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A Flexible Photovoltaic Fatigue Factor for Quantification of
Mechanical Device Performance

Lulu Sun, Kenjiro Fukuda,* Ruiqi Guo, Luigi A. Castriotta, Karen Forberich, Yinhua Zhou,
Takao Someya, Christoph J. Brabec, and Osbel Almora*

Flexible emerging photovoltaic technologies, such as organic and perovskite
photovoltaics, hold great potential for integration into tents, wearable
electronics, and other portable applications. Recently, Fukuda et al. (2024)
propose a bending test protocol for standardizing the mechanical
performance characterization of flexible solar cells, focusing on 1% strain over
1 000 bending cycles. This marked an important step toward establishing
consistency and good practices in the literature. However, even with this
unified protocol, accurately comparing the mechanical flexibility of solar cells
is hindered by the variated influence of parameters like thickness, bending
radius, and power conversion efficiency (PCE) evolution during mechanical
testing. Herein, a new figure of merit is introduced, the flexible photovoltaic
fatigue factor (F), which integrates PCE retention, strain, and bending cycles
into a cohesive framework. Guided by a detailed multilayer mechanical model,
this metric enables more accurate strain analysis and promotes consistent
reporting, paving the way for performance optimization in flexible
photovoltaics.

1. Introduction

Emerging photovoltaics (ePVs) technologies have garnered sig-
nificant attention within the research community due to their
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potential to revolutionize the solar energy
market through scalable, cost-effective,
and versatile applications.[1] Unlike tra-
ditional rigid silicon-based photovoltaics,
ePVs offer unique advantages such as
flexibility, transparency, and integration
into various substrates, making them
prime candidates for wearable electronics,
curved surfaces, and other unconventional
environments.[2] These advancements
have paved the way for a new class of
applications.[3] However, with this progress
comes the necessity to address key chal-
lenges, particularly the mechanical and
operational stability of these devices when
subjected to repetitive mechanical stress.[4]

While power conversion efficiency
(PCE) remains a critical metric in eval-
uating the performance of ePV devices,
mechanical durability is vital for prac-
tical applications.[5] Researchers have
comprehensively enhanced the mechanical

flexibility of photovoltaic devices from the perspectives of
materials, interfaces, and device structure. By modifying
molecular design and synthesis, the mechanical properties
of semiconductor layers such as polymers and perovskite
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materials have been strengthened, ensuring consistent opto-
electronic performance of the photoactive layer under bending
conditions.[6] Strategies to enhance interfacial adhesion have
also been widely applied in flexible ePVs, preventing delamina-
tion and charge carrier extraction degradation after mechanical
tests.[7] Additionally, optimizing device structures, such as
adopting top-illumination structures and encapsulation mate-
rials, effectively mitigates device degradation caused by stress
concentration.[8]

Notably, current flexible photovoltaic research predominantly
focuses on the retention of PCE following mechanical testing,
often over hundreds or thousands of bending cycles with dif-
ferent bending radii.[9] Parameters such as bending radius (R)
and number of bending cycles (NBC) are frequently reported.

[10]

For example, the latest reported champion efficiencies on flexi-
ble perovskite photovoltaics were reported by Ren et al.[11] and
Tong et al.,[12] showing an initial power conversion efficiency
(PCEinitial) value of 25.09 (24.90% certified) and 25.05%, respec-
tively. They reported bending tests with final power conversion
efficiency (PCEfinal) values of 22.58% and 23.29% with relative
PCE retention (10% and 7% of relative PCE lost, respectively)
of 90% and 93%, after 10,000 and 5,000 cycles of mechani-
cal bending at radii of 6 and 5 mm, respectively.[11,13] Mean-
while, crucial factors such as substrate thickness, Young’s mod-
ulus, and layer-by-layer strain distribution are often neglected,
which hinders accurate comparisons. For example, even if the
same material and device structure are prepared on flexible sub-
strates of different thicknesses, mechanical flexibility will ex-
hibit a large variation due to different stress distributions.[14]

The stability of these devices under strain, especially in flexi-
ble configurations, has been inconsistent across studies.[15] The
absence of standardized testing protocols leads to discrepan-
cies in the reported mechanical stability data, making it dif-
ficult to establish clear benchmarks for flexible photovoltaic
performance.
Recently, Fukuda et al.[16] proposed a bending test pro-

tocol for the mechanical characterization of flexible photo-
voltaics, recommending 1% strain over 1 000 bending cy-
cles, along with a comprehensible discussion of best practices
for mechanical bending methodology and measurement con-
ditions. These values of strain (𝜀) and number of bending cy-
cles (NBC) have been regarded as optimal for the mechani-
cal properties of most typical materials in emerging photo-
voltaics (see Table 1), meaning that bending tests with 𝜖<1%
and NBC <1 000 are likely to provide relatively low stress to the
sample.
Literature reports on PCE retention in organic photovoltaics

