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Abstract

The electrical resistance of metal-polymer conductive inks increases as they undergo cyclic loading,
posing a major challenge to their reliability as interconnect materials for flexible electronic devices.
To characterize an ink’s fatigue performance, extensive electro-mechanical testing is usually
performed. Phenomenological models that can accurately predict the resistance increase with
cyclic loading can save time and be useful in flexible conductor design against fatigue failure. One
such model was recently developed for only one composite ink type. The model is based on
experiments monitoring resistance under monotonic stretch data and multiple experiments
measuring the rate of increase of the resistance under different strain amplitudes and mean strains.
The current work examines whether such resistance rate model could be generalized to apply for
more types of composite inks. Two composite inks with different binder material, metal flake sizes
and shapes, and substrate material were experimentally tested under monotonic and cyclic loading.

It was found that the two new inks are also more sensitive to strain amplitude than mean strain.
The resistance rate model accurately predicts early/catastrophic failure (<1000 cycles) in all inks
and conservatively estimates high fatigue life for low strain amplitudes. A protocol detailing the

procedures for applying the resistance model to new inks is outlined.

1. Introduction

Flexible hybrid electronics devices represent a unique
category of electronics known for their ability to con-
form to body surfaces, primarily finding applications
in wearable healthcare devices [1—4]. These devices
utilize compliant circuitry with conductive intercon-
nects to transmit electrical signals while adapting to
and deforming with non-conformal surfaces. In typ-
ical wearable devices, they are subjected to repeated
stretching of up to 30% tensile strain [5]. A signific-
ant challenge in designing interconnect materials lies
in maintaining electrical conductivity after enduring
repeated loading within the expected strain range for
the application.

Several conductive interconnect materials have
been studied for their electrical performance under
repeated deformation, including thin metal films
[6-11], metal nanoparticle inks [12—15], graphene
composites [16] and metal-polymer composite inks

© 2024 The Author(s). Published by IOP Publishing Ltd

[17-23]. Compliant circuitry is commonly created
by depositing a thin interconnect material layer on
a thicker substrate. One example of such an inter-
connect material is the metal-polymer conductive
ink, which incorporates micron-sized metal flakes
within a compliant polymer binder. This compos-
ite conductive ink is subsequently applied to a com-
pliant polymer substrate, typically through screen
printing.

Unlike metal thin films, composite metal-
polymer inks do not experience sudden rupture [24—
32] or fatigue failure [9, 10, 33] at low tensile strain
levels (<10%) while deposited on compliant (poly-
mer) substrates. Therefore, composite inks are able
to maintain electrical conductivity at higher applied
strains provided they are deposited on an adequately
stiff polymer substrate [23, 34, 35]. The fatigue beha-
vior of composite conductive inks is less well stud-
ied, with the exception of Dupont’s PE874 [17, 23]
where cracks were found to form and continually
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Table 1. Table of symbols.

Symbols Description

€ Tensile strain

€m Mean strain for cyclic test

€a Strain amplitude for cyclic test

R Measured resistance during testing (adjusted for clamped portion of specimen)
Ro Measured resistance prior to testing (adjusted for clamped portion of specimen)
(R/Ro)fail Failure threshold R/Ry for a monotonic test.

&f Monotonic tensile strain at which (R/Rg)s; is reached

Rimax Maximum measured R during a cycle

N Number of cycles in a fatigue test

(R/Ro)’ Normalized resistance rate change in Rmax/Ro with cycling, or d(Rmax/Ro)/dN
(R/Ro) char Characteristic normalized resistance rate (R/Ry)’ for a cyclic test

(R/Ro) min Minimum normalized resistance rate (R/Rg)’ over the cycles for a cyclic test
(Rmax/Ro)N =1 Rmax/Ry for the first cycle

