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ABSTRACT: Inflatable conducting devices providing improved properties and
functionalities are needed for diverse applications. However, the difficult part in
making high-performance inflatable devices is the enabling of two-dimensional (2D)
buckles with controlled structures on inflatable catheters. Here, we report the
fabrication of highly inflatable devices with controllable structures by wrapping the
super-aligned carbon nanotube sheet (SACNS) on the pre-inflated catheter. The
resulting structure exhibits unique 2D buckled structures including quasi-parallel

buckles, crisscrossed buckles, and hierarchically buckled structures, which enables * infiaon
reversible structural changes of 7470% volumetric strain. The 2D SACNS buckled g T
structures show stable electrical conductance and surface wettability during large strain &
inflation/deflation cycles. Inflatable devices including inflatable tumor ablation,
capacitive volumetric strain sensor, and communication via inflatable radio frequency 6
antenna based on these structures are demonstrated.
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Controllably generating variable conductive surface
patterns that can handle large deformation is of great
importance for designing inflatable and wearable electronics.
Different types of membrane-like buckled structures are widely
used in nature, which are germane to the survival and behavior
of many living organisms.'* In recent years, buckled
structures have brought about advanced functions in design
of modern materials, for example, they are becoming
fundamentally important for developing stretchable and
inflatable electronic devices such as artificial skin, sensors,
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antenna, etc.’”'! Recently, there have been many reports on
controlling the buckled morphology using different materials
and structures because it can critically influence the properties
of stretchable electronic materials.”™"* A general way to
produce buckled structures for stretchable electronics is to coat
a thin conductive layer on a pre-stretched elastomeric substrate
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followed by release of the pre-strain.">~'" When strain is
released from the specimen, the mismatch between bending-
dominated deformation of the conducting layer and compress-
ing-dominated deformation of the elastic substrate causes the
skin layer to buckle in response to the relaxation of the pre-
strain. In this process, however, cracks are frequently formed in
the metal or semiconducting layer in the lateral direction (with
respect to the stretch/release direction) of the rubber fiber.
This is because during stretch release of the rubber fiber
(Poisson’s ratio of 0.5), the length tends to decrease and the
diameter and circumference tend to increase, resulting in
stretching of the conducting layer to form cracks."® The
cracking in the conducting layer during buckle formation has
been a great challenge for the fabrication of stretchable and
inflatable electronic devices.

This lateral crack problem can be circumvented by using 2D
buckled structures that are highly stretchable and tunable with
good reversibility. These structures can be formed in both «
and y directions on the surface without crack formation via 2D
compressive strain, thereby allowing both one-dimensional
stretching and two-dimensional stretching. It is always
observed that the uniaxial compressive force can generate
parallel buckles in one dimension, while labyrinthine
morphologies are always generated in thin films on compliant
substrates under two-dimensional compressive deforma-
tion."” ™" In fact, it is always difficult to control the surface
buckling patterns in such cases because of the uncontrollable
local stress distribution in the deformed surface. However,
controlling the morphology of the buckled structures is of great
importance in a number of fields with diverse applications,
such as diffraction gratings, microfluidic devices, micro-
electronics, photonic materials, sensors, and tunable hydro-
philic surfaces. Different methods have been developed to
prepare ordered structures via small strain compression, such
as dewetting of liquid polymer films,”>** phase separation of
polymer blends or block copolymers,** deposition of thin layer
on hot substrates followed by cooling, such as coating metal or
semiconducting thin film or creating a hard surface layer by
ultraviolet/ozone treatment.”>~>®* However, these ordered
buckled structures can only handle deformation in a very
small strain range, and many of these approaches can only take
advantage of nonconducting materials for surface coating. It is
highly desirable to develop a method that can controllably
generate variable surface patterns that can handle large
deformation in order to meet the requirements in applications
that call for high expandability.

Among the abovementioned methods, engineering the
substrate pattern has been shown to be an effective way to
control the stress field distribution and generate ordered two-
dimensional buckles in the surface layer.”” Another possible
strategy is to engineer the stress field distribution in the surface
conductive layer. The super-aligned carbon nanotube sheet
(SACNS) is an anisotropic conductive material,*”*" in which
the carbon nanotubes self-assemble to form aligned structures.
The SACNS show anisotropic mechanical properties, with
higher mechanical strength in the carbon nanotube (CNT)
alignment direction than that in the transverse direction.
Moreover, the SACNS show strong adhesion with elastomeric
substrates via van der Waals interaction, which has been used
as the conductive layer to generate one-dimensional buckled
structures for fabricating stretchable electronic devices by us
and other research groups.s’l“’*}’z_‘%7 Currently, there are no
published reports on fabrication and characterization of

buckled structures made of anisotropic materials via loading
conditions other than uniaxial compression (i.e., omnidirec-
tional compression). From both theoretical perspective and
application perspective, understanding the buckling behavior of
anisotropic conducting materials subjected to omnidirectional
compression and how they would be affected by the substrate
morphology are critically important in the design and
fabrication of multifunctional inflatable devices.

In this paper, we report controllable fabrication of ordered
2D buckled structures using SACNS (including quasi-parallel
buckles and crisscrossed buckles) and multiscale hierarchically
buckled structures. We first prepared quasi-parallel buckles and
crisscrossed buckles by controlling the stacking orientation of
the SACNS. Briefly, these buckled structures were prepared by
the following steps. First, an elastomeric catheter was inflated,
and the SACNSs were attached on the surface of the pre-
inflated elastomeric catheter and condensed on the catheter
surface by using ethanol. After deflation of the catheter,
controllable quasi-parallel buckles of SACNS were formed. By
replacing one piece of SACNS with two pieces of
perpendicularly stacked SACNS, the crisscrossed buckled
structures were prepared. When the lateral expansion degree
of the catheter was beyond a certain strain (220% in this case),
island-shaped structures were observed on the catheter surface.
By using this catheter with island-shaped surface, different
types of multiscale hierarchically buckled structures of SACNS
were formed. This method demonstrated a novel and simple
approach that can controllably generate different types of
buckled structures including ordered two-dimensional patterns
and variable types of hierarchically buckled structures. These
SACNS patterns can reach 100% surface coverage for both
deflated and inflated catheters, which was suitable for
applications requiring a high coverage of electrodes.

