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Abstract Conjugated polymer thin films are key functional layers in flexible and wearable devices, where mechanical behavior directly influ-
ences device performance and stability. However, accurate mechanical characterization remains challenging due to their nanoscale thickness
and brittleness. This review aims to offer a holistic view on thin-film mechanics of conjugated polymers and systematically summarizes static and
dynamic mechanical characterization methods for conjugated polymer thin films, spanning bulk materials, substrate-supported ultrathin films,
and freestanding ultrathin films, and elucidates the measurement principles and key features of each technique. By integrating reported experi-
mental results, we identify multiple factors affecting thin-film mechanical behavior. Finally, an outlook is presented in which, guided by device-
level mechanical requirements, the mechanical behavior of polymer optoelectronic thin films is designed and regulated through multiple strate-
gies, and comprehensively evaluated using complementary mechanical characterization approaches, enabling subsequent optimization based

on the measured mechanical response.
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1 INTRODUCTION

The mechanical properties of organic and polymeric semicon-
ductors have emerged as critical frontiers in materials science,
determining the feasibility and durability of next-generation
flexible and wearable electronics. Conjugated polymer thin films
are fundamental to the advancement of this modern field be-
cause they uniquely combine solution processability, tunable
optoelectronic ~ function, and intrinsic ~ mechanical
compliance.l'-® Their softness and compatibility with low-tem-
perature fabrication enable soft electronic devices to be bent,
folded, or stretched while remaining functional’='" Conse-
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quently, these materials are increasingly pivotal across a spec-
trum of emerging technologies, from personalized healthcare to
soft robotics and seamless human-machine interfaces. These
polymer films function as active or charge-transport layers
across diverse device classes. Organic photovoltaics (OPVs) of-
ten form a photoactive medium in lightweight, bendable, and
stretchable solar cells that are used for self-powered wearables,
epidermal energy harvesters, and portable power
modules.'>~2"1 Organic photodetectors (OPDs) facilitates health
monitoring, biomedical imaging, motion sensing, and low-pow-
er optical communication systems.”>~2"! For organic light-emit-
ting diodes (OLEDs), mechanically robust emissive layers under-
pin flexible, rollable, and conformable displays, as well as adapt-
able lighting panels.”=" In organic field-effect transistors
(OFETs), conjugated polymer films enable flexible circuitry,
chemical and gas sensors, electronic skins, and soft-robotic in-
terfaces.>?7% The breadth of these applications underscores a
fundamental material challenge: conjugated polymer films
must simultaneously deliver high optoelectronic performance
and durable mechanical behavior under operational deforma-
tion (Fig. 1). Therefore, achieving optimal stretchability, fracture
toughness, and long-term mechanical reliability is no longer a
secondary consideration but a critical prerequisite for the suc-
cessful development of next-generation wearable and de-
formable optoelectronics.

Despite these promising attributes, the majority of current
research remains narrowly focused on improving convention-
al optoelectronic performance metrics such as power conver-
sion efficiency, charge carrier mobility, and device stability.
Although these parameters are undeniably important, the
mechanical stability of conjugated polymer thin films is
equally crucial, particularly for devices intended for flexible
and stretchable applications. Long-term operation in real-
world environments inevitably subjects these devices to
cyclic mechanical strain, bending, and deformation; in such
scenarios, inadequate mechanical durability frequently
emerges as the primary mode of failure. Consequently, a
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comprehensive understanding and accurate characterization
of the intrinsic mechanical properties of conjugated polymer
thin films are essential to bridge the gap between laboratory-
scale device demonstrations and the development of reliable,
commercially viable flexible electronics.

Conventional mechanical testing methods designed for
bulk materials (e.g., millimeter-scale specimens) often fail to
capture the unique physics of confined, anisotropic polymer
systems at device-relevant thicknesses (typically <200 nm).
This limitation stems from fundamental issues such as sub-
strate constraints, interfacial adhesion artifacts, and the pro-
found influence of processing history on the non-equilibrium
film morphology. Consequently, accurate measurement and
fundamental understanding of properties such as the intrin-
sic modulus and fracture energy in the freestanding or near-
freestanding state remains a central challenge. In recent
years, new mechanical characterization methodologies have
evolved substantially, progressing from traditional bulk mate-
rial testsi3738] to a sophisticated suite of methods designed
explicitly for nanoscale thin films. This evolution encompass-
es methods such as surface buckling metrology and elas-
tomer-supported tensile methods (the most popular is the
film-on-elastomer method (FOE)),13%-43! tensile assays on lig-
uid substrates such as the film-on-water (FOW)
approach,*4-471 and specialized platforms designed for the di-
rect tensile characterization of freestanding ultrathin
films.[48-561 Parallel advancements have also enabled the
adaptation of dynamic mechanical analysis (DMA) for both
bulk polymers and confined thin films,57-631 providing crucial
insights into viscoelastic behavior and glass transition phe-
nomena. Collectively, these recent methodological innova-
tions have significantly enhanced our ability to probe the in-
trinsic mechanical responses of conjugated polymer thin
films with unprecedented precision, and importantly, with di-
rect relevance to their operational behavior in flexible and
stretchable devices.

Motivated by these critical needs, this review aims to pro-
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Fig.1 A holistic view of conjugated polymer thin film mechanics. The schematic illustrates the integrated relationship between molecular design,
material properties, mechanical performance, and stretchable optoelectronic applications. It summarizes how intrinsic material factors (molecular
structure, molecular weight, regioregularity) and processing parameters (film thickness, additives) collectively govern key mechanical metrics,
including elastic modulus, elongation at break, toughness, and fracture energy. These properties span distinct material regimes, ranging from
brittle and stiff to compliant and tough, which directly influence the reliability and function of flexible organic electronic devices such as OPVs,

OPDs, OLEDs, and OFETSs.
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vide a holistic perspective on conjugated polymer thin-film
mechanics, connecting fundamental material properties to
the performance demands of stretchable optoelectronics. We
systematically summarize the recent evolution of precise me-
chanical characterization methods and the principal strate-
gies for modulating the mechanical properties of these thin
films. The following sections critically review this method-
ological progress, analyze the fundamental polymer physics
insights afforded by each technique, and provide a concise
overview of the key strategies for mechanical optimization.
By delineating representative material systems, establishing
structure-mechanical property relationships, and evaluating
practical modulation routes, including molecular design, pro-
cessing, blending, and additive engineering, we aim to offer a
coherent framework for bridging film structure, mechanical
behavior, and device functionality. Ultimately, this integrated
perspective is intended to guide the rational design of reli-
able, high-performance, and stretchable optoelectronic mate-
rials.

2 FOUNDATIONS OF THIN-FILM MECHANICS IN
CONJUGATED POLYMER THIN FILMS

2.1 Structural Origins of Mechanical Behavior

The mechanical behavior of conjugated polymers used in opto-
electronic thin films arises directly from their characteristic
molecular architectures and multiscale morphologies. At the
molecular level, these materials consist of rigid, m-conjugated
backbones that impart electronic functionality but inherently
limit chain mobility and extensibility,*? together with flexible
alkyl side chains that partially counteract backbone stiffness by
increasing the free volume and enhancing local conformational
flexibility.°>%® This interplay establishes a fundamental balance
between the stiffness and ductility, which governs the macro-
scopic response of the films.

Beyond single-molecule characteristics, conjugated poly-
mers organize into hierarchical morphologies spanning multi-
ple length scales, including semicrystalline fibrillar networks,
separated phase or donor-acceptor domains, and interven-
ing amorphous interphases. The spatial arrangement and
connectivity of these morphological features have a decisive
influence on the macroscopic mechanical behavior. Ordered
or crystalline regions generally enhance stiffness and strength
by promoting efficient intermolecular packing; however, they
also tend to localize stress and reduce fracture strain.l7-6°1 |In
contrast, amorphous domains provide compliant regions that
accommodate large deformations and dissipate mechanical
energy through chain mobility and segmental relaxation.
Consequently, key molecular and microstructural parameters
such as intermolecular packing, degree of regioregularity,
molecular weight and polydispersity, domain size and con-
nectivity, and the presence of a secondary phase collectively
govern the chain entanglement density, relaxation dynamics,
and ultimately the dominant failure modes of conjugated
polymer thin films.[70-74]

Processing and morphology introduce further complexity:
solvent-driven orientation,l>-78! drying kinetics,7677] residual
stress from film formation, and nanoconfinement,’?! all of
which alter the local morphology and lead to thickness- or

substrate-dependent mechanical responses. For these rea-
sons, structural characterization, such as grazing incidence
wide-angle X-ray scattering (GIWAXS), grazing-incidence
small-angle X-ray scattering (GISAXS), X-ray diffraction (XRD),
atomic force microscopy (AFM), transmission electron mi-
croscopy (TEM), and other relevant spectroscopies, should be
accompanied by mechanical testing to interpret the mea-
sured modulus, yield behavior, toughness, and viscoelastic
transitions in a physically meaningful way.

