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ABSTRACT: The demand for wearable, stretchable soft electronics for human—machine interface applications continues to
grow given the potential of these devices in humanoid robotics, prosthetics, and health-monitoring devices. We demonstrate
fabrication of multifunctional sensors with simultaneous temperature-, pressure-, proximity-, and strain (or bending)-sensing
capabilities, combined with heating and UV-protection features. These multifunctional sensors are flexible, light, and
transparent and are thus body-attachable. Silver nanowires are supersonically sprayed on a large-scale transparent and flexible
roll-to-roll substrate. The junctions between nanowires are physically fused by a strong impact resulting from supersonic
spraying, which promotes adhesion and efficient deposition of the nanowire network. Accordingly, nanowires are strongly
interconnected, facilitating efficient propagation of electric signals through the fused nanowire network, which allows
simultaneous operation of such sensors while maintaining significant transparency. These multifunctional sensors are
mechanically durable and retain long-term stability. A theoretical discussion is provided to explain the respective mechanisms of

heating and proximity, pressure, and strain sensing.
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1. INTRODUCTION

The Internet of Things comprises sensors that are interfaced to
the internet, which transmit data from sources in real-time.'
These sensors are installed on electronics or/and human
bodies to monitor their status or physical conditions. Although
privacy issues remain a concern, in general, transmission or
sharing of these large data sets is functional for assisting
patients with medical needs or improving the operation of
electronic products for consumers.” In particular, electronic
skin (e-skin) has received much attention because it can be
used to monitor patients with medical needs and can be used
as artificial intelligence skin for humanoid robots.”* The e-skin
mimics the human somatosensory system that perceives
external stimuli, which are converted into electrochemical
signals through neural trails that facilitate sensing of temper-
ature, pressure, strain, humidity, heat, and proximity. Thus, an
ideal e-skin must mimic simultaneous execution of these
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multioperations. In addition, an ideal e-skin must be soft,
stretchable, flexible, bendable, and wearable to allow it to fit
over surfaces with high curvatures, such as finger joints and
elbows, for use in wearable devices,”’ prostheses,g_10 soft
robots,""'* and health care'>'* applications. Often, these
health-related sensors are installed on display panels or clothes,
in which case the transparency of the sensors is desired for
practical and esthetic purposes. In short, the e-skin sensors
must be multifunctional, flexible, stretchable, transparent, and
capable of simultaneous operations.

Previous e-skin sensors are capable of sensing either one or
two features. Thus far, pressure,ls_17 temperature,lg_20
strain,u’22 pressure—strain,z‘?’_25 or pressure—temperature,
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sensing have been mimicked using various nanomaterials and
nanofabrication techniques.zs_30 However, sensors with three
or more features are scarce.”®*’ Furthermore, simultaneous
detection of multiple stimulus inputs has not been demon-
strated.”>*® In addition, sensors are often nontransparent,
hindering their use as supplementary electronics in e-
textiles.””*' Mechanical durability and stable operation with
high sensing accuracy are other challenges to be confronted
and overcome. From the practical perspective, the manufactur-
ing costs must be lowered via the development of simple,
rapid, and large-scale fabrication processes for commercializa-
tion.

Herein, we demonstrate fabrication of transparent, flexible,
and stretchable multifunctional sensors comprising supersoni-
cally sprayed silver nanowires (AgNWs). Supersonic spraying
is a rapid, nonvacuum, binder-free deposition process that can
be easilzf scaled-up for mass production via a roll-to-roll
process.””>* The fabricated sensor is capable of simultaneously
sensing pressure, temperature, strain, and proximity. In
addition, this e-skin sensor features a heating mode and thus
can warm the surface on which it is installed. Because silver is
capable of blocking UV rays, the area under the sensor is free
of UV rays and electromagnetic interference, which is certainly
an additional benefit of such multifunctional sensors.

2. EXPERIMENTAL METHODS

2.1. Materials. For manufacturing transparent electrodes for
heating and temperature- and pressure-sensing functions, silver
nanowires (AgNWs with the average diameter and length of 20 nm
and 10 um, respectively) were prepared as a suspension as follows.
The AgNW precursor (Aiden, Republic of Korea) dispersed at 0.15
wt % in isopropyl alcohol (IPA) was diluted with IPA (Duksan,
Republic of Korea) to a 3:1 weight ratio (IPA/precursor). A
poly(dimethylsiloxane) (PDMS) plate was prepared by mixing a
silicone elastomer (01064291, Dow Corning) and a curing agent
(01015311, Dow Corning) in a 10:1 ratio.

