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The rising interest in biodegradable polymers like PLLA is gaining
attention for their potential in next-generation biomedical devices.
One of the critical challenges in leveraging PLLA’s full potential is
enhancing its crystallinity, as it greatly influences mechanical,
thermal, degradation, and piezoelectric properties, which are
essential for various applications. Here, we use thermal annealing
and strain engineering to transform the amorphous phase into a
more ordered crystalline structure. Through various characteriza-
tion techniques, we show that crystallinity increased progressively
from 34.8% in unprocessed films to 57.4% at 100% strain. Terahertz
time-domain spectroscopy is employed to gain insights into the
structural and dynamic properties where we study low-frequency
molecular vibrations and anisotropic properties, enabling simulta-
neous evaluation of structural, such as crystallinity, and optical
characteristics. Rotational analysis provides direct evidence of
molecular orientation and birefringence induced by mechanical
processing. These findings align strongly with the traditional char-
acterization techniques (XRD, WAXS, DSC, and FTIR). Piezoresponse
force microscopy shows that the VPFM signal increased from 0.65 +
0.15 pm V1 in unprocessed films to 6.5 + 1.5 pm V! at 100% strain.
The in-depth work is an important step in gaining a deeper under-
standing of how the crystalline regions form, evolve under different
processing conditions, and influence PLLA’s overall properties.

Introduction

Poly(r-lactic acid) (PLLA) is a biodegradable, biocompatible
polymer that has garnered significant attention in biomedical
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New concepts

This study proposes new insights into how molecular alignment affects
electrical and structural properties by understanding the interplay
between molecular orientation, birefringence and crystallinity in biode-
gradable polymers, crucial for next-generation piezoelectric applications.
It presents a novel approach of strain engineering via mechanical
stretching at room temperature (unlike the published literature) to
progressively increase the crystallinity of PLLA; thus making the process
more sustainable and energy-efficient. The study also builds a new hybrid
analytical framework for biodegradable polymers by integrating emerging
terahertz spectroscopy (THz-TDS) with conventional techniques (XRD,
WAXS, DSC, and FTIR) to provide a comprehensive understanding of
polymer microstructure and functional properties.

applications such as tissue engineering and implantable sensors
due to its tunable mechanical and piezoelectric properties.’ How-
ever, the intrinsic piezoelectric performance of PLLA remains sub-
optimal for emerging biomedical sensing technologies, primarily
due to limitations in molecular alignhment and crystallinity.*>™
Enhancing its piezoelectric response is critical for converting bio-
mechanical signals into electrical outputs. However, this requires a
deeper understanding of structure-property relationships and effi-
cient, scalable processing strategies.®® Current methods to improve
PLLA’s piezoelectricity rely heavily on high-temperature treatments
and complex chemical modifications, often compromising its bio-
degradability or limiting practical implementation.™*™> Moreover,
the electromechanical response of PLLA is strongly influenced by its
crystalline phase transitions, particularly the transformation from
the o-phase (with disordered dipole orientation) to the B-phase (with
aligned dipoles) via mechanical strain.”*™"” Yet, accurate quantifica-
tion of these phase changes and their influence on piezoelectricity
remains elusive.

This complexity arises from the inherent piezoelectric prop-
erties of PLLA, which are due to its low symmetry, highly
ordered structures, and the absence of an inversion center It
can be obtained easily via melting or solution-phase crystal-
lization methods.*****® The B-phase, which has a left-handed

This journal is © The Royal Society of Chemistry 2025
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3, helical conformation and an orthorhombic or triclinic unit
cell, can be produced by controlling the post-process drawing
and annealing conditions." The C—=0 dipoles of o-PLLA are
generally oriented in all directions (360°) along the main chain
of the helical structure, resulting in a zero net-dipole moment.
a-PLLA can be transformed into B-PLLA by stretching or draw-
ing processes."”" The C=0 dipoles of B-PLLA are aligned
along the backbone chain, so the total dipole moment is
significantly increased. The thermal, mechanical, and electrical
properties of PLLA are significantly dependent on the crystal-
line phases it contains.'®

Given the importance of crystalline phases in determining
PLLA’s properties, it is crucial to use advanced techniques to study
the phases and their transitions. Recently, terahertz (THz) spectro-
scopy has gained popularity due to its ability to probe intermole-
cular and low-energy intramolecular molecular vibrations.?*>*
THz spectroscopy can detect weak intermolecular forces such as
hydrogen bonds and van der Waals interactions, making it ideal
for studying the subtle changes in the crystalline structure caused
by mechanical strain.??**?* In THz time-domain spectroscopy
(THz-TDS), coherent THz pulses with a linear polarization are
used to measure the dielectric properties of materials. Rotating the
material relative to the THz polarization direction allows for
sensing of anisotropic effects offering a detailed analysis of how
molecular alignment affects PLLA’s piezoelectric response.”®!
Additionally, THz radiation is non-invasive and poses no signifi-
cant harm, particularly when compared to X-rays, which are
commonly used for crystallinity studies.***’

