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Abstract: Silver nanowire networks are attractive for flexible transparent electrodes due to their
excellent optical transparency and electrical conductivity. Their mechanical reliability under bending
is an important feature for the adoption of silver nanowire transparent electrodes for flexible elec-
tronics. Therefore, various studies have been conducted to understand the deformation behavior
of silver nanowire networks, which are different from those of bulk silver or silver thin films. The
focus of this review is to elucidate the deformation mechanism of silver nanowire networks under
high cycles of bending and to present ways to improve the mechanical reliability of silver nanowire
transparent electrodes.
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1. Introduction

With the technological advances in flexible electronics, there is an increasing de-
mand for flexible transparent electrodes that remain stable under repeated deformation,
such as bending [1,2]. The most widely used transparent electrodes are indium-tin oxide
(ITO)-based electrodes. Despite the high transmittance and electrical conductivity of ITO,
the brittleness and high-temperature process of ITO limit its application in transparent
electrodes formed on flexible polymeric substrates [3,4]. To overcome the limitations of
ITO, various studies have been conducted to develop flexible transparent electrodes by
incorporating nanosized structures with flexible substrates [5–8].

Carbon-based materials, such as carbon nanotubes (CNT) [9,10], graphene [11,12], and
metal nanowire-based networks [13,14], have been widely investigated as replacements
for ITOs. Among them, silver nanowire networks show better electrical conductivity and
optical transmittance than other candidates, such as CNT or graphene [15–17]. In addition,
silver nanowires are easily synthesizable using a polyol-based solution process and the
ease of coating, using spraying, blade coating, or printing, makes coating large areas of
silver nanowires possible [18,19]. Therefore, silver nanowire is emerging as a promising
candidate for transparent electrodes in the flexible display industry [15–17].

The deformation behavior of a silver nanowire network under repeated bending as
well as its optical and electrical properties are the main aspects of interest when using a
silver nanowire network as a flexible electrode, for example, transparent electrodes for
foldable display or wearable bands [20–22]. With the increasing importance of understand-
ing how silver nanowire networks respond to repetitive deformation, various studies have
evaluated the mechanical reliability of silver nanowire electrodes based on measuring
the changes in electrical properties during bending tests [23–26]. For example, Madaria
et al. showed that the sheet resistance of a silver nanowire electrode increases as the
strain applied to the electrode increases by varying the bending angle [23]. Liu and Yu
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demonstrated that silver nanowire transparent electrodes show decreased resistance as
the number of deformations increases [25]. In the work of Kim et al., in situ tensile testing
of silver nanowires provided the curvature criterion of the silver nanowire network on
the polyimide substrate under a single cycle of tensile strain for up to 4% [27]. However,
these studies did not involve in situ observations of changes in resistance and performed a
limited number of deformation cycles, making them insufficient to secure the reliability of
flexible electronic devices.

To overcome these limitations, Hwang et al. and Kim et al. investigated the in situ
deformation behavior of silver nanowire transparent electrodes under repeated deforma-
tion, using a cyclic bending tester [28]. The cyclic bending tester was primarily designed
to investigate the deformation behavior of metal thin films for flexible electronics under a
high number of bending cycles and measured the change in the resistance of the electrode
in situ while bending the sample 300 times per minute and bending the sample more than
1,000,000 times. Measuring changes in the resistance allows investigation of the electrode’s
reliability and the deformation mechanism that occurs within the electrode. In addition,
using a cyclic bending tester and microstructure analysis, such as electron microscopy,
makes it possible to unravel changes in the electrical properties, as the microstructure of
the material deforms with multiple bending. This review introduces the fundamentals of
a silver nanowire network’s mechanical reliability and the deformation behavior under
multiple bending cycles, using a cyclic bending tester.

2. Concept of a Cyclic Bending Tester

Figure 1 shows a schematic of a cyclic bending tester. For cyclic bending tests, a silver
nanowire network coated on a flexible substrate is fixed between the upper and bottom
plates with metal screws. Strain is applied homogeneously across the sample by controlling
the distance between the two plates. The strain applied to the sample is determined by
the equation ε = y/R, where ε, y, and R represent the strain, the distance from the neutral
plane, and the curvature, respectively. The neutral plane and the degree of deformation
are determined by the thickness of the sample and the distance between the upper and
lower planes, respectively. The bending strain in the sample is induced by moving the
lower plate periodically from left to right. In addition, by controlling the displacement of
the lower plane, the area to which the strain is applied is determined.