2.2. Sensor Fabrication. Humans are permanently exposed to
various environmental stimuli, such as UV light, heat, moisture,
external objects, and external forces, as illustrated in Figure 1, and this
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Figure 1. Ilustration of a transparent and flexible multifunctional
sensor for detecting environmental stimuli, with UV-protection and
heating capabilities.

information can be usually detected by the human nervous system.
However, prolonged exposure to these hazardous external environ-
ments and high exposure levels can lead to significant damages to the
human nervous system. To prevent such damage, the external
environments should be recognized in advance through the sensing
functions of human skin. The advanced multifunctional sensor
developed in this study, which consisted of six sensing functions, is
inspired by the subcutaneous receptors of human skin, as illustrated in
Figure 1.

The uppermost layer of the sensor consists of the temperature,
strain, and proximity sensors, which can detect the surrounding
atmosphere temperature, bending, and an approaching object,
respectively. The second and third layers function as a pressure
sensor based on changes in the electrical resistance due to a contact
between the two layers upon application of an external force. The
lowermost layer is a transparent heater that can protect skin against
the cold surrounding atmosphere and maintain constant body
temperature by Joule heating. Finally, all layers composed of
AgNWs can protect skin from exposure to ultraviolet (UV) light.

Figure 2a,b depicts the fabrication process of AgNW transparent
conducting films (TCFs), which are not only capable of sensing
temperature, proximity, pressure, and strain but also possess heating
and UV-protection capabilities. First, a poly(ethylene terephthalate)/
poly(dimethylsiloxane) (PET/PDMS) substrate was prepared by
pouring PDMS liquid onto a PET film and leaving it until solidified
for 1 day at room temperature (the top-left image in Figure 2a).
Second, a mask (3 cm X 2.5 cm of the square hole) was positioned on
the prepared PET/PDMS substrate and then the surface of the PET/
PDMS substrate was coated with AgNWs by supersonic cold spraying
under the following conditions (the bottom-left image in Figure 2a):
The operating stagnation pressure and the preheating temperature
were set to 4 bar and 200 °C, respectively, for forming a supersonic air
jet from the de Laval nozzle”>** The flow rate of the AgNW
suspension, which was atomized to the supersonic air stream by an
atomizer and a syringe pump (Legato 210, KDS), was 1.2 mL min™",
and the scanning speed of the stage for coating the whole area of the
PET/PDMS substrate was 4 cm s~ (see Figure 2c,d). Note that the
procedure for the formation of the AgNW network by supersonic cold
spraying is presented in detail elsewhere.*>** After separating the
mask from the AgNW-coated substrate, the copper (Cu) electrodes
were attached to each side of the AgNW-coated PET/PDMS
substrate with a silver paste (ELCOAT A-200, CANS, Japan; see
the center image in Figure 2a). Finally, the AgNW TCF was dried in
an oven (PMF-3, Lab House, China) for S h at 50 °C to solidify the
silver paste.

Additional processes for fabricating each layer of temperature,
proximity, and strain sensors were required before assembling
multiple layers for the complete multifunctional sensor. The layers
for temperature, proximity, and strain sensors were made by the
AgNW TCF whose dimensions were 2 cm X 0.5 cm. The middle
portion of the AgNW TCF was completely cut for its use as a
proximity sensor for inducing the fringe capacitor effect in which the
capacitance increases when an object is approaching. By contrast, the
strain sensor was fabricated by having a single half-cut on one side of
the AgNW TCF for increasing an electrical resistance based on the
fact that the half-cut zigzaﬁgged pattern had a narrower and longer
surface (cf. Figure 2a).°7*% Then, the processed layers were
assembled as shown in Figure 2b. First, the layer of AgNW TCF
for the heating function was placed at the lowermost part of the
multifunctional sensor. Next, the second and third layers of AgNW
TCFs were superimposed onto the first layer with a framelike
separator (PET, 2 cm X 1.5 cm X 0.02 cm), which was positioned
between the second and third layers. Finally, the AgNW TCF, cut
AgNW TCF, and slashed AgNW TCF, which, respectively, function
as the temperature, proximity, and strain sensors, were placed onto
the top part of the multifunctional sensor. This order of the layout
prevents any nontransparent parts to be located in the middle of the
sensor so that the transparency of the sensor is maintained (cf. Figure
Sla).