2.2 From Bulk to Thin-film Mechanics: Why New
Methods are Essential

Traditional bulk mechanical tests, in particular uniaxial tensile
tests, standard DMA on bulk specimens, and bulk fracture-
toughness assays, have long provided reliable benchmarks such
as Young's modulus, yield stress, elongation at break, fracture
energy, and viscoelastic spectra for polymer engineering.?’>%!
However, intrinsic and practical limitations render conventional
mechanical tests unsuitable for characterizing optoelectronic
polymer films at device-relevant thicknesses. Bulk specimens at
millimeter to centimeter scales fail to reproduce the confine-
ment effects, high surface-to-volume ratios, and thickness-de-
pendent morphological gradients present in nanometer-scale
films, resulting in size-dependent phenomena, such as
nanoconfinement and surface-induced molecular ordering.
Mechanical responses governed by substrate constraints, inter-
facial adhesion, and stress transfer in supported device configu-
rations are also absent in bulk measurements, and substrate in-
teractions can stiffen or soften polymer films relative to bulk be-
havior. In addition, solution processing and thermal anneal-
ing introduce anisotropy, thickness inhomogeneity, and residu-
al stresses that lead to spatially heterogeneous mechanical be-
havior beyond the scope of bulk tests. Residual stress and con-
straint effects are well documented for thin film systems on rigid
and compliant substrates.®? Thin films exhibit deformation and
failure modes that are distinct from those of bulk materials, in-
cluding interfacial delamination, localized necking, and sub-
strate-induced cracking, which are not captured by bulk frac-
ture metrics. Such failure channels have been correlated with
substrate constraints and processing history in brittle and duc-
tile thin films.#3#4 Finally, thermomechanical properties such as
the glass transition temperature and relaxation spectra can de-
viate substantially from bulk values, with Ty shifts and altered
viscoelastic dynamics reported in supported polymer thin films,
leading conventional DMA measurements to misrepresent de-
vice-relevant viscoelastic behavior.[>-8%!

Because of these limitations, researchers have developed a
series of thin-film-specific techniques designed to minimize
or control substrate influence or operate in the low-force
regime with high sensitivity and finally access both intrinsic
and supported mechanical responses. Thin-film mechanical
tests can be organized along two complementary axes: one is
the degree of substrate constraint, which is from supported
to freestanding, and the other is the measurement type, such
as static versus dynamic. Overall, thin-film mechanical charac-
terization methods can be broadly grouped into three cate-
gories (Fig. 2). Bulk testing applies uniaxial loading or oscilla-
tory deformation to millimeter-scale specimens, yielding con-
ventional metrics, such as modulus, strength, elongation at
break, and viscoelastic transitions. However, these measure-
ments do not reflect confinement or substrate effects in the
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Fig. 2 Evolution and categorization of mechanical characterization methods for conjugated polymer thin films. The diagram illustrates the
progression of techniques from dynamic to static testing, and from supported to freestanding configurations.

thin films. Supported film testing measures films while they
remain on rigid, compliant, or liquid substrates, typically by
imposing a local indentation, in-plane stretching, or sub-
strate-induced deformation. These approaches are experi-
mentally accessible and device-relevant; however, the mea-
sured response inherently includes contributions from the
underlying support. In contrast, freestanding film testing
evaluates suspended films through direct tensile loading, en-
abling the measurement of intrinsic mechanical properties,
including true tensile modulus, intrinsic fracture behavior,
and large strain ductility.

3 STATIC MECHANICAL CHARACTERIZATION
METHODS FOR CONJUGATED POLYMER THIN
FILMS

Static mechanical characterization emphasizes parameters such
as the Young's modulus, yield strength, fracture strain, and
toughness under quasi-static loading. The progression from
supported to freestanding films aims to isolate intrinsic me-
chanics from substrate constraints, enabling better correlation
with device performance in flexible optoelectronics and en-

hancing the understanding of how molecular structures trans-
late to macroscopic performance. Below, we detail these meth-
ods sequentially, beginning with liquid-supported films for min-
imal constraints, advancing to solid supports for controlled test-
ing, and culminating in freestanding techniques for ultimate ac-
curacy.

3.1 Film on Liquid Support Methods

The film-on-liquid support approach represents one of the earli-
est and most effective strategies for approximating the sub-
strate-free static mechanical testing of ultrathin polymer films.
By floating the polymer film on a liquid surface, such as water,
ionic liquids, or oils, at different temperatures, the extremely low
shear modulus of the liquid, high surface tension, and low vis-
cosity provide nearly constraint-free lateral support. This config-
uration dramatically suppressed the artificial stiffening and
residual stress commonly imposed by solid substrates, thereby
yielding mechanical parameters that closely approached the in-
trinsic values of the freestanding film. The key advantages of
this method include an effective near-zero substrate modulus,
thereby achieving a soft substrate limit and minimizing the sub-
strate-induced mechanical constraints. In addition, the absence

https://doi.org/10.1007/510118-026-3635-4
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of a solid-solid interface eliminates the adhesion inhomogene-
ity and associated stress concentrations that commonly arise at
rigid supports. The method further offers straightforward sam-
ple preparation, making it compatible with a wide range of so-
lution-processable conjugated polymers, as well as small organ-
ic molecules. Finally, by selecting the appropriate liquid media,
measurements can be readily performed over a broad and tun-
able temperature range.

3.1.1 Film on water
A typical protocol involves preparing the polymer film on a wa-
ter-soluble sacrificial layer such as poly(styrenesulfonate) (PSS),
transferring it onto the liquid bath, and then performing uniaxi-
al or biaxial tensile testing with customized grippers or floating
clamps while recording stress-strain curves in real time. The film-
on-water (FOW) tensile testing technique was pioneered by Kim
et al, who initially applied it to characterize the mechanical
properties of ultrathin gold films.*!! This method can be ex-
tended to a diverse array of ultrathin and two-dimensional ma-
terials, including graphene, ultrathin silicon, metal oxides, or-
ganic-inorganic hybrids, and biomembranes, all supported on a
liquid surface. By leveraging the negligible shear modulus of
water to minimize lateral constraints and substrate-induced ar-
tifacts inherent in solid supports, the FOW approach yields me-
chanical parameters that are substantially closer to the intrinsic
freestanding response, thereby representing a significant ad-
vancement in the precise mechanical characterization of opto-
electronic polymer thin films, [4570-7279.89-911

A landmark demonstration of the utility of the FOW
method is its application to compare bulk-heterojunction ac-
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tive layers in all-polymer OPVs. Kim et al’9 directly com-
pared systems based on fullerene acceptor PCBM versus poly-
meric acceptor P(NDI2HD-T). As shown in Fig. 3(a), while both
systems achieved comparable photovoltaic efficiencies, the
all-polymer blend exhibited a significantly higher elongation
at break and greater toughness. This superior mechanical ro-
bustness translated directly into enhanced device durability,
and after more than 100 bending cycles, all-polymer devices
retained approximately 90% of their initial performance,
whereas [6,6]-phenyl-C,;-butyric acid methyl ester (PCBM)-
based devices suffered near-complete failure.’% In a related
study, the same group used FOW to demonstrate a critical
trade-off in poly(3-hexylthiophene) (P3HT)-based systems,
showing that higher regioregularity increases the elastic
modulus and initial device efficiency, but simultaneously re-
duces fracture strain and long-term mechanical stability un-
der deformation.’? These studies collectively underscore
how FOW tensile data can reveal fundamental structure-
property relationships.

Beyond its utility in applied device analysis, the FOW plat-
form has emerged as a powerful tool for uncovering funda-
mental polymer physics in confined geometries. Crosby et al.
systematically investigated the nanoconfinement effects in
ultrathin films,[5791 while Gu et al. uncovered pronounced
room-temperature viscoelasticity in conjugated polymers
such as P3HT and poly(2,5-bis(2-decyltetradecyl)-3,6-di(thio-
phen-2-yl)diketopyrrolo[3,4-c]pyrrole-1,4-dione-alt-thienovi-
nylthiophene (DPP-TVT) floating on water, attributing the ex-
ceptional ductility to glass-transition temperatures below
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Fig. 3 Mechanical tensile testing methods for films on liquid supports. (a) Mechanical properties of bulk-heterojunction active layers based on
fullerene PCBM versus polymeric acceptors P(NDI2HD-T) using FOW method (Reproduced with permission from Ref. [70]; Copyright (2015), Springer
Nature). (b) Temperature-dependent mechanical characterization of PS thin films conducted using the film on heated liquid (FOHL) method
(Reproduced with permission from Ref. [46]; Copyright (2024), John Wiley and Sons). (c) Fracture energy measurement within the elastic regime
(Reproduced with permission from Ref. [47]; Copyright (2021), American Chemical Society) and (d) under the influence of plastic deformation for
water-supported thin films (Reproduced with permission from Ref. [92]; Copyright (2025), American Chemical Society).
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room temperature.°’ Together, these studies established the
film-on-water method as a cornerstone technique for obtain-
ing reliable, near-intrinsic mechanical properties that directly
guide the development of robust, high-performance flexible
optoelectronic devices.

3.1.2 Film on heat liquid

Kim et al. further extended the liquid-supported concept by in-
troducing the film-on-hot-liquid (FOHL) technique, in which the
polymer film is floated on a glycerol surface instead of water. %%
Glycerol was selected because of its excellent thermal stability,
high surface tension, and full miscibility with water, enabling
seamless transfer from an intermediate sacrificial layer. The ex-
perimental protocol closely mirrors FOW: the film is first pre-
pared on a sacrificial layer such as Cu, transferred onto a specific
liquid to etch the Cu layer, and then gently scooped onto pre-
heated glycerol. Temperature-dependent tensile testing was
subsequently performed by controlling the temperature of the
glycerol bath. Using polystyrene as a model system, they
demonstrated pronounced thickness-dependent softening; at
elevated temperatures, thinner PS films exhibited a steeper
drop in elastic modulus than their thicker counterparts (Fig. 3b).
The FOHL method expands the accessible temperature window,
which is typically from room temperature to above 100 °C while
preserving the near-zero shear constraint of the liquid support,
which provides a powerful platform for probing the thermome-
chanical response of optoelectronic polymers under processing-
or operating-relevant thermal conditions that are inaccessible to
conventional film-on-water measurements.

