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A coupled mechanical and electrical characterization method to monitor the correlation of organic photovoltaic (OPV) electrode resistance and 
cell performance upon tensile strain and to verify the cause of deterioration and the effect of OPV performance under tensile stress has been 
developed. Both a commercial OPV module and ethylene tetrafluoroethylene (ETFE) membrane-printed OPV electrode layers have been tested 
by applying the method. The encapsulation layer strength has been found to be the mechanical bottleneck of the tested com-mercial OPV 
module. The decrease in the transparent electrode conductance has been found to be responsible for cell degradation upon tensile strain, with 
the threshold tensile strain at approximately 2%. A test results com-parison between ETFE- and polyethylene terephthalate (PET)-printed OPV 
layers demonstrated that ETFE-printed electrodes are less brittle and sensitive to tensile strain owing to the network pattern response of ETFE-
printed electrodes. In addition, the adoption of Ag/poly(3,4-ethylenedioxythiophene) (PEDOT) layering can improve the tensile strain threshold 
to almost double to maintaining 80% of the initial normalized layer con-ductance through the advantage of its “bridging effect”. Collectively, 
our results provide valuable information and illustrate a promising future for architectural membrane printed OPV.

1. Introduction

Organic photovoltaics (OPV) is a promising alternative to estab-
lished crystalline silicon-based photovoltaic technologies owing to its
higher flexibility and lower capital cost investments [1–3]. In parti-
cular, the high solution processability of its active materials enables the
adoption of mass printing methods to manufacture high volumes in an
effective way.

However, almost all current research of flexible OPV is carried out
on common plastic substrates (PET, PEN, etc.) with inferior perfor-
mance for architectural integration. Existing commercial OPV modules
also neglect the application requirements as building integrated pho-
tovoltaic (BIPV) elements. Both can highly hinder their future appli-
cations in buildings.

Meanwhile, novel membrane materials, especially ethylene tetra-
fluoroethylene (ETFE), enjoy higher popularity as substitutes for glass
in the contemporary architecture context, thanks to their extraordinary
lightness, high transparency and flexibility [4,5].

The research integration of both can therefore help with the com-
mercial application and market development of OPV while enhancing
the versatility of architectural membrane products. Nevertheless, the
great potential of an architectural membrane as a novel OPV printing
substrate, based on its high performance properties, has never been
explored.

This survey first explores the feasibility and applicability of OPV in
the flexible architectural membrane integration scenarios. Because the
membrane, the applied printing substrate of flexible PV in mainstream
membrane products/structures (tensioned, pneumatic), is subjected to
tensile stress through the application, the primary consideration of this
integration scenario therefore becomes the strength and photovoltaic
performance of the OPV layer/module under stress.

This study devised a novel experimental methodology based on
coupled electrical characterization and uniaxial tensile tests to examine
the mechanical robustness and electrical manifestations of membrane-
integrated OPV upon stress.

In this research, the performance of an existing commercial OPV
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module under tensile stress is first reported to confirm its decay process
and bottleneck limit of mechanical strength and electrical properties.
Afterwards, this work uses the same method to examine the perfor-
mance of functional OPV layers printed on an ETFE substrate under
stress to explore the feasibility of architectural ETFE membrane-printed
OPV layers, which can provide valuable knowledge for subsequent full
OPV module printing on the ETFE membrane.

2. State of the art

Current OPV research has long focused on improving the power
conversion efficiency and operational lifetime of the cell, whereas far
less effort has been spent to optimize its integration for flexible building
product development (and corresponding product performance).

Within the limited available research works concerning the OPV and
even flexible PV integration onto/into architectural membrane foils/
cushions, there are currently three main integration strategies (Fig. 1).

The first is to mechanically integrate flexible PV modules inside a
cushion made of two or three membrane layers, with the edge fixed by
either a mechanical or welding method (Fig. 1a). The embodied OPV
module could be placed in either the upper or lower cavity.