(Rmax/Ro)fail Failure threshold Rmax/Ro for a cyclic test

(Rmax/Ro)modeled  Modeled Rinax/Ro at cycle N for a cyclic test

(N f)modeled

Rfull specimen, &
Rfull specimen, € = 0
dgrips Distance between grips

Lprint Effective length of double trace lines

Modeled fatigue life as defined the number of cycles until (Rmax/Ro )il is reached according to model
Measured resistance at tensile strain € without adjustment for clamped portion of specimen
Measured resistance at zero tensile strain without adjustment for clamped portion of specimen

deepen during cyclic loading. For thatink, Lietal [36]
recently proposed a resistance rate model for predict-
ing PE874’s fatigue behavior. It is unclear whether
that model/approach could be used for other com-
posite inks with different metal flakes, binder or sub-
strate materials. For this to be explored, the electrical
resistance of other inks needs to be experimentally
obtained during monotonic and cyclic loading fol-
lowing Li’s [36] process, as described below. Table 1,
provides a list of symbols used in this manuscript.

The electrical degradation of a conductive ink
trace during an electro-mechanical test can be char-
acterized by the normalized resistance R/R,, which
is the resistance R measured during testing normal-
ized with respect to the initial resistance Ry of the ink
trace measured prior to the experiment. In mono-
tonic stretch experiments, the normalized resistance
is plotted as a function of the applied strain. Multiple
experiments under different combinations of mean
strain, e, and strain amplitude, &,, are needed for
the model calibration. Typically, the experiments are
performed between a maximum, €, = €y, + €4, and
minimum €pyin = €m—&, strain range. During a cyc-
lic stretch test, the maximum R/R, during each cycle,
or Ruyax/Rg, occurs at the maximum strain value,
Emax- The rate of change in Ryax/Ro with cycling, or
d(Rmax/Ro)/dN (where N is the number of cycles),
was found by Li et al [36] to be a particularly relev-
ant parameter for characterizing R/R, increase with
cycling. The rate d(Rpax/Ro)/dN will be referred to as
(R/Ry)’ for shorthand.

A constant rate model was proposed by Li et al
[36] to predict the evolution of Ry./Ry for N

cycles. The model takes input parameters from several
monotonic and cyclic stretch tests to create a predic-
tion of Rmax/Ro-cycles evolution for a cyclic test with
any given e, and e, within the modeled range, as
shown by the schematic in figure 1. The monotonic
stretch tests are used to obtain an average polyno-
mial fit for R/R, evolution with applied tensile strain
€ (figure 1), which is then used to model Ry,.x/Ry at
the tensile strain e, + €, during the first cycle of the
cyclic test. For subsequent cycles, a constant charac-
teristic (R/Rp)’ char is assumed for cyclic tests at a given
€. From several cyclic tests performed at different
€a» @ power law function can be fitted for the rela-
tion between (R/Ry) ' har and €, (figure 1). The fit for
(R/Ro)’ char as a function of e, can be used to obtain
(R/Ro)’ char for any ¢, within the modeled range. The
modeled range of strains (and therefore the range of
strains to be used for the input cyclic tests) can be
roughly determined by considering R/Ry-¢ evolution
from the monotonic tests and the failure tensile strain
¢ at which the failure criterion (R/Rg)gi is reached
(figure 1). The modeled Rp,x/Ro for N cycles is given
as follows.

(Rmax) — (Rmax> +(N_ 1) <R>/
Ro modeled Ro N=1 RO char

(1

The model can also be used to predict fatigue
life as defined by the number of cycles until a fail-
ure threshold for Ryax/Rp is reached according to the
model. If failure is defined by (Rmax/Ro)il> then the
predicted fatigue life (N¢)modeled 15:
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Figure 1. Schematic of model inputs and outputs. Inputs are the average polynomial fit for R/Ry-& from monotonic stretch tests
and power law fit for (R/R¢)’-&, from cyclic stretch tests; outputs are the predicted Rmax/Ro-cycles evolution and £,-Nf, as

described in the work of Li et al [36].