2.3. Characterization. The morphologies of the AgNWs on PET
were identified using a scanning electron microscope (SEM, S-5000,
Hitachi, Japan). The transmittance (T) and sheet resistance (R;) of
specimens were explored using an ultraviolet—visible spectropho-
tometer (Optizen POP, Mecasys, Republic of Korea) and a sheet-
resistance meter (FPP-400, Dasol Eng., Republic of Korea),
respectively. Variations in electrical properties of the multifunctional
sensors, such as resistance (R) and voltage (V), were measured using
a source meter (2430 SMU, Keithley) with four probes. Note that, in
the case of the proximity layer of the sensor, V was simultaneously
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Figure 2. (a) Schematic of the fabrication process for AgNW TCF (center), cut AgNW TCF (top right), and slashed AgNW TCF (bottom right).
(b) IMlustration for the assembly of a multifunctional sensor. (c) Roll-to-roll process and (d) schematic of the AgNW coating using the supersonic
spray. (e) Photos of the multifunctional sensor with increasing N. Transmittance of the multifunctional sensor based on (f) PET/PDMS and (g)
air. (h) Color change of UV-detectable paper in response to UV radiation from 31S to 365 nm with increasing N. N is the number of spraying

sweeps.

measured by changing the normal mode to the pulse mode in the
source meter by supplying a square-pulsed current. The surface
temperature (T},) of the heater layer of the sensor and the
surrounding temperature (T,,) of the sensor (which was monitored
to evaluate performance as a temperature sensor) were measured
using a data recorder (MV 1000, YOKOGAWA, Japan) with a
thermocouple (K-type). The bending and tensile tests of the strain
sensor were performed using the testing machine (COAD. 722,
Ocean Science, Republic of Korea), where the bending and the
stretching rates were 15 and 5 mm min™', respectively.

3. RESULTS AND DISCUSSION

3.1. Transmittance and UV Protection of a Multi-
functional Sensor. Surface morphologies and the corre-
sponding photos of the silver nanowire transparent conducting
films (AgNW TCFs) with the varying number of spraying
sweeps (N) are shown in Figure S1b. With increasing N, the
network of deposited AgNWs on a substrate became denser by
filling the space around the crossed nanowires, where the ratio
of the area of the deposited AgNWs to the total surface area of
the specimen increased from 37 to 42, 48, and 55% as the value
of N varied from 1 to 2, 3, and 4, respectively (cf. Figure
S1c).*** As a result, the transmittance (T) of the single
AgNW TCFs at the wavelength of light (1) of 4 = 550 nm
decreased from T = 96 to 70% with an increase of the density

40234

of the deposited AgNWS; see Figure S1d.** On the other hand,
both values of the sheet resistance (R,) and resistance (R,)
decreased with increasing N (Table 1). Although the value of

Table 1. Electrical Properties of the AGNW TCFs

N Ry (@) R (Qsq™") T (%)

AgNW TCFs 1 68.4 82.5 95.7
2 40.1 622 84.5
3 234 38.5 77.4
4 14 11 70

T of a single AgNW TCF decreased to 70%, it should be
emphasized that the resulting assembled multifunctional
sensors were sufficiently transparent to read underneath of
the letters in all N cases (Figure 2e). Given that the value of T
of a bare PET/PDMS substrate was T = 100%, those of the
assembled sensors varied from T = 74 to 63, S5, and 48% with
increasing N, as shown in Figure 2f.

Figure 2g,h demonstrates the feasibility of UV protection of
our multifunctional sensors. Figure 2g shows the T spectra of
the assembled multifunctional sensors in the UV spectral range
of A = 200—400 nm.*" For the bare PDMS substrate, all UV
rays penetrated the PDMS substrate, where the value of T
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Figure 3. Performances of the multifunctional sensor as a transparent heater and a thermal sensor: (a) heater temperature (T;) with increasing
applied voltage (V,) and (b) comparison of the heating performance at different values of N. (c) Resistance variation of the temperature sensor
with increasing surrounding temperature (T, = the temperature of the thermostat) and (d) sensitivity of the temperature sensor.

ranged from T = 0 to 90%. In contrast to the PDMS case, the
UVC light, having a short range of 1 and most dangerous rays,
and the UVB light, having a medium range of 4 and related to
tanning, burning, and skin cancer, were completely blocked by
the AgNW TCFs.*>~** However, the slight amount of UVA
light, which has a long range of 4, was transmitted through the
multilayers of the sensor, with the value of T from T = 0 to
45%.

The first image in Figure 2h shows the response of a UV-
sensitive paper against the UV rays. The color of the UV-
sensitive paper was initially cyan, whereas the color changed to
light-blue upon UV irradiation, as demonstrated using a bare
PET/PDMS substrate. As expected, contrary to the bare PET/
PDMS substrate, the initial cyan color was maintained when
the UV-sensitive papers were covered by the AgNW TCFs,
where the UV ray was completely blocked in the case of N = 4.

