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ABSTRACT: Mechanical buckling of thin films on elastomeric substrates is often used to determine the mechanical properties
of polymers whose scarcity precludes obtaining a stress−strain curve. Although the modulus and crack-onset strain can readily be
obtained by such film-on-elastomer systems, information critical to the development of flexible, stretchable, and mechanically
robust electronics (i.e., the range of strains over which the material exhibits elastic behavior) cannot be measured easily. This
paper describes a new technique called laser determination of yield point (LADYP), in which a polymer film on an elastic
substrate is subjected to cycles of tensile strain that incrementally increase in steps of 1% (i.e., 0% → 1% → 0% → 2% → 0% →
3% → 0%, etc.). The formation of buckles manifests as a diffraction pattern obtained using a laser, and represents the onset of
plastic deformation, or the yield point of the polymer. In the series of conjugated polymers poly(3-alkylthiophene), where the
alkyl chain is pentyl, hexyl, heptyl, octyl, and dodecyl, the yield point is found to increase with increasing length of the side chain
(from approximately 5% to 15% over this range when holding the thickness between ∼200 and 300 nm). A skin-depth effect is
observed in which films of <150 nm thickness exhibit substantially greater yield points, up to 40% for poly(3-dodecylthiophene).
Along with the tensile modulus obtained by the conventional analysis of the buckling instability, knowledge of the yield point
allows one to calculate the modulus of resilience. Combined with knowledge of the crack-onset strain, one can estimate the total
energy absorbed by the film (i.e., the modulus of toughness).
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1. INTRODUCTION

Thin-film organic conductors and semiconductors are promis-
ing materials for the fabrication of robust devices capable of
surviving the repetitive strains applied during use in portable,
outdoor, and wearable or implantable applications.1−6 In these
applications, permanent (or plastic) deformation is often
undesirable, except in the cases in which one-time bonding to
nonplanar surfaces is required.7,8 Ideally, the materials used
would remain in the elastic regime, below the yield point, at the
strains expected to be reached during normal use. For bulk
materials, the yield point can be obtained using a tensile test.
However, the scarcity of materials such as conjugated polymers,
of which only a few hundred milligrams may be obtained in a
laboratory-scale synthesis, precludes obtaining these measure-
ments using a tensile test. To conserve material, performing
mechanical testing on thin films is ideal, however, there are
difficulties associated with isolating and manipulating free-
standing films of submicron thickness. We thus developed a
new method based on the onset of buckling of a film on an

elastomer, which we call laser determination of yield point
(LADYP). LADYP measurements are performed by cyclically
straining and relaxing a polymer film on an elastomeric
substrate and then recording the strain at which a diffraction
pattern appears when irradiated with a laser beam. When the
yield point is reached, the thin film plastically deforms, and
upon relaxation, the film is compressed and surface wrinkles are
formed which then diffract the light.9,10 Although other
buckling-based metrology techniques have compressed un-
strained thin films and used laser diffraction (or micrographs)
to measure their tensile modulus,9−12 LADYP is the first
technique that compresses plastically deformed films and uses
laser diffraction to determine their yield point.
We used this technique to explore the effects of the alkyl

side-chain length, as well as the film thickness, on the yield
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point of poly(3-alkylthiophene)s (P3ATs) (Figure 1), which
are excellent model polymers due to their relatively simple
molecular structure comprising repeat units of thiophenes with
alkyl side chains. We previously measured the tensile modulus,
the inverse of mechanical compliance, and ductility of P3ATs,
as manifested in their crack-onset strains, and found that these
parameters are related to the alkyl side-chain length, with
longer side-chains leading to more compliant and ductile
films.11,12 We expected that the yield point would follow a
similar trend. In addition to the effect of alkyl side-chain length,
we explored the effects of film thickness on the yield point.
Others had previously shown that decreasing film thickness
depresses the glass transition temperature of thin films,13−16

and we hypothesized that this would lead to an increase in yield
point in P3ATs, as has been shown for polystyrene and poly(2-
vinylpyridine) using a relatively complex method.17,18 Our goal
was thus to develop a simple procedure to measure the yield
point using similar equipment, an actuator, a laser, and a
microscope, to those already used routinely to measure tensile
modulus and crack-onset strain.

