmetrical parabolic type dependence at large
scales and saw tooth-like force—extension behavior at small scales.

The individual fibers are highly entangled and the layer is isotropic, therefor

different level of interactions can occur in the texture. Geometrical limitations as well as

18
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non-bonded interactions, such as van der Waals and electrostatic interactions, or
entanglements, between the contact points of adjacent fibers restrict the movement of the
fibers in the texture [67].

1.2

1t
08¢
06

0.4*/1

0.2

force/N

or

-0.2

0 2 4 6 8 10 12 14
displacement/mm

Figure 10: A typical load—displacement curve of a fiber mat.

The dependence of uniaxial deformation on the load is not linear; it goes through
a maximum point. This symmetrical parabolic type dependence is expected on the basis
of FBM under a uniform distribution of fiber strength [105]. On the other hand, the
load—displacement curve shows quite high fluctuations in the direction of force. The
amplitudes of the force fluctuations were found to be much larger than the experimental
accuracy of the measurement.

Detailed analysis of the shape of the loading curves was carried out by enlarging
the curves. Figure 11 shows magnified plots of the load—displacement curve of the sample
shown in Fig. 10 in the displacement ranges of 0-2.5 mm (Fig. 11 (a)), 0-0.5 mm
(Fig. 11 (b)), and 0-0.25 mm (Fig. 11 (c)). All magnified curves exhibit saw tooth-like
force—extension behavior, which indicates damage; there are abrupt drops in force in the
load—displacement curve, which are similar to the force drops of SBHL system mentioned
in Chapter 1.4.1. The similarity to the SBHL model is not complete because here the FBM
and the SBHL model prevail together. Figures 15 (c) and (d) are more similar to those
described for the SBHL model. Thus, the material of the network and the adhesion forces

between the fibers can also significantly contribute to the curve.
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Figure 11: Enlarged view of the load—displacement curve of the sample shown in

Fig. 10 in the displacement range of 0-2.5 mm (a), 0-0.5 mm (b), and 0-0.25 mm (c).

The force drop may be the consequence either of fiber rupture or of fiber slip, but
at this point, it is difficult to differentiate the two cases, and both of them are considered
as material damage. | can conclude that, these damages become “observable” and
measurable by means of this experimental technique. Thus, it is possible to quantify

damage formation by analyzing the measured load—displacement curves.

3.4. Determination of the rupture force

The statistical properties of rupture sequences during extension were also
investigated by studying both the position and the strength distribution of rupture force.
Numerical differentiation of the loading force as a function of displacement provides a
better visualization of force drops (Af), as shown in Fig. 12. The load—displacement
curve shown in Fig. 11 (b) was used to create Fig. 12 with the equation below:

Af = [is) = (x0) 4)

Xip1—Xi

where x; and x;,, are the i-th and the (i+1)-th points of the displacement, f(x;)
and f(x;,,) are the detected forces at the i-th and the (i+1)-th displacement.

To establish the experimental error, first the Af > 0 region was analyzed, where
there are no force drops, just the fluctuation of the instrument occurs. This range was
determined for each measured curve by analyzing the magnitude of the force changes in
the positive direction. These values were slightly overestimated, and then averaged to
ignore the very small fluctuations, that could be considered as errors, during the

calculation of the ruptures. This mean was 7.1 mN/mm for this sample. Considering that,
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the fluctuation on both sides of the force is governed by the same law, | found that the

force randomly fluctuates in the range of —7.1 < Afgrror <

10

7.1 mN/mm (Fig. 12).
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Figure 12: Force drop sequences calculated from Fig. 11 (b). The dashed line indicates

the range of experimental error. Within this range, no force drops were considered.

This interval is considered to be the experimental error due to fluctuations. The

negative force drops which exceed -7.1 mN/mm are accounted as damages in the sample.

