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ABSTRACT: Wearable and highly sensitive strain sensors are
essential components of electronic skin for future biomonitor-
ing and human machine interfaces. Here we report a low-cost
yet efficient strategy to dope polyaniline microparticles into
gold nanowire (AuNW) films, leading to 10 times enhance-
ment in conductivity and ~8 times improvement in sensitivity.
Simultaneously, tattoolike wearable sensors could be fabricated
simply by a direct “draw-on” strategy with a Chinese penbrush.
The stretchability of the sensors could be enhanced from
99.7% to 149.6% by designing curved tattoo with different
radius of curvatures. We also demonstrated roller coating
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method to encapusulate AuNWs sensors, exhibiting excellent water resistibility and durability. Because of improved conductivity
of our sensors, they can directly interface with existing wireless circuitry, allowing for fabrication of wireless flexion sensors for a

human finger-controlled robotic arm system.
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tretchable and highly sensitive strain and flexion sensors
have received tremendous attention due to their potential
applications in wearable electronics,' " biomonitoring,'*~"
and human/machine interface."*"'® The key challenge in
designing such sensors is to achieve reasonably high
stretchability without materials delamination, while maintaining
excellent sensing performance. Traditional metal-based strain
gauges are brittle (Young’s modulus > 1 X 10'° Pa) with limited
stretchability (¢ < $%),"” which cannot meet the pressing
demand for the above-mentioned applications, such as wearable
biomedical sensors for health monitoring anytime anywhere.
A promising strategy to future ultimate wearable sensors is to
use electronic skin (e-skin) materials by integration of
optoelectronically active nanomaterial with polymeric elasto-
mers.”' %72 To date, a variety of nanomaterials, including
zero-dimensional (0D) nanoparticles (NPs),'®"” one-dimen-
sional (1D) nanowires (NWs)”>°">*/carbon nanotubes
(CNTs),”'”** and two-dimensional (2D) graphene™™*" have
been used in the design of e-skin materials-based sensors.
Despite the success, these single-component e-skins have
limitations. For example, 0D NP-based e-skins could achieve an
extremely high sensitivity (gauge factor (GF) > 100),'® but they
exhibited limited stretchability due to the irreversible changes in
interparticle gaps under large strains. However, 1D nanoma-
terials-based systems could achieve extremely high stretchability
but often exhibit poor sensitivity (GF < 10).°™>* In this
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context, binary systems of 0D and 1D has been explored,
including CNTs/AgNPs,30 CNTs/ graphene,"’l’32 and AgNWs/
AgNPs.” Tt was reported that the sensitivity could increase
more than 23 times when silver NPs were added into CNTs;*°
the conductivity could increase more than 1 X 10° times when
AgNPs were added into AgNWs.>

Recently, we successfully fabricated wearable pressure
sensors'” and highly stretchable strain sensors”” using ultrathin
gold nanowires (AuNWs). Unlike other 1D nanomaterials,
which are straight with high persistence length, AuNWs are
serpentine at the nanoscale behaving like “polymer chains” due
to their ultrathin nature (2 nm in width, with an aspect ratio >
10 000).>*73¢ Hence, the AuNWs are intrinsically stretchable,
which have been demonstrated to be a unique e-skin material
for stretchable electronics.””>*~>® However, one limiting factor
for pristine AuNWs films is that their conductivity remains low,
preventing their direct integration with existing miniaturized
wireless circuitry, which often requires a resistance of K.
Herein, we demonstrate a simple yet efficient approach to dope
polyaniline (PANI) microparticles into AuNW films, leading to
10 times enhancement in conductivity allowing for direct
integration with wireless circuitry to remotely control robotic
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Figure 1. (a) Schematic of the AuNWs/PANI strain sensors. (b) Plot of sheet resistance of AuNWs/PANI film at various PANI concentrations (w/
w) from 0 to 20%. (c) Plot of resistance response as a function of strain for four AuNWs/PANI sensors with various PANI concentrations (w/w)
(0%, 5%, 10%, and 20%). The linear stage moving speed was fixed to 2 mm/s for all tests. (d) SEM image of the surface morphology of AuNWs/
PANI strain sensors (weight fraction of PANI: 10%) on latex rubber substrate (scale bar: S ym). (e—g) Optical profilometry images of a AuNWs/
PANI strain sensor before stretching (e), under 100% stretching (f), and after releasing (g; scale bar: 100 um).