(OPV) and perovskite solar cells (PSCs) are plotted in Figure S1
(Supporting Information) and the corresponding data is listed
in Table S1 (Supporting Information) as a function of substrate
thickness (ts), 𝜀, NBC, and PCEinitial. We underscore the impor-
tance of following best practices, since neglecting parameters
such as ts, 𝜖, NBC, and PCEinitial hinders the accurate assessment
of mechanical performance in flexible photovoltaics. Moreover,
while each plot in Figure S1 (Supporting Information) offers
valuable insights, a broader view reveals the limitations of PCE
retention as a standalone metric for assessing mechanical per-
formance. A first take on these plots reveals broadly distributed
data, with single high retention values reported for more or less

any condition. In a close view, for instance, high PCE reten-
tion values in Figure S1a (Supporting Information) also show
relatively low values of 𝜀, and NBC (see Figure S1b,c, Support-
ing Information), raising questions about whether the devices
truly had high performance or simply experienced small me-
chanical stress during testing. In addition, even though efficiency
retention as a function PCEinitial in Figure S1d (Supporting In-
formation) shows the final desired outcome, regardless of the
bending test, it fails to reflect the mechanical properties of the
samples.
In this article, a new figure of merit—the photovoltaic fatigue

factor (F)— is proposed as a metric to quantitatively compare
the mechanical stability of flexible photovoltaic devices under
varying strain and bending cycle conditions. To the best of our
knowledge, the proposed fatigue factor is the first single ana-
lytical expression that combines essential parameters such as 𝜖,
NBC, PCEinitial, and PCEfinal into a single framework, allowing for
more consistent comparisons across different studies and device
architectures. This metric is guided by a mechanical strain mod-
eling of the typical multilayer structure of flexible photovoltaic
devices. By integrating parameters such as the thickness and
Young’s modulus of each layer, we provide a comprehensive un-
derstanding of how mechanical stress is distributed throughout
the device under bending conditions. Using established equa-
tions to calculate strain in multilayer stacks, we illustrate the ap-
plicability of the photovoltaic fatigue factor in flexible PV tech-
nologies, including organic and perovskite solar cells, among
others.

2. Revisiting Strain Models in Photovoltaics

Following the common layer structure of ePVs, which includes
at least one absorber and two selective transport layers, we con-
sider the bending strain of a multilayer stack with the 1st layer
at the bottom and the nth layer at the top (Figure 1a).[17] The
film thickness and Young’s modulus of the ith layer from the
bottom (ti, Ei) determine the strain experienced by the film
when bent. In the bent state, the outermost layer (nth layer in
Figure 1a) experiences the highest tensile strain in the lateral di-
rection x, whereas the innermost layer (1st layer in Figure 1a)
undergoes the highest compressive strain. The strain values vary
along the thickness direction (z), with a neutral strain position
(b) inside the device, where no strain is applied by bending
(Figure 1b). Tensile stresses lead to rupture, while compressive
stresses primarily cause delamination (see Figure 1c),[18] and the
extent of failure depends on each layer’s critical strain and in-
terfacial adhesion. These stresses also affect long-term stability
by altering material properties due to the stored strain energy
over time.
For example, in flexible OPV devices, understanding the pri-

mary degradation mechanisms is crucial for enhancing mechan-
ical and operational stability, especially under repeated flexing
and bending. One common degradation issue is the propaga-
tion of microcracks within mechanically weak layers, particularly
those with lower elasticity or poor adhesion to adjacent layers.
These microcracks can initiate under stress and propagate over
time, leading to performance degradation through loss of electri-
cal continuity and compromised material integrity. Additionally,
accumulated residual stresses are a significant factor in device
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Table 1. Young’s moduli for materials used in organic solar cells.

Layer Materials Young’s modulus [Gpa] Yield strain [%] Crack onset strain [%] Reference or remark

Substrate PDMS 10−3 >100 [18,39]

Substrate PEN 2–6 6.5–9.6 15–50 [18,24]a)

Substrate PET 2–5 4–6 30–600 [18,24]b),c)

Substate PES 2.5–4.6 3–6.5 40–80 [18,40]d)

Substrate Colorless polyimide 1.7–4.5 8 100–200 [18]e),f)

Substrate/encapsulation Parylene-C 2.8–4 2–3 <200 [18]g)

Substrate/encapsulation Glass 50–90 0.1i) [18]b)

Transparent electrode ITO 100–150 0.6–1.5 [18,38,41]

Transparent electrode Graphene 1000 13i) [18,42]

Transparent electrode AgNWs ≤2.64 GPa [43]

Transparent electrode Single walled
Carbon nanotube

1000 16i) [18]

Transparent electrode
/Hole transport layer

PEDOT:PSS 0.8–2.8 ≈10 [44]

Hole transport layer MoOx 90 [4d]

Hole transport layer Spiro-OMeTAD 15 [45]

Hole transport material Graphene oxide 208 0.6j) [18,46]

Electron transport layer ZnO 110 0.3j) [18,47]

Electron transport layer TiO2 230–288 h)

Electron transport layer SnO2 122–304 [48]

Electron transport layer LiF 65 i)

Organic active layer P3HT/PCBM 4.3–6 0.7–2 [49]

Organic active layer PM6:Y6 5.8 [4b,50]

Organic active layer PM6:Y7 1.6 2.2 [50–51]

Perovskite active layer MAPbI3 10–24 1.1–1.7 [52]