The magnitude of Af was also determined by considering Af < Afgrror- AS evident from

Fig. 12, the force drops caused by ruptures (f. = Af — Aferror) Varies from -10 to -50

mN/mm, and if s denotes the number of damages for a given elongation (0—0.5 mm), then

s = 7 for the enlarged case shown in Figs. 11 (b) and 12.
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Figure 13: Delta force as a function of displacement (a) and of loading force (b)

from the loading curve shown in Fig. 10.
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The rupture force sequences for the entire loading curve, shown in Fig. 10, was
determined, and the results are shown in Fig. 13 (a). The (f,Af) coordinates of the
loading curve after subsequent ruptures can be seen in Fig. 13 (b). The figures indicate
that both the appearance and the magnitude of the force drops seem to be random. The
value of the correlation test was -0.163, which confirms that there is no correlation
between the force drops and the loading force. Damages occur in the fiber bundle at the
very beginning of the deformation and continue until all the fibers fail. | have found that
the damage evolution increases as the elongation increases, and the range of force
fluctuation increases with increase in the load. The force drops fluctuate between 0 and
-160 mN/mm. These values suggest that the strength of individual fibers is different; each
fiber has a different brittle response until it breaks. When the bundle is strained, the
weakest fiber begins to rupture, followed by other fibers in the order of increasing
strength. According to these results, a wide range of the spring constant has to be
considered. According to recent theoretical approach nonlinear spring constant was
defined. This allows to determine the number of ruptures as a function of stretching, as
well as the magnitude of rupture force as a function of the applied loading force. In this

sample, the force drops exceeding -7.1 mN was found to be s = 683.
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Figure 14: Frequency distribution of the number of ruptures at a certain loading

force (a) and at a certain force drop (b) for rupture events.

To visualize the general characteristics of experimental data and to identify the
different mechanical behavior, I summarized the experimental results by frequency

distributions. Figure 14 (a) shows the number of ruptures at a certain loading force (f),
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which indicates that as the loading force increases, the number of ruptures increases.
Figure 14 (b) shows the number of ruptures at a certain delta force (Af). According to
this histogram, the smaller the delta force, the more ruptures occur, which indicates that,

first, the available weaker bonds break.
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4. DISCUSSION

4.1.  Interpretation of the loading curve

In Fig. 15, several load-extension curves for weak fiber nets are shown. The
material selection is rather diverse, a cospinning material includes hydrophilic: PVA and
hydrophobic PSI weak fiber bundle. In addition to these loading curves an inorganic
planar fiber network (aluminium-oxide: Al>Os3) as well as a planar cotton fiber net are
also shown. These figures inevitably illustrate that typical load curves for fiber mats are
nonlinear; they all show maximum type dependence. Similar, maximum type
load-displacement curves have been found for human tendon and other polymer fiber nets
[108-110].
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Figure 15: Typical load-displacement curves of dry fiber mats. Sample identification:
P45: PSI (a), PA317: PSI-PVA (b), O1: aluminium-oxide (c), V4: cotton wool (d).
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The typical character of all loading curves can be summarized as follows. At the
very beginning of the applied load, the force has an approximate linear relationship in the
low strain regime. The force has a maximum at a particular elongation, which
characterizes the maximum strength of the whole fiber network. This point is often called
as maximum loading capacity, the maximum force that the fiber net can stand. The
knowledge of this point is important for any biomedical and technical application as well.
When the elongation exceeds the deformation at maximum point, the force gradually
decreases and finally goes to zero. It is generally accepted that this type of dependence is
due to damage formation during deformation [101]. The other important remark is that
the loading curves show quite high fluctuations in the direction of force [111].

| have found that the unusual loading curves shown in Figs. 10 and 15 are due to
stiffness reduction, which is the consequence of failures, occurring during elongation.
Since the individual fibers that build up the texture, have different breaking threshold, the
force of overloaded fiber drops down to zero, and the remaining load has to be shared by
the other intact fibers. As a result, the rest of the surviving fibers has to carry more load.
The failures may be due to either breaking of fibers, or slipping from certain point of the
fiber into another contact point. The observed force drops shown in Figs. 11 are the
consequence of failures occurring during elongation. At the same time, they visualize the
occurrence of material damage. At this point, we are not in the position to distinguish
these basically different phenomena from each other. For the sake of simplicity, I use the
general term for all: rupture for fiber-contact point debonding, fiber slips as well as real
breaking. The experiments have evidenced that damage evolution is a consequence of
strain induced force drops. It is possible to quantify the damage formation: determine the
number, as well as the magnitude of force drops. | have made many mechanical
measurements (see in Table 1) in order to study the sawtooth-like force-extension
behavior at short scale and maximum type loading curve dependence at large scale.

Several planar PSI textures were prepared for mechanical measurements collected
in Table I. As the thickness of the samples is negligible compared to the width and length,
the surface density was used for characterization of the samples. The loading curve was
analyzed for each of the samples listed in Table 1., as it is mentioned in Chapter 3.4. The
rupture force sequences as well as the magnitude of the force drops were determined in

the entire deformation range [112].
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Table I: Characterization of PSI samples used for the measurements. Codes were used to

identify de sample: P stands for PSI, and the number indicates the electrospun product.

