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Abstract

The effects of strain rate, size (height X width), and pre-existing crack length on the mechanical response of polycapro-
lactone electrospun membranes were investigated by tension tests conducted at room temperature. In particular, tensile
tests were performed with three different strain rates for strain rate effect tests, seven different geometries for elucidat-
ing the size effect, and three different initial notch lengths for crack growth experiments. The electrospun membranes
were produced by the electrospinning technique using a polycaprolactone solution prepared in |, I, I, 3, 3, 3-hexa-
fluoro-2-propanol as the solvent. Scanning electron microscopy was utilized to show the continuous fiber structure with-
out bead formation. The average fiber diameter was calculated as 1.113+0.270 um by using scanning electron
microscopy images of the membranes. The chemical structure of polycaprolactone was analyzed by Fourier transform
infrared spectroscopy, and the toxicity and cell viability of the electrospun membranes were shown by CellTiter 96°
Aqueous One Solution Cell Proliferation Assay (MTS test). It was observed that the ultimate tensile strength and
Young's modulus decreased, and the elongation at failure value increased as the strain rate decreased from 107" to
1073 s~ Besides, positive strain rate sensitivity was observed on the mechanical response of electrospun polycaprolac-
tone membranes. Moreover, the dependency of mechanical response on the size geometry has been well studied, and the
optimum height and width combinations were specified. Also, crack growth was studied in terms of both macroscopic
and microstructural deformation mechanisms and it is observed that individual fiber deformations and interactions are
highly effective on the mechanical behavior and also propagation of the crack. Consequently, in this study, the size and
strain rate effects and crack growth on the mechanical response of electrospun polycaprolactone membranes have
been investigated extensively, and the results presented herein constitute an essential guideline for the usage of polycap-
rolactone electrospun membranes at different loading scenarios.
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Introduction interconnected pore structure, adequate mechanical strength,
gas permeability, promoting cell migration and adhesion,
moisture retention, and highly efficient absorption capacity,
electrospun nanofibers have been applied in various biomed-
ical fields as three-dimensional (3D) scaffolds for tissue

Electrospinning is one of the versatile techniques to produce
fibers with diameters in the range of nanometers to a few
microns from natural and synthetic polymers by applying
electrostatic forces." The basic electrospinning equipment
consists of a high-voltage power supply, which transmits
the charge to the polymer solution at predetermined flow
rates, a digital syringe pump that forces the solution 'Department of Mechanical Engineering, Abdullah Gl University,
through a capillary tube, and a grounded conductive col- Turkey
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as the solution’s viscosity, applied voltage, the distance
between the tip and the collector, and also environmental .
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regeneration of bone, cartilage, tendon, dental, blood vessels,
muscle, heart valves, neural tissue, and skin.*™'

The electrospun membranes can be fabricated from syn-
thetic and natural polymers, and their blends.'* Various
natural polymers, such as collagen, fibrinogen, chitin, chit-
osan, some glycosaminoglycans, starch, dextran, alginate,
and microbial polyesters (polyhydroxyalkanoates), have
been widely used as electrospun membranes due to their
biological characteristics, biocompatibility, similarity to
macromolecules recognized by cells, and biodegradability
applications.'”> Nanofibrous scaffolds prepared from
natural polymers not only can mimic the native extracellular
matrix (ECM) but also have structural similarities.'®'’
However, the disadvantages of the natural polymers, such
as low viscoelastic properties, fast degradation rates, and
limited natural resources lead the scientists to utilize the bio-
compatible synthetic polymers including poly(D-lactide)'®
and poly(L-lactide)'®, and their copolymers poly(D,
L-lactide-co-glycolide),”® poly-e-caprolactone (PCL),*'*2
copolymers poly(L-lactide caprolactone),”® and poly
(ethylene-co-vinyl alcohol)®* in electrospinning studies.
Among the synthetic polymers, PCL has unique physical
and biological properties such as biocompatibility, bio-
degradability with controllable degradation rate, simple
and cost-effective fabrication, and adequate mechanical
properties to fabricate electrospun nanofibrous mem-
branes.”> PCL is a Food and Drug Administration approved
semi-crystalline polyester owing to its highly organized
structure.”® Besides, PCL has five hydrophobic —CH,
components in its repeated units that cause slow degrad-
ation in vivo and in vitro. PCL also provides high tough-
ness in the body since amorphous domains are in the
rubbery-like structure.’’” The melting temperature of
PCL is ~60 °C. Thus, electrospun membranes obtained
from PCL have excellent potential for biomedical appli-
cations as biomaterials.?**°