Perovskite active layer MAPbBr3 11–28 0.5–0.6 [52a]

Opaque electrode Ag 69–83 0.2 50 [18]c)

Opaque electrode Al 70 2.5—15 0.13–50 c)

Opaque electrode Au 77 1–15 30 [7b]c),h)

Opaque electrode Cu 110 30 50–60 [7b]c),h)

Passivation AlOx 200–400 ≈1 [53]h)

Passivation SiOx 66–75 1–4j) h)

Passivation SiN 166–297 0.5–2j) h)

a)
Teonex, Teijin (https://www.teijin-resin.com/products/teonex);

b)
The Engineering ToolBox (https://www.engineeringtoolbox.com/young-modulus-d_417.html);

c)
Matweb

(https://www.matweb.com/);
d)
SUMITOMO CHEMICAL (https://www.sumitomo-chem.co.jp/sep/english/products/pes/pes_fg_ippan.html);

e)
Neopulim, Mitsubishi Gas

Chemical Company (https://www.mgc.co.jp/eng/products/ac/neopulim.html);
f)
PIVAR, Mitsui Chemicals (https://tw.mitsuichemicals.com/rwd1438/store/F2/201202_

PIVAR.pdf );
g)
Specialty coating systems (https://scscoatings.com/technical-library/);

h)
AZO Materials (https://www.azom.com/);

i)
CRYSTRAN (https://www.crystran.

co.uk/optical-materials/lithium-fluoride-lif );
j)
It is unclear from the literature whether COS or yield strain values are shown.

degradation. These stresses can arise from repeated mechanical
deformation or temperature changes and are often exacerbated
bymismatches in Poisson’s ratios between different layers. These
mismatches might lead to differential expansion or contraction,
creating concentrated stress points with microstructural failures,
such as delamination or cracking at the interfaces. To mitigate
these issues, multilayer designs or stress-buffering layers can
help absorb and/or redistribute stresses throughout the device.
Moreover, exploring materials with compatible mechanical prop-
erties, especially in terms of Poisson’s ratio and Young’s modu-

lus, could reduce the buildup of residual stresses. Such strate-
gies are essential for extending the operational life and reliability
of flexible PVs, particularly in applications demanding extensive
bending or exposure to dynamic environments.
Since degradation and failure of devices are typically governed

by strain imposed on the material, discussing strain (instead
of the bending radius) is critical at the fundamental research
level. In the following sections, we will discuss how to calculate
strain experienced by individual flexible films having multi-stack
configurations.
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Figure 1. Schematic of multilayer stacks for strain mechanical models. The cross-section view used to denote the neutral mechanical plane in a) is
magnified in b). In c), a schematic illustration illustrates the typical failure of a device with a multi-stack structure under applied bending strain. d)
Schematic of the one-layer and the two-layer models. The neutral strain position b shifts from the center of the substrate toward the device side due to
the thin device placed on the substrate.

The equation for bending strain of a multilayer stack 𝜀ML in
the lateral direction (x) at any position along the thickness (z) is
given by:[17]

𝜀ML =
z − b
R

(1)

where R is the bending radius and b is the neutral mechanical
plane (zero-strain position) given by:[19]

b =

∑n
i=1 Eiti

[∑i
j=1 tj −

ti
2

]

∑n
i=1 Eiti

(2)

where Ei and ti denote the Young’s moduli and thicknesses of the
individual layers. Equation (1) shows that 𝜀ML becomes 0 at the
position z = b. The strain has a negative value below the neu-
tral mechanical plane and a positive value above it. Since we are
considering outward bending here, positive values correspond to
a tensile strain (𝑧 equals the total thickness in Equation (1)), and
negative values correspond to compressive strain (𝑧 = 0 in Equa-
tion (1)). The maximum tensile strain is applied at the top sur-
face, and the minimum (absolute maximum) compressive strain
is applied at the bottom surface. In the real operation of flexible
devices, both outward (positive) and inward (negative) bending
may be experienced.[20] However, we conveniently recommend
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outward bending for mechanical performance comparisons[16]

taking the absolute value of the strain, with the substrate as the
1st layer and the device layer(s) at the nth position.
Since Equations (1) and (2) complicate obtaining strain values,

many reports use approximations to calculate the strain under
bending. Here, we will discuss the assumptions made in these
approximations and their validity. When n = 1 in Equation (2),
the bending strain of a single and uniform material will be con-
sidered. In this case, the neutral mechanical plane of such single-
layer film b1L is given by:

b1L =
E1t1

(
t1
2

)

E1t1
=

t1
2

(3)

Then, the lateral strain (𝜀1L) can be determined by the follow-
ing equation:

𝜀1L =
z − t1

2

R
(4)

Therefore, the maximum strain at the top surface (z = t1 /2)
is given by:

𝜀1L =
t1
2R

(5)