arms. Simultaneously, ~8 times improvement in sensitivity was
achieved. Moreover, tattoolike wearable sensors could be
fabricated simply by a direct writing strategy with a Chinese
penbrush. For the curved tattoo with different radius of
curvatures, the stretchability could be enhanced from 99.7% to
149.6%. We also demonstrated roller-coating method to
package AuNWs sensors, showing excellent water resistibility

and durability.

B RESULT AND DISCUSSION

The hybrid conductive ink was first prepared by mixing AuNW
solution (10 mg/mL)**~*° and PANI solution (10 mg/mL)
with various ratios (w/w). After it was mixed and sonicated (10
min, 50 Hz), the composite mixture was ready for drop-casting
or direct writing of desired patterns onto latex rubber substrate.
Figure 1b shows the sheet resistance variation of the AuNWs/

PANI films with respect to PANI concentrations (w/w, 0—
20%) by drop-casting. The thickness of film was controlled at
~2 pm with 20 X 5 mm?” patches confined by polyimide tape
masks. The initial sheet resistance of AuNWs film without
PANI was measured as 2.09 + 0.95 MQ and then gradually
decreased according to the increase of PANI concentration
before finally reaching 148.1 + 78.2 kQ at PANI concentration
of 20%. The lower electrical resistance is mainly due to the
presence of PANI microparticles (Figure S1), which reduced
the resistivity by providing more connection points for
conduction pathways.’>*® Notably, the conductivity of the
hybrid film can be further improved by continually increasing
the PANI concentration. However, if PANI concentration was
too high, the films were found to have macroscopic cracks after
stretching (Figure S2), demonstrating the critical role of
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Figure 2. (a) Electrical resistance changes of AuNWs/PANI strain sensors in comparison with AuNWs strain sensors under various strains. (b) Plot
of resistance response as a function of time (strain frequency: 0.5 Hz) for five applied strain (5%, 10%, 20%, 30%, and 50%). (c) The durability test
under a strain of 5% for 10 000 cycles at a frequency of 1.05 Hz. (d) Enlarged view of the part of the R—t curve in (c), red line represents the first

seven cycles, and blue line represents the last seven cycles of the test.

AuNWs in the composite films for providing a conductive yet
stretchable matrix.

In addition, we estimated the stretchability of four samples
with PANI concentrations of 0%, 5%, 10%, and 20% by
measuring the electrical resistance changes of each film at full-
scale strain of 0%—100%—0% with a stage moving speed of 2
mm/s (Figure 1c). The results indicated that the resistance of
hybrid film with PANI concentration < 10% can be well-
recovered after strain at 100%, but AuNWs—20%PANI film
become nonconductive after strains of more than 20%, which
resulted in irreversible resistance increase of ~20 times after
recovery. This is because higher loading of PANI microparticles
led to brittleness of the hybrid film, which showed permanent
breakage under large strain. Therefore, AuNWs—10%PANI film
was chosen as the optimized weight ratio in the following
analysis. The scanning electron microscopy (SEM) image
(Figure 1d) of AuNWs—10%PANI film showed that the PANI
microparticles were well-dispersed in the AuNWs bunches.

To investigate the working mechanism of our strain sensor, a
full stretch—release cycle of an AuNWs—10%PANI film under
strain of 0—100%—0 was recorded by in situ optical
profilometry (Figure le—g; the white arrow indicates the
same PANI particle). In these images, AuNWs and PANI
microparticles are highly distinguishable as PANI microparticles
are much higher than AuNWs thus showing various colors
(green for AuNWs and red for PANI microparticles). As shown
in Figure le, owing to much larger size of PANI microparticles,
the hybrid film exhibited a sea—island morphology, and no

