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Silver nanowires (AgNWs) have become an efficient electrode candidate for stretch-
able electronics. We report the effects of directional stretching in microprism-mediated
AgNW stretchable electrodes on polyurethane (PU) substrates. The wavy substrate is
fabricated using a customized microprism on polyethylene terephthalate. AgNWs on
stretchable PU substrates show stable normalized resistance up to 35% strain under
parallel uniaxial stretching. This performance is much better than AgNWs on bare
PU substrate or on wavy PU under perpendicular stretching, which can only sustain
10%-15% strain before significant increase in normalized resistance. Finite element
simulations were conducted to reveal the strain distribution and variation in the AgNW
electrodes on both bare and wavy PU substrates when stretched along parallel and per-
pendicular directions. Comparing to AgNW electrodes on bare PU and on wavy PU
under perpendicular stretching, the wavy PU surface relief features can effectively
alleviate the strain in the AgNW network when stretched along parallel direction,
leading to better performance. © 2018 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5026742

I. INTRODUCTION

Stretchable electrodes with high conductivity under more strain are essential for various appli-
cations including stretchable displays,1,2 wearable electronics,3 smart textiles,4 and flexible solar
cells.5 Notably, for display applications, electrodes should exhibit a stable conductivity of at least
10%–30% strain;6 Several exotic candidates have been applied as electrode materials to achieve this
task, such as metal thin films, carbon nanotubes, graphene, and metal nanowires (NWs).7–14 Recently,
metal NW-based electrodes deliver better performance than the other materials owing to its flexible
nature at a macroscopic scale.14 Silver nanowires (AgNWs) and AgNWs polymer composites offer
enhanced performance in stretchable electrode applications; however, their activity entirely depends
on the tedious fabrication process.15–17

In general, electrode materials are deposited on the buckling structures or vertical waviness cre-
ated on polymer substrates, which sustain the cracks under strain. To create buckling structures on
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polymer, it is cured on pre-stretched elastomeric substrates. Formation of an elastomeric substrate
is achieved using metal forms,7 hollow fibers,18 and microfluidic channels.19 To realize better per-
formance and fewer defects, microprism-mediated pre-stretched elastomeric substrates are used for
preparing stretchable polymer substrates. Due to the Poisson effect between the polymer and the
electrode material, wrinkles or cracks7–9 appear on the electrode during stretching. In addition, if
the direction of stretching is changed, the effects of Poisson ratio variation between the material and
the substrate will be more. Further, variation in the properties of the elastomeric substrate or the
coating direction can also trigger alterations in stretchable electrode performance.20,21 For example,
Ko et al.20 found that AgNW alignment on a polydimethylsiloxane (PDMS) substrate induces many
changes in the NW junction formation, which consequently affects the electrode sheet resistance and
overall performance. Kim et al.12 demonstrated the need of a proper slope and height of the micro-
prism buckling structure on the PDMS substrate for achieving very high stretching ability. Thus,
careful selection of elastomeric substrate parameters is essential for better electrode performance.

In this context, we investigated the effects of stretching direction on the performance of AgNW-
coated polyurethane (PU) stretchable electrodes. The possible Poisson effect variation with respect to
parallel and perpendicular stretching direction was discussed. To support the experimental results, a
simulation based on finite element analysis (FEA) was conducted to realize the strain effect variation
in different parts of the substrate under variable loads and stretching direction.

II. EXPERIMENTAL

A wavy PU substrate was prepared by coating PU solution on a microprism-mediated polyethy-
lene terephthalate (PET) substrate; the detailed experimental process is schematically illustrated
in Fig. 1. The microprisms on the PET substrate were obtained by acrylic resin forming of one-
dimensional prism structures whose pitch was a few tens of micrometers22 (in our case it was
44 µm). After the PU dispersion, the solution was cured at room temperature for 24 h to improve
adhesion. Then, the peeled PU contained wavy structures, similar to that in the microprism-mediated
PET substrate. This wavy PU substrate did not contain any cracks or defects, as shown in Fig. 2,
thus confirming the controlled processing of a buckled PU substrate. The commercially purchased
(C3NANO) AgNW solution (consisting of NWs with 20 nm diameter and 20 µm length) in ethanol
with a concentration of 0.3 wt% was spin coated on to the buckled PU substrate at a speed of 800 RPM
for 1 min. Further, the sample was annealed at 100◦C for 1 min to remove the solvent moieties. The
uniformity of the AgNWs on the wavy PU substrate was studied by field emission-scanning electron
microscopy (FE-SEM) and the transmission characteristics were verified using ultraviolet-visible
spectroscopy. The stretchable characteristics of the AgNW electrode was measured by calculating
the normalized resistance (∆R/R0, where ∆R is change in resistance and R0 is initial resistance) with