Even though electrospun membranes are used in a wide
variety of applications as aforementioned before, there is
still a lack of information in the literature about the detailed
mechanical evaluation of them. Gorrasi et al.*” investigated
the mechanical response of PCL, poly(3-hydroxybutyrate)
(PHB), and the membranes based on PCL/PHB blends,
which were encapsulated with curcumin at 1 wt%. In
another recent study, Alexeev et al.>' used a new method
to precisely analyze the mechanical behavior of single elec-
trospun PCL fibers. Moreover, Can-Herrera et al.*? exam-
ined the effect of applied voltage on the morphological and
mechanical properties of PCL membranes. Recent works in
the literature mostly focused on the effect of processing
parameters, the evaluation of mechanical behavior of
pure PCL with blends, and the comparison and effective-
ness of new testing methods over traditional methods.
However, no current study has comprehensively examined
the effects of strain rate, size, and pre-existing crack length
on the mechanical properties of membranes. For that
reason, the tensile test method, which is one of the simplest
and the most common mechanical tests, was used in this
study to determine the effects of size and strain rate on
the mechanical response of electrospun PCL membranes,

including ductility, ultimate tensile strength (UTS), and
Young’s modulus. Moreover, the effects of pre-existing
cracks were investigated to understand crack propagation
and microstructural deformation mechanisms. Specifically,
the deformability and strength of electrospun PCL mem-
branes are very important because they affect morphology,
cell migration, and cell proliferation.**>~*> Therefore, struc-
tural integrity is substantially required for PCL membranes
before new tissue formation.'>***® In terms of the
mechanical response of electrospun PCL membranes,
research studies mostly focused on the effects of fiber
diameter,>* temperature,37 moisture,>® as well as the
mass concentration-mechanical property relationship®’
and distribution of the fiber orientation.*® For example,
Wong et al.*! stated that changing the fiber diameter sig-
nificantly affects the tensile test results of electrospun
PCL membranes. Croisier et al.'> showed the effect of
porosity percentage on the mechanical response of elec-
trospun PCL membranes. To the best of our knowledge,
a comprehensive investigation on the crack growth
and effects of strain rate and size on the mechanical
response of electrospun PCL membranes has never been
conducted yet.

In this study, we fabricated PCL membranes using the
electrospinning technique and characterized them through
physical, chemical, and cell-culture studies. Afterwards,
we investigated electrospun membranes using different
sizes, strain rates, and pre-existing cracks’ lengths to
observe the change in the mechanical properties under
tensile loading. In particular, the strain rate dependency
of PCL membranes was studied at three different strain
rates, the sensitivity to different geometrical sizes was
observed by different heights and widths. Lastly, the
effect of the pre-existing crack length on mechanical
response as well as crack growth behavior under tensile
loading was investigated by our in situ tensile test setup
with a digital camera.

Materials and method

Materials

PCL (average M, =80,000; CAS No. 24980-41-4) was
purchased from Sigma—Aldrich. 1,1,1,3,3,3-hexafluoro-
2-propanol (HFIP) (CAS No0.920-66-1) was purchased
from Merck. Dulbecco’s modified Eagle medium
(DMEM), high glucose and Dulbecco’s phosphate buffer
saline were purchased from Biological Industries. Fetal
bovine serum (FBS) and penicillin/streptomycin were pur-
chased from Gibco. Human fibroblast cells were kindly
donated by Erciyes University Genom and Stem Cell
Center, Kayseri. All other reagents were of analytical
grade and used as received.

Preparation of electrospun membranes

In our previous studies,'® we mainly used the electrospin-
ning technique and prepared electrospun PCL mem-
branes. Thus, the electrospinning parameters including
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the flow rate, the voltage, and the distance between the tip
and the collector were finely optimized to obtain a bead-
free and uniform fiber structure without any defects,
which were also utilized in this study. Briefly, PCL
pellets were dissolved at a concentration of 10% (w/v)
in HFIP and stirred for 8 h at room temperature to
obtain a homogeneous polymer solution. Afterwards,
the polymer solution was taken in a syringe having a
21 G needle, which has an inner diameter of 14.53 mm.
The syringe was oriented to a motorized and program-
mable syringe pump (NE-1000 syringe pump) to set the
flow rate of the polymer solution as 0.8 ml/h. The
grounded collector covered with an aluminum sheet was
positioned opposite to the tip of the syringe at a distance
of 15 cm. A voltage of 15 kV was applied by a high-
voltage power supply (NE100, Inovenso, Turkey). The
fluid jet was ejected from the tip of the syringe. As
the jet accelerated toward the grounded collector, the
solvent evaporated, and the polymer nanofibers were
deposited on the collector in the form of a nonwoven
fabric, that is, the electrospun PCL membrane.

