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Abstract
Cyclic degradation in flexible electronic inks remains a key challenge while their deployment in life
critical applications is ongoing. The origin of electrical degradation of a screen-printed stretchable
conductive ink with silver flakes embedded in a polyurethane binder is investigated under uniaxial
monotonic and cyclic stretching, using in-situ confocal microscopy and scanning electron
microscopy experiments, for varying ink thickness (1, 2, and 3 layers, each layer around 8–10 µm)
and trace width (0.5, 1, and 2 mm). Cracks form under monotonic stretching, and the evolution of
crack pattern (density, length and width) with applied strain is affected by ink thickness such that
the 3-layer ink exhibits larger normalized resistance but slightly lower resistance than the 1-layer
ink up to strains of 125%. For cyclic stretching, the crack density and length do not evolve with
cycling. However, the cracks widen and deepen, leading to an increase in resistance with cycling.
There exists a strong correlation between fatigue life, i.e. the number of cycles until a normalized
resistance of 100 is reached, and the strain amplitude. The normalized resistance increase rate with
respect to cycling is also found to scale with strain amplitude. The rate of change in resistance with
cycling decreases with ink thickness and trace width. For practical applications, thicker (⩾25 µm)
and wider (⩾2 mm) inks should be used to lower resistance increases with repeated deformation.

1. Introduction

Flexible electronic devices have gained broad
interest for their applications in wearable health-
care monitoring [1–6], energy storage [7–10], flex-
ible displays [11–17], and implantable bioelectronics
[18, 19], to name a few. These devices can integrate
rigid or even soft electronic components with com-
pliant, conformable electric circuits based on stretch-
able and flexible conductive interconnects. A major
challenge for these flexible devices is maintaining the
electrical performance of the conductive intercon-
nects after repeated deformation, such as repeated
elongation. In wearable devices, this loading results
in strains of up to 30%–50% [20, 21].

A significant amount of research effort has been
made to understand and improve the electrical reli-
ability of the conductive interconnects. One approach
to improving electrical reliability is by changing the
material composition of the interconnect. Thin metal
film interconnects deposited on polymer substrates

offer initially high electrical conductivity, but their
usage is limited by the substantial elastic mismatch
between the thin metal film and the polymer sub-
strate, which leads to the loss of conductivity at low
strains (typically∼10%) due to cracking [22–30] and
metal fatigue [31–33]. Another class of interconnects
are composite conductive inks consisting of conduct-
ive metal flakes embedded in an elastomer binder
[34–43]. These conductive inks have shown prom-
ise as electrical interconnects due to their tolerance
of higher applied strains when mounted on polymer
substrates. The current work studied the PE874 con-
ductive ink provided by DuPont, which is a stretch-
able inkwith silver flakes embedded in a polyurethane
binder. The PE874 ink is screen printed onto the TE-
11 C thermoplastic polyurethane (TPU) substrate.

A second approach to improving the electrical
reliability of the interconnects involves optimiz-
ing the structural configuration of the interconnect
lines by changing their sizes, shapes, and structures.
Numerous works [44, 45] have shown that serpentine
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shaped interconnects could greatly improve elec-
trical performance under tensile strain compared to
straight trace lines and can tolerate cyclic loading,
due to the maximum local strain being more than an
order ofmagnitude lower than themacroscale applied
strains [44, 46]. To characterize the electrical resist-
ance evolution of a conductive ink with both mono-
tonic and cyclic uniaxial elongation for a wide range
of strain, specimens with straight trace lines were
studied in a number of prior works by Cahn et al
[34, 47, 48] due to the relatively uniform deformation
and ease of achieving high strains experimentally.
The conductive ink’s electrical resistance evolution
with monotonic or cyclic strain, obtained from tests
using the straight trace line specimens, can potentially
be used to map and predict the resistance evolution
in more complex configurations such as serpentines.
The width of the interconnect line (trace width) was
shown by Sliz et al [45] to be an important factor
in determining the electrical performance of serpent-
ine configured conductive inks; ink thickness could
be another important factor. These geometric effects
can be investigated efficiently using straight trace
line specimen due to the relatively uniform strain
distribution.

The current work provides a comprehensive
investigation of the effects of critical ink geometry
and loading conditions on the electrical response
of the PE874 ink under uniaxial monotonic and
cyclic stretching, as well as a better understand-
ing of the underlying mechanisms behind the elec-
trical resistance increase, thanks to in-situ con-
focal microscope and in-situ scanning electron
microscopy (SEM) experiments. The effects of
the lengthening, widening, and deepening of the
cracks on the electrical resistance evolution with
monotonic strain were examined. A series of cyc-
lic stretching (fatigue) tests were performed to
investigate the effects of cycling conditions, includ-
ing the strain amplitude and mean strain dur-
ing cycling, and geometric conditions, including
the ink thickness and trace width, on resistance
evolution.