cracks or gaps were observed before stretching. As strain
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increased to 100% (Figure 1f), cracks occurred and grew on the
film. Note that almost all the cracks were generated between
NWs, while most of the PANI microparticles remain intact.
This is attributed to the sea—island structure, in which soft and
elastic AuNWs matrix can absorb reversibly external forces and
stretch reversibly, but brittle PANI microparticles are
unaffected by deformation. The cracks are responsible for the
decrease of conductive pathways, which increases the overall
electrical resistance. Remarkably, the cracks self-repaired after
the full strain recovery, and the relative location of PANI
microparticles were unchanged (Figure 1g), indicating almost
no conductivity changes after a full stretching cycle. The
morphologies of AuNWs—10%PANI film under various strains
(0%, 50%, 100%, and back to 0%) were characterized (Figure
S3), which supported the above cracking and crack-repairing
mechanism with and without strains. They also correlated with
corresponding electrical resistance (Figure S3e).

Electrical resistance of AuNWs—10%PANI composite films
as a function of mechanical strain was shown in Figure 2a
(black triangle). The strain sensitivity in the composite film is
evaluated by GF, which is defined by the ratio of relative
resistance change and strain as

GF = (R — Rg)/Ryge (1)

where ¢ is the strain, and R4 is electrical resistance under no
strain. A GF of 20.4 was obtained in the low-strain range (0—
30%), whereas GF increased to ~61.4 at large strain of 100%.
In comparison, a typical GF of 6.9—9.9 is obtained by AuNWs
only (red circle), which is more than 8 times smaller than the
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Figure 3. (a) Photograph of the direct-writing process: (i) Writing AuNWs/PANI film by using painting brush. (ii) Photograph of a “rose” pattern of
AuNWs/PANI film. (iii) Photograph of the “rose” pattern under 65% uniaxial strain. (b) Photograph of the rose-patterned glove after inflated with
air. (c) The stretchability test for four AuNWs/PANI sensors with different sine curve patterns. The electrical resistance was measured as a function
of strain for sensors strained to electrically not conductive (stage moving speed 2 mm/s). (d) The electrical resistance changes under various strains
(0—50%) for four AuNWs/PANI sensors with different sine curve patterns. GF could be derived by linear fitting.

hybrid film under large strain. This could be attributed to
PANI-enhanced cooperative conductivity.”’ The presence of
PANI microparticles enhanced the percolation conductivities of
NW networks because they provided more connection points
for electron-transport pathways. However, this high con-
ductivity is more vulnerable to nanowire film crack, which
could cause “sudden” decrease in conductivity. The high—low
conductivity switching may be responsible for the substantially
high sensitivity obtained for our hybrid films.

The electrical responses of the sensors as a function of
dynamic strain was measured in Figure 2b, where five strains
varied from 5% to 50% were applied. A proportional relation
between resistance changes and applied strain was obtained
with high repeatability. In addition, the stable performance of
the sensor under static strain was also demonstrated by the
current—voltage (I-V) measurement (Figure S4).

To further examine the mechanical durability of the AuNW/
PANI sensors, the resistance changes of the film were
monitored under a cyclic strain of 0%—5%—0% at a fixed
frequency of 1.0S Hz (Figure 2c). As indicated by Figure 2d,
the strain sensor shows no measurable change of electrical
properties after 10 000 continuous stretching—releasing cycles
and long working hours (~3 h), exhibiting excellent
reproducibility and durability.
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Interestingly, the AuNWSs/PANI ink could be delivered
directly by a Chinese penbrush. As illustrated in Figure 3a, a
“rose” pattern with size of 30 X 8 mm® was written on latex
glove, which was capable of stretching (65% uniaxial strain,
Figure 3a) and expanding (Figure 3b). To further investigate
how topological patterns affect sensing performance, we
designed and fabricated sine-wave patterns (Figure 3c, inset)
following the equation

y = A sin(kx) (2)

where y is the full contour height of the curve, x is the length, A
is the amplitude, and k is the pattern parameter. In our case, we
selected x at the section of 0—30 mm. The line width, length,
and thickness of the patterns were kept at S mm, 30 mm, and 2
um, respectively. We compared the four sensors by setting k
equal to 0, 7/1S, 27/1S5, and 47/15.