Although several qualitative and quantitative THz spectro-
scopic studies of polylactic acid (PLA) have been conducted to
study the crystallization process and the birefringence of strain-
induced crystallization,?®°** quantitative estimation of crys-
tallinity and detailed analyses of PLLA, particularly regarding
the improvement of crystallinity for piezoelectric enhancement,
are still lacking. This study addresses these gaps through a
novel, energy-efficient approach that induces crystallinity and
molecular alignment in PLLA films via ambient-condition
mechanical stretching. Unlike conventional methods that
require high temperatures to soften the material for stretching
and inducing molecular alignment, our approach achieves
controlled stretching under ambient conditions thus utilizing
energy-efficient processing that can be up-scaled. Crucially, we
integrate terahertz time-domain spectroscopy (THz-TDS), a non-
destructive, highly sensitive tool capable of probing low-energy
molecular vibrations, with complementary techniques such as
XRD, WAXS, DSC, and FTIR to map the structural evolution of
PLLA at multiple scales. THz-TDS offers a unique advantage by
enabling full angular analysis of anisotropy and molecular orien-
tation, providing insights inaccessible through traditional meth-
ods. Our work delivers a comprehensive and quantitative
assessment of post-processed PLLA films, establishing clear cor-
relations between strain-induced crystalline phases and enhanced
piezoelectric performance. This integrated spectroscopic strategy
not only advances the fundamental understanding of PLLA’s
structure-property dynamics but also paves the way for sustain-
able, high-performance, biodegradable piezoelectric sensors,
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contributing to next-generation green medical electronics.
Ultimately, this research seeks to optimize PLLA films for
enhanced piezoelectric performance, facilitating the development
of advanced biomedical sensors, and potentially broadening the
application scope of PLLA-based piezoelectric devices.

Methods

Materials

PLLA granules (PURASORB PL 24) were obtained from Corbion.
Before use, the granules were subjected to overnight drying at
80 °C in a vacuum oven. Chloroform (Merck) was utilized as the
solvent for PLLA dissolution.

Preparation of PLLA films

To create PLLA films, 10 grams of PLLA granules were dissolved
in 50 grams of chloroform. Chloroform plays a crucial role in the
synthesis process by enabling the fabrication of high-quality PLLA
films under ambient conditions. Its moderate evaporation rate
and strong solubility for PLLA help ensure uniform film formation
with minimal defects. The resulting mixture was stirred for 4 hours
at room temperature at 200 RPM until complete dissolution. The
solution was stored overnight in a refrigerator at 4 °C to prevent
bubble formation. The cold PLLA solution was poured into a glass
Petri dish and air-dried for 4 hours at room temperature. The
resulting PLLA film was carefully peeled from the Petri dish and
cut into rectangular pieces measuring 15 x 50 or 50 X 50 mm.
Subsequently, the pre-cut films underwent a uniaxial drawing
process, achieving strain % from 50-100%. The strain was calcu-
lated using the formula:

— L
Ly

Strain (%) = L x 100

where L, is the initial length of the sample and L is the final length
after stretching. This method offers a clear and direct measure of
deformation. The uniaxial stretching of the films was carried out at
room temperature using a Zwick/Roell Z050 tensile testing
machine. The process began with an initial speed of 50 mm min~"
and a pre-load of 0.1 MPa applied at a speed of 5 mm min . The
tensile modulus was set at 1 mm min ", followed by a stretching
speed of 20 mm min~ . After stretching, the films were fixed at
their strained length and heattreated for 8 hours at 80 °C.
Following heat treatment, the films were rapidly quenched in an
ice bath for 7 hours to ensure structural stability.

Characterization

Scanning electron microscopy (SEM). Images were acquired
using the FEI Magellan 400 SEM. A 10 nm Ti coating was
applied using the Cryofox Explorer 500 GLAD from Denmark to
improve image quality and prevent charging.

Differential scanning calorimetry (DSC). DSC was conducted
using the Thermal Analysis Mettler Toledo DSC3 (USA) with an
autosampler to explore the thermal behavior and crystallinity
degree of our material. The heat flow was measured in the
range of 25 to 200 °C at a rate of 10 °C min~ " under a nitrogen
gas atmosphere.

Nanoscale Horiz., 2025, 10, 1414-1427 | 1415
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Fourier-transform infrared (FTIR) spectroscopy. FTIR spectra
were recorded using a Bruker Alpha II Platinum ATR spectro-
meter. This instrument identifies molecular bonds through selec-
tive absorbance by measuring each sample’s response within the
range of 4000-400 cm ™"

Terahertz time-domain spectroscopy (THz-TDS). THz-TDS
analysis was conducted using the Toptica TeraFlash pro system,
capable of measuring the THz spectrum ranging from 0.1 THz to
6 THz. Samples were introduced into the THz system after
purging the setup with dry air to minimize absorption due to
humidity. The THz spectrum of each sample was recorded at
room temperature, with dry air without any sample serving as the
reference. Each measurement comprised 1000 averages with one
average taken in 180 seconds in a 200 ps time window, see Fig. S1
(ESIY). Averaging is done to increase the signal-to-noise ratio of
the signal. Samples were securely affixed to the holder covering
the aperture, allowing for rotational scanning (Fig. 4(a)). The
stretching direction was designated as the reference point, set at
0 degrees (y direction), and considered perpendicular to the
electric field polarization (x direction) of the system. For the
quantification of the content of crystallinity; we used an optimized
THz-TDS method, building on the foundational work of Hirata
et al”® and refined using the correction algorithm by Dorney
et al.* to account for internal reflections (Fabry-Perot effect). This
approach enabled accurate extraction of refractive index and
absorption spectra, even for thin samples where the exact sample
thickness is unknown. A two-mode Lorentz oscillator model was
applied, with one mode representing the crystalline phase and the
other capturing the amorphous phase. This method provided
precise crystallinity estimates for PLLA samples subjected to
various treatments, highlighting the structural evolution of the
polymer under mechanical and thermal processing.

X-ray diffraction (XRD). The PLLA film samples were assessed
through one-dimensional X-ray diffraction measurements using
the Bruker B8 Insitu-GIWAXS in the reflection mode, operated
with the Cu cathode Ko radiation (/1 = 1.5418 A). The scan range
was 10° < 260 < 35° and the scan speed was 10° min~".