An alternative process is to laminate the flexible PV module onto the
membrane foil (Fig. 1b). This can be realized with suitable adhesive
that can provide sufficient adhesion strength between the flexible PV
module substrate and the membrane foil.

The most promising integration strategy is the direct printing of
OPV modules onto the substrate foil, resulting in either single-layer
membrane foil or integrated membrane cushion BIPV products
(Fig. 1c).

All integration strategies require the incorporation of membrane
substrate and functional OPV layers with distinct mechanical properties
to form a composite product. Therefore, the mechanical properties of
the OPV module and membrane, as well as their performance synergy,
deserve investigation in detail. Meanwhile, the cell performance, with
the functional layer in the condition of operational stress as integrated
onto construction membranes, also must be verified. Both of the re-
search topics lack relevant study.

To date, only limited work has been performed to understand the
mechanical behaviour and electrical response under stress of OPV itself,
and little has been reported about architectural membrane integrated
OPV.

X. Chen and his co-workers investigated the mechanical behaviour
of a commercially available OPV product from Konarka Technologies,
Inc. through tensile testing [6,7]. With a uniaxial experiment, they
obtained the nominal stress–strain curves for the full cell packaging and
the individual layers, recorded the fracture sequence of each layer
through the test, and showed that the two electrodes present in the
stack are the short slab of the cell performance.

V. Brand et al. investigated the film stresses developed in polymer
films and metal electrodes of P3HT and PCBM based bulk heterojunc-
tion organic solar cells [8]. They quantified the compressive stress in
the PEDOT:PSS and Al electrode as well as the tensile stress in the BHJ
layer. They also analysed the relationship between the deposition rate

with the film stresses and cohesion among different layers. However,
the effect of the stress on the layer and device performance has not been
studied.

D. R. Cairns and his co-workers [9] noted the trade-off between
thick layers of ITO to reduce resistivity and thin layers of ITO, which
can withstand greater strain in the substrate.

Darren J. Lipomi and his group evaluated several different con-
jugated polymers with an effort to achieve a mechanically robust and
intrinsically stretchable OPV [10–12]. They demonstrated the different
responses upon tensile loads of poly(3,4-ethylenedioxythiophene):poly
(styrenesulfonate) (PEDOT:PSS), poly-3-hexyl thiophene: phenyl-C61-
butyric acid methyl ester (P3HT:PCBM), diketo pyrrolo-pyrrole moiety,
thiophene, thienothiophene, and thiophene: phenyl-C61-butyric acid
methyl ester (DPPT-TT:PCBM) fabricated on stretchable poly-
dimethylsiloxane (PDMS) substrates. They also explored the crack and
bulking effect through tensile tests, which are in favour of reversible
stretchability. They have also investigated overall the stretchable,
elastic and self-healing materials for OPV and electronic skins [13,14].

Toward the same endeavour, Kaltenbrunner, M et al. developed
ultrathin and lightweight organic solar cells with high flexibility. They
investigated the performance of their cells under extreme mechanical
deformation and cyclic stretching tests. The performance of the tested
solar cells was found to be able to withstand extreme mechanical de-
formations [15].

K. Leppanen et al. also studied the flexibility limit of ITO through
bending tests [16]. The critical bending curvature and the correlation
between the material conductivity and crack numbers were revealed.

However, the characterization of architectural membrane-printed
OPV or its functional layers has not yet been started because no such
cell structure has been fabricated. Even less work has been initialized
with the mechanical flexibility of commercial polymer-printed OPV or
its layers.

C. K. Cho, with his co-workers investigated the mechanical integrity
of gravure printed PEDOT:PSS electrodes on the PET substrate through
both bending and stretching tests [17]. They demonstrated that PED-
OT:PSS film has superior stretchability relative to ITO electrodes. The
same work group also tested the flexibility of a Ag nanowire (NW)
network coated on a colourless polyimide CPI substrate peeled from a
CPI/glass substrate sample [18]. The reported results also showed the
higher flexibility of Ag NW over the ITO electrode. More recently, they
tested the superior mechanical flexibility of transparent carbon nano-
tube (CNT) network electrodes prepared by a brush-painting method on
PET for organic solar cells.

