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Materials that retain a high conductivity under strain are essential
for wearable electronics. This article describes a conductive, stretchable
composite consisting of a Cu—Ag core—shell nanowire felt infiltrated with a
silicone elastomer. This composite exhibits a retention of conductivity under
strain that is superior to any composite with a conductivity greater than 1000 S
cm™!. This work also shows how the mechanical properties, conductivity, and
deformation mechanism of the composite changes as a function of the stiffness
of the silicone matrix. The retention of conductivity under strain was found to
decrease as the Young’s modulus of the matrix increased. This was attributed to
void formation as a result of debonding between the nanowire felt and the
elastomer. The nanowire composite was also patterned to create serpentine

circuits with a stretchability of 300%.

stretchable conductors, copper nanowires, nanowire composite, Young's modulus, stretchable circuits

aterials that are both conductive and stretchable are
essential for the construction of stretchable circuits
for use in wearables, robotics, bioelectronics, and
energy storage.l_6 While stretchable materials with low-
conductivity (<1 S cm™') can be used for strain sensors or
touch sensors, stretchable wiring and interconnects require
conductivities as close as possible to copper (5.8 X 10° S cm™).
In addition, such materials should retain their conductivity
under high strain (>50%) after many cycles of stretching.
Figure 1 shows a concise summary of the properties of some
stretchable, conductive bulk composites. These include
elastomers containing single-walled carbon nanotubes
(SWNTs),"”® poly(3,4-ethylenedioxythiophene) (PEDOT),”
polyaniline (PANI),'” Ag microflakes (Ag MFs),"' ™" Ag
nanowires (Ag NWs), and Cu nanowires (Cu NWs)."*~"
While high conductivities have also been achieved in stretchable
thin films, they have been left out of Figure 1 because their
modes of mechanical deformation differ substantially from
those of the bulk composites discussed in this work.'®'” Among
the previously made stretchable composites, those containing
Ag MFs clearly stand out as exhibiting a combination of high
initial conductivity, as well as retention of conductivity after 50
cycles of stretching to 50% strain. However, in order to retain
conductivity after multiple cycles of stretching, it was necessary
for the Ag MFs in these composites to be sintered together to
form a continuous network. For example, although there are
three Ag MF results in Figure 1A, only the sample in which the
Ag was sintered together with photonic curing'® exhibited a
minimal (80%) increase in resistance after multiple cycles of
stretching, and thus appears in Figure 1B. The other samples
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that were not sintered exhibited an increase in resistance greater
than 2 orders of magnitude after 50 cycles of stretching to 50%
strain. This difference may be due to the Ag MFs being pulled
apart within the composite when they are not sintered together.
In contrast, a sintered, porous network of Ag MFs may deform
upon stretching with relatively minimal breakup of the
interconnected particle network. Although these Ag MF results
are highly informative and can provide direction for future
work, Ag is rare, expensive, and has a large carbon footprint. A
future in which millions of people wear clothing imbued with
stretchable circuitry cannot be built upon such a rare and costly
element.

Cu is 1000 times more abundant, 100 times less expensive,
and has a carbon footprint 25 times lower than Ag.”’ Previous
work with Cu NW-based stretchable composites demonstrated
the potential of Cu NWs to achieve high conductivities at low
volume fractions due to their high aspect ratios (>2.2 X 10°%).
For example, Cu NWs mixed with poly(styrene-block-
butadiene-block-styrene) (SBS) rubber obtained a conductivity
of 844 S cm™ at a loading of 7 vol %."” However, it is not
practical to use bare copper nanowires because of their
tendency to oxidize. In addition, this previous Cu NW
composite exhibited poor retention of conductivity under
strain, likely because the nanowires were mixed into an ink and
were not annealed into an interconnected network.
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Figure 1. (A) Conductivity of stretchable, conductive bulk composites at 0% (circle) and 100% (triangle) strain as a function of conductive
filler loading. (B) R/R, after 50 cycles of stretching to 50% strain. Numbers indicate references.
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Figure 2. (A) Cu—Ag NWs were filtered through a silicone gasket onto a metal cloth to create a NW felt in the shape of the hole in the gasket.
(B) Photograph and SEM image of felt after annealing and (C) after PDMS infiltration.