Wide angle X-ray scattering (WAXS). Wide angle X-ray scat-
tering (WAXS) carried out using the Xeuss 3.0 (Xenocs, France)
equipped with the Genix3D micro-focus X-ray Cu Ko source.
The X-ray wavelength is 1.54 A (50 kv and 0.6 mA). The distance
from the sample for WAXS are 43, 300, and 900 mm, respec-
tively. The exposure time was 2 and 30 min for WAXS. All
scattering reflections were collected under vacuum at room
temperature.

Piezoresponse force microscopy (PFM). The piezoelectric
response of polymer PLLA films was investigated by piezore-
sponse force microscopy (PFM), using a Ntegra Aura Atomic
Force Microscope (NT-MDT, the Netherlands) equipped with an
external HF2LI Lock-in Amplifier (Zurich Instruments, Switzer-
land). PFM measurements were performed with conductive Cr/
Pt-coated Tap190E-G cantilevers (Budget sensors, Bulgaria) with
a spring constant of 48 N m ' and resonance frequency of
190 kHz. The piezoelectric response of the films was recorded in
a contact mode at a frequency of 21 kHz and AC excitation
voltages in the range from 4 V to 40 V. The calibration of the
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lateral signal was performed by means of a Y-cut quartz crystal
with a shear coefficient d,¢ = 4.6 pm V. The calibration of the
vertical signal was conducted using a Z-cut single crystal of
periodically poled lithium niobate (PPLN, Labfer Ltd, Russia)
with longitudinal coefficient ds; = 6 pm V™ '. Each PFM image
includes amplitude and phase data, revealing the piezoelectric
coefficient (proportional to local polarization) and domain
polarization orientation, respectively. The out-of-plane and in-
plane components of the piezoresponse were measured through
complementary approaches: vertical PFM (VPFM) and lateral
PFM (LPFM). PLLA primarily exhibits shear piezoelectricity,
known as the d14 mode, rather than the longitudinal d;; mode.
In our study, we cut the films at a 45-degree angle relative to the
molecular orientation, which we determined with high preci-
sion using THz-TDS. This allowed us to induce a shear response
using a normal force, effectively enabling an apparent ds;
measurement, although the overall response remains lower
due to the material’s intrinsic properties.

Results and discussion

We employed mechanical stretching and thermal annealing tech-
niques to systematically investigate the impact of post-processing
on the crystallinity and structural properties of PLLA films. Fig. 1A
is a schematic representation of polymer chain orientation and the
corresponding changes in crystallinity resulting from uniaxial
drawing. PLLA films were subjected to uniaxial stretching at
50%, 75%, and 100% strains, as illustrated in Fig. 1B. The primary
objective of the uniaxial stretching and thermal annealing was to
enhance the piezoelectric properties of PLLA by increasing its
crystallinity and inducing phase transitions, thereby advancing the
development of more effective biomedical devices.

Scanning electron microscopy (SEM) examination revealed a
significant absence of discernible morphological alterations in
the unprocessed film (Fig. 1C(1)). Conversely, distinctive struc-
tures with uniform directions became visible upon applying
strain, highlighting a distinct morphology in PLLA films. The
number of discernible structures was directly correlated to the
applied strain, implying that these structures may stem from
crystalline alignment (Fig. 1C(2)-(4)).

Differential scanning calorimetry (DSC) analysis revealed
significant changes in the thermal properties of PLLA films
subjected to various strain levels. Initially, the unprocessed PLLA
exhibited an endothermic peak at 179 °C, indicative of a melting
transition (Fig. 2A). Additionally, an exothermic peak was
observed at 78 °C (see Fig. 2A), which can be explained by one
of two potential mechanisms: the transformation from the
amorphous phase to the crystalline phase, normally described
by the cold crystallization (Tcc),***” or the transition from the
metastable o phase to the thermodynamically stable o phase.*®
Based on the observed material behavior, the latter appears more
likely, as the solvent evaporation during casting likely restricts
molecular mobility, favoring the formation of the metastable o’
phase.'® Upon reheating, sufficient thermal energy enables struc-
tural reorganization into the stable o phase, aligning with similar

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 (A) Illustration of the polymer orientation and the corresponding changes in crystallinity due to this post-processing of casted film. (B) Illustration
of the Uniaxial stretching post-processing method. (C) SEM images of the unprocessed and strained films.

transitions reported for PLLA."> While Tcc typically occurs in
polymers with slow crystallization kinetics, where insufficient time
during cooling prevents full crystallization,®” the casting process in
this study may similarly limit molecular mobility, resulting in either
residual amorphous regions or a metastable o’ phase.” Further
characterization is required to confirm the precise mechanism. As
strain increased to 50%, 75%, and 100%, the melting temperature
(Tmn) shifted to lower values from 179 °C to 173 °C. The gradual
decrease in melting temperature with increasing strain is likely
related to the formation of the p-crystalline phase, which is known
to exhibit lower thermal stability compared to the a-phase, as well
as to changes in molecular packing and crystallite size resulting
from strain-induced alignment."®***® In our study, the observed
shift in melting temperatures with increased strain appears to
correlate with changes in crystalline structure. While this observa-
tion may indicate phase transitions from o to § forms, as supported
by the absence of the exothermic peak in strained films, other
factors such as molecular orientation, crystallite size, or strain-
induced defect reduction may also contribute to these thermal
changes. Further analysis integrating multiple characterization
methods is necessary to confirm the specific influence of phase
transitions. The inset of Fig. 2A presents the derived heat of melting
values obtained from DSC data, showing a clear trend of increase
from 36.12 ] ¢ " in the unprocessed film to 47.82J g%, 52.02J g %,
and 58.45 ] g ' for films strained to 50%, 75%, and 100%,
respectively. These results were used to calculate the crystallinity
content, which will be discussed later in this paper.

