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ABSTRACT: This work demonstrates that metal nanowires in a percolating network can
reversibly slide across one another. Reversible sliding allows networks of metal nanowires to
maintain electrical contact while being stretched to strains greater than the fracture strain for
individual nanowires. This phenomenon was demonstrated by using networks of nanowires as
compliant electrodes for a dielectric elastomer actuator. Reversible nanowire sliding enabled
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actuation to a maximum area strain of 200% and repetitive cycling of the actuator to an area strain
of 25% over 150 times. During actuation, the transmittance of the network increased 4.5 times, ‘HH”HI mm‘nupm‘n T A
from 13% to 58%. Compared to carbon-based compliant electrodes, networks of metal nanowires I i L
can actuate across a broader range of optical transmittance. The widely tunable transmittance of e 33,3 :: il qi%f

nanowire-based actuators allows for their use as a light valve.

KEYWORDS: Copper nanowires, transparent electrode, actuator, sliding, light valve

he discovery of new ways to reversibly deform materials to

strains greater than their intrinsic limits without irreversibly
changing their electrical properties remains of fundamental
importance to the development of stretchable displays,'~* skin-
like sensors of pressure,s’6 haptic feedback,” harvesters of mechanical
energy,8 electronic textiles,” responsive surfaces and inter-
faces,'® and muscle-like soft actuators.''~** Here we report that
metal nanowires in a large-area network can reversibly slide across
one another, enabling repeated deformation of the network while
retaining electrical conductivity. We demonstrate the use of sliding
networks of nanowires as compliant electrodes for dielectric
elastomer actuators. The network of sliding nanowires could be
actuated to a maximum area strain of 225% and a transmittance of
76%. Reversible nanowire sliding enabled repetitive cycling of the
actuator to a strain of 25% over 150 times. The widely tunable
transmittance of nanowire-based actuators further allows for their
use as a light valve.

The dominant approach to avoid failures of conductive com-
ponents upon stretching is by making them wavy or buckled in
shape.*"*'” For example, buckled ribbons of silicon can
exhibit strains of 20%, which is 20 times greater than the
intrinsic fracture limit of bulk silicon.'” Connecting buckled
structures to nodes in a mesh architecture allowed for the fabri-
cation of a hemispherical camera,'® a stretchable LED display,3
and silicon-based circuits that can be stretched up to 140%."
The manufacturing of these and other stretchable mesh
architectures with buckled, spring-like, or serpentine intercon-
nects requires photolithographic patterning and high-fidelity
transfer-printing steps that limits their utility to small-area
applications that are relatively insensitive to fabrication cost.

Networks of one-dimensional nanomaterials have emerged as
an alternative approach to obtain highly stretchable conductive
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materials with simple, scalable processing steps (e.g., solution-
phase mixing and coating).”*>* For the case of stretchable
carbon nanotube films and composites, both the deformation of
the network and buckling of nanotubes can play a role in
maintaining conductivity at high strains."”>'>**** The stretch-
ability of carbon nanotube networks has been utilized in the
construction of a stretchable active matrix display," a stretchable
OLED,* a skin-like sensor of pressure and strain,’ and a fault-
tolerant compliant electrode for an electrostatic actuator that
can achieve an area strain of 200%."” Silver nanowires embedded
in a polymer matrix have also recently been used to make a
compliant electrode, but it was actuated to an area strain of only
68%.2° In addition, the mechanisms enabling the stretchability
of one-dimensional nanowire networks without prebuckling have
not yet been revealed.