In recent studies, the incorporation of two-dimensional
hierarchically buckled structures in gold, graphene, and carbon
nanotube thin films has enabled mechanically robust thin-film
actuators, elastic conductors, tunable hydrophobic surfaces,
energy storage devices, and cell culturing surfaces.®”*"*"
These examples convincingly demonstrated that devices with
the desired properties can be successfully constructed on
stretchable surfaces. To the best of our knowledge, inflatable
electronic devices such as inflatable tumor ablation, antenna,
and capacitive volumetric sensors enabled by the incorporation
of 2D buckles with controlled structures have not yet been
explored.”*™ In fact, these inflatable devices may find very
important applications in healthcare, wireless communications,
and sensing. For example, in minimally invasive surgery, a
deflated catheter is introduced from an incision to reach the
difficult-to-reach diseased intravascular and endocardial regions
or the cavity of the body,”” and they can seamlessly integrate
with human organs after inflation. As such, a more accurate
diagnosis and more complete treatment can be realized. The
catheter size or volume can be measured using an inflatable
capacitive strain/volumetric sensor, and the signals can be
wirelessly transmitted via an inflatable antenna, both of which
could be assembled on the inflatable catheter. In this paper, the
as-prepared inflatable conductors made of two-dimensional
buckled SACNS showed highly stable electrical properties
(7.8% resistance change for SACNS,y/catheter over 330%
strain increase in omnidirections, corresponding to 7470%
volume change). These inflatable conductors showed tunable
surface wetting properties. Inflatable devices such as inflatable
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tumor ablation, inflatable capacitive volumetric sensor, and
inflatable radio frequency (RF) antenna were demonstrated.
We use an anisotropic SACNS material as the conducting
layer on inflatable devices and enable additional functions by
including other rubber and SACNS layers. The SACNS sheets
used in this study are drawn from a multiwalled carbon
nanotube (MWNT) forest of ~250 ym in height and ~9 nm
in diameter, which is a self-aligned anisotropic conducting
material, with higher mechanical strength in the carbon
nanotube (CNT) aliégnment direction than that in the
transverse direction.””’’ To make inflatable conducting
devices, stacks of the SACNSs were deposited on the pre-
inflated catheter surface, densified with ethanol, and deflated to
the unstrained state to generate the buckled structures of
SACNS, which is denoted as SACNS,,/catheter hereafter,
where m denotes the number of the SACNS layers (Figure
1A). After ethanol densification, the SACNS layers showed
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Figure 1. (A) Fabrication steps of a SACNS,,/catheter, where the
catheter was omnidirectionally inflated. (B, F, J) Photographs of plant
leaves for demonstrating the patterns of different types of buckled
structures: (B) parallel buckles, (F) crisscrossed buckles, and (J)
hierarchical buckles. (C—E) SEM images of (C) low magnification
and (D) high magnification of the SACNS;/catheter and (E)
schematic demonstration of the quasi-parallel buckled structure.
The alignment direction of carbon nanotubes is vertical. (G—I) SEM
images of (G) low magnification and (H) high magnification of the
SACNS;/catheter and (I) schematic demonstration of the criss-
crossed buckles prepared from the overlap of vertically and
horizontally aligned carbon nanotubes. The biaxial omnidirectional
fabrication strain was 13% for (C), (D), (G), and (H). (K—M) SEM
images of (K) low magnification and (L) high magnification of the
SACNS;/catheter and (M) schematic demonstration of the hierarchi-
cally buckled structure. The alignment direction of carbon nanotubes
is vertical. The biaxial omnidirectional fabrication strain was 430% for
(K) and (L). The green circles in (K) demonstrated the second-order
ravines, and the red curves in (L) demonstrated the first-order

buckles.

strong adhesion with elastomeric substrates via van der Waals
interaction. We first prepared quasi-parallel buckles and
crisscrossed buckles by controlling the stacking orientation of
the SACNS layers. Briefly, quasi-parallel buckles were prepared
by attaching one layer of SACNS on the surface of a pre-
inflated elastomeric catheter followed by deflation (Figure 1C).

By replacing one layer of SACNS by two perpendicularly-
stacked layers of SACNSs, crisscrossed buckled structures were
observed (Figure 1G). When the lateral expansion of the
catheter was beyond a certain strain (220% in this case), long
island-shaped structures with multiscale hierarchically buckled
structures of SACNS were observed on the catheter surface
(Figure 1K). Such different types of buckled structures are
widely found in nature, as shown in Figure 1B,F,]. By using this
catheter with the island-shaped surface, different types of
multiscale hierarchically buckled structures of SACNS formed.
Using this approach, we demonstrated a novel and simple way
to control the resulting buckled SACNS structures including
ordered two-dimensional patterns and various types of
hierarchically buckled structures. These SACNS structures
can cover the whole surface for both deflated and inflated
catheters, which enable applications requiring a high coverage
of electrodes.