Notably, Equations (1–5) are applicable to both inward and out-
ward bending cases, providing the corresponding strain value
sign and numbering for the layers in Equation (1). For instance,
for inward bending in Equation (1), the device starts at the 1st
layer and the substrate becomes the nth layer.
The one-layer model in Equation (5) can conveniently describe

the strain in thin-film solar cells taking t1 as the thickness of the
substrate when the mechanical properties of the actual “device”
do not contribute significantly. However, this is not always the
case. Typical flexible PVs use a multilayer stack structure, and
the relation between the thicknesses and Young’s moduli of each
layer can affect the strain.
As an alternative to Equation (5), the most frequently used ap-

proach is to simplify the multilayer stack to two layers: a thick
substrate with thickness ts and Young’s modulus Es and a uni-
form “device” layer with thickness td and Young’s modulus Ed. In
this case, the first and second layers correspond to the substrate
and the device, respectively (t1 = ts , E1 = Es, t2 = td , E2 = Ed).
For these two-layer cases, the neutral position b2L can be obtained
as follows by setting n = 2 in Equation (2):

b2L =
E1t1

(
t1
2

)
+ E2t2

(
t1 +

t2
2

)

E1t1 + E2t2
=

t1
2

1 + 2 E2
E1

t2
t1
+ E2

E1

(
t2
t1

)2

1 + E2
E1

t2
t1

(6)

Here, by using the new parameters 𝜂 = td /ts and 𝜒 = Ed /Es
representing the ratios of thickness and Young’s modulus, re-
spectively, Equation 6 can be rearranged to:[21]

b2L =
ts
2
1 + 𝜒𝜂 (2 + 𝜂)

1 + 𝜒𝜂
=

ts
2
1 + 2𝜒𝜂 + 𝜒𝜂2

1 + 𝜒𝜂
(7)

In this case, the neutral strain position b2L shifts from the cen-
ter of the substrate toward the device side due to the device being
placed on the substrate (Figure 1d). The position at the top sur-
face (or surface of the device) can be expressed as z = ts + td,
thereby the two-layer tensile strain at the top surface in outward
bending is given by:

𝜀2L =
ts + td − b2L

R
=

ts
2R

1 + 2𝜂 + 𝜒𝜂2

1 + 𝜒𝜂
(8)

If Young’s moduli of the substrate and the device are similar
and the device thickness is much smaller than that of the sub-
strate (td ≪ ts or 𝜂 = 0), Equation (8) can be simplified to the
one-layer model of Equation (5); i.e. 𝜀2L≅𝜀1L.

[20] In cases where
the above approximation is valid, we can use the simpler Equa-
tion (5) for the strain calculations.
The simple one-layer strain model introduced in Equation (5)

provides a good description for devices that behave as a sim-
ple effective material, which is a valid approximation when the
mechanical properties of all layers are similar. We conducted
mechanical simulations (COMSOL Multiphysics, see section
S1, Supporting Information) to examine the impact of vary-
ing substrate thickness on the stress distribution, as shown in
Figure 2a. The simulation results clearly demonstrate that in-
creasing substrate thickness proportionally raises stress for a
given device thickness, significantly affecting their mechanical
performance. Equation (5) illustrates the important point that
the thinner the film, the smaller the value of strain imposed
on the surface for the same radius of curvature (Figure 2b).
This has been experimentally demonstrated by recent reports of
“clumpable” photovoltaics using substrates with a thickness on
the order of 1 μm.[2a,8a,22] The equation shows the importance of
specifying the thickness of the substrate (and other layers) for a
fair comparison of flexibility properties among different devices.
Furthermore, we discuss the appropriate range of the approx-

imation that calculates the strain of a multilayered device using
a simplified one-layer model by comparing the one-layer model
with a two-layer model. In the two-layer model, the strain under a
specific bending radius depends on both the ratio of thicknesses
𝜂 and the ratio of Young’s moduli 𝜒 . We have plotted the radius
of curvature for 𝜀2L = 1% under the constraint of a fixed device
thickness of 1 μm (Figure 2c,d).[18] As in the one-layer model, it
is observed that the smaller the thickness of the substrate (that
is, the larger the 𝜂), the smaller the value of the radius of cur-
vature that gives 𝜀 = 1% strain. In addition, this plot suggests
another important correlation with respect to 𝜒 . Specifically, the
larger the value of 𝜒 (indicating softer substrates in relation to
the device), the smaller the value of the radius of curvature that
gives 𝜀2L = 1% strain. This implies that employing an extremely
soft substrate is an effective engineering approach to improve the
bending cycle stability at the same curvature radius. This is ex-
emplified in the research conducted on OPVs by Cui et al.,[23] uti-
lizing polydimethylsiloxane (PDMS) soft elastomer material as
substrates.
The distribution of 𝜀2L/𝜀1L is plotted versus thickness ratio 𝜂

