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How do electrospun (ES) Semicrystalline microstructure under uniaxial strain
polycaprolactone (PCL) microfibers
evolve on a micro- and molecular

scale upon post-process stretching?
Relevance: stretched ES fibers are used in the
development of a novel knee ligament implant
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ABSTRACT: The performance and degradation of polymeric medical yarns are strongly dependent on their microstructure, which
can evolve significantly during fabrication. This work investigates and models how the microstructure of microfibrous electrospun
(ES) filaments changes during the critical postprocessing step of uniaxial stretching. Specifically, we studied filaments designed for
use in a knee ligament regeneration implant made from biodegradable, semicrystalline polycaprolactone (PCL). Structural changes
were characterized at both the fiber and the molecular scales. Stretching led to fiber alignment, thinning, and coalescence, as revealed
by microcomputed tomography (#CT) and scanning electron microscopy (SEM). At the molecular scale, the crystalline
microarchitecture transformed profoundly, as shown by differential scanning calorimetry (DSC), one-dimensional (1D) and two-
dimensional (2D) X-ray diffraction (XRD), and dynamic mechanical thermal analysis (DMTA). Based on these findings, we propose
a conceptual model for stretch-induced microstructural evolution: at lower strains, chain-folded crystals (CFCs) fragment while
amorphous chains extend; at higher strains, CFCs unfold and recrystallize with extended chains into more thermodynamically stable
chain-extended crystals (CECs) aligned with the stretch axis. This mechanism clarifies how uniaxial strain reorganizes semicrystalline
domains in PCL, with important implications for thermomechanical and degradative properties relevant to implant performance.
Understanding how microstructure responds to stretching enables the future development of more accurate simulations of complex
fibrous materials under physiological conditions and informs the optimization of fabrication and design parameters for next-
generation medical yarns.

KEYWORDS: electrospinning, polycaprolactone, polymer crystals, microfibers, medical yarn, strain-induced crystallization

1. INTRODUCTION such as silk fibroin, collagen, and gelatin, and synthetic
Implantable polymeric textiles are a promising alternative to polymers, such as polycaprolactone (PCL), polydioxanone
biological grafts in promoting the repair of soft tissues such as (PDO), poly(glycolic acid) (PGA), poly(L-lactic acid)
tendons and ligaments." Bioactive yarns can be designed to (PLLA), as well as copolymers of the aforementioned
provide structural support and guide cell growth for healing materials.” Research has demonstrated that continuous ES
tissues by mechanically and morphologically mimicking the filaments can be transformed into mechanically competent

hierarchical, anisotropic, and porous structure of the
surrounding extracellular matrix (ECM).”’ In particular,
continuous electrospun (ES) filaments made up of aligned - —
microfibers are of growing interest for such applications.” Rec?wed: March 13, 2025 &,&w
Electrospinning is an electrohydrodynamic process in which a Revised:  June 19, 2025 o ® ®
high-voltage electrostatic field is applied between a polymer Accepted:  June 23, 2025 @
solution and a conductive collector to produce a nonwoven Published: July 1, 2025

fibrous mesh.” A variety of polymers can be made into
biodegradable, biocompatible ES filaments: natural polymers,

devices comprised of multifilament yarns processed through
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Figure 1. (a) Hierarchical structure of the microfibrous device, progressing from largest to smallest dimension (left to right). Braid image is a
macropicture, whereas multifilament, filament, and fiber images are from scanning electron microscopy (SEM), and chain image is a schematic. (b)
Schematic of braided implant within the knee. (c) Orthorhombic PCL unit cell (lattice parameters a = 7.496 A, b = 4974 A, ¢ = 17.297 A)

containing a total of two chains in opposite orientation with twists near the ester linkage and a c-axis that coincides with the chain axis,

10,21,22

viewed along b-axis and (d) c-axis. Only chains passing through the frontmost face of the unit cell are depicted for viewing simplicity. (e) Polymer
crystal morphologies: chain-extended crystal (CEC) (left) and chain-folded crystal (CFC) (right).

the use of traditional textile technologies such as braiding,
weaving, and twisting.ﬁ’7

Of particular importance, our team has recently developed a
braided ES PCL yarn for anterior cruciate ligament (ACL)
repair, as shown in Figure lab.”® PCL, a synthetic polyester
with an orthorhombic unit cell (Figure 1lc,d), is among the
most widely used resorbable polymers in tissue engineering
due to its low inflammatory response, slow degradation rate,
ease of processing, and elasticity (Figure S1)."”'" This
implantable braid is designed to eliminate the need for
autografts in reconstruction surgeries, which carry the risk of
donor site morbidity and an increased likelihood of developing
secondary osteoarthritis.'" Composed primarily of micro-
fibrous filaments, the braid features a hierarchical structure
that results in complex structure—property relationships. The
macroscopic properties of the braid are not simply the sum of
the properties observed at the microstructural levels."”

A critical step in manufacturing the ES yarns used in this
device is uniaxial stretching of the filaments following
electrospinning. The purpose of this stretching is 2-fold: (i)
mechanically, it contributes to making the filaments sufficiently
stiff for its application and limits further plastic deformation
after implantation; and (ii) structurally, it aligns the micro-
fibers to mimic ligaments’” ECM architecture. Microscopically,
stretching can also affect crystallinity—including crystal
orientation, degree of crystallinity (X_), and supramolecular
morphology'”"*~'*—which influence the material’s viscoelas-
tic behavior. Notably, although other semicrystalline polymers
commonly exhibit unit cell transitions following stretching, no
such polymorphisms have been observed in PCL."” Although
previous studies have examined the microstructural evolution
of PCL fibers during stretching,lo’lg_20 a consistent mecha-
nism has not been established due to variations in materials,
processing conditions, and experimental techniques. Thus, it is
of significant value to comprehensively investigate fiber- and
chain-level architectures using multiple experimental methods
to aid in better future understanding, prediction, and tailoring
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of the mechanical and degradative properties of biomedical
filaments.