3.2. Heating and Thermal Sensing. Figure 3a shows the
heating performances of multifunctional sensors fabricated
with varying N. The heating was driven by Joule heating when
a certain voltage was applied to the AgNW TCF (E3642A S0
W power supply, Agilent).”> The assembled multifunctional
sensor consisting of the AgNWs with the highest value of N
revealed the highest heating temperature (T}), where the
temperature was measured by a K-type thermocouple placed
on top of the sensor (Figure S2a). The applied voltage
incrementally increased with the time interval of At = 15 min
in the range of 0.5 < V, < 2.5V, which resulted in an increase
in temperature variation (AT,) up to AT, ~ 25 °C (where
ATy = T, — T, and the surrounding temperature T, was T,
= 26.8 °C). In other words, the heater temperature of the
multifunctional sensor reached Ty, ~ 52 °C. Note that the T}
increased with the increasing applied voltage because the
heating power (P,) is proportional to the voltage squared as P,
= V,?/R,, indicating that the sensor based on a high number of
N (thus having a small R;) can supply a high electric power for
heating,

The energy balance across a heater layer of the multifunc-
tional sensor, having a conductive—convective cooling without
radiation, can be expressed as

dT

mcd—th = —[h + h,JA(T, — T,)) + B, W
where ¢, m, and A are the specific heat, mass, and surface area
of the heater layer, respectively. The h; and h, are heat transfer
coeflicients at the outer and inner sides of the heater layer,
respectively. The bottommost layer (the inner side) of the
sensor was insulated by glass wool. Four layers of the pressure,
strain, proximity, and temperature sensors were stacked under
the heater layer. Then, T} is found in eq 1 as™

B

_ —t/T
v hpa ¢

T, - To= (T - T,) e  +

)
mc
T= ———

(hy + hy)A ®3)
where T; is the initial heater temperature. In the steady state
(when time t > 7), eq 2 can be reduced as

B
-T, = _"h
(hy + hy)A ©)
which yields
qh” = (’Iil - Too)(hl + hZ) (5)

where the heat flux q,” = P,/A. Thus, the conductive—
convective heat transfer coefficient at the outer surface can be
expressed as

"

Ny,
(L, -T,) ° (6)

Here, the value of h, at the inner surface is known; see eq S1. It
is by = 1.5 Wm™ °C™! for all cases. The linear dependence of

h, =
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ACS Appl. Mater. Interfaces 2019, 11, 40232—40242


http://pubs.acs.org/doi/suppl/10.1021/acsami.9b12847/suppl_file/am9b12847_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b12847/suppl_file/am9b12847_si_001.pdf
http://dx.doi.org/10.1021/acsami.9b12847

ACS Applied Materials & Interfaces

Research Article

0.06

0.05
— 0.04
=

Ja003

t[s]

c

AR [9]

_ 1
\AVp\/VpO = (PCV)d"

N PCV-10* [m]
1 381

2 22
3 192
4 11

0.03 0.02

0.01

d[m]
N R, 0]
=d = 1 585
2 457
Py A 3 301
\ * 4 168
L “-t
Y. RIR,~0.91+3800/P
L x
T,
L we A X L
L ] A
n
-
50 100 150 200 250 300
P[kPa]

136 kPa

— N=1

270 kPa

ol
1000 1050 1100
t[s)

1150 1200

4R []

4050

4200

4100 4150
t[s]

8000 8050

8100 8150

|
0 3000

Il
6000 9000

t[s]

Figure 4. Performances of the multifunctional sensor as proximity and pressure sensors. (a) Voltage response of the proximity sensor with
decreasing distance d between the sensor and the object (steel plate) and (b) sensitivity of the proximity sensor with different N. (c) Resistance
variation of the pressure sensor with an increase in the value of P from 0 to 316 kPa. (d) Sensitivity of the pressure sensor with different N and (e)
stability of the pressure sensor with N = 1 under repetitive pressing/releasing cycles of P = 50, 136, and 270 kPa.

qn" on ATy, = (T}, — T,,) according to eq S is plotted in Figure
3b. The slope of this fit to the data was found and used to
evaluate h; according to eq 6; cf. Figure 3b. The slope
increased slightly with increasing N, but the difference was
minor.

