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Abstract: A requirement of flexible electronic devices is that they maintain their electrical performance
during and after repetitive mechanical deformation. Accordingly, in this study, a universal test
apparatus is developed for in-situ electrical conductivity measurements for flexible electrodes that
are capable of applying various mechanical deformations such as bending, twisting, shearing, sliding,
stretching, and complex modes consisting of two simultaneous deformations. A novel method
of deforming the specimen in an arc to induce uniform bending stress in single and alternating
directions is also proposed with a mathematically derived control method. As an example of the arc
bending method, the changes in the resistance of the printed radio frequency identification (RFID)
tag antennas were measured by applying repetitive inner bending, outer bending, and alternating
inner-outer bending. After 5000 cycles, the increases in resistance of the specimens that were subjected
to inner or outer bending only were under 30%; however, specimens that were subjected to alternating
inner-outer bending showed an increase of 135% in resistance. It is critical that the reliability of
flexible electronic devices under various mechanical deformations be determined before they can
be commercialized. The proposed testing apparatus can readily provide various deformations that
will be useful to inform the design of device shapes and structures to accommodate deformations
during use.
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1. Introduction

Flexible electronic devices that are bendable, foldable, or rollable are considered as next-generation
electronics [1,2]. Example devices include flexible displays, flexible printed circuit boards, flexible touch
screen panels, flexible solar cells, and flexible radio frequency identification (RFID) tag antennas [3–6].
These devices usually undergo mechanical deformations when they are used, however, they should
maintain electrical performance during and after these deformations to guarantee reliability. Repetitive
mechanical deformation is frequently observed in flexible electronic products such as wearable devices
and foldable displays, and they can cause various failures such as cracking and delamination because
of the resulting mechanical stresses [7]. Failures that are caused by fatigue have adverse effects on
electrical performance and, therefore, fatigue tests should be conducted by observing the changes in
the electrical performance of the device as it is used to ensure electrical reliability. In contrast to a
conventional material test in which a thick bulk-metal sample is used as a specimen, the specimen in
a flexible electronics material test is very thin. Therefore, the thickness effect should be considered
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and the range and methods of force and deformation application should be adjusted accordingly [8,9].
Moreover, the actual deformations that are experienced by flexible electronics when they are used
commercially should be considered. Therefore, in addition to the representative research [10–12],
there has also been a great deal of research related to the stability testing, material development,
and design of thin flexible and stretchable devices: Both mechanical and electrical durability tests are
usually conducted to ensure the reliability of the electrodes [3,4,13,14]; the effects of cyclic bending
and/or tension on organic solar cells have been examined [15,16]; various materials that are suitable
for flexible and stretchable devices have been developed [16–18]; and basic design methods for
flexible device structure that are intended to enhance bending resistance have been proposed [19–22].
The final assessment step when determining the possibility of device commercialization is to perform
a reliability test under repetitive mechanical loading. Therefore, a test method and apparatus that can
accommodate such thin flexible electronic devices and their possible deformations is required.

The fatigue life of flexible devices is predicted by measuring the change in electrical performance
while applying repetitive mechanical deformation. In most previous studies, bending was applied to
test the electrical reliability of a device using one of the representative methods that are illustrated
in Figure 1a–c. Figure 1a is a schematic of the linear bending test method in which one clamp fixes
one end of the flexible device and the other moves linearly [23]. In this configuration, the bending
deformation and, consequently, the bending stresses are concentrated not only at the center of the
specimen, but also at the ends near the clamps. These uneven and concentrated stresses can produce
incorrect results if part of the specimen near the clamps fails first. Figure 1b also shows a bending test
method using linear motion at one end, however because both ends of the specimen are free without
clamps, the bending deformation and stress are relatively uniformly distributed [22,24–26]. However,
in this clamp-free arrangement, it is difficult to measure the electrical properties of the specimen in-situ.
Moreover, the bending direction is fixed in one direction, therefore, the tested device only undergoes
compression (inner bending) and tension (outer bending) on one side. Figure 1c shows the schematic
of a two-sided bending test method in which the direction of bending can be changed using dies,
thus providing repetitive tension and compression stresses [27,28]. However, the minimum bending
radius of the specimen is limited to that of the die and direct contact between the die and the specimen
can cause additional unwanted contact stress, which can affect the electrical performance of the device
in addition to the effects of a pure bending load.
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using contact dies. 

Figure 1. Schematics of conventional bending test methods for flexible electronic devices: (a) linear
bending test with clamped ends; (b) linear bending test with free ends; (c) two-sided bending test using
contact dies.

A fatigue test that applies twisting or stretching in addition to bending has also been developed.
The simple method used to apply twisting is to rotate one clamp [26] or both clamps that fix the end of
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the specimen [29,30]. The general stretching test is implemented by moving one clamp [31] or both
clamps in opposite directions [3,4,32] to extend the specimen.