Furthermore, the film-on-liquid support approach can be
adapted to simulate specialized operating environments,
such as human sweat or saline conditions, by modifying the
chemical composition of the liquid support. This flexibility al-
lows researchers to evaluate the influence of chemical stres-
sors on the interfacial stability and mechanical responses of
polymers intended for epidermal applications.

3.1.3 Fracture energy test assisted by water

Gu'’s group developed a water-assisted fracture energy test for
ultrathin polymer films using the Begley-Landes method./*”!
(Fig. 3c) For brittle or linear-elastic films, a sharp pre-crack of a
controlled length was introduced at the film edge using a laser
cut. The film was then uniaxially stretched on water while
recording the force-displacement response. Within the linear-
elastic regime, the work required for crack propagation, U(D),
was obtained by integrating the area under the curve up to a
selected displacement D prior to unstable crack growth. The
fracture energy G, was calculated as follows:

Ge=7— (1

where t is the film thickness and c is the crack length. By varying
the initial crack length, a reliable G, value was extracted from
the slope of U versus c. For ductile polymers exhibiting signifi-
cant plastic dissipation, the protocol was modified: a central
crack spanning approximately half the film width was created,
and the critical displacement D, at the onset of the load drop
while the progress of crack propagation was identified.? (Fig.
3d) Another pristine uncracked film was stretched to the same
D., and the external work, U(D,), was measured. The plastic frac-
ture energy is then determined as follows:

where t is the film thickness and W is the initial width of the un-
cracked film. Using this methodology, the authors systematical-
ly investigated the conjugated polymer DPP-TVT and revealed
that the fracture energy decreases with decreasing film thick-
ness from 100 nm to 30 nm, owing to reduced interchain inter-
actions and a relative increase in intrachain contributions under
nanoconfinement. A similar reduction was observed with de-
creasing molecular weight, which was rationalized through the
viscosity-dependent chain entanglement density. This water-as-
sisted fracture energy framework is a quantitative and versatile
approach currently available for evaluating the cohesive tough-
ness of brittle and ductile optoelectronic polymer thin films un-
der conditions approaching the freestanding state.

3.2 Film on Solid Support Methods

Solid-supported film methods employ compliant substrates
such as elastomers or thin laminated layers to provide con-
trolled mechanical support for ultrathin optoelectronic polymer
films during static testing. Unlike liquid supports, these solid
configurations offer enhanced stability, repeatability, and com-
patibility with microscale instrumentation, enabling the precise
measurement of parameters such as elastic modulus, crack on-
set strain, stiffness, and fracture energy. However, they intro-
duce moderate interactions between the substrate and film,
which must be accounted for in data analysis. The key methods,
progressing from global tensile or compressive testing to local-
ized probing and fracture assessment, are discussed below.

3.2.1 Film on elastomer

The film-on-elastomer (FOE) technique involves adhering the
polymer film to an elastomeric substrate, which is typically
PDMS, and derives mechanical properties from tensile or com-
pressive deformation. This yields two critical parameters for op-
toelectronic active layers: the elastic modulus E and the crack
onset strain COS (Fig. 4a). For modulus measurement, the FOE
relies on buckling-based metrology, where sinusoidal wrinkles
formed on the compressed film are analyzed to compute the
tensile modulus. This approach has been successfully applied to
the synthesis of various organic semiconductor polymers and
small molecules. Whitesides et al. first reported buckling phe-
nomena in metal films on PDMS substrates,”*! whereas Staffor
extended the method to quantify the polymer film
modulus.“>4" Subsequent studies have widely adopted this ap-
proach for organic semiconductors.°>678%%4-%81 The protocol be-
gins with coating a water-soluble sacrificial layer on a glass sub-
strate, followed by spin-coating the organic semiconductor film,
which is then contacted with a strained elastomer (¢ <5%) and
immersed in water to dissolve the sacrificial layer, facilitating
transfer. Upon releasing the strain to 0%, compressive stress in-
duced wrinkles in the film. The buckling wavelength A should be
promptly measured to avoid time-dependent relaxation effects.
The film modulus E¢ was calculated from A and the film thick-
ness d; using the following formula:

G, =

2
1-v; A
Ef = 3E(—= )(=—
f s(_| —Vz)(zn'df
where E, is the substrate modulus and v; and v, are the Poisson's
ratios of the film and substrate, respectively. The wavelength in-

creased with higher E or d;, enabling reliable modulus extrac-

) 3)
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Fig. 4 Mechanical tensile testing methods for films on solid supports. (a) Schematic illustration of the FOE method. (b) Mechanical property
measurements of P3HT thin films with different thicknesses performed using the FLOTE method (Reproduced with permission from Ref. [99];
Copyright (2020), American Chemical Society). (c) Two representative nanoindentation testing configurations (Reproduced with permission from
Ref. [100]; Copyright (2025), American Chemical Society). (d) Force-displacement curves obtained by the FPB method, corresponding to stable and
unstable crack propagation (Reproduced with permission from Ref. [42]; Copyright (2017), American Chemical Society). (e) Force-displacement
curves measured by the DCB test for all-polymer solar cells and small molecule acceptor-based solar cells (Reproduced with permission from Ref.

[101]; Copyright (2018), American Chemical Society).

tion. For COS determination, the film was transferred to an un-
strained PDMS substrate and stretched using optical mi-
croscopy. The strain at which the initial cracks appeared was
recorded as COS. Typically, slender lines perpendicular to ten-
sion appear in brittle films and dot-like shapes appear in ductile
films. This parameter is vital for assessing fracture initiation in
flexible devices. This technique has revolutionized the mechani-
cal characterization of ultrathin optoelectronic polymer films by
providing a simple yet powerful platform for measuring the in-
trinsic elastic modulus and crack-onset strain with high preci-
sion and minimal equipment requirements. Buckling-based
metrology has enabled systematic studies of structure-property
relationships in conjugated polymers, revealing how molecular
architecture influences ductility and fracture behavior under de-
vice-relevant strains.

3.2.2 Film laminated on thin elastomer

Film lamination on a thin elastomer (FLOTE) entails laminating
the polymer film onto a thin elastomer layer supported by a
thicker compliant base, allowing pseudo-freestanding testing

with reduced substrate effects. The process involves spin-coat-
ing the PDMS solution on a sacrificial layer to form a 2—5 pm-
thick PDMS film, transferring it through water to a thicker PDMS
support, and then similarly preparing and laminating the poly-
mer film. Water immersion detached the sacrificial layer, yield-
ing a composite specimen. O'Connor’s group introduced FLOTE
using the conjugated polymer P3HT as a model system, system-
atically examining the effects of film thickness, temperature,
substrate stiffness, and loading rate on the mechanical proper-
ties (Fig. 4b).°”! Beyond standard stress-strain curves, FLOTE
captures stress relaxation over broad timescales, offering in-
sights into conjugated polymer and elastomer composites rele-
vant to stretchable devices, and can be used to reveal how
molecular packing influences viscoelastic recovery, informing
strategies to mitigate fatigue in organic electronics.

3.2.3 Nanoindentation

Nanoindentation is a sophisticated depth-sensing indentation
technique used to characterize the elastic and viscoelastic prop-
erties of thin polymer films. It involves the controlled penetra-

https://doi.org/10.1007/510118-026-3635-4


https://doi.org/10.1007/s10118-026-3635-4
https://doi.org/10.1007/s10118-026-3635-4
https://doi.org/10.1007/s10118-026-3635-4
https://doi.org/10.1007/s10118-026-3635-4
https://doi.org/10.1007/s10118-026-3635-4
https://doi.org/10.1007/s10118-026-3635-4
https://doi.org/10.1007/s10118-026-3635-4

Feng, J. T.and Ye, L./ Chinese J. Polym. Sci. 2026, 44, 2086-2111 2093

tion of a sharp indenter, which is commonly a Berkovich dia-
mond tip, into the material surface, with simultaneous monitor-
ing of the applied load (P) and indentation depth (h) to gener-
ate a load-displacement curve. Key parameters, such as modu-
lus and stiffness, can be extracted using models like Oliver-Pharr
(0-P),B2192 \whereas time-dependent responses enable vis-
coelastic analysis via creep or relaxation protocols (Fig. 4c). Ow-
ing to its ability to test films in situ on supporting substrates and
its minimal material requirements, nanoindentation is well suit-
ed for characterizing the mechanical properties of conjugated
polymer thin films. The O-P method mentioned above can ana-
lyze the initial slope of the unloading segment of P(h) to extract
the contact stiffness, S = dP/dh. Assuming that the deformation
near the onset of unloading is purely elastic, the reduced modu-
lus E, can be obtained as follows:

E = ﬂ (4)

2\A(h)

where A(h) is the projected contact area determined by inden-
ter geometry. Owing to the much higher elastic modulus of the
substrate, the modulus of the film can be revised as

E=(1-%)E (5)
where v;is the Poisson’s ratio of the film.