To understand the properties of the buckled SACNS
structures, we define the biaxial omnidirectional strains of
the SACNS, /catheter as &, and €, which represents the
percent change in length over the undeformed length along the
two orthogonal biaxial omnidirections during catheter
inflation. &, = (I, — I,)/l,, & = (I, — 1,)/l,, where [, and L,
are the deformed lengths and [, is the undeformed length along
the orthogonal biaxial omnidirections. The fabrication strains
in biaxial omnidirections of the SACNS,,/catheter are defined
as &gy and &gy,. If not specified, the catheter used in this paper
was spherical so that £, can be considered to be equal to &,
(denoted as ¢€); &g, can be considered to be equal to &g,
(denoted as &gy,). Due to plastic deformation after deposition
of SACNS on the inflated catheter, the maximum available
strain (e,,,) was smaller than the fabrication strain.*’
Correspondingly, the volumetirc strain (&) of the SACNS,,/
catheter is the percent volume change, (V; — V;)/V,, where V;
and Vj are the catheter volumes at €, and &, respectively. It
should be noted that the carbon nanotube sheets are
rectangular and the inflated catheter are spherical; there
must be some overlap of the SACNS in some areas if the
surface is fully covered with the SACNS. Therefore, uniform
coating of the SACNS on the catheter surface can be obtained
in a limited surface area, and we take this area for surface
structural analysis in the following experiments. Moreover, it is
noted that the area that is to the other side of the gas charging
valve is investigated because the stress distribution in the area
close to the gas charging valve is not uniform.

Microstructural and electrical resistance characterizations
were conducted for the partially covered SACNS,,/catheters
after preconditioning it through five cycles of inflation/
deflation to the maximum strain prior to plastic stretch of
SACNS layers in the nanotube alignment direction. During
sequential inflation/deflation cycles, the dependence of
structure on strain was reversibly retained, and no observable
delamination occurred (Figure S1). When applying a small
fabrication strain (&g, = 13%) and applying five layers of
unidirectionally stacked SACNS on an inflated catheter
surface, the quasi-paralleled buckled structure of SACNS was
observed as shown in Figure 1C. Even though the SACNS
layers were omnidirectionally compressed, the resulting
buckles are generally oriented in the direction perpendicular
to the CNT alignment direction (Figure 1D). Figure 1E shows
a schematic illustration of quasi-parallel buckled structures. In
addition, tiny wrinkles were also observed in the orientation
perpendicular to the relatively large buckles. Previous reports
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Figure 2. (A—F) SEM images showing the evolution of the buckled structure for a SACNS;/catheter (&g, = 450%) during the biaxial stretch. The
strains are 0, 20, 50, 100, 200, and 300% for (A) to (F), respectively. (G—1I) Electrical properties of SACNS,,/catheters. (G) Length-normalized
resistance as a function of strain for SACNS,,/catheters with different m. (H) Percent resistance change as a function of strain for SACNS,,/
catheters. (I) Length-normalized resistance as a function of m for SACNS,,/catheters at different strains. Inset shows percent resistance change for a

SACNS;/catheter during inflation/deflation cycles.

show that buckling profiles were largely dependent on the
mechanical properties of the surface coating lalyer,41 and thus,
this anisotropic buckled structure observed for our SACNS,,/
catheter was a result of the highly anisotropic mechanical
properties of the SACNS layers, which had much higher
Young’s modulus in the nanotube direction compared to that
in the transversal direction.”® This 2D quasi-parallel buckled
structure of SACNS layers is different from previously reported
one-dimensional (1D) buckled structures prepared using
uniaxial compression (Figure $2).”'***7%7 In those reports,
the CNT sheets were uniaxially compressed in the nanotube
alignment direction forming 1D parallel buckles perpendicular
to the stretch-release direction, and periodic necking was
observed on the ridge of the buckles due to the lateral
expansion during length contraction because the rubber
substrate has a Poisson’s ratio of 0.5 (volume conservation
during deformation),”'*** as shown in Figure S3. The
mechanical property of the spherical catheter substrate was
also shown in Figure S4.

When increasing fabrication strains from 17 to 150%, the
increased omnidirectional compression pressure forced the
quasi-paralleled buckles to get denser, and the orientation of
SACNS buckles deteriorated (Figure SSA—D). Further
increasing the fabrication strain to 220%, hierarchically buckled
structures were observed (Figure SSE), where densely packed,
wavy short-period SACNS buckles (buckle width of ~1 um;
denoted as buckles in the following discussions) formed on top
of long islands with varying lengths and widths of several tens
of micrometers (denoted as islands in the following
discussions). Figure 1K,L shows the low- and high-magnifica-
tion SEM images for the hierarchically buckled structure of a
SACNS;/catheter for 430% fabrication strain. Figure 1M

shows a schematic illustration of superposition of SACNS
buckles on islands. The islands indicated in green circles
(Figure 1K) show an average width of ~25 um. Figure 1L
shows the magnified structure of the wavy SACNS buckles on
top of an island, where CNT alignment in the buckle is
perpendicular to the buckle ridge. The hierarchically buckled
structures consist of over several order of micro/nanoscales
from several tens of micrometers for the islands, to
micrometers for the SACNS buckles, and to nanometer sizes
for carbon nanotube bundles. These hierarchically buckled
structures appeared to be the most favorable structures for
large fabrication strains from 220 to 456% (Figure SSE-I).
The average width of the buckles is ~1.2 ym for fabrication
strains below 360% and decreases to 0.8 ym with fabrication
strains increasing from 360 to 456%. The average widths of the
islands are in the range of 20 to 25 um for fabrication strains
from 220 to 456% (Figure S6). These unique buckling
structures not only promote high surface roughness but also
led to high density of CNT in a nonstretched projected area.
Such special features could be valuable for multifunctional
applications that would require tunability of hydrophobicity
and transmittance of conducting surface layer, especially with
full coverage.

