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1. Introduction

Growing advances in printed flexible electronics enable novel
design and manufacturing processes of electrical circuits and com-
ponents in aircraft and automotive industries,[1–3] as well as in con-
sumer electronics for fabrication of printed passive components,
semiconductor devices, and sensing elements.[4–15] In the

healthcare domain, the impact of printed
electronics becomes more profound and
offers a wide range of applications from
printed RF coils for medical imaging,[16] bio-
chemical sensing,[17,18] vital sign monitor-
ing[19–25] to assistive wearable devices.[26,27]

At the industrial level, its low cost and
high-throughput manufacturing process are
the key motivators for transition from con-
ventional solutions to printed technologies.
In wearable applications, its capability to real-
ize soft wearable sensors, which can comply
with the dynamic deformations of human
skin, is attractive.

Despite the promising opportunities of
printed electronics in different domains,
there are concerns regarding the reliability
of printed materials (i.e., conductive inks,
isolators, and adhesives) and their intercon-
nections to electronic components for long-
term use in real-life applications. Over the
past decade, there has been an increasing
number of studies on the reliability of
printed conductors, interconnections, and
chip-on-flex assembly. As a fundamental

test, the cyclic bending endurance of printed conductors was
investigated to analyze the characteristics of conductive tracks
on a flexible substrate.[28–30] In more complicated test protocols,
the influence of environmental parameters (e.g., temperature,
humidity, etc.) was included in the test procedure.[31] More
advanced test setups and protocols were developed to evaluate
the reliability of complex hybrid integration of chip-on-flex, flex-
to-flex assemblies, and roll-to-roll (R2R) printed circuits.[32–34]

This work presents a comprehensive study on the reliability of
hybrid integration of thinned bare die chip on soft and stretchable
substrate. More specifically, the findings of this study are expected
to provide fundamental insights on the failure mechanisms, their
corresponding contributors, and ways to minimize them. This
study is divided into three phases as shown in Figure 1A. In the
screening phase, the electromechanical performance of five differ-
ent ink variants is evaluated and the most suitable ink variants are
selected to be used in combination with three different types of con-
ductive adhesive for fabrication and assembly of the test device. In
the last phase of the study, the fabricated test devices are tested
through a cyclic strain test and a comprehensive analysis of failure
mechanisms is performed. The importance of the failure analysis is
recognized in refining of the design steps, material selection, and
processing parameters for improved reliability.
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Accelerating progress in printed electronics technology transforms the future of
the manufacturing process in industrial applications, consumer electronics, and
healthcare products. However, real-life applications demand for circuits and
systems that are robust and can stay functional under strong and frequent
mechanical deformations. Herein, both empirical and analytical approaches to
gain insight on the reliability of ultrathin bare dies on soft and highly stretchable
printed circuits are used. To this end, a set of conductive ink and adhesive
variants are used to develop a stretchable wireless temperature logger as the test
device. The electromechanical performance of the conductive inks is first verified
through the screening tests and the most suitable candidates are selected to use
with different anisotropic conductive adhesives (ACAs) for chip bonding process.
The performance of the test devices (per ink–adhesive combination) is tested
through cyclic elongation of 60 samples to provide statistical results. Different
failure modes are visualized through cross-sectional images using broad ion
beam (BIB) milling and scanning electron microscopy (SEM). The findings,
herein, recognize pad delamination, air voids at the chip-to-substrate interface,
stiffness of the conductive adhesives, and bonding parameters (pressure and
temperature) as the key contributors to the contact failures in the chip assembly.
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The test device for this study is a stretchable wireless temperature
logger, which comprises a bare die near-field communication (NFC)
tag and a printed spiral inductor (Figure 1B,C). The temperature
logger was fabricated on a thin (100 μm), highly stretchable thermo-
plastic polyurethane (TPU) substrate. The layout and geometry of
the spiral inductor are based on a standard NFC antenna, which
operates at regulated NFC frequency (Figure 1D). The conventional
rigid integrated circuits (ICs) restrict bending, twisting, and defor-
mation of flexible electronics assembly.[35] To overcome this issue,
this study utilizes a commercial flexible, thinned (40 μm) bare die
chip with 10 μmNi/Au-plated bond pads (AS_NHS3100P). The test
device’s mechanical properties such as softness, stretchability, and
conformity resemble a typical wearable skin patch, and therefore,
the reliability test criteria are set to emulate real-life conditions.
The human skin is limited to a maximum strain of approximately
30%.[36] However, the strain of human skin during normal opera-
tions is found to be less than 20%.[37] Based on the given numbers,
the upper limit for cyclic strain of the test device was set to 20% up
to 5000 cycles. The test device’s layout topology is divided into the
NFC antenna and the flex IC’s footprint. This division facilitates the
analysis of different modes of failure. For instance, when the inter-
connections between the layout and IC’s pad are stable, any failure
in wireless (NFC) operation can be attributed to the failure of con-
ductive ink in the antenna layout. It should be noted that both elec-
tromagnetic and temperature sensing performance of the device
stay beyond the scope of this work, as this study focuses on the dura-
bility of the interconnections and the source of the failures.