2. Experimental procedures

2.1. Ink deposition and characterization
The PE874 conductive ink formulated by DuPont is
composed of silver flakes embedded in a polyureth-
ane binder material. The average volume fraction of
silver flakes in the ink is about 55% [34]. The PE874
ink test specimens consist of 1, 2, or 3 layers of the
PE874 ink screen printed onto a TPU substrate layer
in a single pass (for 1-layer specimens) or multiple
passes (for 2- and 3-layer specimens). The TPU used
for the substrate is the TE-11 C from DuPont. The
screen-printing process was performed at the DuPont
Applications Laboratory with proprietary processes
that have been optimized for the ink and substrate.

For the first ink layer, amesh size of 325 threads cross-
ing per inch2 with wire diameter of 0.9 mil was used.
For the second and third ink layer, a mesh size of
280 threads crossing per inch2 with wire diameter of
1.2 mil was used. For all cases, mesh angle was 30◦.
There was a 15 min drying time after the printing of
each ink layer, at 125 ◦C for the first ink layer and
130 ◦C for the subsequent layers. The silver flakes had
sizes ranging from several µm to 100s of nm, and
occupied 55%of the total volume on average. In addi-
tion, there was a large amount of voids in the ink
microstructure, with sizes also ranging from several
µm to 100s of nm and occupying 17% of the total
volume on average. The ink is printed in U-shaped,
double trace lines with 2 mm, 1 mm, or 0.5 mm trace
width (see figure 1(a)). The four pads in the print pat-
tern were designed for four-point electrical resistance
probes. The average thicknesses of the 1, 2, and 3 ink
layers measured by DuPont are 10 µm, 20 µm, and
25µm, respectively. FIB cross-section images of the 1-
layer and 3-layer ink are shown in figures 1(b) and (c),
respectively. The average thickness of the TPU sub-
strate is 127 µm.

2.2. Monotonic experiments
The monotonic tension experiments were performed
on a number of 1, 2, and 3-layered specimens with
2 mm and 0.5 mm trace widths to obtain the elec-
trical resistance response to tensile strain. The mono-
tonic tension experiments were performed using the
Linkam scientific TST350 microtensile test stage at a
strain rate of 2% per second, while the electrical res-
istance is measured using the Agilent 34 401 A digital
multimeter (see figure 1(d)). The resistance is repor-
ted as the normalized value R/R0, where R is the res-
istance at strain ε andR0 is the initial resistance before
deformation. Due to the distance dclamp between the
specimen clamps (about 30 mm) being shorter than
half the overall length lprint of the double trace line
(38 mm), the initial resistance R0 needed to be adjus-
ted for the unstrained portion of the specimen:

R0 = Rmeasured,ε=0×
(

dclamp

lprint/2

)
. (1)

The resistance R is the sum of the initial resist-
ance R0 and the measured change in resistance ∆R,
which is entirely attributed to the strained portion of
the specimen.

∆R= Rmeasured,ε −Rmeasured,ε=0 (2)

R= R0+∆R. (3)

The initial resistance R0 for the 1-, 2-, and 3-
layer inks with 0.5 and 2 mm width, are plotted in
figure 1(e).
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Figure 1. (a) Specimens with 2 mm, 1 mm, and 0.5 mm trace widths (left to right); FIB cross-sections for (b) 1-layer and
(c) 3-layer ink; (d) specimen under different tensile strains in the Linkam TST350 testing stage; (e) R0 for specimens with
different number of layers and trace widths in monotonic tests.

2.3. Fatigue experiments

The fatigue (cyclic tensile stretching) experiments
were performed using the same setup as the mono-
tonic tension experiments. In a fatigue experiment, a
cyclic loading scheme was implemented with a mean
strain of εm and strain amplitude of εa. The spe-
cimen was first elongated to a maximum strain of
εm + εa, then strain cycled between the minimum
strain εm−εa and maximum strain εm + εa. A strain
rate of 2% per second was also used for the fatigue
experiments.

The ink electrical resistance, R, cycles between
a maximum and minimum during every loading
cycle, and the maximum R during a stretching cycle
increases with cycling. The rate of change inR/R0 with
respect to cycles, or (R/R0)′, at cycle N was calcu-
lated by fitting a linear regression function to theR/R0

maxima for a set of cycles between N−4 and N + 4,
excluding any null points at the beginning or end of
the set of cycles. The choice of using the cycles N−4
to N + 4 for the linear regression fitting was made
by trial to achieve the generally smooth evolution of
(R/R0)′ over the cycles.