This journal is © The Royal Society of Chemistry 2025

FTIR spectroscopy supported the findings from DSC. The
unprocessed PLLA displayed characteristic peaks at 1750 V cm™*
(C=0 stretching) and around 1180 and 1090 cm ' (C-O-C
stretching).’*>***° The peak at 1750 cm ™', corresponding to the
C—0O stretching vibration, exhibited a slight increase in intensity
with an increasing strain% (Fig. 2B). The normalized peak inten-
sity decreased from 0.13 for unprocessed films to 0.04 at 50%
strain, 0.02 at 75% strain, and 0.01 at 100% strain. These results
indicate changes in the molecular structure with strain, which may
be associated with increased alignment and changes in crystal-
linity. Furthermore, there is a correlation between the intensity of
this peak and the applied strain.*® These FTIR changes align with
the shift to higher melting temperatures and the thermal proper-
ties observed in DSC, confirming the structural reorganization of
PLLA films.

Although FTIR spectroscopy provided some valid data to con-
firm the results obtained from DSC, no other significant insights
were observed. This limitation arises because FTIR is primarily
designed to analyze chemical bonds and lacks sensitivity to bulk
structural changes and intermolecular interactions.*
this gap, we employed THz spectroscopy, a technique uniquely
suited to probing low-frequency vibrations and intermolecular
forces.*>**** With its ability to investigate phenomena such as
hydrogen bonding networks and van der Waals interactions, THz
spectroscopy is far more sensitive to changes induced by post-
processing. This heightened sensitivity makes THz spectroscopy
particularly effective for detecting structural transformations,

To address
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Fig. 2 (A) DSC data of the unprocessed and differently strained films. The melting temperature (T,,) is highlighted with a blue border, and the melting
temperatures corresponding to each strain are indicated beneath the figure. (inset) Heat of melting (AHm) plotted as a function of strain percentage, used
to determine crystallinity content. (B) FTIR data of the unprocessed and differently strained films. (inset) Enlarged views of the regions are indicated by

dashed boxes.

including crystallinity increases, as well as studying molecular
orientation (isotropy and anisotropy) and phase changes, which
are critical aspects of our analysis.

While the traditional characterization techniques have pro-
vided robust evidence of structural changes and enhanced crys-
tallinity, THz-TDS offers additional confirmation and insights.

1418 | Nanoscale Horiz., 2025, 10, 1414-1427

Applying THz-TDS to the same PLLA films aims to validate the
DSC and FTIR findings and further explore the material’s struc-
tural properties. Also, THz-TDS provided additional insights into
the structural and electromagnetic properties of PLLA films. The
time-domain profile of the electric field, E, for the unprocessed
film and the 100% strained film at different rotation angles

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 THz-TDS time trace showing the electric field changes in response to strain and rotation on 100% strained PLLA film and unprocessed PLLA film.

The inset provides a detailed magnification.

(0°, 50°, and 90°) is shown in Fig. 3. For the unprocessed film, no
significant change in E is observed due to rotation, though the
electric field is consistently reduced compared to the reference.
In contrast, the 100% strained film demonstrates a clear depen-
dence on rotation, with the most significant reduction in E
observed at 90°. This result highlights the increased sensitivity
of the strained film to rotation, which can be attributed to the
strain-induced alignment of molecular structure within the film.
Additionally, Fig. S1 (ESI) provides an overview of the electric
field profiles for all ssamples—unprocessed, 50%, 75%, and 100%
strained films—across the full range of rotation angles from 0° to
180°. These supplementary results confirm the trends observed
in Fig. 3 and further demonstrate how the degree of strain
correlates with the material’s sensitivity to rotation, with higher
strains resulting in more pronounced changes in E.

The THz electromagnetic wave utilized in the measurements
is linearly polarized, directing the electric field along a defined
axis. This is utilized by the rotational sample holder used for
these measurements. The film was oriented with its straining
direction normal to the electromagnetic wave, allowing precise
analysis at varying angles relative to the horizontally polarized
electric field of the THz beam. This approach offered a detailed
characterization of the material’s anisotropic properties, the
setup used is illustrated in Fig. 4a. The observed spectral
changes provide evidence of the structural reorganization and
increased crystallinity induced by mechanical stretching. Unpro-
cessed films exhibited a consistent response in the THz electric
field, marked by a uniform peak-to-peak amplitude across the

This journal is © The Royal Society of Chemistry 2025

rotational range (0-180 degrees), indicating isotropy (Fig. 4b). In
contrast, processed films subjected to strain showed a dynamic
response, with peak-to-peak amplitude evolving as a function of
angular orientation. The peak intensity reached its minimum at
a 90-degree rotation, aligning the strained direction with the
electric field polarization (parallel) (Fig. 4b). This reduction in
the peak-to-peak amplitude at 90 degrees highlights the materi-
al’s pronounced anisotropy, as the molecular alignment induced
by stretching enhances the interaction with the THz electric field
parallel to the stretching direction, providing critical insights
into its structural and dielectric properties.

The complex interplay between molecular dynamics and
optical responses is explored through the analysis of absorption
spectra and refractive index. Using THz-TDS measurements, the
refractive index and absorption coefficient were determined
employing our optimized version of the method outlined in
ref. 35 and 29. We have developed a model based on Dorney’s
framework® to provide more accurate representations of refrac-
tive indices and absorption spectra without relying on a pre-
determined sample thickness. By employing Dorney’s model as
a correctional factor, our approach ensures improved precision
in capturing the material’s optical properties under various
conditions.