To estimate the upper strain limit, all the sensor strips were
stretched at a moving speed of 2 mm/s until conductivity was
lost (Figure 3c; ~20 prestretching cycles were performed to
stabilize the base resistance before the failure test). The
prestretching process resulted in irreversible changes in film
surface morphologies (Figure SSa,b). However, the surface
features could be fully recovered after stretch released even
after 1000 cycles”'® (Figure SS5a—c). This explained the
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Figure 4. (a) Scheme of the liquid latex encapsulation process. (b) Plot of resistance response as a function of strain for AuNWs/PANI strain
sensors before (black line) and after encapsulation. (c) The current changes of the encapsulated sensor under dynamic strain of 0—20%—0 before
(black line) and after immersed in 0.9% saline solution for 10 min. (d) GFs changes of the sensor from 0 to 100% before and after immersed in 0.9%
saline solution with various time. (e) Long-term stability of electrical resistance of the sensor under no strain before (red) and after (black)
encapsulation. (f) Long-term stability of GF of the sensor under S0% strain before (red) and after (black) encapsulation.

excellent durability and low hysteresis of our strain sensor after
prestretching steps. As expected, an electrical disconnection of
linear AuNWs/PANI film occurred at a 99.7% strain. In
contrast, the maximum strains at which the curved patterns did
not lose their electrical conductivity significantly increased to
120.8%, 131.0%, and 149.6%, corresponding to k = 0, 7/1S, 27/
15, and 47/15, respectively. This can be attributed to the facts
that curved patterns have larger surface area per unit length
than linear patterns and are able to absorb more strains.
However, the structural deformation per unit length of curved
strips is much smaller when compared to linear strip, resulting
in a decrease in GFs (Figure 3d). The effects of GF on pattern
curvature were shown in Figure S6, and they could be explained
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well by the curvature-dependent mechanics model.”” Our
results indicate that more complex patterns could be fabricated
with our strategy, leading to wearable tactile sensors specifically
recognizing local stress/strains of skins or muscles. The
stretchability of our AuNWSs/PANI sensors could be further
enhanced by a prestretching strategy. After prestretching latex
rubber of 50% before AuNWs/PANI ink deposition, the
stretchability of the composite sensors could reach 200%
without much sacrifice of sensitivity (Figure S7).

Our hybrid conductive ink could be potentially printed or
patterned by other approaches such as ink jet printing. To
demonstrate this, we show that the viscosity of our ink could be
easily tuned from 1.04 to 44.1 mPa-s simply by changing the
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concentration of AuNWs from 2%—12% (w/w; Figure S8).
This meets the viscosity requirement in ink jet printable
materials inks (Table S1).

Furthermore, we developed a simple yet eflicient encapsu-
lation method to fabricate water-resistant sensors with high
durability. As shown in Figure 4a, a thick solution of liquid latex
was first spread onto surface of the AuNW/PANI film. Then
the latex solution was uniformly coated by rolling a cylinder-
shaped metal bar from one edge to another. After 30 min, a
transparent and stretchable thin film (~50 ym) formed on the
AuNWs/PANI sensor (Figure S9b, inset), which was confirmed
by cross-sectional SEM images (Figure S9). The encapsulation
layer exhibited strong adhesion with the bottom sensor patches
even under large strain (Figure S$10). This is attributed to the
fact that the encapsulation materials have similar chemical
composition with latex rubber substrates. After encapsulation,
the sensitivity decreased (Figure 4b), which may be due to the
prevention of islands and gaps formed under high strains
(Figure S11). Without latex sealing, the strain-induced
formation of islands and gaps (Figure S11b) is responsible
for the decrease of conductive pathways; however, after
encapsulation with latex, no apparent islands and gaps were
observed under similar strains (Figure S11e). This explains why
a smaller bulk resistance changes compared to sensors without
encapsulation.

To evaluate water resistivity of our sensor for bio-related
application,” the current changes under dynamic strain (0—
20%-0) were measured before and after dipping sensors into
0.9% saline solution for 10 min. As indicated in Figure 4c, the
sensor exhibited negligible changes in current amplitude and
remained highly stable after immersion into 0.9% saline
solution. In addition, the full-range (0—100%) sensitivity of
the sensor was measured with various soak time (10 min, 1 h,

Figure 4d). The GFs of our device did not show evident
changes with soak time of 10 min and 1 h.