()~ ()
Ro ) fail Ro /=1
(#),
Ro / char

Depending on what the designer determines as
the critical (Rpmay/Ro)faii then multiple fatigue life
curves can be generated and can be used to design
inks against fatigue failure. The safe parameter space
is defined as strain amplitudes that are well below the
fatigue life curve, as seen in the schematic of figure 1.

The rate model proposed by Li et al [36] offers
reasonable predictions of resistance evolution with
cyclic stretching for a wide range of €, and ¢,, based
on only 5-6 cyclic stretch tests and several monotonic
tests. The model has the potential to greatly reduce the
amount of experiment time needed to characterize
R/Ry-cycles evolution in a conductive ink, especially
considering that only tens of cycles may be needed to
be obtain the characteristic (R/Ry)’ parameter for a
cyclic test. However, the model was only shown to be
applicable for one ink type. The current work explores
the applicability of the model for two other silver-
based composite inks with different binder materials
and different flake sizes and shapes than that repor-
ted in [36]. Specifically, this work describes an exper-
imental investigation of monotonic and cyclic beha-
vior of flexible conductive inks and demonstrates that
the rate model described by Li et al [36] can be applic-
able to wider categories of flexible inks.

+1. ()

(Nf) modeled —

2. Experiment and modeling methods

2.1. Fabrication of test materials

Figure 2(a) shows the two new inks examined in
this work are Dupont’s 5025 and a developmental
conductive ink (N-inkl). The experimental results

3

are compared along with the PE874 ink results from
the work of Li et al [23, 36] (ink also shown on
figure 2(a)). Both the PE874 and 5025 inks are
deposited on their respective substrate layers by a
screen-printing process performed at the DuPont
Applications Laboratory using optimized printing
processes. Details of the screen-printing processes for
the inks can be found in the previous works by Cahn
et al [34] and Li et al [36]. In the current work, the
5025 ink had a single ink layer printed in one printing
pass with a thickness of about 10 pm; the PE874 ink
had two ink layers printed in two separate printing
passes with a total thickness of about 20 ym. There
was no visible separation between the two PE874
ink layers based on SEM (scanning electron micro-
scope) images of the focused ion beam (FIB) cross-
section, nor was there delamination between the two
ink layers during previous in-situ SEM mechanical
tests [23]. The PE874 and 5025 inks used the same
type of Ag flakes, which were sized from 100 s of nm to
several pm (figures 3(a), (b) and (d), (e)). The PE874
ink used a polyurethane binder material, while the
5025 ink used an acrylic binder material. The frac-
tion of total ink volume occupied by the Ag inks is
slightly higher for the PE874 ink at 55%, compared
to 49% for the 5025 ink [34]. There is also a signi-
ficant volume of pm-sized voids in PE874 ink with a
total void volume fraction of 17% [34], while the 5025
ink does not have any noticeable voids. From the FIB
cross-section images of N-ink1 (figures 3(c)—(f)), it
can be observed that the ink consists of larger-sized
type of Ag flakes. The average Ag flake size is ~2 pm,
the solid flake fraction is found to be ~70%. There
is also a substantial number of voids in the binder
(>10%). The ink binder is compliant with stiffness
similar to thermoplastic polyurethane (TPU). The
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Figure 2. (a) Optical images of the PE874-TPU, 5025-PI, and Nink1-TPU specimens from left to right; (b) testing frame used for
monotonic and cyclic stretch testing. The ink specimen is stretched between the two grips, while synchronous resistance
measurements are made using the 4-point resistance probes. Trace width is 2mm in 2(b).

Figure 3. Top view SEM images of (a) PE874 ink, (b) 5025 ink, and (c) Nink-1; FIB cut cross-section view images of (d) PE874
ink, (e) 5025 ink, and (f) Nink-1. Note that all 3 inks have silver flakes with different binder materials.

Table 2. Details of the experiments performed for the 3 different inks. The experimental results with PE874 ink were from the work by Li

etal [23, 36].

