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ABSTRACT: Many three-dimensional (3D) nanomaterial-based assemblies need
incorporation with elastomers to attain stretchability—that also compromises their
pristine advantages for functional applications. Here, we show the design of
elastomer-free, highly deformable silver nanowire (AgNW) conductors through
dip-coating AgNWs on a 3D polymeric scaffold and following a simple triaxial P v
compression approach. The resulting 3D AgNW conductors exhibit good stability
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bending as well as comparable conductivity with those elastomer-based ones. g
Moreover, the buckled structures endow our 3D conductors with novel negative £
Poisson’s ratio behavior, which can offer good comfortability to curvilinear
surfaces. The combination of mechanical properties, conductive performance, and
unique deformation characteristics can satisfy multiscale conformal mechanics with

a soft, curvilinear human body.
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1. INTRODUCTION

Stretchable electronic materials enable classes of applications,
such as flexible sensors'™* and actuators,” electronic
textiles,” ™ deformable displays,w’11 and artificial skins,'*™"°
that cannot be achieved using conventional, wafer-based
technologies. Developing materials that can offer the
conductive properties of established inorganic materials but
also can endure multimodal, large-strain, and repeated
deformations without changes in their characteristics is of
crucial importance in this field. Besides structurally upgrading
the stretchability of conventional inorganic and metallic
materials, bottom-up assembly of nanomaterials—that have
remarkable electrical properties and can intrinsically survive
large deformations—represents an alternative and particularly
promising routine. Advances in the context can be roughly
categorized by the bulk conﬁguratlons of these assemblies:
one-dimensional (1D) yarns and fibers,"®™"? two-dimensional
(2D) conductive sheets, mats, and films,>>*'
dimensional (3D) arrays, sponges, and foams.”””>° The
building blocks used include nanocarbon materials, such as
carbon nanotubes (CNTs) and graphene,lé’26 % and nano-

metal materials, such as silver, copper, and gold nanoparticles
24,20-31

and three-

Or nanowires.

A major challenge limiting the application of nanomaterials
in flexible electronics is the loss of stretchability and
mechanical robustness after assembling them to bulk materials.
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Such fact has been believed to be a result of the relatively weak
interfacial interaction between individual nanomaterials.”* One
way to overcome this challenge is to introduce buckled, curved
microstructures into these assemblies such that the bulk
deformation mostly comes from the stretchable micro-
structures, instead of the weak interfaces nor relatively stiff
nanomaterials themselves. Recent developments have led to a
combination of bottom-up and top-down manufacturing
strategies to achieve nanomaterial-based assemblies with
stretchable microstructures. Examples include twisting the
CNT yarn to form a springlike configuration,™ designing an
in-plane serpentine shape with kirigami techniques,”**
exploiting the stretching/release/buckling method to achieve
out-of-plane waviness for CNT ribbons on an elastomer,*® and
many more. However, unlike those 1D and 2D examples, 3D
assemblies show more intriguing structural hierarchy, yet the
introduction of stretchability-favored bucklings into them in a
controlled manner has been extremely challenging. Con-
sequently, these 3D assemblies, such as graphene, CNT, and
nanowire foams/sponges, were incorporated with elastomers
to attain stretchability. This treatment compromises many of
the advantages of the pristine assemblies, such as low density,
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Figure 1. Preparation and characterization of the AgNW-coated BPU sponge. (a) Comparison between PU and BPU sponges. (b) Polymerization
process of PDA and a diagrammatic representation for self-assembly of the AgNW. (c) Schematic illustration of the manufacture of the AgNW-
coated BPU sponge. (LII) SEM pictures of the BPU sponge at low and high magnification, respectively. (IILIV) SEM pictures of the PDA-coated
BPU sponge at low and high magnification, respectively. (V,VI) SEM pictures of the AgNW-coated BPU sponge at low and high magnification,

respectively.

permeability, and high aspect specific surface area, features that
would extend their functional uses. Also, a hard nanomaterial—
soft elastomer mismatch makes interfacial failure nontrivial,
challenging their long-term durability as stretchable electronic
elements.

