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Abstract
Flexible devices are of significant interest due to their potential expansion of the application of smart devices into vari-
ous fields, such as energy harvesting, biological applications and consumer electronics. Due to the mechanically dynamic 
operations of flexible electronics, their mechanical reliability must be thoroughly investigated to understand their failure 
mechanisms and lifetimes. Reliability issue caused by bending fatigue, one of the typical operational limitations of flexible 
electronics, has been studied using various test methodologies; however, electromechanical evaluations which are essential 
to assess the reliability of electronic devices for flexible applications had not been investigated because the testing method 
was not established. By employing the in situ bending fatigue test, we has studied the failure mechanism for various condi-
tions and parameters, such as bending strain, fatigue area, film thickness, and lateral dimensions. Moreover, various methods 
for improving the bending reliability have been developed based on the failure mechanism. Nanostructures such as holes, 
pores, wires and composites of nanoparticles and nanotubes have been suggested for better reliability. Flexible devices were 
also investigated to find the potential failures initiated by complex structures under bending fatigue strain. In this review, the 
recent advances in test methodology, mechanism studies, and practical applications are introduced. Additionally, perspec-
tives including the future advance to stretchable electronics are discussed based on the current achievements in research.
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1  Introduction

Flexible devices, including flexible displays, batteries, and 
sensors, are attracting much interest for next-generation 
smart electronics [1–13]. Various experimental and theoreti-
cal studies have been conducted, resulting in the competitive 
announcement of prototype flexible displays and batteries. 
Nevertheless, for commercialization, there is still a large 
gap between the requirements of these applications and the 
development of flexible electronics regarding their function-
ality, productivity and reliability.

Flexibility is imparted to conventional rigid electron-
ics, which are generally fabricated on a Si wafer or glass 
substrate, by “making them thin” to reduce the mechani-
cal stress/strain evolved according to the curvature relation 
[14, 15]. To obtain more bendability, the rigid substrate was 
replaced with a polymer substrate. Polyethylene terephtha-
late (PET) with a high transparency or polyimide (PI) with 
high thermal and chemical stability is generally adopted as 
a flexible substrate while a transparent PI film with high 
optical transparency and high thermal stability is currently 
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under development. As these polymer substrates are very 
weak against heat compared to Si and glass, the maximum 
temperature of the fabrication process is restricted by the 
polymer substrate such that conventional materials used in 
electronics may not be applicable or fully functioned. There-
fore, a huge amount of effort has been devoted to develop-
ing new materials and new processes to open a new era of 
flexible devices.

A characteristic of flexible electronics is their closeness 
to users. Epidermal and wearable electronics are designed 
to contact the human body. Thus, the reliability of flexible 
electronics is a very important issue because the failure 
of flexible electronics can cause safety problems, as well 
as operational malfunctions. Moreover, with the develop-
ment of modern technologies, such as the internet of things 
(IoT), the influence of single electronic devices can cause 
the failure of a whole system as opposed to only individual 
home appliances. Regarding reliability, the most significant 
difference in the operational conditions of conventional 
electronics and flexible devices is that repeated mechanical 
deformations, such as bending or folding, will be continuous 
and will result in mechanical stress directly on the flexible 
electronics. Until now, the conventional electronics have 
been designed and produced mostly with the assumption 
of mechanically static operations, i.e., no repeated move-
ments and impacts except for unintentional accidents. Thus, 
the electrical operational conditions and process conditions 
are more critical to determine the reliability of conventional 
electronics, such as stress migration [16, 17], electromigra-
tion [18–22], and dielectric breakdown [23, 24]. In contrast, 
flexible electronics suffers additional reliability issue that 
is caused by the mechanically dynamic operations. Current 
studies on flexible devices heavily focus on processes and 
materials developments to improve their functionality or 
flexibility [25–36]. However, regarding reliability assess-
ment rudimentary bending tests were performed to dem-
onstrate the flexibility of the developed devices without a 
thorough study of their electromechanical reliability. To 
design highly reliable flexible devices, the related studies 
must be carried out so that the effects of various mechanical 
deformations can be understood.

During the aforementioned mechanical deformation 
required for flexible operations, several reliability problems 
can occur in electronic devices [37–39]. Among those, 
Fatigue failure, which occurs when small deformations 
even below the rupture strain are repeatedly applied, is a 
major reliability issue closely related to long-term reliability 
[40–43].

In this paper, we will introduce our recent progress in 
bending test methods for flexible devices, and also discuss 
the characteristics of each test method. In the context of 
cyclic bending deformations, the fatigue of metallic inter-
connects and the subsequent degradation of electrical 

properties will be explained. Furthermore, methods for 
improving long-term reliability using nanostructures, includ-
ing nanoholes, nanopores, nanowires, and multilayer struc-
tures, will be presented. Then, the last section will be 
devoted to the reliability of practical flexible devices imply-
ing that that the reliability study and test methods in this 
paper will be extended to real flexible device systems or 
stretchable soft materials [44–46].

2 � Bending Fatigue Test Methodologies

Once flexible devices are developed, the estimation of their 
initial electrical performance and the evaluation of their 
long-term stability during mechanical deformation are 
required. Mechanical testing for flexible devices is slightly 
different from typical mechanical test methods, such as a 
uniaxial tensile testing or the indentation method, which aim 
to determine mechanical properties, for example, the yield 
strength and ductility [47–49]. The purpose of mechani-
cal testing for flexible devices is to evaluate their electrical 
functionality, for example, the electrical resistance or carrier 
mobility, during or after the mechanical deformation of the 
sample. The applied strain due to bending deformation can 
be described with a simple curvature relation:

where ε, hsub, hfilm, and 2r are the applied strain, substrate 
thickness, film thickness, and gap between the plates, respec-
tively (r is the radius of curvature). Researchers have been 
developing several bending test methods that can be applied 
to flexible electronics.