2. BACKGROUND

Mechanical properties are often assumed to be favorable in all
organic conductors and semiconductors, and thus, the selection
of materials for a given application is made on the basis of
electronic performance.7,19,20 For example, poly(3-hexylthio-
phene) (P3HT) is the most prevalent semiconducting polymer
in the literature because of its good electronic perform-
ance,21−27 yet it has a high tensile modulus (stiffness) and is
brittle at common laboratory temperatures.11,28 Although the
modulus is a critical parameter when designing a flexible or
stretchable system with reduced interfacial stresses, it does not,
however, predict the range over which a thin film exhibits
elastic behavior. Most conjugated polymers crack in the regime
of plastic deformation; it is therefore important to determine
the yield point. For thin films, measurement of the yield point
has not been straightforward29,30 because of the difficulty of
isolating and manipulating films with submicrometer thick-
nesses.9,11,31−34 Kim and co-workers have developed specialized
equipment to perform stress−strain measurements of films
supported by liquid, but this is a potentially limited method due
to the requirements that the liquid have high surface tension
and low viscosity and that the thin film must be compatible

with the liquid, though under favorable circumstances this
technique can generate the entire stress-strain curve.35,36

Given the difficulty of manipulating free-standing films,
mechanical properties are often determined indirectly using
film-on-elastomer (FOE) systems. The most well-known
method is the buckling-based metrology originally developed
by Stafford and co-workers,9,11,37 which exploits the buckling
instability (surface wrinkling) that occurs when a relatively rigid
film is compressed on a relatively soft elastomeric substrate
(such as PDMS which, because of its high elasticity when not
treated with oxygen plasma or UV-ozone, will not contribute
buckles of its own under small compressive strains). The
buckling wavelength is related to the balance between the
energy required to bend the rigid substrate and that required to
deform the soft substrate and can be used to calculate the
tensile modulus of the thin film.10 The strain to fracture is
generally measured indirectly by recording the strain at which
the first crack appears in a film on a stretchable substrate.38,39

However, the crack-onset strain is indirectly connected to
ductility because it is also a function of adhesion of the film to
the substrate: films that are well adhered to their substrates
have high crack-onset strains.11,40 To date, only the tensile
modulus and crack-onset strain can be extracted easily from
FOE systems, whereas previous methods for measuring the
yield point are substantially more complex and limited to
certain types of polymers.17,18 Other properties relevant to
mechanical reliability in flexible devices, such as adhesion and
cohesive fracture energy, can also be obtained from thin films in
other configurations.29,30

Figure 2 illustrates the information easily obtainable from
FOE systems superimposed on a hypothetical stress−strain
curve obtained from a conventional pull tester. Although the
tensile modulus obtained from the buckling-based metrology
defines the initial slope of the curve, and the crack-onset strain
defines its end point, the width of the elastic regime is not
defined, and thus the range over which the polymer could be
deformed without plastic deformation is not known. Moreover,
without defining the upper limit of strain at the yield point, the
energies absorbed by the polymer in the elastic regime (i.e., the
resilience) and the total energy absorbed at the point of fracture
(i.e., the toughness) cannot be known. Knowledge of the yield
point “calibrates” the curve: it permits calculation of the
resilience and a rough estimate of the toughness. Beyond

Figure 1. Schematic diagram of the procedure and the molecular structure of the polymers studied in this work. Each polymer thin film was
transferred to PDMS and then stretched and relaxed with subsequently increasing strain with each cycle. At the point of relaxation, laser was
transmitted through the film, and above the yield point, the film buckled and diffracted the laser. A photograph of the diffraction peaks is included in
the inset.
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knowledge of the resilience and toughness, it is technologically
relevant to define the amount of strain a thin film can undergo
before plastically deforming. The required accommodation of
strain can vary greatly depending on the intended use of a
device, and understanding the material limits (e.g., elasticity) is
necessary in the selection of appropriate materials for specific
applications. For example, a device worn to measure a pulse will
undergo much less strain (<1%) than a device worn on an
elbow when it bends (>50%).41 Although a material that might
have higher electronic performance, but a low yield point,
would be appropriate for the former application, a sacrifice of
electronic performance might be required to ensure that the
device can maintain predictable performance at high strains in
the latter application.