J. G. Tait et al. performed similar work to demonstrate that spray-
coated PEDOT:PSS electrodes were able to withstand far greater me-
chanical deformation before failure than their ITO-based counterparts
[19].

A. Iwan et al. further confirmed that ITO layers on PET foils are
unsuitable for dynamic bending work conditions [20].

Meanwhile, S. Savagatrup et al. announced that P3HpT is an at-
tractive potential replacement for P3HT in flexible, stretchable, and
mechanically robust solar cells, as determined through tensile modulus
comparison with P3HT and P3OT [21].

Some similar work has been performed with printed organic thin-
film transistor (TFT)/light-emitting diodes (LEDs) or their electrode
layers.

T. Sekine and his research group validated the adhesiveness im-
portance of printed Ag electrodes on flexible plastic substrate for the
mechanical durability and real performance of organic TFTs [22].

Z. Yu et al. developed and examined a highly stretchable electrode
based on a carbon nanotube–polymer composite for their polymer light-
emitting diodes [23]. The highly transparent electrode can be reversibly
stretched by up to 50% strain with little change in sheet resistance.

Meanwhile, some research works have studied the performance
response upon strain of amorphous silicon (a-si) solar cells and TFTs
integrated on flexible substrates.

Fig. 1. Three strategies for membrane integrated flexible solar cells: (a)
Mechanical integration; (b) Lamination; (c) Direct printing.



R. Jones et al. defined the threshold values of curvatures and cor-
responding strains of both a-si solar cells and TFTs, employing the
bending test [24]. They reported 0.75% as the strain limit for tension
for a-si solar cells fabricated on 125 μm stainless steel substrate and
0.5% as the failure strain level for a-si TFTs while showing that com-
pression up to 2% strain does not exert a strong effect on either.

H. Gleskova, S. Wagner and their co-workers reported the perfor-
mance of a-si TFTs on Kapton and polymide foils [25–27]. They ob-
served deteriorated electrical properties of TFTs on 25 μm Kapton after
2% compressive strain and 0.5% tensile strain through bending tests,
along with a converse effect of tensile and compressive strain on TFTs
fabricated on polyimide foil. They also found different responses be-
tween a-Si TFTs and solar cells to tensile strain. The threshold tensile
strains of TFTs and solar cells have been defined as ∼0.34% and
∼0.7%, respectively.

D. Antartis and I. Chasiotis determined the residual stresses among
different layers of a-Si photovoltaic thin films based on a Kapton layer
and aluminium substrate (Antartis & Chasiotis, 2014). Residual stress in
the Si and Si/ZnO layers were found to be significant, and the de-
gradation of photovoltaics was found to occur at substrate strain higher
than 0.8% [28].

Apart from sole stress effect on the mechanical behaviour of roll-to-
roll(R2R) printed organic solar cells, the effect of other common stress
factors such as high temperature, humidity and UV irradiation should
also be considered. Only limited work have explored into this topic.

S. R. Dupont, R. H. Dauskardt and their coworkers have demon-
strated that thermomechanical stresses can drive the loss of interlayer
adhesion, and therefore the device performance of R2R processed in-
verted P3HT:PCBM bulk heterojunction polymer solar cells. They found
that Post-Deposition annealing time and temperature can increase the
adhesion at cell interface [29]. In a newer research the same work
group reported that the combined application of different stress factors
can strengthen the adhesion of certain OPV interfaces [30].

Considering the impact of both thermal and mechanical forces on
R2R processed organic electronic devices, B. Roth, S. Savagatrup and
their colleagues investigated the connection between molecular struc-
tures and polymer's mechanical properties. They found some general
trends indication, which are useful for designing highly mechanically
robust materials for R2R fabrication. They also pointed out the im-
portance of co-optimization of electronic and mechanical properties for
designing materials for both R2R fabrication and flexible or stretchable
applications [31].