In response to the growth in flexible device application fields and their consequent exposure
to various mechanical deformations, various types of mechanical tests are required. A conventional
test apparatus can generally provide only one test method, therefore, as many test apparatuses as
test methods are required to test devices under various deformations. Moreover, a test apparatus
that provides only a single test method cannot induce complex deformations such as bending plus
twisting. In this study, a universal test apparatus that can provide various test methods of bending,
sliding, twisting, shearing, and stretching was developed. In addition to the conventional bending
method, a novel method is proposed that uses a mathematically derived model to inform a control
algorithm, in which the specimen is subjected to alternating inner-outer bending in the shape of an
arc to induce uniform stress along its entire length. This apparatus provides two types of complex
deformation: bending and twisting, and bending and stretching. The apparatus can measure the
electrical resistance of the specimen in-situ or off-machine using either the two-wire or four-wire
method. As a test application, bending deformations due to compression (inner bending), tension
(outer bending), and alternating compression-tension (inner-outer bending) were applied to printed
RFID tags and the changes in their resistances were measured in-situ.

2. Development of Universal Test Apparatus

The test apparatus is divided into three components: a mechanical component that implements
the deformation, consisting of four stepping motors, a linear stage, and a ball screw; a measurement
component, including a resistance measurement device and a load cell for the real-time measurement
of tension in the specimen; and a control component, which is based on the TwinCAT3 system
that performs signal processing and motion control of motors, enabling the adjustment of the
magnitude and frequency of the cyclic loading. Figure 2a,b illustrates schematics of the test apparatus,
and Figure 2c is an actual photograph. The clamps play the role of fixing the specimen and also
connect the electrodes of the specimen to the wires to measure specimen resistance. Figure 2 shows the
basic configuration for applying bending, twisting, and stretching: the conventional linear bending
deformation shown in Figure 1a can be implemented by the repetitive linear motion of Clamp 2
connected to Motor 4; stretching (tensile) deformation can be implemented by the linear motion of
Clamp 2 by Motor 4 as well, and can be measured using the load cell; twisting deformation can be
induced by the rotational motion of Clamp 1 with the help of Motor 1. Motors 2 and 3, which rotate
Clamps 1 and 2, respectively, are used to implement the proposed novel bending mode, which will be
described in detail in Section 3.
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Figure 3 shows the top view of the configuration of the developed test apparatus for a shearing
test in which a jig is added to change the direction of the specimen so that it is perpendicular to the
linear motion that is applied by Motor 4. One end of the specimen (at Clamp 4) is connected to Motor 4,
and its linear motion applies shearing deformation to the specimen. Figure 4 shows the configuration
for a sliding test [7,33,34] in which a jig is added so that the repetitive linear motion of Clamp 6 which
is connected to Motor 4 applies a repetitive sliding motion to the specimen.
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Because the resistance measurement unit has four wires, the resistances of two different electrodes
can be simultaneously measured using the two-wire method by using two of the wires as common
grounds and the other two wires as separate connectors. This arrangement enables resistance
measurements of two different types of electrodes simultaneously. This configuration is also very
useful when conducting a twisting test, as the magnitude of twisting is dependent on the distance of
the specimen from the twisting axis. This allows for different twisting effects to be applied to different
devices of the same type when they are simultaneously installed at different positions relative to the
twisting axis. For example, one measurement can be conducted with the device oriented along the
twisting axis, while another can be simultaneously conducted with the device offset from the axis,
allowing for the determination of the effect of twist magnitude on the device.

3. Application of Mechanical Deformations

3.1. Application of Conventional Mechanical Deformations

Figure 5a–d show the schematics of methods for applying mechanical deformations that have
been proposed in previous works using the developed test apparatus. Figure 5a shows a schematic as
well as an actual photograph of the apparatus in the linear bending test mode. As Clamp 2, which is
connected to Motor 4, moves linearly toward the fixed Clamp 1, the specimen undergoes bending.
However, as described in Section 1, additional bending occurs near the clamps. Figure 5b shows a
schematic as well as an actual photograph of the apparatus in the twisting mode [26]. Because of the
rotating motion of Clamp 1 connected to Motor 1, the specimen is subjected to a torsional load, and the
magnitude of twist (twisting angle) is controlled by Motor 1. Figure 5c shows a schematic as well as an
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actual photograph of the apparatus in stretching mode, in which Clamp 2 moves away from Clamp
1 to induce tension in the specimen [31]. The tension is measured by the load cell and is controlled
by the control system. Figure 5d shows a schematic and an actual photograph of the apparatus in
sliding mode [7,33,34], in which the specimen is fixed with an initial curvature of r0 and then deforms
as Clamp 4, which is connected to Motor 4, moves linearly. The radius of curvature is constant during
this deformation. Figure 5e shows a schematic and an actual photograph of the apparatus in shearing
test mode, which has not been addressed in other work, however it is possible with the proposed
apparatus. In this case, Clamp 5 is fixed, however Clamp 6 moves perpendicular to the length of the
specimen, inducing shear in the specimen.

Micromachines 2018, 9, x FOR PEER REVIEW  5 of 13 

 

apparatus in sliding mode [7,33,34], in which the specimen is fixed with an initial curvature of 0r  
and then deforms as Clamp 4, which is connected to Motor 4, moves linearly. The radius of curvature 
is constant during this deformation. Figure 5e shows a schematic and an actual photograph of the 
apparatus in shearing test mode, which has not been addressed in other work, however it is possible 
with the proposed apparatus. In this case, Clamp 5 is fixed, however Clamp 6 moves perpendicular 
to the length of the specimen, inducing shear in the specimen.  