Elongation rate Width Initial length | Surface density
Sample code

mm/min mm Mm g/m?
P11 1 22.32 50.84 15.9
P12 1 18.9 67.28 21.6
P13 10 21.38 47.08 17.2
P22 0.5 24.92 54.82 36.6
P41 1 21.4 79.44 8.9
P42 1 25.8 64 10.2
P43 1 22.34 60.16 18.3
P45 0.5 22.36 59 16.8
P46 2 23 46.74 12.9
P63 1 13.54 51 11.4
P71 0.5 22.66 50.18 10.1
P72 1 21.88 51.48 23.8
P81 1 22.36 50.22 17.2
P83 1 14.94 49.56 22.3
P84 1 15 49.94 28.7
P85 1 28.74 51.46 19.4
P86 1 28.6 51.46 13.6
P87 1 22.78 15.86 25.9
P91 1 22.42 50.16 20.7
P701 1 21.68 50.96 19.6

These 20 samples are prepared with the same method, mentioned in Chapter 3.1., and
measured as it is described in Chapter 3.3. The differences between the samples are
summarized in Table I. | found that neither the elongation rate nor the size of the samples

caused significant differences in the loading curves.
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4.2.  Determination of rupture sequences

From the numerous mechanical experiments listed in Table I., two samples were
selected randomly to illustrate the whole evaluation method. These two samples are P83
and P701.
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Figure 16: The loading curves of P83 (a) and P701 (b) samples.

Numerical differentiation of loading curves, shown in Fig. 16, with respect of
extension provides the rupture sequences of each samples, can be seen in Fig. 17.
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Figure 17: The rupture sequences of P83 (a) and P701 (b) samples. The red dashed line

indicates the Aferror-

In order to separate the experimental error from the real force drops, the Af > 0
region was determined on the derivative curve. Considering that in this range no force
drops occur, the root of fluctuation is merely due to experimental uncertainty of the

mechanical measurement. | have found that the force randomly fluctuates in the range of
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0 < Af <£1.7 mN/mm for the P83, and 0 < Af < 1.6 mN/mm for the P701 samples.
Supposing that the fluctuations on both side of force governed by the same law, therefore
—1.7 £ Aforror < L.7mN/mm and —1.6 < Afgrror < 1.6 mN/mm were considered to be
the experimental error of the samples. Every negative force drop exceeds Afu ror Was
counted as rupture, so the number of ruptures was determined for each sample, and these
values are shown in Table Il. The magnitude of the rupture force was calculated by
fr = Af — Aforrors thus f. > 0.

Based on Fig. 17, it is not possible to distinguish between the number of ruptures
and magnitude of rupture force. To obtain these data the whole deformation regions were
divided into equally distributed small bins. In this case, the bin size was 500,
corresponding to 0.5 mm displacement (Figs. 18 and 19). Figures 18 and 19 show that
neither the number of rupture nor the magnitude of their force follows uniform
distribution., so our first task was to find the appropriate distribution for data evaluation.
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Figure 18: The number of ruptures (a) and magnitude of rupture force (b) as a function

of displacement for P83 sample. Dashed line shows the average value.
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rupture development for P 701 rupture development for P 701
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Figure 19: The number of ruptures (a) and magnitude of rupture force (b) as a function

of displacement for P701 sample. Dashed line shows the average value.

Another interesting aspect of the mechanical failure of the studied fiber bundle:
Avre the subsequent rupture forces correlated? To answer this question, the rupture force

against loading force was plotted in Figure 20.
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Figure 20: The rupture force against the loading force for P83 (a) and P701 (b)

samples.

According to Fig. 20 and the value of the correlation test, which were 0.0132 for
the P83 and 0.086 for the P701, no correlation between the force drops and the loading
force can be found. This finding supports the random nature of force drops. | want to
quantify with probability distribution the likelihood of the rupture force as a random
variable. Recall from Chapter 1.4.2. the shape of loading curve (Eq. 2) is determined by

the cumulative distribution function of failures.
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4.3.

function of rupture force

Determination of the empirical cumulative distribution

| adopted the data from the rupture force sequences (Fig. 17) and determined the
empirical cumulative distribution function according to the method described in ref [105].
This empirical distribution function is based on the order statistics. | ordered the
individual rupture force data in ascending order. If the total number of ruptures is n, the
order statistics is defined as:
fiir<fr2<frz<....fri----= frn (5)
where f..; denotes the i-th rupture force in the order. For a discrete random
variable, the empirical distribution function F, (f;.) is defined as [105]:
Fo (F) = Yns if foi < fi < foin 6)
In other cases, F, (fy) = 0;if f, < fijand Fe (fy) = 1, if f, = fi.. Fig. 21 shows

the empirical cumulative curves obtained for P83 and P701 samples.
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Figure 21: Empirical cumulative curves for P83 (a) and P701 (b) samples.