PE874 5025 Nink1
Trace line width (mm) 2 mm 1 mm 2 mm
Ink thickness 2-layer (~20 pm) 1-layer (~10 pm) 1-layer (~20 pm)
Substrate material TPU (TE-11C) PI (Kapton) TPU
Substrate thickness ~ ~90 ym ~130 pm ~100 pm

15 £ 1%, 15 =+ 2%,
60 £ 2%, 15 £ 5%,
10 £ 10%, 30 £ 12%,
30 £ 15%, 65 £ 15%,
30 £ 18%

Cyclic tests (em £ €a)

15 £ 1%, 5 =+ 2%,
15 £ 2%, 15 £ 5%,
15 £ 8%

15 £ 1%, 5 £ 2%,
15 £ 2%, 15 £ 5%,
15 £ 8%, 15 £+ 10%

thickness of the Ninkl layer is about 20 pum. The
PE874 ink was printed onto the TE-11C TPU sub-
strate which has a thickness of about 90 pm, while
the Nink-1 was printed onto a different TPU substrate
which has a thickness of 100 ym. The 5025 ink was
printed onto a Kapton polyimide (PI) substrate which

has a thickness of about 130 pm. Table 2 summarizes
the specimen geometries and cyclic tests performed
for each ink. The stretch test ink specimens were prin-
ted in U-shaped, double trace lines with 2 mm trace
width for the PE874 ink and N-ink1, and 1 mm trace
width for the 5025 ink (figure 2(a)). The four pads
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in the print pattern were designed for the four-point
electrical resistance probes.

2.2. Monotonic and cyclic stretch testing
procedures

The monotonic and cyclic uniaxial stretch tests
were performed with synchronous electrical resist-
ance measurements on the Linkam Scientific TST350
Microtensile test stage at a strain rate of 2% per
second for the PE874 ink and N-ink1 specimens, and
on the Kammrath & Weiss MZ0-1 tensile test stage at
a strain rate of 0.133% per second for the 5025 ink
specimens. The 5025 ink specimens were tested on
the Kammrath & Weiss test stage due to the high stift-
ness of the PI substrate requiring a higher load capa-
city. For 5025 on PI, due to the high substrate stift-
ness, the experiments were stopped close to the load
limit of the load cell. For that ink this corresponded to
~70% applied strain. For both tensile stages, the elec-
trical resistance is measured synchronously during
the stretch tests using the Agilent 34401 A digital mul-
timeter. Figure 2(b) shows a close-up view of the test-
ing setup with the pads for the simultaneous measure-
ment of resistance, as the sample is secured between
the grips and tested. The cyclic stretching tests were
performed by first stretching the test specimen to the
maximum strain €y, + &,, and then cycling between
the maximum strain €, + €, and minimum strain
Em—Ea.

For the PE874 and 5025 ink specimens, the
distance dgips between the specimen grips (about
30 mm) is shorter than half the effective length in
of the double trace lines (38 mm). The Nink-1 speci-
mens were redesigned so that [in/2 is about the same
as dgrips. For both specimen designs, the initial res-
istance Ry was adjusted to account for the difference
between rini/2 and damp.

Ao
Ro = Ruunn specimen, e=0 X (lprlg:I}SZ) . (3)

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

AR = Rfull specimen,e Rfull specimen,e=0 (4)

R=Ry+AR. (5)
3. Results and discussion

3.1. Determination of normalized resistance-strain
evolution

Figure 4 shows the R/R; evolution with applied strain
for the three different inks from several monotonic
stretch tests. The solid lines represent the average 4th
order polynomial fits for the curves with the shaded

QLietal
150
—— PE874-TPU
—5025-PI
Nink1-TPU
100
o
x
14
50 -
0 1 1 Il
0 20 40 60 80 100

Strain (%)