We hypothesized that these problems of material sustain-
ability and performance for stretchable conductors could be
addressed by creating stretchable composites from Cu—Ag
core—shell nanowire (Cu—Ag NW) felts. Cu—Ag NWs can be
synthesized at relatively low cost (currently ~$7 per gram),”
can form highly conductive composites, and are highly resistant
to oxidation.”” To ensure that the Cu—Ag NW composites
retained their conductivity under strain, we developed a simple
fabrication approach in which nanowires were filtered from
solution and annealed together to form a highly conductive,
freestanding felt. This approach ensured that the Cu—Ag NWs
were electrically connected before infiltration with PDMS, and
enabled the creation of stretchable composites with a
conductivity of 1270 S cm™, a value comparable to previous
composites made with Ag MFs. In addition, the Cu—Ag NW
composites exhibited only a 37% increase in resistance after 50
cycles of stretching to 50% strain, which is the lowest increase
among any material with a conductivity >1000 S cm™'. We
show that the conductivity loss under strain is highly dependent

on the stiffness of the elastic matrix, a difference that appears to
be due to the formation of voids upon stretching. Finally, we
illustrate that the stretchable nanowire composite can be
fabricated into serpentine patterns that retain their conductivity
to strains of 300%. The combination of high performance and
improved sustainability make Cu—Ag NW composites a
promising material upon which to build a stretchable
electronics industry.

RESULTS AND DISCUSSION

Fabrication and Conductivity. The procedure for
composite manufacturing is illustrated in Figure 2A. Cu—Ag
nanowires were first synthesized as described previously and in
the experimental section.”””* The nanowires were filtered
through a rubber gasket onto a metal cloth to form dogbone-
shaped test specimens according to ASTM D412 for tensile
testing. The length, width and thickness of the test specimens
were 10 mm, 3 mm, and 250 um, respectively (see Figure S1
for full schematic). The average density of the nanowire felt
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Figure 3. (A) Stress vs strain performance for the Cu—Ag NW felt, as well as various Cu—Ag NW PDMS composites containing different ratios
of Dragon Skin to Ecoflex. (B) Stress vs strain curves for Cu—Ag NW composites. (C) R/R, vs strain for the Cu—Ag NW composites. (D) R/

R, vs modulus at 50, 100, and 150% strain. Strain rates were 1% s~ .

prior to infiltration (Figure 2B) over three replicates was 0.87 +
0.04 mg/mL. This density corresponds to a porosity of 90.5 +
0.4% based on a weighted average of the densities of Cu (85%)
and Ag (15%). After filtration, the NWs were annealed at a
variety of temperatures for 30 min to determine which
temperature yielded the highest conductivity prior to
infiltration (Figure S2). An annealing temperature of 150 °C
resulted in the highest conductivity (2040 + 35 S cm™"). This
conductivity is 1.6 times higher than the air-dried sample before
annealing (1270 + 610 S cm™). The conductivity of the
annealed NW felts is only 28 times less conductive than Cu
with a porosity of 90% (5.8 X 10* S cm™).

After infiltration with PDMS (Figure 2C), a 40% decrease in
electrical conductivity was observed (1220 + 630 S cm™),
likely because the insulating elastomer increased the contact
resistance between the four-point probe and the conductive
filler. However, this conductivity is still only 47 times less
conductive than bulk Cu at a similar porosity, and is
comparable to previous results with Ag MFs at filler loadings
double that of the Cu—Ag NW composite (see Figure 1A). The
infiltrated Cu—Ag NW network is also four times more
conductive than identical Cu—Ag NWs blended into
polycaprolactone at a similar concentration (12 vol %).”'

Effect of Matrix Stiffness on Conductivity as a
Function of Strain. In order to examine the effect of the