These figures show that their shapes are similar to an exponential distribution.

The similarity itself is not enough to determine the exact type of distribution. Thus, many
different types of distributions were examined, such as uniform, normal, exponential,
Poisson, and Weibull distributions, and the Weibull distribution gave the best match with
the calculated empirical cumulative curves, shown in Fig. 21. Moreover, the Weibull
distribution is used to show the characteristics of many different types of distributions,

therefore the data were analyzed based on Weibull statistics.

30



DOI:10.14753/SE.2022.2605

In material science the Weibull distribution [113] has been widely used in order
to find which distribution function can fit the best the experimental data. The Weibull
CDF and PDF are defined as:

F (&) =1 —exp[—(e/D"] (7)

£ (&) =@ () exp[—(e/)4] ®)
where k is the shape parameter and 1 stands for the scale parameter of the
distribution. The shape parameter determines the shape of the Weibull curve. By varying
k and consequently the shape of the function, one can model the characteristics of many
different distributions. For example, if k=1, the Weibull distribution yields the
exponential distribution. With the aid of mechanical experiments performed on several
electrospun PSI fiber texture, our main purpose is to determine the F (&) CDF. According
to the best of our knowledge, no experimental result providing the distribution function
for any fiber bundle is available in the scientific literature.

A Weibull plot was created for the sample, which is a special graphical technique
to visualize whether the data actually follow the Weibull distribution. The plot was
prepared based on the Eq. 7, which can be rearrange into the following equations:

—In(1—F(e)) = (e/D* (9)

In[—In(1 = F(&))] = kIne — k InA (10)

where In[— ln(l — F(e))] gives the probability of the Weibull CDF on the y-axis

and Ine¢ is the independent variable on the x-axis. If the data points in this In-In plot follow

a linear or nearly linear curve, it yields estimate for the shape and the scale parameters of

the Weibull distribution. According to the Eq. 10, the shape parameter (k) is the slope of

the fitted line and the scale parameter (1) is the exponent of the intercept. Fig. 22 shows
the Weibull probability plot for P83 and P701 samples.
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Figure 22: Weibull probability plot for P83 (a) and P701 (b) samples. The red

solid line is the least square fitted line.

It can be seen that except some first and last data, the rest of the measured point
fits fairly well on the straight line. At the beginning of the mechanical measurement, the
possibility of error is still high, the sample is not yet properly stretched, and the machine
sets the initial pulling distance with a pre-measurement, which can cause a significant
deviation at the beginning of the curve. At the end of the mechanical measurement, the
weak fibrous structure breaks, leaving only a few fibers, as a result of which the
fluctuation of the measuring head increases and outstanding data can appear. For the P83
sample, the shape parameter was found to be: 0.97, for the P701 sample, shape parameter
was found to be: 1.14. | have performed these calculations for the 20 different PSI fiber
networks (see Table Il). The data shows that the shape parameter, k scatter around unity.
On the basis of statistical analyses, | have found for k = 1.0 = 0.2 (standard deviation).
This means that the rupture force statistics for PSI electrospun polymer fibers, within the
experimental accuracy, follow exponential probability distribution except some first and

last data.
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Table I1: Initial stiffness ( K_) and shape parameter (k) obtained for PSI fiber textures

Sample For.ce at Exten.sion at K Moo )
code maximum | maximum
N mm N/mm mN/mm -

P11 1.047 6.185 0.459 0.5 0.98
P12 0.672 6.003 0.303 1.5 11
p22 3.828 7.387 1.404 1.3 0.93
P41 2.163 10.812 0.542 2.0 0.95
P42 1.161 4.297 0.732 1.3 1.12
P43 3.866 9.218 1.137 1.5 0.89
P45 2.796 6.452 1.174 1.5 0.92
P46 1.992 4.897 1.102 2.0 0.91
P63 0.138 2.207 0.169 2.0 1.68
P71 0.288 12.795 0.061 2.0 1.15
P72 1.178 7.670 0.416 2.0 0.97
P81 0.911 7.855 0.314 1.8 0.96
P82 2.6 9.65 0.73 3.5 1.12
P83 0.645 5.685 0.307 1.5 0.97
P84 0.621 6.183 0.272 2.0 1.32
P85 0.220 8.475 0.070 14 1.39
P86 3.982 10.422 1.035 2.5 0.87
P87 4.268 3.355 3.447 3.5 0.93
PI1 1.435 7.670 0.507 2 1.07
P701 0.748 5.97 0.341 2 1.14