Due to these features of a cyclic bending tester, samples can be sectioned into three
different zones: A, B, and C. Zone A refers to the strain-free region, zone B refers to the
region in which repetitive strain is applied, and finally, zone C refers to the region in which
constant strain exists. Since zone A is strain-free and zone C experiences constant strain,
the test results for these two zones are negligible. Therefore, in the cyclic bending test, the
actual result is primarily drawn in zone B where repetitive and periodic strain is applied
to samples. As mentioned above, the areas of zone B and zone C are determined by the
displacement of the lower plane. The edges of the upper and lower plates where the sample
is fixed are covered with an electrically conductive material, such as copper or silver. Thus,
fluctuations in the electric signal during cyclic bending can be collected in real time [28,29].

In summary, a cyclic bending tester can vary the speed and degree of the deformation
and the area of the sample to which strain is applied. In addition, a fatigue tester can
apply strain to a sample over 1,000,000 times while precisely measuring the electric signal
depending on the bending cycles. Thus, various mechanical reliability tests with different
deformation conditions are possible using a cyclic bending tester.
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The initial resistance of the silver nanowire network was 3.2–3.6 ohm/sq and the strain 
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in resistance of the silver nanowire network increased accordingly. However, the resistance 
change in the silver nanowire network was < 20% after 500,000 cycles, even with 4% strain, 

Figure 1. Schematic illustration of a cyclic bending tester. Reproduced with permission from ref. [28].
Copyright 2014, Wiley.

3. Deformation Behavior and Mechanical Reliability of Silver Nanowire Transparent
Electrodes under Many Bending Cycles

Figure 2a shows the change in the resistance of the silver nanowire network under
repetitive deformation. The x- and y-axes indicate the number of bending cycles and the
increase in resistance, compared to the initial resistance, respectively. Figure 2b shows the
same test results for silver thin films for comparison.
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Figure 2. Resistance change over 500,000 bending cycles for (a) silver nanowire networks and (b) silver thin films with 1%
strain, and (c) rescaled image (a) within 2000 cycles. Reproduced with permission from ref. [28]. Copyright 2014, Wiley.

The initial resistance of the silver nanowire network was 3.2–3.6 ohm/sq and the
strain applied to the sample varied at 1–4%. As more strain was applied to the samples,
the change in resistance of the silver nanowire network increased accordingly. However,
the resistance change in the silver nanowire network was <20% after 500,000 cycles, even
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with 4% strain, which was much less than that of the silver thin film or ITO film [30,31]. In
the case of silver thin films with 100 nm of thickness, the resistance increased up to ~80%
under only 1% strain, as shown in Figure 2b. In addition, for ITO, the increase in resistance
was known to be hundreds and thousands of percent, under even 1% strain [31]. Given
the fact that failure of electronics happens when the resistance change exceeds 20% of the
initial resistance, the silver nanowire network showed superior mechanical reliability and
potential for use in real industry.

The superior mechanical reliability of the silver nanowire network is derived from
two factors. In the case of the metal thin films, dislocations accumulate on the interface
between the plane and the thin film, creating the defect where the strain is concentrated
and ultimately causing fatigue damage as shown in Figure 3 [32,33]. However, according to
the size-dependent plasticity, the creation of dislocation is difficult in a nanowire network
due to the small diameter of nanowires. Furthermore, even if dislocation is created, it easily
moves to the nanowire surface, causing dislocation starvation states in the nanowire [34,35].
Due to these unique characteristics of nanowires, nanowire networks exhibit a high me-
chanical strength that is close to the theoretical value, referring to where the silver nanowire
itself is more resistant to stress than bulk silver [36,37]. In addition, the dislocations do
not accumulate at the interface between the substrate and the silver nanowire network;
thus, unlike the silver thin film, cracks that result from the accumulation of dislocations
at the interface are less likely to happen for a silver nanowire network, resulting in less
increase in resistance [32]. The silver thin film with a thickness below the diameter of a
single nanowire, approximately <35 nm, will show less increase in the resistance under
cyclic bending than those with 100 nm thickness. Because the fatigue failure in the thin film
is initiated by the accumulation of dislocations at the film–substrate interfaces, which are
avoidable in the silver nanowire network, the silver nanowire is expected to still have better
mechanical reliability than the silver thin film even with the thickness equal to the diameter
of a single nanowire. However, the confirmation of the mechanical reliability of the silver
thin film with a few tens of nanometers will be an interesting topic for future research.