Although widely used, the O-P method tends to overesti-
mate the elastic modulus of polymer films, particularly soft or
viscoelastic materials. This is because plastic deformation,
pile-up around the indentation crater, and time-dependent
creep increase the true contact area relative to the geometri-
cal assumption in the O-P analysis. Consequently, the extract-
ed modulus can deviate significantly from the intrinsic mate-
rial response. Paleti et al. provided a rigorous reassessment of
nanoindentation for conjugated polymers by directly com-
paring O-P analysis with creep-based nanoindentation and
benchmarking against a broad suite of mechanical tech-
nigues, including tensile testing of freestanding and film on
water samples, buckling analysis, AFM nanomechanics, DMA,
and shear rheometry.['%9 Their central finding is that creep
analysis yields a far more reliable and physically meaningful
modulus. During the creep analysis test, a sharp indenter was
driven into the material at a controlled loading rate until a
predefined load was reached. Instead of immediately unload-
ing, which is performed in conventional Oliver-Pharr analysis,
the load is held constant for a prescribed period. Throughout
this hold segment, the indentation depth increased owing to
viscoelastic creep, providing a direct measure of the time-de-
pendent compliance of the material. The shear creep compli-
ance J(t) is calculated from the hold segment subsequent to
rapid loading according to

_ 4h’
TI'(1 - Vf) . Phold - tana

J(t) (6)

where the half-angle a=65.27° for the Berkovich tip and Pyqq is
the constant load applied by the indentation tip. And the long-
time plateau of J(t) yields the equilibrium shear modulus G, ac-
cording to
1
Ge=—=[t>0 7
*= 70 |t>> )
assuming isotropic linear elasticity, the elastic modulus is then
obtained from

E=2-G.-(1+v) @)

Using creep analysis, Paleti et al. determined the elastic
modulus of P3HT to be 600-700 MPa, which is substantially
more reliable than the 938 MPa obtained by the traditional
Oliver-Pharr method, which is known to overestimate the
stiffness of viscoelastic polymers. Notably, all complementary
in-plane and out-of-plane techniques, including tensile test-
ing, FOW, FOE, AFM, (dynamic mechanical thermal analysis)
DMTA, and shear rheometry, yielded P3HT moduli within
300-700 MPa, with a variation of less than a factor of four.
This close agreement demonstrated that P3HT behaves as an
isotropic material. In contrast, the authors highlighted that
highly rigid and strongly oriented polymers such as PBFDO
exhibit pronounced mechanical anisotropy, requiring at least
one in-plane method combined with nanoindentation to ful-
ly capture their elastic properties. This approach explicitly
captures viscoelastic deformation, avoids geometric assump-
tions associated with unloading-based analyses, and pro-
vides a more accurate and robust determination of the elas-
tic modulus for polymeric thin films, particularly those ex-
hibiting significant creep or plasticity.
3.2.4 Four-point bending
The cohesive fracture energy (G.) of conjugated polymer thin
films can be measured using the four-point bending (FPB) de-
lamination test, which is a widely adopted method for quantify-
ing thin-film fracture toughness. The FPB specimens were pre-
pared by constructing a multilayer sandwich structure; the poly-
mer film was first spin-cast onto a poly(3,4-ethylenedioxythio-
phene):poly(styrenesulfonate)(PEDOT:PSS)-coated indium tin
oxide (ITO)/glass substrate to promote cohesive rather than ad-
hesive failure.*2'%! A thin Ca/Al bilayer was then thermally
evaporated onto the film to prevent epoxy diffusion, after which
a second glass slide was bonded on top using brittle epoxy ad-
hesive and cured. The laminated structure was diced into a nar-
row beam, and a pre-crack notch was introduced from the glass
side to localize the crack initiation. During the FPB testing, the
notched specimen was loaded in a four-point geometry at a
constant displacement rate, inducing controlled bending and
driving interfacial crack propagation within the polymer layer
(Fig. 4d). The critical load at crack initiation (P.) was extracted
from the load-displacement curve, and the cohesive fracture
energy was calculated using the standard beam theory expres-
sion:

o L APl
16bh3E
where L is the inner-outer pin spacing, b is the specimen width,
h is the half-thickness of the glass substrate, and E is plane-
strain modulus. Cohesive failure was confirmed by visual in-
spection and AFM imaging of the fractured surfaces, confirming
that crack propagation occurred within the polymer layer rather
than at the interface. This FPB approach provides a quantitative
and reliable measure of the energy required to drive film frac-
ture, enabling a direct comparison of toughness across polymer
semiconductor systems.

The FPB has emerged as a highly effective and quantitative
method for determining the fracture energy of photovoltaic
thin-film systems.#2103-1051 O’Connor’s group has employed
FPB to systematically evaluate the cohesive fracture energy of

)
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six distinct conjugated polymers.*2 Their results revealed a
strong linear correlation between (G/t)/2, where t is the film
thickness, and COS, with an impressive correlation coefficient
of R=0.95 across the entire series. This universal scaling rela-
tionship allows the fracture energy of conjugated polymer
films to be accurately predicted from the far more accessible
COS measurements alone, providing an efficient and widely
applicable design rule for selecting mechanically robust ma-
terials in flexible and stretchable organic electronic devices.

3.2.5 Double cantilever beam test

The double cantilever beam (DCB) test is another widely accept-
ed technique for quantitatively measuring the cohesive fracture
energy (G) of multilayer optoelectronic devices. A full device
stack that is typically composed of glass/ITO/PEDOT:PSS/active
layer/lithium fluoride (LiF) or Al is symmetrically bonded be-
tween two thick glass beams using a room-temperature-cured
epoxy.[#31011061071 A sharp pre-crack was introduced at one
edge, and the specimen was then loaded in a high-precision ad-
hesion tester under a constant displacement rate. The speci-
men compliance C the fracture energy G can be calculated by:

3
= 5;3 (10
P’ dC
G=Spoe (1)

where a is the crack length, E is the plane-strain modulus of the
beam, b is the specimen width, and h is the beam thickness. In
the corrected beam theory, the effective crack length is ex-
pressed as de = a + 0.64h, where 0.64h represents the end cor-
rection term. This correction accounts for the root rotation,
shear deformation, and other near-tip compliance effects that
are not captured by the classical Euler-Bernoulli beam theory.
Incorporating this term ensures an accurate evaluation of the
compliance and energy release rate, particularly for small crack
lengths. The corrected calculation is as follows:
2 2 2
G= %(1 +O.64g) (12)
Kim et al. employed the DCB technique to directly com-
pare the cohesive fracture resistance of all-polymer and
fullerene-based bulk-heterojunction solar cells using the
same low-bandgap donor PTB7-Th (Fig.4e).l'0" At their re-
spective optimum acceptor contents, all-polymer solar cells
consist of PTB7-Th and P(NDI2HD-T) exhibited a cohesive
fracture energy G = 2.45 J-m=2, which is more than eight times
higher than the G = 0.29 J-m-2 obtained for the correspond-
ing PC71BM-based devices. This dramatic improvement
stems from the intrinsically ductile polymeric acceptor, which
enables extensive chain entanglement and pronounced plas-
tic deformation during the crack propagation. The study con-
cluded that substituting small-molecule fullerene acceptors
with polymeric acceptors constitutes a simple, universal, and
highly effective material strategy to dramatically enhance the
mechanical robustness of high-efficiency organic solar cells,
thereby enabling reliable, flexible, stretchable, and roll-to-roll
processed devices.

3.3 Freestanding-film Methods
Freestanding film-based techniques represent the ultimate
stage in the evolution of the static mechanical characterization

of conjugated polymer thin films, as they eliminate any sub-
strate contributions and directly yield the true intrinsic mechan-
ical properties of the film in its device-relevant and unconfined
state. By suspending ultrathin films over open microstructures
or transferring them onto free-standing tensile stages, these
methods provide unambiguous access to the Young’s modulus,
yield strength, fracture strain, toughness, and viscoelastic pa-
rameters without the complicated effects of interfacial adhe-
sion, thermal mismatch, or substrate stiffening. Although still
technically demanding, recent advances in gentle transfer pro-
tocols have transformed freestanding testing from niche capa-
bility into a practical and increasingly routine approach.

3.3.1 Camphor-assisted transfer

Camphor-assisted transfer (CAT) is a gentle method for obtain-
ing free-standing polymer thin films. First, the polymer film was
prepared on a sacrificial layer. Subsequently, a thin camphor
layer was deposited on the polymer surface. After selective
etching of the sacrificial layer, the camphor/polymer bilayer is
released. Controlled sublimation of the camphor layer then
gently lowered the intact freestanding polymer film onto the
microfabricated dog-bone frames, tensile stages, or other open
microstructures. Camphor-assisted transfer has been applied to
graphene materials.>>'%! (Fig. 5a) Given its exceptionally gentle
and damage-free nature, it is expected to see the adoption in
the intrinsic mechanical characterization of conjugated poly-
mer thin films soon.

3.3.2 Tensile tester for ultrathin freestanding films

A tensile tester for ultrathin freestanding films (TUFF) was devel-
oped by Crosby et al., enabling the first direct uniaxial tensile
testing of fully freestanding glassy polymer films down to 30 nm
thickness.l*”) After the ultrathin films are floated off onto the wa-
ter surface, a custom metal frame is submerged and lifted verti-
cally to pick up the film along three edges, overcoming capillary
forces. The captured film was then cut into a dog-bone shape
while still suspended across the frame. One end of the dog-
bone was attached to a cantilever and the opposite end to a lin-
ear actuator, and the connecting tabs were removed, yielding a
fully freestanding specimen.