Latex-sealed sensors showed exceptional long-term stability.
Figure 4e showed the base electrical resistance changes of the
devices with (black rectangle) or without encapsulation (red
circle) during 60 d (both sensors were stored in a Petri dish at
ambient conditions). All the specimens without encapsulations
exhibited large shift of base resistance after 15 d and became
completely insulative after 30 d. In contrast, the base resistance
of encapsulated sensors showed negligible changes even after
60 d. Simultaneously, the sensitivity of encapsulated sensors
was unchanged (measured strain at 50%), while unencapsulated
sensors suffered from more than 300% GF degeneration after
15 d.

The conductivity of our highly durable sensors could be
tuned to match the requirement in existing wireless circuitry.
This allowed us to fabricate flexion sensors to be used in
robotic arms. Figure Sa illustrates the sensing responses of the
sensor as a function of applied bending degree. A linear
electrical resistance ((AR/R,/8) ~ 0.83 rad™') was observed
corresponding to a full range of bending stepping from 0° to
160°. The highly distinguishable signals of the AuNWs strain
sensors responding to strain and bending enabled their
potential applications as wearable devices for real-time remote
controlling. To demonstrate this potential, we designed and
fabricated a smart glove system to remotely control a robotic
arm by encapsulated AuNWSs/PANI sensors via wireless signals.
Figure 5b shows schematic diagram to realize remote
controlling. In details, the smart glove was integrated with a
custom written graphical user interface (GUI) with a Bluetooth
radio (SENA Parani ESD200) on a chip. The designed chip
acquired response data from each sensor and transmitted the
data to a computer wirelessly. Then the wireless signals were
used to activate the respective motors in the robot arm based
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on a thresholding algorithm. There are two motors (gripper
motor and elbow motor) corresponding to four actions
(gripper open/close, elbow up/down) that can be individually
controlled by four different finger motions (the thumb finger:
“gripper close”, the index finger: “gripper open”, the middle
finger: “elbow down”, the little finger: “elbow up”). As
demonstrated in Figure Sc—g and Supplementary Movie 1,
the robotic arm could be controlled wirelessly with our sensor-
integrated glove.

B CONCLUSION

In summary, we demonstrated a simple yet efficient “draw-on
strategy” to fabricate wearable sensor patches and arbitrary
tattoolike patterns using ultrathin gold nanowires and PANI
microparticles. The binary AuNWs/PANI system possesses a
unique sea—island structure allowing substantial improved
conductivity (>8 times in sheet resistance) and sensitivity (GF
increased by up to 8 times) in comparison to the sensors
without PANI particles. After latex encapsulation, our sensors
were fully water-resistant, exhibiting long-term durability.
Because of wide-range tunability of our sensors, they can
directly interface with existing wireless circuitry, allowing for
fabrication of wireless flexion sensors for a human finger-
controlled robotic arm system.

B EXPERIMENTAL SECTION

Synthesis of Ultrathin Au Nanowires. Ultrathin AuNWs were
synthesized following protocol reported previously.*® At first, HAuCl,-
3H,0 (220 mg) was added in hexane (200 mL), followed by addition
of oleylamine (OA, 7.5 mL) and triisopropylsilane (TIPS, 10 mL).
Note that the gold salts were not dissolved until the addition of OA,
which acted as a phase-transfer reagent. The resulting solution was left
to stand for 2—3 d without stirring at room temperature until the color
turned from yellow into dark red, indicating the formation of AuNWs.
The residual chemicals were removed by repeated centrifugation,
thorough washing by ethanol/hexane (3/1, v/v), and finally
concentrated to a stock concentration of 10 mg/mL in hexane for
further uses.

Mixing of Au Nanowires and Polyaniline Solution. PANI
conductive powder (emeraldine salt, long chain, grafted to lignin) was
dissolved in ethanol at a stock concentration of 10 mg/mL. The
solution was then sonicated (Unisonics Austratlia, S0 Hz) for 30 min
to be well-dispersed. Finally the AuNWs solution (10 mg/mL) and
PANI solution (10 mg/mL) were mixed with tunable component
concentrations.