Figure 1 shows four representative methods that are 
widely used for testing flexible devices: (a) the free arc bend-
ing test [50–53], (b) the variable radius bending test [54, 
55], (c) the sliding plate test [56–58], and (d) the variable 
angle test [59, 60]. These terminologies are adopted from the 
international standardization [61, 62]. The free arc bending 
test, shown in Fig. 1a, is the most commonly used method 
for flexible device research. Two grips hold the edges of the 
sample and repeat linear motions to induce a bending motion 
in the target sample. For bending test methods, the method 
used to grip the sample is very important. The grip should be 
designed to avoid unintentional additional stress on the tar-
get sample near the grip so that the maximum stress will be 
focused at the bending point of the target sample. The elec-
trical properties can be measured during or after the bending 
motion of the sample through electrical contacts at the grips. 
The motion of free arc bending is the simplest method, but it 
is difficult to induce severe bending deformation with a large 
bending strain. The second method is the variable radius 
bending test (Fig. 1b). The basic concept of the bending 
motion is similar to that of the free arc bending test, but the 

� = (hsub + hfilm)∕2r,
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sample is bent between two guiding plates, which help to fit 
the bending shape into the target bending radius. The guid-
ing plates enable convenient but precise control of the bend-
ing strain. The third method is the sliding plate test (Fig. 1c). 
The test setup is very similar to that of the variable radius 
bending test; however, the motion is very different. One 
plate is fixed, and the other plate repeats a linear motion in 
the direction parallel to the sample and plates. The repeated 
sliding motion of the plate causes local bending/unbending 
of the sample. The merit of this method is that the gripped 
part is separated from the bending part so that the connec-
tion between the grip and sample is very stable. The elec-
trical resistance can be measured in situ using conductive 
grips, and multiple samples can be simultaneously tested at 
a high speed (~ 5 Hz). The last method is the variable angle 
test (Fig. 1d), where the sample is located at the center and 
bent to the left and right. The part of the sample subjected 
to bending is controlled by the round shape of the holder. 
Generally, the electrical properties are measured before and 
after mechanical deformation. As shown in Fig. 1, several 
kinds of bending test methods have been developed. Because 
each bending test represents a different bending situation, 
it is necessary to choose a proper bending test method that 
can mimic real operation conditions. In particular, additional 
stress near the grip should be eliminated when evaluating the 
reliability of the sample.

3 � Fatigue Behavior of Metal Electrodes

3.1 � Electrical Property Changes with the Formation 
of Fatigue Damage

The electrical reliability of a metal film on a polymer sub-
strate during cyclic bending deformation was investigated 
using the sliding plate test. Kim et al. [56] reported the 
electrical resistance changes and fatigue damage morphol-
ogies, as shown in Fig. 2. A Cu film with a thickness of 
1 μm was deposited on a 125 μm-thick polyimide substrate 
using thermal evaporation. The electrical resistance was 
monitored in situ during the cyclic bending deformation. 
Figure 2a, b show the resistance change until the com-
pletion of 5 × 105 bending cycles. During the early stage, 
the resistance did not change (Fig. 2b), but after a certain 
number of cycles, the resistance started to increase. Dur-
ing the late stage, the resistance increased continuously 
(Fig. 2a). To find the origin of the resistance increase, 
the surface of the sample was observed using scanning 
electron microscopy (SEM), as shown in Fig. 2c–f. During 
the early stage, no surface damage was observed (Fig. 2c), 
but in the sample after the electrical resistance increase 
had occurred, numerous cracks were observed, as shown 
in Fig. 2d, e. In the high magnified view (Fig. 2f), typical 
damage morphologies consisting of extrusions and adja-
cent cracks were observed, which are similar with previous 
reports studied using a uniaxial tensile test [43] and the 
beam bending test [41]. The origin of the fatigue damage 
in the metal was related to the dislocation motion resulting 
from repeated mechanical deformations. The accumula-
tion of dislocations formed extrusions and intrusions at the 

Fig. 1   Bending test methods: a 
free arc bending test, b variable 
radius bending test, c sliding 
plate test, d variable angle test
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surface, which acted as stress concentration sites [63–68]. 
Finally, the local high stress at the fatigue damage loca-
tions caused crack evolution. Correlating the damage 

morphologies and the electrical resistance changes enabled 
the argument that the main origin of electrical resistance 
increase is crack formation causing electron scattering.