The TUFF revealed a thickness-independent elastic modu-
lus and maximum stress for 32-100 nm freestanding
polystyrene films, which are in quantitative agreement with
prior water-supported measurements, thereby validating the
reliability of the latter in the linear-elastic regime.[*! (Fig. 5b)
Critically, freestanding films exhibit substantially lower craze
stability and failure strain than their water-supported coun-
terparts. This marked reduction demonstrates that the liquid
surface infiltrates nascent crazes, stabilizes fibril structures
through capillary forces, and artificially enhances the large-
strain ductility. Consequently, TUFF established the first true
intrinsic large-deformation mechanical response of ultrathin
glassy polymer films and explained the origin of the differ-
ence in mechanical response between freestanding and lig-
uid-supported ultrathin glassy polymer films.

3.3.3 Shear motion-assisted robust transfer

Shear motion-assisted robust transfer (SMART) is a robust tech-
nique developed by Gu et al. for fabricating freestanding ultra-
thin polymer films and directly measuring their intrinsic me-
chanical properties.’™ The polymer solution was spin coated
onto a silicon substrate with a water-soluble PSS sacrificial layer.
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Fig.5 Mechanical tensile testing methods for freestanding films without support. (a) Stress-strain curves of graphene oxide films measured using
the CAT method (Reproduced with permission from Ref. [55]; Copyright (2018), John Wiley and Sons). (b) Stress-strain curves of PS thin films with
different thicknesses and of high molecular weight PS films obtained using the TUFF method (Reproduced with permission from Ref. [49]; Copyright
(2019), American Chemical Society). (c) Stress-strain curves of PS thin films with varying thicknesses measured using the SMART method, together
with a comparison of stress-strain responses of P3HT films measured using the SMART and FOW methods (Reproduced with permission from Ref.
[50]; Copyright (2021), Springer Nature). (d) Stress-strain curves of P3PT thin films measured at different temperatures using the FAST method, as
well as stress-strain curves of SEBS thin films with different thicknesses (Reproduced with permission from Ref. [109]; Copyright (2025), American
Chemical Society). Representative results obtained using the nanobubble inflation method (e) (Reproduced with permission from Ref. [48];
Copyright (2022), American Chemical Society) and nanoindentation (f) (Reproduced with permission from Ref. [110]; Copyright (2012), American

Chemical Society) on freestanding thin films.

The controlled water droplets dissolved the PSS and floated the
film. A motorized stage applies precise in-plane shear motion to
the substrate while the film edges are gripped by clamps con-
nected to a load cell. This shear progressively drains water from
beneath the film, thereby minimizing capillary-induced dam-
age. The fully released freestanding film was then stretched uni-
axially to obtain complete stress-strain curves.

Using SMART, the authors compared the freestanding and
water-supported mechanics of the PS, P3HT, and PDPP-TT
films down to 19 nm (Fig. 5¢). Freestanding measurements

showed minor modulus differences but slightly reduced yield
stress and strain at failure relative to water-supported tests,
attributed to the subtle plasticizing effect of water. Thus,
SMART validated the reliability of prior water-supported data
while elucidating the minor yet measurable influence of wa-
ter on hydrophobic polymer mechanics, providing a critical
benchmark for intrinsic thin-film characterization in flexible
organic electronics.

3.3.4 Freestanding film-assisted by smart transfer
Freestanding films assisted by smart transfer (FAST) is a new
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method introduced by Ye’s group to directly characterize the in-
trinsic mechanical properties of fully freestanding ultrathin con-
jugated polymer films. "% The polymer solution was first spin-
coated onto a glass substrate coated with a PSS sacrificial layer,
forming a uniform ultrathin film, which was then laminated on-
to a custom poly(methyl methacrylate) (PMMA) support featur-
ing a central I-shaped hollow by an adhesive. The composite as-
sembly was subsequently immersed in water to dissolve the PSS
layer and to detach the polymer film from the glass substrate.
The ultrathin film adhering to the PMMA support was lifted ver-
tically from the water surface to minimize capillary-induced
damage. Finally, the specimen was mounted onto a tensile fix-
ture, and the PMMA edges were melted with soldering iron to
release the support, enabling uniaxial tensile testing of the fully
freestanding polymer film. It should be noted that although the
FAST method involves a water immersion process, its impact on
the intrinsic electronic properties of the materials is generally
negligible. This is primarily attributed to the universal hy-
drophobicity of most conjugated polymers and excellent water
solubility of the PSS sacrificial layer. By applying appropriate
drying treatments after the transfer process, the residual sur-
face moisture can be effectively removed, ensuring that the thin
films maintain their functional integrity following mechanical
characterization.

A distinctive advantage of FAST is its seamless integration
with diverse mechanical testing instruments, including uni-
versal tensile testers and dynamic mechanical analyzers. This
compatibility enables the straightforward transfer of free-
standing films to controlled environments, facilitating the
systematic investigation of external factors such as tempera-
ture and humidity on the intrinsic mechanical behavior,
which is essential for predicting the reliability of bio-integrat-
ed devices. (Fig. 5d). Therefore, this method has substantial
potential for elucidating environmental influences in stretch-
able electronics. When applied to a diverse set of polymeric
systems, including crystalline (poly(3-pentylthiophene)
(P3PT)), semicrystalline (PM6), nearly amorphous (indacen-
odithiophene-co-benzothiadiazole (IDTBT)) conjugated poly-
mers, and insulating elastomer poly(styrene-ethylene-buty-
lene-styrene) (SEBS), FAST revealed pronounced dependen-
cies of intrinsic modulus, yield strength, and fracture strain on
film thickness, temperature, and geometry, providing essen-
tial insights for the rational design of mechanically robust
stretchable polymeric semiconductors.

3.3.5 Nanoindentation on freestanding films
Nanoindentation of freestanding films creates a localized free-
standing membrane environment by suspending the polymer
film over microfabricated trenches in a substrate, thereby isolat-
ing intrinsic mechanics in a confined and substrate-free zone,
while the surrounding areas provide structural support for han-
dling.*8) An AFM tip applies point loading to the center of the
suspended region, and the load-deflection curve is fitted to a
clamped plate or membrane theory to extract the Young's
modulus and stiffness. This approach effectively generates a lo-
cal freestanding configuration without requiring large-area free-
standing samples, minimizes handling damage, and enables
high-resolution probing of nanoconfined effects (Fig. 5e).

3.3.6 Nanobubble inflation
Nanobubble Inflation is a non-contact technique for character-

izing the biaxial mechanical properties of freestanding ultrathin
polymer films by sealing the film over circular microcavities
etched on a silicon substrate. P*'%111! Controlled gas or liquid
pressure was applied from below, to inflate the suspended
membrane into a spherical cap. High-resolution optical pro-
filometry or atomic force microscopy (AFM) monitors the cen-
tral deflection height as a function of pressure. The pressure-
height relationship is fitted to the classical thin-plate or mem-
brane theory to extract the plane-strain modulus and residual
stress!''% while fracture energy can be gained from a ruptured
bubble(Fig. 5.1

Freestanding film techniques have revolutionized the char-
acterization of ultrathin conjugated polymer films by provid-
ing direct access to their intrinsic mechanical properties with-
out substrate artifacts. Through innovative transfer methods
such as CAT, TUFF, SMART, FAST, nanoindentation, and
nanobubble inflation, researchers have uncovered thickness-
dependent effects, enhanced ductility, and entropy-dominat-
ed elasticity in conjugated systems. These approaches not on-
ly resolve discrepancies between supported and unsupport-
ed measurements, but also highlight the molecular origins of
size effects, such as reduced entanglement density and in-
plane chain alignment, as evidenced in studies combining ex-
perimental data with molecular dynamics simulations. The
maturation of these techniques promises to bridge funda-
mental polymer physics and device engineering, facilitating
the rational design of mechanically resilient flexible electron-
ics. By yielding benchmark intrinsic metrics, freestanding
methods will enable the precise prediction of device lifetime
under operational stresses, accelerating the development of
next-generation optoelectronic materials with optimized per-
formance and durability.

4 DYNAMIC MECHANICAL CHARACTERIZATION
METHODS FOR CONJUGATED POLYMER THIN
FILMS

The dynamic mechanical characterization of conjugated poly-
mer thin films primarily targets key viscoelastic parameters, in-
cluding the storage modulus (E'), loss modulus (E"), loss tangent
(tand), and glass transition temperature (7). These metrics are
essential for elucidating the time- or temperature-dependent
behaviors that influence device stability and performance un-
der operational forces. To achieve accurate measurements, par-
ticularly for ultrathin films, methods have progressively ad-
vanced from bulk samples on robust supports to more sophisti-
cated supported and freestanding configurations. This evolu-
tion minimizes the substrate artifacts and better captures the in-
trinsic chain dynamics. In the following sections, we outline
these methods in a logical progression, starting with early drop-
casting techniques on rigid supports, transitioning to spin cast-
ing on compliant substrates, and looking toward future free-
standing approaches.

4.1 Drop Casting

Drop casting serves as a foundational technique for preparing
thick polymer films, which are usually more than 1 ym thick on
robust supports, facilitating initial dynamic assessments using
dynamic mechanical analysis instruments. These supports pro-
vide mechanical stability and compatibility with standard test-
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ing setups, allowing reliable frequency or temperature sweeps.
Below are the different types of support.