Furthermore, the network structure itself contributes to the high mechanical reliability.
As Figure 4 shows, when tensile strain is applied, the network structure deforms. As
suggested in Figure 4 [38], which is a COMSOL (COMSOL Inc., Stockholm, Sweden)
numerical simulation of the deformation of a silver nanowire network, tensile deformation
is accommodated by the network structure, which results in large deformability. Despite
the number of junctions existing between nanowires diminishing and the wires elongating,
the network structure is retained and there are sufficient junctions to form an electrical
percolation pathway. Furthermore, the stress applied to individual nanowires dissipates
and fewer cracks are created by the deformation of the network itself. As a result, it
minimizes the increase in the resistance of the silver nanowire network.

Nevertheless, a silver nanowire network shows increased resistance when it is sub-
jected to repeated deformations. The reasons behind this increase in resistance can be
explained through microstructural analysis. Silver nanowires are characterized by a
polyvinylpyrrolidone (PVP) coating as a result of their fabrication process [39,40]. This
thin polymer layer increases the interfacial resistance between the individual nanowires.
Therefore, to reduce the interfacial resistance, a thermal annealing process for high electrical
conductivity is required. Figure 5a shows that silver nanowires adhere with other silver
nanowires and form thermal junctions during the thermal annealing process at 150–200 ◦C.
Interestingly, through repetitive bending, cracks were created at junctions as a result of
high stress concentration, and the crack propagation resulted in the failure of the silver
nanowires, as shown in Figure 5b. As shown in Figure 5c,d, failure in the silver nanowire
junctions caused the failure of nearby junctions, resulting in a serious increase in the re-
sistance as the number of bending cycles increased. This refers to how grain boundaries
tend to exist at thermally fused junctions, and individual silver nanowires and cracks were
formed as a result of the focused strain on those grain boundaries.
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Figure 5. SEM images of annealed silver nanowire networks (a) before bending, (b) after imposing
10,000 bending cycles, and (c,d) after 500,000 bending cycles, high magnification and low magnifica-
tion, respectively. Reproduced with permission from ref. [28]. Copyright 2014, Wiley.

Based on previous research, it can be presumed that a silver nanowire network without
thermal junctions has better mechanical stability under repeated deformation because the
strain is focused in a smaller area. Figure 6 shows the result of the cyclic bending test of the
silver nanowire network without a thermal annealing process. In the un-annealed silver
nanowire network, the resistance exponentially reduced as the strain increased. In addition,
even after the declination of the resistance was saturated, the resistance did not increase
but maintained its decreased level. Such resistance reduction was also observed for the
annealed silver nanowire network at the initial bending cycles as shown in Figure 2c.
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The reduction in the resistance resulted from the formation of mechanical welding
between silver nanowires. As Figure 7 shows, the silver nanowires were stacked to form
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a sort of mechanical weld between silver nanowires. This kind of mechanical weld was
formed due to the plastic deformation of the silver nanowires caused by the strain [28,41].
Similar to thermal junctions, the mechanical weld formed strain-induced adhesion between
silver nanowires that provided sufficient electrical conductivity. However, unlike thermal
junctions, the strain was less focused at the junctions because no grain boundaries were
formed, and fewer failures occurred as a result. Therefore, it is expected that the fabrication
of a silver nanowire network with higher mechanical stability is enabled by the creation of
mechanical welds between silver nanowires.
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imposing 10,000 bending cycles, and (d) after 500,000 bending cycles. Reproduced with permission
from ref. [28]. Copyright 2014, Wiley.