  

  

  

  
Figure 5. Schematics and actual photographs of various deformation modes that are implemented by 
the proposed test apparatus: (a) linear bending mode; (b) twisting mode; (c) stretching mode; (d) 
sliding mode; (e) shearing mode. 

3.2. Application of Novel Bending Deformation 

As described in Section 1, all conventional bending tests have drawbacks: non-uniform bending 
stress (Figure 1a); limited bending direction (Figure 1b); and uniform bending stress under 
alternating bending direction, but limited bending radius and possible contact stress (Figure 1c). In 
this section, a bending method that addresses the drawbacks of these conventional methods is 
proposed: an alternating bending deformation that can exert uniform bending stress on a specimen.  

Mathematical Model for Bending a Specimen into an Arc Shape 

To apply a uniform bending moment to a specimen by deforming it into an arc, a mathematical 
model for calculating the motor control parameters using the geometric relationship between arc 
geometry and motor rotation is derived. The bending moment in the specimen is expressed as [35]: 

Figure 5. Schematics and actual photographs of various deformation modes that are implemented
by the proposed test apparatus: (a) linear bending mode; (b) twisting mode; (c) stretching mode;
(d) sliding mode; (e) shearing mode.

3.2. Application of Novel Bending Deformation

As described in Section 1, all conventional bending tests have drawbacks: non-uniform bending
stress (Figure 1a); limited bending direction (Figure 1b); and uniform bending stress under alternating
bending direction, but limited bending radius and possible contact stress (Figure 1c). In this
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section, a bending method that addresses the drawbacks of these conventional methods is proposed:
an alternating bending deformation that can exert uniform bending stress on a specimen.

Mathematical Model for Bending a Specimen into an Arc Shape

To apply a uniform bending moment to a specimen by deforming it into an arc, a mathematical
model for calculating the motor control parameters using the geometric relationship between arc
geometry and motor rotation is derived. The bending moment in the specimen is expressed as [35]:

M(x) = −E(x)I(x)
y′′√

[1 + (y′)2]
3

(1)

where E, I, and y are the Young’s modulus, moment of inertia, and deflection, respectively, of the
specimen. Because the induced arc is part of a circle, variables y′ and y′′ can be obtained using the
circle equation,

x2 + y2 = r2 (2)

The variables can then be expressed as:

y′ =
dy
dx

= − x
y

(3)

y′′ =
d2y
dx2 = −

(
x2 + y2

y3

)
(4)

By substituting Equations (3) and (4) into Equation (1), the bending moment of the arc-shaped
deformation can be expressed by assuming a constant Young’s modulus and cross section as:

M(x) =
E(x)I(x)

r
=

EI
r

(5)

As shown in Figure 6a, the specimen is deformed into an arc by the motions of two clamps that
are connected to three motors of Figure 2: Clamp 1 undergoes rotational motion by means of Motor
2, while Clamp 2 undergoes rotational and linear motion by means of Motors 3 and 4, respectively.
Figure 6b shows the variables that describe the geometric properties before and after the specimen
is deformed into an arc. As the initial horizontal distance L0 between the two clamps decreases to
L1, the specimen deforms into an arc with a radius of r. Because the strain in the specimen during
deformation is very small, we can assume that the length of the specimen after deformation is identical
to its initial length L0. The clamps should rotate by θ so that the arc is perpendicular to both clamps in
order to prevent the specimen from developing stress concentrations at the clamping points. Note that
2θ corresponds to the central angle of the arc. The relationship between horizontal distances L0 and L1

is written as
L1 = L0 − D + 2l(1− cos θ), (6)

where l and D are the length of the clamp and the moving distance of the rotational axis of Clamp 2,
respectively, in the horizontal direction. The values of L0 and L1 are expressed in terms of the radius of
curvature r and the rotation angle of the clamp θ as:

L0 = 2rθ (7)

L1 = 2r sin θ (8)
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By combining Equations (6)–(8), the relationship between the rotational angle θ and the moving
distance of the clamps D is expressed as:

D = L0 + 2l(1− cos θ)− L0

θ
sin θ (9)

It is easy to calculate D given a value of θ. Therefore, the moving distance of Clamp 2, or D,
and the rotational angle of Clamps 1 and 2, or θ, that are required to deform the specimen to the
desired radius of curvature r can be obtained from Equation (9). Figure 7a,b shows the calculated
moving distance and the radius of curvature, respectively, as the rotational angle linearly increases,
for L0 = 60 mm and l = 35 mm. As the rotational angle increases, the moving distance increases and
the radius of curvature decreases. If we select the radius of curvature of the specimen in Figure 7b,
the required moving distance and rotational angle of the clamps, as implemented in the control system,
can be calculated from Figure 7a. Figure 8 shows the arc shape of the deformed specimen based on the
proposed mathematically derived control method. The bending method that is shown in Figures 6
and 7 is suitable for applying uniform bending stress to large area devices ranging from several tens of
millimeters in length. Therefore, a very small curvature in the sub-millimeter range is not possible
with this bending method. However, a small radius of curvature can be realized in two ways: first,
when using the bending method shown in Figure 5a, which is also a possible configuration in the
proposed apparatus, the small device can be located at the center of the specimen; second, because
we can control the rotational angle and linear movement of each clamp independently, concentrated
bending at the center is also possible by modifying the proposed rotational bending method so that
the flexible device is connected to two separate, comparably rigid plates that are themselves connected
to the clamps, such that the application of a larger rotational angle θ causes both of the plates and the
flexible device specimen to deform in a reversed ‘V’ shape, thus creating concentrated bending with a
very small radius of curvature.
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3.3. Application of Complex Deformations