Figure 3¢ shows the resistance changes of the thermal sensor
in response to the change in the surrounding (or chamber)
temperature T, in the 28—58 °C range, which was measured
using the property of the metal that linearly varies with
temperature change. Figure S2b shows the positioning of the
temperature sensor layer of the multifunctional sensor outward
toward the surrounding atmosphere. Note that the heater was
thus in contact with the insulator and faced inward; the sensor
was placed upside down (cf. Figure S2a,b). While approaching
T = 58 °C, the sensor resistance reached AR ~ 4.5 Q for N =
1. The sensitivity in all cases was estimated by plotting the
slope of the ratio AR/R, versus T, which is known as the
temperature coeflicient of resistance (TCR). Figure 3d shows
that the slope was nearly constant for all cases. Given that the
ratio AR/R, is a normalized value, R, diminished with
increasing N, which, in turn, maintained a nearly constant
value of AR/R, for all cases. Thus, TCR remained unchanged
irrespective of N.
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3.3. Proximity Sensor. A proximity sensor is designed to
perceive an approaching object by the mechanisms of
induction and ultrasonic, optical, and capacitance
changes.46_49 Capacitive proximity sensors are the most
suitable for detecting both conductive and nonconductive
objects.”” In the present study, the capacitive sensor was
developed, which operated based on two aligned, but
disconnected, electrodes, as illustrated in Figure S2c. One
electrode detected electrical signals, whereas the other
electrode was grounded. This setup induced parasitic
capacitance (CP) between the AgNW electrodes and formed
an electric field, as depicted in Figure 1. When an object starts
to approach the multifunctional proximity sensor, the formed
electric field is disrupted and the voltage between the metal
electrodes changes.

The capacitance induced during this electric disruption is
denoted here as C,. That is, the total capacitance is equal to C,
= C, + C,. The change in the root-mean-square (rms) voltage,
AV, is an indicator of the capacitance change at the approach
of the object: AV, = V,, — V,,, where V,, is the initial voltage
between the two metal electrodes and the voltage was
measured with a voltmeter (2430 SMU, Keithley). Figure
S2c depicts an object (a steel plate of 10 cm X 10 cm in size)
approaching the multifunctional proximity sensor as the object
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ACS Appl. Mater. Interfaces 2019, 11, 40232—40242


http://pubs.acs.org/doi/suppl/10.1021/acsami.9b12847/suppl_file/am9b12847_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b12847/suppl_file/am9b12847_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b12847/suppl_file/am9b12847_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b12847/suppl_file/am9b12847_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b12847/suppl_file/am9b12847_si_001.pdf
http://dx.doi.org/10.1021/acsami.9b12847

ACS Applied Materials & Interfaces

Research Article

perturbs the electric field formed between the two metal
electrodes. A square-pulsed current of I, = 10 yA with a
frequency of 2 kHz was supplied by the source meter and the
change in the voltage was measured. The steel plate was
initially placed at a distance of d = 0.05 m from the sensor but
gradually approached the sensor by Ad = 0.010 and 0.005 m at
the intervals of At = 20 s; see the solid black line in Figure 4a.
At t = 160 s, the object was returned to the initial distance of d
= 0.05 m. While changing d, the voltage increased in a stairwell
pattern for all cases (Figure 4a). The sensor with N = 1 was the
most sensitive to the approaching object, with the greatest
change in AV,,. The voltage change decreased to zero when the
object was returned to the initial position of d = 0.0S m at t =
140 s. Figure 4b compares the sensitivity of the sensors with
different values of N. The proximity coeflicient of the voltage
(PCV) was defined to model the relation between AV,/V, and
the distance, d, in the following form

AV _Pcv
Vo d (7)

The PCV values are summarized in the inset of Figure 4b.
Herein, the sensors with smaller N revealed higher sensitivities
(which correspond to larger PCV). The value of V,, remained
constant for all cases because the parasitic capacitance is
independent of N. Thus, the increase of IAV,|/V,, with respect
to d was notable, as manifested by the values of PCV.

The capacitance and voltage are inversely proportional. The
additional capacitance is defined as

gaAh
C,=—
! d (8)

where &, and A, are the dielectric permittivity of air and the
area of the horizontal plane of the electrode, respectively. On
the other hand, the parasitic capacitance is defined as
C = eaAv
=
4, ©)

where A, is the area of the vertical plane of the electrode and d,,
is the distance between the two electrodes.’® The root-mean-
square (rms) voltage can also be defined as

11
‘/P = IrmsXc = Irms( ]

2zf C, (10)
I
Ay =yt L1
PP Pl + ¢ G
Irms Ath2
2ﬂfga Av(Avd + Ahdp) (11)

where f is the frequency of the alternating current. In eq 11, all
parameters are constant, except for the distance to the
approaching object, d. Equation 11 shows that the AV
increases as the d decreases, which was experimentally
confirmed as revealed in all N cases in Figure 4ab. The
sensitivity of the multifunctional proximity sensor was the
lowest in the case of the largest N. As the value of N increased,
the vertical area of the electrode, A,, also increased because the
AgNW layer was thicker at the larger N cases. Accordingly, the
value of IAV,| decreased as described in eq 11. Thus, one can

conclude that the sensitivity of the proximity sensor is the
highest when the value of N is the lowest.