stiffness of the elastomer matrix on the ability of the composite
to retain its conductivity under strain, the Cu—Ag NW felt was
infiltrated with relatively low-stiffness and high-stiffness PDMS
elastomers at four different ratios. The low-stiffness PDMS is
Ecoflex 00—30 (0.07 MPa at 100% strain), and the high-
stiffness PDMS is Dragon Skin 30 (0.59 MPa at 100% strain).
We will hereafter refer to these materials as Ecoflex and Dragon
Skin. Figure 3A shows that, before infiltration, the annealed
Cu—Ag NW network is very brittle. Fracture initiates at 1.5%
strain and is complete at approximately 4% strain. After
infiltration with PDMS, the composite does not fracture until
strains of 250—350% (Figure 3B). Figure 3B also shows that
the presence of the NW network within PDMS greatly
increases its stiffness. Compared to the pure version of the
elastomer, the stiffness of the Dragon Skin and Ecoflex
composites increased by a factor of 3.4 and 13, respectively.
These mechanical tests illustrate the Cu—Ag NW felt infiltrated
with PDMS exhibits a stiffness closer to that of the nanowire
felt than that of the elastomer, even though the nanowires
comprise only 10% of the volume of the composite. Thus, it
seems that the deformation of the nanowire network within the
elastomer may be dominating the stress—strain behavior of
these materials. In addition, it is clear that the presence of the
elastomer matrix prevents fracture and breakup of the nanowire
felt, facilitating its deformation under an applied stress.
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Figure 3AB shows that, as expected, the stiffness of the
composite increases with the amount of Dragon Skin present in
the infiltrated PDMS relative to the amount of Ecoflex. Figure
3C shows that this increase in stiffness had a significant effect
on the ability of the composites to retain their initial
conductivity under an initial applied strain. The Ecoflex
composite exhibits an increase in resistance, denoted by R/
Ry, of only 1.12, 1.52, and 2.46 at strains of 50%, 100%, and
150% respectively. In comparison, the R/R, of the Dragon
Skin-NW composites is higher, at 1.49, 3.86, and 11.7 at the
same strains. With the intermediate blends of Ecoflex and
Dragon Skin, intermediate values of R/R, were observed.
Figure 3D summarizes the effect of matrix stiffness on retention
of conductivity by plotting the R/R; vs modulus at strains of
50%, 100%, and 150%. The four modulus values are from
Ecoflex, Dragon Skin, as well as the 2:1 and 1:2 blends of
Dragon Skin:Ecoflex. This panel illustrates there is a clear trade-
off between the stiffness of the matrix and the conductivity that
can be retained as the composite is stretched.

Although there have been many previous studies of the
electrical conductivity of PDMS composites, and it has been
observed how changing the type or concentration of conductive
filler can influence stiffness and electrical properties,” >’ we
can find no previous studies on the effect of the stiffness of the
elastomer matrix on the ability of the composite to retain its
electrical properties under strain. In order to gain further
insights into the mechanism of this phenomena, we examined
whether there was any difference in the mechanism of
deformation for Dragon Skin and Ecoflex composites. Figure

4 displays photographs of the Cu—Ag felt, the Dragon Skin
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Figure 4. Images showing the difference in the stretchability and
void formation for the (A) Cu—Ag NW felt (B) Dragon Skin-NW
composite and (C) Ecoflex-NW composite during the initial strain.

composite, and the Ecoflex composite at 0 and 100% strain. As
seen in Figure 4A, the Cu—Ag NW felt without PDMS is brittle
and fractures at low strain. The Dragon Skin composite (Figure
4B) turns from orange to white under strain, but no obvious
color change was observed for the Ecoflex composite (Figure
4C). This suggested the Dragon Skin composite formed voids
under strain, while the Ecoflex composite did not. This
difference in deformation response was confirmed with SEM
imaging. Figure SA,D show both the Ecoflex and Dragon Skin
composites appeared to be free of voids initially. Although
nanowires appeared to align in both composites at 100% strain
(Figure SB,E), only the Dragon Skin contained a large amount
of voids in the strained state. When the Ecoflex was brought
back to a strain of 0%, there were no noticeable voids present
within the composite. In contrast, the voids were retained in the

Dragon Skin composite and became buckled as it was relaxed
to a strain of 0% (Figure SF).

These observations suggest that the reason for the greater
decrease in conductivity as a function of strain for composites
containing stiffer PDMS is due to the formation of voids. Gent
and Park previously studied the effect of elastomer stiffness on
the formation of voids through cavitation and debonding in
elastomers with rigid spherical inclusions.”® They found that
while the stress required for cavitation (expansion of micro-
voids) increases with increasing Young’s modulus, the stress
required for debonding decreases with increasing Young’s
modulus. This was attributed to the fact that lower-modulus
materials are able to dissipate more energy during debonding
through viscoelastic energy losses that occur during deforma-
tion of the sample.’’ Thus, the fact that Ecoflex is eight times
less stiff than Dragon Skin may result in a stronger interfacial
adhesion between the PDMS and the Cu—Ag NWs. This
stronger adhesion may prevent void formation during
debonding, and thus improve the retention of conductivity
under strain for the Ecoflex composite.