Here we demonstrate that metal nanowires can reversibly
slide across one another while retaining electrical contact. Metal
nanowires undergo plastic deformation and fracture at strains of
1-5%,” but sliding allowed for networks of nanowires to be
used as compliant electrodes for electrostatic actuators with
maximum area strains of 200%—triple that of previous results
utilizing metal nanowires.”® Sliding further enables the trans-
mittance of the metal nanowire networks to be tuned over a
range 3 times that of carbon nanotube networks. Finally, we
show the maximum strain and transmittance of the nanowire
networks can be understood in terms of the critical number of
nanowires per unit area necessary for percolation.
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Figure 1. (A) Schematic illustration of nanowires sliding on an elastomeric substrate. (B, C) Sequential pictures of a nanowire sliding as the strain is
varied from 0% to 50%. (D, E) The nanowire returns to its starting position as the strain is relaxed back to 0%, even after 50 cycles of actuation.
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Figure 2. Microscope images of a copper nanowire network at an area strain of (A) 0% and (B) 20%. Red circles in panel B indicate contact points
between nanowires. (C) Distribution of the displacement of nanowires at the contact points in panel B. The red bars indicate displacements that are
considered to be within the error of measurement (<0.2 ym), which represent 25% of all contact points.

We observed the deformation of a network of copper nano-
wires on an elastomeric substrate (3M VHB 4905 acrylic
elastomer, VHB) under an applied strain using an optical
microscope (Figure 1). As indicated by the schematic in Figure
1A, the nanowires are laying on the polymer surface and are not
embedded in polymer. Figures 1B,C show one nanowire sliding
across another as the substrate is stretched to a strain of 50%,
moving 2 pm from its initial position. As the strain is decreased
back to 0%, the nanowire returns to its starting position (Figure
1D). Even after SO cycles of stretching to a strain of 50%, the
nanowire returns to roughly the same starting position (Figure 1E).
Figure S1 shows microscope images of three additional ex-
amples of nanowire sliding. To better quantify the extent of
nanowire sliding, the displacement of nanowires from contact
points was measured before and after stretching a nanowire
network with a transmittance of 50% (1 = 550 nm) to an area
strain of 20%. Figure 2 illustrates that nanowire displacement
greater than 0.2 ym occurred at 75% of all contact points. To
our knowledge, this is the first confirmation that nanowires in a
network can reversibly slide across one another.

In order to examine the properties of a network of sliding
nanowires, we tested their performance as the top and bottom
electrodes of a dielectric elastomer actuator (Figure 3A). To
make this device, copper nanowires were filtered from solution
onto porous membranes, the membranes with the copper
nanowires were cut into the desired shape, and the nanowire
films were transferred from the membranes to a prestretched
(to an area strain of 300%) VHB film by putting them into
contact and pressing by hand (Figure S2 provides a visual
illustration of this fabrication process). As with previous studies
that utilized carbon nanotubes for the dielectric elastomer
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actuator’s electrodes,'® the nanowires on the VHB surface were
not embedded in an additional polymer overcoat. To induce
actuation, a direct-current voltage was applied to the top and
bottom copper nanowire electrodes. We note that the dia-
meters (10 mm) of the electrodes are much larger than the
thickness (30 um) of the dielectric elastomer film, and the
average mesh size of the nanowire network (<5 ym) is smaller
than the film thickness. Therefore, we can approximate the
mesh of nanowires as a continuous electrode, with edge effects
having a negligible impact on the deformation of the actuator.

Figures 3B,C demonstrate that the copper nanowire elec-
trodes can achieve an area strain greater than 200% at an
applied voltage of 4.8 kV for a 30 pm thick VHB film. This
value is comparable to the highest previous area strain (~200%)
obtained using carbon nanotubes.'? During actuation, the
transmittance of the actuator increased 4.5 times from 13% to
58%. In comparison, the transmittance of carbon nanotube
electrodes could only be increased by a factor of 1.4.” Figures
3D,E demonstrate significant actuation can also be achieved at a
relatively high transmittance. This film, with an initial
transmittance of 65%, increased to a transmittance of 76% as
it was actuated to an area strain of 54%. We note that these
transmittance values are at a wavelength of 550 nm. For
reference, the full broadband optical transmittance spectra of
the nanowire actuators are given in Figure S3.