Figure 2A—F shows the reversible structure evolution of the
buckled structure for a SACNS;/catheter (eg,;, = 450%) during
a biaxial stretch from 0 to 300% strain. For biaxial strains of 0
and 20% (Figure 2A,B), the hierarchically buckled structures of
SACNS buckles and islands are easily identified. As the biaxial
strain increased to 50%, the island structure becomes less
pronounced (Figure 2C). The island structure completely
disappears at a biaxial strain of 100%, and the SACNS buckles
become parallel to each other, which are perpendicular to the
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Figure 3. (A, B) Average widths as a function of fabrication strain for (A) islands without SACNS coating and (B) the SACNS;/catheter and
SACNS;, s/ catheter, which were derived from Figure SSA—F. (C) Average width of islands as a function of fabrication strain for SACNS/catheters.
The data were derived from (D) to (I). The irregular edges due to fabrication imperfections were not used for calculation of average buckle width.
(D—-I) SEM images of SACNS;/catheters prepared on a pre-inflated catheter surface with one inflation/deflation cycle to 456% strain. The
fabrication strains for SACNS coating were 70, 126, 283, 317, 370, and 456% for (D) to (I), respectively.

alignment direction of the carbon nanotube bundles (Figure
2D). Further increasing the biaxial strains to 200 and 300%,
SACNS buckles become more separated and less visible
(Figure 2E,F). As the biaxial strain increases from 0 to 300%,
the separation between buckles increases gradually from 1.0 to
2.6 pm. The average width of the islands decreases from 25 to
12 pm for fabrication strains from 0 to 50% (Figure S7).
When two stacks of SACNS were orthogonally stacked on a
pre-inflated elastomer surface (&g, = 13%), a crisscrossed
buckled structure was observed after catheter deflation (Figure
1G-I). These crisscrossed buckles were formed from a
combination of the independent buckling of each orthogonally
stacked SACNS; in perpendicular directions. SACNS is an
anisotropic material, and its Young’s modulus in one direction
is much higher than that in the transverse direction.®® It is
reported that critical strain for buckle formation increases
when the Young’s modulus ratio of film to substrate
decreases.*”™*® For a fabrication strain of 13%, buckles were
formed along the nanotube direction because it reached the
critical strain for SACNS in the direction having a higher
Young’s modulus. While in the weak Young’s modulus
direction (perpendicular to the nanotube direction), fabrica-
tion strain was less than the critical strain; therefore, no buckles
formed. When the same number of SACNS was stacked in
both directions, crisscrossed buckles of SACNS formed since
the critical strain was reached in both directions due to
comparable Young’s modulus. As the fabrication strain

increased to 430%, which was much higher than the critical
strain, the resulting wrinkle pattern became disordered as
shown in Figure 1K.

To understand the formation mechanism of the hierarchi-
cally buckled SACNS structures in Figure 1K/L, we
characterized the surface morphology of a catheter with and
without SACNS coating for different fabrication strains. Figure
S8A—F shows that two pieces of SACNS; layers were stacked
orthogonally to each other, where the top left corners of the
images show the catheter surface without SACNS. The images
show quasi-periodic structures except for the edge of the
SACNS, which should be ascribed to the manufacturing
imperfections. For fabrication strains from 10 to 160%, only
short-period SACNS buckles were observed, and no plastic
deformation on the catheter surface was observed in the area
without SACNS coating, as shown in Figure S8A,B. For
fabrication strains from 225 to 410%, hierarchically buckled
structures were observed in the areas covered with either
unidirectional SACNS; or two perpendicularly stacked
SACNS; (denoted as SACNSs,s/catheter in the following
discussions), as shown in Figure S8C—F. There is no
significant difference between the average island width for
SACNS;/catheter and that for SACNS;,s/catheter, which
increases with increasing fabrication strain (Figure 3B).
Interestingly, for high fabrication strains (225 to 410%),
micrometer-scale islands were also observed on the catheter
surface without SACNS coating (Figure S8C—F), indicating
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that the formation of these islands is due to the plastic
deformation of the catheter surface. The average island width
(~20 pum) for SACNSs,s/catheter (with 225% fabrication
strain) is significantly larger (~8.5 pm) than that for the
catheter surface without SACNS coating (Figure 3A,B), which
is due to modulus increase of the catheter surface after SACNS
coating.lé

The relationship between the number of SACNS layer and
the island width of SACNS, /catheter was investigated by
characterizing buckling morphology of SACNS, /catheters
having different number of layers of SACNS. Figure S9
shows the SEM images of SACNS,,/catheter for m = 1 to 10
for a fabrication strain of 456%, and Figure S10 shows the
average widths of SACNS buckles and islands. The average
widths of the SACNS buckles were 0.3, 0.5, 0.8, and 1.0 ym for
m = 1,2, 5, and 10, respectively, and the average widths of the
islands were 16, 21, 25, and 28 ym for m = 1, 2, 5, and 10,
respectively. It was observed that the increase of SACNS
thickness increases the widths of both SACNS buckles and
islands.