Morphological analysis

A scanning electron microscope (SEM, ZEISS LS-10,
ERNAM, Erciyes University) was used to investigate
the fiber morphology of the membranes. After being
vacuum coated with a thin layer of gold (QUORUM,
QI150R ES), the fibers were scanned by using the SEM
at 25 kV. The diameters of the nanofibers were calculated
from the SEM image by using Image J software. In add-
ition, x-ray diffraction (XRD) was carried out to
observe the diffraction peaks and degree of crystallinity.

Cytotoxicity test

The viability of the human fibroblast cells on the PCL
electrospun membranes was determined by using the
MTS assay (CellTiter 96®, Promega, Madison, WI,
USA). Briefly, membranes were located in the 96-well
plates. All these membranes represented a 3D system
and were compared with two-dimensional (2D) as
control. The PCL electrospun membranes were first ster-
ilized by treating them with 70% ethanol and saturated
with DMEM media (DMEM high glucose) containing
10% FBS and 1% penicillin/streptomycin at 37 °C for
24, 48, and 72 h. The human fibroblasts were seeded
onto the PCL membranes at a seeding density of 1 X
10° cells/ml, whereas control wells had only cells supple-
mented with a complete medium without membranes.
Cell seeded membranes were incubated at 37 °C in an
incubator with humidified 5% CO,. Pipet 10 ul of
CellTiter 96® AQueous One Solution Reagent into each
well of the 96-well assay plate containing the samples
in 100 pl of culture medium, the plate was incubated at
37°C for 2 h in a humidified, 5% CO, atmosphere.
Record the absorbance at 490 nm using a 96-well plate
reader (Varioscan Lux, Thermo Scientific).

Chemical analysis

Infrared spectroscopic analysis was conducted to charac-
terize functional groups in the PCL to confirm the pres-
ence of the membrane component phases and to discern
any possible chemical modification or interaction
between phases. A Fourier transform infrared spectros-
copy (FTIR) spectrum of the PCL membrane was
recorded on a Nicolet 6700 spectrometer (Nicolet 6700,
Thermo Scientific).

Mechanical testing

Strain rate effect tests. To understand the strain rate sensi-
tivity of the electrospun membranes, they were subjected
to tensile tests at three different strain rates of 1 x 107", 1
x 1072, and 1 x 107> s, respectively. Quasi-static strain
rates have been selected during the tensile tests because
these polymeric membranes are subjected to similar
strain rates in service environments. The predetermined
sample dimensions used in tensile testing were 70 mm
in length with 20 mm gauge length, 20 mm in width,
and 0.2 +0.02 mm thickness. All specimens used for
tensile testing were cut into the same dimensions precisely
to prevent any possible size effect on the mechanical
response of electrospun PCL membranes. The tensile
tests were performed three times at each strain rate to
ensure the consistency of the results.

Size effect tests. Once the electrospun membranes were
fabricated and prepared by the electrospinning process,
the electrospun membranes were cut into different geom-
etries with different width and height dimensions. The
length of the prepared electrospun PCL membranes was
70 mm with different gauge height and width dimensions.
The PCL specimens were cut into various width sizes
carefully and optical microscopy was performed to
ensure the precision of the cutting operation. A quasi-
static initial strain rate, 1x 107> s™!, was utilized to
study the effect of size on the mechanical behavior. The
specimens were mounted on the tensile test grips and
then all the tests were conducted until the specimens
were ruptured. All tensile tests were repeated three
times to ensure the consistency of the obtained results.
All tensile tests were carried out using a servo-hydraulic
universal tensile testing machine Shimadzu AGS-X with
a load capacity of 10 kN.