Fig. 2   Electrical resistance changes during bending fatigue dur-
ing a the late stage and b the early stage. Damage morphologies 
after bending deformation after c 4 × 103, d 1 × 104, e 5 × 104, and f 
5 × 105 bending cycles. The bending strain, linear motion length, and 

thickness of the Cu film were 1.1%, 10 mm, and 1 μm, respectively. 
g Resistivity changes at various bending strains from 0.9 to 2.0%. h 
Fatigue lifetime as a function of bending strain. (Reprinted with per-
mission from Joo [56] Copyright 2012, Elsevier)
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The electrical resistance at various bending strains is plot-
ted in Fig. 2g. The resistance increased more and earlier for 
higher bending strains. The high stress accelerated the dislo-
cation motion in the metal film; consequently, severe fatigue 
damage developed. To quantify the electrical lifetime, the 
cycle at which the electrical resistance had increased by 5% 
compared to the initial resistance was defined as the fatigue 
life time and is plotted in Fig. 2h. The fatigue lifetime 
decreased as the applied strain increased and can be fitted 
by the Coffin-Manson equation as follows

where Δε/2 is the strain amplitude, εf is the fatigue ductil-
ity coefficient, c is the fatigue ductility exponent, and Nf 
is the number of cycles to failure. The fatigue lifetime can 
be divided into two regimes related to the elastic and plas-
tic regimes, which are correlated to high cycle fatigue and 
low cycle fatigue, respectively [68–72]. Each constant was 
obtained by fitting the electrical lifetime. The main results 
are that the fatigue failure of functional electrical materials 
can be quantified using the electrical resistance change and 
that it can be predicted using a well-known fatigue equation. 
Furthermore, a universal equation is suggested, which can 
describe the electrical resistivity change after crack nuclea-
tion. This result implies that the control of crack nucleation 
is important to increasing the fatigue lifetime.

3.2 � Film Thickness Effect on Fatigue Behavior

The mechanical and electrical properties of a metal film 
strongly depend on its microstructure, such as the grain size, 
and the film thickness. Kim et al. [57] reported the electri-
cal reliability of metal films with various film thicknesses, 
as shown in Fig. 3. Cu films with various film thicknesses 
(200, 500 nm, and 1 μm) were prepared on a PI substrate 
using thermal evaporation. The monotonic fracture behav-
iors and long-term reliabilities of Cu films with various film 
thicknesses were investigated. Figure 3a shows the electrical 
resistance change of Cu films during the monotonic tensile 
test. The electrical resistance of all the samples increased 
following the dashed line, which was calculated by consider-
ing the increase of the sample length during the stretching of 
the sample. The resistance did not follow the ideal curve due 
to additional defect formations, such as cracks [37, 38]. The 
thicker Cu films (500 nm-thick film and 1 μm-thick film) 
showed greater stretchability compared to those of 200 nm-
thick films (Fig.  3a). Figure  3b shows the mechanical 
stress during uniaxial tensile testing. As the film thickness 
decreased, the yield strength and the ultimate tensile strength 
(UTS) increased, but the flow stress after UTS decreased 
rapidly. This result implies that the mechanical strength was 
enhanced in the thinner films, but the ductility was reduced, 

(1)
Δ�

2
= �f

(

2Nf

)

c

which is consistent with the electrical properties during the 
tensile testing, as shown in Fig. 3a.

The long-term reliability of a metal film during bend-
ing fatigue was also investigated, as shown in Fig. 3c. As 
previously described, the electrical resistance of a Cu film 
increases due to fatigue damage formation during cyclic 
bending deformations. Interestingly, the thickness depend-
ence varied depending on the film thickness and the applied 
strain. For the 200 nm-thick film, the electrical resistance did 
not increase for the 1.1% bending fatigue test but increased 
rapidly for the 2.0% bending fatigue test. In contrast, for 
the 1 μm-thick film, the electrical resistance kept its initial 
value until the 0.8% strain condition, and the fatigue failure 
was retarded for the 2.0% strain condition. Consequently, the 
thickness dependence of the fatigue lifetime varied accord-
ing to the applied strain. For low strain fatigue, which cor-
responds to a high cycle fatigue (HCF), thinner films show 
longer fatigue lifetimes; however, for high strain fatigue 
with a low cycle fatigue (LCF), thicker films exhibit supe-
rior fatigue lifetimes (Fig. 3d). The fatigue mechanism at 
low strain mainly involved fatigue damage formation result-
ing from dislocation. The small grains in thinner films pre-
vented dislocation motion by dislocation scarcity effect, as 
shown in Fig. 3b; thus crack initiation is suppressed so that 
the fatigue lifetime is increased. For high strain fatigue, in 
contrast, fracture-like failure was dominant in the thinner 
films so that ductile thick films with large grains exhibited 
longer fatigue lifetimes compared to brittle thin films. It has 
been known that the mechanical strength of a metal film 
follows the general rule of “thinner is stronger,” as shown 
in Fig. 3b; however, the electrical reliability and lifetime 
of a metal film under fatigue deformation can be changed 
dramatically depending on the type and the magnitude of the 
external force, as shown in Fig. 3d. Therefore, the effect of 
the microstructure and operation conditions should be con-
sidered when designing highly reliable flexible electronics 
under fatigue deformation.

3.3 � Electromechanical Behavior of Metal Lines 
and Films

During the application of metals in electronic devices, 
not only the thickness of the metallic film but also other 
dimensional effects must be considered for the reliability of 
devices. Lee et al. [73] reported the mechanical fatigue reli-
ability of Cu interconnects on flexible substrates, as shown 
in Fig. 4. As shown in Fig. 4a, the electrical degradation 
due to bending fatigue was measured in both lines and films. 
Metal lines have similar dimensions to interconnects, while 
metal films have equivalent geometries to electrodes. By pat-
terning thirty parallel Cu lines with widths of 8 μm, which 
is substantially smaller than the average crack length in a 
film (76.69 μm after 3 × 105 cycles, as measured from the 
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Fig. 3   a Electrical resistance change and b mechanical stress dur-
ing uniaxial monotonic tensile testing of Cu films with various film 
thicknesses. c Electrical resistance change of Cu films during bending 