Flexible devices can simultaneously experience more than one type of deformation when they
are used. For example, a skin patch with sensor arrays to monitor body conditions, which is one of
the target applications of wearable devices, can undergo both bending and twisting at the same time
when attached to the skin. In this section, examples of complex deformations in which a specimen
undergoes two simultaneous deformations are proposed. Figure 9a shows a schematic and an actual
photograph of combined twisting and bending, in which Clamp 1 applies a rotational motion with
Motor 1, while Clamp 2 applies linear motion using Motor 4. Figure 9b depicts combined twisting and
stretching, in which Clamp 1 applies rotational motion using Motor 1, while Clamp 2 applies tension
to the specimen by pulling with Motor 4 and measures it with the load cell.
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As described in Sections 3 and 4, the characteristics of the developed test apparatus and its
advantages over conventional apparatus can be summarized as follows: (1) the developed apparatus is
capable of various types of repetitive mechanical loading (linear bending, rotational bending including
the proposed bending method, concentrated bending, twisting, stretching, combined sliding and
shearing, combined twisting and linear bending, and combined twisting and stretching); (2) time
scheduling of different loading types to conduct an application or usage scenario test is possible; (3) the
magnitude and frequency of the cyclic loading can be adjusted; (4) resistance can be measured in-situ
or off-machine; and (5) the resistance of two samples can be measured simultaneously.

Note that because all of the motors in the proposed apparatus are controlled by the control system,
and because the clamps that are connected to the motors can provide independent rotational and linear
motion, various configurations to provide deformations other than those discussed in this paper can
be implemented as well.

4. Evaluation of the Electrical Reliability of Flexible Printed RFID Tag Antennas under Repetitive
Bending Deformation

As an example application of the developed apparatus to evaluate the electrical reliability of
flexible devices, the arc-shaped bending deformation that was proposed in Section 3.2 was applied to
a flexible printed device. To serve as specimens, RFID tag antennas were fabricated on polyethylene
terephthalate (PET) by the screen printing method using conductive silver nanoparticle ink. Figure 10
shows a photograph of a sheet of printed RFID tag antenna arrays. Note that a significant portion
of the photograph is obscured to protect the confidentiality of the RFID company’s antenna design.
The two ends of the antenna were clamped and were connected to wires to monitor its resistance.
While applying the mechanical deformation, the resistance of the printed antenna was acquired in-situ
by the two-wire resistance measurement unit which was contained by the proposed apparatus.
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Figure 10. Photographic image of the specimens that were used for repetitive bending tests
(A significant portion of the photograph is obscured to protect the confidentiality of the RFID
Company’s antenna design).

As shown in Figure 11a–c, two types of bending modes were repetitively applied. Figure 11a,b
depict the same one-sided bending mode, but with the printed antennas on opposite sides.
In Figure 11a, the antenna is located on the inner side of the arc and, therefore, the antenna only
experiences compressive stress (inner bending). In Figure 11b, the antenna is located on the outer side
of the arc, therefore, the antenna only experiences tensile stress (outer bending). Figure 11c depicts
the two-sided bending mode that deforms the specimen in alternate directions, in which the printed
antenna is alternately subjected to tensile and compressive stress, regardless of the location of the
printed antenna (inner-outer bending).
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Figure 11. Schematics of printed antenna bending modes under different loadings: (a) compressive
stress by one-sided bending (inner bending); (b) tensile stress by one-sided bending (outer bending);
(c) alternating tensile and compressive stresses by two-sided bending (inner-outer bending).

The specimens had initial resistances of 5 ± 0.3 Ω and their resistances were measured regularly
when the deformations were at their minimum and maximum. All of the experiments were conducted
at room temperature under the detailed experimental conditions that are listed in Table 1.

Table 1. Experimental conditions for rotational bending tests.