At the chain level, thermodynamic considerations predict
that linear polymers, such as PCL, present two maxima of
crystal morphological stability: chain-extended crystals (CECs)
and chain-folded crystals (CFCs) (Figure le).”””* Multiple
studies have confirmed that PCL crystallizes into both
morphologies,'””*~>” most using small-angle X-ray scattering
(SAXS) to determine long period and lamellar thickness. For a
polymer with uniform molecular weight, a fully extended CEC
morphology represents the lowest free energy state,”™" as
chain folding incurs additional fold surface energy.zs’31 Thus,
in theory, CECs will melt at a higher temperature than CFCs
of the same size, when applying Lindenmeyer’s simplifying
assumptions.”® While no studies exist that experimentally
investigate T, differences between CFCs and CECs in PCL,
other semicrystalline polymers reflect these ideal thermody-
namic predictions of morphological stability.”****' >

Building on this general understanding of polymer
crystallization behavior and thermodynamic stability, we
present a PCL-based case study of the crystal microstructure
of ES microfibers subjected to varying degrees of stretch
following electrospinning. This work assessed the impact of
stretching on fiber diameter and alignment, as well as on crystal
morphology, volume, orientation, and overall X.. The micro-
fibers were analyzed using microcomputed tomography
(uCT), scanning electron microscopy (SEM), differential
scanning calorimetry (DSC), X-ray diffraction (1D and 2D
XRD), and dynamic mechanical thermal analysis (DMTA)—
employing experimental methods that no one study on ES
PCL microfibers has yet to do in conjunction. Finally, a
theoretical framework was developed to describe the evolution
of the material’s chain-level microstructure. This micro-
structural study contributes to understanding how multiscale
features influence device behavior, enabling future researchers
to build upon phenomenological models—based on macro-
scale viscoelastic and tensile properties of the braid and
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Figure 2. Schematic of the unique electrospinning process used to fabricate our filaments, implementing a moving wire collector.

filaments—for more accurate simulations of complex fibrous
structures.” Establishing a relationship between microstructural
evolution and postprocessing of ES filaments will also guide
the design of durable medical yarns to meet the functional
demands of orthopedic implants. Our results not only generally
align with trends observed in existing related studies but also
provide new insights.

2. EXPERIMENTAL METHODS

2.1. Material Preparation. To prepare the ES filaments, poly(e-
caprolactone) (PCL) pellets (Ashland Specialties Ireland, Laboratory
A, Synergy Centre, Institute of Technology Tallaght, Ireland) were
dissolved in 1,1,1,3,3,3-hexafluoroisopropanol (Apollo Scientific Ltd.,
Cheshire, U.K.) to 9% w/v PCL. The solution was agitated at room
temperature (RT) at 21 rpm (Stuart Roller Mixer SRT9D,
Staffordshire, UK.) for 1 week to ensure complete polymer
dissolution. To form a continuous filament of randomly deposited
microfibers, a unique electrospinning setup using a dynamic wire
collector was used (Figure 2). A detailed description of this
electrospinning technique developed by Mouthuy et al. is
referenced.>® Unless otherwise noted, for all experiments, PCL with
a weight-average molecular weight, Mw 190000 g mol™! was
investigated (as measured by gel permeation chromatography
presented in Figure S2). Triplicates of each sample and their standard
deviation were measured. Filaments were stored at 0 °C prior to their
usage in experiments to limit ambient material changes.

To measure how the stretch ratio affects polymer crystal properties,
filaments were stretched manually to varying degrees at RT, unless
otherwise noted, after electrospinning. To ensure uniform stretching
along the length of the sample, samples were stretched in 1 cm
segments. The maximum stretch ratio reached was 1:6.

2.2, Stretch Temperature. To examine whether different thermal
conditions for stretching impacted coalescence, filaments were
stretched in RT (20 °C) and cold conditions (immersed in 0 °C
ice water) to 1:3 and to maximum stretch. Due to a lower maximum
achievable extension in cold conditions (1:5), “dual thermal” samples
were also prepared: initially stretched to 1:5 in cold conditions, then
allowed to thermally equilibrate to RT before being further stretched
to a maximum 1:6 at RT.

2.3. Microfiber Morphology. The diameter and alignment of
fibers within filaments stretched to various degrees (1:1—1:6) were
observed by using SEM (Hitachi TM3000). A multifilament yarn
stored at RT for over 5 months was also imaged to observe any
longitudinal changes. Prior to SEM imaging, samples were gold-
sputtered to mitigate the effects of charging on image contrast. 2D
image analysis was carried out using Image]. For fiber diameter,
“individual” and “wide” measurements were taken; “individual”
denotes measurements from only single fibers (including fibers within
coalesced fiber bundles), whereas “wide” measurements classify
coalesced fibers as a single fiber alongside individual unfused fibers.
“Expected” diameters were also calculated based on the theoretical
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assumption that stretching along the filament axis directly
corresponded to fiber narrowing (see the Supporting Information
(SI) 5.1.1 for calculation). Anisotropy was quantified using coherency
values from the Orientation] plugin, where a coherency of 0
corresponded with a completely isotropic image, and 1 corresponded
with a completely anisotropic image exhibiting only one orientation.””
Images with 500X and 3000X magnifications were used for coherence
and diameter measurements, respectively.

Filaments were also scanned in a Zeiss Xradia 510 yCT at 70 kV
with an imaging voxel size of 0.7 um. 1:1 and 1:6 filaments were
placed in a tube mounted vertically in the scanner. 3D visualization
was performed on MeshLab, using compressed data. Coherence was
measured using the Orientation] plugin in Image] on these
reconstructed images from various depths within the filament,
including the surface, center, and midpoint between these latter two
(i.e., half radius).

2.4. Thermal Analysis. DSC (PerkinElmer Diamond) was used
to obtain heat flow profiles and X, from samples measured across a
thermal range of 0—80 °C under a nitrogen atmosphere. A heating
rate of 10 °C min~! was used, unless otherwise indicated. Between the
two heating cycles, a faster cooling rate of 100 °C min™' was used.
DSC curve characterization and integration was performed using
OriginPro software. All DSC curves presented in this work were
shifted vertically for ease of visual representation.

To determine the DSC-derived X, the following equation was used
on the first heating cycle:*®

AL

= X 100%
AH,pgs

C

(1)

where H is the melting enthalpy of the sample per unit mass, ¢ is the
time, and AH, is the enthalpy of a 100% crystalline sample (139.5 J
g™").>* H was calculated using eq S1.

A variety of DSC experiments were performed, modulating the
following variables: sample type/stretch ratio, stretch temperature,
sample—pan contact, and heating rate (the latter two of which are
detailed in SI 2.1 and Figures S5—S10).

2.5. Crystallinity and Crystal Size Dimensions. The 1D XRD
profile was recorded using Cu Ka radiation (4 = 1.5419 A) operated
at 40 kV and 15 mA on the Rigaku MiniFlex XRD in the range of 20 =
2-30° at a scanning speed of 1.5° min™'. After background signal
subtraction and normalization, OriginPro was used to apply a
Gaussian fit. The (111) peak of PCL at 22° was fixed with a full width
at half-maximum (fwhm) of 0.98, as the amorphous halo in stretched
samples obscured the peak, preventing the software from detecting it.
This value was selected based on the peak’s average fwhm in
unstretched samples.