3. EXPERIMENTAL METHODS
3.1. Materials. Poly(3-pentylthiophene) (P3PT, Mn = 13 kDa,

PDI = 2.5), poly(3-heptylthiophene) (P3HpT, Mn = 35 kDa, PDI =
1.5), and poly(3-dodecylthiophene) (P3DDT, Mn = 21 kDa, PDI =
1.8) were purchased from Rieke Metals, Inc. and used as received.
Poly(3-hexylthiophene) (P3HT, Mn = 44 kDa, PDI = 2.0) and poly(3-
octylthiophene) (P3OT, Mn = 34 kDa, PDI = 2.5) were purchased
from Sigma-Aldrich and used as received. (Although the authors note
this is a large range of Mn, a previous study by us showed that the
difference in tensile modulus between P3HT with Mn = 6.25 kDa, PDI
= 1.2 and Mn = 14.5 kDa, PDI = 2.0 was negligible.)42 PDMS, Sylgard
184 (Dow Corning), was prepared according to the manufacturer’s
instructions at a ratio of 10:1 (base:cross-linker) and cured at 75 °C
for 25 min before it was used for mechanical testing. (Tridecafluoro-
1,1,2,2-tetrahydrooctyl)-1-trichlorosilane (FOTS) was obtained from
Gelest. Chloroform, acetone, and isopropyl alcohol (IPA) were
obtained from Sigma-Aldrich and used as received.
3.2. Preparation of Substrates. Glass slides were cut into squares

(2.5 cm × 2.5 cm) with a diamond-tipped scribe. They were then
subsequently cleaned with Alconox solution (2 mg mL−1), deionized
water, acetone, and then isopropyl alcohol (IPA) in an ultrasonic bath
for 10 min each and then rinsed and dried with compressed air. Next,
the glass was plasma treated at ∼30 W for 3 min at a base pressure of
200 mTorr ambient air to remove residual organic material and
activate the surface. The slides were then placed in a vacuum
desiccator with a glass vial containing ∼100 μL of FOTS and put
under house vacuum for a minimum of 3 h to passivate the surface.
The surface was then rinsed thoroughly with IPA to remove any excess
FOTS and leave only a monolayer behind. The contact angle of water
with the resulting surface was 109°.

3.3. Preparation of Films. To compare the yield points of P3ATs
based on alkyl side-chain length, solutions of P3PT, P3HT, P3HpT,
P3OT, and P3DDT in chloroform (15 mg mL−1) were prepared and
allowed to stir overnight. The solutions of P3PT were heated to 50 °C
for 10 min to promote dissolution before use. All solutions were then
filtered with 1 μm glass microfiber (GMF) filter immediately before
being spin-coated onto FOTS passivated glass using a Headway
Research PWM32. We chose to spin-coat the films onto FOTS glass
and transfer to PDMS. Spinning directly onto PDMS would require
treatment with either oxygen plasma or UV-Ozone, which would
embrittle the substrate. The solutions were spun at 500 rpm (250 rpm
s−1 ramp) for 120 s, followed by 2000 rpm (1000 rpm s−1 ramp) for 30
s, which produced films 200−300 nm thick.

To examine the effect of film thickness on the yield point, solutions
with various concentrations of P3DDT in chloroform (7.5−15.0 mg
mL−1) were made and allowed to stir overnight. These solutions were
filtered and spin-coated as specified above, resulting in film thicknesses
of 130−250 nm. Films of P3DDT for analysis by UV−vis were spin-
coated onto the FOTS passivated glass slides at a spin speed of 500
rpm (250 rpm s−1 ramp) for 120 s followed by 2000 rpm (1000 rpm
s−1 ramp) for 30 s. All films were dried under vacuum for 15 min to
remove residual solvent.

3.4. Laser Detection of Yield Point (LADYP). PDMS was
prepared as stated above and cut into rectangular strips (l = 8 cm, w =
1 cm, h = 0.4 cm). The polymer films were then transferred to the
PDMS strips. Transferring the conjugated polymer films to the
prestrained PDMS substrate was performed by initially scoring the
films along the edges with a razor and placing the films against the
PDMS. After applying a minimum amount of pressure to create a
conformal seal between the PDMS and the conjugated polymer film,
the glass/PDMS was separated from the glass/conjugated polymer
film in one fast motion.43 Micrographs were taken of the films at 0%
strain to ensure clean transfer to the PDMS (e.g., no delamination, no
cracking). The films were then strained using a computer-controlled
stage, which applied strains to samples using a linear actuator. The
samples were cyclically strained and relaxed, again increasing the strain
with each cycle (i.e., 0%→ 1%→ 0%→ 2%→ 0%→ 3%→ 0%, etc.).
At each point of relaxation, the sample was irradiated with a 5 mW,
532 nm laser beam; the laser beam was transmitted through the film
onto a screen that was observed to detect diffraction. At the onset of
diffraction, the strain was recorded, and micrographs were taken to
look for visible buckles. After the onset of diffraction, micrographs
were taken at each subsequent strain. When buckles were visible in the
microscope, this strain was recorded, as was the strain where the
diffraction peaks were persistent (i.e., lasted longer than 1 min).