2.4. In situ experiments
In-situ monotonic tension and fatigue experiments
were also performed under an Olympus LEXT 4100
confocal microscope. The monotonic experiments
were paused at intervals of strain and the fatigue
experimentswere paused at intervals of cycles in order
to capture in-situ optical images and laser profilo-
metry scans of the ink surface at the maximum strain
during the cycle. The optical images provided meas-
urements of the length and density of the cracks
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on the ink surface. The laser profilometry scans
characterized the ink surface topography and there-
fore the crack width. Both the optical images and
laser profilometry scans were taken at a resolution
of 0.62 µm/pixel and had approximate dimensions
of 639 × 639 µm. In-situ monotonic tension exper-
iments were performed with 3-layer 2 mm, 1-layer
2 mm, 3-layer 0.5 mm, and 1-layer 0.5 mm spe-
cimens to examine the effect of ink thickness and
trace width on the crack pattern in the ink under
tensile strain. In-situ fatigue experiments were per-
formed with 3-layer 2 mm, 1-layer 2 mm, and 3-layer
0.5mmspecimens to examine the effect of cyclic load-
ing on crack width.

A separate in-situ experiment was performed
inside the Thermo Helios 5 CX focused ion
beam-scanning electron microscope (FIB-SEM).
The experiment consisted of a monotonic ten-
sion experiment on a 3-layer 1 mm specimen
paused at intervals of strain to capture in-situ SEM
images of the ink surface. This is followed dir-
ectly by a fatigue (cyclic tensile stretching) exper-
iment on the same specimen paused at differ-
ent cycles to capture in-situ SEM images of the
ink surface. The in-situ SEM experiment was per-
formed on a Kammrath & Weiss MZ0-1 tension/
compression testing module (narrow version). The
distance between the grips was 15 mm and both
the monotonic and fatigue experiments were per-
formed at a strain rate of 0.133% per second. In-
plane strain maps from the SEM in-situ images were
obtained using the digital image correlation (DIC)
Ncorr software [49]. In addition, an ex-situ fatigue
experiment was performed using the Linkam testing
stage at a strain rate of 0.2% per second to obtain the
expected R/R0 evolution data.

3. Results and discussion

3.1. Monotonic behavior
Figure 2(a) shows the effect of number of layers on the
normalized resistance (R/R0)—applied strain (ε) data
for the monotonic tensile stretching experiments (up
to 150% strain) with 2 mm-wide specimens, while
figure 2(b) highlights the effect of specimen width
for the 3-layer specimens. The initial R0 values for
the different specimen configurations are also plot-
ted in figure 1(e). For a given strain, the normal-
ized resistance increases with number of layers (see
figure 2, when accounting for the thickness effect on
R0 (figure 1(e)), the results indicate that, at a given
strain, the resistance slightly decreases with increasing
number of layers. This is clearly shown in figure 2(c)
where the ratio of normalized resistance,R/R0, is plot-
ted, for both 2 vs 1 layer and 3 vs 1 layer. Comparing
3 layers vs 1 layer, the ratio of normalized resistance is
always less than 2.5, while the ratio of initial resistance
(1 layer vs 3 layers) is 2.55 (as expected based on the
measured thicknesses of 10 µm for 1 layer and 25 µm

for 3 layers; see figures 1(b) and (c)). Hence these res-
ults demonstrate that using thicker inks decreases the
overall resistance even at large strains.

The R/R0 of the 3-layer 0.5 mm-wide specimens
increased much more quickly with ε than the 2 mm-
wide specimens (see figure 2(b)). Therefore, the trace
width effect found by Cahn et al [48] in the 1-layer
ink can be extended to multi-layer inks. In other
words, the width should be 2 mm or more to minim-
ize both normalized resistance and resistance (since
wider traces have lower R0) with strain.

The ink thickness and trace width effects can be
understood by the observation of the crack pattern in
the in-situ monotonic stretching experiments. From
the confocal optical images for the 1-layer and 3-layer
2 mm-wide specimens (figure 2(a)), the lengths and
area density of the cracks in the specimens with dif-
ferent ink thicknesses could be analyzed. The sur-
face cracks in these two specimens at 10% strain,
identified by visual inspection, are highlighted in
figures 3(a) and (b). The lengths of the cracks are
sorted in the histograms of figures 3(c) and (d). The
mean crack length was 347 µm for the 3-layer and
102 µm for the 1-layer 2 specimen. For the 3-layer
specimen, a significant number of cracks had lengths
exceeding 0.5 mm; for the 1-layer specimen, none
of the cracks exceeded a length of 0.3 mm. The area
density of the cracks in a specimen was calculated by
dividing the total crack count by the observed area.
The area crack density was about 27 cracks per mm2

for the 3-layer and 95 cracks per mm2 for the 1-layer
specimen at 10% strain. Therefore, the 1-layer speci-
men had a network ofmore numerous, shorter cracks
while the 3-layer specimen had a network of fewer,
longer cracks. The relation between thicker ink and
greater crack spacing is also found in thin metal films
supported by polymer substrates [50–52]. The greater
lengths of the cracks in the 3-layer specimen, some
of which exceeded 0.5 mm (figure 3), enabled the
traversal of the entire 0.5 mm trace width by some
of the cracks in the 3-layer 0.5 mm-wide specimen
(figure 2(b)). At higher strains (>50%), the cracks
in the 3-layer ink traversing the 0.5 mm trace line
were observed to widen drastically, leading to a rapid
increase in R/R0.