Figures 3F,G show how the nanowire network evolves during
actuation. The nanowire network starts in a state in which
nearly every nanowire is in contact with at least two other
nanowires. We denote the number of nanowires per unit area at
the initial state as Ny. As a voltage is applied and the area of the
network increases, the number of nanowires per unit area at the
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Figure 3. (A) Schematic of a transparent copper nanowire actuator.
(B, C) An actuator with a transmittance of 13% at rest increases to a
transmittance of 58% as it is actuated to an area strain of 200% with an
applied voltage of 4.8 kV. (D, E) An actuator with a starting
transmittance of 65% can be actuated to a transmittance of 76% at an
area strain of 54% and a voltage of 4.8 kV. (F, G) Microscope images
showing the networks of copper nanowires on VHB in (D) and (E),
respectively.

current state N will decrease following N = Ny(1 + €)~", where
€ is the area strain of actuation. Once N approaches a critical
area density of nanowires required for electrical percolation N,
the nanowire network ceases to be conductive. According to
percolation theory, the critical area density of nanowires is
given by N, = 5.71L7% where L is the length of the nanowires.”®
For the copper nanowires used here, L = 38 & 11.2 ym, and
thus N_ is approximately 4 X 10° m™2

Figures 4A,B illustrate the relationship between the initial
area density of nanowires, the area strain, and the transmittance
of the nanowire networks. For a network of nanowires with an
initial area density of 8N, and a transmittance of 64%, the
maximum area strain was 50%, to give a final area density of
SN.. A network of nanowires with an initial area density of
38N, and a transmittance of 10% can be electrically actuated to
3 times its original size, to give a final area density of 11N, and a
transmittance of 54%.

We observed that for nanowire networks with low initial area
densities (i.e., 8—16N,) the maximum area strain occurred at a
number density of 5—7N. Given that nanowire networks have
been shown to be fairly conductive (~500 Q sq~!) at 2N_,*°
this limit is not likely due to a drop in conductivity. Rather, the
areas of unconnected nanowires visible at a number density of
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Figure 4. (A) Voltage-induced actuation of copper nanowire actuators
at different number densities compared to a conventional carbon
grease electrode. Here N_ is the critical density required for
percolation, which in this case is 4 X 10° nanowires m™> (B)
Transmittance (4 = 550 nm) of copper nanowire actuators at different
densities as a function of applied voltage. (C) Area strain actuation and
transmittance variation as a function of applied voltage during 150
continuous cycling tests. The number density of copper nanowires is
12N,, the applied voltage is 3.2 kV, and the data were collected every
10 cycles. (D) Illustration of how strain varied with time for three
consecutive cycles of actuation.

SN, (Figure 3G) indicate the network begins to lose its
connectivity at this number density. This lack of connectivity
will likely limit the charge density that can be achieved on the
film and thus limit the maximum area strain. However, this
qualitative explanation remains a hypothesis, and additional
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Figure S. Pictures of a copper nanowire actuator serving as a light valve for a laser with the room lights on (A, B) and off (C, D). (E) Transmittance
of the nanowire light valve as a function of incident angle (relative to normal) for both the on and off states. (F) Contrast ratio as a function of angle
for the nanowire light valve and an uncompensated supertwisted nematic liquid crystal displays (STN LCD).

theoretical simulations are necessary to quantify the degree
of connectivity at a given number density of nanowires. In
contrast, nanowire networks with higher initial area densities
(i.e, 28—38N,_) could be actuated to a number density no lower
than 10—11N, and nanowire networks with initial area
densities greater than 38N, had lower maximum actuation
strains. This difference is likely due to the fact that higher initial
area densities of nanowires led to nanowire entanglement, which
hindered sliding. As shown in Figure S4, nanowire entanglement
at high nanowire densities led to nanowire fracture and clumps of
nanowires (Figure S4B) that were not apparent at low nanowire
densities (Figure S4E). Figures S4C and S4F show the length
distribution before and after actuation to the maximum area strain
for Figures 4A,B and 4D,E, respectively. The histograms indicate
that high nanowire densities led to greater fracture of nanowires
than low nanowire densities. Initially, the average length of the
nanowires was 25 + 7.7 pm, but this decreased to 4 + 2.4 ym at a
density of 11N, and 13 + 4.7 pum at a density of 7N_.