In order to generate islands on the catheter surface, the
catheter is pre-inflated (from 70 to 456% strain) with one prior
inflation/deflation cycle to 456% strain, followed by coating
with unidirectional SACNS,. All tested fabrication strains
yielded island structures, as shown in Figure 3D—I. For a
fabrication strain of 70%, no SACNS buckles were observed on
the islands. This behavior was quite different from the buckled
structure of SACNS prepared on a flat catheter surface without
pre-existing islands, where the SACNS buckled structure was
observed for a fabrication strain as low as 10% (Figure S1A).
As fabrication strain increased up to 456%, short-period
SACNS buckles were observed on the islands. The island
width was ~24 um for a fabrication strain of 70% then
decreased to ~20 um as the fabrication strain increased to
456% as shown in Figure 3C. An interesting observation is that
buckle density increased significantly from ~175/mm to
~300/mm as fabrication strain increased from 283 to 456%.
The tunable buckle density with compressive strains is also
reported. "

Considering that large available strains are preferred for
inflatable electronic devices, the hierarchically buckled
structure (SACNS;/catheter) shown in Figure 1K was used
for further investigations of the electrical and surface wetting
properties. Figure 2G shows electrical resistance (R(€)/Li.y)
as a function of strain (&) for SACNS,,/catheters, where R(¢)
is the SACNS resistance at the strain (&) along the nanotube
direction having a maximum stretched length (L,,,,), which is
equal to the length at the fabrication strain. Figure 2H shows
strain dependence of percent resistance change (AR(e)/R,)
for SACNS,,/catheters (from 0 to 330% strain), where AR(¢)
= R(&) — Ry and R is R(0). These results show that percent
resistance change decreases with increasing m (from 13.7% for
m =1 to 7.8% for m = 10). To our knowledge, there is no
available literature data of resistance change for 2D stretchable
conductors during biaxial stretching or during inflation; the
percent resistance changes for our SACNS, /catheters are
among the lowest level compared with those previously
reported pioneering work for other types of elastomeric
conductors over uniaxial stretching, such as 2D graphene
buckled structures from Zhao’s group (80% resistance change
for 450% uniaxial strain),® 2D curved structure of carbon
nanotube films from Bao’s group (60% resistance change for
200% strain),"” graphene network from Cheng’s group (200%

resistance change for 90% uniaxial strain),*® hierarchically
buckled carbon nanotube films of our previous work (<5%
resistance change for over 1000% uniaxial strain),” and
hierarchically buckled graphene film from Wang’s group
(5.9% resistance change for 400% uniaxial strain).”® Figure
21 shows that Ry/L,,,, for SACNS,,/catheters decreases with
increasing m (1.27, 0.61, 0.22, and 0.09 kQ cm™ for m = 1, 2,
S, and 10) and only slightly increases with increasing
fabrication strain. Moreover, the resistance change for
SACNS;/catheters over a 260% strain range varied slightly
during 500 inflation/deflation cycles (Figure 2I, inset).
Because of this stable resistance and interface over large
inflation, the SACNS, /catheter could be a promising
candidate for inflatable electronics for many potential
applications such as tumor ablation, capacitive volumetric
sensor, and RF antenna.*’ ™

In addition to electrical properties, we also studied the
surface hydrophobicity of SACNS,,/catheter during the biaxial
stretch. One piece of the composite film was cut from the
SACNS,,/catheter, and it was biaxially stretched to measure
the contact angle. Figure S11 demonstrates the water contact
angle changing from 145° to 110° for a water droplet placed
on top of the SACNS,,/catheter. These tunable hydrophobic
properties were not observed on the surfaces of pristine
catheters with and without secondary ravines, indicating that
the formation of the hierarchically buckled SACNS structure
was responsible for the tunable hydrophobic surface properties
of the SACNS, o/ catheter. The tunable hydrophobic properties
at different inflation strains would help changing the wetting
with liquid by changing the strain. For example, it can be used
to have good contact with water or body fluid when expanded
and easily be cleaned when deflated by forming buckles.

Another potential application for SACNS, /catheters is
inflatable tumor ablation. Pioneering works by Rogers’s and
Huang’s group about two-dimensional stretchable conducting
devices use thin metallic or semiconductor films having
micropatterned networks, buckles, or serpentine-like structures
to enable biaxial stretchability.””>* These structures can
provide partial coverage of the conducting surface at an
inflated state. For applications such as tumor ablation,
complete coverage of the conducting surface for an inflated
catheter is preferred because of the requirement of uniform
heating. Here, for demonstration purposes, we used a tubular
catheter as the inflatable substrate. By completely coating the
SACNS; layer on an inflated tubular catheter, we were able to
prepare a tubular SACNS;/catheter having complete SACNS
coverage of the entire catheter outer surface. The volume
fabrication strain (e,,,) is defined as e, = (Vi, — Vo)/V,,
where Vg, is the volume of the inflated catheter for coating
SACNS and V, is the volume of the nonstrained catheter.
Here, &, was 1100%, and an electrical resistance of 168 Q
along the tube direction was obtained in the inflated state,
which could reach up to 1000% volume increase. Figure S12
shows the SEM images for the hierarchically buckled structure
of a tubular SACNS;/catheter for 1100% volume fabrication
strain. Repeated inflation/deflation cycles did not cause
delamination of the SACNS layer from the catheter surface,
and the resistance remained stable as shown in Figure 4A,
suitable for inflatable tumor ablation devices. Figure 4B shows
infrared (IR) images of a tubular SACNS;/catheter in the
inflated state when different direct current (DC) voltages were
applied (Movie S1). The temperature at different positions of
the catheter surface should be different because the SACNSs
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Figure 4. (A) Percentage of resistance change as a function of the
volumetric strain of the tubular SACNS;/catheter for tumor ablation.
(B) Infrared images of the tubular SACNS;/catheter during electro-
heating with different applied different voltages after inflation. (C)
Temperature as a function of time of the tubular SACNS;/catheter at
different applied voltages. (D) Temperature as a function of time of
the tubular SACNS;/catheter during four cycles of electro-heating
and cooling by switching on/off at 17.5 V (0.10 W/cm?). The volume
fabrication strain is 1100%.

are not uniformly coated on the catheter surface, and therefore,
the average temperature was obtained using the IR camera.
When voltage was applied, the surface temperature of the
tubular SACNS;/catheter reached a plateau in less than 10 s
(Figure 4C). The average plateau temperature of the tubular

SACNS;/catheter surface increased from 30.0 to 87.0 °C as
the applied voltage increased from 5.0 to 20.0 V (0.008 to 0.13
W/cm?), which is high enough for tumor ablation applications
such as burning infected tissues, exsanguination prevention, or
cancerous tumor removal. When applied voltage was turned
off, the SACNS;/catheter cooled down to room temperature in
less than 10 s. Figure 4D shows the surface temperature as a
function of time for the tubular SACNS/catheter during two
cycles of electro-heating and cooling by switching on/off at
17.5 V (0.10 W/cm?). This technology could be beneficial for
minimally invasive surgical applications for irregular surfaces of
human body organs by the application-specific design of the
structure and shape of the conducting catheter.