Here, we describe the design of 3D elastomer-free,
stretchable, compressible, and bendable silver nanowire
(AgNW) conductors via a simple triaxial buckling approach.
We chose commercially available polyurethane (PU) sponges
as templates because of their available open-cell, high
deformability, and large specific surface area, that is, suitable
for coating on kinds of nanomaterials and introduced with a
buckled structure by triaxial thermal compression. Before dip-
coating the AgNW on the buckled template, the sponge
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scaffold was modified with polydopamine (PDA) layers to
improve the adhesion between nanowires and the scaffold. The
resulted conductors possess remarkable deformability, con-
ductivity, and stability. Also, the stretchable conductors,
showing interesting negative Poisson’s ratio, can provide
good comfortability to curvilinear surfaces, which are common
in the human body.

2. RESULTS AND DISCUSSION

2.1. Preparation and Characterization of Buckled
Sponges. The buckled sponges were prepared based on the
previous study.””*”*® Figure la shows the process of
fabrication and the comparison between PU and buckled PU
(BPU) sponges, where the buckled structure was introduced to
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Figure 2. (a) Schematic of the structure conversion under uniaxial stretching. (b) Poisson’s ratio of PU and BPU sponges under tensile and
compressive strain. (c) Photograph of PUC and BPUC under stretching. Representative lateral contraction for PUC and lateral expansion for
BPUC under tension with different structures. (d) Variation of relative resistance change concerning tensile strain for both conventional PUC and
BPUC. The in situ tension with SEM shows the conversion of the internal structure of PUC and BPUC. (e) Current—voltage measurement of LED
lamps connected by stretchable BPUC at various tensile strains. (f) Comparison of the conductivity properties of BPUC and other materials as a

function of density. (G: graphene foam).

commercial PU sponges with a triaxial compression. A
comparison of internal structures is further made between
the conventional pristine PU and the BPU sponges. As shown
in Figure la, the pristine PU sponge presents a honeycomb-
like structure,®® while the BPU sponge presents a buckled
structure with a hot-pressing treatment, which can be regarded
as a re-entrant structure, as evidenced by the scanning electron
microscopy (SEM) images (Figure 1a).

Subsequently, in order to facilitate comparison, both of the
commercial PU sponge and the BPU sponge were dealt with
the following steps, as shown in the schematics in Figure 1b.
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The first step is to modify an adhesion layer on the surface of
the sponge. As known, the PDA coating is an effective method
to modify various surfaces because of its abundant catechol and
amine groups.”” "' As shown in Figure 1b, dopamine will
undergo self-polymerization to produce an adherent PDA
coating on the surface of the sponge at a weak alkaline pH. A
transition of color from white to black is clearly observed for
BPU after coating the PDA layer. Meanwhile, the surface of the
BPU sponge shows the transition from the hydrophobic
characteristic as shown in Figure 1c(I) to the hydrophilic
characteristic as demonstrated by contact angle measurements
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Figure 3. Conductive performance under multimodal deformation of BPUC. (a) Relative resistance change under strain (the negative and positive
strains represent compressive and tensile strains, respectively) the inset is the process of structure evolution under the tensile strain and
compressive strain. (b) Relative change in resistance within 15 cycles under tensile strain (0—50%) and compressive strain (—10 to —50%). (c)
Relative change in resistance under bending deformation. The inset is the schematic of the bending mode. (d) Relative resistance change for BPUC
under 1000 bending cycles (bending radius: 3 mm). (e) Resistance change for BPUC under different twisting strains. (f) Resistance change for

BPUC under various frequencies at 40% strain.