This enhanced capability to characterize optical properties
was instrumental in analyzing the pronounced birefringence
observed in stretched PLLA films, which manifested as a difference
in refractive indices along distinct axes, revealing the material’s
inherent anisotropy (Fig. 4c(1)-(3)). The measurements of the

Nanoscale Horiz., 2025, 10, 1414-1427 | 1419
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Fig. 4 (a) THz-TDS measurement setup (b) symmetric peak-to-peak amplitude over the rotational range (c) refractive index (1-3) and absorption
spectra (4-6) of sample normal-, rotated 50° degrees- and parallel to the electric field polarization.

unprocessed PLLA sample exhibited no changes upon rotation,
suggesting an isotropic nature with randomly oriented polymer
chains and an absence of preferred molecular alignment. More-
over, the strained films exhibited significant changes in the
refractive indices measured as we rotated. These experimental
results indicate that at higher strains, the polymer chains in the
crystalline phase are increasingly aligned along the stretching
direction, enhancing the anisotropic properties of the material.
Understanding the molecular orientation in processed PLLA is
crucial for optimizing its piezoelectric properties, as the alignment
of molecular chains directly influences the material’s performance.
Typically, PLLA films are cut at a 45-degree angle to the straining
direction because this orientation maximizes the shear forces
generated during deformation, which are necessary to produce
an electrical response in materials with shear piezoelectricity like
PLLA. This angle aligns the applied stress with the molecular
anisotropy in such a way that it induces the strongest piezo-
electric signal, as supported by theoretical models and experi-
mental results." However, due to incomplete crystallinity and
non-uniform molecular alignment, the true optimal cutting
angle may deviate slightly from this standard. By accurately
determining the molecular orientation, we can refine the cut-
ting process, resulting in better-aligned samples and potentially
higher piezoelectric properties, leading to improved sensor
performance. With THz spectroscopy, we can experimentally
measure the molecular orientation, providing a precise indica-
tion of the optimal alignment for improved piezoelectric per-
formance. In addition to this, this comprehensive analysis, by

1420 | Nanoscale Horiz., 2025, 10, 1414-1427

combining THz-TDS and 2D WAXS (Fig. 5B), we can provide a
detailed understanding of how mechanical stretching influ-
ences the molecular orientation and crystallinity of PLLA films,
ultimately affecting their optical and piezoelectric properties.
With the importance of molecular orientation established, we
now focus on quantifying crystallinity, a key factor influencing
PLLA’s piezoelectric properties. Accurate crystallinity measure-
ments reveal structural changes from processing and their
impact on performance. Here, we highlight THz spectroscopy’s
unique ability to complement traditional techniques like DSC
for this purpose.

Simultaneously with the information gained from the refrac-
tive index, our investigation extends to the absorption spectra,
revealing a distinctive peak of 1.82-1.88 THz dependent on the
sample’s crystallinity and orientation relative to the polarized
electric field. These peaks exhibit notable sensitivity to sample
rotation, as shown in Fig. 4a. More precisely, in Fig. 4c(4), at
0-degree rotation, we observe a distinctive peak in the absorp-
tion curve at 2.28 THz for the 50% strained film, 2.35 THz for
the 75% strained film, and 2.41 THz for the 100% strained film,
and a distinctive peak at 1.82 THz for the unprocessed film.
On the other hand, in Fig. 4¢(5 and 6), for rotations above
50 degrees, we observe similar peak positions at 1.88 THz for
the unprocessed film and a slight shift to higher frequencies for
processed films at 1.92 THz. In unprocessed samples, the
absence of change in peak position and shape at all rotations
signifies a uniform molecular arrangement, indicating a more
isotropic configuration than stretched films, similar to previous

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 (A) 1D XRD patterns of PLLA films subjected to various strain levels. Inset shows an enlarged image of the B-phases. (B) two-dimensional WAXS
analysis illustrating changes in polymer chain orientation resulting from post-processing with the strain direction.

results. In addition to this, the absorption spectra in PLLA films
indicate a correlation between the distinctive peak’s intensity
and applied strain and suggest a direct influence of crystallinity
changes on the spectra. This correlation gains significance in

This journal is © The Royal Society of Chemistry 2025

piezoelectric materials, where alterations in crystallinity impact
the electric charge generated in response to mechanical defor-
mation. The identified peak corresponds to specific molecular
vibrations influencing the material’s piezoelectric functionality.
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Moreover, a significant increase in the absorption intensity of
the distinctive peaks was observed at a rotation angle of 90
degrees for all processed samples for the processed films
suggesting that the molecular chains within the processed film
are more aligned, resulting in anisotropic behavior that inter-
acts differently with the polarized electric field. This alignment
enhances the sensitivity of the absorption spectra to rotational
changes, highlighting the influence of molecular orientation and
crystallinity on the film’s optical properties. Beyond rotational
effects, a notable shift to higher frequencies in peak position is
observed in the strained films. This slight shift can be attributed to
phase transitions within the PLLA crystalline structure, specifically
changes in lattice spacing caused by mechanical stretching.** Such
transitions result in tighter packing within the crystalline regions,
further demonstrating the capacity of THz spectroscopy to detect
not only orientation-dependent behavior but also structural
changes at the molecular level. This finding suggests a pro-
nounced directional sensitivity of PLLA films to the electric field,
with enhanced absorption when the electric field is parallel to the
strain direction. This heightened absorption when the electric field
is parallel to the strain direction suggests that the orientation of
polymer chains plays a crucial role in the material’s response. To
further confirm these phase transitions and the molecular orienta-
tion changes indicated by the THz spectroscopy results, XRD and
WAXS were employed to provide complementary insights into the
crystalline structure and alignment of polymer chains in the
processed PLLA films. While traditional techniques such as DSC
and XRD are effective for evaluating crystallinity, THz-TDS was
introduced in this study as a complementary method, offering
enhanced sensitivity to molecular orientation and low-frequency
vibrational modes that are closely linked to piezoelectric behavior.