Parameters Value

Initial length of the specimen (L0, mm) 31.0
Rotational angle of the clamps (θ, rad) π/6
Moving distance of Clamp 2 (D, mm) 12.1

Radius of curvature (r, mm) 29.6
Motion frequency (Hz) 0.4

The measured resistances of the antennas were transformed into resistance change using
Equation (10):

R1 =

(
R− R0

R0

)
× 100%, (10)

where R0, R, and R1 are the initial resistance, measured resistance, and resistance change, respectively.
Figure 12 shows the resistance change of the printed pattern under the three different bending
load regimes. As can be seen in this figure, the three cases show different rates of resistance change.
After 5000 cycles, the resistances of the antennas under one-sided compressive and tensile bending were
12% and 29% higher, respectively. On the other hand, in the case of two-sided bending, the resistance
was 135% higher than its initial value, or 11 times higher than the value that was reported after the
one-sided bending with compressive force. One-sided bending deformation under compressive load
results in a smaller change in resistance than under tensile load, and this difference can be explained by
reference to similar experimental results in previous research [24,34,36]: local cracks or delamination
may occur in a specimen under repetitive compressive load, however the change in resistance is
smaller than that under tensile load because of slow crack propagation [36]. In the case of two-sided
bending, crack propagation is accelerated and, consequently, the resistance increases more rapidly
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with increasing cycles than in the cases of only inner or outer bending. Therefore, in order to ensure
the electrical reliability of commercial flexible devices, it is necessary to conduct mechanical tests using
two-sided bending. The proposed apparatus can fulfill this need quite effectively.
Micromachines 2018, 9, x FOR PEER REVIEW  11 of 13 

 

 
Figure 12. Change in resistance of RFID sample under three different bending loads. 

5. Conclusions 

A universal test apparatus was proposed for the reliability testing of flexible electronic devices 
that can apply various mechanical deformation modes such as bending, twisting, shearing, sliding, 
and stretching, as well as complex modes in which two deformations are implemented at the same 
time. The developed apparatus is equipped with an in-situ resistance measurement unit to measure 
the changes in the specimen resistance and a load cell to measure the tension in the specimen. In 
addition to the conventional bending test methods, a novel test in which the specimen is deformed 
into an arc with its ends perpendicular to the clamps, such that it undergoes fully uniform bending 
stress, was proposed based on a mathematically derived control method. The proposed bending 
method can provide a two-sided (inner-outer) bending testing in which the specimen undergoes 
alternating compressive and tensile forces. The developed universal test apparatus can be used to 
predict the fatigue life and failure mode of flexible electronic devices by accurately reproducing the 
characteristics of the mechanical deformations that they experience when they are used in their 
intended applications. The effects of these various deformations on a device can also be analyzed to 
determine the types of deformations that are having the most serious effect. By gathering data from 
reliability tests under various mechanical deformations, the shapes and structures of devices can be 
designed to endure or to reduce the effects of the most damaging types of mechanical deformation. 
Accordingly, the developed apparatus can contribute to an improvement in the reliability of flexible 
electronics and could accelerate their commercialization. 

As an application example, the changes in the resistances of printed RFID tag antennas were 
measured by applying repetitive inner bending, outer bending, and alternating inner-outer bending. 
After 5000 cycles, the increases in resistance that were due to inner only and outer only bending were 
12% and 29%, respectively, while those that were due to alternating inner-outer bending were as high 
as 135%. This result implies that the reliability of flexible electronic devices should be evaluated using 
two-sided bending tests in order to guarantee quality when they are used commercially as wearable 
and flexible electronic products. 

In future work, reliability tests using complex modes and reliability tests of other flexible devices, 
such as organic light emitting diode displays or lighting, solar cells, and sensor arrays, under various 
mechanical deformations should be evaluated.  

Author Contributions: Conceptualization, C.K. and C.H.K.; Methodology, C.K. and C.H.K.; Investigation, C.K.; 
Data Curation, C.K.; Writing-Original Draft Preparation, C.K.; Writing-Review & Editing, C.H.K.; Visualization, 
C.K. and C.H.K.; Supervision, C.H.K.; Project Administration, C.H.K.; Funding Acquisition, C.H.K. 

Funding:  This work was supported by the Global Leading Technology Program funded by the Ministry of 
Trade, Industry and Energy, Republic of Korea (G01201607010238). 

Conflicts of Interest: The authors declare no conflict of interest. 

Figure 12. Change in resistance of RFID sample under three different bending loads.

5. Conclusions

A universal test apparatus was proposed for the reliability testing of flexible electronic devices
that can apply various mechanical deformation modes such as bending, twisting, shearing, sliding,
and stretching, as well as complex modes in which two deformations are implemented at the same
time. The developed apparatus is equipped with an in-situ resistance measurement unit to measure the
changes in the specimen resistance and a load cell to measure the tension in the specimen. In addition
to the conventional bending test methods, a novel test in which the specimen is deformed into an
arc with its ends perpendicular to the clamps, such that it undergoes fully uniform bending stress,
was proposed based on a mathematically derived control method. The proposed bending method
can provide a two-sided (inner-outer) bending testing in which the specimen undergoes alternating
compressive and tensile forces. The developed universal test apparatus can be used to predict the
fatigue life and failure mode of flexible electronic devices by accurately reproducing the characteristics
of the mechanical deformations that they experience when they are used in their intended applications.
The effects of these various deformations on a device can also be analyzed to determine the types of
deformations that are having the most serious effect. By gathering data from reliability tests under
various mechanical deformations, the shapes and structures of devices can be designed to endure or to
reduce the effects of the most damaging types of mechanical deformation. Accordingly, the developed
apparatus can contribute to an improvement in the reliability of flexible electronics and could accelerate
their commercialization.