Cycling. The Dragon Skin and Ecoflex composites were
cycled 50 times to strains of 50% and 100% to examine how
well the composites retained their conductivity over many
cycles of stretching (Figure 6A,B). For the cycling to strains of
50%, both the Dragon Skin and Ecoflex composites exhibited
an irreversible loss in conductance after the first complete cycle,
with an R/R; of 1.68 and 1.37, respectively. The resistance at 0
and 50% strain remained fairly stable over subsequent cycles,
exhibiting a standard deviation of 0.04 and 0.02 for Dragon
Skin and Ecoflex, respectively. We note that, after the first cycle,
the resistance was lower in the strained state than for the
relaxed state. The ratio between the R/R; at 0 and 50% strain
was 1.12 + 0.09 and 1.15 + 0.05 for the Dragon Skin and
Ecoflex composites, respectively. Overall these composites
demonstrated robust cycling durability and a modest change in
resistance upon stretching to 50% strain.

At 100% strain, the Ecoflex composite still exhibits relatively
stable resistance, but requires 3 cycles to achieve stable cycling.
After 3 cycles, the maximum R/R, is 2.65, and the ratio
between the R/R, for 0 and 50% strain is 1.49 + 0.06.
Significantly different behavior is observed for the Dragon Skin
composite. The R/R, increases for the first 5 cycles, then
subsequently decreases until it becomes fairly stable after 40
cycles. The maximum R/R; of the composite (5.94) occurred
after the fifth cycle; the R/R, max decreases to 3.64 at 0% strain
after the SO0th cycle.

Most previous studies of infiltrated nanowire networks did
not observe a higher conductivity in the strained state after
cycling, but we are using much higher concentrations of
conductive material (~10 vol %) than was used in those
previous studies (<1 vol %). Studies that have observed such
phenomena include those that examined the properties of 2 vol
% steel wool infiltrated with PDMS,** 32 vol % PEDOT:PSS in
polyurethane,” 48 vol % Ag MFs in bubbled polyurethane,*
and 63 vol % carbon black in natural rubber.”” In an attempt to
provide additional insights into why the conductivity is higher
in the strained state, we examined how the stress—strain and R/
Ry-strain behavior changed during cycling. Figure 7A,B shows
that there is a large hysteresis and plastic deformation in the
first cycle of stretching for both composites; Ecoflex and
Dragon Skin exhibit irreversible strains of 54% and 34%,
respectively. In comparison, Figure S3A,B shows the pure
Dragon Skin and Ecoflex exhibit little hysteresis, as well as
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Figure S. (A,D) SEM images of the Ecoflex and Dragon Skin composites before strain, (B,E) at 100% strain, and (C,F) after relaxation back to
0% strain. Voids are present in the Dragon Skin composite, but not in the Ecoflex composite.
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Figure 6. (A) R/R, behavior over 50 cycles at 50% strain and (B) 100% strain. Strain rates were 20% s™.

plastic deformations of 4 and 2%, respectively. There is no
additional plastic deformation in subsequent cycles, but the
composite continued to soften. Such softening is often
observed for filler rubbers and is termed the Mullins’ effect.*®
There is no consensus as to the mechanism behind the Mullins’
effect, and it can vary between composites, but it is often
ascribed to sliding of filler material within the composite,’”
and/or debonding between the filler material and the matrix,
leading to the generation of voids.’® The former is difficult to
discern, but the latter is obviously occurring in the case of the
Dragon Skin composite, as is shown in Figures SC and SF.
Figures 7C and 7D show the R/R, continuously increases
until the maximum strain of 100% during the first cycle. This is
consistent with the fact that the R/R, increased during the first
cycles in Figure 6. By cycle 51, the R/R, increases to a
maximum of 5.83 at 50% strain for the Ecoflex composite, and a
maximum of 5.57 at 38% strain for the Dragon Skin composite.
Additional strain to 100% decreased the R/R, to 1.92 and 2.25
for the Ecoflex and Dragon Skin, respectively. The strain at
which the maximum values of R/R; for each composite
occurred are nearly identical to the extent of plastic
deformation that occurred during the first cycle (54% for
Ecoflex, 34% for Dragon Skin). We hypothesize that as the

material is strained from the relaxed state up until the point at
which plastic deformation occurred, the buckled voids unbuckle
in the Dragon Skin, reducing the overall number of electrical
contacts and reducing the conductivity of the material. After the
point of plastic deformation and up to 100% strain, the voids
undergo transverse compression and strands begin to align,
increasing the number of electrical contacts and increasing the
conductivity of the material. Such behavior was previous
observed for a composite with voids containing 48 vol % Ag
MFs in polyurethane.**

