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Abstract 

Flexible hybrid electronics rely upon compliant interconnects in order to maintain performance 

integrity in cases that require repeated elongation, including repeated stretching. A class of such 

conductive interconnects are composites of polymer with conductive particles that can be 

stretched at high strains without circuit failure. However, their fatigue response has so far 

remained largely unexplored and is essential prior to using in health monitoring applications. In 

this research, a stretchable silver-filled conductor is evaluated under high-strain cycling. In-situ 

techniques, including 4-point resistance measurement and laser profilometry, are used to 

correlate changes in electrical performance to the fatigue response. Surface crack formation is 

extensive upon stretching during the first loading cycle, forming a heavily interconnected crack 

network at higher strains that does not immediately result in open circuit failure. Resistance 

increase with cycling is attributed to a gradual deepening of these cracks until their depths 

approach the film thickness, eventually leading to electrical failure. Fatigue life, the number of 

cycles required to reach a predetermined electrical performance limit, is shown to be most 

influenced by the applied strain amplitude.  Using a normalized resistance increase limit of 
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R/R0=500, it is found that 500 μm wide conductive lines endure 23 cycles at 35% strain amplitude, 

but this becomes over 500 cycles when the amplitude is dropped to 5%. Sensitivity to mean 

strain, εm, is relevant to strain amplitudes below 15%. In this manner, a composite conductor was 

shown to exhibit crack evolution behavior distinctly different from homogeneous metallic films. 

Introduction 

Flexible hybrid electronics integrate compliant circuitry with CMOS-based chip components to 

yield functional devices that can stretch, and conform to curved surfaces. A common method of 

producing flexible electronic systems is to print thin conductive traces onto flexible substrates 

such as polymers, paper, and textiles. This opens opportunities for a host of new applications, 

while offering advantages of portability, reductions in cost, size, and weight, as well as 

replacement of bulky wire harnesses and assemblies. Such applications require electronics to 

operate effectively after, and often during, exposure to high strain (for example, up to 30% for 

wearable applications) (1).  

Several types of compliant conductors (2-4) are in development to satisfy strain requirements, 

each with mechanical limitations. For example, one drawback of using thin metallic films as the 

conductor is their substantial elastic property mismatch with the polymer substrate, often 

leading to early degradation of the electrical behavior due to cracking (5-15). These conductors 

are therefore limited to bendable electronic applications, where the maximum strains do not 

exceed a few percent. Common applications for metal thin films include solar cells (16), energy 

harvesting devices (17), RFID antennas (18), health monitors (19), and other sensors (20-22).  
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In order to enable stretchable applications, alternative conductive thin films are being 

explored(23). Most common conductors for stretchable applications are composite films made 

of conductive metallic filler particles in a polymer matrix (binder) (24-26). At a certain filler 

volume fraction threshold, the conductive particles form a cohesive percolation network, across 

which current can flow. Such composite materials have shown promise as electrical interconnects 

for their higher tolerance of applied strain when printed as inks onto polymer substrates (27). 

Inclusions have ranged across PZT powders (28, 29), carbon black (30, 31), CNTs (32-35), and 

silver flakes (36, 37) , among others.  

Researchers have successfully demonstrated continuous electrical conductivity of silver flake 

filled polymer composite inks when subjected to strains upward of 600% (38), though the 

resistance increases with applied strain. First order approximations and models (39) have been 

used to predict electrical performance in such hybrid conductors. They assume uniform 

distribution of filler material, as well as uniform deformation. These models agree with 

experimental data for low applied strain (<<5%) (26, 40). Higher order models have also been 

created to incorporate agglomeration and deformation of inclusions (41-43) at larger applied 

strains under the assumption that there are no other inherent defects introduced in the inks that 

can limit conductivity. 

A prior study explored the electrical response of commercially available composite conductive 

thin films on polymer substrates under monotonic stretch(44). It examined composite thin films 

that had the same silver flake type and nearly identical flake fraction but different polymer matrix 

(with different moduli) and found the resistance increase to be different than model predictions. 