3.4. Pressure Sensing. The multifunctional pressure
sensor was designed by overlaying two AgNW TCFs in
contact with each other, as depicted in the inset of Figure 1,
where the circular cylinders represent two individual AgNWs
with the same radius of r,,. These two AgNWs make a contact
with each other, having a contact length of 2a upon applying
pressure to the sensor. The contact resistance (R.) of the
multifunctional pressure sensor in this scenario is given by the
following dependence’' *

2 3
R = 2|1 - 142| L | + 0.063| L | + 0.153| L
2a Tag Tag Tag

4
+ o.z(i]
Ta (12)

where p is the AgNW resistivity and a is the half-width of the
contact length (or zone) marked in Figure 1. If r,, > a (which
is most likely the case), eq 12 can be reduced to the following
form by truncating the higher-order terms

R .~ 2|1 - 14| L
2a Tag (13)

As the applied pressure increases, the contact length (2a)
between the two adjacent AgNWs also increases, which
corresponds to the fact that R_ in eq 13 decreases because of an
increase in a. Note that, similarly to the setup used for the
temperature sensor (Figure S2b), the AgNW layers detecting
the applied pressure face outward (Figure S2d).

The relation between the width of the contact length (2a)
and the compressive force (F) is given by the solution of
Hertz’s problem for two cylinders

4 [ =)

2a = NG E rAgF (14)

where E is Young’s modulus and v is Poisson’s ratio of
AgNWs,

By substituting this relation in eq 13, the relation between
the resistance R_ and the applied pressure (P = F/2a) takes the
form

8 (1-1Y)
=TT s (15)

8
R.=2|1- 102
2a T

1= 2
-0,

E (16)
Because E is always much larger than P, the above equations
yield R, ~ 1/P. Substituting eq 15 into eq 16 and accounting
for the fact that P/E < 1 one obtains

A E
Rl oA gl pE
2a P 16(1 — v)rag (17)
Taking the logarithmic derivative of eq 17 yields
1dR. 1

R, dP p (18)
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Figure 5. Performances of the multifunctional sensor as a strain sensor. (a) Resistance variation of the strain sensor with increasing N in response
to a decrease in the bending radius (r,), (b) sensitivity of the strain sensor for different cases of N, and (c) photographs of the strain sensor with the
decrease of r;,. (d) Resistance variation of the strain sensor with N = 1 when it is stretched from 0 to 13%, (e) corresponding SEM images of the
strain sensor at the strains of 0.07 and 0.13, and (f) snapshots of the strain sensor for 28 s. It should be emphasized that the ranges of the
normalized resistance changes (AR/R,) of the thermal and strain sensors practically do not overlap and thus are distinguishable; cf. (d) here with

Figure 3d.

Note also that eq 17 means that the product R_P is a constant,
which is independent of N.

As shown in Figure 4c, we varied the applied pressure from
P =45 to 316 kPa using various weights with an interval of At
= 30 s for 240 s, after which all weights were removed and no
pressure was applied. Note that the initial contact resistances
were R, = 58.5, 45.7, 30.1, and 16.8 € for cases of N =1, 2, 3,
and 4, respectively. The reason for this variation was that the
contact surface area between the deposited AgNWs increased
as greater numbers of AgNWs were deposited with increasing
N, thus causing a decrease of R.. Figure 4c shows that AR,
decreased with the increasing P for all cases. When the value of
P increased, the value of R_ decreased, thereby AR_ (=R. — Ry,
where R, was fixed) also decreased. This pattern was
consistent for all N cases. The above theoretical model also
confirms this pattern.

As demonstrated in eq 17, the contact resistance R, is
proportional to 1/P. Figure 4d shows the plot of the
dimensionless contact resistance R./R, versus P, which
demonstrates that indeed R. «1/P. For P < 150 kPa, there
is no distinction between the cases with different N, as the
theory predicted in eq 17. However, some slight dependence
on N appears at P > 150 kPa. At higher pressures, contacts
between AgNWs are interlinked in a random network, which
significantly deviates from the theoretical assumption of the
contact of two perfectly aligned cylinders. As N increases, the
contact area between cylinders becomes greater than predicted
and thus the value of R. would decrease. However, the value of
R, decreased as N increased in Figure 4d. This probably
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indicates that the alignment pattern also changed as N
increased. The sensitivity in the case of N = 1 was the highest
among all of the cases.

Figure 4e indicates the stability of the pressure sensor in
terms of AR_ as a function of cycles, where the cyclic pressure
was increased to 50, 136, and 270 kPa every 150 cycles and the
total of 450 cycles were performed for At = 9000 s. There was
no discernible sign of degradation for the pressure sensing
(Pigure 4e).