in the inset of Figure 1c(III). To endow the electrical
performance of the BPU sponge, AgNWs were coated through
multiple dip-coating cycles in the AgNW suspension (with a
concentration of 5 mg/mL and the aspect ratio is close to 1000
for the AgNW). Note that the four-cycle treatment is
optimized to achieve the uniform AgNW coating and hence
a high conductivity around 20 S/cm and a comparatively low
density of 73 mg/cm® (Figures 1c¢(V,VI), S4, and S5). The
final content of the AQNW was ~18 wt % as determined by
thermogravimetric analysis (TGA, Figure SS). In comparison
with PDA-assisted AgNW/BPU shown in Figure 1c(V,VI),
only few AgNW could be observed on the surface of PU
without the presence of the PDA layer (Figure S6), indicating
that the presence of the PDA layer is vital for enhancing the
adhesion between AgNW and PU surfaces. We attributed it to
the hydrogen bonding-driven self-assembly between lone pair
electrons of catechol and amine groups on the surface of PDA
and the carbonyl groups of the polyvinyl pyrrolidone (PVP)-
modified AgNW.*>** Additionally, this simple approach favors
large-scale fabrication and the size of conductors can reach as
large as 100 cm* (Figure S7).

2.2. Poisson’s Ratio and Conductive Performance.
Generally, Poisson’s ratio provides a universal way to contrast
the structural performance of materials when strained
elastically. In particular, negative Poisson’s ratio (auxetic
behavior), that is, the anomalous property of becoming
wider rather than thinner when stretched, has been
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demonstrated to tri§§er some remarkable properties for
practical applications.” On the basis of the SEM images of
the internal structure in Figure la, we can assume that the
internal porous structures of PU and BPU feature the regular
hexagonal and indented hexagonal shape, respectively. In
addition, the structural evolution under uniaxial stretching for
different shapes is shown in Figure 2a. In addition, as shown in
Figure 2b, Poisson’s ratio of PU and BPU sponges is totally
different, which is positive for PU and negative for BPU
regardless of deformation modes. More interestingly, Poisson’s
ratio for BPU almost tends to be around —0.5 within 30%
tensile strain and the smallest of —0.54 at 20% tensile strain.
Figure 2c¢ shows the comparison between the PU conductors
(PUC) and BPU conductors (BPUC) under uniaxial
stretching, where distinct deformation characteristics are
obviously visible.

To further investigate the effects of the buckled structure on
the conductive performance, we have studied the relative
resistance change (AR/R,) in the axial direction against the
applied strain for both PUC and BPUC (Figure 2d). As
expected, PUC (red curve) display a dramatic enhancement in
AR/Ry as the tensile strain increases and eventually fracture at
the strain of 65% with a 26 times increase in resistance. By
comparison, the BPUC (blue curve) show a significantly better
conductive performance over a broad range of strain (the
conductivity is shown in the Figure S9), including higher
stability below the strain of 75% and greater deformability

DOI: 10.1021/acsami.8b19890
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Figure 4. Representative properties of BPUC. (a) Digtal images of crack resisting under tensile strain for both PUC and BPUC. (b) Left:
Schematic illustration of different curvatures for PUC and BPUC. Right: Photographs of PUC and BPUC attached on the joint of the finger. (c)
Photographs of LED lamp-integrated BPUC attached on the finger with different bending angles, from 0° to 90°. (d) Infrared images of BPUC

attached on a wrist under movement.

beyond that. To study the effect of the internal structure on the
conductive properties, a homemade in situ tensile machine was
employed to monitor the evolution process of the internal
structure under different tensile stains. As shown in insets of
Figure 2d, when BPUC are under tension, their re-entrant
structures enable buckled structure-releasing deformations (in
both the stretching direction and the transverse direction),
instead of separation of conductive nanomaterials, so as to
guarantee the stability of resistance even under large tensile
strains. On the contrary, for the PUC with positive Poisson’s
ratio, the deformation in the transverse direction is always
opposite to the stretching direction. Thus, there would be
many cracks when stretching the PUC as observed from the
SEM views, which leads to rapidly increasing resistance.