Cancer has become the first killer of human lives, and the
way to treat cancers perplexes most medical scientists.
Hyperthermic tumor therapy has gradually become an
important therapeutic method in clinical practice due to the
thermolabile peculiarity of cancer cells.”® High-intensity
focused ultrasound®®*” and photothermal therapy (PTT)***’
are the two most widely studied ways of hyperthermic tumor
therapy. In this paper, the fact that the SACNS,,/catheter acts
as an effective inflatable tumor ablation electrode encouraged
us to apply this electrode for thermal ablation of tumors. The
toxicity assessments of SACNS found no biological safety
problem, as shown in Table S1. The in vivo thermal effects of
SACNS;/catheter on tumor growth were evaluated in Hepal-6
tumor-bearing mice. As shown in Figure SA, the size of
SACNS;/catheter was controllable for adapting to the tumors.
The SACNS;/catheter can be rapidly heated to 85.0 °C in 3
min after switching on the electricity at 20.0 V (Figure SB).
Figure 5C shows that the tumor temperature is 57.5 °C at 10
min after the treatment, which is close to the heating effect in
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Figure 5. Application of SACNS,,/catheter on tumor ablation by electro-heating. (A) Dimensional image of SACNS;/catheter and Hepal-6 tumor
in vivo. (B) Optical image (left) and thermal image (right) of SACNS;/catheter at 3 min during the treatment progress. (C) Thermal image of the
tumor 10 min after electro-heating through the SACNS;/catheter. (D) Photos of mice and excised tumors during the period of electrical heating
treatment. (E) Tumor growth curves and (F) body weight changes of mice in the control and treatment groups (mean + SD, n = 3).
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Figure 6. (A) Schematic illustration of a SACNS,/catheter/SACNS, capacitor, where the inside and outside surfaces of the catheter were covered
with SACNS,. (B) Percent capacitance change as a function of the volumetric strain of SACNS,/catheter/SACNS,. (C) Percent capacitance
change as a function of volumetric strain at different cycles for a SACNS,/catheter/SACNS, capacitor. The omnidirectional fabrication strain is

260%.

the PTT”2 It is worth mentioning that the SACNS;/catheter
still showed excellent thermal performance and maintains the
temperature at 85.0 °C after heating for 30 min (data not
shown). Figure SD,E shows the effect of tumor thermal
ablation during the period of 16 days after the treatment.
Meanwhile, the body weights of mice were monitored after the
initial treatment. As shown in Figure SF, all mice displayed
only a slight decrease in body weights, suggesting the biosafety
of this electro-heating treatment based on the SACNS,/
catheter.

Real-time parameter feedback such as the volume of
inflatable devices during inflation is important, especially for
locations where imaging technologies are not applicable.
Therefore, an integrated volumetirc sensor is desired for
inflatable devices. Here, we demonstrate a dielectric capacitive
volumetric sensor based on the SACNS,,/catheter. Instead of
coating SACNS on the outer surface of an inflated catheter,
both inner and outer surfaces of a catheter were coated by
SACNS layers (&g, = 240%), which is denoted as SACNS,,/
catheter/SACNS,, in the following discussions.”” In this
structure, the catheter layer acted as a dielectric material
between the SACNS layers (Figure 6A). During inflation of
catheter, the catheter volume increased, and the catheter
thickness became smaller, increasing the capacitance. Figure
6B shows the percent capacitance change as a function of
percent volume change for SACNS,/catheter/SACNS,. The
percent capacitance change increased monotonically by 3570%
as volume increase by 3270% with high reversibility and
without hysteresis.

The relationship between volume and capacitance changes
for a concentric spherical conductor can be theoretically
expressed as (see Section S2, Supporting Information for
details)

AC/Cy= (V/V)*? -1 (1)

Equation 1 shows that AC/C, is proportional to (V/V,)*>.
This theoretical prediction agreed well with our experimental
results as shown in Figure 6B. As shown in Figure 6C, the
percent capacitance change (AC/C,) for SACNS,/catheter/
SACNS, is highly reversible for over 500 inflation/deflation
cycles. Such highly robust SACNS capacitive volumetric sensor
would enable better integration with inflatable devices
compared with conventional electrode materials such as
carbon grease or silver paste. This nearly linear behavior of
capacitance change with large volumetric strain provides a

convenient way for diverse applications. A possible use of such
a strain sensor may be in the case that is not linked with a rope
or tube, such as a hot air balloon. Particularly, if the catheter is
not uniformly inflated, then several capacitive strain sensors
positioned at different places of the catheter would give more
accurate information about the shape and volume of the
catheter. This is different from an indeflator, which measures
the pressure and amount of air indirectly via a tube and gives
an estimation of the total volume.