Figure 4 shows SEM images of the crack pattern
from the monotonic part of the in-situ SEM experi-
ments with the 3-layer and 1-layer 1 mm-wide spe-
cimens and the R/R0−ε data from the corresponding
ex-situ experiments. Similar to the optical images for
the 2 mm-wide specimens in figure 1, the low mag-
nification SEM images in figure 4(a) also highlight a
clear distinction between the longer cracks in the 3-
layer ink and the shorter cracks in the 1-layer ink. At
30% strain, cracks coalescence traversing more than
50% of the trace line had already occurred at several
locations within the imaged area for the 3-layer spe-
cimen, while the shorter and more numerous cracks
in the 1-layer specimen could not coalesce into such

4
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Figure 2. R/R0−ε evolution from monotonic stretching tests and crack pattern images from in-situ confocal microscope
monotonic stretching tests for (a) 2 mm specimens with 1, 2, and 3 ink layers and (b) 3-layer specimens with 0.5 mm and 2 mm
trace widths; (c) R0 for specimens of different layers and trace widths in monotonic tests.

Figure 3. Crack patterns at ε= 10% with cracks highlighted for (a) 3-layer 2 and (b) 1-layer 2 mm specimens; distribution of
crack lengths for shown crack patterns of (c) 3-layer and (d) 1-layer 2 mm specimens.
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Figure 4. (a) Crack pattern images from in-situ SEMmonotonic stretching tests with R/R0−ε evolution from corresponding
ex-situ tests; (b) close-up images of representative cracks from in-situ SEM monotonic stretching tests with crack width–ε
evolution.

long cracks even at 50% strain. Besides being longer,
the cracks in the 3-layer ink are also notably wider
(see figure 4(a)) the cracks in the 3-layer ink are also
notably wider. Figure 4(b) shows higher magnifica-
tion images of the crack width—ε evolution for selec-
ted cracks in the 3-layer and 1-layer specimens. The

two selected cracks are representative of the widest,
most well-developed cracks in the respective spe-
cimens. Both cracks were observed to widen and
deepen simultaneously. The width of the crack in the
3-layer specimenwas consistently 3–4 times the width
of the crack in the 1-layer specimen up to an ε of
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50%. Hence it is clear that crack widening, as well
as deepening, is influenced by the ink thickness. For
ε = 30%, both of the selected cracks in figure 4(b)
had clearly deepened to the ink-substrate interface
and widened to more than 10 µm apart, with no con-
tact between the silver flakes (whose sizes range from
hundreds of nm to severalµm) on the two crack faces.
However, in both the 3-layer and 1-layer specimens,
there were also some cracks and sections of cracks
that did not appear to be wide enough to be through-
thickness even at ε= 50%.

Based on the above results, it can be seen that the
different R/R0−ε evolution behaviors for varying ink
thickness correlate strongly with the corresponding
differences in the crack pattern. The impact of ink
thickness on the crack pattern at a given ε can be
understood by the following fracture mechanics rela-
tion between the energy release rate G of a crack in a
thin film and the film thickness h [53, 54].

G =

(
σ2
0h

Ē f

)
Z. (4)

The energy release rate G is proportional to the
film thickness h. The proportionality is determined by
the stress σ0 on the crack faces, the plane strain elastic

modulus Ē f = E f/
(
1− ν2f

)
of the film where E f and

ν f are respectively the ink elastic modulus and Pois-
son’s ratio, and the dimensionless number Z depend-
ing on the Dundur’s parameters α and β as well as
dimension ratios including the ratioH/h between the
substrate thicknessH and ink layer thickness h. Hence
the driving force for crack extension in the 3-layer ink
is expected to be roughly three times that of the 1-
layer ink. In addition, the dependence of Z on H/h
means that G is greater for a larger h given the same
H, especially for H/h < 10 [55]. For the 1-layer and
3-layer ink specimens, the H/h ratio is about 13 and
5 respectively. This difference is expected to increase
the G of the 3-layer ink to slightly more than three
times that of the 1-layer ink.

The greater driving force for crack extension for
the thicker ink corroborates with the observed longer
cracks in the 3-layer ink compared to the 1-layer
ink. The effect of the crack pattern on electrical res-
istance was investigated by Glushko et al [56] for
metallic films on polymer substrates. From finite ele-
ment modeling results, the normalized resistance was
found to increase with the fourth order of crack
length and second order of area crack density. Using
their relationship and the average crack length and
area crack density found in figure 3, the R/R0 was cal-
culated to be 2.2 for the 1-layer and 8.5 for the 3-layer
2 mm specimen at an ε of 10%. The corresponding
average R/R0 from the experiments were 3.68 ± 0.35
and 6.88 ± 0.47, respectively. The predicted R/R0 are
not too far off, highlighting the significant effect of the
crack pattern, especially the crack length, on resist-
ance evolution. However, the model by Glushko et al