fatigue testing. d Fracture strain and fatigue lifetime as a function of 
film thickness. (Reprinted with permission from Joo [57] Copyright 
2014, Cambridge University Press)
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data shown in the inset of Fig. 4b) on a flexible polyimide 
substrate, the resistance change behavior was compared as 
shown in Fig. 4b, c. Regardless of the type of strain, a step-
wise increase of the electrical resistance was found for metal 
lines, in contrast to the gradual increase found for metal 
films. Additionally, the size the resistance increase was simi-
lar for each step for both strain types. As noted above, both 
the nucleation and propagation of cracks affected the resist-
ance increase of the films; however, cracks could propagate 
through the entire width of the lines immediately after crack 
nucleation when the line width was similar to or smaller than 
the crack length. Therefore, a sudden increase in the resist-
ance could occur for metal lines. Additionally, all cracks 
have the same length because they were limited by the line 
width so that an equivalent increase, approximately 3%, was 
found for the occurrence of a single line fracture. It is also 
noteworthy that the lifetime of metal lines was shorter than 
that of metal films under a strain amplitude of 1%, which 
is expected because the strain is in the high cycle fatigue 
regime. The t50 of Cu metal lines was 6000 cycles under 

a tensile strain, while that of Cu metal films was 19,900 
cycles under the same strain. Because data points were col-
lected not only from early failures of metal lines but also 
from later failures from each step of Fig. 4c, the probabil-
istic error in crack nucleation can be exempted. Addition-
ally, it is well-known that the cycles for crack growth are 
much smaller than those for crack nucleation in the HCF 
regime. Nonetheless, the effect of crack growth on lifetime 
under electromechanical testing should be discussed in the 
HCF regime because the effect of microcracks nucleated 
by fatigue on the electrical resistance is different from that 
on the mechanical properties. When a microcrack nucleated 
due to the electromechanical testing of the metal films, the 
increase of the electrical resistance was imperceptible due 
to how small the change in the conduction path was. Thus, 
more cycles are necessary to make the change of the elec-
trical resistance distinguishable even in the HCF regime. 
However, for metal lines, a microcrack can induce the total 
fracture of single line. Consequently, the lifetimes of metal 
lines are shorter than those of metal films due to the lesser 

Fig. 4   a Schematic and resist-
ance changes during bending 
fatigue testing of b Cu films 
and c Cu lines. Insets show the 
surface morphology of samples 
observed using an optical 
microscope after 3 × 105 cycles 
of bending. For d Cu films and 
e Cu lines, the lifetime when the 
resistance increase reaches 3% 
of the initial value was plotted 
cumulatively. (Reprinted with 
permission from Joo [73] Copy-
right 2015, KIM and Springer)
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number of cycles required for crack propagation. Conse-
quently, it can be argued that the reliability of metal lines 
is much poorer than that of metal films. Metal layers will 
be patterned for the interconnects of flexible devices, and 
the line width and pattern size will shrink continuously as 
flexible devices technology evolves. Thus, the improvement 
of the reliability of metal lines is a very important issue to 
achieve fine-pitch applications.

4 � Improving Long‑Term Reliability 
by Materials Design Strategy

Recent experimental demonstrations show the improved 
deformability of thin films by introducing wavy, arc, or 
horseshoe structures [74–77], and most of the results are 
focused on using materials design to enhance the maximum 
deformability. For real industrialization, the design and fab-
rication of highly reliable materials are practically important 
because the unit materials can eventually improve the reli-
ability of the final device system. In this section, the studies 
relevant to improvement of long-term reliability by materials 
development will be introduced.

Fig. 5   a Schematic and b, c 
SEM images of a nanohole 
electrode. d Electrical resistance 
change of a nanohole electrode 
and a conventional Cu film 
during bending fatigue. e, f 
Damage morphologies after 
bending fatigue testing of e, f 
conventional Cu film and g, h 
nanohole electrode. (Reprinted 
with permission from Joo [78] 
Copyright 2012, Wiley)
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4.1 � Nanohole‑Array Metal Electrodes

Typically, a hole is a defect that reduces mechanical strength 
and degrades electrical conductivity. However, a uniformly 
distributed nanohole-array can dramatically enhance long-
term reliability because the nanoholes suppress defect 
nucleation and propagation. Kim et al. [78] demonstrated a 
highly reliable metal film implanted with a nanohole array, 
as shown in Fig. 5. Figure 5a shows a schematic of a nano-
hole-array electrode, which consist of a polymer substrate, 
a Cu layer, and nanoholes. Using plasma etching, nanorods 
are formed on the polymer substrate, and the metal layer is 
deposited on the polymer substrate. As shown in Fig. 5b, 
c, nanoholes are generated around the nanorods due to the 
shadow effect of the nanorods during the deposition pro-
cess. Figure 5d shows the electrical resistance changes of 
the nanohole Cu and conventional Cu films. After 5 × 105 
bending cycles, the electrical resistance of nanohole Cu film 
increased less than 7% and approximately retained its initial 
value, while that of the conventional Cu increased by over 
300%. The surface morphologies after the bending fatigue 
test were observed and are presented in Fig. 5e–h. Typi-
cal fatigue damage consisting of extrusions and cracks were 
observed in the conventional Cu film (Fig. 5e, f). However, 
no fatigue damage was observed in the nanohole Cu film, 
as shown in Fig. 5g, h. Only short and discrete cracks were 
detected, as shown in the inset of Fig. 5h. The dramatic 
improvement of the fatigue lifetime in the nanohole Cu film 
can be explained in the terms of the prevention of crack 
nucleation and crack propagation. As previously discussed, 
electrical reliability during fatigue damage is directly related 
to crack nucleation and propagation, which are induced by 
local stress concentration at fatigue damage locations. Con-
sequently, it can be argued that the origin of fatigue damage 
for metal film is the accumulation of dislocations. In con-
trast, for nanohole Cu films, the dislocation motion can be 
effectively distributed by nanosized holes in the metal film, 
and thus the formation of extrusion/intrusion can be sup-
pressed. Therefore, crack nucleation is prevented in nano-
hole Cu films. Although some short cracks can form in the 
nanohole Cu film, the tips of the cracks are rounded. The 
blunting of crack tips due to nanoholes also retards crack 
propagation. It is notable that well-designed nanoholes can 
enhance long-term reliability despite the initial resistance 
being slightly higher than that of a conventional film.