As an application example, the changes in the resistances of printed RFID tag antennas were
measured by applying repetitive inner bending, outer bending, and alternating inner-outer bending.
After 5000 cycles, the increases in resistance that were due to inner only and outer only bending were
12% and 29%, respectively, while those that were due to alternating inner-outer bending were as high
as 135%. This result implies that the reliability of flexible electronic devices should be evaluated using
two-sided bending tests in order to guarantee quality when they are used commercially as wearable
and flexible electronic products.

In future work, reliability tests using complex modes and reliability tests of other flexible devices,
such as organic light emitting diode displays or lighting, solar cells, and sensor arrays, under various
mechanical deformations should be evaluated.



Micromachines 2018, 9, 492 12 of 13

Author Contributions: Conceptualization, C.K. and C.H.K.; Methodology, C.K. and C.H.K.; Investigation, C.K.;
Data Curation, C.K.; Writing-Original Draft Preparation, C.K.; Writing-Review & Editing, C.H.K.; Visualization,
C.K. and C.H.K.; Supervision, C.H.K.; Project Administration, C.H.K.; Funding Acquisition, C.H.K.

Funding: This work was supported by the Global Leading Technology Program funded by the Ministry of Trade,
Industry and Energy, Republic of Korea (G01201607010238).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Kim, C.; Jeon, S.W.; Kim, C.H. Measurement of position accuracy of engraving in plate roller and its effect on
register accuracy in roll-to-roll multi-layer printing. Meas. Sci. Technol. 2017, 28, 125002. [CrossRef]

2. Lee, H.L.; Kim, M.R.; Kim, I.J.; Lee, H.Y. Flexible and stretchable optoelectronic devices using silver nanowires
and graphene. Adv. Mater. 2016, 28, 4541–4548. [CrossRef] [PubMed]

3. Lee, P.; Lee, J.H.; Lee, H.M.; Yeo, J.Y.; Hong, S.J.; Nam, K.H.; Lee, D.J.; Lee, S.S.; Ko, S.H. Highly stretchable
and highly conductive metal electrode by very long metal nanowire percolation network. Adv. Mater. 2012,
24, 3326–3332. [CrossRef] [PubMed]

4. Lee, J.H.; Lee, P.; Lee, H.B.; Hong, S.J.; Lee, I.H.; Yeo, J.Y.; Lee, S.S.; Kim, T.S.; Lee, D.J.; Ko, S.H.
Room-temperature nanosoldering of a very long metal nanowire network by conducting-polymer-assisted
joining for a flexible touch-panel application. Adv. Funct. Mater. 2013, 23, 4171–4176. [CrossRef]

5. Park, S.; Vosguerichian, M.; Bao, Z. A review of fabrication and applications of carbon nanotube film-based
flexible electronics. Nanoscale 2013, 5, 1727–1752. [CrossRef] [PubMed]

6. Salmerón, J.F.; Molina-Lopez, F.; Briand, D.; Ruan, J.J.; Rivadeneyra, A.; Carvajal, M.A.; Capitan-Vallvey, L.F.;
de Rooij, N.F.; Palma, A.J. Properties and printability of inkjet and screen-printed silver patterns for RFID
antennas. J. Electron. Mater. 2014, 43, 604–617. [CrossRef]

7. Kim, B.J.; Choi, I.S.; Joo, Y.C. Electrical failure and damage analysis of multi-layer metal films on flexible
substrate during cyclic bending deformation. In Proceedings of the 18th IEEE International Symposium on
the Physical and Failure Analysis of Integrated Circuits, Incheon, Korea, 4–7 July 2011; pp. 1–4.

8. Schwaiger, R.; Kraft, O. Size effects in the fatigue behavior of thin Ag films. Acta Mater. 2003, 51, 195–206.
[CrossRef]

9. Kim, J.H.; Nizami, A.; Hwangbo, Y.; Jang, B.K.; Lee, H.J.; Woo, C.S.; Hyun, S.M.; Kim, T.S. Tensile testing of
ultra-thin films on water surface. Nat. Commun. 2013, 4, 2520. [CrossRef] [PubMed]

10. Saggio, G.; Riillo, F.; Sbernini, L.; Quitadamo, L.R. Resistive flex sensors: A survey. Smart. Mater. Struct. 2016,
25, 013001. [CrossRef]

11. Harris, K.D.; Elias, A.L.; Chung, H.-J. Flexible electronics under strain: a review of mechanical characterizaion
and durability enhancement strategies. J. Mater. Sci. 2016, 51, 2771–2805. [CrossRef]

12. Lipomi, D.J.; Bao, Z. Stretchable and ultraflexible organic electronics. MRS Bull. 2017, 42, 93–97. [CrossRef]
13. Park, J.H.; Han, S.Y.; Kim, D.K.; You, B.K.; Joe, D.J.; Hong, S.J.; Seo, J.M.; Kwon, J.H.; Jeong, C.K.; Park, H.J.;

et al. Plasmonic-tuned flash Cu nanowelding with ultrafast photochemical-reducing and interlocking on
flexible plastics. Adv. Funct. Mater. 2017, 27, 1701138. [CrossRef]