assumes through-thickness cracks that are perfectly
insulating, a reasonable assumption for metallic (i.e.
stiff) thin films on compliant polymer substrates. In
the case of the PE874 conductive ink, not all cracks are
through-thickness, especially at lower applied strains,
as was shown in figure 4. Given that the same silver
flakes (with sizes ranging from several µm to hun-
dreds of nm) were used in the 1-layer and 3-layer
ink, the greater width of the cracks in the 3-layer ink
meant that a smaller portion of the total crack face
area would be bridged by the silver flakes compared
to the 1-layer ink at the same level of ε. Therefore the
widening and deepening of the cracks could be a sec-
ondary mechanism causing the difference in R/R0−ε
evolution with varying ink thickness, other than the
crack length dependence on ink thickness.

The longer cracks associated with thicker ink,
resulting from the greater driving force for crack
extension, play a key role in the more drastic trace
width effect seen with the 3-layer ink compared to
the 1-layer ink. The longer cracks in the 3-layer ink
were able to traverse a 0.5 mm trace line at about
10% strain, leading to more drastic crack widen-
ing at higher strains and therefore more increase in
R/R0. The shorter cracks in the 1-layer ink could not
traverse the 0.5 mm trace line even at high strains
(>50%), hence the less drastic increase inR/R0 (figure
S1 in supporting information).

3.2. Cyclic behavior
Uniaxial cyclic stretching (fatigue) experiments were
used to study the effect of repeated deformation on
the conductive ink. Figure 5(a) shows the R/R0 evol-
ution with cyclic tensile stretching for three fatigue
tests with amean strain εm of 30% and different strain
amplitudes εa of 12%, 15%, and 18%. The electrical
resistance of the ink cycles between a maximum and
minimum during every loading cycle. The maximum
R/R0 during the loading cycle steadily increases as
the number of cycles increase. Eventually, a point of
instability is reached where R/R0 no longer increases
steadily but instead experiences irregular jumps of
increase with further cycling. In figure 5(a), the onset
of instability is marked by the colored arrows. For
these three tests, the onset of instability occurred at a
highR/R0 of 800 or above. Figure S2 in the supporting
information shows the R/R0 at the onset of instabil-
ity plotted against the number of cycles to instabil-
ity N instability for all fatigue tests excluding the in-situ
ones. For most of the tests, the onset of instability
occurred at a R/R0 higher than 100. Therefore, we
define the fatigue lifeN f by the number of cycles until
a R/R0 of 100 is reached. In a previous work by Cahn
et al [47], fatigue life was instead defined by the num-
ber of cycles until a R/R0 of 500 is reached.

Figure 5(b) shows the R/R0 maxima per cycle for
the three forementioned tests as well as the rate of
change in R/R0 with respect to cyclesN−d(R/R0)/dN
or (R/R0)′ for shorthand. A value of (R/R0)′ = 1

7
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Figure 5. (a) R/R0 evolution over cycles for the 2-layer 2 mm tests at strains 30%± 12%, 30%± 15%, and 30%± 18%; (b) R/R0

maxima over cycles and rate of change in normalized resistance with cycles (R/R0)′ for forementioned tests.

means that R/R0 increases by 1 every cycle. The rate
(R/R0)′ is found to always decrease during the initial
portion of the fatigue test, and is therefore at a local
maximum on cycle 1. For the tests with a large strain
amplitude (εa > 10%), as illustrated in figure 5(b),
(R/R0)′ decreases to a minimum within the first 20–
30 cycles, and then increases steadily until the onset
of instability. The normalized resistance R/R0 has
not reached 100 when the rate reaches its minimum.

However, once the rates have significantly increased
(i.e. (R/R0)′ >5 or 10),R/R0 has well exceeded 100: for
practical purposes, the ink is not functional anymore
at that stage. For tests with a small strain amplitude
(εa ⩽ 5%), (R/R0)′ does not see any increase with cyc-
ling, but instead sees a phase of slower decrease or
plateauing until the onset of instability (see figure S3
in the supporting information showing an example
of the (R/R0)′ evolution for εa = 1%). Hence, the
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initial rate of resistance increase, (R/R0)′i, is a relev-
ant parameter, which for example could be used to
predict resistance evolution in a conservativemanner,
given that it is a local maximum.

Figure 6(a) shows the initial (local maximum)
and the minimum (R/R0)′ for all tests in the cur-
rent work, plotted against the strain amplitude εa.
Both (R/R0)′i and (R/R0)′min showed a strong cor-
relation with εa, as highlighted by the blue trend
lines in figure 6(a). Results from the tests with the 2-
layer 2 mm-wide specimens show that between strain
amplitudes of 1% and 18%, (R/R0)′i increased by
about 2 orders of magnitude from 0.032 to 3.22. The
difference between (R/R0)′i and (R/R0)′min as indic-
ated by the blue envelopewasmuch greater at the εa of
1% (more than an order of magnitude) than at the εa
of 18% (about only 2–3 times). The effect of themean
strain εm on (R/R0)′ appears to be much less signific-
ant, based on the two specimens tested at εa = 2%
having similar rates despite having different εm (15%
vs 60%). Trace width appears to have a significant
effect on (R/R0)′, with the 0.5 mm-wide specimens
generally having a higher (R/R0)′i and (R/R0)′min than
the 2 mm-wide specimens.