3.5. UV−vis Spectroscopy and Analysis. The absorbance of the
materials was measured using an Agilent 8453 UV−vis spectropho-
tometer. The wavelength range measured was 850−300 nm with a step
size of 1 nm. The films were transferred to PDMS as stated above.
Absorption spectra of the films on PDMS were initially taken at 0%
strain. The films were then strained to 10, 15, and 20% and clipped
onto FOTS passivated glass at each strain before their absorption was
measured.

The extent of order, as determined by UV−vis spectroscopy, has
been correlated to increased tensile moduli in P3AT films. Spano et al.
and others have shown that aggregates of P3HT in solid films can be
considered as weakly interacting H aggregates, due to cofacial π−π
stacking and weak excitonic coupling.32,44−47 We used this model to
compare trends in aggregation and aggregate order from the UV−vis
absorption spectra of the polymer thin films, in an attempt to correlate
these values with the yield point.

In the aggregated state (i.e., crystallites and other aggregates in solid
films), coupled electron-vibrational (vibronic) transitions determine
the absorption of weakly interacting H aggregates and can be modeled
as Gaussian fits by

Figure 2. Hypothetical stress−strain curve for a bulk polymer. The
elements in green, the tensile modulus and the strain at fracture, have
been previously measured by film-on-elastomer systems. Measurement
of the yield point is reported in this work. The area between the yield
point and the strain at fracture is the plastic regime, which is still not
measurable for thin films on elastomeric substrates.
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In the above equation, A is the absorption by an aggregate as a
function of the photon energy (E). E00 is the energy of the 0 → 0
vibronic transition, which is allowed assuming some disorder in the
aggregates. S is the Huang−Rhys factor, which quantifies the nuclear
potential well shift upon vibronic transition from the ground state to
the excited state. It is calculated from absorption and emission spectra,
and is set to 1 for P3ATs.45 Ep is the intermolecular vibration energy,
which (in the case where S = 1) is the difference in energy between the
vibrational levels in the excited state. It is set to 0.179 eV as
determined by Raman spectroscopy. W is the free exciton bandwidth,
which is related to the nearest neighbor interchain excitonic coupling.
Upon coupling, a dispersion of the energies occurs, the width of which
is equal toW (which is four times the nearest neighbor coupling).W is
also inversely related to conjugation length; a lower W indicates better
ordering of the aggregates. The terms m and n are the ground- and
excited state vibrational levels and σ is the Gaussian line width.
The parameters E00, W, σ, and a scaling factor were found by using

Matlab to perform a least-squares fit to the experimental absorption
data in the region of 1.93 to 2.25 eV. This region was selected because
the absorption is dominated by the polymer aggregates. Above 2.30
eV, the amorphous polymer dominates absorption.48

4. RESULTS AND DISCUSSION
We began by exploring the effect of side-chain length on the
yield point of P3ATs (Figure 3). P3PT (n = 5), P3HT (n = 6),

P3HpT (n = 7), P3OT (n = 8), and P3DDT (n = 12) were
selected because they cover a wide range of side-chain lengths.
P3AT films of similar thicknesses (∼200−300 nm) were
prepared to isolate the effect of the side-chain length. To
confirm that the diffraction was correlated with the appearance
of buckles in the thin films, we tracked three separate
parameters: the strain at which diffraction of the laser first
occurred, the strain at which diffraction lasted longer than 1
min, and the strain at which buckles were visible in the optical
microscope. Table 1 summarizes the LADYP data of the
P3ATs. A correlation between increasing strain and increasing
alkyl side-chain length was observed for all three parameters.