14. Osypiuk, P.; Dziedzic, A.; Steplewski, W. Influence of mechanical exposures on electrical properties of thin
and thick-film flexible resistors and conductors. Solder. Surf. Mount Technol. 2016, 28, 33–38. [CrossRef]

15. Finn, M., III; Martensa, C.J.; Zaretskia, A.V.; Rotha, B.; Søndergaard, R.R.; Krebsb, F.K.; Lipomi, D.J.
Mechanical stability of roll-to-roll printed solar cells under cyclic bending and torsion. Sol. Energy Mater. Sol.
Cells 2018, 174, 7–15. [CrossRef]

16. Lipomi, D.J.; Tee, B.C.-K.; Vosgueritchian, M.; Bao, Z. Stretchable organic solar cells. Adv. Mater. 2011, 23,
1771–1775. [CrossRef] [PubMed]

17. Printz, A.D.; Chiang, A.S.-C.; Savagatrup, S.; Lipomi, D.J. Fatigue in organic semiconductors: Spectroscopic
evolution of microstructure due to cyclic loading in poly(3-heptylthiophene). Synth. Met. 2016, 217, 144–151.
[CrossRef]

18. O’Connor, T.F.; Zaretski, A.V.; Savagatrup, S.; Printz, A.D.; Wilkes, C.D.; Diaz, M.I.; Sawyer, E.J.; Lipomi, D.J.
Wearable organic solar cells with high cyclic bending stability: Materials selection criteria. Sol. Energy Mater.
Sol. Cells 2016, 144, 438–444. [CrossRef]

http://dx.doi.org/10.1088/1361-6501/aa8ffa
http://dx.doi.org/10.1002/adma.201505559
http://www.ncbi.nlm.nih.gov/pubmed/26823085
http://dx.doi.org/10.1002/adma.201200359
http://www.ncbi.nlm.nih.gov/pubmed/22610599
http://dx.doi.org/10.1002/adfm.201203802
http://dx.doi.org/10.1039/c3nr33560g
http://www.ncbi.nlm.nih.gov/pubmed/23381727
http://dx.doi.org/10.1007/s11664-013-2893-4
http://dx.doi.org/10.1016/S1359-6454(02)00391-9
http://dx.doi.org/10.1038/ncomms3520
http://www.ncbi.nlm.nih.gov/pubmed/24084684
http://dx.doi.org/10.1088/0964-1726/25/1/013001
http://dx.doi.org/10.1007/s10853-015-9643-3
http://dx.doi.org/10.1557/mrs.2016.325
http://dx.doi.org/10.1002/adfm.201701138
http://dx.doi.org/10.1108/SSMT-10-2015-0035
http://dx.doi.org/10.1016/j.solmat.2017.08.015
http://dx.doi.org/10.1002/adma.201004426
http://www.ncbi.nlm.nih.gov/pubmed/21491510
http://dx.doi.org/10.1016/j.synthmet.2016.03.033
http://dx.doi.org/10.1016/j.solmat.2015.09.049


Micromachines 2018, 9, 492 13 of 13

19. Plovie, B.; Bossuyt, F.; Vanfleteren, J. Stretchability—The metric for stretchable electrical interconnects.
Micromachines 2018, 9, 382. [CrossRef]

20. Dziedzic, A.; Osypiuk, P.; Steplewski, W. Stability of electrical properties for mechanically exposed thick-
and thin-film resistors on flexible substrates. Solder. Surf. Mount Technol. 2017, 29, 54–58. [CrossRef]

21. Lee, S.M.; Kwon, J.Y.; Yoon, D.S.; Cho, H.D.; You, J.H.; Kang, Y.T.; Choi, D.H.; Hwang, W.B. Bendability
optimization of flexible optical nanoelectronics via neutral axis engineering. Nanoscale Res. Lett. 2012, 7, 256.
[CrossRef] [PubMed]

22. Kim, W.S.; Lee, I.H.; Kim, D.Y.; Yu, Y.Y.; Jung, H.Y.; Kwon, S.Y.; Park, W.S.; Kim, T.S. Controlled multiple
neutral planes by low elastic modulus adhesive for flexible organic photovoltaics. Nanotechnology 2017,
28, 194002. [CrossRef] [PubMed]

23. Li, T.C.; Han, C.F.; Chen, K.T.; Lin, J.F. Fatigue life study of ITO/PET specimens in terms of electrical
resistance and stress/strain via cyclic bending tests. J. Disp. Technol. 2013, 9, 577–585. [CrossRef]

24. Yang, M.; Chon, M.W.; Kim, J.H.; Lee, S.H.; Jo, J.D.; Yeo, J.Y.; Ko, S.H.; Choa, S.H. Mechanical and
environmental durability of roll-to-roll printed silver nanoparticle film using a rapid laser annealing process
for flexible electronics. Microelectron. Reliab. 2014, 54, 2871–2880. [CrossRef]

25. Park, S.I.; Ahn, J.H.; Feng, X.; Wang, S.; Huang, Y.; Rogers, J.A. Theoretical and experimental studies of
bending of inorganic electronic materials on plastic substrates. Adv. Funct. Mater. 2008, 18, 2673–2684.
[CrossRef]