Crack propagation tests. Crack propagation tests of the
electrospun membranes were conducted again on
20 mm X 20 mm gauge size specimens with initial notch
lengths of 1, 3, and 5 mm that are placed at the center
of one edge of the membrane perpendicular to the
loading direction. To understand the 2D strain formations
during the deformation, the digital image correlation
(DIC) technique was utilized with Open-Source
MATLAB-based image processing software Ncorr. For
image tracing, a random speckle pattern was formed on
the white specimen surface by spraying a black paint
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solution. The region of interest was adjusted as a whole
gauge and one image was extracted for each second
from the video recorded during deformation. All speci-
mens were subjected to 0.2 mm/s crosshead displacement
speed until total rupture occurs. After these tests, speci-
mens with 3 mm pre-existing crack size deformed up to
critical points and the region ahead of the crack tip eval-
uated by SEM to observe microstructural deformation
mechanisms. Specifically, uniaxial tension is applied to
the specimens where the deformation reaches the elastic
region prior to the yielding and plastic regions after yield-
ing, prior to necking and after necking.

Finite-element analysis

Finite-element (FE) analysis of the specimens with pre-
existing cracks was conducted by commercial
ABAQUS software to observe hydrostatic stress distribu-
tion with regard to distance to crack tip. The initial geom-
etry for each notch length model was constructed as 20 X
20 mm (WX L) for x and y directions, respectively, with
0.2 mm thickness along the z direction. Subsequently, 1,
3, and 5 mm notches were formed at the middle of one
side of the membrane such that the crack plane normal
is along the loading direction y. Thereafter, boundary con-
ditions were set as fixing the bottom plane of the mem-
brane normal to the y-direction and applying
displacement on to the upper plane along the y-direction
with a uniform 0.2 mm/s crosshead displacement speed.
The linear hexahedral mesh was defined along the
whole geometry with extremely fine meshes near the
crack tip. To define material response, experimental
stress—strain response of the unnotched sample was intro-
duced into the FE model and the ductile damage model
was used by a fracture strain parameter. Lagrangian
strain data obtained by the DIC method were used for
the calculation of the equivalent von mises fracture
strain. The calculation was conducted on strains ahead
of the crack tip before the step that crack propagation initi-
ates through a membrane. Simulations for all notched
samples were conducted until the step before yielding
occurs. For comparison of hydrostatic stress distribution,

pressure values were obtained ahead of the crack tip in the
direction parallel to the crack plane normal.

Results and discussion

Morphological characterization

The PCL electrospun membranes were characterized mor-
phologically by using SEM, as shown in Figure 1. As
optimum electrospinning conditions, the voltage applied
was set to 12.5kV; the flow rate was set to 0.8 ml/h,
and the distance between the tip and collector was set to
15 cm to obtain electrospun membranes possessing a
bead-free fiber structure. The SEM results show the
uniform structure of the fibers without any defects.
These fibers are smooth, bead-free, highly continuous,
and in a cylindrical shape with a mean diameter of
1.113+0.270 pm.

In the literature, Drilling et al. ** fabricated electrospun
membranes with an average diameter of 900+ 60 nm
from the PCL dissolved in acetone (18%, w/v). Besides,
they also investigated electrospun membranes with an
average diameter of 790 nm, which was obtained from
the PCL solution (6.7%, w/v) prepared using HFIP. In
another study, Drexler et al.** prepared electrospun mem-
branes from an 8% PCL/HFIP solution with a fiber diam-
eter of 1.100 +0.200 pm. According to the literature, it
was concluded that the mean diameter of PCL electrospun
fibers given herein is consistent with previous studies.

Chemical characterization

The chemical structure of the PCL electrospun membrane
was analyzed by FTIR. The characteristic PCL polymer
absorption peaks at 2943 and 2865 cm™' correspond to
the asymmetric —CH, stretching and symmetric —CH,
stretching, respectively.** According to Oliveira et al.
PCL shows strong bands as a carbonyl stretching mode,
~1726 cm™'.*> Also, the PCL has asymmetric COC
stretching at 1238 cm™".

Furthermore, the peaks observed at 1470, 1417, 1396,
and 1364 cm™" are due to —CH, bending vibrations. The
crystalline PCL is appointed to the backbone C—C and

Figure |. SEM images of an electrospun PCL membrane taken prior to tensile tests. (a) 2000x magnification, (b) 5000x magnification,

and (c) 10,000x magnification.
SEM: scanning electron microscopy; PCL: polycaprolactone.
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C-O stretching around 1294cm™'*® He et al
reported that the numerical investigation of PCL crystal-
linity at the carbonyl vibration region, which includes
amorphous and crystalline bands at 1736 cm™'.*” The
FTIR spectrum successfully indicated all characteristic
peaks of PCL.**

Cell viability of electrospun membranes

MTS assay was conducted to evaluate the biocompatibil-
ity of electrospun membranes and show the viability (%)
of human fibroblast cells on electrospun membranes fol-
lowing 24, 48, and 72h of culture. According to the
results, the electrospun membrane showed no significant
differences in cytotoxicity at the predetermined time of
culture. Cell viability was calculated to be >87% for
all membranes, which approves that the membranes
have no cytotoxic effects. Data points are the average
of n=6.