3.5. Strain (Bending) Sensing. Considering the potential
applications of the multifunctional sensor, it should be soft
enough to be easily attachable onto various substrates having a
high curvature and high roughness, for example, elbows, finger
joints, and knees of humans. The strain sensor is expected to
respond to a bending amplitude in such locations, which can
be detected by exploring a resistance variation of the sensor.
The resistance change of metals is related to the geometrical
deformation of the metal structure by applied mechanical
stresses.” " Considering a metal tape with a length of ], a
cross-sectional area of A, and a specific resistivity of p, the
resistance across this metal tape is defined as

pl
rR=E
A (19)
The differential of eq 19 yields for a deformed sensor
drR dA  dI dp
= 4 — 4 =
R A I P (20)
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Figure 6. (a) Snapshots of the rolling Cu disc on the active-matrix pressure sensor and the corresponding visualization images. (b) Photographs of
the three-point multifunctional sensor and the corresponding results of the pressure, temperature, proximity, and strain sensing. The sensor is

deposited on bare human skin.

Using Poisson’s ratio, v, in the following expression

dA dl
— =
A ! (1)

Equation 20 can be expressed as

R d 1d
d—=(2u+1)e+—p= (1+2y)+——p]e=nse
R P ep
(22)
where € = di/] is the strain and 7, is the sensitivity factor [or
the gauge factor (GF)].>*~% Note that according to ref 61, & =

h/(2r,), where h is the strain sensor thickness and r, is the
radius of curvature on the bent surface. The latter yields the
dependence of the resistance of the radius of curvature in the
following form

dR _ h

n—
R S2n, (23)

The normalized change in the resistance (dR/R) in eq 23 is
positive during stretching and negative during compression.
When the AgNWs face upward and the substrate is bent up or
down in a concave form, the process is, respectively, referred to
as stretching or compression. Similarly, if the AgNWs face
downward and the substrate is bent up or down in a concave
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form, the process is, respectively, referred to as compression or
stretching. Accordingly, the radius of curvature should be
positive and negative. In this case, r, = co and thus dR = 0. As
in bar bending, there always is a neutral line in the middle,
which does not change its length when the sensor bends. On
the other hand, the sensor elements that are located outwardly
of the neutral line are stretched and those located inwardly are
compressed. These stretching and compression motions are
depicted in Figure Sa, wherein the AgNW TCF underwent
bending while the bending radius (r,) was reduced. When the
1, was reduced from r, = 8.9 to 0.43 cm, the change in the
resistance variation (AR) increased during stretching and
decreased during compression.

The snapshots in Figure Sc show the bending process of the
multifunctional sensor over 50 s, in conjunction with Figure
Sa,b. Similarly to the temperature, proximity, and pressure
sensors, the case with N = 1 revealed the most sensitive
response to bending both at stretching and compression.
Figure Sb shows the data for the normalized resistance (AR/
R,) with respect to r,. According to eq 23, AR/R, is inversely
proportional to r, with the bending coefficient of resistance
(BCR) being equal to #h/2. The corresponding BCR values
are listed in Figure Sb for all values of N. Using the values of
BCR, the sensitivity values are estimated as 7, = 0.020, 0.017,
0.014, and 0.011 for N = 1, 2, 3, and 4, respectively, for the
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stretching case. Similarly, for the compression case, the
corresponding sensitivity values were 7, = 0.021, 0.016,
0.015, and 0.012.

Figure S3a demonstrates the bending performance of the
strain sensor for 1000 cycles that correspond to the time
period of At = 10000 s. The sensors were attached to the skin
of a human finger by spreading Ecoflex (Ecoflex 00-10,
Smooth-On) onto the underside of the sensor, which is softer
and more adhesive than PDMS;**®* one sensor was attached
to the upper side of a finger, whereas the other sensor was
attached to the lower side, as described in Figure S3a. The
corresponding cyclic responses exhibited in Figure S3a showed
no discernible degradation in the electrical resistance,
demonstrating the superiority in performance. Furthermore,
as revealed in Figure S3b,c, the deposited AgNWs in the sensor
were not peeled off even after 1000 cycles.

As interest in the wearable devices has grown exponentially
in different industries, such as those manufacturing sports
devices, electronic skins (e-skins), and health-monitoring
systems, the demand for product stretchability has also risen.
Accordingly, the gauge factor (GF), which describes the
relation between the electrical resistance and the mechanical
strain, is an essential property to demonstrate sensor sensitivity
and superiority. The gauge factor can be expressed as GF =
dR/eR via eq 22.