On the other hand, the Ecoflex composite does not contain
voids but exhibits nearly identical R/R, vs strain behavior. A
study by Yamaguchi ef al. observed similar conductivity vs strain
behavior for a 63 vol % loaded carbon black in natural rubber,
and suggested that the slippage, orientation, and alignment of
carbon black aggregates under strain contributed to the
enhanced conductivity under strain.®® Given that the most
relaxed state of the Ecoflex composite after the first cycle is the
point at which plastic deformation occurred during the first
cycle, strains below or above this strain will lead to compression
or alignment of the nanowire networks, both of which could
conceivably be responsible for the lower R/R, at 0% and 100%
strain. Therefore, although the mechanisms may differ, for both
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Figure 7. (A,B) Stress vs strain curves show the large plastic deformation and hysteresis during initial cycling for both Dragon Skin and
Ecoflex composites. (C,D) R/R, vs strain behavior for Dragon Skin and Ecoflex composites after the first and S1st cycle at 100% strain. (E,F)
Time-dependent strain vs R/R, behavior for Dragon Skin and Ecoflex composites after the first and S1st cycle at 100% strain. Strain rates were

20% s

composites it appears that the alignment of NWs that occurred
during the first strain cycle was permanent and made the
composite more conductive in the strained state.
Time-Dependent Behavior. The other unusual observa-
tion is that the Dragon Skin composite regains some of the
conductivity lost during the first 5 cycles of 100% strain, but the
Ecoflex remains fairly stable. This effect may be attributed to
the time-dependent behavior of the composites. It was
previously observed that the resistance of multiwalled CNT-
PDMS composites decreased over time when the composite
was held at strain, and this behavior was attributed to stress
relaxation.”” We also observe a time-dependent decrease in the
R/R, for the strained Dragon Skin composite in this study
(Figure 7F), but not for the Ecoflex (Figure 7E). The observed

drop in R/R, after the first S cycles for Dragon Skin can be
attributed to the decrease in the R/R, that occurs over time for
this stiffer composite. The difference in time-dependent R/R,
under strain for Ecoflex and Dragon Skin may be related to the
different degree of debonding and void formation observed in
these composites. As the Ecoflex composite is strained, the
NWs align with the composite during the initial strain, and are
held in place when strain is complete. This leads to a minimal
decrease in R/R, when the composite is held at strain. In
contrast, as the Dragon Skin composite is strained, void
formation results in a time dependent reordering of the NW
network that results in a drop in R/R,. Gaining additional
insights into the mechanism of this process is experimentally
challenging due to the difficulties in imaging the time-
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dependent deformation of a three-dimensional network of
nanowires, as well as calculating what the resistance of the
nanowire network should be under various states of strain.
Although the effect of strain rate on the retention of
conductivity is important for the practical use of a stretchable
conductor, it is a dimension that is rarely explored. For
example, the strain rates used in the previous studies listed in
Figure 1 vary greatly from 0.08% s™' to 5% s~', but none of
those studies examined the effect of strain rate on the stress and
R/R, response.'”'* Figure S4 shows the effect of strain rate on
the stress and R/R, for the Ecoflex and Dragon Skin
composites. We selected a strain rate of 1% s~ to be in within
the range of previous experiments in the literature, and a strain
of 20% s~ to more accurately simulate the faster strain rates
that would be seen in a wearable device.”>*%*' The strain rate
does not have much effect on the stress vs strain behavior for
both the Ecoflex and Dragon Skin (Figure S4A,B). For the
Ecoflex composite, the R/R, vs strain is identical at the two
strain rates (Figure S4C,D). However, for the Dragon Skin
composite the slope of the R/Ry vs strain curve is larger for the
20% s~" strain rate during the first 20% of strain, after which the
slopes were similar. This increase in R/R, may be associated
with the time-dependent effects discussed with respect to
Figures 7EF, as less time is available for the NW network to
align and reduce its R/R, under high rates of strain. Thus, we
see that the matrix stiffness can not only affect the static
increase in R/R, but also its time-dependent behavior.
Patterning. In addition to the ability to make highly
conductive composites that retain their conductivity under
strain, the filtration-based fabrication approach reported here
can be used to pattern the Cu—Ag NW composite onto
stretchable fabric. In addition to enabling the creation of
wearable stretchable circuits, Figure 8 shows how patterning