XRD-derived X, was calculated using the following equation:

A

c

A+ A,

c

)
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Figure 3. SEM analysis of fibers: (a) SEM micrographs (top: 500X magnification, bottom: 3000X) of ES PCL fibers at different stretch ratios, from
1:1 to 1:6 (left to right). Fibers exhibit narrowing diameter, coalescence, and bifurcation when stretched. Histogram of diameters displayed in
Figure S14. (b) Coherence of filament exterior and mean fiber diameter (green = wide fibers included, blue = individual only, and red = expected)
at different degrees of stretch, measured from SEM micrographs. For calculation of the “expected” value, refer to eq S9 in SI 5.1.1. (c) 3D uCT
rendering of 1:1 unstretched (top) and 1:6 stretched (bottom) filament. Scaling: orange horizontal = 323 ym, blue horizontal = 470 ym, and blue

vertical = 670 pm.

where A, is the crystalline peak area and A, is the amorphous halo
area.

Crystal size dimension L,y was calculated for each characteristic
peak using the Scherrer equation:

K1
L = — L < 200
( >hkl Beos 0 ( nm)

(©)
where K is the geometric constant (0.94), A is the X-ray wavelength, B
is the fwhm, and @ is the Bragg angle. Average lateral crystal
dimension (relative to the crystal c-axis) was calculated by using the
(110) and (200) peaks. While smaller crystals cause peak broadening,
other potential contributions, such as crystal defects, are detailed in SI
3.1. The lattice parameter was calculated using eq S2, and the tensile
force applied to the unit cell was estimated using eqs S3 and S4.
2.6. Crystal Orientation. To determine the degree of crystal
alignment in filaments, quadrant azimuthal profiles were obtained via
2D grazing incidence XRD for 1:1 and 1:6 filaments. A Rigaku
SmartLab X-ray diffractometer was employed, equipped with a
PhotonMax 9 kW rotating anode source using Cu Ka radiation and a
HyPix-3000 2D semiconductor detector at a 150 mm sample-to-
detector distance. Incident end optics included a $ mm X-ray spot size
height-limiting slit, parallel beam slit, and 1.0° in-plane parallel slit
collimator. Out-of-plane (OOP) diffraction was measured with an
asymmetric grazing incidence of 0.2° 26 in 0.04° steps from 0 to 30°
20 at a rate of 5° 20 min~". In-plane (IP) diffraction was captured
between —2 and 26° 26 via a detector offset of 12° 26. Background
azimuthal intensities near the 26 of interest were subtracted after
correcting for the OOP meridian intensity.>” Filaments were
orientated either parallel (II) or perpendicular (L) to the incident
X-ray beam. A schematic of in-plane (IP) and out-of-plane (OOP)
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orientations relative to sample surface face, as well as azimuthal angle
B, is provide in Figure S12.

Herman’s orientation factor (f) was used to quantify orientation
within a system:

_ 3(cos2 ¢y — 1

f 2

(4)
where (cos®¢)) = average cosine square of the angle ¢ between an
individual specimen’s orientation and a reference axis. f = 0 when the
specimen is isotropic, 1 when the specimen is perfectly aligned to and
parallel with the reference axis, and —0.5 when it is aligned
perpendicular to the reference axis. The reference direction used
was the filament (i.e., stretch) axis, which was also the crystal’s c-axis
along (00!) when the chains comprising the crystal were aligned to
the filament.

2D XRD measured each sample’s overall crystal orientation
(foveran), Which was a convolution of the orientation of crystals in
an individual fiber (fc,yml), fibers within a filament (fg.,), and
filaments within the XRD sample holder with respect to the intended
Il or L placement (fgument):>

foverall = fcrystal x fﬁber X fﬁlament

(8)
Sélament Was assigned a value of 1, as the filaments were carefully
aligned to be practically parallel to one another. To calculate f,,.r
(cos® ¢h)g; was determined using eqs S5—S8, based on Wilchinsky’s
method for an orthorhombic unit cell as detailed in SI 4.*° Seber Was
determined to account for fiber misorientation from the filament
axis.”>*' To do so, the angular distribution ¢ of fibers from the
dominant direction was measured using the Image] plugin on SEM
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Figure 4. DSC analysis on the effect of stretching on filaments: (a) DSC curves of PCL filaments over first heating cycle with notable features
labeled, namely, Prepeak, Peak 1, and Peak 2. (b) DSC curves of filaments stretched to varying degrees (1:1—1:6). (c) Effect of stretching on
melting enthalpy on PCL filaments, calculated using eq S1. The shaded region highlights the stretch ratios (1:4 and above) at which curves

exhibited secondary endotherm Peak 2.

images at S00X magnification, as shown in Figure S13. An assumption
was made that the dominant orientation in the SEM image
corresponded to the filament axis.

As described by Wang et al, f. . is
XRD-derived foverall bY SEM-derived fﬁber:2

— f;)verall
f;‘lber ( 6)

2.7. Viscoelasticity. DMTA was used to determine how filament
moduli and T, changed as a function of temperature and stretch. A
DMAS00 (PerkinElmer) was used, applying a displacement of 0.05
mm in tension at a frequency of 1 Hz. Measurements were performed
in a temperature range of —100 to 40 °C at a heating rate of 10 °C
min~" in a nitrogen-cooled chamber. Filaments with stretch ratios 1:1,
1:3, and 1:6 were examined. To prevent the samples from slipping out
of the DMTA grips, filament ends were cast in Araldite epoxy.

The storage modulus G’ (i.e., real; elastic) and loss modulus G”
(i.e, imaginary; viscous) were recorded to calculate tan(5), i.e., the
damping factor. tan(5) represents the dissipation of energy in a
cyclically deformed material:**

approximated by dividing
2

fcrystal

G//
G (7)

T, was determined using two points: the temperature at which G” and

tan(6) peaked.*

tan(5) =

3. RESULTS AND DISCUSSION

3.1. Microfiber Morphology. Figure 3a contains SEM
micrographs of microscale segments of filaments stretched to
varying degrees, revealing three notable phenomena as a result
of stretching. First, stretching reduced the microfiber diameter,
although the deformation was not uniformly distributed.
Unstretched islands—regions retaining the original filament
thickness observed in the 1:1 sample despite stretching of
adjacent segments—emerged along the fiber axis due to
necking. An example is highlighted by the red circle in Figure
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3a. The necked islands, visible from 1:2, disappeared by 1:4 as
the material in the islands became consumed by the necking
process. Alongside the reduction in fiber diameter was an
improvement in fiber alignment (Figure 3b), which plateaued
to a peak value of approximately 0.85 by 1:4. Even from a low
stretch ratio of 1:2, individual diameters aligned closely with
the expected diameter if uniaxial stretching directly corre-
sponded to fiber narrowing (Figure 3b), suggesting that
stretching and realignment occur simultaneously. Additional
stretching past 1:4 primarily resulted in fiber narrowing,
breakage, and subsequent fraying in more random directions,
thereby reducing the net alignment (Figure S19). uCT
imaging, shown in Figure 3¢, was consistent with our SEM
results and showed that the coherence of the 1:6 filament
(Figure S21) was about 4 times greater than that of 1:1 (Figure
S20), as quantified in Table S2. Notably, this also held true for
the core of the 1:6 filament, showing that fibers were uniformly
aligned across the filament’s thickness.