XRD analysis provided detailed insights into the crystal-
lographic changes due to post-processing. The unprocessed
PLLA films exhibited crystalline peaks at 14° (010), 16.49°
(110)/(200)/(200)B, and 18.45° (111)a (Fig. 5A). With increasing
strain, the 18.45° (111) peak disappeared, while the 16.49° (110)/
(200) peaks intensified proportionally to the strain, indicating a
transition from the o-form to the B-form, characterized by a 3,
helical structure."'®** Additionally, crystallinity peaks at 22.38°
(206)B, (003)p and (0010)a were observed in the 50% and 75%
strained samples. Furthermore, clear trends were noted at 28.77°
(003) and 29.34° (0010). Specifically, the intensity of the (0010)
peak diminished with increased strain, suggesting a transforma-
tion of the o-phase contribution to the B-phase, consistent with
previously reported observations.**™*® Here, both the a-phase
and B-phase exhibit a prominent peak around 16.3-16.6°, which
arises from the hexagonal arrangement of the molecular stems,
reflecting similar or nearly identical helix-to-helix distances in
these two structures.*® This is especially observed in the case of
the 100% strained film. Here, it showed no corresponding peak
at (0010)o suggesting the complete transformation to the p-
phase contribution. Complementing these findings, 2D WAXS
patterns revealed an isotropic distribution of crystalline domains
in unprocessed films, which transitioned to well-defined arcs
with increasing strain, indicating an anisotropic distribution due
to the alignment of crystalline domains in the (200) and (110)
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directions (Fig. 5B), confirming the results obtained by THz
spectroscopy.

The convergence of DSC, FTIR, THz spectroscopy, XRD, and
WAXS results provide significant evidence of strain-induced
crystalline reorientation and increased crystallinity in PLLA
films. The shift to lower melting temperatures and sharper
peaks in DSC, alongside the intensified FTIR peaks, corrobo-
rates the structural alignment and increased -crystallinity
observed in XRD and WAXS analyses. The alighment between
higher melting temperatures, sharper DSC peaks, intensified
FTIR signals, and the disappearance of the (111)x peak, the
increased intensity of the (110)/(200)a peaks, and the presence
of (003)P peak in XRD, together with the anisotropic alignment
shown in WAXS, all point to a comprehensive improvement in
the structural integrity and crystallinity of PLLA films under
strain.

Quantification of crystallinity using THz-TDS and correlation
with XRD and DSC

Building on our analysis of distinctive peaks, an alternative
method for quantifying PLLA film crystallinity is explored by
fitting classical Lorentzian oscillator models to THz spectra,
offering a complementary perspective on molecular dynamics.
Hirata et al. proposed this method.?* The main difference is the
Dorney correction applied to our THz data for more accuracy
and that for the fitting procedure, we used a sum of two Lorentz
oscillators instead of three; one to describe the crystallite
molecular vibration modes of the PLLA films and the second
to describe the vibration modes of the amorphous content. This
approach defines the intensity to be the area under the absorp-
tion coefficient fit. It considers the crystallinity to be the ratio of
the contribution due to the crystal structure by the total inten-
sity (a detailed description of the fitting procedure is presented
in the ESIT).

Fig. 5 shows that the crystallinity measurements obtained
from the 90-degree rotated THz absorption spectra closely
matched those from traditional techniques (XRD and DSC).
This alignment demonstrates the accuracy and reliability of
using THz-TDS for crystallinity assessment when the straining
direction is properly aligned with the electric field. In contrast,
when the straining direction was not aligned with the electric
field, such as at 50 degrees and 0 degrees, there was a notice-
able underrepresentation of crystallinity. This discrepancy may
arise because the absorption peaks at these angles are not as
pronounced as with the 90-degree rotation, potentially result-
ing in a poorer fit (see Fig. S2, ESIt). We believe that the
stronger vibrational interaction when the samples are aligned
parallel to the electric field indicates the direction of alignment
of the crystal in the molecule. This stronger interaction likely
occurs because the electric field interacts more effectively with
the vibrational modes of the crystalline regions when aligned
with their orientation, enhancing the interaction and resulting
in more pronounced absorption features. These observations
highlight the sensitivity of THz-TDS measurements to the
sample’s orientation relative to the electric field. XRD was used
to reinforce the proposition that the crystallinity content in

This journal is © The Royal Society of Chemistry 2025
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PLLA films is proportional to the applied strain to validate the
THz findings further. This alignment not only enhances the
credibility of our study but also establishes a direct link
between macroscopic mechanical properties, such as strain,
and the material’s microscopic structure.

The correlation between XRD and THz findings validates our
observations and guides further materials design and optimiza-
tion, which is essential for enhancing PLLA piezoelectric films for
precise mechanical response applications. Quantifying crystal-
linity using THz-TDS involved measuring the refractive index and
absorption coefficients, which are influenced by the degree of
molecular order. These changes were correlated to the applied
strain, indicating increased molecular alignment. The THz-TDS
data correlated well with the crystallinity obtained from XRD and
DSC analyses, confirming that increases in birefringence and
refractive index were consistent with the crystallinity increases
observed in XRD and DSC, see Fig. 6.