All the printing and assembly processes of the test device were
designed to be compatible with high-throughput manufacturing
methods such as automated sheet-to-sheet and roll-to-roll process-
ing. Roll-to-roll printing and component assembly offer the advan-
tages of large-scale and low-cost manufacturing. Moreover, leaner
logistics and value chains with less material loss and fewer
mechanical parts result in environmentally friendly products.

2. Results and Discussion

2.1. Ink Stretchability, Single Pull Versus Cyclic Performance

In the screening phase, all the stretchable conductive tracks were
fabricated by rotary-screen through a roll-to-roll (R2R) process
using five ink variants. Table 1 presents the specification of
the ink variants used in this study and a graphical illustration
of R2R process is shown in Figure 2A. The ink variants are
all silver flake inks as they are known for relatively high elonga-
tion tolerance while maintaining low sheet resistance. The con-
ductive tracks were printed on a 100 μm-thick TPU substrate. A
removable PET carrier film was attached on the backside of the
substrate to improve the mechanical stability during the R2R
printing process. Following the printing, all the inks were
annealed in the hot air oven of the R2R line at 140 �C. Based
on the resistance measurement, Ink1 possesses the highest sheet
resistance whereas all the other ink variants have relatively lower
sheet resistance, which qualifies them for NFC application.

Figure 1. A) Study flow diagram. B,C) Elastic temperature logger. D) Temperature measurement with the test device using a NFC-enabled mobile phone.
E) Layout of the test device circuitry.
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Electromechanical performance of the different inks on TPU
substrate was investigated using a uniaxial testing device in a
single-pull and cyclic loading conditions. The geometry of the
conductive track was a U-shaped line with connector pads at
one side to measure the resistance (Figure 2B). The connector
side is attached to the static end of the uniaxial stretching device
while the other end is moving during the uniaxial stretch test
(Figure 2C). This arrangement limits the unwanted movement
of measurement cables to minimize electrical noise. In the
single-pull test, conductive tracks were stretched up to a
pre-defined electrical breakpoint (100MΩ), where they lost the
conductance. Figure 2D shows the normalized resistance of
the inks as a function of the applied strain. Normalization
was done by dividing the resistance at a given strain over the
resistance value at zero strain. As can be seen from the graphs,
the ink resistivity started to increase linearly at lower strain but
exponentially at higher strain up to the point where they reached
the electrical breakpoint.

The electrical breakpoint of each ink versus the applied strain
is shown in Figure 2E. The breakpoints for Ink1 and Ink5 were
found to be less than 30%, while all the other inks survived more
than 60% of elongation. Following the single-pull strain test, the
cyclic strain tests were performed to ensure the durability of the
inks over repeated elongation. All the samples were stretched
1000 cycles at the speed of 200mmmin�1. The cyclic test was
first performed with 10% for all samples and then 20% for
the selected inks. As shown in Figure 2F, only Ink2 and Ink4
survived 1000 cycles at 10%, and therefore, only those two inks
were tested for cyclic 20% elongation (Figure 2G,H). The inks’
strain–resistance characteristic curves note that the single-pull
performance of the inks does not necessarily correlate with
the results of cyclic tests. For instance, Ink2 survived best in
the single-pull test whereas it approached the failure threshold
in the cyclic test (at 20% strain) after 200 cycles. In contrast,
Ink4 survived 500 cycles at 20% cyclic loading, while it tolerated
less strain before reaching the breakpoint in a single-pull test
compared to Ink2. Furthermore, it is important to notice the dif-
ference in the performance of these inks over the continuous
cyclic strain and how it is reflected in the results. The resistance
of Ink4 increased during the cyclic stretching and eventually

reached the pre-set failure threshold after 500 cycles (at 20%
strain); however, the ink resistance returned to a lower value
when the applied stress was zero at the end of each cycle.
This minimum resistance at each cycle increased linearly.
This time-dependent recovery is likely caused by intrinsic struc-
tural properties of the ink and the TPU substrate. In the case of
Ink2, the increase of minimum resistance was exponential,
which means that the conductive track did not recover after each
cycle, and the conductivity of the printed line degraded at each
cycle until it reached the failure threshold.