Second, as the stretch ratio increased, some fibers appeared
to coalesce together laterally and form a larger fibrous bundle
(i.e, “wide” fiber), as observed in Figure 3a. Notably, to our
knowledge, no studies outside our own group’s have reported
stretch-induced coalescence of fibers. Coalescence may result
from the local increase in temperature when mechanical work
from plastic deformation converts to heat, causing adjacent
fibers to merge at local segments. Badami et al. found that an
increase in stretch ratio from 1:3 to 1:5 increased the
temperature of necked nylon-66 filaments by up to 120 °C,
depending on the stretch rate.”* The increase in temperature
causing fiber coalescence can be estimated using energy
conservation, as detailed in eqs S10—S13 in SI 5.1.2. The
estimated AT was 25 °C; thus, at RT a temperature of ~45 °C
may be reached upon stretching. While the main T, of PCL is
60 °C, our DSC analysis revealed that PCL began to melt at
temperatures as low as 40 °C in unstretched filaments (Figure

https://doi.org/10.1021/acsapm.5c00907
ACS Appl. Polym. Mater. 2025, 7, 8504—8518


https://pubs.acs.org/doi/suppl/10.1021/acsapm.5c00907/suppl_file/ap5c00907_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsapm.5c00907/suppl_file/ap5c00907_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsapm.5c00907/suppl_file/ap5c00907_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsapm.5c00907/suppl_file/ap5c00907_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsapm.5c00907/suppl_file/ap5c00907_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsapm.5c00907/suppl_file/ap5c00907_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsapm.5c00907/suppl_file/ap5c00907_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsapm.5c00907/suppl_file/ap5c00907_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsapm.5c00907?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.5c00907?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.5c00907?fig=fig4&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acsapm.5c00907/suppl_file/ap5c00907_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsapm.5c00907?fig=fig4&ref=pdf
pubs.acs.org/acsapm?ref=pdf
https://doi.org/10.1021/acsapm.5c00907?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Polymer Materials

pubs.acs.org/acsapm

Parallel

®

Unstretched

Stretched

—_—
: 1. s o T Y
— ] o \ .,
s RN
\
=y
[}
c
[
.
= : :
0 40 80

B () B ()

(b)

Perpendicular

-

1 Sample

P
erpend,'cu lar

Unstretched Stretched
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proportion. (b) Characteristic planes viewed from the c-axis and (c) off-axis, with the c-axis as the axis of rotation. (d) Schematic of filament
orientation relative to beam in grazing incidence 2D XRD. (e) Simplified X-ray scattering vectors off planes of crystals with their c-axis aligned to
the fiber axis, with the gray arrow indicating direction of X-ray incidence. (f) 2D XRD profiles showing Debye—Scherrer curves of 1:1 unstretched
and 1:6 stretched filaments. Only stretched filaments oriented perpendicular to the beam exhibit discrete diffractions spots. OOP and IP
orientations are labeled in the leftmost profile, and characteristic planes are labeled in the rightmost profile. (g) Azimuthal scans presenting
diffraction intensity versus azimuthal angle /3 for 22 and 24° characteristic rings. For parts (d)—(g), figures to the left of the dotted line correspond
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4a). This suggests that coalescence during stretching may be
associated with the melting of less stable crystals with a T,
around this temperature.”> This hypothesis is further
supported by comparing the fiber morphology of filaments
stretched at different temperatures, specifically when the
stretch ratio is sequentially increased by one unit. As presented
in the SEM micrographs in Figures 3a and S15 (and plotted in
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Figure S16), for RT-stretched filaments, no coalescence was
observed only for 1:2 filaments, whereas for cold-stretched
filaments, their fine microfibrous architecture was maintained
up to their maximum possible stretch at this lower temper-
ature, 1:5. From these two positions, the behavior differed
upon further stretching at RT. Stretching the 1:2 RT-stretched
fiber to 1:3 led to coalescence, whereas RT-stretching of
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initially 1:S cold-stretched filaments to 1:6 (i.e., “dual thermal”
filament) presented no coalescence. This discrepancy suggests
that filaments that have not been stretched beyond 1:2 possess
specific microstructural features that facilitate coalescence,
namely, unstable crystals whose lower T, initiates coalescence.

In addition to strain-initiated coalescence, ambient coa-
lescence (i.e., without strain) was observed in a multifilament
yarn stored at RT for S months (Figure S17). Here,
coalescence likely results from gradual amorphous rearrange-
ment, as RT is above PCL’s T, and below the melting onset
temperature of 40 °C. Even without heat dissipation from
plastic deformation, unstable crystals may rearrange into more
thermodynamically stable structures (i.e., minimization of
surface area-to-volume ratio), if the kinetic conditions allow.
To prevent coalescence and preserve their fine fibrous
architecture, filaments should be stretched and stored at
colder temperatures. Other potential mechanisms of ambient
crystal transformation include chain scission through humidity-
induced hydrolysis, trans-esterification, and Ostwald ripen-
ing46—all of which could affect X. and the entanglement
environment. Residual solvent may also contribute to ambient
coalescence,”’ warranting further investigation through ther-
mogravimetric analysis.

Lastly, stretched filaments exhibited bifurcations—regions
where one fiber transitions into two, as depicted in Figure S18.
Even filaments at low degrees of stretch exhibit bifurcations. It
is not possible to ascertain from these static images whether
bifurcations represent fiber splitting or fusing, occurring during
spinning or stretching. However, given the lack of coalescence
at low degrees of stretch, these bifurcations likely reflect fiber
splitting as they align during the initial stages of stretching,
whereas bifurcations at high degrees of stretch reflect areas
where fibers begin to fuse.