Figure 8. (A) A stretchable LED circuit at 0% and (B) 50% strain.
Serpentine variant of stretchable LED circuit at (C) 0% (D) 300%
strain.

onto fabric can be used to create conductive traces that enable
much greater stretchability than can be achieved with the native
material. To create the pattern in Figure 8A, the Cu—Ag NWs
were filtered through a gasket with serpentine holes onto
stretchable fabric, after which the NWs were annealed, and both
the NWs and stretch fabric were infiltrated with PDMS. LEDs

were electrically connected to the conductive composite by
simply inserting the leads through the material. The lit LEDs
illustrate the conductivity of the material and its potential for
use in stretchable electronics (Figure 8A). By itself, the fabric-
NW composite exhibited a maximum strain of approximate
50%, which was limited by the stretchability of the fabric
(Figure 8B). Cutting lines between the conductive traces
(Figure 8C) allowed the circuit to unfold and stretch to a strain
of 300% (Figure 8D), while retaining enough conductivity to
power the red LEDs. Photographs of the serpentine pattern
during the strain process (Figure 9A), shows the modes of
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Figure 9. (A) Serpentine Cu—Ag NW trace at various degrees of
strain illustrating the unfolding process. (B) Strain vs R/R,
behavior of the serpentine trace.

twisting, bending, and straining that occurs during the
unfolding and stretching of the serpentine pattern. The R/R,
vs strain behavior (Figure 9B) shows an initial increase to
~150%, a small decrease in R/R; to 175%, and a further
increase to 300%. We attribute the flat part of the R/R; curve to
the untwisting of the serpentine pattern that occurs at 150%
strain. These results illustrate not only the extreme
stretchability of the patterned composite, but also its ability
to retain conductivity during bending and twisting, which are
essential modes of motion for wearable electronics.

CONCLUSIONS

This paper demonstrates that an infiltrated felt of Cu—Ag
core—shell nanowires retains its conductivity under strain better
than any composite with a conductivity greater than 1000 S
cm™, including those using AgMFs at concentrations double
that of the Cu—Ag nanowires. Given that the composites
reported here exhibit better performance than Ag MFs, and use
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15 times less silver, this work demonstrates the potential for
Cu—Ag nanowires to serve as a more economical and
sustainable filler for stretchable conductors. In addition to
high performance, this work shows that increasing the stiffness
of the PDMS matrix leads to a greater loss of conductivity
under strain. This conductivity loss appears to be due to the
formation of voids during stretching, which we attribute to
debonding between the PDMS matrix and the nanowires.
Finally, we show that the nanowire composite can be patterned
to create serpentine circuits that retain their functionality up to
strains of 300%. Future work might explore the use of this
material in clothing-integrated circuits for wearable electronics.

MATERIALS AND METHODS

Cu—Ag NW Synthesis. Cu—Ag NWs were synthesized via a two-
step protocol. In a 10 L bottle, 800 mL of 0.1 M copper(II) nitrate
hemi(pentahydrate), (Cu(NO;),-2H,0, Sigma-Aldrich >98.0%), 115
mL ethylenediamine (EDA, Sigma, > 99%), and 7.5 L of 8 M sodium
hydroxide (NaOH, NOAH Technologies, 99%) solutions were mixed
together. Next, 750 mL of 1 g/mL a-p-glucose (Sigma-Aldrich, 96%)
solution was added, and the bottle was shaken for 1 min. The bottle
was then immediately placed in a 60 C water bath for 1 h to grow Cu
NWs. After the synthesis was complete, the Cu NWs were vacuum
filtered using a Buchner funnel and a cloth filter, and rinsed with a
solution of 3 wt % 10k MW polyvinylpyrrolidone (PVP, Sigma-
Aldrich) and 1 wt % N,N-diethylhydroxylamine (DEHA, TCI America,
>95.0%) (PVP/DEHA). After filtration, the Cu NW slurry was rinsed
off the filter into a 500 mL solution of PVP/DEHA for resuspension.
The Cu NWs were then centrifuged at 2000 rpm for 10 min to
concentrate and further rinse the NWs, after which they were
resuspended in 250 mL of fresh PVP/DEHA solution. This
centrifugation process was repeated three times, and the Cu NWs
were kept in 250 mL of a PVP/DEHA storage solution. The
concentration of the product solution was measured with a
PerkinElmer 3100 Atomic Absorption Spectrometer. The observed
concentration of the solution was 14.5 mg/mL for a total mass of
approximately 3.6 g of Cu NWs.