This trend agrees with previously reported results of a
dependence on the side-chain length of other mechanical
properties (i.e., compliance and ductility) in P3ATs.11,12 We
also found that the initial diffraction peaks lasted less than 1
min and occurred at lower strains than the visibility of buckles
in the microscope. This observation suggested the onset of
diffraction was not attributable to the yield point, but instead to
the viscoelasticity of the PDMS.43 There was a very strong
agreement between the strains at which buckles were visible by
microscope and the strains at which the LADYP diffraction
peaks lasted longer than 1 min. When the diffraction lasted
longer than 1 min, the buckles were in a more permanent state,
meaning the film has been plastically deformed and the yield
point had been passed. The increase in yield point for the
P3ATs from n = 5 (P3PT) to n = 8 (P3OT) is attributed to the
decreasing glass transition temperature with alkyl side-chain
length, which results in greater chain mobility.12,49 The
observation that yield point decreases from n = 8 (P3OT) to
n = 12 (P3DDT), even though the glass transition temperatures
of P3OT and P3DDT are similar, is parallel to our earlier
observation that crack-onset strain decreases over this same
interval.11 For P3ATs, surface energy decreases with increasing
length of the alkyl chain, and reduced adhesion for polymers
with longer side chains localizes strain to thin areas and defects
in regions of local delamination.11 Cracks thus form sooner in
poorly adhered films than in perfectly adhered films, in which
strain in the film is equal to the strain in the substrate at every
point.11,40 The same effect might produce earlier plastic
deformation in P3DDT than in P3OT, though we cannot
rule out the possibility that P3ATs with long side chains (n > 8)
actually have a shorter elastic regime intrinsically. Micrographs
of representative films just below (left column) and above
(right column) the yield point are in Figure 4. In the
micrographs of the films strained below the yield point, no sign
of film buckling is observed. However, when the yield point is
reached, the film is deformed and upon relaxation forms
buckles out-of-plane, perpendicular to the direction of strain.
The effect of film thickness on the yield point of one of the

P3ATs, P3DDT was also assessed using LADYP. The strain (in
percent) is plotted against the film thickness in Figure 5. The
yield point was stable above a thickness of 156 ± 10 nm to at
least 251 ± 26 nm (17.7 ± 3.2% and 17.0 ± 1.0%, respectively,
for the yield point determined by laser diffraction peaks lasting
longer than 1 min); however, below this thickness, there was a
substantial increase in the yield point strain. At a thickness of
147 ± 6 nm, the yield point increased slightly to 19.7 ± 0.6%.
When the film thickness was further decreased to 129 ± 5

nm, a much more substantial increase in yield point was
observed (40.7 ± 3.2%). The observation of a large increase in
the yield point strain with decreasing thickness agrees with

Figure 3. Yield point vs alkyl side-chain length for the P3ATs. All films
were transferred to an elastic PDMS substrate and subsequently
strained until the yield point, as determined by the appearance of
buckles, was observed.

Table 1. Summary of the Yield Point vs Alkyl Side-Chain
Length for the P3ATs As Measured in FOE Systemsa

polymer

buckles in
microscope strain

(%)
onset of diffraction

strain (%)

persistent
diffraction strain

(%)

P3PT 7.3 ± 0.6 5.3 ± 0.6 8.0 ± 1.0
P3HT 10.6 ± 1.2 8.3 ± 1.2 10.3 ± 1.5
P3HpT 10.0 ± 1.7 9.7 ± 1.5 11.3 ± 1.5
P3OT 17.3 ± 1.5 11.7 ± 1.2 18.0 ± 1.7
P3DDT 16.3 ± 1.2 15.0 ± 0.0 16.7 ± 0.6

aThe persistent diffraction agrees well with the visibility of buckles in
the microscope.
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similar measurements of polystyrene.17 These results suggest
that in addition to alkyl side-chain length, the film thickness is a
parameter that can, at least below the critical film thickness, be
adjusted to tune film elasticity.10,31,50

To understand the evolution of the microstructure of the
polymer around the yield point, we evaluated thin films of
P3DDT under strain with the weakly interacting H-aggregate
model developed by Spano and used by others.12,44,45,47,51 We
recorded the polarized absorption (both parallel and
perpendicular to the direction of strain) of films of P3DDT
unstrained, and at strains below, near, and above the yield point
(10, 15, and 20%). The spectra were then evaluated with a
MATLAB program that performed a least-squares fit of the

weakly interacting H-aggregate model to the data. To isolate
the effects of the strain and eliminate any film-to-film variations,
the calculated parameters were then normalized to the
unstrained values (Figure 6). We found that the quantity of

aggregates both perpendicular and parallel to the strain was
essentially equal to each other up to about 10% strain. Above
10% strain, the quantity of aggregates perpendicular to the
strain decreased as aggregates were pulled apart, while the
quantity of aggregates parallel to the strain increased as chains
were aligned and aggregated along the strained axis. Likewise,
the aggregate quality, as indicated by the exciton bandwidth, W,
the inverse of which is related to conjugation length of the
polymer, both perpendicular and parallel to the strain were
equivalent at 0% and 10% strain. Above 10% strain, theW value
increased considerably perpendicular to strain. The W value
parallel to strain decreased from 10% to 15% strain, suggesting
an improvement in the ordering of the aggregates, before it
increased from 15% to 20% strain. One possible explanation for
this observation is that chains have begun slipping past each
other to a less favorable configuration,52 which agrees with our
findings that the yield point of P3DDT is above 15% but below
20% strain.
Finally, we utilized the yield point found by LADYP, the