In brief, imaging showed that fibers do not simply narrow
uniformly upon stretching but exhibit greater complexities,
such as unstretched islands, coalescence, and bifurcations.

3.2. Crystal Orientation. Transitioning our consideration
from the fiber- to crystal-scale, diffraction intensity along a
Debye—Scherrer ring associated with a particular set of planes
in 2D XRD can be measured to compare crystal orientation
across samples.”® The raw detector profiles in Figure 5f show
rings corresponding to the (110) planes at 26 = 22° and (200)
at 26 = 24°, matching the literature values.'%*°° PCL’s
characteristic planes are depicted in Figure Sa—c. Only 1:6
filaments oriented L to the X-ray beam exhibit discrete OOP
diffraction spots, whereas other samples/orientations present
uniform rings. As depicted in Figure 5d,e, crystals which satisfy
diffraction conditions under X-ray illumination perpendicular
to the fiber axis are oriented with their (110) and (200) plane
normals to the fiber axis, while diffraction is obtained from a
range of orientations when the X-ray beam is incident parallel
to the fiber axes. Therefore, only in stretched filaments do the
(110) and (200) plane normals tend to preferentially lie
perpendicular to the fiber axis, with a uniform radial
distribution of the associated plane normals perpendicular to
the fiber axis. From this observation, we may infer that the
polymer backbone is oriented along the stretched fiber axis
within crystalline regions.

These azimuthal scans (Figure Sg) allowed for the
calculation of f, .. (eqs 4—6) shown in Table 1, which was
normalized to the orientation distribution fg., of fibers within
the filament (Figure S13) to calculate the crystal alignment

Soysta within a fiber. Measuring f . for filaments with
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Table 1. Herman’s Orientation Factor f for 1:1 Unstretched
and 1:6 Stretched Samples

sample Joverat [XRD]  fiper [SEM] (n = 3) -
unstretched (1:1) 0.005 0.094 + 0.045 0.050
stretched (1:6) 0.593 0.941 + 0.043 0.631

completely random fiber deposition is not possible; fgp.. would
be zero, rendering f,,. undefined, even though fibers may
possess some degree of crystal alignment. Other potential
analytical limitations and sources of artifacts are discussed in SI
4.2. While the accuracy of our deconvolution may be
compromised by the low fg,. value from near-random
deposition, the slight fiber anisotropy of our 1:1 filaments—
perhaps due to the contour of the electric field with the wire
collector, or from light tugging of fibers during deposition on
the dynamic collector and subsequent removal—nonetheless
enabled calculation of f .

The orientation factor f .y for 1:6 filaments (0.631)
indicated strong alignment, whereas 1:1 filaments (0.050) did
not. This means that during straining, crystals, whether pre-
existing or newly formed due to tension, tend to align their c-
axis along the fiber axis. The rearrangement of crystals along
the stretch axis requires interpenetrating amorphous chains to
bear the initial tensile load, whose extension may serve as
nucleation sites for CECs that are also subsequently aligned
with this axis.”'

3.3. Proposed Mechanism for Strain-Induced Crystal
Transformation. Stretching semicrystalline polymers can
cause crystal transformation.”” A large body of literature on
polymer crystals grown from the random state (i, melt,
solution) concludes that nucleation via chain folding drives the
formation of CFCs.”> When subjecting the random state to
tensile stress, several studies have observed the formation of
CECs in a variety of polymers including PCL, confirmed via
electron diffraction, Fourier transform infrared spectroscopy,
atomic force microscopy (AFM), SAXS, and
DSC.!72034415253 Although the deformation mechanisms
underlying stretching of semicrystalline polymers have been
studied extensively both theoretically and experimentally, there
remains a lack of consensus as to which mechanism is accurate.
For cold-stretching, the most commonly hypothesized
mechanisms include CFC-lamellar fragmentation,35 stack
rotation,>* rnelt-rec1rystallization,42’55 and amorphous exten-
sion.”® Some studies suggest simultaneous occurrence of these
phenomena,” while others posit sequential incidence as
stretching progresses.”> These models are further detailed in
Table S3 and Figure S22.

Based upon our collective experimental findings, a micro-
structural, chain-based model is proposed to explain the strain-
induced crystal transformations observed in ES PCL micro-
fibers (Figure 6). This model is introduced here to
contextualize the interpretation of the results presented in
the following sections.

To begin, in the unstretched state, filaments are hypothe-
sized to consist predominantly of CFCs, though the presence
of some CECs is 3possible due to polymer jet elongation during
electrospinning.s‘ At low strains, amorphous chains begin to
uncoil and extend in the direction of applied strain, as
supported by DMTA, while unstable crystals undergo melt-
recrystallization, as observed by DSC. CFCs experience crystal
slip and fragment into smaller blocks, as indicated by XRD. At
higher stains, it is proposed that fragmented CFCs unfold
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exclude measurement discontinuities at lower temperatures and the effects of epoxy softening at higher temperatures, as shown in Figure $23. (b)
T, as a function of stretching, calculated based on the peak temperature of tan(8) (red) or G” (blue).

further and that amorphous chains continue to elongate, as
supported by DMTA. These extended chains are believed to
align and either form new or integrate into existing CECs
oriented along the stretch axis. The reduction in chain coiling
during strain is expected to favor the formation of multichain
fibrillar nuclei—characteristic of CEC crystallization—over
single-chain lamellar nuclei typically associated with CFCs.""
Additionally, as CFCs narrow due to fragmentation, stretching
may promote the alignment and extension of terminal
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amorphous segments of existing CECs, contributing to CEC
growth along the stretch axis. Existing CECs may also act as
nucleation sites for the lateral incorporation of amorphous
chains.

Although the identification of CFCs and CECs is inferred
rather than directly proven, this is strongly supported by
converging evidence from multiple experimental techniques,
namely, DSC, XRD, and DMTA. Together, these data indicate
substantial development of a highly oriented and thermody-
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namically distinct crystal population under strain. Accordingly,
the model posits that in comparison to unstretched filaments
dominated by CFCs, stretching increases the fraction of CECs,
alongside changes in the crystal size and orientation. While this
mechanism is likely a simplification, as it does not account for
mixed crystal mesostructures (e.g., shish-kebab formations) or
crystal defects, it offers a cohesive framework to interpret the
morphological transformations that occur during stretching.

Experimental findings from stretched fibers of other
semicrystalline ?olymers closely parallel our proposed
mechanism,"**** further detailed in Table S4. For example,
multiple studies on PCL fibers, using a variety of experimental
techniques, have converged on the interpretation that
stretching promotes amorphous chain extension,''*~*°
which act as a precursor to CEC recrystallization.”” In the
following section, we present complementary evidence using
DMTA (a technique not employed in the earlier studies) to
probe the effects of stretching on the amorphous phase.