To confirm the superior conductive stability of BPUC, we
designed a complete circuit, where the conductive sponges
served as conductors connected with a red light-emitting diode
(LED), clamped by our homemade tensile machine. As shown
in Figure S10, with the increase in tensile strain, distinct LED
emission intensities are observed. For the PUC, the LED
emission intensity merely maintains below the tensile strain of
50%, while higher strains would cause ultimate fracture that
decreases the emission intensity. In contrast, for the BPUC, the
LED emission intensity remains almost unvaried during the
whole stretching deformation process until the strain up to
100%. As a proof-of-concept of the application of the BPUC,
we demonstrated the fabrication of the stretchable LED circuit
to light up an LED lamp at different tensile strains (Figure 2e)
and found an excellent stability of -V characteristics curves
within the range from 0 to 100%.

Furthermore, our stretchable conductors also exhibit
advantages in both conductive performance and material
density (Figure 2f) as compared with other recently reported
3D spongelike materials, including carbon foams/aero-
gelszz,25,28,45—54 (the density is within 100 mg/cm®) and
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. 52,55—61
elastomeric substrate-based conductors®®® [such as

polydimethylsiloxane (PDMS), PU, Ecoflex, and so on, and
the density based on the substrate is at least 1000 mg/cm?].
Specially, the density of our conductors is as low as 73 mg/
cm®, which is commensurable to carbon materials and far
below elastomeric substrate-based conductors. The conductiv-
ity can be maintained as high as 14 S/cm with excellent
stability within tensile strain of up to 50%. Not only with the
stretchability, our stretchable conductors also possess the same
compressibility as carbon foams with stable conductivity, in
striking contrast with the elastomeric substrate-based con-
ductors that can only suffer compressive strain of 10%
reversibly.”’

2.3. Conductive Capability under Multimodal Defor-
mation. The cycling stability of the stretchable conductors is
one of the most important characters, as it determines the
reusability of stretchable conductors or even wearable
electronics. Herein, to testify the cycling stability of the
BPUC, the dynamic thermomechanical analysis (DMA)
machine was used to apply tensile cycle deformations, while
the resistance was measured by Keithley 4200. Figure 3a shows
AR/Ry as a function of strain (the negative and positive strains
represent compressive and tensile strains, respectively), and the
stretching/releasing and compressing/releasing cycles are
presented in Figure 3b. During stretching/releasing cycles,
we find that AR/R, is only ~25% at a strain of 50%,
corresponding to the resistance of about 1.16 €, and this value
further drops down to ~23% during compressing/releasing
cycles for the BPUC. In addition, the response of AR/R, under
different tensile and compressive strains has also been shown
in Figure S12. In comparison with the recent report,
conductors of the Au—Ni@graphene-coated PU sponge
based on elastomeric PDMS represented almost 100% of
AR/R, at a tensile strain of 30%;°” another case such as
graphene honeycomb sandwich integrated with PDMS showed

DOI: 10.1021/acsami.8b19890
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60% fluctuation for 60% tensile strain;>” the excellent cycling
stability of the BPUC declares the competence of being a
stretchable conductor.

In addition to the tension mode, other deformation modes
including bending and twisting have been executed to evaluate
the cycling stability of BPUC. As depicted in Figure 3¢, with
decreasing bending radius, the as-resulted increasing bending
strain tends to slightly reduce the resistance of the BPUC.
Moreover, the performance of the cycling stability under the
bending mode is excellent as the AR/Ry is less than 10% after
1000 cycles at a given bending radius of ~3 mm, as shown in
Figure 3d. However, keep increasing the bending cycles, AR/
R, increased slightly, and the SEM image also shows that there
are some cracks but the conductive path remains intact, as
shown in Figure S13. Similar stability was also observed for the
twisting mode as AR/R, is within 7% under the cyclic twisting
strains at different levels, even under a dynamic conductive
environment as demonstrated in Figure 3ef (frequencies
ranging from 0.1 to 2 Hz with a twisting strain of 40%).