Inflatable antennas for communications are of great
importance for space exploration and medical applications.
Traditional metal conductors provide excellent electrical
properties for antennas, but they cannot endure large
deformation and have delamination issues during inflation/
deflation cycles. Considering the stable conductance over a
large strain range for our SACNS, /catheter, we were
encouraged to construct an inflatable RF antenna. As a proof
of concept, we fabricated a monopole antenna that showed a
resonant frequency close to 2.45 GHz based on the inflated
conductor. This frequency was in the range of commonly used
Wi-Fi frequency for data communication. To improve the
conductivity of SACNS, a thin layer of silver was deposited
onto individual carbon nanotube bundles in SACNS using
magnetron sputter deposition, which is denoted as Ag-
SACNS, where t is the thickness of the silver layer. Similar
to SACNS,,/catheter, a monopole antenna was fabricated by
attaching one layer of Agy, ,,-SACNS on a pre-inflated
catheter at a fabrication strain of 80%, which is denoted as
Ag,4 nm-SACNS, /catheter antenna (Figure 7A).

Antenna performance was characterized by measuring the
return loss (RL) for different strains and during inflation/
deflation cycles. The return loss is a parameter that can be used
to indicate the amount of power loss of the input signal. The
RL in decibels (dB) can be expressed by eq 2

RL = 10log, (B/B) (2)

where P, is the reflected power and P, is the incident power.

Figure 7B shows the measured and simulated return loss for
a Agyy n-SACNS, /catheter antenna at 0 and 20% strain. For
the frequency range between 500 MHz to 4.5 GHz, the
measured resonant frequency is 2.66 GHz, which is very close
to the simulation result of 2.72 GHz. The measured peak
return loss is —28.4 dB, corresponding to efficient transmission
of over 99.86% power at the resonant frequency. As the
antenna is inflated to 20% strain, the measured resonant
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Figure 7. (A) Optical image of the Agy, ,,,-SACNS,/catheter
monopole antenna with a glass epoxy panel (grade FR-4) and SMA
connector attached. (B) Comparison of the measured (solid curves)
and simulated (dashed curves) return loss for the Ag,, ,,,-SACNS,/
catheter monopole antenna at 0 and 20% strain. (C) Return loss of
the Agyy nm-SACNS, /catheter monopole antenna for cyclic inflation/
deflation tests. The omnidirectional fabrication strain is 80%.

frequency is 2.45 GHz, which is also close to the simulation
value of 2.49 GHz. The measured peak return loss is —27.9 dB,

corresponding to efficient transmission of over 99.99% power
at the resonant frequency. The measured resonant frequencies
agree well with the simulation results, with a slight difference
due to the uncertainty in fabrication and characterization. The
measured antenna bandwidths (frequency range for reflection
loss is smaller than —10 dB) are 700 MHz (from 2.10 to 2.80
GHz) and 840 MHz (from 2.24 to 3.08 GHz) for the deflated
and inflated states, respectively, indicating a reasonable
working range for high-quality wireless communications. For
reliable communication, it is essential that the antenna can
survive multiple inflation/deflation cycles; thus, we tested it for
100 inflation/deflation cycles up to 20% biaxial strain. Figure
7C shows that the operation frequency and the return loss of
the antenna almost remain unchanged after repeated inflation/
deflation cycles, indicating the high robustness of our inflatable
Agy4 1n-SACNS, /catheter antenna.

In order to determine the ability of a monopole antenna of
Agy4 1n-SACNS, /catheter to transmit and receive signals after
inflating or deflating, we composed a communication system
operating at 2.45 GHz to receive or transmit signals in an open
field based on the monopole antenna of Agy, ,.-SACNS,/
catheter. For this test, two antenna modules were used as the
transmitter and receiver. One antenna module was integrated
with the monopole antenna of Ag,, ,..-SACNS,/catheter, and
the other one was integrated with a commercial monopole
antenna. The maximum transmitted power of the antenna
module is 7.0 dBm (5.0 mW), and the sensitivity of the
receiver was —96.0 dBm. Figure 8A,B shows that the antenna
signal (text message of “Nankai University”) can be received or
transmitted at a distance of 26.0 m when the monopole
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Figure 8. (A—D) Photographs showing (A, B) the antenna signal (text message of “Nankai University”) that can be transmitted or received at a
distance of 26.0 m when the monopole antenna of Ag,, ,,-SACNS,/catheter was inflated to 20% strain, and (C, D) as the Agy, ,,,-SACNS,/
catheter was deflated to 0% strain, it communicated well with the transmitter and receiver for a distance of 26.0 m.
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antenna of Agy, ..-SACNS,/catheter was inflated to 20%
biaxial strain. As the monopole antenna was deflated to 0%
strain, it communicated well with the transmitter and receiver
for a distance of 26.0 m (Figure 8C,D and Movie S2). The
wireless transmission may find applications in transferring
different signals wirelessly, such as temperature, pressure, and
biosignals (glucose, antibodies, etc.). The design without wires
may decrease the risk of wire disconnection and simplify the
device constructions by eliminating the transmission wires.
Furthermore, if the inflation/deflation of the catheter and its
movement can be controlled remotely by using wirelessly
controlled actuators, then the wireless communication will be
important in these scenarios.

In summary, we have demonstrated a straightforward
scalable approach for fabrication of highly inflatable
SACNS,,/catheter conducting devices with controllable two-
dimensional buckled structures including quasi-parallel
buckles, crisscrossed buckles, and hierarchically buckled
structures by coating SACNS on the pre-inflated catheter,
which enabled reversible inflation/deflation for up to 7470%
volumetirc strain. The hierarchically buckled SACNS,,/
catheter showed stable electrical resistance and tunable surface
wetting properties. Such structures could be patterned by
lithographic techniques and broaden the design options of
functional devices. We also demonstrated inflatable tumor
ablation devices, capacitive volumetric sensors, and inflatable
antennas using SACNS-coated catheter devices. The presently
demonstrated inflatable SACNS,,/catheter devices open new
avenues for inflatable electronics such as space exploration and
medical applications.