The ink screening study solely focused on the electromechan-
ical performance of the inks and suggested that Ink2 and Ink4
performed best in their cyclic elongation tests. Therefore, they
were selected for printing of the test devices (NFC tags).

2.2. Reliability and Analysis of Failure

2.2.1. System Level Reliability

The NFC tags were fabricated through a sheet-to-sheet process
(Figure 3A) using six variants of ink–adhesive combinations;
two inks (Ink2 and Ink4) selected from the screening phase
and three conductive adhesive variants. Table 2 presents the
specification of the conductive adhesives used in the bonding
process. To statistically analyze the results, ten samples per
ink–adhesive combination were tested through cyclic uniaxial
20% strain at 20mmmin�1 as shown in Figure 3C. The only
exception is ACA3–Ink2 combination where one of the samples
failed before the test. In the test protocol, the tag is considered
functional if all the IC’s pad-to-footprint interconnects are con-
nected and the tag can be detected by an external reader when the
sample is not under strain and the substrate is relaxed. Testing
the devices in their relaxed status ensures that the NFC antenna
has the minimum resistance for wireless operation. The system
failure can be a result of failure in the silver ink or failed inter-
connection. For the test device, the NFC operation only requires
a functional NFC antenna and a stable connection to the IC’s
antenna input pins. Thus, the ink failure in NFC operation is
confirmed when the antenna pins are connected to the antenna
layout, but the NFC operation does not function. This indicates
that the spiral antenna has failed due to a mistuned or high
impedance coil. The status of IC’s pad-to-footprint interconnec-
tion is checked by testing the internal protection diode of IC’s
individual pins using a multimeter as described in the supple-
mentary information (Figure S1, Supporting Information).

Figure 3B presents the outcome of the 20% cyclic strain test,
indicating that the samples printed with Ink4 and assembled
with ACA1 could considerably last longer compared to the sam-
ples fabricated with other combinations of materials used in this
study. With this combination, all the samples could survive at
least 3500 cycles and 70% of total samples stayed functional at
5000 cycles of 20% elongation. In the second position, the com-
bination of the same adhesive and Ink2 performed best.
However, there is a significant drop in the survival of the samples
over the cyclic strain. In this case, only one sample could stay
functional until 3000 cycles and 60% of the samples last less than
2000 cycles. As shown in Figure 3C, all the failures in the com-
bination of ACA1–Ink4 are attributed to the interconnection fail-
ure whereas in the case of ACA1–Ink2, 80% of the failure relates

Table 1. Specification of the ink variants used in this study.

Ink Type Part number Average Sheet
resistance [mΩ sq�1]

Min. Max.

Ink 1 Stretchable silver
flake ink

Creative Materials
127-48

1220 1098 1304

Ink 2 Stretchable silver
flake ink

Dupont
PE-874

200 183 206

Ink 3 Polymer-based
(siloxane) silver flake

ink

Inkron
IPC-500

163 141 187

Ink 4 Urethane-based
silver flake ink

ECM
CI-1036

51 48 56

Ink 5 Polymer-based
(polyester resin)
silver flake ink

Asahi
LS-411AW

65 57 71

www.advancedsciencenews.com www.aem-journal.com

Adv. Eng. Mater. 2021, 2100264 2100264 (3 of 9) © 2021 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.aem-journal.com


Figure 2. A) Graphical illustration of the R2R printing process. B) U-shaped connector used in the screening phase. C) Uniaxial single-pull strain test setup.
D) Change in resistance as a function of elongation in the single-pull test. E) Electrical breakpoint of different inks versus applied strain. F) Resistance change of
all inks in the 10% cyclic test. G) Resistance change of Ink2 in the cyclic test with 10% and 20% elongation. H) Resistance change of Ink4 in the cyclic test with
10% and 20% elongation.
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Figure 3. A) Graphical illustration of the sheet-to-sheet fabrication process of the test device. B) Results of the 20% cyclic strain test of the test devices
(per ink–adhesive combination). C) Confirmed cases of ink failure versus interconnection failure. D) Cyclic uniaxial 20% strain test setup.
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to ink failure and 20% is attributed to both ink and interconnec-
tion failure. This can be explained by a different performance of
the inks as discussed in the previous section. It has been
observed that the conductance of Ink2 degrades exponentially
(without quick conductance recovery) as a function of cycles
of strain.