and Young’s moduli ratio 𝜒 in Figure 2e. In the ranges where 𝜂
< 0.1 and 𝜒 < 10, both models are nearly equivalent (𝜀2L≅𝜀1L).
On the other hand, the one-layer model underestimates the
strain (𝜀2L ≥ 2𝜀1L) for 𝜂 > 0.5 and 𝜒 < 1, and overestimates it
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Figure 2. One-layer and two-layer strain models simulation. a) Mechanical stress simulations of OPV devices on substrates of different thicknesses (1,
10, and 100 μm) under bending. b) Absolute strain calculated according to the one-layer model of Equation (5) as a function of the film thickness t1 and
for different bending radii. c,d) Bending radius in the two-layer model calculated using Equation (8). The black dashed line indicates Young’s modulus
of the typical substrate (PET) of the flexible PVs. The contour plot (c) considers a film with 𝜀2L = 1% on a device thickness (td) of 1 μm versus Young’s
modulus ratio 𝜒 = Ed /Es and substrate thickness ts. The 2D graph d) plots the corresponding bending radius curves as a function of 𝜒 for three ts
values: 100 μm (black), 10 μm (blue), and 1 μm (red). e) Comparison of strain values calculated with the two-layer model (𝜀2L) and the one-layer model
(𝜀1L). The color represents the strain ratio 𝜀2L/𝜀1L depending on the thickness ratio 𝜂 = td /ts and Young’s modulus ratio 𝜒 = Ed /Es.

Adv. Funct. Mater. 2025, 35, 2422706 2422706 (6 of 12) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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(𝜀2L ≤ 𝜀1L/2) for 𝜒 > 100. Common substrate materials in flexible
ePVs are polyethylene naphthalate (PEN) or polyethylene tereph-
thalate (PET), with a typical thickness of 100 μm and a Young’s
modulus of units of GPa.[18,24] With a typical device thickness in
the order of 1 μm, and the largest Young’s modulus in the device
of ≈100 GPa for metal oxides such as indium-tin-oxide (ITO),[18]

such a condition gives 𝜂 = 0.01 and 𝜒 = 10, which are within the
range that both models are nearly equivalent (𝜀2L≅𝜀1L). There-
fore, using the approximation of the simplest model is reason-
able. However, if the elastic properties and/or the film thickness
ratios of more than one layer are outside the range discussed
above, simple strain calculations using the one-layer or two-layer
approximations are likely to be inappropriate. In such cases when
the substrate is very thin (typically < 10 μm) or extremely soft
(using materials over 100 times softer than the electrodes), it is
more accurate to calculate strain using the multilayer model, us-
ing the thickness and Young’s modulus of each layer as input pa-
rameters. Experimentally, determining Young’s moduli for mul-
tilayer films can be challenging. Therefore, literature values or
similar values from comparable materials can be used as approx-
imations. Alternatively, a range approximation can be done for
the two-layer model with respect to Young’s moduli. The min-
imum strain in the two-layer model is found when Ed ≫ Es in
Equation (8), i.e. lim

𝜒→∞
𝜀2L, which results

𝜀2L,min =
ts
2R

𝜂 =
td
2R

(9)

Note that Equation (9) leads to the one-layer model of Equa-
tion (5), only that td = t1 indicates a much softer composition
of the substrate (below in Figure 1d) with respect to the device
(above in Figure 1d). On the other hand, the maximum strain in
the two-layer model is found when Ed ≪ Es in Equation (8), i.e.
lim
𝜒→0

𝜀2L, leading to

𝜀2L,max =
ts
2R

(1 + 2𝜂) =
ts + 2td
2R

(10)

Equation (10) indicates that the thickness of a much softer
device layer (above in Figure 1d), can contribute up to twice
the strain value than the thickness of the substrate (below in
Figure 1d). The strains of Equations (9 and 10) provide a range
for [𝜀2L,min, 𝜀2L,max] where the experimental strain could be ex-
pected, which can be used for comparison. In addition, note that
Equations (8–10) correspond to the outward tensile bending case,
following recent guidelines recommendations.[16] Other strain
configurations would require different analytical or numerical
approaches for estimating the strain. Typical examples include:
inward compressive bending, near-neutral strain bending in en-
capsulated flexible solar cells, and stretching.
In summary, the multilayer model provides greater accuracy

than the single-layer model when considering extremely thin or
soft materials as substrates. Soft elastomer substrates such as
PDMS and thin substrates with thicknesses of ≈1 μm, are typical
examples where the multilayer model is essential. For instance,
a single 1 μm-thick substrate film requires a bending radius of
R = 50 μm to generate a 1% strain at the outermost surface.
Mainstream devices, however, typically use 100 μm PEN/PET
substrates. When such substrates, along with functional layers

totaling 1 μm or less in thickness, are used in ePV structures,
the difference between 𝜀1L and 𝜀ML becomes negligible and us-
ing 𝜀1L is acceptable. For example, a 5 mm bending radius to a
100 μm substrate results in a 1% strain in the single-layer strain
model (Figure 2b). Table 1 outlines Young’s moduli of commonly
used materials for flexible ePV devices. It is critical to clearly
specify the substrate thickness and, when possible, provide cross-
sectional images showing the thickness of each layer. This clar-
ity ensures accurate strain analysis and validates the strain
calculations.
Overall, bending test evaluations for flexible photovoltaics

should prioritize applied strain over bending radius alone. Sub-
strate thickness is a crucial factor in determining strain values,
and it is important to explicitly report both the total device thick-
ness and individual layer thicknesses. For polymer substrates
thicker than 10 μm with Young’s modulus ≈1 GPa, a simple
strain calculation using Equation (5) is generally sufficient. This
applies to most of the reported flexible organic photovoltaics
which currently use plastic substrates thicker than 100 μm, while
devices are thinner than 1 μm.However, strain calculations using
more rigorous equations (Equation (1), (2), and (8)) are recom-
mended when discussing ultrathin and highly soft substrates. In
these cases, two or more layers should be accounted for the eval-
uation of the strain.

