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T
he unique sensing functionalities of
mammals and insects are attractive
for electrical devices and have been

aggressively studied. In fact, several ap-
proaches have mimicked their functional-
ities, such as an artificial electronic eye
(e-eye),1 skin (e-skin),2�8 and nose (e-nose).9

In addition, an e-whisker has recently been
demonstrated using nanomaterial films to
detect strain.10 For practical applications,
these kinds of artificial devices must be
economically fabricated on macroscale flex-
ible substrates. To date, fully printed macro-
scale sensor fabricationhas yet tobe realized,
although printing transistors on flexible

substrates has been well studied.11,12 Con-
sidering scalability and costs, fully printed
artificial devices would be attractive for
future electronics.
Herein fully printed,multifunctional highly

sensitive e-whisker arrays, which exceed the
function of real whiskers, are demonstrated
as a proof of concept by developing print-
ing methods and inks to integrate highly
sensitive strain and temperature sensors.
Although real animal whiskers cannot sense
temperature, the temperature distribution is
important information if it can be detected
prior to touching an object. Thus, a strain
sensor to detect whisker displacement and a
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ABSTRACT

Mammalian-mimicking functional electrical devices have tremendous potential in robotics, wearable and health monitoring systems, and human

interfaces. The keys to achieve these devices are (1) highly sensitive sensors, (2) economically fabricated macroscale devices on flexible substrates, and (3)

multifunctions beyond mammalian functions. Although highly sensitive artificial electronic devices have been reported, none have been fabricated using

cost-effective macroscale printing methods and demonstrate multifunctionalities of artificial electronics. Herein we report fully printed high-sensitivity

multifunctional artificial electronic whiskers (e-whisker) integrated with strain and temperature sensors using printable nanocomposite inks. Importantly,

changing the composition ratio tunes the sensitivity of strain. Additionally, the printed temperature sensor array can be incorporated with the strain sensor

array beyond mammalian whisker functionalities. The sensitivity for the strain sensor is impressively high (∼59%/Pa), which is the best sensitivity reported

to date (>7� improvement). As the proof-of-concept for a truly printable multifunctional artificial e-whisker array, two- and three-dimensional space and

temperature distribution mapping are demonstrated. This fully printable flexible sensor array should be applicable to a wide range of low-cost macroscale

electrical applications.
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temperature sensor to detect both an object's and
ambient temperature are integrated into the whisker
structures.

RESULTS AND DISCUSSION

Figure 1 describes the printing methods for the
strain sensor and the temperature sensor array on a
plastic substrate (see Methods). Because the sensing
materials used here are patterned by the printing
method, numerous types of plastic substrates can be
used [e.g., silicone, polyethylene terephthalate (PET),
and polyethylene (PE)] (Figure 1e,f). Figure 1g de-
scribes the design of the sensing material and whisker
structure. The structure lengths, Lflex and Lsensor, and
thickness were altered to study the geometric depen-
dence of the strain sensor. The output current was
measured to extract stress and temperature.
First, the strain sensor was characterized as shown

in Figure 2. The mechanism of the strain sensor using
a carbon nanotube (CNT)-silver (Ag) nanoparticle (NP)
film is to measure the distance between AgNPs, which
corresponds to the resistance as described in Figure 2a.
The entangled CNTs connect AgNPs when a high strain
is applied to the film. A more detailed sensing mechan-
ism is described elsewhere.10,13 Although different ma-
terial systems can be used for the strain sensors (e.g.,
nanoparticles,13,14 nanowires,15,16 and nanotubes17,18),
this study employs compositematerials of nanoparticles
and nanotubes because they realize a high sensitivity
and wide dynamic range, respectively. Consequently,
the composite films display both characteristics.10

Figure 2b indicates the design to characterize the strain

sensor on the whisker structure. The length, Lflex (5, 7,
and 9 mm), and the thickness of silicone substrates
(0.5, 1, and 1.5 mm) were altered, while the length,
Lsensor, of the CNT-AgNP resistance was fixed at 3 mm.
To determine the highest sensitivity of the fully

printed CNT-AgNP film, the composite ratios of the
CNT paste and AgNP ink were studied. Figure 2c shows
the resistance change as functions of the displacement
of a tip of e-whisker and the pressure with different
ratios of CNT paste and AgNP ink, where R0 and R