Figure 4. Measured R/Ry-¢ evolution from monotonic
stretch tests, for all 3 inks. The light-colored regions mark
the range of variation in measured R/R, data from multiple
tests; the colored lines are the average polynomial fits.

regions marking the standard deviation of the dif-
ferent monotonic experiments. The average polyno-
mial fit for each ink is obtained by averaging the poly-
nomial fits from individual monotonic stretch tests.
According to the schematic of figure 1, the average
polynomial fit is used to estimate R/R, at the max-
imum strain e, + €, during the first cycle. The R/Ry-
strain data for each ink can also be used to estim-
ate the usable range of tensile strains according to
an R/R, failure criterion. In our prior work [36],
R/Ry = 100 was chosen as the failure criterion for the
PE874 ink. For consistency, we employ the same fail-
ure criterion (R/Rg)gqii = 100. The criterion is used
to establish the usable range of strains for the inks
from the monotonic curves of figure 4. It is found that
the useable range for Nink-1 specimen, e.g. before the
R/Ry < (R/Rg)gi, is smaller than that of the PE874
and 5025 inks. For N-inkl, R/R, increases much
more rapidly with applied strain, reaching a R/R,
of 100 at about 40% strain, whereas PE874 reaches
(R/Rg)gil closer to 100% applied strain. It should
be noted that the R/R, increase with monotonic or
cyclic stretching does not depend solely on the ink
material, but also on the ink and substrate geometry
(width and thickness) as well as the substrate mater-
ial. Therefore, the quantitative modeling of R/Ry
increase with cyclic stretching will be affected by these
factors.

3.2. Determination of (R/R0) ’ char from R/RO-
cycles evolution

Figure 5 shows the normalized resistance R/R, change
for multiple cycles (N) for the same mean strain but
different strain amplitudes for the three different inks.
Figure 5(a) shows the results from the cyclic tests with
€m £ €4 = 15 £ 1%. Figure 5(b) shows the results for
cyclic tests with €,y + €, = 15 & 5% for all 3 inks. The
cyclic tests performed at €, = 1% are representative
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Figure 5. Measured evolution of normalized resistance R/Ry as a function of cycles for a mean strain, £, = 15% but different
strain amplitude, €,. In the left panel (a) e, = 1%, and the right panel (b) e, = 5%, for the different inks.

0.1 10 v
[ . »  PE874-TPU 2-layer 2mm = PE874-TPU 2-layer 2mm (b)
e, s 5025-Pl 1-layer Tmm (a) s 5026-Pl 1-layer Tmm
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- —_
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X oo01- 14
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Figure 6. The rate of change of the normalized resistance (R/Ry)’ as a function of cycles for a mean strain, e, = 15% but different
strain amplitude, €,. In the left panel (a) e, = 1%,and the right panel (b) €, = 5%, for the different inks.

of the normalized resistance evolution at low strain
amplitudes (g, < 2%,) while the tests performed at
€2 = 5% are representative of the normalized resist-
ance evolution at medium to high strain amplitudes.
R/Ry generally increases steadily over the cycles until
instability in R/R, is reached. Instability is defined as
rapid normalized resistance growth. It can be readily
seen that R/Ry increases much more quickly (by sev-
eral orders of magnitude) when the strain amplitude
is higher. For the ¢, = 1% tests with the PE874 ink and
Nink-1, the normalized resistance, R/R, decreased
in the first few cycles. This is possibly due to the
relaxation of the TPU substrate while the fatigue
damage was not large significant to counteract the
relaxation.