3.4. Viscoelasticity. Analyzing the thermally modulated
viscoelastic behavior of filaments using DMTA, particularly the
glass transition, offers valuable information on the amorphous
region. Preceding the discussion on viscoelasticity, it is
important to clarify the term “stretched,” as all samples are
cyclically stretched within the DMTA apparatus, while some
filaments are also stretched prior to DMTA analysis.
“Stretched” is used to refer to this latter case, as it has been
through this text.

Figure 7a displays DMTA curves for filaments that had been
stretched to varying degrees. The curve shape and peak
location of 1:1 reflect findings in the literature on PCL.>” Glass
transition temperature (Tg), peak tan(8) (eq 7), and fwhm
values acquired from these curves are presented in Tables S5
and S6. Average T, increased significantly from —58.18 + 1.88
to —37.34 + 4.64 °C upon stretching from 1:1 to 1:6 (Figure
7b), whereas the height of the tan(5) peak decreased from 0.13
+ 0.01 to 0.08 + 0.01.

The stretch-induced increase in T, a key parameter that
marks the transition of amorphous chains from rigid to flexible,
indicates amorphous chain extension upon stretching. In
addition, T, may rise due to the constraining effects of nearby
crystalline regions on the molecular mobility of adjacent
amorphous regions. While the DSC results showed that overall
X was not altered by stretching (see Section 3.7), it is possible
that the new strain-induced crystals pose a greater barrier to
molecular motion than the original crystals—corresponding to
the replacement of CFCs with CECs, rather than their
addition. When comparing such a barrier presented by CECs
versus CFCs, there is a clear difference in the freedom of their
terminal chains, which reside in both the crystalline and
amorphous state, as illustrated in Figure le. Chains exiting
CECs face greater spatial restrictions compared to those
exiting CFCs.

In 1:6 filaments, in addition to the upward shift of the tan(§5)
T, peak, this peak was also shallower, indicating lower levels of
energy dissipation during the glass transition. While a lower
amorphous fraction in the material could explain this
phenomenon, because X, was constant regardless of the
stretch ratio (as determined via DSC), this explanation is
inapplicable. Instead, the shallower tan(5) peak may reflect a
less coiled amorphous fraction in the stretched filaments. If
amorphous chains in 1:6 filaments are more extended, the
amplitude of their segmental motion will be reduced due to the
increased rigidity of elongated chains. This rigidity decreases
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the maximum possible energy dissipation during glass
transition, thereby lowering peak tan(5).”®

While the tan(5) peak shifted to a higher T with stretching,
the peak’s fwhm remained constant (Table S6). A wider tan(5)
peak would reflect energetic heterogeneity in amorphous chain
mobility,”” as the varying proximity of these chains to
dispersed crystals modulates the energetic barriers to
segmental motion within the interconnected network. The
consistency of this fwhm is consistent with the observation that
X, remains constant through stretching.

To summarize, both the higher T, and lower tan(J) maxima
in stretched filaments may be attributed to greater amorphous
chain extension. When the DMTA applies a cyclic tensile force
on a filament at a temperature around its T}, either (i) elastic
energy is stored in the chains (associated with greater G’) or
(i) energy is dissipated during plastic deformation (associated
with greater G”), where chains change conformation after
overcoming an energy barrier. Elastic storage is greater in
stretched filaments because further plastic deformation is more
energetically costly for chains that are already extended.”” For
stretched filaments, intrachain bonds bear the tensile load,
whereas for unstretched filaments, tension disrupts interchain
interactions within coiled amorphous chains. The extended,
restricted character of the amorphous regions in 1:6 filaments
explains why these filaments present a greater storage modulus
G’ (ie., lower maximum tan(5)) while requiring greater T,
temperatures to enter a rubbery state.

The proposition that amorphous chains are more extended
and contain greater elastic potential energy in 1:6 filaments
compared to 1:1 is also supported by hot plate experiments. As
shown in Figure S24, 1:6 filaments contracted upon heating,
while 1:1 filaments did not. On a microstructural level, as T, is
approached during heating, extended chains—in both the
amorphous and crystalline domains (i.e., CEC)—gain mobility
and take on higher entropy, coiled conformations, thereby
shrinking the overall sample. The amorphous chains in 1:1
filaments presumably possessed more relaxed conformations
and subsequently did not experience a thermodynamic drive to
coil further upon heating.

Stretching of filaments to high stretch ratios results in
structures with chains trapped in an extended conformation.
This conclusion is supported by DMTA and hot plate
experiments, which show that stretched filaments exhibit a
higher glass transition temperature, lower maximum energy
dissipation during transition, and chain contraction upon
heating,

3.5. Secondary Endotherms. The shapes of DSC curves
were compared across samples to understand how polymer
crystals evolve through processing, from the as-received pellet
to filament stretched to varying degrees. These samples’ DSC
curves are depicted in Figure 4ab (Figure S3). All filaments
exhibited a primary endotherm (Peak 1) with a peak
temperature around 60 °C, representing the original crystal
population. Three prominent trends emerged from stretching:
(i) the lower temperature premelting peak, or “prepeak,”
disappeared (most evident in the pellet and at low degrees of
stretch), (ii) the height of Peak 1 (~60 °C) shortened, and
(iii) a secondary higher temperature endotherm “Peak 2” (~70
°C) grew, reaching its greatest size (in height and rightwards
width) at 1:6, the maximum stretch ratio before fracture. This
growth in Peak 2 width is plotted as fwhm in Figure S4.

DSC peaks with disparate melting temperatures are said to
represent two separate crystal morphologies with distinct
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characteristic planes as a function of filament stretching. Average includes (111).

thermodynamic stabilities, with the lower endotherm associ-
ated with a less stable crystal phase.’’ At the same time,
modest reorganization of unstable crystals is possible when
slow DSC heating rates are used, whereupon the kinetic barrier
to rearrangements is lowered. This represents thermally
induced melt-recrystallization, a kinetically controlled process
in which imperfect crystals melt and reorganize into more
stable forms as chain mobility increases.”” While similar in
overall result, strain-induced melt-recrystallization differs in
that it is driven by applied stress, which promotes the
formation of more aligned, stable crystals.”