That study found two distinct deformation mechanisms during stretching: localized necking and 



4 
 

localized surface crack formation. It was found that the conductive composite thin films with 

lower matrix modulus formed multiple surface cracks with applied stretching. While the flake 

fraction remained nearly invariant close to the crack tip, there was still an increase in resistance 

with stretching. The resistance increase was attributed to a decrease in the thin film conductive 

cross-sectional area with surface crack formation. The appearance of such defects as cracks, and 

localized necks is a key difference from prior models. That recent work reported that conductive 

inclusions remained undeformed and unagglomerated even at high applied strains, a difference 

from prior models. Overall, the inks with lower matrix modulus had better resistance evolution 

with stretching despite pre-existing voids and despite forming surface cracks.  

The electrical behavior of compliant conductors under cyclic loading is an important design 

parameter since ink reliability under repeated loading is expected in medical or structural 

applications. Common studies that explore conductive composite films’ electrical response to 

fatigue(45-49) correlate in situ resistance measurements to external processing and testing 

parameters such as thickness of the supporting substrate, resolution of conductive print lines, 

applied strain amplitudes, and the manner in which strains are applied (e.g. bend vs stretch). Few 

explore internal deformation mechanisms and electrical measurements under cyclic loading (50). 

This study generates strain life curves over the full range of applied strains for such inks: essential 

knowledge for designers of health and structural monitoring devices. Moreover, it provides a 

fundamental understanding of the progression of localized damage under cyclic loading that is 

different from prior knowledge due to only conductive particle deformation. This manuscript 

summarizes such a study, which uses in situ strain mapping of topographical features to monitor 

deformation, along with concurrent electrical measurements, on commercially conductive 
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composite thin films with silver flakes and a lower matrix modulus. As mentioned before, pre-

existing voids are present in this ink but they were not as detrimental to electrical performance 

under monotonic loading. Indeed, a properly calibrated void architecture may delay crack 

nucleation, and also attenuate damage propagation through crack tip blunting and the 

annihilation of dislocations. This has been observed in nanoporous silver thin films, which 

showed improved electrical life in the fatigue regime (51). Nanohole patterning of Cu film has 

yielded similar benefits (52). Within filled polymer conductors, deformation of and collapse of 

pre-existing void space during elongation caused new surface contact which mitigated resistance 

increases(49). 

The manuscript is organized as follows: the experimental protocol and characterization steps are 

described, followed by results and discussion. 

Experimental Methodology 

Sample Preparation 

The flexible conductor used in this work is Dupont’s PE 874(53), comprised of a polymer matrix 

with Ag flake inclusions loaded to a volume fraction of approximately 55%, as reported by the 

manufacturer. The matrix has a polyurethane binder, which is intended for compatibility with 

compliant substrates. The ink was screen printed onto TE-11C (54) thermoplastic polyurethane 

(TPU) sheets supported by a temperature stable carrier layer. Printing processes were performed 

on site by DuPont, and optimized for reliability of print design geometries, ink-substrate 

adhesion, and electrical characteristics. 
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A single pass print achieves nominal ink thickness between 8 and 10 μm, on top of the TPU 

substrate that measures approximately 89 μm thick once removed from the carrier. Print lines 

for this work include 0.5 mm, 1.0 mm, and 2.0 mm widths, as shown in Figure 1a. These are first 

printed onto larger sheets, and then individually cut along print boundary markers into 55 x 

10mm samples for testing. In this study, 28 unique samples were tested in total for different trace 

widths, and fatigue testing parameters. The samples were cut with a circular blade along their 

print lines. The print design is such that samples can be tested in uniaxial tension, with contact 

pads for four-point resistance measurement. Along the length of the trace, tick marks are 

included to denote 2mm increments in the undeformed condition. 

 

Figure 1. (a) Line width variations of PE874 ink screen printed onto TPU substrate (b) Sample 
loaded into Linkam TST350 micro tensile test stage, formatted for in-situ resistance and 
confocal microscopy measurements.  
 
Mechanical and Electrical Measurements 
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For the experiments, sample strips are placed into a Linkam TST350 micro tensile test stage (55), 

as shown in Figure 1b. Clamps are used to isolate a 30 mm long initial working length in the 

unloaded specimen under test. One top clamp is made from non-conductive nylon, and was laser 

cut to facilitate four spring-loaded electrical contacts. These interface with the printed pads on 

the sample, and connect, via wire leads, to an Agilent 34401A digital multimeter. The remaining 

metallic clamp components are electrically isolated from the conductor line, either by the TPU 

substrate, or Kapton tape. 