3. The Flexible Photovoltaic Fatigue Factor for Solar
Cells

When similar mechanical tests use the same strain and cycle
numbers, instead of the bending radius, it becomes relatively
easy to make a fair comparison between multiple literature re-
sults. However, when the values of 𝜀 and/or NBC are different,
it may be unclear whether the mechanical stability test results
are due to the measurement method or the sample properties.
In this case, an appropriate parameter for accurate and objective
comparison should be considered accounting for both the me-
chanical and photovoltaic performance of solar cells in bending
tests. Accordingly, we propose a first-time analytical expression
for the flexible photovoltaics fatigue factor:

F = ΔPCE
PCEinitial ⋅ 𝜀 ⋅ log10

[
NBC

] (11)

where ΔPCE = PCEfinal − PCEinitial is the power conversion effi-
ciency difference between the value before (PCEinitial) and the one
(PCEfinal) after a number of bending cycles (NBC) in a mechanical
stability test with a given absolute value strain (𝜀) to the device.
Notably, the value of 𝜀 can be estimated using Equations (5) or
(8), which serve as good tensile strain approximations for the one-
layer and the two-layermodels, respectively. Thesemodels are ap-
plicable to most common thin-film flexible solar cells. However,
for devices where the mechanical and geometrical properties of
the layer sequence cannot be simplified to a single “device layer,”
the strain formulation using Equations (1) and (2) must be re-
defined. In such cases, 𝜀 and F should be explicitly referenced
with respect to a specific layer within the device, such as the ab-
sorber layer. Additionally, while 𝜀 and NBC can theoretically take
any positive values, we recommend conducting experiments with

Adv. Funct. Mater. 2025, 35, 2422706 2422706 (7 of 12) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH

 16163028, 2025, 19, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202422706 by Forschungszentrum
 Jülich G

m
bH

 R
esearch C

enter, W
iley O

nline L
ibrary on [21/05/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.afm-journal.de


www.advancedsciencenews.com www.afm-journal.de

Figure 3. Flexible photovoltaic device fatigue factor. Panel a) shows calculated F values for 1% strain and 1000 bending cycles within the range up to
25% PCE in Equation (11); b,c) show experimental values from the literature, as summarized in Table S1 (Supporting Information), as a function of the
substrate thickness and initial power conversion efficiency; d) shows the simulated values for F90 following Equation (12).

𝜀= 1% andNBC = 1000 as baseline conditions for consistency and
comparability.[16]

The newly introduced definition (11) is expressed as a percent-
age, the fatigue factor indicates how different themechanical per-
formance of the device is with respect to a reference device with
unitary fatigue factor F = − 1 (e.g., 1% decrease of PCE after 10
bending cycles with 1% strain). For example, Figure 3a shows
the calculated values for F as a function of the initial and final
efficiencies, assuming 𝜀 = 1% and NBC = 1000 in Equation (11).
In that plot, it is clear that small percentages of F require high
PCE stability under higher bending cycles tests. Particularly, the
log10[NBC] dependency of F was introduced in analogy with typi-
cal experimental behaviors for stress-cycles curves in polymers[25]

and steel,[26] and because of practical reasons, for avoiding am-
biguity in F from tests with low strain and high number of
cycles.
The value of F is determined by the mechanical and photo-

voltaic properties of the materials comprising the flexible solar
cells. Mechanically, the strain provides the information on struc-
ture, geometry and Young’s modulus. Additionally, the bending
radius within the strain offers a relative measure on how close
the material is to its respective yield strain and crack onset strain.
From a photovoltaic perspective, the properties of the active de-
vice materials directly influence ΔPCE. For instance, even if the

cell architecture is optimized to position the active device layers
at a neutral strain location, variations in F would be expected due
to differences in the optoelectronic properties of the device mate-
rials. Furthermore, the dependency of 𝜀 and ΔPCE on NBC high-
lights how both mechanical and photovoltaic material properties
collectively impact cell performance during bending tests, ulti-
mately shaping the value of F.
Intuitively, a greater sample instability correlates with higher

absolute values of |F|, with a negative sign indicating a de-
crease of PCE. Conversely, a high stability of flexible cells would
correspond to small absolute values of |F|. Positive values of F de-
note an increase in PCE, while negative values signify a decrease.
Note that 𝜀 is recommended positive,[16] from outward tensile
strain bending, but F is defined in Equation (11) as a function
of the absolute value of 𝜀 for avoiding sign ambiguity (e.g., with
inward bending). Therefore, the sign of F should only indicate
that of ΔPCE. Moreover, although F < 0 is more typical and gen-
erally expected for bending tests with high values of 𝜀 and NBC,
positive values (F> 0) can be often observed for intermediate and
low values of 𝜀 and NBC. This latter scenario aligns with the char-
acteristic initial increase in PCE observed in early stages of stabil-
ity tests in emerging PV technologies such as PSCs.[27] However,
for other PV technologies or for bending tests conducted under
high values of 𝜀 and NBC, the definition of F can be simplified