Here, we report the research outcome through a coupled elec-
trical–mechanical test methodology to verify the effect of tension strain
on the performance response of OPV. The test method enables real-time
and simultaneous characterization of both mechanical and electrical
properties of a tested flexible electronic composite. The experimental
method can also monitor the correlation of OPV electrode resistance
and cell performance upon tensile strain. A uniaxial tensile test has
been utilized rather than a bending test because it is closer to the op-
erational state of membrane integrated OPV products.

We employed this test methodology on both a commercial OPV
module and its conductive layers printed on an architectural mem-
brane. The test on the commercial OPV module can help elucidate the
effectiveness of the first two integration strategies. The test on printed
OPV layers on ETFE is even more appealing because the direct printing
strategy is found to be the most promising production method of OPV.
In absence of knowledge on membrane printed full OPV devices, pre-
liminary research on the performance of printed OPV layers can already
provide useful insights.

3. Experimental

The tested specimens were cut into dumbbell shaped specimens.
Detailed specimen dimension can be checked in the section of sup-
porting information.

For characterization of commercial OPV module, the specimens
were fabricated from a commercial OPV product. For characterization
of membrane printed OPV, the experiments have been performed on
two types of electrode layers normally employed in OPV structure: Ag
and Ag\PEDOT, printed on both PET and ETFE. The layering structures
of different specimens are shown in Fig. 2. The thicknesses of different
specimen layers and substrates are listed in Table 1.

The details of the coupled Mechanical and Electrical characteriza-
tion, including the mechanical tensile test setup as well as the electrical
characterization experimental configuration, will be further explained
in the supporting information section.

4. Results and discussion

4.1. Characterization of commercial OPV modules

4.1.1. Stability test results
The stability test results for an individual cell cut from the whole

module are reported in Fig. 3. It can clearly be seen that after the cells
are stored for 22 h in the ambient environment, the efficiency does not
show a significant decrease. The cell maintained more than 90% of its
initial efficiency after being stored for 22 h in an ambient environment.
This fact proves that it is safe and reliable to perform the tensile test
with electrical characterization for several hours in an ambient en-
vironment.

Fig. 2. Specimen layering structure.

Table 1
Thicknesses of tested specimens.

Specimen layers/substrates Thickness

PEDOT ∼100 nm
Ag ∼200 nm
PMMA ∼500 nm
PET ∼75 μm
ETFE ∼100 μm



4.1.2. Mechanical test results
Fig. 4 shows the nominal stress–strain curve of the tested OPV cell

sample. Compared with the result reported by X. Chen [6], this curve
shows a similar shape but not the identical damage sequence.

The cell structure tested can be described by Fig. 5. Through the
rupture process of the cell package, it is clearly visible that at least four
polymer-based encapsulation layers have been adopted for fabricating
this Konarka OPV module. According to the stress–strain curve we
obtained (Fig. 4), the first fall with approximately 35% strain is due to
the rupture of internal encapsulation layer 2 (the layer in direct contact
with electrode 2), together with the bottom encapsulation layer (ex-
ternal encapsulation layer 2 in Fig. 5). In most samples we tested, these
two layers burst at the same time, which is likely due to the strong
adhesion between them. We also once observed a separate rupture of
the two layers, which proves that the cell adopts two different layers.
Afterwards, near the strain of 65%, the cell shows the rupture of the top
encapsulation layer (external encapsulation layer 1 in Fig. 5). At the
very end of the curve, near the strain of 68%, the cell shows the largest
fall, corresponding to the rupture of internal encapsulation layer 1. The
close distance of these two falls may imply that these two layers adopt
very similar materials. Later in this work, the electrical data prove that
the two electrodes are damaged much earlier than the encapsulation
layers' failure.