Biocompatibility is one of the essential features of
the electrospun membranes, which is a result of the
complex interactions between the material and the sur-
rounding tissue. The adequate surface chemistry, fiber
orientation, and specific functional groups of the mater-
ial affect biocompatibility and have an active role in
cell adhesion, proliferation, and attachment.*®* Based
on these facts, PCL with O—(CH,—)5—CO- units in its
chemical structure provides excellent biodegradability
and biocompatibility.?’ Besides, some studies revealed
that the fiber morphology and surface topography of
the electrospun membranes prepared from PCL
enhance the cell attachment and spreading due to
their morphological similarity with the native ECM.
Thus, our results confirmed that PCL electrospun mem-
branes prepared in this study are favorable and biocom-
patible for attachment and migration of human
fibroblasts on the membranes.

XRD result of PCL membranes

X-ray diffraction (XRD) analysis of the PCL membranes
was conducted by using a Bruker D8 Discover X-ray dif-
fractometer operating at 40 kV and 40 mA with a Cu-Ka
source. Bragg angles 20 =21.3° and 23.6° were identified
as strong diffraction peaks, which correspond to (110) and
(200) reflections, respectively.*®** Moreover, the XRD
analysis also provided information about the degree of
crystallinity as 45.9%, which is well consistent with the
previous studies reported in the literature.’%>!

Mechanical behavior

Strain rate effect. The engineering stress—engineering
strain responses of electrospun PCL membranes and the
corresponding tensile properties at different strain rates
are given in Figure 2 and Supplemental Table 1, respect-
ively. All electrospun membranes showed a linear elastic
response together with distinct yield stress and significant
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Figure 2. The engineering stress—strain curves of electrospun
polycaprolactone (PCL) membranes at different strain rates.

plasticity, and a similar mechanical behavior was well
observed previously in semi-crystalline polymeric materi-
als under tensile loading.'>>%*' PCL electrospun mem-
branes showed a positive strain rate sensitivity, meaning
that yield strength values remarkably increased at higher
strain rates. In other words, yield stress and tensile
stress values have prominently increased as a conse-
quence of pulling the membranes at a faster rate. This
increase of both stresses is associated with the secondary
relaxation process that is the increase in the rate of load-
ings will reduce the polymer chains’ molecular mobility
and thus results in stiffer chains. Thus, these stiffer
polymer chains make PCL membranes harder and
failure occurs at the early stages compared to lower
strain rates. In particular, the UTS of the PCL membrane
increased from 1.39 to 3.16 MPa and then to 4.80 MPa
when the strain rate was increased from 1x 107> to 1 x
1072 s7! and further increase to 1x 107" s~!. However,
the ductility of the PCL membrane decreased with
increasing strain rate. The increase in the ductility at
lower strain rates could be attributed to the fact that elec-
trospun PCL fibers find enough time to elongate which
results in thinner fibers. The average fiber diameter was
found to be about 0.5 pum at a 1x107> s~ strain rate
and is approximately twice thinner than the test performed
at a 1x107" s7" strain rate as shown in Figure 3(d).
A similar behavior was also observed previously in differ-
ent polymeric materials®>>> as well as other material types
such as metals and ceramics.”*>°

It is well known that the mechanical response of poly-
mers as other materials groups, metals, and composites,
depends on the strain rate either positively or nega-
tively.”’ >’ Positive strain rate sensitivity is attributed to
the fact that when the material is deformed at a faster
rate, the plastic deformation mechanisms and their inter-
actions with each other are enhanced and increase the
stress level.°*®! Therefore, understanding the fundamen-
tal deformation mechanisms of the PCL membranes by
observing the microstructure at different strain rates is
of utmost importance to discuss the observed strain rate
sensitivity (Figure 2). Since electrospun PCL membranes
possess hyperplastic behavior during the deformation
process, strain rate dependence significantly affects the
mechanical properties.
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Figure 3. SEM of electrospun PCL membranes at different strain rates (a) 10™' s, (b) 1072s™', (c) 1073 s, and (d) average fiber

diameters at each strain rate.
SEM: scanning electron microscopy; PCL: polycaprolactone.