B EXPERIMENTAL SECTION

Fabrication of SACNS,/Catheter and SACNS,/Catheter/
SACNS,,. The process for making a SACNS,, /catheter is described
in the following. First, a catheter was inflated to a fabrication strain
using an air pump. Freestanding SACNS films were attached over the
inflated catheter and densified with ethanol (98%) on the catheter
surface. After ethanol drying, the inflated catheter was slowly deflated
to form a SACNS, /catheter. To prepare a SACNS, /catheter/
SACNS,,, a deflated SACNS,, /catheter was inflated again to the
fabrication strain, and then, another layer of SACNS,, was applied on
the eversion of the inflated SACNS,,/catheter surface. After
densification using ethanol (98%), the catheter was deflated to form
a SACNS,,/catheter/SACNS,,.

Microscopy, Widths of Buckles and Islands, Resistance,
Strain, Contact Angle, IR Thermal Images, Volume, and
Capacitance Measurements. A field-emission scanning electron
microscope (model Nova NanoSEM450) was used to obtain SEM
images. The resistance of SACNS, /catheter was measured using a
Keithley 2400 SourceMeter unit via a two-probe method. The strain
of an inflated catheter was measured by measuring the length between
the two points on the catheter using a soft ruler, which were drawn on
the inflated catheter. The average widths of the SACNS buckles and
islands were measured with SEM images, which are taken from
samples with the same preparation conditions of five different batches.
Contact angle measurements were conducted by taking photos using
a camera at ambient temperature. An infrared (IR) thermometer
(FLIR T440) was used to obtain thermal IR images and temperatures.
The average temperature of the catheter surface was obtained by
using the “average function” in FLIR software. Actual volume of the
inflated catheter was measured using water displacement in a partially
water-filled tank, which acted as a plethysmograph to provide a
measure of actual catheter volume. A capacitance meter (BK precision
810C) was used to measure the capacitance.

Cell Culture and Toxicity Assay. The mouse myoblast C2C12
cells were purchased from the Cell Bank of the Shanghai Institute of

Biochemistry and Cell Biology at the Chinese Academy of Sciences
(Shanghai, China). C2C12 cells were cultured in DMEM media. The
media were supplemented with 10% fetal bovine serum, 50 pg/mL
penicillin, and 50 pg/mL streptomycin at 37 °C and 5% CO, in a
humidified environment.

The cell viability of C2C12 cells, measured by 3-(4,5-dimethylth-
iazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay, was used
as an indicator to evaluate the toxicity of SACNS. SACNS was stacked
to the bottom of 96-well culture plates. The cells were plated on the
SACNS (5 x 10° cells/well). After incubation for 24, 48, or 72 h, 20
uL of MTT (5 mg/mL) was added to each well. The formed
formazan crystals were dissolved in DMSO (150 uL/well) by
constant shaking for 10 min. The absorbance was measured on an
ELISA reader (SpectraMax Plus384, Molecular Devices, Sunnyvale,
CA) at a test wavelength of 570 nm and a reference wavelength of 630
nm. Cell viability was calculated using the following formula: % cell
viability = A,/A; X 100%, where A, and A, denote the absorbance of
the SACNS and media control, respectively.

Simulation, Fabrication, and Measurements of the Monop-
ole Ag,-SACNS, /Catheter Antenna. The conducting electrodes
used to fabricate the antenna were silver-coated SACNS (Ag-
SACNS). First, we deposited a thin layer of silver on SACNS to
improve its conductivity using an FJL-S60C series magnetron
sputtering system. Then, the Ag-SACNS,,/catheter was fabricated
using a similar process for preparing SACNS,,/catheters by replacing
m layers of SACNS with m layers of Ag-SACNS. Agy4 nn-SACNS
films were obtained by using the power at 14.0 W for 8 min, and the
fabrication strain of Ag,4 ,,,-SACNS,/catheter was 80%. To obtain the
desired resonant frequency and impedance, a commercial code
ANSYS high-frequency structure simulator (HFSS) was used for
calculating the required length and width of the inflatable antenna.
For a resonant frequency of 2.45 GHz, the simulated values for the
length and width of the antenna are 28.0 and 6.0 mm, respectively.
Because the antenna size was relatively small, a tiny fabrication error
may result in a non-negligible shift in operation frequency. Therefore,
several parallel antennas of the same specifications were prepared. For
excitation measurements of the antenna, a microstrip feed line having
an impedance of S0 Q on a flame resistant-4 (FR-4) board was
connected to the antenna. The FR-4 board was used for holding the
feed line and for the convenience of measurements. A 3.5 mm
SubMiniature version A (SMA) connector was soldered to the
substrate and connected to the feed line, with the connector body
grounded. The feed line was attached to the center rectangle using
silver paste to ensure good electrical contact between the Agy, .-
SACNS and the feed line. The reflection loss of the antenna was
measured using an Agilent E8363C 10 MHz ~40 GHz network
analyzer.

In Vivo Antitumor Efficacy of SACNS,/Catheter-Mediated
Electrical Thermal Treatment. The CS7BL/6 mice (female, S
weeks old) with subcutaneously xenografted Hepal-6 tumor were
randomly divided into two groups (n = 3 per group). For the
treatment group, SACNS,,/catheter was used as an inflatable tumor
ablation to parcel the tumor in mouse, and then, electricity was turned
on with a voltage of 20 V for 30 min. The IR thermal imaging camera
(FLIR Corporation, USA) was used to monitor the heating effect of
the treatment. The tumor volumes and body weights of two groups of
mice were measured every 2 days for 16 consecutive days. During the
period of treatment, iodophor and merbromin were used to sterilize
the tumor foci and promote the scab off.
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