are the resistances at the relaxed state of the e-whisker
(i.e., no bending) and at bent state, respectively. The
reading increases or decreases in accordance with
the bending direction [downward (tensile stress) or
upward (compressive stress), respectively]. Figure 2d
compiles the normalized resistance change, ΔR(= R �
R0)/R0, as a function of the AgNP ink ratio in the
composite ink when the whisker is bent downward
∼2.5 mm to apply a tensile stress in the sensor. Initially
increasing the AgNP ratio in the CNT ink drastically
increases the resistance as a function of bending,
which peaks at 45 wt % AgNP ink (or CNT paste:AgNP
ink = 10:8). The 45 wt % AgNP film shows the highest
resistance change ∼4500% at an applied pressure
∼450 Pa (saturation region) and ∼2018% at ∼34 Pa
(linear region), corresponding to a sensitivity∼10%/Pa
and∼59%/Pa, respectively. This∼59%/Pa sensitivity is
more than seven times higher than the best reported
sensitivity (∼8%/Pa)10 for a strain sensor, including
sensors composed of a silicon cantilever19 or other
materials.8,20 However, further increasing the AgNP
ratio decreases the resistance change (e.g., AgNP ink

Figure 1. Multifunctional e-whisker fabrication. (a) Schematics to prepare the strain sensor using a screen printer. (b) SEM
image of the printed composite CNT-AgNP film (40wt%AgNP film). (c) Schematics to prepare the temperature sensor using a
laser cutter. (d) SEM image of PEDOT:PSS-CNT film (10:1 ratio). Photos of (e) strain sensor arrays printed on a silicone, a PET,
and a PE and (f) temperature sensor array on a PET. (g) Device schematics for characterizations.
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or 50wt%Ag ink are shown in Figure 2d). This behavior
is most likely because the AgNPs are completely
packed in the film and the change in the distance
between AgNPs is negligible when the strain is applied
to the AgNPs. In addition, it is speculated that the
amount of binding polymer in the CNT paste also plays
an important role to achieve a highly sensitive strain
sensor based on the results of 50 wt % AgNP film (i.e.,
less binding polymer), which shows a low sensitivity.
Unfortunately, the composite ink with a AgNP ratio
>50 wt % started to aggregate and could not be
applied to the screen printing method in this study.
Next the response time of the e-whisker was ob-

served by bending ∼0.5 mm to apply tensile and
compressive stresses. The resistance change is success-
fully monitored (Figure 2e), depicting that the re-
sponse time is ∼90 ms (inset of Figure 2e), which is
sufficient to map the spatial distributions of e-whiskers
and robotic applications. This time delay is most likely

due to the speed of the silicone elastomer. Thus, the
response time may be improved by choosing a differ-
ent substrate material.
Then the mechanical reliability of the fully printed

film was measured by observing the normalized resis-
tance change (ΔR( = R � R0)/R0), where R0 is the initial
resistance before bending. Here the resistance R was
measured in the relaxed state of e-whisker after bend-
ing (∼1 mm) up to 200 times. Figure 2f shows that
the resistance change is almost negligible, suggesting
that printed CNT-AgNP film is mechanically flexible
and stable.
To shed further light on the properties of e-whiskers,

the geometric dependencies of the length and thick-
ness of e-whiskers were characterized by measuring
the normalized resistance change. Because the sensor
using 45 wt % AgNP film is too sensitive for a systema-
tic study, the 40 wt % AgNP film is used here. First, the
e-whisker length Lflex was altered from5 to 9mmwith a

Figure 2. Strain sensors on the e-whisker structure. (a) Schematics of the strain sensing mechanism. (b) Schematics of the
strain sensor design and displacement. (c) Resistance change, R/R0, as functions of displacement (bottom x-axis) and applied
pressure (top x-axis) with different CNT and AgNP ratios. (d) Normalized resistance difference,ΔR/R0, of the tensile stress as a
function of the AgNP ink ratio in the composite ink. (e) Time response of the e-whisker applied tensile and compressive strain
by bending ∼0.5 mm. Inset shows the e-whisker response time of ∼90 ms. (f) Mechanical reliability of the normalized
resistance change by bending up to 200 cycles. (g) Normalized resistance changewith different lengths, Lflex = 5, 7, and 9mm
(silicone thickness is 0.5 mm). Solid line indicates the trend of the resistance change due to strain. (h) Normalized resistance
change as a function of silicone thicknesses of 0.5, 1, and 1.5 mm (Lflex = 7 mm).
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silicone thickness of 0.5 mm and Lsensor = 3 mm. The
e-whisker was bent∼2mm, and the resistance change
was measured as a function of the whisker length.
The trend of the resistance change based on strain by
bending the e-whisker can be estimated as a function
of length. The surface strain, S, can be calculated by the
following equation21