To demonstrate the generality of the sliding mechanism, we
also examined the use of silver nanowires as compliant electrodes
for actuators (Figure SS). For silver nanowires used in the current
study, L = 14 + 5.3 ym, which gives N, = 2.7 X 10'* m ™ For a
silver nanowire electrode with Ny = 17N and an initial transmittance
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of 21%, the maximum actuation strain was 160%. This gives a
minimum number density of 7N,, which is within the range
observed for copper nanowire networks. In addition, copper
nanowire electrodes with the same initial transmittance achieved a
maximum strain of 180% under the same conditions. Therefore, it
appears the performance of copper and silver nanowire networks
as compliant electrodes are roughly comparable due to the same
sliding mechanism (see Tables S1 and S2 for a quantitative sum-
mary of the relationship between transmittance, area density, and
actuation strain). However, copper nanowires may be more
attractive for this and related applications due to their lower cost.*’
Copper nanowires can also be coated with nickel to be made 100
times more resistance to oxidation than silver nanowires.”"
Reliable and fast operation is critical to practical applications
of dielectric elastomer actuators. Figure 4C presents the results
of cycling an actuator with an initial transmittance of 50% (N, =
12N,) between a strain of 0 and 25%. The actuator was able to
deliver area strains of 25 + 0.9% at a transmittance of 62 +
2.2% over 150 cycles, demonstrating the electrode’s capability
of repeated deformation to moderate strains. Figure 4D further
shows that it took 0.5 s for the actuator to increase from an area
strain of 2.2% to 20% under an applied voltage and 0.4 s for the
actuator to relax once the voltage was withdrawn. This corresponds
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to a rate of actuation of 32% s™' for increasing strain and
36% s~ for decreasing strain. This response rate is comparable
to that of VHB films actuated with carbon grease electrodes.>

The ability to electrically tune the transmittance of the actuators
over a range of up to 44% represents a new opportunity to explore
the use of nanowire networks as a light valve. In comparison to
mechanical and electrochromic shutters, which typically operate
between on/off states, copper nanowire-based light valves can
offer intermediate levels of opacity. Compared to liquid-crystal
light valves, copper nanowire-based light valves can offer a
higher maximum transmittance (the maximum transmittance of
liquid crystal light valve is 45%), the ability to stretch and
conform to different substrates, and much simpler construction.
Figures SA—D illustrate the capability of the copper nanowire
actuator to act as a light valve. The laser is at an incident angle
of 60° from normal to illustrate the relatively large range of
angles across which the nanowire actuator can act as a light
valve. The full angle-dependent transmittance and contrast ratio
of the copper nanowire actuator is given in Figures SE,F. The
copper nanowire actuator has a broader angular range over
which it can act as a light valve compared to an uncompensated
supertwisted nematic liquid-crystal display.*® This is due to the
fact that, rather than using polarization-based optics to modify
transmittance, the copper nanowire actuator is essentially a
nanoscale version of a mechanical shutter.

In summary, networks of sliding nanowires represent a new
way to achieve large mechanical strains for soft actuators in
biomimetic robots, prosthetics, loudspeakers, tunable optics,
and tactile (Braille) interfaces.** Compared to carbon-based
compliant electrodes, networks of metal nanowires can actuate
across a broader range of transparent states and thus also serve
as a valve for light. As the maximum strain that can be achieved
for sliding nanowire networks is directly related to the critical
area density required for percolation, the use of longer nano-
wires could allow for even greater ranges of actuation and
transmittance. Finding a way to allow dense networks of nano-
wires to disentangle without fracture will also likely lead to
increased maximum strains and improved contrast ratios.
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