FIG. 1. Processing of PU stretchable electrodes with AgNWs from microprism templates.
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FIG. 2. FE-SEM cross-sectional images of (a) microprism pitch and wavy PU surface (b) before and (c) after AgNW coating.
Deposition of AgNWs at (d) peak, (e) slope, and (f) valley points of wavy PU. (g), (h), and (i) Bird’s-eye views of AgNWs at
the peak and valley points of PU.

respect to various applied strain values. A customized setup to induce strain was attached with a
multimeter to monitor the corresponding change in resistance under different strain conditions. To
understand the experimentally observed electrode performances, finite element simulations using
commercial software ABAQUS were conducted to compare the strain distribution in the AgNWs on
the bare and wavy PU substrate under the parallel and perpendicular stretching directions.

III. RESULTS AND DISCUSSION

Fig. 2(a)–2(c) display the cross-sectional views of PET, wavy PU, and AgNW-coated PU sub-
strates, respectively. Further, in magnified view (Figs. 2(d)–2(f), the images clearly showed that the
coating of AgNWs was uniform at the peak, slope, and valley positions, respectively. The abovemen-
tioned positions with bird’s view are shown in Figs. 2(g)–(i). The density of AgNWs was slightly
higher at the valley points than at the peak areas. The NWs intersected to form junctions, which helped
to realize conductivity in the AgNW electrode. The transmission characteristics of the AgNW-coated
wavy PU substrate and bare PU substrate is illustrated in Fig. 3. After spin coating the NWs on the
PU substrate, transmission decreased from 90% to 70% at 550 nm. The naked view of the substrate
is shown in the inset of Fig. 3.

The stretchable characteristics of the AgNW-coated bare PU substrate (without wavy shape)
were measured by calculating the sheet resistance of the substrate with respect to various values
of applied strain, as shown in Fig. 4. Significantly, the performance of the AgNWs with respect to
parallel (denoted as “X”) and perpendicular (denoted as “Y”) stretching directions of the wavy PU
shape (pitch 44 µm) was also investigated. During the stretching, the Poisson effect variation between
the AgNWs and the PU substrate resulted in the formation of cracks and wrinkles. For example, the
AgNW-coated bare PU substrate exhibited stable normalized resistance (change in sheet resistance)
of up to 10%–12% strain only. If the strain was increased beyond 12%, the normalized resistance
values varied exponentially. Poisson’s ratio of the AgNWs (∼0.2 or less) is lower than that of PU
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FIG. 3. Transmittance characteristics of PU substrate with and without AgNWs. The slight reduction occurred on transmission
of PU is attributed to the higher density of AgNWs. However, the electrode offers more than 70% transmission in the visible
spectrum. The inset of figure is the naked view of the substrate.

(∼0.5); hence, the former induces a higher friction between the surfaces, resulting in the formation of
cracks that eventually break the NW junction.23,24 Hence, the conductivity of the AgNWs decreased
after a certain value of the applied strain.

However, in the case of the wavy PU substrate, the conductivity of the AgNWs was retained up to
35% strain in the parallel stretching. The microprism-mediated pre-strained wavy PU substrate clearly
decreased the strain applied to the AgNWs by distributing the applied strain systematically. During
the strain, the maximum force is acting on the valley region whereas, relatively lower force experi-
enced at peak. Hence, breaking of the NW junction at the peak areas were comparatively less and the
conductivity of the AgNW electrode was maintained until 35% strain. The results were successfully
reproduced more than 5 times. When the direction of stretching was changed to the Y direction,
the strain variation in the NW substrate was completely different. Because, during Y axis based
stretching the strain on the substrate was almost uniform. That is, the orientation of the buckling
structures on the wavy electrode and the applied strain in the Y direction were along the same axis.
Hence, the strain applied along the Y axis could not be compensated by the buckling structures and
the amount of strain was expected to be equal at the peak as well as valley points of the electrode.
As a result, a larger decrease in conductivity was observed for the AgNW electrode. However, Fig. 4
demonstrates that even under perpendicular stretching, the AgNW electrode exhibited sustainabil-
ity and low change in resistance up to 15% strain, which was better than that of bare PU-based
electrodes.

To corroborate the effects of stretching on the AgNW electrode, the morphology of the AgNW-
coated PU substrates was monitored after 40% strain, as shown in Fig. 5. The AgNW-coated bare

FIG. 4. Performance of stretchable electrodes. Variation in sheet resistance with respect to strain applied along different
directions to AgNWs deposited on wavy PU surfaces. The performance of AgNWs coated on bare PU substrate is also
compared. The insets of figure are stretching photos and the schematic illustration of AgNWs deposited on wavy PU electrodes.
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FIG. 5. Comparison of FE-SEM images of AgNW-coated PU substrate before and after strain analysis. The effects of X and
Y directional stretching together with bare PU substrate performance are also compared.