Adv. Funct. Mater. 2025, 35, 2422706 2422706 (8 of 12) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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to its absolute form, to more intuitively represent performance
losses: the smaller the value of |F|, the better.
The fatigue factor F(PCEfinal) takes the “least desired” value

when full PCE degradation (PCEfinal = 0, 0% PCE retention) oc-
curs, namely F = −1/ 𝜀 Log10[NBC]. For instance, when compar-
ing two cells until complete PCE decrease under the same 1%
strain, the higher the bending cycles the better the performance
of the device, resulting in a higher F value (smaller |F| absolute
value).
In contrast, the optimum outcome from an operational and

mechanical stability test would be the complete stability (PCEfinal
= PCEinitial , 100% PCE retention) making F = 0; i.e. no fa-
tigue. Using an analogy, water freezing point (0 °C) is to tem-
perature T what complete stability (0%) is to fatigue factor F.
Nevertheless, care must be taken with reporting experimental
values of F = 0, which neglects the experimental accuracy of
the bending test and prevents the comparison between sam-
ples with similar PCE steadiness but different measurement
conditions.
For example, neglecting experimental accuracy results in F =

0% for two different cells with PCEfinal = PCEinitial = 10.0% tested
under 1% strain, after 1000 and 10000 bending cycles, respec-
tively, despite the fact that the performance is better for the cell
with the higher value of NBC. This problem can be solved by, for
instance, using a one-digitΔPCE for the last specified significant
digit of thePCE values. Accordingly, the aforementioned example
(PCEfinal = PCEinitial = 10.0 ± 0.1%) can be solved taking PCEfinal
≈ 9.9% in both samples, which results in ΔPCE = − 0.1% and
different values of F = − 0.33 and F = − 0.25 for the cells with
1000 and 10000 bending cycles, respectively. This approximation
clearly expresses the different performances of each device and
allows for a more accurate comparison.
Experimental values for F have been calculated for mechanical

stability tests reported in the literature, as listed in Table S1 (Sup-
porting Information). The results are displayed in Figure 3b,c as
a function of the substrate thickness and the initial efficiency,
respectively. In these plots, the best-performing reports are ex-
pected toward the top region of the graphs, i.e. highest F values
(smallest absolute values |F|). Notably, the graph in Figure 3b
separates the behavior of ultra-thin devices from more typical
samples based on the thicker devices. Moreover, the graph of
Figure 3c focuses on efficiency, showing the most desired out-
comes toward the right-top region of the plot. The highest values
for F are found for OPV cells, whereas the lowest substrate thick-
nesses and highest PCE values correspond to PSCs, as presented
in Figure 3b,c.
Illustratively, Figure S2 (Supporting Information) presents

simulated F values for ΔPCE = − 0.01%, 1% strain and several
numbers of bending cycles as a function of the bandgap energy
assuming PCEinitial as the detailed balance efficiency limit for sin-
gle junction solar cells.[54] Notably, these values do not express a
physical dependency of F on the bandgap of the materials, but
a mathematical consequence of the measurement accuracy se-
lected for ΔPCE. Nevertheless, a clear indication is shown that
the higher the initial efficiency, the better.
The best experimental value for the fatigue factor has been

found for the devices reported by Qin et al.,[28] with F = −
1.38% for a PM6:BTP-eC9:PC71BM-based flexible OPV cell on a
120 μm-thick PET(Ag-grid) substrate tested over 1000 bending cy-

cles under 1.5% strain. Furthermore, among PSCs, the highest
mechanical stability with F = − 6.61% has been achieved by Ahn
et al.,[29] who fabricated a MAPbI3-based cell on a PEI substrate
with a thickness of 15 μm, tested during 1000 bending cycles un-
der a 0.75% strain, although the initial efficiency of these samples
(6.72%) was relatively low. Moreover, we also highlight the work
by Tan et al.,[7d] who reported flexible all-perovskite tandem so-
lar cells with a substrate thickness of 175 μm and PCEinitial = −
24.6% that withstood 10 000 bending cycles with R = 15 mm for
𝜀 = 0.58% without degradation (100% PCE retention). Consider-
ing the reported accuracy, ΔPCE = −0.1% leads to F = − 17.4%
for the tandem cell.
The definition of flexible photovoltaic fatigue factor in Equa-

tion (11) can be understood as a function F(𝜀, NBC, Xinitial,Xfinal),
where the performance parameter X is the PCE. In a more gen-
eralized approach, X could refer to the evolution of other perfor-
mance parameters (e.g., Voc, Jsc, FF) before and after the mechan-
ical bending test. Moreover, even though the in situ tracking of
performance parametersmay be experimentally challenging dur-
ing bending tests, the fatigue factor could also be represented as
a function of the number of bending cycles, i.e., F(𝜖, X(NBC)).
Therefore, one could focus on the evolution of the performance
parameter up to un specific percentage of decrease/retention. For
example, for PCEfinal/PCEinitial = 0.9 we could define