Figure 6(b) shows (R/R0)′i plotted against the
number of ink layers for the 65%± 15%, 10%± 10%,
and 15% ± 5% tests. The (R/R0)′i increased with
ink thickness, especially for the 65% ± 15% and
10% ± 10% cases. For practical purposes, how-
ever, the rate of change in resistance R with cycles
dR/dN (or R′ for shorthand) is the more useful
parameter than (R/R0)′ in characterizing resistance
increase across different ink geometric dimensions.
Figure 6(b) also shows that R′

i decreased with ink
thickness, which corresponds to a slower increase in
R with cycling and a longer fatigue life. Therefore,
thicker ink layers are beneficial to maintaining a low
resistance after repeated deformation.

Figure 7 shows the strain amplitude εa—fatigue
lifeN f curve, for all tests with 2-layer 2mm-wide spe-
cimens. The measured N f ranges from 36 cycles for
the 30% ± 18% test to over 100 000 cycles (run-out
test) for the 15%± 1% test. There exists a strong cor-
relation between measured N f and εa, which was fit-
ted to a power law function in that figure. Other than
εa, the mean strain εm also affects N f. For example,
N f was 86 533 cycles for the 15% ± 2% test, but only
57 572 cycles for the 60%± 2% test. The εm effect on
N f is likelymainly due to its effect onR/R0 at themax-
imum applied strain (equaling εm + εa) during the
first cycle. However, εa has a more significant effect
on N f than εm. The relative importance of εa and
εm in determining N f is highlighted by comparing
the 60% ± 2% test (N f = 57 572 cycles) with the
15%± 5% tests (N f < 800 cycles).

To better understand the ink deformation mech-
anisms responsible for the resistance increase with
cyclic stretching, in-situ confocal microscope and

SEM fatigue experiments were performed for this
work.

The in-situ confocal microscopy fatigue experi-
ment was performed at lower strains than in [47]
to examine the evolution of the ink surface topo-
graphy, particularly the surface cracks, during cyc-
ling. A 3-layer 2 mm-wide specimen was cycled at
10% ± 10% strain for 400 cycles under the optical
and laser confocal microscope. Figures 8(a), (c) and
(f) show the optical images at the maximum strain
during cycle 1, 100, and 400; figure 8(b) shows the
R/R0 evolution over the cycles. The fatigue lifeN f was
reached at 118 cycles, which is very close to the N f of
121 measured in the ex-situ test. This in-situ confocal
microscope experiment differed from the 65%± 15%
strain experiment with the 1-layer 0.5 mm-wide spe-
cimen performed by Cahn et al [47] in that the 3-
layer 2 mm-wide specimen was cycled at much lower
strains, which should facilitate the examination of
crack deepening with cycling sincemany of the cracks
should not be through-thickness on cycle 1.

Superposing the laser profilometry scans of the
same area taken during cycles 1 and 100 (or 400) at
maximum strain, a height delta map between cycles
1 and 100 (or 400) can be generated by subtracting
the ink height profile data for the two cycles pixel by
pixel. The exact alignment of the laser profilometry
data from the two cycles is performed with the aid of
DIC in order to remove the small shifts in displace-
ment between the two scans. A detailed explanation
for the alignment process can be found in Cahn et al
[47]. Figures 8(d) and (g) show the height delta maps
between cycles 1 and 150 and between cycles 1 and
400, respectively. Figures 8(e) and (h) show line scans
over the height delta maps for cycles 1–100 and for
cycles 1–400 along the red linesmarked in figures 8(d)
and (e). For both the cycles 1–100 and cycles 1–400
height delta maps, a significant portion of the crack
pattern had deepened with respect to their surround-
ing regions after cycling, though the in-plane crack
pattern has remained the same. Based on the differ-
ences in the height delta data between cracks 1–4 and
their surrounding regions in the line scans, the crack
deepening occurred by an average of 10 µm between
cycles 1 and 100 and 13 µm between cycles 1 and
400. Comparing the height delta maps and line scans
for cycles 1–100 and cycles 1–400, some of the crack
openings, most notably crack 3 and 4, also appeared
to have widened while they deepened with cycling.