Our experiments modulating heating rate and pan contact
confirmed that the prepeak and secondary endotherm reflect
intrinsic microstructural features of the material rather than
measurement artifacts, such as changes in sample—pan contact
during DSC heating, as detailed in SI 2.1. The prepeak was
absent at slow heating rates (Figure S7), which can be
explained by thermally induced melt-recrystallization. Under
slow heating, the prepeak melting endotherm is effectively
masked by the nearly overlapping exothermic recrystallization.
In contrast, Peaks 1 and 2 persisted across the range of DSC
heating rates (Figure S8), indicating greater thermal stability.
The prepeak thus corresponds to the melting of less stable
crystals. Furthermore, its disappearance in stretched filaments
(Figure 4a) suggests that strain-induced melt-recrystallization
also occurs in response to mechanical deformation.

Notably, modulating heating rate had a greater effect on
Peak 2’s height compared to Peak 1 in Figure S8, indicating
that the activation energy to initiate melting is lower for Peak 2
crystals. This difference in melting kinetics provides further
evidence that each peak represents distinct crystal populations.
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We prospectively assign Peak 2 to CECs because, in addition
to Peak 2’s greater T, studies report that CECs do not
undergo melt-recrystallization.*”**

Thus, it can be said that stretching induced significant crystal
transformations in the fibers, evidenced by the emergence of a
higher temperature secondary endotherm Peak 2 after
stretching to 1:4. Stretching further, the quantity of Peak 2
crystals increased as that of Peak 1 diminished, as plotted in
Figure 4c. The quantity of each crystal subpopulation directly
correlates with the peak’s area, due to the fact that PCL has
only one unit cell polymorph.'” Section 3.6 further explores
the mechanisms of transition in crystal demographics upon
stretch.

A recently published study within our research group by
Ferreira et al. corroborated our DSC results, revealing the
development of a secondary endotherm upon stretching.* In
their study, the doublet emerged at a higher stretch ratio of
1:9, likely due to experimental differences, including the use of
lower Mw (~25 kDa) samples and filament stretching using
bollard grips with a constant strain rate. In contrast, the only
other DSC study identified on ES PCL, conducted by Selli et
al,, did not observe a secondary endotherm when stretched to
1:6."° This absence may be attributed to the substantially
larger diameter of their melt-spun fibers as a result of
manufacturing processes that diverged from our electro-
spinning. A narrower diameter is generally linked to a higher
degree of chain extension generated during the spinning
process,”* meaning our narrower fibers may possess more CEC
nucleation sites than those of Selli. Of note, studies on ES
fibers made from other polymers exhibited higher temperature
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which is

secondary endotherms following stretching,
in agreement with our results.

Analyzing how the secondary endotherm evolves with the
stretch temperature also elucidates the mechanism of crystal
deformation and resultant morphologies. Tensile plastic
deformation can occur through a combination of amorphous
extension and crystalline transformation. As shown in Figure
S9, it is notable that Peak 2 was much smaller for the 1:5 cold-
stretched filament than that of the 1:5 RT-stretched filament. If
Peak 2 is associated with strain-induced crystals, the smaller
Peak 2 in cold-stretched samples means that less crystal
transformation took place, which is expected because crystals
are more stable at lower temperatures.

In summary, DSC revealed that stretching decreased the
crystal population associated with the prepeak and Peak 1,
while the population of Peak 2 increased. Peaks 1 and 2
represent distinct crystal populations with unique morpholo-
gies, as evidenced by their differing kinetic barriers to melting
and thermodynamic stabilities, the latter of which is reflected
in Peak 2’s higher T. It is important to note that, in addition
to the morphology, crystal stability is also influenced by the
volume.

3.6. Crystal Volume and Dimensions. DSC and XRD
provide insights into how crystal size evolves with stretching.
DSC relates crystal volume to thermodynamic stability via T,
while XRD links size to diffraction peak width.

DSC can be used to compare stretch-induced changes in
volume within a specific crystal subpopulation. According to
the Gibbs—Thomson effect, smaller crystals have greater
surface free energy per unit volume, rendering them less stable
and resulting in a lower T, > Stretching increased the
breadth of Peak 2 toward higher temperatures (Figure 4b),
indicating that crystals within this new population grew larger.
While the thermal range that an endotherm spans for a specific
crystal population (i.e, Peak 1 or Peak 2) can be used to
compare how that subpopulation’s volume distribution differs
across samples, it is not possible to conclude that Peak 2
crystals are larger than those of Peak 1 just because Peak 2
crystals melt at a higher T,. This is because the thermal
stability is governed by both crystal volume and morphology.

XRD measured changes in the crystal dimensions (eq 3)
after stretching. Figure 8a presents the 1D XRD profiles for
1:1, 1:3, and 1:S filaments. Characteristic (110), (111), and
(200) peaks were located at 21.5, 22, and 23.8°, respectively.
Notably, at greater degrees of stretch, peaks were broader and
shifted slightly toward lower Bragg angles. Scherrer calcu-
lations based on peak breadth showed that the average lateral
crystal dimensions, perpendicular to the crystal c-axis,
decreased upon stretching (Figure 8b)—from 191.12 A in
unstretched filaments to 94.32 A in 1:5 filaments. This trend is
reflected in other studies of stretched PCL fibers, as detailed in
Table S1. Stretching was also found to increase lattice
parameters a and b (Figure S11). To clarify terminology for
the present discussion, width (i.e., wide, narrow) refers to the
lateral dimensions of a crystal perpendicular to the molecular c-
axis, while length refers to that crystal’s longitudinal dimension
parallel to the c-axis.

Pairing these XRD observations with the DSC finding that a
morphologically distinct, more stable crystal population
formed via stretching, it is possible to conclude that stretching
reduces the width of the original crystals or induces the
formation of new crystals that are narrower than the original
(Figure S25). Because Scherrer calculations provide only an
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average width across all crystals in the sample, it is challenging
to pinpoint which specific crystal population(s) contribute to
the overall narrowing upon stretching. The distinct ways in
which CFCs and CECs respond to strain along their c-axis are
theorized in SI 7.1.

DSC showed that the fraction of Peak 1 crystals remained
constant up to 1:4 (Figure 4c), while the average crystal width
decreased over this interval, as measured by XRD (Figure 8b).
Given these observations, the dominant mode of narrowing at
low strains is likely fragmentation of CFCs rather than
unfolding since unfolding would reduce the fraction of Peak
1 crystals. Straining beyond 1:4, the fraction of Peak 1 crystals
decreased, while that of Peak 2 increased. This decrease in the
original crystal fraction likely resulted from strain-induced
melting via lamellar unfolding. This unfolding, along with
amorphous chain elongation evidenced by DMTA, may act as
precursors to CEC formation, which explains the growth of
Peak 2. It remains to be determined whether CECs can form
from an amorphous extension alone, independent of CFC
unfolding. Unfolding likely facilitates amorphous extension by
reducing the constraints on amorphous chains during
rearrangement. Whether the emergence of CEC also
contributes to average narrowing is unclear given competing
dynamics under strain along the c-axis: CECs may narrow if
chains are pulled out, whereas lateral incorporation of uncoiled
amorphous chains into the CECs can cause widening.