This information provides a solid basis to get a deeper insight into the mechanism
of elastic-plastic deformation of weak planar networks made of fibers. It also makes
possible to develop a statistical model, based on the direct comparison of experimental
results with such model simulation, which considers different breaking thresholds

statistics, picked randomly from exponential probability distribution function.
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4.4.  Estimation of loading curve from exponential probability

distribution function

According to the FBM, Eq. 2 tells us that the loading curve is related to the CDF.

If we adopt the Weibull CDF, then we can write for the loading force, f:

f=Ky[1—F (¢)] ¢ where F(e) =1— (/D" (11)

Thus, the loading curve can be expressed as follows:

f=Kye¢ e=(e/D" (12)
From this expression, we can arrive at the maximum loading capacity (the
maximum of the loading curve), by solving the following equation:

df _ o d&*f
== 0, oz < 0 (13)

We obtain for the maximum point:
Jmax = Ko €max e”'/k and Emax = 4 K1k (14)
Combining these equations, the initial stiffness can be written as:

Ko = Imax o1/ (15)

€max

This is an important result, since the initial stiffness characterizes the quality and
texture of a material. If there were no failure at all, the loading force would vary linearly
with the extension according to the prediction of Hooke’s law: f = K, ¢ as it is shown
by dashed line in Fig. 23. Table Il. shows that the initial stiffness varies in a wide range.

If we adopt the exponential statistics for the failure formation (k = 1), then the
loading curve can be expressed as:

f =K, e~ (¢/émax) ¢ (16)

From this equation we expect that it describes a continuous loading curve which
does not show any abrupt drop in the force.

It is a challenging task to compare the prediction of Eq. 16 with real experiments.
This comparison is shown in Fig. 23, where the dashed lines show the Hookean behavior

if no failure occurred.
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Figure 23: Comparison of calculated (blue) and measured (red) loading curve

for P83 (a) and P701 (b) samples. The dashed line represents the mechanical behavior

without failures.

It can be concluded that the theoretical loading curve fits satisfactorily to the
experimental one until the maximum loading capacity is achieved, so at the increasing
part of the curve the damage occurs mainly according to the FBM. Beyond the maximum
point the two curves run separately, which is a typical finding for all the studied textures.
This discrepancy suggests different failure mechanism when the maximum loading
capacity is exceeded. In this part, the decreasing trend caused by ruptures does not follow
the FBM, here the SBHL mechanism may come to the fore, the incorporation of which
into the model requires further studies.

4.5. Typical loading curve of a biomaterial

Beside PSI samples, human biological material was also measured to investigate
the relationship in the mechanical properties between the real human tissue and the PSI
electrospun fiber networks. 5 mm wide rings were measured from a long piece of human
arteria femoralis under physiological saline to provide similar circumstances as in the

body. The loading curves of two randomly selected specimens can be seen in Fig. 24.
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Figure 24: Load-extension curves of two arteria femoralis rings. These samples were

cut from the same piece of human arteria femoralis.

In the load-extension curve of the arteria femoralis a saw-tooth like behavior can
be seen, but, instead of a maximum type dependence, the loading curve shows a sudden
breakage of the material around 10 mm extension. This shape is similar to the expected
one according to the SBHL system mechanism. At the beginning the sample withstands
tensile force due to its flexibility, and then as the extension increases the SB-s in the tissue
break and the hidden lengths can be released, which cause the saw-tooth like behavior in
the curve until the whole material damages and the force returns to zero.

Comparing the mechanical properties of PSI and human tissues, | found that the
shape of the loading curve in macroscale is quite different, but many similarities can be
discovered in microscale. According to these results, the PSI fibrous networks can be a
good alternative in biomedical application as artificial tissue, and if we are able to
understand the mechanical behavior of a polymer electrospun fiber mat, it can be

modified according to our requirements to achieve the best resistance.
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5. CONCLUSIONS

The motivation of this work was to understand the mechanical properties of
planar, randomly oriented fiber mats.