Park et al. studied the resistance increase in the silver nanowire electrode during
bending fatigue testing as a function of the density of the nanowire network and compared
this against the behavior commonly observed in a Cu thin film electrode [42]. The silver
nanowire network showed a smaller increase in fractional resistance (∆R/R) with an
increase in the density of the network during cyclic bending; hence, the dense silver
nanowire network is more reliable as shown in Figure 8b. Cu thin films showed the
opposite trend of enhanced reliability for thinner films (Figure 8a). The opposite trend in
the effect of thickness or density variation in the silver nanowire network can be understood
by considering the electrical percolation behavior of a network. First, it was noted that
the silver nanowire network results in the random distribution of failures at the junctions
(point-type failure), where the Cu film results in fatigue-induced line crack propagation
perpendicular to the bending direction (Figure 8c). The failure in the silver nanowire
network was modeled as a grid to numerically calculate the expected resistance for high-
and low-density networks, which indicates smaller ∆R/R for a higher network density
because more electrical pathways are present, as shown in Figure 8d.
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4. Deformation Mechanism of Silver Nanowire Network under Various Deformations

The interesting point about the silver nanowire network is the differences in the
deformation mechanism according to the type of deformation. As Figure 9 indicates,
compression stress was applied to a silver nanowire network when the network was
positioned close to the center of the curvature (Figure 9a). By contrast, tensile stress was
applied to the silver nanowire network when it was located away from the center of the
curvature (Figure 9b). The amount of stress applied to the silver nanowire network was
independent of the type of stress as far as the network was located from the same distance
from the neutral plane.
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The results of the cyclic bending test in Figure 10 show that the increase in resistance
was dependent on the bending condition. Four hundred thousand bending cycles with
a strain of 2.5% were imposed while measuring the in situ resistance. Even though the
amount of stress was the same, the increase in the resistance of the silver nanowire network
was higher for tensile bending than for compressive bending. In the case of the un-annealed
silver nanowire network, the decrease in the resistance was higher when tensile bending
was applied to those samples, indicating that the tensile strain causes a larger deformation
than the compressive strain (Figure 10).
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This difference in the resistance change behavior depending on the stress type resulted
from the differences in the deformation mechanism between the compressive force and
tensile force. As Figure 11 shows, the silver nanowires extended along the direction of
the tensile force, whereas buckling occurred for silver nanowires exposed to compressive
strain. Owing to the buckling, stress was dispersed across the network and fewer failures
occurred for silver nanowires under compressive strain. In addition, the buckling resulted
in failure along the length of individual nanowires (Figure 12c,d), unlike the silver nanowire
networks under tensile bending for which the failure occurred at the junction (Figure 12a,b).
The different failure under compressive strain was due to the stress localization at the sub-
grain boundaries formed by buckling as shown in Figure 13. Therefore, even if the sample
was exposed to the same amount of strain, a smaller change in the resistance occurred
for the compressive strain. This implies that silver nanowires show different deformation
mechanisms under different types of strain; thus, different design factors should be applied
depending on the status of stress imposed on the silver nanowire networks.
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5. Deformation Behavior of Silver Nanowire Network with Protective Coating