PU substrate underwent certain cracks on its surface, which expectedly broke the NW junctions
and resulted in reduced conductivity. Electrodes subjected to perpendicular stretching also exhib-
ited visual cracks and wrinkles on their surface, eventually leading to breaks in the AgNW network
and hence reduced conductivity. However, the electrodes with the wavy PU surface subjected to
parallel stretching revealed high stability up to 35% strain condition. There were no visible cracks
observed in the FE-SEM micrograph, thus proving the enhanced performance of the AgNW elec-
trode under parallel stretching. During this parallel stretching, the Poisson effect was expected to
be suppressed by the applied pressure through periodic wave patterns and hence high stretching
ability was achieved. Thus, the AgNW-coated wavy PU substrate could be employed as an elec-
trode for stretchable lighting devices. Usually, the valley points in wavy electrodes are subjected
to more strain during parallel stretching, whereas the peak points are most affected during per-
pendicular stretching, as shown in Fig. 5. However, under perpendicular stretching, because of the
Poisson ratio difference between the AgNWs and the PU substrate, the entire electrode starts to
shrink, even under small strain, resulting in breakage of the NW junction, especially at the peak
points. Hence, the resistance change under perpendicular stretching is higher than under parallel
stretching.

To get more insight into the electrode performance, the PU substrate was modelled as an isotropic
material using 3D strain elements (C3D8R), as shown in Fig. 6(a). Its Young’s modulus and Poisson’s
ratio were Em = 5 MPa and νm = 0.47, respectively. The AgNW film was modelled as a bilayer short
fiber composite using shell elements (S4R) due to their (NWs) short lengths and large aspect ratios.
The film was bonded at the top of the PU substrate, as shown in Fig. 6(a). Its Young’s modulus
and Poisson’s ratio were Ef = 140 GPa and νf = 0.23, respectively. The two composite laminates
were perpendicular to each other, each of thickness 50 nm, as schematically shown in Fig. 6(b). For
each short fiber composite layer, the material’s properties could be calculated using the Halpin-Tsai
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FIG. 6. (a) Illustration of PU substrate using 3D stress elements; (b) the modeling of bilayer composite laminate for the
AgNW film.

equations:25

E11 =
Ef

(
1 + 2αVf

)
+ Em

(
1 − 2αVf

)
Ef Vm + Em(1 + Vf )

Em, (1)

E22 =
Ef

(
1 + 2Vf

)
+ Em

(
1 − 2Vf

)
Ef Vm + Em

(
1 + Vf

) Em, (2)

G12 =
Gf

(
1 + Vf

)
+ GmVm

Gf Vm + Gm

(
1 + Vf

) Gm, (3)

G23 =

Gf

(
1 + 1 + νm

3 − νm − 4ν2
m

Vf

)
+ Gm

(
1 − 1 + νm

3 − νm − 4ν2
m

Vf

)
Gf Vm + Gm

(
1 + Vf

) Gm, (4)

ν12 = νf Vf +νmVm, (5)

where subscripts 1, 2, and 3 represent the longitudinal, transverse, and out-of-plane directions, respec-
tively; α is the length-diameter ratio of the AgNWs; V f and Vm are the volume ratios of the AgNW
film and PU matrix, respectively; and Gf and Gm are the shear moduli of the AgNW film and PU
matrix, respectively. The average diameter and length of the NWs were estimated to be 20 nm and
20 µm, respectively, giving the length-diameter ratio α = 1000. In a cross-sectional area of 100 nm
by 50 nm, there were estimated to be three NWs, which gives the volume ratio of NWs to be
V f = 0.19. Based on these parameters, the material’s properties were calculated to be
E11 = 2161.58 MPa, E22 = 7.16 MPa, G12 = 2.43 MPa, G23 (G13) = 2.54 MPa, and ν12 = 0.42.

Fig. 7(a)–(d) exhibit the FEA simulation results of strain distribution in the AgNW electrodes,
based on the Halpin-Tsai equations. The strains on the electrodes experienced at the valley and peak
positions of the prism wavy substrate with 40% and 10% strain load is depicted in Fig. 7. When
subject to perpendicular stretching, the strain in the electrode is much higher than parallel stretching.
It coincides with the experimental results. Wavy substrate under 40% strain load in perpendicular
direction demonstrated the highest strain generation. To better compare strain distributions in different
cases, we used the same scale bars for the contours in Fig. 7(a) and (c)-(f). However, due to the very
high strain with 40% load along perpendicular direction, Fig. 7(b) used a different scale bar for
clarity. In comparison to perpendicular stretching, prism substrate under parallel stretching offers
much lower strain owing to the presence of periodic prism surface relief patterns.