Figure 3 shows the SEM images of the electrospun
PCL membranes conducted at different strain rates,
and their corresponding average fiber diameters subse-
quent to a total rupture are given in Figure 3(d). To
obtain the average fiber diameter, nine different fibers
from each SEM figure (Figure 3(a) to (c)) were ran-
domly selected and measured by using Image] soft-
ware (National Institutes of Health, Bethesda, MD).
Figure 3(d) clearly shows that the average fiber diam-
eter was decreased as the strain rate decreased from
107" to 10~ s™'. The decrease in average fiber diameter
as the strain rate decreases can be attributed to the fact
that the fibers could find enough time for the elongation
at a relatively low strain rate, 107 57!, whereas, at
higher strain rates, fibers could not find enough time
for stretching and elongation and a sudden premature
fracture occurred. As can be seen in Figure 2 that the
PCL membrane with the slowest strain rate was elon-
gated nearly two times more than the PCL membrane
with the fastest strain rate. Thus, the more the PCL mem-
brane elongates, the thinner the fiber diameters become
(Figure 3(d)). The average duration of tensile tests was
1, 5, and 35 min for 107!, 1072, and 1073 s}, respect-
ively. In addition, the thinner fiber the PCL membrane
has, the less strength and the more ductility it exhibits.
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Figure 4. The engineering tensile stress—strain curves of
electrospun polycaprolactone (PCL) membranes with the same
width and different height dimensions for size effect
comparison.

These observations were reported previously, and our
conclusion agrees well with them.%**

Size effect. Figure 4 shows the specimen length depend-
ency of the mechanical response of the electrospun PCL
membranes conducted at a strain rate of 107> s™!. The
PCL membranes with 10 and 15 mm lengths exhibited
the highest ductility values around 350% elongation and
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possessed moderate strength values with 2.86 and
4.53 MPa, respectively. As the length of the specimens
increased from 15 to 20 and 25 mm, the decrease in duc-
tility was more than twice but tensile strength has remark-
ably increased. The PCL membrane with 20 mm in height
possessed the highest tensile strength (7.16 MPa) and
Young’s modulus (17.27 MPa) values but possessed
lower ductility values when compared to shorter length
specimens. A line of best fit was drawn for the elastic
region and the slope of the line gave us Young’s
modulus of membranes. Briefly stated, while longer
length PCL membrane specimens (20 and 25 mm in
length) exhibited similar mechanical properties with
high strength and moderate ductility values, shorter
length PCL membranes (10 and 15 mm in length), on
the other hand, possessed identical mechanical behavior
with high ductility and moderate strength values. It is
obvious that the mechanical behavior of PCL membranes
depends on the size of the sample as well as the strain rate.
Overall, the total percentage of elongation decreases and
tensile strength increases with an increase in length of
the specimens. In particular, the PCL membrane with
15 mm height exhibited the best ductility and strength
combinations under tensile loading with the values of
4.53 MPa and 343%, respectively. On the other hand,
the PCL membrane with 10 mm height exhibited the
lowest Young’s modulus of 6.46 MPa and the UTS of
2.31 MPa. Thus, the PCL membranes with longer
lengths (20 and 25 mm heights) could be preferred in
the applications such as cartilage repair where high
strength is of first priority than the ductility phenom-
enon.®* On the other hand, the PCL membranes with
shorter gauge lengths could be a better choice for the
applications such as wound dressings and skin tissue
engineering applications where total elongation is of
utmost importance than tensile strength since elongation
at break of native human skin is 35% to 115%, which
matches the mechanical properties of the PCL membranes
with 10 and 15 mm heights.®

Figure 5 shows the engineering stress—strain curves for
the width size dependence of electrospun PCL mem-
branes with changing width size from 10 to 15, 20, and
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Figure 5. The engineering tensile stress—strain curves of
electrospun polycaprolactone (PCL) membranes with the same
height and different width dimensions for size effect
comparison.

25 mm with the same height of 20 mm. The smallest
width-sized PCL membrane with 10 mm exhibited the
highest total percent elongation up to 277%. However,
the ductility trend showed a falling tendency as the
width length of PCL membranes increased from 10 to
15 and 20 mm. Moreover, tensile strength and Young’s
modulus characteristics gradually enhanced, unlike the
total elongation behavior. The PCL membrane with
25 mm width length possessed higher ductility but
lower strength than the one with 20 mm width size.
Thus, increasing the width size will not always improve
the combination of strength and ductility properties
together. Therefore, the size effect of PCL membranes
at different rates of loadings should be taken into consid-
eration in the area of usages. Similar to height-size
dependence, the PCL membrane with 20 mm could be
used in applications that high strength is desired.
Additionally, shorter width sizes could be used when duc-
tility is the priority in the field of usages. It is clear that
changing the specimen geometries altered the mechanical
response of electrospun PCL membranes, as clearly
shown in Figures 4 and 5.