To obtain conclusive evidence of crack widening
with cycling, a in-situ SEM experiment was
performed to cyclically stretch a 3-layer 1 mm-wide
specimen at strains of 30% ± 20%, after first mono-
tonically stretching the specimen to an applied strain
of 50%as a part of the first cycle (figure 3). Figure 9(p)
shows the first 10 cycles of the R/R0 evolution from a
separate ex-situ test; the SEM in-situ test was expected
to have the same R/R0 evolution, with R/R0 reaching
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Figure 6. (a) (R/R0)′ i and (R/R0)′min versus strain amplitude; (b) number of ink layers versus (R/R0)′ i and R′
i.
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Figure 7. Strain amplitude versus measured fatigue life N f.

about 90 at cycle 10. Figures 9(a)–(e) show the crack
pattern at 50% strain during cycles 1, 2, 3, 5, and 10
for a 1.75 mm long section of the trace line roughly
centered at the midpoint between the grips of the
testing stage. While the extent of the crack pattern
appears to remain unchanged over the cycles at low
magnification, higher magnification images of the
cracks showed clear evidence of their widening with
cycling.

Figures 9(f)–(j) show close-up images of the
widening of a representative narrow crack over the
cycles. On cycle 1, the width of the crack measured
about 1.6µmat the pointmarked in figure 9(f). From
cycle 1 to cycle 5, the width of the crack increased to
about 6.4 µm. On cycle 1, the two cracks faces were
very close to each other and the silver flakes could be
seen to bridge the crack. By cycle 5, the crack faces
were completely separated from each other and the
silver flakes could no longer bridge the crack, likely
resulting in a complete loss of electrical conductivity
across that crack. Figures 9(k)–(o) show close-up
images of the widening of a representative wide crack
with an island of ink forming a linkage in the crack
opening. From cycle 1 to cycle 2, the crack widened
by about 3 µm on the left side. In the subsequent
cycles, parts of the ink island were observed to shift

and break off in a direction transverse to loading,
causing damage the ink linkage across the crack open-
ing. The evolution of the ink linkage observed in
figures 9(k)–(o) shows how fatigue damage could
sever an otherwise conductive path across a wide
crack opening. At higher applied strains (>30%),
many of the apparently coalesced cracks were still
separated at junctions by ink linkages that could
provide conductive pathways. Fatigue damage to
these ink linkages by crack widening likely represents
a significant mechanism for reducing the electrical
conductivity.

Figures 9(q)–(t) show the in-plane tensile strain
maps (Exx) for the crack patterns at cycles 2, 3, 5, and
10 shown in figures 9(b)–(e). The strain maps used
the image at 50% strain during cycle 1 (figure 9(a))
as the reference image and the images at 50% strain
during cycles 2, 3, 5, and 10 (figures 9(b)–(e)) as the
current images to obtain the tensile strain changes
generated during cycling. The crack widening, as
shown by the positive strain distributions, were con-
centrated in the already formed cracks near the mid-
point between the grips on cycle 2. During the sub-
sequent cycles, the cracks further away from the mid-
point began to widen more, as can be seen in the pro-
gression of the strain maps for cycles 3–10. As some
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Figure 8. (a) Optical image at maximum strain on cycle 1 from in-situ confocal microscope cyclic stretching test; (b) R/R0

evolution over cycles; (c) optical image at maximum strain on cycle 100; height profile delta map (d) and height profile delta line
scan (e) between cycles 1 and 100; (f) optical image at maximum strain on cycle 400; height profile delta map (g) and height
profile delta line scan (h) between cycles 1 and 400.

cracks widened, other cracks were compressed and
narrowed, resulting in the negative strain distribution
over them. In the area analyzed by the DIC strain
maps, the ratio of the number of widening cracks to
the number of narrowing cracks was about 2–1.

3.3. Degradationmechanisms
The results of the in-situ SEMexperiments, fromboth
the monotonic and cyclic parts, showed that the basic
mode of microstructure damage in the ink is the sim-
ultaneous widening and deepening of the cracks. One
notable distinction in damage mechanism between
monotonic strain increase and cycling between two
strain values is that the crack length increased signific-
antly during the former (i.e. with increasing applied
strain) but remained unchanged during the latter
(i.e. with increasing numbers of cycles). This key dif-
ference is illustrated in the schematics of figure 10
showing the damage mechanisms for the monotonic
and cyclic scenarios, with the top and cross-section
views for the ink layer mounted on the substrate.

Knowing the difference in damage mechanism
between the monotonic strain increase and cycling
between two strain values, the electrical resistance
increase during cyclic stretching to the same strain

must therefore be entirely attributed to crack widen-
ing and deepening, whereas, as shown earlier, the
lengthening of the cracks is a major contributor to
resistance increase with increasing applied strain. The
fact that the cracks do not lengthen with cycling
means that the associated range in strain energy
release rate, ∆G, is not large enough for fatigue-
driven crack extension in the polyurethane binder of
the ink. Instead, the widening of the cracks under
cyclic loading is likely a result of unlocking of adja-
cent silver flakes during the repeated back-and forth
motion of the crack faces. Another possible fatigue
mechanism for crack widening is the fatigue of the
TPU substrate at the location of the cracks once they
reach the interface, as suggested by a post-mortem
(unloaded specimen) FIB cross section of a fatigued
specimen (see red arrows in figure S4 in the support-
ing information). This understanding of the fatigue
damage mechanism in a conductive ink is in agree-
ment with the observed relation between fatigue res-
istance increase and through-thickness cracking for a
polymer-supportedmetal thin film found by Gebhart
et al [57].