4.2 � Nanopore Inkjet‑Printed Films

The development of a new process for fabricating highly 
reliable metal electrodes is absolutely required to increase 
productivity. The inkjet-printing technique has been attract-
ing much attention as an effective method because it can pro-
duce various patterns directly on diverse flexible substrates 

[79–82]. To make a conductive pattern using an inkjet print-
ing process, nanoparticle-based inks are printed on a flexible 
substrate, and a posttreatment is conducted. The microstruc-
tures of the printed metal electrodes depend significantly 
on the temperature, annealing time, and ambient conditions 
[83–90]. Kim et al. [91] reported the reliability change of 
inkjet-printed interconnects according to a thermal post-
treatment, as shown in Fig. 6. The mechanical and electrical 

Fig. 6   a Electrical resistance changes of inkjet-printed electrodes 
with varied annealing conditions and a conventional Cu film during 
bending fatigue. b Damage morphologies of inkjet-printed electrodes 
with various annealing conditions after the bending fatigue test. c 
Conductivity and fatigue lifetime of inkjet-printed Ag electrodes with 
various annealing conditions. (Reprinted with permission from Joo 
[91] Copyright 2014, IOP Science)
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reliability of inkjet-printed Ag electrodes was investigated 
after a different heat treatment.

Ag ink was inkjet printed on polymer substrates, and 
thermal posttreatments were conducted at 150, 200, 250, 
and 350 °C. The decomposition temperature of the Ag ink 
in this experiment was approximately 250 °C, at which the 
organic binders surrounding the metal nanoparticle decom-
posed. In the samples annealed below the decomposition 
temperature, small-sized nanoparticles were observed. In the 
samples annealed above 250 °C, necking formed between 
nanoparticles, and at higher temperatures, grain growth was 
observed. The resistance of the Ag electrodes decreased 
with increasing annealing temperature. Figure 6a shows the 
electrical resistance change of the inkjet-printed Ag elec-
trodes for the various annealing conditions and the change 
of the evaporated Ag films. The samples annealed at 150, 
200, and 250 °C kept their initial resistance, and no damage 
was observed in the surface images (Fig. 6b). However, the 
sample annealed at 350 °C showed an approximately 80% 
resistance increase. An evaporated Ag film with the same 
thickness as that of the inkjet-printed film was also tested. 
Its resistance increased by over 100%, and the typical fatigue 
damage consisting of extrusions and cracks was observed 
after the bending test. The conductivity before fatigue and 
the fatigue lifetime of the inkjet-printed film and the evapo-
rated film are plotted in Fig. 6c. The initial conductivity of 
the inkjet-printed film increased as the annealing tempera-
ture increased, and the evaporated film exhibited the high-
est conductivity. In contrast, the fatigue lifetime decreased 
as the annealing temperature decreased, and the evaporated 
film showed the shortest fatigue lifetime. By correlating the 
resistance graph and the SEM images, it can be argued that 
the formation of fatigue damage was hindered in the porous 
structure. The nanopores in the samples that were annealed 
at low temperatures suppressed the accumulation of dislo-
cation motion and the formation of fatigue damage. Fatigue 
damage similar to that observed in the evaporated films was 
observed in the sample annealed at 350 °C, which had large 
grains and a dense microstructure. Pores in metal electrodes 
are generally considered defects that impair the mechanical 
and electrical properties. However, controlled nanopores in 
inkjet-printed films can improve their long-term reliability 
during bending fatigue.

4.3 � Metal‑CNT Composite Films

Whereas nanostructures such as nanoholes and nanopores 
have advantages in improving the bending reliability of 
metal films by obstructing the motion of dislocations, anni-
hilating vacancies, or blunting crack tips, the impairment 
of electrical and mechanical properties can be a collateral 
disadvantage in employing these nanostructures in flexible 
electronics. Therefore, another approach entails substituting 