The rate of change in R/R, with cycling, or
(R/Ry)’, quantifies the normalized resistance growth
rate with cycling and is a key parameter for the pre-
dictive model developed by Li et al [36]. In our
work we follow the same process so that (R/Ro)’

at cycle N is determined by a linear regression fit
of the maximum R/R, per cycle-to-cycles data from
cycles N-4 to N + 4, excluding any null points at the
beginning or end of the set. The choice of using
cycles N-4 to N + 4 for the linear regression fit was
made by trial to achieve a generally smooth (R/R,)’
evolution over the cycles. Using this definition of
(R/Ry)’, the evolution of (R/R,)’ over cycles was
obtained from the R/Ry-cycles data. For any cycle,
the data point of greatest interest is the maximum
R/R during the cycle, or Ryax/Ro. For the rest of the
discussion, (R/Rg)’ will refer to the rate of change
in Riax/Ro, or (Rpmax /Ro)/. Figure 6 shows the rate
of normalized resistance (R/Ry)’ change with cyc-
ling by obtaining the slope of the R/Ry-cycles data
shown in figure 5. For the £, = 1% tests, (R/Rg)’

is very low or negative in the first few cycles, and
then increases to a local maximum during the first
100 cycles. For the ¢, = 1% tests with the PE874
and 5025 inks, a steady state minimum (R/R) was
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Figure 7. The minimum normalized resistance rate (R/R0) ! win for different e, for the two new inks compared against Li et al
[23, 36] dataset. The power law fits for all 3 inks are shown as solid lines.

eventually reached, at least within the tested cycle
range. For the ¢, = 1% tests with Nink-1, (R/R)’
increased again after reaching the minimum at about
cycle 2000. For the £, = 5% tests, (R/Ro)’ is at a local
maximum at cycle 1 and then steadily decreases until
aminimum (R/R,)’ is reached, after which (R/R,)’
increases again until instability is reached. This trend
in the evolution of (R/R,)’ with cycles is consistent
for all the 3 tested inks at medium and high strain
amplitudes.

The Li et al model assumes that (R/R)” is con-
stant over all cycles until failure since it was determ-
ined that a rapid increase in the rate of normalized
resistance occurs near the instability point. Hence
a characteristic (R/Ry)" needs to be defined for a
fatigue test at given ¢, and &, values. In the current
work, the characteristic (R/Ry) " is defined as the min-
imum rate (R/Ry)’, or (R/Rg) min, over the cycles.
For both the high and low strain amplitude tests
shown in figure 6, there exists a minimum (R/R,)’
over the cycles, which in many cases represented a
steady state (R/Ry)". In figure 6, (R/Ry) min is labeled
for each of the shown tests. For the ¢ = 1% tests,
there is significant local fluctuation in the (R/Ro)’
data due to the low rates involved. For such low
strain amplitude cases, the (R/Ry) " min over the cycles
is defined along the top edge of the (R/Rq)’ vs.
cycles envelop. Figure 7 shows that single minimum
normalized resistance rate (R/Ro) /mm measurement
for more cyclic experiments than those presented in
figure 6. For each ink, there exists a strong correla-
tion between (R/Rg)’ min and strain amplitude, €,. A
power-law function fit is also shown as a solid line for
each ink type. The fit function between (R/Ry) ! o
and e, assumes that (R/Ro)lmin depends only on
€, rather than both ¢, and ;. The (R/Ry) min data
from the cyclic tests with all 3 inks show that this
is generally a valid assumption. For all 3 inks, sep-
arate fatigue tests were performed at different &y,

with the same strain amplitude of £, = 2% but dif-
ferent €, which were 15% and 60% for the PE874
tests and 5% and 15% for both the 5025 and Nink-
1 tests. For the PE874 ink, separate tests were also
performed at ¢, = 15% for different ¢, at 30% and
65%. It was found that there was at most 2-3 times
difference in (R/Rg) min between drastically different
mean strains for all inks. As figure 7 shows, the differ-
ence in (R/Ry) ! i for strain amplitudes in the range
of 1%—-20% can be more than 1000 times. Finally,
the minimum normalized resistance rate curves for
two inks, e.g. Nink-1 and 5025, appear to be very
close to each other and have a higher sensitivity to
the strain amplitude than PE 874. Indeed, the min-
imum normalized resistance rate at a strain amplitude
of 5%, is ~10 times greater for the newly tested inks
than PE 874.