With electrospinning technique, | successfully prepared fiber mats from PSI. The
morphology investigation certified that the electrospun fibers have smooth surface and
no fusion can be found between fibers. The average fiber size was found to be:
720+210 nm (standard deviation), and according to the analysis of SEM images, no
definite orientation can be detected in the mats.

Based on several mechanical experiments, it was found that tensile property of the
textures shows nonlinear stress-strain behavior; saw tooth-like force—extension behavior
at short scale and parabolic type loading curve with a maximum at large scale. A general
mechanical feature has been found: at the beginning the force has an approximate linear
relationship in the low strain regime, then at higher elongation, the slope of this
dependence is continuously decreasing and the stress reaches a maximum point, which
corresponds the maximum loading capacity of the sample. After that point, as the
extension increases, the force declines.

This complex, nonlinear stress-strain behavior is likely due to a stiffness reduction
caused by damage formation, due to ruptures of adhesive fiber-fiber bonds or fibers’
degradation. According to this mechanism, whenever a contact point in the mat
experiences a force equal to or greater than its strength threshold, it breaks and results in
redistribution of the local stress among the surviving neighboring texture elements. As a
consequence of stiffness reduction, the fiber mat cannot recover its original dimensions.
| suppose that the dominating factor in the failure is the fracture of the joints and contact
points between the fibers. The number of force drops following each fiber rupture as well
as their magnitude were measured and analyzed.

The mechanical behavior of this random structure is discussed in the framework
of the FBM; which helps in analyzing the damage and fracture of disordered materials
subjected to an external force. Despite the simplicity of the model, | have found good
agreement between theory and experiments in the deformation range up to the maximum
loading capacity is achieved. After the maximum point, the decreasing trend caused by
ruptures does not follow the linear stretch modulus of the FBM, the introduction of a
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nonlinear stretch modulus becomes necessary based on the SBHL model. Nonlinear
stretch modulus to study the nonlinear elastic response has been introduced recently
[114]. This approach may be useful as a starting point for the development of more
complex mechanical models. This model predicts that the nonlinear elastic modulus may
decrease as the axial stretch increases, reflecting softening in a material under increasing
axial load.

This experimental method has the potential for the development of a statistical
model based on direct comparison of experimental results with model simulations and
can contribute to the design of high-performance fiber mats. However, further
experimental studies on systematic variations of fiber texture combined with numerical
simulations and statistical physics models on damage evolution are required. This work
is the beginning of a new direction and further studies are needed, such as anisotropy,
structure change, poisson ratio, mixed fiber systems, mechanical behavior of

dry/wet/swollen samples, effect of surface properties, and so on.
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6. SUMMARY

The goal of this work was to create a planar, randomly oriented fibrous structure
and to perform a sensitive mechanical testing, which provided monitoring the rupture
formation, determining the number of ruptures as well as the magnitude of rupture force.

The mechanical property was measured with unidirectional strain-controlled
loading where the deformation of the fiber mats during stretching can be detected. The
experimental loading curve shows a symmetrical parabolic type dependence at large scale
and a saw tooth-like force—extension behavior at small scale. This unusual behavior can
be explained by stiffness reduction caused by damage formation, thus as the elongation
increases, the weakest fiber begins to rupture, followed by other fibers in the order of
increasing strength. The randomly appearing damage formation was analyzed by
measuring subsequent force drops as a consequence of rupture of fibers, and the complex
phenomenon was quantified by determining the number and the magnitude of the force
drops.

The mechanical behavior of this random structure is discussed in the framework
of the FBM; which helps in analyzing the damage and fracture of disordered materials
subjected to an external force. Statistical analysis based on the CDF evidenced that the
force drops due to ruptures follow an exponential distribution function. The data were
analyzed based on Weibull statistics to verify that data follows an exponential
distribution. According to the FBM, the loading curve can be directly related to the
cumulative distribution function of rupture force. Adopting the exponential distribution
function, the initial stiffness, one of the important mechanical characteristics of the
texture, can be determined, and provide an equation to approximate the loading curve.

A satisfactory agreement has been found between the theory and experiments in
the deformation range up to the maximum loading capacity is achieved. However, beyond
this point the two curves separates. This indicates different failure mechanism, when the
maximum loading capacity is exceeded.

These results obtained here have relevance to understand the load bearing capacity
in electrospun fibers, and provides information for several fibrous systems including

complex fibrillary biological structures.
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