4.1.3. Electrical characterization
Fig. 6 illustrates how the cell efficiency and the conductance of

electrode 1 (the transparent electrode) deteriorate with increasing
strain of the whole cell package. It can be seen that after the cell reaches
approximately 2% strain, it loses 50% of its initial efficiency. At strain
of 3%, the cell has only 20% of its initial efficiency. The cell generates
almost no power after the strain reaches 4% strain. From the figure, we
can also see that the conductance of electrode 1 follows almost the same
decreasing trend through the test. This implies that a highly likely
reason for the cell efficiency degradation is the loss of electrode 1
conductance, which is later verified with the I–V curve. Considering the
above two facts, if we assume that the critical point of the OPV stack
refers to the moment when it loses 20% of its initial efficiency [32–34],
which has been commonly used for defining the lifetime of photovoltaic
devices, we can place the critical strain level of the cell at 1.8% and the
corresponding critical stress at approximately 20MPa. The fast de-
gradation of the organic solar cells with strain critically underlines the
importance of their mechanical properties for practical application as
flexible PVs.

To investigate in detail which electrode is the main reason for the
cell deterioration, we monitored the conductance of both electrodes
through the tensile test. In Fig. 7, we can see that electrode 1 is much
more sensitive to strain than electrode 2. With the strain at approxi-
mately 4–5%, where electrode 1 experiences a significant increase in
resistance, the conductance of electrode 2 maintains its starting level.
Actually, the resistance of electrode 2 starts to increase rapidly after the
strain reaches 20%. With these results, we can conclude that the
transparent electrode (electrode 1) used here is not mechanically robust
upon large strain, whereas the metal electrode (electrode 2) is less
sensitive to strain and could be a good choice with high stability for
application in flexible BIPVs.

The influence of the increase in electrode resistance with increasing
strain on the cell power conversion efficiency was also verified by the
I–V curves as illustrated in Fig. 8. We can see that through the de-
gradation of the cell, the decrease in ISC (short-circuit current) plays a
more important role than the decrease in VOC (open-circuit voltage).
Because the decrease in the short-circuit current is closely related to the
increase in series resistance, we have a further confirmation of the main

Fig. 3. Single-cell efficiency through stability test.

Fig. 4. Nominal stress–strain curve of full cell packaging.

Fig. 5. Solar cell sample's layering structure.

Fig. 6. Sample cell normalized efficiency and electrode 1 conductance through
tensile test.

Fig. 7. Sample cell electrode 1 and electrode 2's conductance through tensile
test.



role played by electrode 1 in the degradation of the solar cell efficiency
[32].

4.2. Characterization of architectural membrane printed OPV

4.2.1. Electrical characterization
Fig. 9a shows the recorded normalized conductance of Ag layers

coated on PET and ETFE substrates through the uniaxial tensile tests.
Both PET- and ETFE-printed specimens saw a rapid decrease in con-
ductance during the initial phase, which implies that both of them are
highly sensitive to tensile strains. However, the ETFE-based Ag layer
experiences a slightly slower decrease in layer conductance at the same
strain level compared with the PET-based one, especially within the
20–50% strain region, where the conductance–strain curve of ETFE
printed specimen exhibits a lower line slope than PET printed one. This
phenomenon reveals that the ETFE printed Ag layer conductance is still
slightly less sensitive than the PET printed one with large strains, which
is highly favoured for the utilization of ETFE as an OPV substrate.

Meanwhile, it can also be found that the ETFE-printed specimen saw
a much higher strain at the rupture point, whereas the PET-based
sample commonly met a brittle-like failure at a relatively smaller strain
level. Moreover, at a higher strain level where the PET-printed spe-
cimen cannot reach, the ETFE-printed specimen's layer conductivity

maintains its lower sensitivity to strains, decreasing gradually with
stable speed until the final rupture.

The same phenomenon has also been observed with PEDOT/Ag
layers coated on PET and ETFE substrates (Fig. 9b). It can be seen that
the conductance–strain curves of PEDOT/Ag layers adopt quite similar
shapes compared with those in Fig. 9a.

To further investigate the role of PEDOT in PEDOT/Ag layers, an-
other set of tests has been performed with the same specimen form and
experimental configuration.