crack-onset determined by the same cyclic straining, and the
tensile modulus previously reported by us for the P3ATs11,12 to
approximate (very roughly) their stress−strain curves (Figure
7), so that it would be possible to calculate the modulus of
resilience and estimate the modulus of toughness. We made the
assumption that the stress−strain curve can be approximated by
the tensile modulus (i.e., a straight line) to the yield point and
that above the yield point, the stress remains unchanged until
crack-onset, which we consider the strain at fracture (though
we point out that it is not yet possible to know the stress at
fracture from FOE systems, and this uncertainty is why one can
only estimate the total energy absorbed at this point, i.e., the
toughness, very roughly). This highly simplified curve shape
(i.e., the behavior from the yield point to the strain at fracture is
approximated by a horizontal line) is nevertheless similar to the
stress-strain curve previously reported for bulk P3HT.36,53 We
then used the curves to determine the moduli of resilience and
to roughly estimate the modulus of toughness for the P3ATs.
In the cases of P3PT and P3HT, the crack-onset strain was

Figure 4. Micrographs of representative films of the P3ATs studied in
this work. The micrographs in the column on the left are of films in
the relaxed state which had been strained just below the yield point.
The micrographs in the column on the right are of films in the relaxed
state after they have been strained above the yield point. The dashed
lines drawn in the P3PT micrograph in the right column are eye guides
to highlight buckling of the film.

Figure 5. Yield point vs thickness for P3DDT. All films were prepared
and evaluated as described above.

Figure 6. Evolution of weakly interacting H-aggregate model
parameters with strain in P3DDT. The measurements were taken
with polarized light both parallel and perpendicular to the direction of
strain. W is the exciton bandwidth and is inversely related to
conjugation length. The region above the yield point as determined by
buckling onset is highlighted in yellow.
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lower than the yield point strain, however, we attributed this to
differences in the preparation of the substrates and
inhomogeneities in thickness in the films (which localize strain
and produce cracks).11,12

Because the goal of these calculations was to estimate
roughly the resilience and toughness, we estimated the crack-
onset to be equal to the yield point in these cases. The
mechanical properties derived from a typical stress−strain curve
are summarized in Table 2. We found that although the higher
modulus materials (i.e., P3PT and P3HT) have a higher
approximate modulus of resilience, the P3OT and P3DDT
films had a much higher modulus of toughness due to their
greater crack-onset strain. This approximation suggests that, at
least in the technologically relevant FOE systems, the films of
P3OT and P3DDT can absorb a greater amount of energy
before film failure due to cracking. The toughness of these films
is important particularly in outdoor or wearable applications,
where the resistance to fracture due to sudden unintended
impact events (e.g., an object being accidentally dropped onto
the device) is critical for continued real world device
performance.

5. CONCLUSION
We described a new technique for measuring the yield point of
polymer thin films supported on elastic substrates, LADYP,
which provided insights on the effects of alkyl side-chain length
and film thickness on this previously difficult to measure
mechanical property. Experimental results indicated a correla-
tion between alkyl side-chain length with yield point and a
critical film thickness below which the yield point increases by
up to a factor of 3. These findings were then used to roughly

estimate the modulus of resilience and modulus of toughness of
FOE systems to inform the design of more robust materials and
devices for portable, outdoor, and wearable applications.
Further investigation of the effects of the amount of crystallinity
or aggregation of the thin films, adhesion of the film to the
substrate, rate-dependency of strain on the yield point, and
substrate mechanical properties (e.g., tensile modulus and
elastic limit) will be necessary to understand fully how devices
will perform under real world stresses. Moreover, the method
we described is highly practical, as the onset of buckling may
not represent the yield point one would obtain in a typical
tensile test. Deviations could arise from the highly anisotropic
geometry of a thin film, microstructures that depend on depth,
the adhesion with the substrate, and unequal chemical
environments at the top and bottom surfaces of the film.
Nevertheless, it is the properties of the film when integrated
with a flexible or stretchable substrate, not those of a bulk
sample, that will determine the extent to which a real device can
be deformed.
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