those nanostructures with nanomaterials that have good 
mechanical and electrical properties, such as carbon nano-
tubes (CNTs). Lee et al. [89] reported improved mechani-
cal performance for CNT and Ag nanoparticle composite 
films using ambient controlled annealing, as shown in Fig. 7. 
Figure 7a–c shows FESEM images of spin-coated Ag films 
and Ag/CNT films with various concentrations of CNTs. 
By adding CNTs into solution-based Ag films, the contacts 
among the Ag nanoparticles can be reinforced by the CNTs. 
However, the electrical resistance increases as more CNTs 
are added into the Ag films because of the poor interface 
between the CNTs and Ag. The electrical resistivity of the 
Ag films was 1.95 μΩcm, while that of the Ag films with 
1 wt% CNTs was 2.75 μΩcm. The small contribution of 
the CNTs to electrical conduction can be improved using 
surface modification of the CNTs. Consequently, with a 
focus on the mechanical reliability of Ag films with CNTs, 
the electrical resistance as a function of cycles is plotted 
in Fig. 7d. In the bending fatigue test, the maximum strain 
was 2%, and the frequency was 1 Hz. It is interesting that 
a small difference in the lifetimes of the metal films was 
observed regardless of the amount of CNTs, considering that 
the failure criterion is mostly between several percent and 
20%. This outcome can be affected by visible differences in 
the surface porosity. While a pure Ag film has a porosity of 
approximately 5%, Ag films with 1 and 5 wt% CNTs have 
porosities of ~ 7 and ~ 17%, respectively. Additionally, most 
interfaces between CNTs and Ag particles seem to occur at 
the boundaries between particles, which can also hinder the 
movement of dislocations. However, it is noteworthy that 
the electrical resistance increases more notably during crack 
growth (when a fatigue test was conducted for more than 104 
cycles) as the concentration of CNTs increases. This fact can 
be explained by the characteristic microstructure of spin-
coated Ag films. The microstructure of solution-processed 
films is evolved from the nanoparticle or molecules, so par-
ticulated microstructures are observed in these films. Thus, 
the mechanical properties and reliabilities are related closely 
to the contact environment among the particles within the 
films. CNTs in the spin-coated Ag films can restrain elec-
trical resistance during crack growth by the reinforcement 
of contacts, and formation of electrical paths. As shown in 
Fig. 7e, f, Ag films with CNTs, shown in the images to the 
right (Fig. 7e), have narrower crack widths under a strain 
of 25% than pure Ag films, shown in the images to the left 
(Fig. 7f). These results imply that the lifetime under bend-
ing fatigue testing can be improved only by the retardation 
of crack nucleation; however, electrical degradation can be 
enhanced by either crack nucleation or growth.
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4.4 � Multilayer Metal Electrodes

In the context of the compatibility to industrial process, mul-
tilayer metal electrode structures were investigated as the 
most effective way to enhance the stability of metal films 
on polymer substrates. In particular, an underlayer is gener-
ally employed to improve the interfacial adhesion between 
the metal layer and the polymer film [37], and an overlayer 
can be adopted for passivation of the metal layer. Kim et al. 
[92] reported the reliability of multilayer metal films dur-
ing cyclic bending deformations, as shown in Fig. 8. The 
electrical reliability of multilayer metal electrodes with and 
without an underlayer and overlayer was investigated using 
the bending fatigue test. For the bending test, depending on 
the position of the metal layer and polymer substrate, the 
sample can undergo either outer bending or inner bending, 
which implies that the metal layer is on the outside or the 

inside, respectively. Outer bending results in tensile stress 
on the metal layer, but inner bending induces compressive 
stress on the metal film.

Figure 8 shows the electrical resistance changes of (a) 
a Cu-only film, (b) a NiCr underlayer film, and (c) an Al 
over layer as a function of the number of bending cycles. 
For the Cu-only sample, the electrical resistance increased 
during the bending fatigue test. The resistance increment of 
the outer bending condition was similar to that of the inner 
bending test. For the NiCr underlayer sample, the electrical 
resistance under the outer bending condition significantly 
increased by over 100%, but that of the inner bending shows 
an approximately 20% increase. For the Al overlayer sam-
ple, the resistance increased by approximately 40% and 10% 
under outer bending and inner bending conditions, respec-
tively. This finding implies that the electrical reliability 

Fig. 7   FE-SEM image of a pure Ag, Ag with CNTs of b 1 wt% and 
c 5 wt% after annealing for 1 h at 250 °C. d The resistance changes 
during bending fatigue test of Ag films and Ag films with CNT. Sur-

face morphologies of e pure Ag and f Ag films with 1  wt% CNT 
under strain of 25%. (Reprinted with permission from Joo [89] Copy-
right 2012, Elsevier)
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strongly depends on the multilayer structure of the metal 
film.

To determine the difference in the fatigue mechanism 
according to the multilayer structure, cross-sectional 
images of fatigue damage are presented in Fig. 8d–g. As 
shown in Fig. 8d, e, extrusions and cracks, which are at an 
approximately 45° tilt angle against the film thickness, were 
observed, which indicates that the fatigue damage forma-
tion that evolves by dislocation motion is the main origin of 
fatigue failure during both outer bending and inner bending 
of metal films. In contrast, for the NiCr underlayer sample, 
few extrusions were observed, and the direction of the cracks 
was vertical with respect to the film thickness. This result 
indicates the cracks were mainly nucleated by brittle fracture 
rather than extrusion/intrusion formation. Because the NiCr 
layer has a higher elastic modulus compared to the Cu film, 

the stress incompatibility near the under layer caused brittle 
crack nucleation.