Figure 6 shows the 3D response surfaces of elong-
ation, UTS, and Young’s modulus as a function of
height and width dimensions. A 10 mm height provided
high elongation, as clearly shown in Figure 6(a) with
red regions. However, when the height increased to
20 mm, a sudden decrease occurred in elongation,
which is illustrated with a blue region. The 3D response
surface plot clearly showed that the total elongation
exhibited a decreasing tendency as the height of the
PCL membranes increased. In particular, 20 mm
height is the critical value for all membranes since all
the mechanical properties were prominently degraded
at this value. In addition, membranes possessing
25 mm in height and 20 mm in width provided the
optimum combination of strength and Young’s
modulus. Moreover, no direct correlation was observed
between the mechanical properties and the order of spe-
cimen sizes. According to the previous studies for
metallic materials in the literature, the yield strength
and UTS did not get affected significantly by changing
specimen size; however, elongation at break values
changed by each geometry size.**>” However, in this
study, it has been demonstrated that specimen geometry
has a significant effect on the mechanical response of
the electrospun PCL membrane.

Crack propagation and finite-element analysis. Stress and
displacement response of unnotched and notched
specimens with initial lengths of 1, 3, and 5 mm
are shown in Figure 7. It is observed that each speci-
men exhibits a ductile failure. However, the initial
notch size highly affects the UTS as well as the duc-
tility of the PCL membrane. Such an initial notch
size dependence on the failure displacement and
strength is also observed in previous studies on
electrospun nanofiber containing microstructures.®
Each specimen independent of the initial notch length
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Figure 6. Response surface plots (3D) showing the effects of different height and width sizes on elongation, UTS, and Young’s
modulus.
3D: three dimensional; UTS: ultimate tensile strength.

reveals approximately similar strain hardening modulus For each notched specimen, increasing stress con-
and Young’s modulus. Reduction in the thickness of centration around the crack tip induces blunting of
the specimen set used in the crack propagation tests the crack until plastic region before necking so that
caused an overall engineering stress increase compared crack length remains constant while crack tip opening

to strain rate effect tests. displacement increases. After the local strain reaches
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a critical point, cleavage starts through the membrane,
whereas blunting is still active till the necking point.
However, as engineering stress reaches the necking
point, the propagation of the crack rapidly increases
and total rupture occurs eventually. Depending upon
the accumulated local strain around the crack tip,
cleavage starts at earlier displacement for higher
initial notch lengths. Figure 8 obtained from the DIC
for a 5mm notched specimen reveals arising
y-direction Eulerian—Almansi strains around the crack
tip at various displacement levels. It can be observed
that until the necking point crack blunting mechanism
proceeds, whereas there is a slight crack tip advance
by cleavage. However, by an increase of the total dis-
placement, strain accumulates ahead of the crack tip
gradually which leads to a local tear and initiation of
the cleavage.

unnotched

— 1 mm

— 3 mm

— 5 mm

0 10 20 30 40 50
Displacement [mm)]

Engingerin%Streg,s [MI;ua]

Figure 7. Engineering stress versus displacement response of
unnotched and notched specimens with |, 3, and 5 mm initial
lengths.

SEM images observed from the different total displa-
cements reveal that transition of the material behavior at
yield stress and ultimate stress is substantially dependent
on the fiber deformation mechanisms and also the inter-
action of the fibers at these stress values. Specimens that
are strained below the yield stress show a decrease in
the average fiber radii and elastic strains independent of
the loading direction. Figure 9(a) and (b) shows SEM
images of the undeformed and elastically deformed speci-
mens, respectively. Subsequent uniaxial stress accumula-
tion on the fibers results in plastic deformation as shown
in Figure 9(c) that is observed from the strained specimen
after yield. In this stage, plastically elongated fibers turn
into an entangled structure throughout the membrane
and with the further displacement levels it is observed
that the entangled fibers merge and align through the
loading direction (Figure 9(d)). Lastly, cleavage surface
images reveal a complete degradation of the fiber struc-
ture before rupture as shown in Figure 9(e) and (f).