The Cu NWs were subsequently coated with Ag to form Cu—Ag
NWs with a mole ratio of 0.85:0.15 Cu:Ag. The 250 mL solution of
Cu NWs in storage solution was diluted with distilled water to 800
mL. This solution was stirred with 1.6 L of 2 wt % PVP in water, and
44 L of 1 M ascorbic acid (Duda Energy >99.0%) in water. Then 400
mL of 0.025 M silver nitrate (AgNO;, Fisher Scientific, > 99.7%) in
water was added dropwise to the stirred solution for 10 min. After the
addition of AgNO; was complete, the reaction was left to stir for 10
min, and the stirring was turned off to allow the NWs to settle
overnight. The reaction vessel was then decanted to remove excess
solution, and the remaining NWs were rinsed with DI water and
centrifuged at 2000 rpm for S min three times to concentrate the NWs
into 800 mL of PVP/DEHA storage solution. The average Cu—Ag
NW length was 41 + 14 ym and the average diameter was 239 + 67
nm.
Filtration and Infiltration. Filtration was performed using a
Millipore vacuum filter funnel. Nanowires were filtered through a
silicone gasket (Fuel Cell Store) onto a 400 X 400 stainless steel wire
cloth (McMaster Carr). Test specimen and serpentine holes were cut
into the gasket with an Epilog Fusion 60W laser cutter. For filtration, 6
mL of the Cu—Ag NW storage solution was diluted with 40 mL of
H,0 and poured through the filter to make a 250-um-thick Cu—Ag
NW felt. The Cu—Ag NW felt was annealed in an oven at 150 C for 30
min, and transferred from the cloth to a Teflon sheet in a Petri dish.
Samples were infiltrated with a 2:1:1 solution of 2-butanone, PDMS
precursor Part A, and PDMS precursor part B. The PDMS precursors
Ecoflex 00—30 and Dragon Skin 30 were provided from Smooth-On
Inc. The samples were infiltrated for 30 min under ambient conditions,
followed by vacuum infiltration for 3 h in a desiccator to allow for
solvent evaporation and curing of the PDMS. Scanning electron

microscope images of the felt and the infiltrated composite were taken
using an FEI XL30 SEM.

Electrical and Strain Characterization. The electrical con-
ductivity of infiltrated and noninfiltrated samples was measured using a
four-point probe, and calculated by multiplying the measured sheet
resistance by the sample thickness. Stress—strain tests were performed
using a microstrain analyzer (MSA, TA Instruments RSA III).
Electrical characterization during strain was observed using a Keithley
2401 SourceMeter with LabView 2016 software. In order to establish
contact with the sample in the MSA, the handles of the test specimen
were coated in colloidal silver paste (Electron Microscopy Sciences),
and sandwiched with copper foil to establish electrical contact. Two
pieces of silicone gasket were used to electrically isolate the sample
from the metal clamps of the MSA. Stress—strain measurements were
performed at a rate of 1% strain per second. Cycling tests were
performed at a strain rate of 20% per second, and the resistance was
recorded while the sample was held at the minimum (0%) and
maximum (50% or 100%) strain for five seconds. The position at
which the strain was 0% for all cycles was defined as the starting
position of the MSA for the initial strain test, even for samples that
underwent plastic deformation during cycling. Plastic deformation and
time dependent behavior studies were performed at a rate of 20%
strain per second; samples were held at a strain of 100% for S s.

Device Manufacturing. For the LED circuit, a layer of
stretchable, 80% nylon, 20% Spandex fabric (Rex Fabrics) was placed
between the patterned silicone gasket and the metal cloth. Cu—Ag
NWs were filtered onto the fabric, and were annealed after filtration.
The fabric and patterned NWs were immersed in Ecoflex in a Teflon
well, and vacuum infiltrated for 30 min, followed by 30 min in a 60 C
oven to cure the PDMS. The LEDs were powered using an external
power supply with a compliance voltage of 7 V and a compliance
current of 15 mA.
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