F90 = − 1
10 ⋅ 𝜀 ⋅ log10

[
NBC90

] (12)

where F90 is the fatigue factor for the PCE to reach 90% of the
initial value after a number of bending cyclesNBC90. Illustratively,
Figure 3b displays some experimental F90 values reported in the
literature, although the corresponding data does not relate to the
in situ measurement of PCE(NBC).
Figure 3d shows the simulated values of F90 for strains ranging

from 0.5%<𝜀<10% and cycle counts 103<NBC90<10
5. This plot il-

lustrates that, for an equivalent relative decrease in PCE, higher
strain and/or a greater number of bending cycles lead to a higher
fatigue factor (indicated by a smaller absolute value |F90|, reflect-
ing lower stability). The metric F90 proves particularly useful in
bending tests with high values of 𝜀 and small values of NBC. For
example, in a test where a solar cell is bent ten times (NBC = 10)
between each J − V curve measurement, a small 𝜀 might result
in negligible PCE loss, necessitating a large number of cycles or
continuous bending, which can be time-consuming. Instead, by
incrementally increasing strain (e.g., reducing the bending ra-
dius) every ten cycles, the J − V curve could be measured until
the PCE retention is 90% for NBC90 = 10. This approach not only
conserves time but also provides valuable information on yield
and crack-onset strains, potentially reducing the need for exten-
sive bending equipment.
The definition in Equation (12) can also be generalized as

F%(𝜖, X(NBC%)) where, the flexible fatigue factor F% is calculated
for the number of bending cycles NBC% that results in a specified
percentage decrease “%” of the parameter X, during a bending
test at strain 𝜀. For instance, in PV devices, X could represent
other performance metrics from the J − V curves, such as Voc,
Jsc, FF, or alternative properties derived from different character-
ization techniques conducted before, after, or during the bend-
ing test. Importantly, this approach could further be extended to
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other flexible energy devices, such as capacitors,[30] batteries,[31]

thermoelectrics,[32] magnetocalorics,[33] and piezoelectronics,[34]

where X could be suitably redefined to align with the perfor-
mance attributes relevant to each device.
Importantly, limitations can also be argued with respect to

the definition of F, which requires careful consideration. F is di-
rectly proportional to the decrease in photovoltaic output power
(ΔPout∝ΔPCE), which is influenced by several test parameters,
such as temperature, incident photon flux, bias, and test dura-
tion. Specifically, test duration and bending rate (or frequency)
are related to the strain power, which is proportional to the square
root of the strain. Therefore, one could argue that F would bene-
fit from incorporating a factor proportional to these parameters,
to reflect the energy ratio between the operational photovoltaic
output and strain energy.
At the core of F’s definition is the relative damage applied dur-

ing the bending test (see e.g., Miner’s damage rule) which is put
into perspective with the photovoltaic performance for the first
time.[35] This relates to the need to evaluate the PCE behavior in
terms of the stress–strain and stress cycle curves.[36] These curves
illustrate how closely the test values of 𝜀 and NBC are with re-
spect to those corresponding to the yield strength[37] and crack
onset[38] values, with proximity indicating greater damage (de-
creasing PCE) and a more extreme test. However, even though
the expression of F could also benefit from including a mechan-
ical damage factor dependency, its definition in Equation (11) ef-
fectively captures and compares the photovoltaic mechanical per-
formance in practical applications. This highlights the need for
detailed reporting of mechanical and operational tests and points
to critical research directions, such as exploring the relationships
between photovoltaic fatigue and mechanical damage, bending
frequency, temperature, yield strain, and crack onset strain.

4. Conclusion

In this article, a new figure of merit is introduced: the flexible
photovoltaic fatigue factor F for solar cells, which condenses the
operational decay over bending cycles for a given strain condition.
In the definition of F, we highlight the importance of accurate
estimation of 𝜀, which summarizes the information on the me-
chanical stress applied to the flexible solar cell during the bending
test, while ΔPCE expresses the photovoltaic performance stabil-
ity over bending cycles. Particularly, for in situ mechanical and
operational stability tests, the F90 fatigue factor is also proposed
which is related to the number of bending cycles for which a 90%
reduction of the power conversion efficiency is found.
We encourage the best practices in the characterization of

the mechanical performance of flexible solar cells, following the
bending test protocol proposed by Fukuda et al., and underscore
the importance of a detailed description of the experiments and
strain calculation models. Specifically, we strongly recommend
reporting the values of ts, R, 𝜖, NBC, PCEinitial, and PCEfinal. By
adopting such standardized reporting practices and utilizing the
fatigue factor as a universal metric, the field of flexible pho-
tovoltaics can move toward a more consistent and comparable
framework for assessing mechanical stability. Our work provides
a practical tool for researchers and lays the groundwork for future
developments in the design and optimization of flexible photo-
voltaic systems for real-world applications.

Additionally, we highlight that while this first formulation of
the analytical expression for F is both effective and practical for
the majority of common flexible solar cells to date, the future
development of non-rigid solar cells may necessitate alternative
bending tests and more sophisticated analytical approaches for
estimating 𝜀. For instance, inward bending, near-neutral stress
bending in encapsulated cells, and stretching tests could even re-
quire the introduction of new parameters analogous to F to ac-
count for the unique mechanical and photovoltaic behaviors of
such devices.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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