The delamination between the film and substrate,
often found in thinmetal films supported by polymer
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Figure 9. (a)–(e) Crack pattern images for cycles 1, 2, 3, 5, and 10 of in-situ SEM cyclic stretching test; closeup images of
representative narrow crack (f)–(j) and wide crack with ink linkage (k)–(o) over the cycles; (p) R/R0 evolution over cycles from
corresponding ex-situ test; (q)–(t) DIC strain maps for cycles 2, 3, 5, and 10. The sample is uniaxially stretched along the
horizontal direction of the images.The corresponding strain maps show the in-plane Exx component.

Figure 10. Schematic diagrams showing the top view (a) and cross-section view (b) of the ink layer; the monotonic (c) and cyclic
(d) straining scenarios; top view of the ink layer surface during monotonic (e)–(g) and cyclic (h)–(j) straining; cross-section view
of the ink layer during monotonic and cyclic straining (k)–(m).
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substrates [50, 58], was not observed for the conduct-
ive ink under tensile strain. Therefore the adhesion
between the ink layer and substrate can generally be
assumed to be good. However, microstructural voids
located at the ink-substrate interface could represent
an important factor contributing to the initiation of
cracking in the ink layer. The role of these voids in
crack initiation awaits further investigation by in-situ
SEM experiments with ink layer cross-sectioning.

This work showed that ink thickness and trace
width impact the electrical resistance evolution with
tensile strain under monotonic and cyclic load-
ing, due to differences in crack pattern resulting
from stretching. For practical applications, thicker
(⩾25 µm) and wider (⩾2 mm) inks should be
used to lower R increases with repeated deforma-
tion. The interconnects in devices have optimized
configurations such as the serpentine, whereby the
local strains can be one order of magnitude lower
than the applied strain [44, 46]. Therefore, the strain
amplitudes involved in the repeated straining of ser-
pentine interconnects are likely to be small (<5%),
which means that the PE874 ink can withstand large
numbers of cycles (>1,000) in stretchable applica-
tions. The knowledge and characterization of resist-
ance evolution of the ink cycled at small strain amp-
litudes, gained from this work using straight trace line
specimens (and uniform strain distributions), will be
used in a future work to model the resistance evolu-
tion and fatigue life of serpentine interconnects.

4. Conclusions

The current work examined the electrical response
of the stretchable PE874 conductive ink to uniaxial
monotonic and cyclic stretching for different ink geo-
metry (1, 2, and 3 layers, each layer approximately
8–10 µm, and trace widths of 0.5, 1, and 2 mm)
and loading conditions. The material deformation
mechanisms responsible for the electrical resistance
evolution with monotonic tensile strain and cyclic
straining were also investigated. Based on the experi-
mental results, including those of the in-situ confocal
microscope and SEMexperiments, the following con-
clusions can be drawn.

(a) Ink geometric conditions, including both ink
thickness and trace width, impact the elec-
trical resistance evolution with tensile strain, due
to differences in crack pattern resulting from
stretching. Narrow trace widths (0.5 mm) are
associated withmuch higher resistance, as cracks
traverse the trace width. Thicker inks are associ-
ated with higher normalized resistance, in part
due to longer cracks. However, when taking into
account the thickness effect on initial resist-
ance, thicker inks provide slightly better resist-
ance under strain.

(b) For cyclic stretching, there exists a strong correl-
ation between fatigue life N f, as defined by the
number of cycles until a R/R0 of 100 is reached,
and the strain amplitude εa. The mean strain εm
has a secondary effect on N f.

(c) The initial normalized resistance rate (R/R0)′i is
found to scale with εa. Therefore this parameter
can likely be used to conservatively predict res-
istance increase for a cyclic test.

(d) The rate of change in resistance R with cyc-
ling, dR/dN (or R′), decreases with ink thick-
ness and trace width for fatigue tests across dif-
ferent strain levels. For practical applications,
thicker (⩾25 µm) and wider (⩾2 mm) inks
should be used to lowerR increaseswith repeated
deformation.

(e) During monotonic tensile strain increase, the
cracks lengthened as well as widened and
deepened; during cyclic stretching between two
strain values, the cracks did not lengthen notice-
ably but still widened and deepened. Fatigue
damage from crack widening and deepening
was found to be responsible for electrical res-
istance increase during cyclic stretching to the
same strain. The loss of electrical conductivity
could be considered to occur when the crack has
effectively deepened to the ink-substrate surface
as the crack faces become completely separated
and become much wider than the largest flake in
the ink.
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