The testing protocol was as follows: the resistance changes were monitored in samples that were 

elongated by applying a maximum applied strain, εmax, and then strain cycled between the εmax 

and a minimum applied strain, εmin, that was always greater than 0% strain (e.g. Tension-Tension 

cycling). Controlled parameters for any given test include strain rate (commonly 2% per second), 

strain amplitude: (εmax- εmin)/2, and mean strain: (εmax + εmin)/2. The Linkam stage outputs a 

displacement measured to the nearest 0.01mm (0.03% strain), along with load to a resolution of 

.001N, and timing to the nearest microsecond. Resistance measurements are output from the 

multimeter to the nearest milliohm. All equipment is synchronized and controlled via Labview 

script, which captures measurement data at a sampling rate of 2Hz. These values are 

subsequently used to calculate normalized resistance (R/R0) for a given applied strain amplitude 

and mean strain during the test. Normalized resistance is specific to the sample section attached 

between the clamps so care was taken to properly measure dimensions of that segment. This 

was accomplished by taking the measured initial distances between clamps for each specimen to 

use as the baseline for applied strain calculations. Additionally, timestamps on collected data are 

used to correlate measurements and calculations to specific cycle increments. The normalized 
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resistance was plotted for different combinations of maximum and minimum applied strains (or 

strain amplitude and mean strain). Individual tests were halted once resistance measurements 

reached a consistent state of erratic values, or open circuit signals, such that further sampling no 

longer yielded coupled electrical and mechanical data. 

In situ Confocal Microscopy Measurements 

In order to observe the deformation of the conductive composite thin film, a select number of 

samples were tested with the Linkam stage while under an Olympus LEXT OLS4000 confocal 

microscope. This tool captures optical microscopy images, as well as information about the 

surface topography using the laser profilometer. The optical image is created by digitally stitching 

the field of view captures across a range of heights, thereby mitigating any compromise in image 

resolution from outside the depth of field of the optical objective. The laser scans give the 

topography of the view area and output the height measurements across the scanned area. 

Samples are scanned at a magnification that yields an area resolution of 0.25 μm per pixel in a 

256 square μm window (1024 x 1024 pixels). Height measurement resolution is approximately 

8.8 nm.  

The conditions for the samples tested under the confocal microscope reflected the largest 

applied strain that could be applied while the normalized resistance under monotonic stretching 

remained less than 500.  We note that there is no clear definition for fatigue life of thin films in 

the literature. Several criteria have been used, mainly related to an arbitrary increase in 

normalized resistance (from 2% to 25%) (8, 56). In our work, we define R/R0=500 to be a 

parameter of interest based on our experimental results. Coincidentally, at a normalized 
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resistance of 500, unstable crack propagation has been observed during stretching of brittle thin 

oxide films deposited on a polymer substrate(57). For samples tested at a maximum applied 

strain of 80%, the Linkam stage was rotated so as to avoid collision with other objective lenses 

attached to the confocal microscope. The angle of rotation was measured before cycling. The 

test was paused for a few moments at maximum strain of 80% every 10 cycles to allow time to 

complete the scans, and finally ended after the completion of 100 total cycles. 

The relative positioning of the sample underneath the LEXT microscope objective does not 

remain constant across every cycle set. As such, the profile scans cannot be compared directly 

with each other after each cycle.  The height profiles need to be translated and possible 

interpolation is needed before comparing the thin film surface after each cycle. For this purpose, 

digital image correlation (DIC) is used, a scale agnostic method that monitors changes in features 

during loading using image registration. Specifically, we take all topographical images of the 

surface obtained using the LEXT microscope at different cycles and perform a comparison for 

each one of them with the topographical image obtained during the first cycle using DIC. The 

height profile contours have unique features as can be seen from Figure 2a contour and Figure 

2b surface height profile of the surface. The topographical images are separated into smaller 

subsets whose radius, rs, is 10 pixels, which equals to 5 μm.  