Silver nanowires are vulnerable to oxidation and high temperatures [24]. To overcome
these limitations, various studies have attempted to coat materials with good thermal, elec-
trical, and chemical properties on silver nanowire networks to protect them [44,45]. Among
candidates for coating materials, reduced graphene oxide (RGO) coating is emerging as a
method to improve the chemical stability of silver nanowires [46]. RGO can be prepared
easily by exfoliating graphite and, similar to the graphene, it is used as a passivation layer
to prevent the oxidation of metals [45,47]. In addition, good electrical conductivity makes
RGO a promising material [48]. Despite the good chemical and electrical properties of coat-
ing materials, the mechanical stability of a silver nanowire can be affected as it combines
with other materials to form hybrids. Thus, investigation of the mechanical reliability of
protective-material–silver-nanowire hybrids should be conducted; in the following, the me-
chanical stability of the RGO-coated silver nanowire network under repeated deformation
testing, using a cyclic bending tester, is discussed.
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Figure 14 is the result of cyclic bending tests of the RGO-coated silver nanowire
network. After repeated bending for over 800,000 cycles at 1.5% strain, the change in the
resistance of the silver nanowire network with and without RGO showed a small difference.
As shown in the SEM images of the RGO-coated silver nanowire network after cyclic
bending (Figure 15), the microstructure of the samples with and without RGO coating
showed similar results that failures occurred at thermally fused junctions. This refers
to how the deformation mechanisms of the silver nanowire networks with and without
RGO coatings were similar. In addition, the presence of RGO without forming strong
bonds between silver nanowires had a negligible effect on the change in the deformation
mechanism of the silver nanowire network. This resulted from the additional, electrically
conductive pathway provided by the dispersion of RGO on the silver nanowire. Therefore,
the decrease in the resistance was harder to observe for the RGO-coated silver nanowire
network due to the larger, electrically conductive pathway.
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The cyclic bending test of the oxidized silver nanowire network demonstrated that the
RGO-coated silver nanowire network had a smaller increase in the fractional resistance, as
shown in Figure 16a. Exposing the RGO-coated silver nanowire and bare silver nanowire
network to air at 70 ◦C for 132 h oxidized both the silver nanowire networks. However,
the SEM image of the bare silver nanowire network in Figure 17 shows the prominent
formation of oxides on the surface of the network as it was further exposed to ambient air
at an elevated temperature. Such formation of oxides increased the sheet resistance of the
silver nanowire networks; thus, the bare silver nanowire networks showed a much higher
increase in resistance during the exposure to air at 70 ◦C than silver nanowire networks
with RGO coating as shown in Figure 16b. Such enhancement of chemical stability by the
RGO coating was also confirmed in the work by Li et al., where, compared with that of the
bare silver nanowires, the increase in the resistance of the silver nanowire electrodes with
RGO coating was much lower when exposed to air at 120 ◦C (Figure 16c) and at 85 ◦C with
85% relative humidity (Figure 16d) [50].
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Figure 16. (a) Cyclic bending test results of silver nanowire networks with and without RGO coating
after exposing them at 70 ◦C for 132 h. (b) Sheet resistance change of silver nanowire networks with
and without RGO coating as a function of exposure time in air at 70 ◦C. Resistance change of bare
silver nanowire networks with GO and RGO coatings exposed to air (c) at 120 ◦C and (d) at 85 ◦C
with 85% relative humidity. Reproduced with permission from ref. [49] with permission from The
Royal Society of Chemistry. Reproduced with permission from ref. [50]. Copyright 2018, Elsevier.
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The native brittleness of oxide and concentration of the stress around the oxide
resulted in several failures in the network [51]. Furthermore, the formation of silver oxide,
which has a higher resistivity than pure silver, hinders the electrical conduction within
the network and reduces the area of the electric percolation pathway [38]. Thus, a smaller
increase in the fraction resistance of the RGO-coated silver nanowire network is in line
with lesser oxidation of the silver nanowire network.

As demonstrated above, coating the silver nanowire network with RGO did not
affect its deformation behavior, but increased the chemical stability against oxidation and
ultimately increased the network’s mechanical reliability. Therefore, combining RGO with
a silver nanowire network seemed a promising method to fabricate a mechanically reliable
silver nanowire network.