3.3. Model predictions for the evolution of
normalized resistance R/R,y with cycles and fatigue
life

Figures 8-10(a) show the predicted and measured
Rimax/Ry as a function of cycles (in a semi-log format)
for PE874 ink, 5025 ink, and N-ink1, respectively. For
all inks, the model predictions for Ry,,,/Ro with cycles
closely matched the measured data for the first 1000
cycles, where inks subjected to higher strain amp-
litudes tend to fail. Beyond 1000 cycles, the predicted
evolution began to show more deviation from the
measured data. The high cycle behavior occurs for
inks tested under low strain amplitudes ¢,. The dis-
crepancy between the measured and predicted evol-
utions for the low &, cases is most likely due to the
larger spread in (R/Ry)’. Since (R/Rg) min was
defined along the upper edge of the (R/R,)" envelop,
the predicted (R/Ry)” vs. cycles for the low &, cases
were expected to be conservative compared with the
measured data.
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As discussed in the introduction and illustrated
in the figure 1 schematic, the model can also be used
to predict the ink fatigue life as defined by the num-
ber of cycles until the failure threshold (R/Rg)gi.
Although a (R/Rg)ei of R/Ry = 100 was used by Li
et al [23, 36], other (R/Rg)gi could also be defined.
The model can predict N¢ for any (R/Ry) i by modi-
fying equation (2). For each of the 3 inks, figures 8—
10(b) show the predicted fatigue life Nf for different
imposed strain amplitudes €, and different e,,,. The
colors indicate different (R/Rg)s; values from 50 to
500. From the N predictions for the PE874 ink in
figure 8(b), it can be observed that for low failure res-
istance (R/Rg)gi (~50), the effect of ¢, on the Nf pre-
dictions becomes significant. This is due to the fact
that a low (R/Ry)fi is close to the first cycle normal-
ized resistance value (R/Ro)n = 1 for a high ep,,. This is
corroborated by the measured Rp,x/Rg vs. cycles for
the 60 &= 2% and 15 % 2% tests (figure 8(a)), which
showed a much larger difference in measured N¢
according to (R/Ry)gi = 50 than to (R/Rg)ei = 100.
When e, is low (<15%), the effect of £, on the pre-
dicted Nf is minor regardless of the (R/Rg)g; used.
This is corroborated by the measured Ry,ax/Ro-cycles
evolutions for the 5 + 2% and 15 =+ 2% tests for both
the 5025 ink and N-inkl. Therefore, the choice of
(R/Ry)gi could be different depending on the level of
€m- The model has the advantage of being able to pre-
dict fatigue life for any given (R/Ro)fail-

The general closeness between the predicted
and measured R/R, vs cycles curves for all 3 inks
(figures 8—10(a)) show that the model is applicable
to a variety of different inks and substrates across
the range of strains expected for the ink applica-
tions. The tested inks differed by the Ag flake size
and shape, binder material, as well as porosity in
the ink microstructure. The PI substrate used with
the 5025 ink was much stiffer than the TPU sub-
strates used with the PE874 ink and Nink-1 and
had significantly more plastic deformation as it is
cyclically stretched. Despite these differences in the
ink and substrate materials, the model provided
reasonable predictions of the normalized resistance
change R/R, with cycles especially for conditions
where ink can fail after a small number of cycles
(<1000).

Therefore, the model was found to accurately cap-
ture the behavior of 3 different inks, giving close
predictions for their behavior under high strain
amplitudes.