Assuming deformation in each subset to be a linear, first order transformation, in-plane 

displacements u and v are analytically determined for each subregion center with sub-pixel 

resolution. The output gives in-plane translation of each topographical map after each cycle. Such 

a field can be generated to compare any cycle set increment. Figure 2c shows the surface after 
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100 cycles with Figure 2d showing the relative displacements (of the order of 25 μm) from the 

first cycle. 

 

Figure 2. Topographical maps of a smaller region of the 0.5 mm PE874 print line (a) strained to 
80%. The region within the dotted outline is selected for (b) 3D rendering. (c) 2D profilometry 
field of the same sample after cycling between 50% and 80% strain 100 times. (d) Translation 
map correlating the shift of the pre and post cycled sample scans seen in inserts (a) and (c). 
Note that the translation is nearly uniform with a magnitude of approximately 25 μm.  
 
Results 

The evolution of the heterogeneous conductive composite ink during monotonic stretching has 

been presented in a prior manuscript (44). For fatigue loading, during the first half cycle the 

conductive film will experience the same behavior as seen during the monotonic test. It is 
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therefore, worthwhile to describe the surface evolution and effect on resistance during such 

loading. Under monotonic stretch, the normalized resistance in PE 874 increases with applied 

strain. An example of this is presented by a single measured sample curve in Figure 3a. In-plane 

strain maps obtained by analyzing the surface evolution using Ncorr(58) revealed that there is 

strain localization that occurs very early in the loading. The localization is manifested in the form 

of surface cracks, captured from a different sample at varying strain increments and displayed in 

Figures 3b-e. The network of surface cracks does not penetrate through the thickness of the film, 

therefore maintaining some conductivity, although it is reduced from the unstretched 

configuration.  

 

Figure 3. (a) Electrical Response to monotonic strain for 2mm wide PE 874 printed onto TPU (b) 
PE 874 in test stage, undeformed (c) PE 874 with 5% applied macro strain, surface cracking begins 
to be visible (d) PE 874 strain field for 20% applied macro strain (e) PE 874 with 50% applied 
macro strain.  
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During the first half cycle the resistance of the conductive print line increases while a network of 

surface cracks forms and becomes interconnected similar to what was observed in the monotonic 

test. As the applied strain decreases away from the peak strain value, the resistance decreases. 

However, under continuous cycling between two strain values, the relative resistance continues 

to increase from the initial (monotonic) values. Figure 4a illustrates the fatigue behavior for the 

first 30 cycles of a single 0.5mm sample elongated between 50% and 80% applied strain. The 

change in resistance is added to the initial measurement for the region being stretched, and 

normalized against this initial measurement.  Figure 4b shows this same test continued to just 

under 150 cycles. At approximately 75 cycles, the resistance change behavior reaches an 

inflection point, where the relative difference between peak and valley resistance rises more 

rapidly and begins to become unstable. In many instances the measurement reads an open circuit 

near εmax, and then returns to measurable levels at εmin. This general trend is illustrated by the 

normalized resistance envelope outlined in red in the plot. The cyclic behavior is compared to 

that of a separate sample subjected to only the initial monotonic elongation and then held at εmax 

for the duration of the test, as shown in green in Figure 4c. After a brief reduction in resistance, 

the electrical performance of the static sample remains constant. Therefore, strain cycling of 

samples leads to additional increase in resistance compared to a monotonic stretch and hold. 
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Figure 4. (a) First 30 cycles of 0.5mm wide PE874 print strained between 50% and 80% (strain 
range: 30%, mean strain: 65%. (b) Full trial data set for 0.5mm wide sample cycled between 
50% and 80% strain. The red behavior envelope encompasses the majority of normalized 
resistance values, including open circuit measurements not seen in plot (c) 0.5mm wide sample 
cycled between 50% and 80% strain, inclusive of initial elongation from zero, superimposed by 
separate 0.5mm sample elongated to 80% and held at constant strain. 
 
The failure limit, also known as fatigue life, Nf, is expressed as the number of strain cycles 

required to reach a designated performance threshold. Since the measured resistance for PE874 

samples subjected to 80% strain is nearly 80 times the pre-strained value, a threshold of R/R0=500 

is selected for this work as the fatigue life performance limit. This becomes the unifying metric 

across all of the varied experimental case parameters, which include strain amplitude, mean 

strain, print line width, and strain rate. By mapping the fatigue life for each experiment, one can 

identify the parameters of strain cycling which hold the greatest influence over resistance change 

behavior. 