S ¼ dt þ ds
2R

� �
(1þ 2ηþ χη2)
(1þ η)(1þ χη)

where dt and ds are the thicknesses of CNT-AgNP film
(∼1.5 μm) and silicone substrate (0.5mm), respectively.
R is bending radius, η = dt/ds, and χ is the Young
modulus ratio of the CNT-AgNP film and silicone. Due
to difficulty extracting the Young modulus of the CNT-
AgNP film, the exact value of strain cannot be esti-
mated. However, based on the trend of strain with
different thicknesses and lengths of the whisker from
the above equation, strain corresponding to ΔR/R0
increases as the length decreases at a constant dis-
placement ∼2 mm (Figure 2g). The experimental and
calculated results are consistent (Figure 2g). The thick-
ness dependence with Lflex = 7 mm and Lsensor = 3 mm
was also characterized when the e-whisker was bent

∼0.5 mm; ΔR/R0 increases when the thickness of
silicone substrate increases. This trend of the resistance
change calculated by the strain also agrees well
with experimental values as a function of thick-
ness (Figure 2h). These results demonstrate that the
properties of the e-whisker structure can be estimated
by the fundamental strain theory for a cantilever
structure.
In addition to the strain sensor to detect the spatial

distribution, a printed resistive temperature sensor
was fabricated on the e-whisker to imitate animal
skin. The resistance change of the printed poly(3,4-
ethylenedioxythiophene)-poly(styrenesulfonate)
(PEDOT:PSS)-CNT composite film used in this report is a
function of temperature due to the temperature coef-
ficient of each PEDOT:PSS and CNT and electron hop-
ping at the interface of PEDOT:PSS and CNTs.22 The
normalized resistance change [ΔR(= R� R0)/R0] where
R0 and R are the resistance at room temperature (R.T.
∼24.3 �C) and the temperature from 25.8 to 53.2 �C,
respectively, was measured. Figure 3a indicates that
the resistance decreases as the temperature increases.
The sensitivity extracted by the linear fit in Figure 3a
is ∼0.63%/�C, which is similar or better than the

Figure 3. Temperature sensor. (a) Temperature dependence of PEDOT:PSS-CNT and CNT-AgNP film (40 wt % AgNP film). (b)
Resistance change as functions of displacement (bottom x-axis) and pressure (top x-axis) for temperature and strain sensors.
(c)Mechanical reliability of the normalized resistance changeup to 200 cycle bendings. (d) Repeated cycle test of temperature
between R.T. and ∼50 �C.
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properties of other temperature sensors fabricated on
flexible substrates,23 although here the temperature
sensor was patterned by printing and laser cutting
methods. The temperature sensitivity of the strain
sensor using the CNT-AgNP film (40 wt % AgNP film)
is negligible∼0.03%/�C; that is, it is 20 times lower than
that of the temperature sensor plotted in Figure 3a. On
theother hand, the responses of the temperature sensor
are negligible for both tensile and compressive strains
(Figure 3b), whereas the strain sensor shows a large
change in resistance. To prevent complicated analyses,
these selectivities are important in order to integrate
both strain and temperature sensors on e-whiskers.
The mechanical and electrical reliabilities of the

temperature sensor were characterized. First, the nor-
malized resistance changes of the same experiment in
Figure 2f were evaluated to confirm whether bending
the substrate degrades the sensor. Figure 3c shows
that the temperature sensor suffers negligible damage
or degradation against strain. Subsequently, a cycle
test of the temperature difference between∼22�23.3
and ∼49�53 �C was carried out to observe the resis-
tance changes due to degradation by temperature of
the film. Figure 3d indicates that the sensor operates
consistently during different temperature cycle tests,
which is essential for flexible devices.
As an e-whisker demonstration, the spatial distribu-

tion upon touching an object similar to an animal
whisker was experimentally mapped using integrated
9-e-whisker arrays. The e-whisker arrays were con-
nected to a Wheatstone bridge circuit to convert the
resistance change into a voltage change. The out-
put voltage simultaneously recorded the 9 channel
memory recorder. The sampling rate of the memory
recorder was 0.1 s, the input voltage was 1 V, and the