3.4. Model calibration/process for composite
conductive inks

From a practical perspective, the model is applicable
to many inks. Based on the experiments performed
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for the three different inks we can define a process
for calibrating model parameters to obtain fatigue life
predictions for many other composite inks. The cal-
ibration involves only several monotonic stretch tests
and about 6 or 7 cyclic tests so that the R/Ry evol-
ution with cyclic stretching can be reasonably char-
acterized for a given ink. The model also effectively
incorporates the effect of €, even if this is a second-
ary effect for all 3 inks compared in this manuscript.
Figure 11 shows a flowchart detailing the steps for
calibrating the model parameters to obtain fatigue
life predictions for composite inks. The first sequence
involves performing several monotonic stretch tests,
with the number of tests depending on how consist-
ent the measured R/R, vs applied strain €. The R/Ry
vs € results from the monotonic tests serve two pur-
poses. The first is to obtain an average polynomial
fit for R/Ry as a function of applied strain ¢, which
is used to model R, /Ry at the maximum strain
€m + €, during the first cycle of the cyclic test. The
second purpose is to estimate the range of maximum
strain to be considered for the cyclic stretch tests,
according to the tensile strain ¢ at which the fail-
ure threshold (R/Rg)g, is reached during monotonic
testing. After the monotonic experiments, a series of
cyclic stretch tests across different €, need to be per-
formed, including at least one test at a different e,
value. After obtaining the evolution of (R/R,)’ for
different cyclic test conditions the following checks
need to be made. The designer needs to ascertain
whether (1) (R/Rp) ! har 1 significantly affected by €,
and (2) check whether the (R/Ry)’ values are too
low (<1). If there is a significant mean strain effect
on (R/Ry)’ char» the current model will not be suffi-
cient in predicting R/R, evolution without perform-
ing more cyclic tests and obtaining the (R/Ry)’ char-€a
fit function for multiple £,,, values. If the normalized
resistance rate (R/Ry)’ is too low, more cyclic tests
at higher ¢, may need to be performed since cata-
strophic failures tend to occur when the rate of growth
of the normalized resistance (R/Ro)’>1. If the mean
strain effect on (R/Ro)lchar remains secondary and
the (R/R,)’ values are adequately high, a power law
function can be fit between (R/Ry) ! har and £,. Using
the average polynomial fit from the monotonic R/R,
vs ¢ and power law fit for (R/Ro)/’char-aa from the
cyclic tests the model can be calibrated. It can then
be used to predict Ry,x/Ry evolution with cycling for
any given €, and ¢, combination within the range
of the model calibration parameters. Finally, we note
that the model describes macroscopic measurements
of ink properties and does not look into details of
fatigue mechanisms, which could be different for each
ink. This could be an excellent topic for a follow-up
study.
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4. Conclusions

The applicability of a constant normalized resistance
rate model developed by Li et al [36] was explored for
two additional composite ink types: Dupont’s 5025
ink, and a developmental ink, N-ink1. These new inks
are fabricated using silver flakes of different shapes,
amounts as well as different binder materials. In order
to test the model applicability, different monotonic
and cyclic stretch tests were performed and these
experiments were used to obtain relevant model para-
meters.

1) The model is applicable to a variety of dif-
ferent ink and substrate materials. The tested
composite inks differed in Ag flake size and shape,
binder material, porosity, as well as substrate
material. A general closeness between the meas-
ured and predicted R/Ry vs. cycles was achieved
for all tested inks.

2) The model can save time on the electro-
mechanical testing needed to characterize a con-
ductive ink. With only several monotonic stretch
tests and about 6 or 7 fatigue tests, the R/Ry vs.
cycles can be obtained for a given ink.

3) The model is based on experimentally informed
assumptions, and effectively captures the effect
of both ¢, and ¢, on the behavior of the R/R,
with cycling. A power law fit function between
the (R/Ro)'min and ¢, can be used to inter-
polate (R/Ro)/min for any e, within the fit-
ted range, assuming the dependence of (R/Ry)’
on only €,. The effect of &, is incorporated
through its effect on Ry, /Ry during the first
cycle.

4) The model is versatile in being able to pre-
dict fatigue life according to different (R/Rp)fil
criteria. A testing protocol was developed to calib-
rate model parameters for other composite con-
ductive inks.
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