Strain cycling was performed on 28 different sample prints for different conditions and 

summarized in Figure 5a-d. Figures 5a-b show significant influence of strain amplitude, εa , on 

cycle count to reach the normalized resistance limit, from 23 cycles at 35% to an average above 

500 cycles at 5%. Furthermore, sensitivity to mean strain, εm, seems to depend on the strain 

amplitude. Above εa = 15%, the fatigue life does not appear to depend as much on mean strain. 

Below εa = 15%, the disparities become more significant. This is illustrated by the spread of failure 

points in Figure 5a, and the visible difference in slopes of the trend lines in Figure 5b. At εa = 10%, 

a mean strain of 65% yields failure around 50 cycles. This nearly quadruples to 190 cycles with a 

drop to 40% mean strain or less. When εa = 5%, a 75% mean strain fails after just over 300 cycles 
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but when the mean strain is 25% can extend the life to over 700. Trace width and strain amplitude 

are relevant parameters, but do not appear to significantly impact cycles to failure. 

 

Figure 4. (a) Strain amplitude vs. cycles to R/R0 = 500 for 0.5mm wide prints at 2%/sec strain 
rate. (b) Strain life for 0.5mm wide prints at 2%/sec strain rate. (c) Strain life for specimens 
subjected to 15% strain amplitude cycling at 2%/sec strain rate.  (d) Strain life for 1.0mm wide 
prints subjected to 15% strain amplitude cycling at varying strain rates. 
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Figure 6 illustrates in-situ resistance measurements for a single 0.5mm wide print sample 

subjected to 100 cycles between 50% and 80% strain, with intermediate optical and laser 

profilometry scans every 10 cycles. The normalized resistance increases with cycling, as already 

shown in Figure 4. Between cycle sets, the normalized resistance is observed to decrease. 

Comparison of these two experiments clearly highlights that the general resistance increase 

behavior is the result of strain cycling, and not time-dependent effects. 

 

Figure 6. Normalized resistance behavior of 0.5mm print subjected to 100 cycles – in 
increments of 10 – of 50% to 80% strain, with intermediate optical and laser profilometry scans 
 
A single 0.5mm wide print specimen in its unloaded state is displayed in Figure 7a. When 

elongated to 80% strain, but before cycling commences, a network of extensive cracks is already 

present (Figure 7b), similar to the one shown for the monotonic stretch in Figure 2. Dominant 

crack channels are roughly oriented perpendicular to the direction of elongation. The crack path 

is not a straight line, as might be seen in homogeneous metallic thin films, but by-passes around 

flakes. Due to the extensive cross-linking within the crack network, it is possible to trace pathways 
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that span the entire ink line. Note, also, that the width of the hybrid ink decreases with applied 

strain due to the Poisson effect. Figure 7c shows the same sample after the stage has been 

rotated approximately 34 degrees to avoid interference with the objective lenses of the 

microscope. 

 

Figure 7. (a) 0.5mm wide print in unstrained condition. (b) 0.5mm wide print elongated to 80% 
strain. (c) 0.5mm print elongated to 80% strain, and rotated 34˚ to fit under confocal 
microscope. 
 
 
Figure 8a shows a 256 μm square area of the 0.5mm PE874 print elongated to εmax =  80%, but 

not yet cycled. Figure 8b shows the topographical image of the same approximate region 

following 100 strain cycles. The topographical features are compared using Ncorr and the 

resulting displacement of the features before and after cycling is obtained. Once the respective 

topographies are aligned the resulting change in height between uncycled and 100 times cycled 

sets is compared, revealing the height delta field in Figure 8c. These height differentials can be 

upwards of 8 μm, which is sufficient to penetrate the entire thickness of the ink print when the 

resistance approaches that of an open circuit. We note, that under a monotonic test and hold as 

seen in Fig. 4c, the ink network does not change during the hold. As a result, the resistance does 
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not increase but remain invariant with hold time. This was verified by comparing the 

topographical images of Fig. 7 after the initial 80% strain was applied but before the cycling test 

commenced. 