Ink2 and Ink4 were also used with ACA2 and ACA3; however,
those tolerated significantly fewer cycles of strain compared to
the devices assembled with the epoxy-based adhesive (ACA1).
The information given by the graphs in Figure 3B suggests that
the impact of the conductive adhesive is dominant in the toler-
ance of samples to cyclic strain. The epoxy-based adhesive
(ACA1) has a considerably higher Young’s modulus than the
acrylic-based film (ACA2) and silicone-based (ACA3) adhesives.
This indicates that Young’s modulus of the conductive adhesives
is the key contributor to the reliability of the interconnection. In
practice, an ACA with higher Young’s modulus could resist more
effectively against the mechanical stress imposed on the chip-to-
substrate interface during the cyclic strain; and therefore, the
interconnections can tolerate higher cycles of stretching com-
pared to the samples assembled using the adhesives with lower
Young’s modulus. This is important especially in the case of con-
ductive adhesives with micrometer-sized particles where even
slight deformation in ACA matrix leads to loss of conductive

Table 2. Electrically conductive adhesives used in the study.

Conductive
adhesive

Type Part number Modulus [MPa]

ACA1 Epoxy-based paste adhesive Delo AC245 3900

ACA 2 Thin film (10 μm),
acrylic-based

conductive transfer adhesive

Tesa 60 581 N/A

ACA 3 Silicone-based
paste adhesive

Creative Materials
EXP 2647-57-2

0.2

Figure 4. A,B) Top and bottom views of the assembled chip with marked connections. C) Schematic picture of chip’s contact pads. D) SEMmicrograph of
the failure caused by overpenetration of the pad to the substrate. E) SEM micrograph of the failure caused by delamination of the pad. F,G) SEM
micrographs of the failures caused by air voids.
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path. A detailed analysis of the scenarios where the interconnec-
tions failed in this study is given in the following section.

2.2.2. Analysis of Failures

Figure 4A,B show, respectively, the top view and bottom view of
the bonded chip with marked connections. Figure 4C presents
the layout of the chip contact pads as well as the cross sections
made for the SEM imaging. The following reports the main fail-
ures categorized in three cases observed through cross-sectional
imaging.

Over-Penetrated Pad: This failure happened with ACA1–Ink2
combination as shown in Figure 4D. In this case, connection
6 (cross section “c” in Figure 4C) failed early during the stretch-
ing test. This could be explained by penetration of the chip’s pad
to the substrate and conductive track (magnified in the inset)
because of possible excessive bonding pressure and temperature.
This could cause potential weak (i.e., break) points as we see in
the right edge of failed pad-to-footprint connection.

Delamination: This failure happened with ACA3–Ink2 combi-
nation as shown in Figure 4E. In this case, connection 9 (cross
section “b” in Figure 4C) failed. This could be because of the fact
that, at least at this specific depth of the cross section, no visible
connection can be observed between the conductive track and the
pad. Also, mechanical stress from the stretching and cyclic load-
ing has caused delamination (magnified in the inset) which
weakens the strength of the interconnection, increases the dis-
tance between the chip and substrate, and causes failure.
Other than the mechanical stresses, poor adhesion could also
result in delamination because of the incompatibility of the poly-
mer with the substrate, substrate contamination, or moisture
ingress to the polymer. In the case of delamination, adhesive par-
ticles cannot create any electrical connection.

Air Voids: This failure happened with ACA2–Ink4 combina-
tion as shown in Figure 4F. In this case, connection 9 (cross sec-
tion “a” in Figure 4C) failed. At this depth of the cross section,
there is an air void under the pad. This void decreases the
strength of the adhesive and finally breaks the electrical connec-
tion by making a gap between the pad and conductive track
because of the absence of conductive particles. At the same depth
(cross section “a”), connection 8 shows no connection because of
two large air voids at the corners of the pad. However, the con-
nection remained functional because of the possible connection
of conductive particles to the conductive track at some further
depth without the voids. As can be seen, the voids could be
mostly trapped at the corner of the pads. This type of failure
was also found in ACA3–Ink4 combination as shown in
Figure 4G. Here, connection 5 (cross section “d” in
Figure 4C) failed. The failure is the result of the expanded air
voids during the cyclic stretch around the pad, which caused a
severe gap between the pad and substrate. That failure is marked
“Air void” in Figure 4G.