Corresponding fiber deformation with a stress dis-
placement response of a 3 mm notch specimen is shown
in the Appendix. It is observed that a macroscopic yield-
ing response is due to the plastic deformation of uniaxially
loaded individual fibers. Such a shear yielding mechanism
with a subsequent neck propagation is also reported in
previous  studies for polymer  nanofibers.”~%
Additionally, multiple necking regions arise on the nano-
fiber indicate that uniaxial stress concentrates at several
regions during plastic deformation as shown in
Figure 9(c). Basically, shear yielding in polymer struc-
tures can be defined as a localized change in the shape
without any increase or decrease of the volume, which
is mostly accompanied by strain softening or local

(o]
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035
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Figure 8. Eulerian strain distribution at the elastic region prior to yield and plastic regions after yield, prior to necking and after

necking.
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Figure 9. Scanning electron microscopy (SEM) images of the specimens in various total displacements: (a) undeformed, (b) prior to

yield, (c) after yield, (d) prior to necking, and (e), (f) after necking.

geometric factors.”® In further steps of plastic deform-
ation, it is observed that most of the individual nanofibers
merge by plastic elongation and a substantial decrease in
the nanofiber diameter. Eventually, oriented and merged
fibrous structures allow cleavage to propagate through
the membrane.

Since uniaxial tension on the individual fibers results in
microscopic deformation, it is important to evaluate
hydrostatic stress or volumetric stress that arises ahead
of the crack tip, which can be defined as average stress
of the wuniaxial stresses in all three dimensions.
Hydrostatic stress results depending on the distance to

the initial notch are shown in Figure 10. It is observed
that as the initial notch length increases there is also an
increase in the hydrostatic stress near the crack tip,
whereas it is equilibrated in the same values for all speci-
mens as the distance increases. It is important to note that
more stress accumulation on 3 and 5 mm initial notched
specimens leads to earlier failure compared to a 1 mm
specimen as also observed in overall displacement and
engineering stress behavior (Figure 7). Thus, it can be
concluded that hydrostatic stress enhances the microstruc-
tural deformation mechanisms which lead to a decrease in
macroscopic strength and ductility of the PCL membrane.
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Figure 10. Hydrostatic stress distribution of the notched specimen prior to yield: (a) | mm, (b) 3 mm, and (c) 5 mm.

Conclusion

The current study comprehensively unveils the effects of
strain rate, size, and pre-existing crack length on the
mechanical properties of membranes for the first time in
the literature. The strain rates, utilized to study the strain
rate effect, were 10_1, 10_2, and 1073 s_l, respectively.
Size effect tests were performed at the strain rate of
1073 s7". Crack growth tests were conducted with initial
pre-existing cracks of 1, 3, and 5 mm, respectively.
From the study presented herein the following conclu-
sions can be drawn:

1. Electrospun PCL membranes showed a positive
strain rate sensitivity under tensile loading. The
yield strength, UTS, and Young’s modulus of
electrospun PCL membranes increased as the
strain rate increased from 107> to 107" s™' sacri-
ficing ductility.

2. The average fiber diameter decreases during the
deformation. Thinner fibers result in less strength
but more ductility.

3. The effects of the specimen geometry on the mech-
anical response of the PCL membranes have been
demonstrated, and different applications were pro-
posed for different sample dimensions.

4. Deformation and interaction of the individual nano-
fibers directly affected the macroscopic behavior. It
is observed that higher stress concentration on

local regions result in loss of fibrous properties and
the porous structure of the electrospun membrane.

5. Notched specimen with 3 and 5 mm cause more
hydrostatic stress concentration ahead of the crack
tip compared with the 1 mm notch which enhances
the propagation of the crack and results in earlier
failure.
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Appendix

The FTIR spectrum of the electrospun PCL membrane is
shown in Supplemental Figure 11. Cell viability results
are given in Supplemental Figure 12. XRD analysis of the
PCL membrane is given in Supplemental Figure 13. Fiber
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deformation with a stress displacement response of a 3 mm
notch specimen is shown in Supplemental Figure 14.

Notation
kV electrical voltage (V)

ml/h  flow rate of polymer solution
w/v  concentration of polymer solution

Greek symbol

i micron

Abbreviation

DIC digital image correlation

DMEM  Dulbecco’s modified Eagle medium
FBS fetal bovine serum

FTIR Fourier transform infrared spectroscopy
HFIP hexafluoro-2-propanol

PCL polycaprolactone

SEM scanning electron microscopy

UTS ultimate tensile strength

XRD x-ray diffraction
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