4.5 � Nanowire Metal Electrodes

A nanowire (NW) network has advantages in bending 
fatigue reliability. Hwang et al. [93] reported the bending 
reliability of an Ag NW network, which was prepared using 
electrostatic spraying of Ag NWs that were synthesized 
using the modified polyol process, as shown in Fig. 9. The 
changes in the electrical resistance as a function of 1% bend-
ing cycles for Ag NW networks (Fig. 9a) and the blanket 
Ag film (Fig. 9b) are shown. While the electrical resistance 
increased by approximately 80% after 5 × 105 cycles for the 
blanket Ag film, the resistance increased by approximately 
2% after 5 × 105 cycles for the Ag NW network, as indicated 

Fig. 8   Electrical resistance changes of a Cu-only sample, b Cu film 
with a NiCr underlayer, c Cu film with Al over layer. Cross-sectional 
images of fatigue damages of d Cu-only sample during outer bend-
ing, e Cu-only sample during inner bending, f Cu film with NiCr 

under layer during outer bending, and g Cu film with NiCr under 
layer during inner bending. (Reprinted with permission from Joo [92] 
Copyright 2016, IOP Science)
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by the black curve. In contrast to conventional metal films, a 
NW network has many large spaces, which can confer trans-
parency to the network. The movement of dislocations can 
be limited by the small dimension of the NWs. Additionally, 
if vacancies are generated by dislocation interactions over 
some large area, such as junctions, they can be annihilated 
at these spaces among the NWs. The re-orientation of NWs 
under strain is also helpful to enable them to endure the 
bending strain induced by the local release of strain through 
the hinge-like motion of the junctions. It should be noted 
that a rapid decrease was observed during the early cycles 
(1000–5000 cycles) of the fatigue test. Moreover, it was 
found that the decrease was influenced by the annealing 
conditions, which are independent of both the movement 
of dislocations and the annihilation of vacancies. From the 
microstructural observation shown in Fig. 9c, d, effects of 
annealing on the microstructure were found at the junctions 
between the NWs. When the NWs are annealed at a higher 
temperature, the junctions can be locked-in by externally 
induced thermal energy (Fig. 9c), in contrast to the junc-
tions of unannealed NWs (Fig. 9d). These thermally welded 
junctions can reduce the electrical resistivity of the network 
due to their larger contact areas; however, the mechanical 
compensation of NWs under bending strain can also be 
limited several ways. Additionally, the electrical resist-
ance of a fiber-structured material can decrease due to the 

re-orientation of fibers under strain. Consequently, highly 
reliable and transparent electrodes can be prepared with rea-
sonable electrical properties by optimizing the microstruc-
ture of NW networks.

5 � Bending Reliability of Flexible Devices

While the previous sections focused more on the reliability 
issue in metallic components in flexible devices, assess-
ing the bending reliability of the entire flexible devices 
has also been an area of importance due to the complexity 
that originates from the materials and structures used. In 
other words, it is difficult to determine the reliability of full 
devices because cracks can be initiated from many possible 
weak points, such as interfaces, edges, and the materials 
themselves. Moreover, it is necessary to determine the life-
time of devices by selecting the electrical parameter that 
is most closely related to the functional operation of the 
devices under test (DUT). Here, we will describe a couple 
of examples from our recent results in mechanical reliability 
in flexible devices.

Fig. 9   Electrical resistance changes of a Ag NW and b Ag film under 
a bending strain of 1%. SEM observation of initial junctions among 
Ag NWs a annealed at 180 °C for 25 min and b not annealed before 

the bending fatigue test. (Reprinted with permission from Joo [93] 
Copyright 2014, Wiley–VCH Verlag GmbH & Co)
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5.1 � Flexible Batteries

Flexible energy applications are one of the most challenging 
applications for flexible electronics due to the instability that 
comes from the highly reactive materials contained in these 
devices. Particularly, using Si anodes in Flexible batteries 
is extremely difficult because large volume expansion dur-
ing charge cycles causes interfacial delamination. However, 
the improved bending reliability of Li-ion batteries with Si 
anodes has been reported by Jung et al. [94]. The use of a 
nano-hairy structure (Fig. 10b, c) was suggested to improve 
the reliability of electrodes so that bendable Li-ion pouch 
cell batteries with Si anodes were successfully fabricated 
(Fig. 10a). After the deposition of Cu and Si on nano-hairy 
and flexible PI substrates that were prepared using CF4 
PECVD etching, bendable Li-ion batteries could be fabri-
cated. As shown in the bottom of Fig. 10d, a Li-ion battery 
with this new structure (orange) has imperceptible changes 
in its output voltage during bending fatigue cycles, while a 
Li-ion battery with a conventional structure (blue) experi-
ences rapid degradation after approximately 1500 bending 
cycles. In considering both the short lifetime compared to 
thin films and the poor uniformity of the Si/Cu films, the 
enhancement of reliability should be explained by the intrin-
sic improvement of the material design. It is well known 
that the Cu/Si interface has very poor adhesion, resulting in 
easy delamination as observed after the delithiation test in 
the same report. Therefore, the improvement of the adhesion 
between Cu and Si for the nano-hairy structure was attrib-
utable to the increased contact area of the hairy structure, 
which is closely related to the adhesion on the interface. 
Consequently, it can be suggested that, in contrast with thin 
films, extrinsic effects as well as intrinsic effects must be 
considered for the bending reliability of devices.