26. Park, S.J.; Wang, G.; Cho, B.J.; Kim, Y.H.; Song, S.H.; Ji, Y.S.; Yoon, M.H.; Lee, T.H. Flexible molecular-scale
electronic devices. Nat. Nanotechnol. 2012, 7, 438. [CrossRef] [PubMed]

27. Hamasha, M.M.; Alzoubi, K.; Lu, S.; Desu, S.B. Durability study on sputtered indium tin oxide thin film on
poly ethylene terephthalate substrate. Thin Solid Films 2011, 519, 6033–6038. [CrossRef]

28. Hamasha, M.M.; Alzoubi, K.; Switzer, J.C.; Lu, S.; Poliks, M.D.; Westgate, C.R. Reliability of sputtered
aluminum thin film on flexible substrate under high cyclic bending fatigue conditions. IEEE Trans. Compon.
Packag. Manuf. Technol. 2012, 2, 2007–2016. [CrossRef]

29. Mohammed, D.W.; Ameen, R.B.; Sierros, K.A.; Bowen, J.; Kukureka, S.N. Twisting fatigue in multilayer films
of Ag-alloy with indium tin oxide on polyethylene terephthalate for flexible electronics devices. Thin Solid
Films 2018, 645, 241–252. [CrossRef]

30. Jiang, C.; Hu, D.; Lu, Y. Digital micromirror device (DMD)-based high-cycle torsional fatigue testing
micromachine for 1D nanomaterials. Micromachines 2016, 7, 49. [CrossRef]

31. Schmied, B.; Günther, J.; Klatt, C.; Kober, H.; Raemaekers, E. STELLA-stretchable electronics for large area
applications—A new technology for smart textiles. Adv. Sci. Technol. 2008, 60, 67–73. [CrossRef]

32. Kim, S.H.; Won, S.J.; Sim, G.D.; Park, I.K.; Lee, S.B. Tensile characteristics of metal nanoparticle films on
flexible polymer substrates for printed electronics applications. Nanotechnology 2013, 24, 085701. [CrossRef]
[PubMed]

33. Kim, B.J.; Lee, J.H.; Yang, T.Y.; Haas, T.; Gruber, P.; Choi, I.S.; Kraft, O.; Joo, Y.C. Effect of film thickness on
the stretchability and fatigue resistance of Cu films on polymer substrates. J. Mater. Res. 2014, 29, 2827–2834.
[CrossRef]

34. Kim, B.J.; Lee, J.H.; Joo, Y.C. Effect of cyclic outer and inner bending on the fatigue behavior of a multi-layer
metal film on a polymer substrate. Jpn. J. Appl. Phys. 2016, 55, 06JF01. [CrossRef]

35. Beer, F.P.; Johnston, E.R.; Dowolf, J.T.; Mazurek, D.F. Deflection of beams. In Mechanics of Materials, 5th ed.;
McGraw-Hill Education: New York, NY, USA, 2015.

36. Kim, D.J.; Kim, H.J.; Seo, K.W.; Kim, K.H.; Kim, T.W.; Kim, H.K. Indium-free, highly transparent, flexible
Cu2O/Cu/Cu2O mesh electrodes for flexible touch screen panels. Sci. Rep. 2015, 5, 16838. [CrossRef]
[PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.3390/mi9080382
http://dx.doi.org/10.1108/SSMT-11-2016-0030
http://dx.doi.org/10.1186/1556-276X-7-256
http://www.ncbi.nlm.nih.gov/pubmed/22587757
http://dx.doi.org/10.1088/1361-6528/aa6a44
http://www.ncbi.nlm.nih.gov/pubmed/28422747
http://dx.doi.org/10.1109/JDT.2013.2251318
http://dx.doi.org/10.1016/j.microrel.2014.07.004
http://dx.doi.org/10.1002/adfm.200800306
http://dx.doi.org/10.1038/nnano.2012.81
http://www.ncbi.nlm.nih.gov/pubmed/22659606
http://dx.doi.org/10.1016/j.tsf.2011.04.069
http://dx.doi.org/10.1109/TCPMT.2012.2214034
http://dx.doi.org/10.1016/j.tsf.2017.10.047
http://dx.doi.org/10.3390/mi7030049
http://dx.doi.org/10.4028/www.scientific.net/AST.60.67
http://dx.doi.org/10.1088/0957-4484/24/8/085701
http://www.ncbi.nlm.nih.gov/pubmed/23376972
http://dx.doi.org/10.1557/jmr.2014.339
http://dx.doi.org/10.7567/JJAP.55.06JF01
http://dx.doi.org/10.1038/srep16838
http://www.ncbi.nlm.nih.gov/pubmed/26582471
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Development of Universal Test Apparatus 
	Application of Mechanical Deformations 
	Application of Conventional Mechanical Deformations 
	Application of Novel Bending Deformation 
	Application of Complex Deformations 

	Evaluation of the Electrical Reliability of Flexible Printed RFID Tag Antennas under Repetitive Bending Deformation 
	Conclusions 
	References