Metal oxide is another example for the protective coating to enhance the chemical
and thermal stabilities of silver nanowire electrodes [52–57]. Lee et al. investigated the
effect of a metal oxide coating on the fracture behavior of silver nanowire networks [52].
Al2O3, HfO2, and TiO2 films were deposited on silver nanowire electrodes by atomic layer
deposition at a low temperature of 100 ◦C. Cyclic bending tests with in situ resistance
measurements were conducted for up to 300,000 cycles. Thicker metal oxide films resulted
in a greater increase in the resistance of composite electrodes under cyclic bending, owing
to the reduced fracture strength of thicker films as shown in Figure 18. Regardless of the
type of metal oxides, however, a similar tendency of resistance change in response to cyclic
bending was observed, which revealed that the critical thickness calculation based on
Griffith’s theory for the evaluation of the brittle-to-ductile transition was not applicable.
Damaged Al2O3-coated silver nanowire composite electrodes sustained excellent chemical
stability without showing an increase in resistance, even after 500 h of exposure at 85 ◦C
(Figure 19a). Regarding the thermal stability, the damaged silver nanowire composite
electrode with a 1 nm Al2O3 film showed an increased sheet resistance at 200 ◦C. The other
damaged samples with Al2O3 layers thicker than 3 nm showed excellent stability up to
the maximum test temperature of 250 ◦C (Figure 19b). The analysis of the optoelectronic
properties revealed that silver nanowires with Al2O3 layers thicker than 5 nm showed
the degradation of the optical transmittance due to increased light reflection at the film–
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substrate interfaces (Figure 19c). Based on the mechanical, thermal, and chemical stability
test results, the optimized Al2O3 thickness for flexible silver nanowire composite electrodes
was proposed as 3–5 nm (Figure 19d).
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Figure 18. Resistance change of the silver nanowire network with Al2O3, TiO2, and HfO2 overcoating
with different thicknesses. Reproduced with permission from ref. [52]. Copyright 2019, Elsevier.
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6. Conclusions

In summary, silver nanowire electrodes showed considerably better reliability, com-
pared to the competitors, such as ITO or Ag thin films, under a high number of bending
cycles. Such excellent mechanical reliability was secured even after applying protective
layers, such as RGO or metal oxides, on the silver nanowires. Thus, the resistance increase
in silver nanowire-based electrodes under a high number of bending cycles was much
lower than that of ITO or silver thin films, as summarized in Table 1. The enhanced
mechanical reliability was due to the different deformation behavior of silver nanowire
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electrodes from that of the thin film-type materials, where dislocation accumulation at
the substrate–nanowire interface is difficult to form, which suppresses the crack initia-
tion/propagation. In addition, the silver nanowire network has the geometrical advantage
in that it can accommodate the imposed strain by stretching its structure. In addition, to
provide in-depth insight of the deformation behavior of silver nanowire electrodes under
high-cycle bending, the following critical points were discussed through this review as
described in Figure 20: (1) the failure mode of silver nanowires under high-cycle bending,
(2) enhanced reliability by the mechanical welding of silver nanowires, (3) the deformation
mode change under different strains of tension and compression, and (4) the effect of
protective coating on the mechanical reliability of silver nanowire electrodes.

Table 1. Comparison of the change in resistance of different materials after high-cyclic bending.

Materials # of Bending Cycles Strain R−R0/R0 (%) Ref.

Silver nanowire

200,000 2% ~2% [42]

500,000

1% ~1.5%

[28]2% ~3%

3% ~10%

4% ~18.8%

800,000 1.5% ~2% [49]

Silver nanowire/rGO 800,000 1.5% ~3% [49]

Silver nanowire/Al2O3 (5 nm) 300,000 2.5% ~25%
[52]Silver nanowire/TiO2 (5 nm) 300,000 2.5% ~25%

Silver nanowire/HfO2 (5 nm) 300,000 2.5% ~25%

Silver thin film (100 nm) 500,000 1% ~78% [28]

ITO (100 nm) 500 2.5% ~6000% [24]
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As discussed above, silver nanowires have attracted significant attention for appli-
cation as transparent electrodes of flexible electronic devices. The different deformation
mechanisms in nanosized wires require an in-depth study of the deformation behavior of
silver nanowire electrodes. In particular, understanding the deformation mechanism of
materials in repetitive and various types of deformation should precede their application
in real-life electronics, which must be resilient against various types of deformation and
millions of repetitions of deformation. Although various research results in the complex
deformation behavior of silver nanowire electrodes have been reported, as highlighted
in this review, some unrevealed areas remain, such as the in situ observation of the de-
formation behavior of silver nanowire networks under bending or observation of crack
initiation at the oxidized nanowire surface. In addition, studies on the properties of silver
nanowires, such as electromigration of single nanowires or surface reaction at the surface
of single nanowires with different gases, are limited. With the fundamental studies of silver
nanowires, the intensive study on the applications of silver nanowires to various areas,
such as electronics or energy-related fields, will accelerate the realization of flexible devices
in our daily life.
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