Fig. 9c shows a clear difference between Ag/PET and PEDOT/Ag/
PET configurations. At the same strain level, the PEDOT/Ag/PET con-
figuration generally maintains higher conductance than the Ag/PET
configuration. To reach 80% of the initial normalized conductance, the
configuration with PEDOT as the top layer can withstand almost double
strain compared with the Ag/PET-based one. This demonstrates that
PEDOT helps increase the conductance of the Ag layer through the
tensile stretching, especially after the specimen has reached the 10%
strain level.

This phenomenon could be explained by the “bridging effect”, as
depicted in Fig. 10. Through the imposed tensile forces, the Ag layer
will experience increasing strains all over the layer. Some high-strain
locations will develop into cracks over the Ag layer, where the charge
carrier mobility will be greatly reduced when applied in OPVs. How-
ever, the additional PEDOT layer above can partially ameliorate this
phenomenon. Although the PEDOT layer will also develop cracks upon
strains, the double-layer structure still maintains a certain probability
of inter-crossing between the two layers. When this occurs over the

Fig. 8. I–V curve of tested cell sample from the strain of 0%–4%.

Fig. 9. Conductance through tensile test of specimen (a) Ag/PET & Ag/PMMA/ETFE; (b) PEDOT/Ag/PET & PEDOT/Ag/PMMA/ETFE; (c) Ag/PET & PEDOT/Ag/PET;
(d) Ag/PMMA/ETFE & PEDOT/Ag/PMMA/ETFE.

Fig. 10. “Bridging effect” of PEDOT layer over Ag layer through tensile test.



cracks of the Ag layer, the PEDOT can act as a bridge to increase the
mobility of charge carriers through those cracks. Eventually, this will
help ease the effect of the strain on the Ag layer conductance.

Through the results comparison of Ag/PMMA/ETFE and PEDOT/
Ag/PMMA/ETFE configurations, as shown in Fig. 9d, we can find si-
milar behaviour with a strain of less than 25%. The configuration with
the PEDOT top layer maintains almost the same conductance level with
double the strain of the Ag/PMMA/ETFE configuration. This could be
explained similarly with the “bridge effect” from the PEDOT layer.
However, with a strain higher than 25%, we observe a quite different
phenomenon. In Fig. 9d, we can clearly observe crossing at the 25%
strain of the Ag/PMMA/ETFE and PEDOT/Ag/PMMA/ETFE config-
uration curves. After 25% strain, the PEDOT/Ag/PMMA/ETFE spe-
cimen saw a more rapid decrease in conductance than the Ag/PMMA/
ETFE specimen.

4.2.2. Morphology characterization
The stretched samples with different configurations were then ob-

served under the microscope as shown in Fig. 11–12.
Fig. 11a–b shows the texture of the Ag/PET layer before and after

the tensile test. Small cracks with no obvious main direction were
scattered over the PET substrate. Compared with Fig. 11c–d of Ag/ETFE
specimens, where the rupture occurs with a much larger strain and the
printed Ag layer sees larger crack openings, the PET substrate acts as

the bottleneck of the printed electrode layer. The crack pattern on ETFE
also sees a more obvious main direction perpendicular to the stretching
direction, which is probably the reason for the lower sensitivity of the
ETFE printed Ag layer to strain because the resulting network pattern of
the Ag layer can be more beneficial to the layer conductance than the
orderless crack pattern on PET.

A similar situation has been observed with PEDOT/Ag/PET and
PEDOT/Ag/PMMA/ETFE configurations (Fig. 11e–h). The PET-based
specimen sees a much less cracked pattern compared with the ETFE-
based specimen.

However, in contrast to the PET-based configuration, the PEDOT/
Ag/PMMA/ETFE specimen sees much less Ag remaining on the ETFE
surface after the tensile test compared with the Ag/PMMA/ETFE con-
figuration. This can explain why in Fig. 11g–h, with strain larger than
25%, the PEDOT/Ag/PMMA/ETFE specimen met a more rapid con-
ductance decrease. In Fig. 11h, we can also observe the smaller cracks
of the PEDOT layer compared with the fragmental Ag shards below it.
This also proves our “bridging effect” assumption of the PEDOT layer.