The air voids could be formed by improper (too quick) curing
of the adhesive with higher temperatures during the bonding
step.[38,39] In fact, high heating rate can cause disruption in
the flow of the conductive adhesive matrix. Moreover, inadequate
amount of adhesive for filling the whole volume (pad-to-substrate
gap) could be also a reason for the formation of the air voids. It is

also worth noting that lower Young’s modulus of the cured adhe-
sives could potentially cause expansion of the voids under cyclic
stretching conditions. The expanded voids increase the gap
between the pads and conductive tracks, which results in broken
electrical contact. To ensure the maximum stiffness of the con-
ductive adhesive, in the chip bonding process, the bonding force
should be kept until the adhesive is fully cured as recommended
by the manufacturer.[40]

3. Conclusion

This study analyzed the failure mechanisms and discussed the
impact of mechanical properties of the conductive adhesives,
chip bonding force, curing time, and amount of dispensed con-
ductive adhesive on the reliability of the interconnections. The
observations from this study recognized the formation of the
air voids as the key contributor to the failure cases. In case of
failure with the air voids, the failure procedure starts by the for-
mation of voids at the chip-to-substrate interface, then proceeds
to the expansion of the voids during cyclic strain all over the inter-
face and finally causes permanent delamination. The creation of
the void can be related to multiple intrinsic and process-
dependent parameters. The voids can be created as the result
of high-temperature pre-bonding treatment, amount of the adhe-
sive, curing time, as well as Young’s modulus of the adhesive
matrix. Moreover, it has been observed that excessive bonding
force during the assembly process could impose mechanical
stress on the pad-to-footprint interface and create potential weak
points for failure.

The concept of reliability depends on the target application
and varies from case to case. However, gaining fundamental
insights on the mechanism of failure can facilitate optimization
of the integration process to achieve the desired level of reliability
and system integrity. The observations from the cyclic stretch test
of the devices indicate that an acceptable level of reliability can be
realized by proper selection of materials and optimum integra-
tion process. As discussed earlier, ACA1 has the highest Young’s
modulus among the other ACAs used in this study. The experi-
mental analysis of failures suggests that the ACA with higher
Young’s modulus could maintain the distance between the chip’s
pad and the substrate more effectively. Considering the micron-
sized conductive particles of ACAs, the improved mechanical sta-
bility secures an electrical connection between the pad and
printed layout on the substrate. It has been demonstrated that
the devices fabricated with ACA1–Ink4 combination could toler-
ate 5000 cycles of 20% elongation, which is sufficient for appli-
cations such as wearable sensors and skin patch devices.

4. Experimental Section

Roll-to-Roll Printing of the U-Shaped Conductor Tracks: The U-shaped sil-
ver conductor lines were rotary screen printed with roll-to-roll (R2R) pro-
duction line on a 100 μm-thick TPU substrate. To ensure a proper
runnability of the TPU substrate in the continuous R2R process under
web tension, a thin removable PET carrier foil was added on the backside
of the substrate before the printing. In addition, the TPU substrate was
pre-treated in the hot air ovens of the production line at 140 �C to mini-
mize the dimensional changes of the substrate during the printing. The
pretreatment speed was set to 2mmin�1. Five different ink variants were
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used to print the conductors as presented in Table 1. For all the inks
(except Ink3), a screen with a mesh count of 305 lines inch�1 was used
and the printing speed was set to 2mmin�1. Ink3 differed from the other
inks because of solid content above 95%, and thus, a coarser screen with a
lower mesh count of 215 lines inch�1 and a lower printing speed of
1mmin�1 were used for the printing process. All the printed ink layers
were dried at 140 �C, which is the maximum temperature of the ovens
of the R2R line used in this study. In R2R printing, the drying time is often
short because of the limited oven length and constantly moving web.
The optimum drying conditions for the given inks vary from 100 �C for
10min to 150 �C for 20min; however, it is not possible to apply these long
drying times in the R2R line. Therefore, a temperature of 140 �C was used
to ensure proper drying of the ink layer by setting the highest possible
temperature together with the lowest printing speed.