Figure Sd,e shows the normalized resistance (AR/R;) and
SEM images of the strain sensor with N = 1 as the strain varied
from 0 to 13%. Also, the corresponding snapshots of the strain
sensor with the dimensions of 1.8 cm X 0.5 cm X 0.1 cm
attached to the silicone film under stretching are shown in
Figure Sf. The distinguishable changes in AR/R, were
observed during stretching: the value of AR/R, in the strain
range of 0—0.07 gradually increased from 0 to 0.3, whereas that
in the strain range of >0.08 steeply increased and finally
reached the value of 10 at the strain of 0.13. In the strain range
of 0—0.07, the GF was 4 and the deposited AgNWs were well
attached on the film without any damage (Figure Se), whereas
in the strain range of 0.11—0.13, the GF was as high as 250 and
a number of damaged AgNWs were observed (Figure Se,
highlighted by red ovals).

Figure S3d illustrates the repeatability of the strain sensor
during 1000 cycles of stretching at the fixed strain of 0.05.
Although the resistance of the strain sensor slightly increased
with cycling, the cyclic response was very stable because the
variations in the resistance at the initial 10 and final 10 cycles
were the same: 20 €. Moreover, the deposited AgNWs were
rarely damaged and adhered well to the substrate during 1000
cycles, as revealed in the inset SEM images in Figure S3d.

3.6. Simultaneous Multifunctional Operation. It is
imperative that all the features of the sensor operate
simultaneously. We demonstrated the simultaneous operation
of multifunctional features of the developed sensor, where no
special demonstration of the UV protection is required as this
feature is inherent for the AgNW TCFs. Here, the
simultaneous multifunctional operation of the thermal,
proximity, strain, and pressure sensing is demonstrated.

Figure 6a shows the rolling Cu disc on an active-matrix
pressure sensor (N = 4 and the size of 9 cm X § cm with 10 X
16 grids, see Figure S3a). This active matrix can detect the
applied pressure through the electronic circuit, which is also
able to convert external physical stimuli into digital signals.
The Cu disc was rolled back and forth in the diagonal
direction. The pressured locations were marked by the circuits

40240

and the contour images were juxtaposed with the correspond-
ing photos in Figure 6a; also see Movie S1.

Figure 6b shows the multifunctional sensor attached onto a
finger joint by spreading Ecoflex onto the underside of the
sensor. The sensor size was 4 cm X 0.5 cm, and three sensors
were aligned at three different zones: P1, P2, and P3. Each
sensor was fabricated with N = 4 and consisted of four layers,
which were designed to sense variations of temperature,
proximity, pressure, and strain (or bending). In Figure 6b, a
glass vial filled with hot water (60 °C) was grabbed by a hand
with the multifunctional sensor on a single finger. When the
container had been grabbed, the corresponding data from the
sensors for all three zones (P1, P2, and P3) were plotted. A
total of five cycles were repeated and the results were highly
repeatable, except the variations caused by the human motion.
The pressure was the highest at location P1 near the fingertip
where contact with the surface of the vial was the tightest and
thus the temperature sensitivity was accordingly the highest at
this point. In the case of the proximity sensor, the same
distance to all three locations was similar as the sensors
approached the vial and thus nearly no difference in the voltage
data (AVP) was observed.

4. CONCLUSIONS

Silver nanowires (AgNWs) were supersonically sprayed onto
transparent flexible substrates for the fabrication of multifunc-
tional sensors that can monitor various variations of external
stimuli, including temperature, pressure, strain, and proximity.
Moreover, this sensor is also capable of heating and UV
protection. The resistance of the sensor changed in response to
external stimuli such as temperature, pressure, and strain (or
bending), whereas the capacitance (or voltage) of the sensor
changed upon the variation of the proximity to an object. UV
radiation in the 200—320 nm wavelength range was completely
blocked. In the heater mode, the temperature of the sensor
could be increased in the 5—25 °C range upon applying a
voltage of 2.5 V or less. The change in the sensor resistance
was approximately 5 Q or less when the sensor was subjected
to the atmospheric temperature variations of 30 °C or less. The
temperature coeflicient of resistance was nearly constant for all
sensors. The voltage increased within the 0—0.06 V range for
proximity sensing of an approaching object. The sensor with
the highest transparency was the most sensitive in responding
to the approaching object. The pressure sensor functions by a
change in the resistance in the 0—6 Q range due to the
application of a pressure of ~350 kPa or less. Here, again, the
sensor with the highest transparency was the most sensitive to
the external pressure stimulus. The strain or bending operation
was monitored based on changes in the resistance in the range
of 20 € or less. This multifunctional sensor is body-attachable
for use in artificial intelligence robotics and electronic skins
and possesses great flexibility and transparency.
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