4.1.1 Stainless steel material pockets

Stainless steel pockets or molds act as rigid containers for the
casting of bulk specimens. The process involved filling the pock-
ets with a polymer solution, curing, and subjecting the extract-
ed samples to DMA with controlled temperature ramps. It es-
tablishes baseline structure-property correlations, although it
may overlook thin film-specific phenomena. A pioneering ex-
ample of using stainless steel material pockets for the dynamic
mechanical characterization of optoelectronic polymers was re-
ported by Donald’s group (Fig. 6a)l''? They prepared
P3HT:PCBM blend films by drop-casting 5-10 mg of polymer so-
lution onto cleaned stainless-steel pockets, which were subse-
quently folded to fully enclose the sample and dried. A dynamic
mechanical thermal analysis was performed in a single can-
tilever bending mode. By systematically varying the PCBM con-
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tent, a distinct mechanical transition of PCBM at 155 °C was
identified in both neat PCBM and blends containing more than
66 wt% PCBM. The results revealed that the blends with over 70
wt% PCBM formed a single mixed phase, whereas higher PCBM
loadings led to the phase separation and crystallization of
PCBM. These findings highlight the critical influence of compo-
sition-dependent phase behavior on the processing conditions
and morphological stability of the bulk-heterojunction active
layers.

4.1.2 Polyimide support

The films are drop-casted onto flexible polyimide sheets, which
offer thermal stability up to high temperatures. After curing, the
assembly was clamped in a DMA fixture for oscillatory tension
testing, yielding Ty and modulus data. Although straightfor-
ward, this method may overestimate the stiffness due to the
substrate. Akabori et al. employed polyimide (PI) films as sub-
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Fig. 6

Representative dynamic mechanical characterization of conjugated polymer films enabled by (a) stainless-steel material pockets

(Reproduced with permission from Ref. [112]; Copyright (2011), American Chemical Society), (b) Pl-supported configurations (Reproduced with
permission from Refs. [113,114]; Copyright (2018), American Chemical Society and Copyright (2019), John Wiley and Sons), (c) glass mesh supports
(Reproduced with permission from Refs. [61,74]; Copyright (2017), American Chemical Society and Copyright (2019), American Chemical Society),
and (d) Kirigami supports (Reproduced with permission from Ref. [59]; Copyright (2021), American Chemical Society). (€) Conceptual illustration of
future dynamic mechanical analysis of freestanding thin films to resolve finer structural characteristics.
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strates to investigate the surface effect on the molecular mobili-
ty in thin PS layers.’”) Using commercially available Pl supports
with a thickness of 7.5 ym which exhibited no pronounced T in
the tested temperature range, they successfully measured PS
films ranging from 30 nm to 200 nm. To further reduce sub-
strate-induced noise, Bao’s group developed an ultrathin poly-
imide support with a thickness of only 600 nm (Fig. 6b).°&113114
Using these significantly thinner compliant substrates, they per-
formed dynamic mechanical measurements on a series of con-
jugated polymer thin films and obtained remarkably smooth
storage or loss modulus curves with minimal background inter-
ference. Their systematic studies revealed that conjugated poly-
mers typically exhibit two distinct glass transition regions: a low-
temperature T, between -50 and 0 °C associated with alkyl side-
chain motion, and a high-temperature T, which is usually high-
er than 50 °C, arising from the rigid conjugated backbone. This
work clearly demonstrates that decreasing the Pl substrate
thickness effectively improves the signal-to-noise ratio, offering
a powerful and refined platform for probing the intrinsic dy-
namic mechanical response of ultrathin optoelectronic polymer
films.

The identification of these two regions is not only funda-
mental to polymer physics, but also practically significant for
predicting the long-term fatigue life of flexible devices. The
sub-transition associated with the side-chain motion pro-
vides a mechanism for energy dissipation through local con-
formational changes. At operating temperatures above the
sub-, the increased molecular mobility helps to redistribute
localized stresses and delays the onset of mechanical fatigue
during repetitive stretching or bending cycles. The high-tem-
perature backbone transition governs the overall morpholog-
ical stability. Therefore, a well-defined separation between
these transitions allows conjugated polymers to combine the
structural robustness required for electronic performance
with the viscoelastic resilience necessary to withstand thou-
sands of operational cycles without catastrophic failures.

4.1.3 Glass mesh support

The use of a glass fiber mesh as a support enhances the struc-
tural integrity during testing, and this method has been widely
used in glass temperature  characterization  (Fig.
6¢).[01:626674115-128] polymer solutions are cast onto the mesh,
forming interconnected films that undergo DMA to map relax-
ation spectra. This approach is particularly useful for screening
molecular structure effects but is less ideal for nanoscale con-
finement studies. Lewis et al. pioneered the use of a glass fiber
mesh as the substrate for measuring thermal transitions in con-
jugated polymers by DMA, which was initially applied to charac-
terize the thermomechanical properties of bulk heterojunction
blends in polymer solar cells.°" The glass fibers were arranged
in a 45° cross-network to prevent continuous fibers from span-
ning the sample length and confounding the DMA signal. The
samples were prepared by uniformly drop-casting polymer so-
lutions onto the mesh, enabling reliable tensile testing. Valida-
tion across various materials revealed distinct phase separation
behaviors in P3HT:PC4BM blends processed from chloroform
versus chlorobenzene, with pronounced differences manifest-
ed at the glass transition temperature, underscoring the robust-
ness of this method. Subsequently, leveraging this approach,
the group elucidated the intrinsic correlations between the

molecular structure, thermal transitions, and morphology of
polymer semiconductors.®” They observed that polymers with
large alkyl side chains and flexible backbones exhibited two
transitions: a sub-T, (=80 °C to 0 °C) from side-chain motion and
a primary Ty (around 100 °C) from backbone relaxation, classify-
ing them as comprising varying amorphous and crystalline
phases. In contrast, rigid backbone polymers typically show on-
ly a detectable sub-Tg, with the backbone T, being too weak to
measure because of the minimal amorphous regions, which is
indicative of a hairy aggregated morphology. These insights
have profound implications for flexible electronic design, inspir-
ing numerous research groups to adopt glass-mesh DMA for
groundbreaking advancements in optoelectronic polymer thin
films.

4.2 Spin Casting on Robust Support

Building on drop casting, spin casting enables the formation of
uniform thinner films on specialized supports, incorporating dy-
namic elements to probe viscoelasticity under more device-rel-
evant conditions. These supports, which are often engineered
for flexibility or pattern ability, bridge the gap between bulk and
nanoscale testing. Based on the Pl-supported approach, O’'Con-
nor et al. further advanced the technique by introducing a
Kirigami-inspired support method (Fig. 6d).2%6012%130 They pre-
pared 6 pm-thick polyimide substrates by spin coating and sub-
sequently patterned them with optimized Kirigami cuts using a
CO, laser. These precisely engineered cuts dramatically reduced
the effective stiffness of the support while preserving the me-
chanical integrity, enabling more accurate load transfer to the
polymer film of interest. Multiple conjugated polymers or blend
films such as P3HT, PM6, PTB7, and PTB7-TH:IEICO-4F, primarily
relevant to organic photovoltaics, were transferred onto the
Kirigami-patterned Pl substrates. Comparative studies have
shown that the KIT method markedly outperforms convention-
al drop-casting and glass-mesh techniques. The proposed
method has two major advantages. First, the KIT method is an
evolution of the glass mesh approach, providing a compliant
support that efficiently transmits oscillatory stress to the target
film with minimal substrate contribution. Second, it allows the
precise thermomechanical characterization of application-rele-
vant thin films with well-defined thicknesses prepared by stan-
dard solution processing methods. Overall, the KIT strategy
markedly enhances the measurement fidelity, bringing the ob-
served relaxation temperatures closer to the intrinsic values of
the ultrathin optoelectronic polymer films.

4.3 Freestanding Ultrathin-film: are True Intrinsic
Properties Accessible?

The objective of dynamic mechanical characterization is to re-
veal the true intrinsic viscoelastic behavior of optoelectronic
polymer thin films in a fully unconfined freestanding state. Al-
though this remains a frontier for dynamic measurements, the
field of static mechanical testing has already demonstrated that
reliable, substrate-free characterization of ultrathin films is
achievable. Multiple well-established techniques now routinely
deliver accurate intrinsic modulus, strength, and toughness val-
ues without any supporting layer, proving that the gentle, high-
yield transfer of nanoscale polymer membranes onto open
frameworks is no longer a bottleneck. Because the same robust
transfer protocols developed for static freestanding testing can
be directly applied to dynamic experiments, extension to gen-
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uine substrate-free dynamic mechanical analysis is both techni-
cally feasible and highly anticipated. Achieving routine free-
standing dynamic measurements would, for the first time, pro-
vide true modulus and glass transition temperatures that faith-
fully reflect the inherent chain-segmental dynamics of ultrathin
films (Fig. 6e). This is of critical importance for conjugated opto-
electronic polymers, where even subtle substrate-induced per-
turbations in molecular packing and mobility can profoundly in-
fluence the charge transport, morphological stability, and long-
term mechanical reliability in flexible and stretchable devices.
With the continued refinement of non-destructive transfer tech-
niques and sensitive non-contact detection methods, free-
standing dynamic mechanical analysis is expected to be real-
ized soon, offering the most reliable insight into the intrinsic
thermomechanical response of next-generation optoelectronic
polymer thin films.

5 MODULATION STRATEGIES FOR MECHANICAL
PROPERTIES OF CONJUGATED POLYMER THIN
FILMS

Based on the characterization techniques discussed earlier,
strategies to regulate the mechanical properties of photoelec-
tronic polymer films can be developed systematically. These ap-
proaches aim to enhance key parameters, such as the elastic
modulus, fracture strain, and cohesive fracture energy, which
are critical for applications in flexible and stretchable devices.
Regulation can be achieved through molecular structure engi-
neering and processing/blending strategies, leveraging insights
from the confinement effects, interfacial interactions, and mor-
phological control.