Sheet-to-Sheet Printing of NFC Temperature Logger: NFC antennas were
printed onto the same type of TPU substrate (as used in the R2R printing)
using an automatic sheet-to-sheet printer. The printed antenna structure
consists of four layers: an antenna coil, two insulator layers, and a cross-
over conductor. The mesh count of the screen was 400 lines in.�1 for the
antenna coil and 325 lines in.�1 for the other layers. The substrate was
pretreated in a hot-air oven at 120 �C before the printings to prevent
dimensional changes of the substrate during printing, thus ensuring
proper registration accuracy in this multilayer approach. The substrate
was used without any carrier foils. The layout of the NFC temperature log-
ger was printed with two ink variants (Ink2 and Ink4). The printed silver
layers were dried in a hot-air oven at 120 �C after the printings. The same
drying and printing conditions were used for both silver inks. The insulator
layers were printed with clear UV-curable ink. Two layers of insulators were
printed to ensure reliable insulation between the silver layers. The UV cur-
ing power and time were, respectively, set to 1000W and 30 s for both of
the insulator layers. The same printing and curing conditions were used for
cross-over silver printing on the top of the insulator layer.

Chip Bonding and Assembly: Chip assembly was carried out using a high-
accuracy, multichip die bonder (Datacon 2200 EVO). The bonding of the
chips was performed using three different ACAs as presented in Table 2.
The chips bonded with ACA1 and ACA3 were thermo-compressed (weight:
200 g) at 210 and 230 �C for 40 s, respectively. The temperature of the vac-
uum plate underneath the chip and TPU substrate was set to 60 and 80 �C
for ACA1 and ACA3, respectively. In addition, in the chip assembly process
with ACA1 and ACA3, a protection tape between the chip and bonding tool
was utilized during the thermo-compression. In the case of ACA2, the
adhesive film was manually applied between the chip and substrate,
and then thermo-compressed (weight: 250 g) at 60 �C for 10 s. The tem-
perature of the vacuum plate underneath the chip and TPU substrate was
set to 60 �C.

Single-Pull and Cyclic Stretching of the Ink: A set of eight samples (five for
single-pull stretching and three for cyclic strain) per ink variant was used
for the characterization. First, all the fabricated samples were checked
visually to ensure that there were no visible defects in the conductive
tracks. Later, five samples per ink variant were stretched in one direction
by a tensile tester (Instron 4411 universal Testing Machine) up to the pre-
defined electrical breakpoint (100MΩ). A customized clamping system
with a thin layer of rubber was used to provide enough grip on the samples
during the test. To avoid damaging the conductive tracks caused by the
clamps, some grooves were made on the rubber surfaces. In this setup,
pads were placed below the fixed clamps to avoid the measurement noise
during the electromechanical characterization. A 500 N load cell was used
to pull the samples at the speed of 20 mmmin�1. Simultaneously, the DC
resistance of the samples was measured using a Keithley 2425 multimeter
with a sampling rate of 5 Hz, which was controlled by a customized
LabVIEW software. More details about the test setup are given in a previ-
ous study.[41]

With another test setup, the long-life performance of the samples was
evaluated by repetitive stretching–releasing cycles using the same tensile
tester machine. In this setup, the test speed was set to 200mmmin�1, and
three samples were stretched (grip distance: 50 mm) by 10% and 20% for
1000 cycles.

Temperature Logger Cyclic Strain: The NFC tags were tested through a
specified test protocol using a PC-controlled tensile tester (Mark-10). The
test protocol regulated vertical, uniaxial cyclic stretching of the samples at
20% elongation with the speed of 200mmmin�1 up to 5000 cycles. For
the first 1000 cycles, the test break interval was set to 250 cycles. At each
break interval, the stretch test stopped, and electrical function of the sam-
ples was fully inspected as described earlier. From cycle 1001 onward, the
break interval was set to 500, and the same inspection procedure was
repeated.

RFID System Verification: The performance of the NFC operation was
evaluated using a companion mobile application. The connectivity of the
programming and power pads (pad-to-footprint connectivity) were also
checked using a multimeter by testing the internal protection diode of
the IC’s pins. If the NFC tag was identified by the phone and also all
the chip’s contact pads were connected to the footprint on the substrate,
then the sample was labeled as “passed sample” and the test continued to
the next step. The procedure was repeated up to the point where a sample
failed or the stretching counter reached 5000 cycles.

Interconnection Failure Detection: After the cyclic strain of the test devi-
ces, one failed sample (failure in interconnection) per ink–adhesive com-
bination was selected for more detailed evaluation by cross-sectional
imaging. To make the cross sections, a broad ion beam (BIB) method
using 4 kV argon ions was used for milling to have the least possible dam-
age to the selected samples. Afterward, the cross sections were imaged
using a scanning electron microscope (SEM) to gain deep insights into
the pad-to-footprint failure mechanisms.
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