 

Figure 8. (a) 0.5mm print elongated to 80% strain, rotated, uncycled (b) 0.5mm print elongated 
to 80% strain, rotated, subjected to 100 strain cycles between 50% and 80%. (c) Profile delta 
field between uncycled, and cycled specimen scans. 
 

Discussion 

Analysis of polymer matrix composites with conductive inclusions often uses percolation theory 

to describe the increase in resistance due to applied strain(59, 60). As the material elongates, 

Poisson effects increase the volume of the polymer matrix by the relationship  

𝑉𝑉 𝑉𝑉0⁄ = (1 + 𝜀𝜀)(1 − 𝜈𝜈𝜈𝜈)2 where V and V0 are final and initial volume, respectively, ε is applied 

macro strain, and ν is the Poisson ratio for the polymer matrix, presumed to be isotropic. By 

considering the inclusions to be rigid and undeformed, the change in matrix volume due to 

elongation reduces the overall volume fraction of the inclusions, causing a decrease in 

conductivity. Cracking is not considered in percolation models, even in higher order ones where 

the flakes are allowed to deform, which explains their poor correlation to measured results in 
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previous work. The cracking within PE 874 is a significant contributor to electrical performance 

degradation with monotonic strain(44), and necessitates a departure from the standard 

percolation theory. Cracks reduce the effective cross-sectional area of the conducting line, much 

like in metallic films. Unlike in metallic films, however, resistance is still measurable once these 

networks span the full width of the trace; the line remains conductive. This indicates that the 

crack channels formed during the initial elongation do not penetrate fully through the film 

thickness and only do so after repeated cycling. 

From image analysis, crack density is found to remain constant, as no new channels are observed 

to form between 0 and 100 cycles. The topographical scans point to a deepening of existing cracks 

within the conductive ink is the primary response to strain cycling. When channel depth is 

sufficient to penetrate the thickness of the ink, it exhibits the open circuit result commonly 

observed in homogeneous metallic films. However, total film penetration is not expected to 

happen simultaneously for every channel. Rather it is a gradual process, whereby the first 

occurrence among cracks can be marked by the inflection point in the resistance evolution plot. 

As more cracks reach full depth with continued cycling, the instability in resistance measurement 

becomes more pronounced. 

As the applied strain is decreased from maximum, electrical conductivity returns within the 

specimen. This may be because the decrease in the crack tip opening displacement can possibly 

restore some of the broken conductive paths along the crack faces. The reduction in the applied 

strain as εmin is approached, decreases the crack tip opening displacement. We hypothesize that 

this decrease in the crack opening means that regions along the cracked surfaces can make 

contact. This renewed contact allows the conductive flakes to reconnect thereby decreasing the 
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resistance. Furthermore, the composite ink demonstrates a healing effect, whereby resistance 

recovery occurs even at constant strain. Each successive round of 10 cycles applied to the sample 

under the confocal microscope was preceded by a period of decreasing resistance. This is likely 

driven by time dependent properties of the film, whereby internal stress relaxation allows for 

reorientation of the conductive inclusions, and the formation of new percolative pathways. 

Conclusions 

This work examined the behavioral response of PE874 conductive ink when subjected to high 

strain cycling. Surface cracks are created during initial elongation to εmax forming an 

interconnected network of surface cracks. The hybrid conductive ink traces continue to remain 

electrically conductive for multiple cycles despite the presence of such defects.  Performance 

failure comes from the deepening of these cracks to full film thickness. Crack deepening is 

affected by strain amplitude. At low enough strain amplitudes, the mean strain also impacts the 

ink performance. The strain life curves over the full range of applied strains where PE874 is 

expected to operate can provide invaluable to design of devices for structural and health 

monitoring.  Composite inks of the same class as PE874, can surprisingly remain conductive for 

multiple cycles despite appearance and subsequent deepening of cracks that form during the 

first initial loading. 

Future work will need to explore more closely the driving mechanism behind the deepening of 

the cracks in PE874, and similar composite materials which exhibit such behavior. Polymer matrix 

failure due to fatigue, delamination between flakes and the matrix, or a combination of the two, 

are likely at play. Incorporation of in situ SEM into the experimental process would aid in this 

study.  
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