5.2 � Flexible Organic Semiconductor

When the extrinsic effect is limited, the bending reliability 
can follow the reliability of the intrinsic materials. Vari-
ous materials [95–100] and structures [101–103], which 
are expected to have different mechanical behaviors in 
comparison to conventional metals, are applied in flexible 
electronics as semiconductors, dielectrics and conductors. 
From the reports by Lee et al. [104] on the bending reli-
ability of a simple metal–semiconductor-metal (MSM) 
device, which has a simple structure, it was found that the 
reliability of a device was determined by the reliability of the 
organic semiconductor. Two flexible organic semiconductors 
(OSC), crystalline 6,13-bis(triiosopropylsilylethynyl)penta-
cene (TIPS-pentacene) and amorphous poly(triarylamine) 
(PTAA), were spin-coated on Cu combs. The comb pattern 
was aligned parallel to the direction of the strain, and the 
changes in the electrical properties were measured ex situ 

Fig. 10   a Bendability of Li-ion pouch cell battery with b nano-hairy 
structures for the cathode and anode. c Cross section of the nano-
hairy structure and d voltage retention test during bending fatigue test 
at 1 Hz. (Reprinted with permission from Joo [94] Copyright 2015, 
Wiley–VCH Verlag GmbH & Co)
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after every thousand bending cycles. To separate the changes 
of the semiconductor resistance from the contact resistance, 
the transmission-line method was employed by changing 
the pitch of the combs. Figure 11a, b shows the resistances 
calculated from the I–V curves of the OSCs as a function 
of the cycle number. The initial resistance of crystalline 
TIPS-pentacene was smaller than one tenth that of PTAA; 
however, the large degradation of the semiconductor resist-
ance was observed only at the MSM device using crystalline 
TIPS-pentacene. Little degradation of the contact resistance 
was found, i.e., the bending reliability of the OSC mate-
rial determines the bending reliability of the device using 
the material due to the weakest link model. Thus, it can be 
expected that the bending reliability of films or materials 
must be improved to have better reliability before consid-
ering extrinsic effects. For the large degradation of TIPS-
pentacene, a large difference in the surface morphology was 
observed using atomic force microscopy Fig. 10c, d). While 
amorphous PTAA showed a smooth surface without dis-
tinguishable defects, crystalline TIPS-pentacene had sharp 
facets (which represent the crystallinity of the material) with 
cavities. The mean surface roughness of PTAA and TIPS-
pentacene were approximately 2–3 and 50 nm, respectively. 
In considering the absence of extrusions and the intergranu-
lar cracks, it can be argued that the cracks can nucleate from 

stress-concentrating regions, such as cavities and valleys on 
the surface. Therefore, amorphous OSC can be selected for 
some special applications that need high bending reliability, 
despite its poor conductivity. Otherwise, it is necessary to 
apply the methods described in chapter 4 (e.g., adding an 
over layer) to enhance the bending reliability while main-
taining low electrical resistance.

Finally, the relationship between cracks and performance 
must also to be considered for the bending fatigue test. For 
example, when the crack direction is parallel to the current 
path, the resistance changes due to cracks are negligible. 
Similarly, for devices that have a vertical conduction path 
(e.g., OLEDs, batteries), only cracks at the electrodes and 
interconnects, which are the only materials related to the 
longitudinal current from the electrical terminal of the 
devices, are fatal. Thus, external effects related to vertical 
operation can be more important for vertical devices with 
highly reliable electrodes and interconnects.

6 � Perspectives

Flexible electronics, which will evolve into stretchable elec-
tronics, must meet new requirements originating from their 
characteristic mechanical operations, as well as conventional 

Fig. 11   Contact resistance and 
semiconductor resistance, calcu-
lated using the transmission-line 
method, of a TIPS-pentacene 
and b PTAA as a function of 
the number of bending cycles. 
Surface morphologies of c 
TIPS-pentacene and d PTAA 
were observed using AFM after 
applying bending fatigue cycles. 
(Reprinted with permission 
from Joo [104] Copyright 2013, 
AIP Publishing LLC)
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criteria. Bending fatigue reliability has not been previously 
considered in the design of conventional electronic devices; 
however, it is now expected to be a very important reliability 
criteria in flexible devices regarding the product’s lifetime. 
Electromechanical fatigue testing is an effective method for 
the quantitative assessment of flexible electronics such that 
a great number of useful insights have been found using 
the method. The behavior of cracks, including nucleation 
and propagation, and size effects in metallic thin films on 
polymer substrates (e.g., film thickness and line width) have 
been investigated to help in the designing of reliable flexible 
devices. Additionally, novel ideas, mostly concerning ways 
to manipulate the microstructure for retarding crack initia-
tion, have been suggested to improve the bending reliability 
of “flexible” passive devices. The basic understanding of the 
fatigue reliability of metal films has been expanded to real 
devices, such as Li-ion batteries and MSM devices. The reli-
ability of flexible devices was evaluated quantitatively, and 
possible failure sources were discussed thoroughly.

Nevertheless, it seems that a large gap between the 
requirements and the mechanical properties still exists 
for flexible devices. Due to the low elastic compliance of 
flexible materials, complex and non-uniform strains can 
be applied to devices during even normal operations, such 
as unrolling and spreading. Additionally, it is difficult to 
improve mechanical properties and reliability without any 
losses in electrical performance. Thus, to pursue optimal 
application engineering, it is necessary to narrow the per-
ceived gaps by utilizing several strategies such as strain 
engineering, test methodology, material synthesis, and find-
ing appropriate applications. For example, the relationship 
among the strain components due to complex strain can be 
understood via the twisting fatigue reliability. New stretch-
able materials, which are insensitive to external strains, or 
meta structures, which can dissipate strain, may provide a 
solution to overcome practical issues in the development of 
flexible and stretchable electronics.
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