Strain Sensor Fabrication. The strain sensor was fabricated either
by directly writing or drop-casting. For the direct-writing process,
frame of desired patterns was drawn on latex rubber with ball-point
pen prior to depositing AuNWSs/PANI ink. A Chinese penbrush was
then dipped into AuNWSs/PANI ink followed by carefully writing
within pattern frames. After the solution was dried, the hybrid film is
ready for further wiring. With the drop-casting process, latex rubber
was first attached on a glass slide and patterned with polyimide masks
(20 X 5§ mm” rectangular pattern size). Then concentrated AuNWs/
PANI ink was drop-casted onto the soft substrates and dried in fume
cupboard. The wiring process is beginning at depositing silver paste
(Sigma-Aldrich) onto both ends of the AuNWs/PANI strips
connected with flexible conductive threads (Adafruit Industries).
After the silver paste was dried (100 °C for 10 min on hot plate),
polyvinyl alcohol glue (Craft Glue) was deposited on top of silver
paste and dried in ambient condition (30 min), which permanently
sealed the AuNWs/PANI film to conductive thread.

Encapsulation. A thick solution of liquid latex (~2 mL, Dalchem
sprayable latex) was spread onto surface of the hybrid sensor. Then the
latex solution was uniformly coated by rolling a cylinder-shaped metal
bar from one edge to another. After 30 min of solvent evaporation, a
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transparent and stretchable thin film (~50 ym) was covered onto the
AuNWSs/PANI sensor.

Glove Sensors Fabrication. Four encapsulated AuNWs/PANI
strain sensors were fabricated by the method demonstrated above.
Then we use a needle and cotton threads to sew the strain sensors
with each finger of a Thor Void Plus glove. The change of resistance in
the strain sensors was then converted to analog voltage using a
noninverting amplifier configuration. Analog voltage was converted to
10 bit digital samples using a Freescale 8-bit microcontroller
(MC9S08SHS8) sampling at 20 Hz. Data were sent wirelessly using
bluetooth radio (SENA Parani ESD200) to a custom written GUI
developed in Matlab 2014 (Mathworks Inc). The GUI also connected
to an Arduino board (via USB), which controlled the motors in the
robot arm via two dual H-Bridge drivers (L298N STMicroelectronics).
Strain data from each finger was then used to activate the respective
motors in the robot arm based on a thresholding algorithm.

Device Characterization. Scanning electron microscopy (SEM)
images were characterized using an FEI Helios Nanolab 600 FIB-SEM
(operating voltage of S kv and current of 86 pA). The surface profiles/
morphology of AuNWs/PANI film were measured using a Bruker
ContourGT-I 3D optical profilemeter (Karlsruhe, Germany). Optical
images were taken by a Nikon ECLIPSE LV150 microscope with a
Nikon Digital Sight DS-Fil camera. The sheet resistances of AuNWs
film on latex rubber were performed on a Jandel four-point
conductivity probe by using a linear arrayed four-point head. To test
the strain-sensing characteristics, two ends of the samples were
attached to motorized moving stages (THORLABS model LTS150/
M), and then uniform stretching/releasing cycles were applied to the
samples with a computer-based user interface (Thorlabs APT user),
while the current differences and the I—V characteristics for the
pressure sensor were recorded by the Parstat 2273 electrochemical
system (Princeton Applied Research). For the characterization of the
bending angle detection by the strain sensors, a polyimide layer was
attached under latex rubber substrate to ensure the accurate
measurement of the bending angle.

Materials. Gold(III) chloride trihydrate (HAuCl,-3H,0, >99.9%),
triisopropylsilane (99%), and oleylamine were purchased from Sigma-
Aldrich. Ethanol, hexane, and chloroform were obtained from Merck
KGaA. All chemicals were used as received unless otherwise indicated.
All glassware used in the following procedures was cleaned in a bath of
freshly prepared aqua regia (Caution! Highly corrosive.) and rinsed
thoroughly in H,O prior to use. Latex rubber was brought from
MEDIflex industries.
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