We have also conducted FEA simulations to compare our stretchable prism wavy patterns with a
sinusoidal wavy26 pattern of the same electrode thickness and pattern wavelength and amplitude, as
shown in Figs. 7(e) and (f). When stretched by 10% along the parallel direction, the strain distribution
in the sinusoidal wavy pattern is similar to that in our prism wavy structure. However, when stretched
by 40% along the parallel direction, the maximum strain in the electrode on the sinusoidal wavy
pattern (13.4%) is higher than that in the electrode on the prism pattern (10.5%). This suggests that
our prism pattern can provide better stretching performance than sinusoidal wavy pattern. At this
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FIG. 7. The simulated strain distribution mapping observed at the peak and valley points of the PU/AgNW electrode with
10% and 40% strain loads, under (a)-(b) perpendicular direction stretching, (c)-(d) parallel stretching. (e) and (f) show the
parallel stretching based strain distribution in uniform sinusoidal wavy PU under 10% and 40% loads.

strain load, prism wavy substrate exhibits strong and confined strain at the valley line perpendicular
to the stretching direction. This confined strain generation together with lower values compared with
sinusoidal wavy structures are beneficial to avoiding the nanowire junction breakage and give better
conductivity. Hence, the structure proposed here with prism wavy patterns could be helpful to fabricate
stretchable electrodes with lower strain generation in parallel stretching. It was reported in an earlier
study that AgNW electrodes could be stretched by 60% or more.26 This was due to that the buckling
induced sinusoidal wavy pattern can provide stretchability up to the strain used to induce buckling
and nanowire junction sliding allows relative motion among AgNWs without breaking conductive
paths. Our method, however, provides an alternative to the buckling strategy that doesn’t require
generation of buckling, but directly coat fabricated prism substrates with conductive AgNW films.
This method offers more freedom to control the surface relief structure, including wavelength and
amplitude, for design and optimization purposes.27,28

The estimated strain values at the peak and valley points with respect to plus strain along the
X and Y directions for prism wavy patterns are presented in Fig. 8(a). Strain values were estimated

FIG. 8. (a) The estimated strain in AgNW electrode calculated at the peak and valley points versus applied strain under
stretching along two directions and (b) comparison of valley points strain under parallel stretching in prism and uniform
sinusoidal wavy substrates based AgNWs.
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in the middle part of the substrate to prevent abrupt results arising from estimation at the bound-
aries of the substrate. In the perpendicular direction, the strain was observed at the peak and valley
points and strain on the bare PU substrate was found to be similar. In addition, compared to par-
allel stretching, perpendicular stretching induced very poor stability of electrode, which confirms
our experimental observations. Thus, the AgNW junctions formed on the PU substrates subjected
to severe load on perpendicular stretching showed relatively weak stability. In the case of parallel
stretching, the simulation predicted that the strain observed at the valley points was higher than that
at the peak points. As explained in the above discussions, we derived that the difference between
Young’s modulus and Poisson’s ratio of the PU substrate and AgNWs caused a strain variation, which
provoke the breakage of the NW junctions and hence reduced the conductivity. This effect is more in
perpendicular stretching as compare to parallel strain. Therefore, the relative resistance change was
better under parallel stretching. Furthermore, Fig. 8(b) displays the comparisons of strain at valley
points of sinusoidal wavy and prism wavy substrates. It confirms the conclusion mentioned above that
prism substrates provide lower strain than sinusoidal wavy patterns. Thus, the theoretical simulations
clearly confirmed the AgNW electrode performance under parallel and perpendicular stretching.

IV. CONCLUSION

In summary, AgNW-based stretchable electrodes were fabricated on microprism-mediated pre-
strained PU substrates. The uniformity of AgNW deposition on the wavy PU surface was examined
by FE-SEM. Further, the transparency of the electrode was confirmed after the deposition of AgNWs.
The variation in normalized resistance with respect to various stretching directions was investigated.
The bare PU surface coated with AgNWs was stable until 10% strain. However, the wavy PU AgNW
electrode offered stability up to 35% strain under parallel stretching. When the stretching direc-
tion was changed to perpendicular, the electrode stability was maintained only up to 15% strain.
The stability and NW junction breakage were also investigated using the FE-SEM images. Further,
detailed theoretical simulations using FEA were applied to quantify the strain variation observed at
the peak and valley points of the electrode. The prism wavy pattern was compared with widely used
sinusoidal wavy substrates. It was shown that when stretched along the perpendicular direction the
prism and sinusoidal wavy patterns offer similar stretching performance, but when stretched along
the parallel direction, the prism pattern provides better stretching performance than the sinusoidal
wavy substrates.
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