Some studies have found that stretching results in
simultaneous narrowing and lengthening of polymer crys-
tals."”*" For example, Mochizuki et al’s study on melt-spun
PCL fibers found that longitudinal crystal length along the
fiber axis increased when stretched to 1:9." Interestingly, that
study, which uniquely identified a (00 14) peak, also noted
that the crystal width and volume decreased upon stretching.
Applying these findings to our study raises the possibility that
strain-induced Peak 2 crystals may be volumetrically smaller
than Peak 1 crystals, provided that the morphological stability
of Peak 2 crystals is greater. Although evidence of volumetric
shrinkage upon stretching would further support the notion
that each subpeak corresponds to distinct crystal morpholo-
gies, we were unable to confirm this due to the absence of a
peak with a nonzero l-index in our XRD measurements, as
explained in SI 4.

Overall, our DSC and XRD findings indicate that stretching
promotes the formation of crystals with greater thermody-
namic stability and decreases the average crystal width.
Coupled with the understanding that the unfolding of CFCs
and uncoiling of amorphous chains may increase the CEC
fraction, these observations suggest that the CFC is associated
with Peak 1 and the CEC with Peak 2.

3.7. Crystallinity. X_ calculations derived from DSC (eq 1)
and XRD data (eq 2) showed differing trends regarding the
influence of stretching on X. Although measured X often
differs between instruments,'”%° relative X, comparisons of
samples measured using the same instrument remain valuable.
Our DSC-derived X. values (Fi§ure S26) are comparable to
those found in the literature,””*>*° but the relationship
between stretching and X_ is inconsistent across these studies.
Through various degrees of stretch, an insignificant difference
in DSC-derived X, was observed, averaging 50.10 + 1.39%.
However, XRD-derived X, (Figure S27) increased with stretch,
from 32.28% at 1:1 to 61.36% at 1:6, a trend generally reflected
in the literature on ES fibers made from PCL and other
polymers."*7'%?%* A potential explanation for the discrepancy
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between our DSC and XRD data lies in the XRD peak
broadening effect of the small crystals. This would render the
diffraction peaks from prepeak crystals harder to detect,
thereby underestimating XRD-derived X at low degrees of
stretch.”” Additionally, the consistent fwhm of the tan(8) peak
through stretching suggests a constant X, as discussed in
Section 3.4, thereby bolstering our confidence in the X, trends
observed from DSC.

4. CONCLUSIONS

In this study, ES PCL filaments were uniaxially stretched to
varying degrees after electrospinning. With increasing stretch-
ing, microfibers within filaments became more aligned but also
exhibited necking and coalescence resulting from the heat
dissipated during plastic deformation. The initial stages of
microstructural evolution involved melting of unstable crystals,
amorphous chain extension, and lamellar fragmentation of the
main CFC population. The extension of amorphous chains
with stretching was indicated via DMTA by an increase in T,
and lower relative energy dissipation during glass transition.
Fragmentation of CFCs into smaller blocks at low strains was
evidenced via 1D XRD by the reduction in average crystal
width, while the fraction of original crystals remained constant.
At high degrees of strain beyond 1:4, DSC showed the
development of a more thermodynamically stable crystal
population as the fraction of the original crystal population
decreased. This new population was distinct from the original
crystals not just in T, but also in its kinetic barrier to melting.
High strains caused unfolding, or “melting,” of CFC
dominating the crystal fraction of unstretched filaments.
Elongated chains, originating from CFCs and the amorphous
phase, recrystallized into narrower CECs oriented along the
stretch axis, as shown via 2D XRD. Our proposed mechanism
for stretch-induced crystal transformation for ES PCL was
supported by thermodynamic theory and literature findings on
other semicrystalline polymers.

To bolster confidence in our model, future investigations
may consider performing 1D and 2D XRD analyses at a greater
number of intermediate stretching stages to more precisely
determine how crystal dimensions and orientation evolve with
strain (i.e., whether a monotonic relationship exists). Single-
fiber 2D XRD scans could more directly reveal crystal
alignment within individual fibers, avoiding convolution from
fiber misalignment within the filaments. SAXS may be
particularly valuable due to its ability to measure interlamellar
distances and thereby validate our findings on amorphous
extension, lamellar fragmentation, and crystal morphology.'”
Additionally, AFM can offer direct visualization of nano-
structural chain-packing on fibril surfaces.**

Our findings reveal significant microstructural changes due
to stretching, which are known to affect the material’s
degradative and thermomechanical properties, such as stiffness
and elasticity. This has profound implications for load-bearing
implants, which must provide sufficient strength to maintain
structural integrity during tissue regeneration, while offering
enough flexibility to prevent fibrotic responses and support
knee mobility. In stretched fibers, the greater CEC fraction,
coupled with imgroved fiber alignment, might enhance axial
tensile stiffness.”® The higher T, of the extended amorphous
chains could make stretched filaments less rubbery at
physiological temperatures. Chain alignment may hinder
solvent penetration and the hydrolysis of PCL’s ester bonds
due to greater chain compaction within the fiber,'® potentially
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slowing the loss of mechanical strength. The coalesced
adhesion of fibers during stretching, first reported here, may
also limit degradation while unfavorably reducing porosity—
necessary for nutrient migration and cell growth during tissue
regeneration. Future integration of biological cues and anti-
inflammatory drugs into polymeric yarns to promote
regeneration may also influence crystallization and subsequent
material properties.*’

A deeper understanding of the material’'s microstructure is
especially valuable for developing more accurate models to
predict behavior under physiological conditions, such as
mechanical loading, fluid exposure, and body temperature, as
well as guiding the design of next-generation medical yarns.
Linking structure with processing of ES filaments enables
tuning of parameters, such as stretching rate and temperature,
braiding speed and tension, and storage conditions during
fabrication, sterilization, and packaging—all of which can
influence material microstructure and, ultimately, device
performance. Processing can then be tailored to optimize
mechanical strength and degradation profiles for improved
tissue integration with broader relevance to the development of
other polymeric medical yarns. Thus, a foundational under-
standing of the semicrystalline architecture and its evolution
during stretching paves the way for more precise engineering
strategies to enhance the design of fibrous orthopedic implants.
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