In Fig. 12, we also reported the texture of the PEDOT/PET and
PEDOT/PMMA/ETFE layer after the tensile test. Because the PET layer
ruptures at a relatively lower strain, the PET printed PEDOT layer re-
mains almost plain, whereas the ETFE printed PEDOT layer shows an
obvious crack pattern. The crack pattern shows a scattered distribution
over the whole layer and also a more obvious main direction perpen-
dicular to the stretching direction, quite similar to that seen with the Ag
layer in the stretched Ag/PMMA/ETFE specimen.

However, the crack openings are still not comparable with those of
the Ag layer in the PEDOT/Ag/PMMA/ETFE configuration. This further
confirms the PEDOT layer's bridging effect.

5. Conclusions

This work proposed a coupled mechanical and electrical char-
acterization method to monitor the correlation of OPV electrode re-
sistance and cell performance upon tensile strain and to verify the de-
terioration effect and reason for the tension strain on the OPV
performance response.

The employment of the test method with a commercial OPV module
implies the following.

First, the strength of the encapsulation layers, rather than the
functional layer, is the decisive factor in the cell package ultimate
strength.

Second, the transparent electrode in the test commercial OPV
module is more sensitive to strain than the metal electrode, and the
decrease in the transparent electrode conductance has been determined
to be responsible for the cell degradation upon tensile strain. The
transparent electrode in the tested OPV is therefore not mechanically
robust upon large strain, whereas the metal electrode characterized by
high strain stability is a better choice for PV flexible product integra-
tion. The threshold of tensile strain for the tested OPV module to lose
function has been recorded at 1.8%, with the corresponding critical
stress at approximately 20MPa.

The key weakness of the electrode in OPV upon tensile strain

Fig. 11. Specimen observed under 10×microscopes of (a) Ag/PET layer be-
fore tensile test; (b) stretched Ag/PET layer; (c) Ag/PMMA/ETFE layer before
tensile test; (d) stretched Ag/PMMA/ETFE layer; (e) PEDOT/Ag/PET layer
before tensile test; (f) stretched PEDOT/Ag/PET layer; (g) PEDOT/Ag/PMMA/
ETFE layer before tensile test; (h) stretched PEDOT/Ag/PMMA/ETFE layer.

Fig. 12. Specimen observed under 10×microscopes of (a) PEDOT/PET layer
after tensile test (b) PEDOT/PMMA/ETFE layer after tensile test.
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inspired the following employment of the coupled test with ETFE- and 
PET-printed OPV layers. The experimental results indicate the fol-
lowing.

The electrode conductance of both the ETFE printed Ag and Ag/
PEDOT is less sensitive than the PET printed one at small strains 
(< 50%), where the PET-printed configuration commonly shows a 
brittle-like failure, but ETFE shows a plastic-like stretching. At higher 
strain levels (> 50%) where the PET-printed specimen cannot reach, 
the ETFE-printed electrode conductivity maintains lower sensitivity to 
strains.

Further data analysis together with microscopic characterization 
confirms the following.

The network pattern of ETFE-printed electrodes contributes to the 
lower sensitivity of ETFE-printed electrodes upon tensile strain. The 
adoption of Ag/PEDOT layering can improve the tensile strain 
threshold to approximately double for maintaining 80% of the initial 
normalized layer conductance. The favour of PEDOT in increasing the 
Ag layer conductance is due to the “bridging effect”. It loses its effec-
tiveness only at strain levels higher than 25%, with a PEDOT/Ag/
PMMA/ETFE configuration, where less Ag remains on the substrates 
after tension.

Our coupled test methodology and test results provided valuable 
information on the effect of tensile strain on the electrical performance 
of the OPV layer and module. It will contribute to subsequent building 
of product development towards OPV integration onto ETFE mem-
brane. More efforts are needed to find stretchable alternatives for OPV 
integration in flexible PV products. Further investigation is also re-
quired to explore the properties of direct-printed full OPV on ETFE or 
other architectural membrane materials.
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