2.4. Potential Application of BPUC. Despite of the
excellent conductivity, stretchability, and stability under
multimodal deformation, the BPUC also possess other special
properties that are well suited for wearable electronics. As
shown in Figure 4a, circular holes are present in the middle of
both the PUC and BPUC and LED lights are integrated to
examine the mechanical response of sponges to structural
defects. Initially, both the PUC and BPUC can maintain the
structural integrity so that the LED lights always kept bright.
However, with the continuous increase of the tensile strain
beyond 50%, the circular hole in PUC tends to be a longer and
narrower slit which facilitates the fast fracture of the
conductors. In contrast, because of the re-entrant structures
and auxetic deformation behaviors of BPUC, the circular hole
is likely to form an ellipse shape during tension, so that the
relatively uniform strain distribution could effectively retard
the propagation of cracks and enable a considerably high
stretchability (a fracture strain of 150%) even with a structural
defect.

Additionally, combined with such great stretchability,
negative Poisson’s ratio makes our stretchable conductors
highly accommodated to body movements, such as bending of
the finger, wrist, and elbow, thus satisfying the demands for
wearable electronics. As illustrated in Figure 4b, compared
with the PUC with positive Poisson’s ratio that features the
anticlastic curvature under bending, the BPUC with negative
Poisson’s ratio tend to exhibit synclastic characters which
improves its fitness for the irregular and movable surface. Such
distinction can be clearly seen in the photos in the right side as
an example, demonstrating higher conformability and comfort-
ability of BPUC when tied to the finger and subjected to
bending. Furthermore, employing the same method as
discussed above, the stability of conductive performance is
also verified under bending deformation without loss of its
conformability on the finger joint, as shown in Figure 4c.

Owing to the excellent conductivity under multimodal
deformation, our materials are also suitable for the stretchable
heaters.”>™ The curves of temperature against time are
plotted at different direct voltages, and eventually, the
temperature tends to stabilize at a constant value (Figure
S15). Herein, the electrical heater is integrated with a direct
current power and tied on the wrist, and Figure 4d shows a
series of infrared camera images when the wrist moved
downward and upward during joule heating at an applied
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voltage of ~1.2 V. This proves the remarkable stability of the
heater under deformation and its potential as the stretchable
heaters. In attention, compared with other heaters,”>™® our
designed stretchable heaters possess lower driving voltage for
heating, and the porous and buckled structure endows
comfortability unlike the elastomeric polymer, for example,

gas permeability and adaptability for complex shapes.

3. CONCLUSIONS

In conclusion, we have successfully developed 3D multimodal
deformation electrically conductive conductors by the
fabrication of a thin layer of the AgNW on chemically
modified, 3D-interconnected, and macroscopically continuous
BPU sponges with negative Poisson’s ratio by introducing the
buckled structure through the 3D hot-pressing process.
Furthermore, this method has several remarkable advantages.
First, the sponges are a highly interconnected porous structure,
which provides a template for the AgNW to build a 3D
conductive network. Second, the modified surface increases the
adhesion and interfacial strength. Third, the introduction of
the buckled structure not only enhances the stretchability but
also guarantees the conductive stability as stretchable
conductors based on the buckled structure-releasing effect.
Finally, the fabrication process is air-compatible and solution-
processed, which is suitable for large-scale production and
applications.