5.1 Molecular Design Strategies

The mechanical properties of conjugated polymers can be
tuned by adjusting their chemical structures. In general, a rigid
planar backbone yields high stiffness, whereas the introduction
of flexible spacers or bulky side chains significantly softens the
film (Figs. 7a—7c). For example, Paleti et al. showed that a poly-
thiophene with long oligoether side chains had an elastic mod-
ulus <0.1 GPa, whereas analogous polymers without side
chains, such as PEDOT:PSS, reached the GPa regime.['® Indeed,
they measured E=47 MPa for p(g42T-T) with an oligoether side
chain versus 1.34 GPa for PEDOT:PSS without side chains. The
addition of flexible spacers or non-conjugated soft blocks via
copolymerization or hydrogen-bonding motifs can also plasti-
cize the material.l''3'37-137) |n addition, crosslinking represents
an effective strategy for enhancing the mechanical perfor-
mance of conjugated polymers (Fig. 7d). By introducing stable
crosslinking points between the polymer chains, crosslinking
can markedly increase the mechanical strength and elongation,
while suppressing chain slippage and plastic flow.'*3'3% Con-
versely, rigid fused-ring backbones, such as fused thiophene
rings or benzodithiophene units, yield stiff and high-modulus
films (Fig. 7e).%%34 In some cases, these stiff backbones also
align strongly in-plane, causing mechanical anisotropy. ['°!
Backbone rigidity and side-chain engineering also affect the
fracture and toughness. Alkyl side chains can act as weak links
that promote plastic deformation.??%>%! O’Connor et al. noted
that polymers with long alkyl or oligoether chains may have
better mechanical properties related to crack-onset strain to

fracture energy.* Higher molecular weights generally increase
toughness by forming more chain entanglements (Fig. 7f).V4134
Differences in regioregularity or crystalline similarly shift the
modulus: more crystalline (high-regioregularity) P3HT films
were stiffer than less-crystalline ones (Fig. 7g).l"*¥ In practice,
one balances these factors; for example, copolymerizing a semi-
conducting segment with a rubbery block or incorporating H-
bonding moieties has been shown to dramatically increase the
ductility while retaining m-conjugation.

In summary, molecular design allows for wide tuning of
polymer film mechanics. The introduction of flexible side
chains or soft blocks yields ultralow stiffness and high exten-
sibility, whereas all-conjugated planar backbones maximize
the modulus. High-M,,, ductile polymers form extensive en-
tanglements that increase fracture energy. Rigidity and order
(high crystallinity, high T) increase the stiffness at the ex-
pense of stretching and can induce anisotropic elastic moduli
if the chains align during film formation. Innovative molecu-
lar backbone designs have been proposed to decouple
charge transport from mechanical deformation. As demon-
strated by Zheng et al, the synergistic combination of rigid
and flexible segments allows for high-mobility semiconduc-
tors that are intrinsically stretchable and resilient to cyclic
strains.'41 These trends provide a molecular-level recipe for
tuning the modulus, toughness, and crack strain of conjugat-
ed polymer films.

5.2 Film Casting Strategies

The processing route strongly influences the film morphology
and, thus, the mechanics. Deposition methods, including spin-
coating, doctor-blading, solution shearing, and interfacial
spreading, can change the polymer chain orientation, packing
density, and free volume. For instance, Choudhary et al. found
that solution-shearing of poly(3-heptylthiophene) (P3HpT) films
produced denser, more ordered films with higher glass transi-
tion temperatures than spin-coating.l'*? Sheared films showed
a much higher elastic modulus and strength than spin-coated
films, while the spread films were softer but much more exten-
sible. In their data, sheared poly(3-butylthiophene) (P3BT) also
had the highest stiffness, whereas films spread on water had the
highest fracture strain. This was attributed to the shear-induced
chain packing, which reduced the free volume and increased
the entanglements, thereby stiffening the film (Fig. 8).

The orientation of polymer chains is another key morpho-
logical factor. Films cast under shear or bar coatings often
align backbones along the coating direction, yielding
anisotropic elasticity.73142-1441 Aligned films could have
greatly enhanced the in-plane modulus and strength analo-
gous to drawn fibers but may be more susceptible to cracks
along the alignment direction. In contrast, isotropic films can
yield similar properties in all the directions. For example, un-
aligned P3HT or flexible polythiophenes showed no measur-
able anisotropy, whereas aligned PBFDO was far stiffer along
the film than along its thickness.[100]

In practice, the film morphology can be effectively tuned
by controlling the solvent evaporation rate, use of processing
additives, and choice of substrate.[627576] Slow solvent evapo-
ration or solvent-vapor treatments generally allow sufficient
chain mobility for self-assembly, thereby enhancing crys-
talline order and packing density, which often leads to in-
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Effect of molecular design on mechanical properties
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Fig. 7

Effect of molecular design on mechanical properties of optoelectronic polymer thin films. (a) Influence of side-chain molecular design

(Reproduced with permission from Ref. [140]; Copyright (2018), The American Association for the Advancement of Science), (b) conjugated breaker
spacer length, (c) side-chain length (Reproduced with permission from Ref. [66]; Copyright (2020), John Wiley and Sons), (d) crosslinking (proportion
of crosslinker) (Reproduced with permission from Ref. [138]; Copyright (2022), John Wiley and Sons), (e) backbone rigidity (Reproduced with
permission from Ref. [64]; Copyright (2019), John Wiley and Sons), (f) molecular weight (Reproduced with permission from Ref. [135]; Copyright
(2020), American Chemical Society), and (g) regioregularity on mechanical properties (Reproduced with permission from Ref. [72]; Copyright (2015),

American Chemical Society).

creased elastic modulus but reduced ductility due to the di-
minished amorphous fraction.[°2751 In contrast, rapid drying
conditions or exposure to plasticizing solvent vapors can ki-
netically trap disordered chain conformations, resulting in
more amorphous, mechanically softer films with enhanced
deformability.’¢! Post-deposition morphology control tech-
niques such as thermal annealing or solvent vapor annealing
further modulate this balance by promoting molecular reor-
ganization.[67.6873,77,78145] Thermal annealing commonly en-
hances crystallization and phase separation, increasing stiff-
ness but potentially reducing fracture strain when excessive
crystallite growth or coarse phase domains are formed.[67.143]
The manipulation of molecular packing and crystalline mor-
phology is fundamental to both electronic and mechanical
performance. As recently reviewed by Han et al., the crystal-
lization kinetics of donor-acceptor (D-A) conjugated poly-
mers can be precisely controlled using solvent engineering

and post-treatment protocols.[4¢! Such control over the de-
gree of crystallinity and grain size is particularly crucial for
thin-film mechanics, as highly crystalline domains generally
enhance the elastic modulus, but may limit the overall
stretchability, as discussed in previous sections. Overall, pro-
cessing conditions such as the solvent, deposition method,
annealing, and orientation dictate the domain structure. This,
in turn, controls the distribution of strain and thus the ob-
served modulus, anisotropy, and fracture behavior.

5.3 Additive Strategies

Mechanical performance can be dramatically altered by blend-
ing conjugated polymers with other functional additives. Blend-
ing with elastomers or rubbers is a proven method to soften
composites and increase their extensibility. Recent work has
shown that intimate mixing of a semiconducting polymer with
a rubbery insulator such as SEBS or other specialized elastomers
yields films with a low elastic modulus and very high stretch tol-
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Effect of processing and morphology control on mechanical properties of optoelectronic polymer thin films. (a) Mechanical behaviour

under different processing conditions; (b) Surface morphology and (c) internal molecular arrangement of films processed by different methods,
respectively; (d) mechanical response of films prepared under various processing conditions. (Reproduced with permission from Ref. [142];

Copyright (2021), American Chemical Society).

erance (Fig. 9a).l1960,140147.148-15 For example, Gao et al. pre-
pared blends of high-mobility polymers consisting of PDPPTT
donor and N2200 acceptor with a newly developed hydro-
genated polyisoprene (H-PIP) elastomer.'*”? The H-PIP blends
exhibited a much lower modulus and higher crack-onset strain
than the blends with conventional elastomer SEBS. In these
blends, the soft elastomer matrix absorbs strain and protects
the conjugated network, and the purely aliphatic, crosslink-free
structure of H-PIP allowed the polymer domains to deform
without generating internal stress, preserving the semiconduc-
tor pathways. In general, polymer-rubber blends behave like
ductile composites: the rigid polymer fibrils bear load while the
rubber dissipates strain, greatly increasing the toughness and
fatigue resistance. The regulation of the elastomeric content is
pivotal for balancing the competing demands of mechanical
durability and electronic functions. As the weight percentage of
elastomers, such as SEBS or H-PIP, increases, the composite thin
films typically exhibit a progressive decrease in elastic modulus
and a substantial increase in both elongation at break and
crack-onset strain. This mechanical improvement stems from
the ability of the elastomer to act as a stress-dissipative matrix
that protects a rigid conjugated polymer network. However, ex-
cessive loading of these insulating components can lead to ‘di-
lution' of the semiconducting phase, subsequently reducing the
power conversion efficiency (PCE) or charge-carrier mobility. Re-
cent studies have established that an optimized loading of ap-
proximately 10 wt%-20 wt% (the 'dilute-absorber' strategy) al-

lows for a synergistic balance. In this regime, the films can main-
tain high-efficiency optoelectronic performance (retaining over
90% of the original PCE), while significantly extending their me-
chanical operational window.['#7,150,152,156]