The convergence of results from DSC, FTIR, XRD, WAXS,
and THz-TDS demonstrates significant strain-induced crystal-
line reorientation and increased crystallinity in PLLA films. The
shift to higher melting temperatures and sharper peaks in DSC
(Fig. 2A), alongside the intensified FTIR peaks (Fig. 2B), corro-
borates the structural alignment and increased crystallinity
observed in XRD (Fig. 5A) and WAXS (Fig. 5B) analyses. The
alignment between higher melting temperatures, sharper DSC
peaks, intensified FTIR signals, the disappearance of the (111)
peak, and the increased intensity of the (110)/(200) peaks in
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XRD, together with the anisotropic alignment shown in WAXS,
all point to a comprehensive improvement in the structural
integrity and crystallinity of PLLA films under strain. THz-TDS
further validated these findings by linking structural changes to
electromechanical properties. The observed birefringence and
absorption spectra change with strain provided a detailed
understanding of the influence of mechanical stretching on
molecular orientation and crystallinity, impacting PLLA films’
optical and piezoelectric properties. The results from XRD and
WAXS confirmed the crystalline alignhment observed in the THz-
TDS measurements, demonstrating that the intensity of the
16.49° (110)/(200) and (003)B peaks increased with strain,
indicating a transition from the o-form to the B-form crystal
structure.™*® Similarly, 2D WAXS patterns revealed well-defined
arcs at higher strains, indicating alignment of crystalline
domains in the (200) and (110) directions.

The structural analyses of PLLA films highlight the impact of
strain on crystallinity and molecular alignment. To further
investigate their electromechanical behavior, piezoresponse
force microscopy (PFM) is employed. PFM is a scanning probe
technique that measures the local piezoelectric response of
materials by applying an AC voltage to a conductive AFM tip in
contact mode.***® This voltage induces mechanical vibrations
in piezoelectric materials, which are detected as cantilever
deflections. The technique provides nanoscale resolution and
is widely used to analyze polarization dynamics, ferroelectric
domains, and piezoelectric coefficients.*>*® The piezoelectric
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Fig. 6 Crystallinity (%) of PLLA films as a function of strain, comparing results from XRD, DSC, and THz-TDS at different rotational angles (O degrees,

50 degrees, and 90 degrees).
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coefficient is determined by analyzing the relationship between
the amplitude of the mechanical response and the applied
voltage under calibrated conditions.">*® PFM operates in two
principal modes: vertical piezoresponse force microscopy (VPFM)
and lateral piezoresponse force microscopy (LPFM). VPFM mea-
sures the out-of-plane piezoresponse by detecting the vertical
deflection of the cantilever, which corresponds to the deforma-
tion perpendicular to the sample surface. LPFM, on the other
hand, quantifies the in-plane piezoresponse by capturing the
torsional oscillations of the cantilever, representing deformation
parallel to the surface.*>”' Here, in our case, LPFM provided
valuable insight into the anisotropic behavior of the PLLA films,
highlighting strain-induced directional polarization and molecu-
lar alignment. These modes enable the differentiation of piezo-
electric responses along different material axes, providing a
comprehensive understanding of the anisotropic piezoelectric
behavior. Although, in this study, LPFM values generally did
not show significant changes in comparison to VPFM, their
inclusion provided a more complete understanding of piezo-
electric properties in the PLLA films, with results depicted in
Fig. 7 and piezoelectric characteristics summarized in Table 1.
Additional findings, such as detailed characterization, including
amplitude and phase imaging, the piezoelectric coefficient, and
polarization orientation are presented in the ESIt (Fig. S3),

A ~ Unprocessed PLLAfilm
Typography

VPFM LPFM

Amplitude
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demonstrating the usefulness of PFM in correlating strain-
induced structural changes with piezoelectric properties.

For the unprocessed PLLA film, the VPFM response exhib-
ited a modest piezoelectric coefficient of 0.65 + 0.15 pm V7,
these modest piezoelectric properties can be attributed to the
inherent semi-crystalline nature of PLLA. The semi-crystalline
regions, consisting of both ordered and amorphous domains,
result in limited dipole alignment, which restricts the overall
piezoelectric performance. The topographical images con-
firmed a relatively smooth surface morphology without evident
structural alignment, consistent with the absence of external
strain, Fig. 7A(1). When analyzed with azimuth angle rotation
of 90°, there was no clear indication of directional polarization,
reinforcing the lack of alignment in the unstrained film,
Fig. 7A(2) confirming previously presented results obtained
from WAXS and THz-TDS.

When a 50% strain was applied to the PLLA film, the VPFM
piezoelectric coefficient remained consistent with that of the
unprocessed film, measuring 0.6 & 0.2 pm V', indicating that
the applied strain did not result in a measurable improvement
in the piezoelectric output at this stage. However, clear changes
in the topography of the material were observed compared to
the unprocessed film, suggesting the onset of molecular align-
ment induced by the applied strain, Fig. 7B.

. 50%strained PLLAfilm
VPFM

Typography

Jf- ‘_(_”:' 792mm

Amplitude

m/\NV

. 00
4x4 uym?

(o 75% strained PLLA film
Typography VPFM

s
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I
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D 100% strained PLLA film

Typography VPFM LPFM

Amplitude

=
4x4 pm?

Fig. 7 Scanning probe microscopy analysis of unprocessed (A), 50% (B), 75% (C), and 100% (D) PLLA films. (1) Surface topography (right) and piezo
response force microscopy (PFM) images (left) at a scan size of 10 x 10 pm?. Corresponding effective piezocoefficient values for vertical (VPFM) and
lateral (LPFM) measurements are shown on the left. (2) Surface topography and PFM images (right) after a 90° azimuth angle rotation. Corresponding
effective vertical (VPFM) and lateral (LPFM) piezocoefficient values are displayed on the left.
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Table 1 Piezoelectric characteristics of unprocessed and strained PLLA
films