Furthermore, compared with the general PUC, negative
Poisson’s ratio behavior of BPUC provides a unique advantage,
that is, particularly beneficial to the stretchable conductors and
other devices. Also, due to negative Poisson’s ratio, the BPUC
possess some special characters. For example, the crack
resistance makes the BPUC maintain stable performance
even with severe damage. Another is the unique shape-
conforming capability because of the synclastic curvature
property when bending to form doubly curved or domed
shapes, which is not possible in any other positive Poisson’s
ratio materials. Considering the complex human body contours
containing various double curvature surfaces, these conductors
can fit the curvature surface of body’s joint perfectly and satisfy
the dynamic moving process. We also successfully demon-
strated the potential application of the BPUC, and the
excellent conductive performance was presented under differ-
ent deformations. Although it is only a proof-of-concept
demonstration, we envision that the 3D stretchable and
compressible and electrically conductive BPUC should have
many applications in flexible and wearable electronics,
electronic skins, actuators, and so forth.

4. EXPERIMENTAL SECTION

4.1. Preparation of BPU Sponges. The commercially available
open-cell PU sponges were first cut into 45 X 45 X 30 mm® cuboids
and then cleaned by ethanol and deionized water, followed by drying
at 60 °C for 4 h. One of these sponges was then inserted into a steel
mold (inside dimensions 30 X 30 X 20 mm®) and compressed
triaxially with compressive strain of 33.3% in all three orthogonal
directions. The steel mold was then pressed under the hot-pressing
machine for 1 h at softening temperature (150 °C). After cooling to
room temperature, the sponge was removed from the mold.

4.2, Preparation of PDA-Modified BPU Sponges. The BPU
sponge was cleaned by ethanol several times and dried at 40 °C. The
cleaned BPU sponge was cut into small pieces with a size of 30 X 5 X
2 mm®. Tris(hydroxymethyl) aminomethane (0.242 g) was dissolved
in 200 mL of distilled water, and the pH was maintained at 8—9 with
HClL Then, 02 g of dopamine hydrochloride was added and
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dissolved. All sponge pieces were dipped into the solution for 12 h
and then dried at 40 °C for 2 h.

4.3. Preparation of the AQNW. The AgNW for the preparation
of stretchable conductors was synthesized using a one-step polyol
method.**®” PVP (6 g, MW = 300 000) was added to 150 mL of
ethylene glycol (EG) and wholly dissolved using magnetic stirring at
room temperature. Afterward, S g of silver nitrate (AgNO;) was
added to the PVP solution. After complete dissolution, 20 g of a
CuCl, salt solution (50 mM in EG) was dumped into the mixture and
stirred for 3 min at room temperature. The mixture was then heated
at 130 °C to grow the AgNW for 1 h until the reaction was complete.
Finally, acetone and ethanol were used to wash the precipitate.

4.4. Preparation of BPUC. The modified BPU sponge was
immersed in the AGNW dispersion for 30 min and then blew away the
excess AQNW by nitrogen. The dip-coating process was repeated until
the surface of BPU was fully coated, and the resulted AgNW-coated
sponge was dried overnight.

4.5. Characterization. The morphologies the samples were
examined by a scanning electron microscope (JEOL JSM-7S00F).
The 3D internal structure of BPUC was tested by ZEISS Xradia 510
versa. The in situ observation was executed by our homemade in situ
tension machine. The content of the AQNW was measured on TGA
Q500 (TA) by heating from room temperature to 1000 °C in
nitrogen at 10 °C min~'. The temperature of BPUC at different
voltages was recorded by a simple thermocouple, and the infrared
images were recorded on Fluke Thermal Imager TiX 560.

4.6. Conductive Performance Evaluation. The electrical
resistance of the conductive BPUC under multimodal deformation
was tested by a four-wire probe method with a Keithley 4200
sourcemeter. The stretching (the sample size is 30 X S X 2 mm?) and
compression (the sample size is 10 X 10 X 8 mm?®) tests were
performed on DMA Q800 (TA), the bending (the sample size is 30 X
5 X 2 mm?®) tests were executed by homemade tension clamp, and the
twisting (the sample size is 30 X 5 X 2 mm®) tests were carried out on
a HAAKE MARS II rheometer.
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