Similarly, plasticizers and small-molecule additives can low-
er the modulus by increasing the free volume or reducing T
(Fig. 9b). Adding a solvent-like molecule, such as a long-chain
aliphatic oil or ionic liquid, penetrates the polymer matrix and
enables the sliding of chains.[49150.1601 Sych plasticizers may
increase the crack-onset strain at the cost of conductivity.
Likewise, supramolecular dopants such as di- or tri-valent ions
have been shown to increase stiffness modestly, but can also
enhance interchain cohesion, depending on the inter-
actions.l161]

Polymer-polymer blends that mix two semiconductors of-
ten yield intermediate mechanics. As noted above, blending
two ductile polymers with long flexible side chains generally
produces a ductile blend with toughness comparable to that
of the neat polymers (Fig. 9¢).[10.148162-166] |n contrast, blend-
ing with a rigid molecular filler, such as fullerene, sharply in-
creases stiffness and reduces ductility.['°1 Overall, blending
offers powerful levers: elastomeric matrices and plasticizers
increase ductility and fracture energy, whereas hard fillers
boost the modulus but risk brittleness. By careful choice of
blend partners and processing to control dispersion and in-
terfacial adhesion, the trade-off between stiffness and tough-
ness can be optimized. Examples such as polymer-elastomer

https://doi.org/10.1007/510118-026-3635-4
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Fig. 9 Additive and blending strategies to enhance mechanical properties of optoelectronic polymer thin films. (a) Incorporation of rubbery
insulators (Reproduced with permission from Refs. [60, 147]; Copyright (2023), American Chemical Society and Copyright (2025), Spring Nature). (b)
Addition of small-molecule additives (Reproduced with permission from Refs. [148, 149]; Copyright (2025) The Royal Society of Chemistry). (c)
Polymer blending strategies. (Reproduced with permission from Refs. [10, 101]; Copyright (2018), American Chemical Society and Copyright (2025),

John Wiley and Sons).

blends, polymer-plasticizer blends, and polymer-polymer
blends illustrate how additive strategies enable tailored me-
chanical performance in conjugated polymer films.

6 SUMMARY AND PERSPECTIVES

Mechanical characterization of conjugated polymer thin films
has evolved from simple extensions of bulk methods to sophis-
ticated techniques tailored to nanoscale confined systems. In
this review, we provide a mechanical perspective on conjugat-
ed polymer thin films and summarize both static and dynamic
mechanical characterization methodologies. We trace the evo-
lution from bulk materials to substrate-supported ultrathin films
and, ultimately, to freestanding ultrathin films, a progression
driven by the need to accurately probe materials at length
scales relevant to functional devices. The inherent challenges
posed by nanoscale thickness and the often-brittle mechanical
nature of conjugated polymers have spurred the development
of specialized experimental platforms, such as TUFF, SMART,
FAST, KIT-support, and related approaches. Collectively, these
techniques form a complementary, multiscale toolbox that en-
ables a holistic evaluation of mechanical behavior, from the
elastic modulus and fracture energy to viscoelastic spectra and
fatigue resistance, thereby establishing a robust experimental
foundation for understanding the intrinsic mechanics of conju-
gated polymer ultrathin films.

Several key frontiers (Fig. 10) promise to deepen the under-
standing and enhance the mechanical robustness of conju-
gated polymer thin films for next-generation optoelectronics.

(1) Integrated in situ and operando characterization. Com-
bining mechanical testing with real-time structural probes,
such as grazing-incidence X-ray scattering (GIWAXS/

GISAXS),['51511 Raman spectroscopy, or AFM, will enable a di-
rect correlation between the imposed deformation and the
dynamic evolution of chain packing, crystalline domain orien-
tation, and crack initiation. This bridges the gap between the
macroscopic mechanical response and the nanoscale struc-
tural changes under operational strain.

(2) High-throughput and combinatorial screening. Acceler-
ating the discovery of mechanically robust conjugated poly-
mer systems requires the development of platforms that can
rapidly screen polymer libraries, blends, and processing con-
ditions. Miniaturized tensile stages, automated buckling
metrology, and parallelized nanoindentation, coupled with
machine-learning-assisted data analysis, could significantly
shorten the design-test-optimize cycle for stretchable poly-
mer semiconductors.

(3) Fatigue and long-term reliability tests. Most current
studies have focused on a single-cycle or monotonic loading.
For practical wearable and implantable electronics, under-
standing the fatigue life, crack propagation under cyclic
strain, and environmental aging (e.g., humidity, temperature
cycling, and ultraviolet (UV) exposure) is essential. Standard-
ized protocols for assessing the mechanical endurance under
realistic operating conditions must be established.

(4) Multiphysics modeling across scales. Computational
frameworks that connect atomistic molecular dynamics,
coarse-grained polymer models, and continuum mechanical
simulations can predict not only elastic and plastic responses,
but also how mechanical deformation alters electronic prop-
erties (e.g., mobility and recombination) through conforma-
tional changes, trap formation, or interfacial decohesion.

(5) Standardization of measurement protocols. As the field
matures, community-wide agreement on testing parameters,

https://doi.org/10.1007/510118-026-3635-4
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Future perspective on mechanically robust conjugated polymer electronics. The schematic highlights five critical, synergistic research

areas requisite for realizing next-generation flexible electronics: (1) advanced in situ and operando characterization, (2) machine-learning-assisted
high-throughput screening, (3) rigorous fatigue and environmental reliability testing, (4) multiscale computational modeling, and (5)
standardization of testing protocols. Collectively, these strategies form the core pathway from fundamental understanding to technology

translation.

e.g. as strain rates, sample geometries, environmental control,
and data analysis methods, will be crucial for enabling repro-
ducible and comparable datasets across laboratories and ac-
celerating technology transfer.

By embracing these interdisciplinary opportunities, the
field can progress from empirical testing/tuning to predictive
design, ultimately enabling the creation of conjugated poly-
mer thin films that are not only electronically efficient, but al-
so mechanically dependable in real-world flexible and
stretchable applications.

Although advances in characterization are rapidly expand-
ing and can be measured and reliably compared across stud-
ies, a parallel challenge is to translate these measurements in-
to actionable design rules. In practice, mechanical robustness
is not an intrinsic “single-parameter” property; rather, it
emerges from the hierarchy of structural determinants and
processing-dependent morphologies. Therefore, establishing
clear structure-process-mechanics relationships is essential
for interpreting the rich datasets enabled by modern plat-
forms and rationally tuning films toward device-relevant me-
chanical targets.

The mechanical behavior of conjugated polymer thin films
is governed by multiple strongly coupled factors spanning
the molecular to device length scales. At the molecular level,
backbone rigidity, side-chain architecture, molecular weight,
and its distribution determine the fundamental balance be-
tween stiffness, ductility, and time-dependent relaxation. At
the mesoscale, crystallinity, chain orientation, and phase mor-
phology (including the nature of amorphous/crystalline inter-
phases) modulate the load transfer, plasticity, and viscoelas-
tic dissipation. At the film and interface levels, the processing

routes (e.g., coating/printing methods), post-treatment (ther-
mal or solvent annealing), residual stress, and interfacial inter-
actions with substrates further define the effective mechani-
cal response and failure pathways. Importantly, formulation
strategies, such as blending with elastomeric or ductile com-
ponents, incorporating small-molecule additives, or introduc-
ing crosslinkable motifs, can reconfigure the percolation of
rigid domains, tune segmental mobility, and redistribute
stress concentrations, thereby altering both toughness and
fatigue resistance. As these parameters are interdependent,
selecting and combining appropriate regulation strategies is
critical for optimizing conjugated polymer thin films for me-
chanically reliable optoelectronic applications.

Looking ahead, the effective characterization and regula-
tion of mechanical properties should adopt an application-
oriented, iterative framework that closes the loop between
device requirements, material design, and quantitative test-
ing (Fig. 11). The first step is to define the mechanical enve-
lope required by the target device and its operating condi-
tions (e.g., allowable strain, bending radius, cyclic durability,
and thermal/humidity exposure). Guided by these con-
straints, polymer molecular design, processing optimization,
and formulation engineering can be deployed in a purpose-
driven manner to shift the film into the desired performance
window (e.g., soft-yet-resilient for stretchable electronics or
stiff-yet-crack-resistant for robust coatings). Comprehensive
mechanical characterization, which is performed not only on
isolated films but also on device-relevant stacks and under re-
alistic loading modes and environments, should then be used
to identify the dominant deformation and failure mecha-
nisms. The resulting insights can be used to refine molecular

https://doi.org/10.1007/510118-026-3635-4
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Fig. 11  An integrated framework for the design and optimization of mechanically robust conjugated polymer thin films for stretchable organic

optoelectronics. The framework is a feedback-driven cycle guided by application-specific mechanical demands.

structures, morphology control, and interfacial engineering,
iterating until both mechanical reliability and optoelectronic
functionality are simultaneously satisfied. Overall, this review
outlines a coherent pathway that connects characterization
methodologies to structure—property relationships and appli-
cation needs, providing a practical reference for the rational
mechanical design and regulation of optoelectronic polymer
thin films.

Furthermore, as the field moves toward seamless bio-inte-
grated electronics, achieving mechanical compatibility with
biological tissues has become a critical requirement. To en-
sure long-term biocompatibility and stable signal acquisition,
conjugated polymer thin films must be designed to match
the low modulus and high compliance of soft tissues that of-
ten exhibit elastic moduli ranging from kilopascals to mega-
pascals. Future innovations in molecular engineering and
composite formulations will play a pivotal role in bridging the
mechanical gap between rigid electronic materials and soft
biological systems.
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