Unprocessed PLLA 50% PLLA 75% PLLA 100%

VPFM (pm V%) 0.65+ 0.15 0.6+0.2 1.4+0.8 6.5=+1.5

The 75% strained PLLA film demonstrated a marked
increase in VPFM piezo-response, reaching 1.4 + 0.8 pm V,
see Fig. 7C(1). Topographical analysis revealed features indica-
tive of molecular alignment, which became more pronounced
after azimuth angle rotation of 90°, Fig. 7C(2). Concurrently,
LPFM values did not show as dramatic a shift, their inclusion
confirmed significant anisotropy. This anisotropy was evident
in topography images, particularly at a 4 x 4 um? scan size, as
directional alignment became visible. However, the directions
for LPFM anisotropy were slightly different from the topogra-
phical alignment, which showed primarily horizontal or vertical
orientations, Fig. 7C(1). These changes suggest significant
molecular alignment in response to the higher strain, enhancing
both out-of-plane and in-plane polarization components. In addi-
tion to this, this observation indicates the development of direc-
tional polarization, as lateral polarization directions became
distinctly visible, pointing to alignment along the strain axis.
The lateral polarization direction, clearly observed in phase
images, is an important indicator of anisotropy, as it reflects the
organized molecular dipole structure induced by the applied
strain. Finally, the 100% strained PLLA film exhibited a dramatic
enhancement in piezoelectric performance. The VPFM piezoelec-
tric coefficient increased significantly to 6.5 + 1.5 pm V. Both
the topography images and LPFM analysis supported these find-
ings, as they continued to reinforce the strain-induced anisotropy
while maintaining consistency in its directional observations. After
azimuth angle rotation of 90°, the data provided strong evidence of
directional polarization, with clearly defined lateral polarization
patterns, Fig. 7D(2) This further underscores the strain-induced
anisotropy in the molecular structure, where the lateral polariza-
tion direction is a definitive indicator of the organized alignment.

When drawing these findings back to the results obtained
from THz-TDS, XRD, and WAXS, a clearer picture emerges
concerning the interplay between crystallinity, molecular align-
ment, and anisotropy in the strained PLLA films. The THz-TDS
results highlighted how crystallinity evolves under strain, with
increases in crystalline fraction correlating well with the
enhanced piezoelectric coefficients observed at higher strain
levels. XRD provided evidence of strain-induced alignment of
crystalline domains resulting in the formation of B-form crystal
structure resulting in improved piezoelectric properties. These
complementary findings highlight the strong relationship
between the structural properties of PLLA and its functional
performance. The strain-induced anisotropy observed in PFM
measurements is a direct consequence of the increased mole-
cular alignment and crystalline fraction, as confirmed by THz-
TDS and WAXS. This underscores the potential of PLLA as a
tunable material for piezoelectric applications, where its per-
formance can be optimized through controlled strain to achieve
the desired degree of crystallinity and molecular alignment.

This journal is © The Royal Society of Chemistry 2025
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The results demonstrate the critical role of strain in tuning the
piezoelectric properties of PLLA films. The significant increase in
piezoelectric coefficients under high strain levels underscores the
potential of PLLA as a viable material for piezoelectric applica-
tions, particularly in biomedical sensors and actuators. The
strain-driven structural organization and the development of
anisotropy provide opportunities for designing devices with
enhanced sensitivity and functionality tailored for specific appli-
cations such as physiological monitoring or energy harvesting.
Future studies should focus on refining the strain application
process to achieve uniform molecular alignhment and on evaluat-
ing the stability of piezoelectric properties under dynamic con-
ditions. Additionally, integrating these findings with device-level
testing will offer valuable insights into the practical application of
PLLA-based piezoelectric systems.

Conclusions

Our study demonstrates that mechanical stretching and ther-
mal annealing enhance the crystallinity and structural align-
ment of PLLA films. Using a combination of DSC, FTIR, XRD, and
WAXS, we consistently observed increased crystallinity with
applied strain. Notably, our application of the novel rotational
THz-TDS method provided critical confirmation of these results.
By rotating the THz-TDS measurements to align the straining
direction with the electric field, we achieved crystallinity values
that closely matched those obtained from XRD and DSC. Crystal-
linity increased from 34.8% in unprocessed PLLA films to 44.5%,
47.8%, and 57.4% at strain levels of 50%, 75%, and 100%,
respectively. This innovative approach highlighted the impor-
tance of alignment for accurate crystallinity measurements and
provided additional insights into the material’s structural proper-
ties. The 90-degree rotated THz absorption spectra validated our
findings and emphasized the detailed correlation between mole-
cular orientation and crystallinity. This method offered a com-
plementary evolution of molecular dynamics, enhancing our
understanding of how mechanical stretching influences the
piezoelectric properties of PLLA films. PFM analysis further
corroborated the findings by directly demonstrating the strain-
dependent evolution of piezoelectric response in PLLA films. The
vertical piezoelectric coefficient increased significantly from 0.65
+ 0.15 pm V' in unprocessed films to 6.5 & 1.5 pm V" at 100%
strain, reflecting enhanced molecular alignment and crystallinity
under mechanical stretching. Despite the lack of significant
changes in LPFM values, its ability to indicate anisotropy com-
plemented the VPFM measurements, providing a more compre-
hensive understanding of piezoelectric behavior. Azimuth angle
rotations confirmed the presence of directional polarization and
revealed strain-induced anisotropy, further emphasizing the rela-
tionship between molecular structure and piezoelectric perfor-
mance. These findings highlighted the role of semi-crystalline
alignment in tuning piezoelectric properties, thus reinforcing the
suitability of PLLA for device applications. The increased crystal-
linity achieved through post-processing techniques directly cor-
relates with improved piezoelectric response, making PLLA films
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highly suitable for advanced biomedical applications. The
ability to precisely tune the piezoelectric properties through
controlled crystallinity opens new possibilities for developing
high-performance, biodegradable piezoelectric devices for var-
ious applications.
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