scanning speed was 0.6 mm/s. A strain sensor with
40 wt % AgNP film was patterned on a 100-μm-thick
PET substrate (sheet resistance at the relaxed state
∼120mΩ/sq). The e-whisker array was simply cramped
by an electrical lead-out connector (Figure 4a). The
whisker length was 1 cm (Lflex = 7 mm and Lsensor =
3 mm) (Figure 4b). An object “OPU” with a 1.4-mm
height was scanned using the 9-e-whisker array
(Figure 4d). Figure 4c shows the recorded electrical
signal and the three-dimensional spatial distribution
map. Figure 4e confirms that the “OPU” object is
successfully mapped out electrically. In addition to the
mapping of the same height, height differences should
bemeasured to imitate real animalwhiskers. To confirm
this capability, a stair-like object as shown in Figure 4f
was prepared. Figure 4g,h describes the electrical out-
put, and clearly shows up and down steps with a height
difference of ∼400 μm. Minimum height resolution
depends on the geometry of e-whisker and measure-
ment setups. In this study, theminimum resolution was
tens ofmicrometer due to noise from themeasurement
environment and amplifiers to detect the voltage
change of the sensors. In principle, the height resolu-
tion should be improved up to nanometer range based
on Figure 2c if the structure is correctly designed and
the measurement setup is improved. The printing
technique limits the spatial resolution (∼2 mm be-
tween e-whiskers) because the screen printing was
manually conducted. Using automatic full-controlled
screen printers or some other printing techniques such
as inkjet printers should create high-density patterning
to realize high resolution mapping.
As the first proof of concept, the three-dimensional

physical space and temperature distributions by inte-
grating strain and temperature sensor arrays on the

Figure 4. Three-dimensional spatial distribution mapping. Photos of (a) the measurement and (b) 9-e-whisker array used for
the mapping. (c) Output voltage of each e-whisker #1�#9. (d) Photo of an object “OPU” for three-dimensional mapping. (e)
Three-dimensionalmapping result by scanning over “OPU” object shown in (d). Height differencemapping of (f) the stair-like
object, (g) output voltage of e-whisker #5, and (h) three-dimensional height mapping.
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e-whiskers were demonstrated (Figure 5a,b). The strain
and temperature e-whisker arrays were separately
fabricated and then laminated together. A copper
object, which consisted of two copper plates, was used
to map the shape and temperature distributions
(Figure 5c,d). The height of the copper objects be-
tween two plates differed slightly (within ∼200 μm)
(Figure 5d inset). First, the copper object was heated to
∼70 �C on a hot plate and placed on the stage of the
scanner. The object quickly cooled due to the un-
heated scanner stage in an air-conditioned room at
24 �C. Multifunctional e-whisker arrays were scanned
over the object. Figure 5e shows the height and
temperature distributions, suggesting that the multi-
functional e-whisker array successfully maps the space
and temperature distributions. For temperature map-
ping, e-whiskers that did not touch the object display a
slight temperature change because the e-whiskers also
measure small temperature changes from the radiant
heat of the copper object. It is noteworthy that the
strain sensor (Figure 5e) detects the height difference
between e-whiskers #2 and #3 due to∼200 μm height
difference of the copper object, confirming that the
e-whisker can measure a small height difference of
∼200 μm. Since the plastic substrates were used in this
study, the substrates start to deform at high tempera-
ture above 90 �C. For high temperature measurement,
if needed, thermally resistive flexible substrates such as

polyimide need to use for both strain and temperature
sensors.

CONCLUSIONS

In summary, here a fully printed, multifunctional
e-whisker array integrated with strain and temperature
sensors is demonstrated. The strain sensor shows an
impressively high sensitivity of ∼59%/Pa, which is the
best value compared to all other previously reported
types of strain sensors.8,10,19,20 In addition, by changing
the CNT and AgNP ratio, the sensitivity of the strain
sensor is tunable for different applications. Another
advantage is that the e-whisker arrays are patterned by
conventional standard screen printing, which is readily
conducted and reproduced using economic macro-
scale fabrication techniques. Beyond a real animal
whisker, the temperature sensor is also integrated to
provide additional information for robotics and artifi-
cial skin applications. Finally, the ability of multifunc-
tional e-whisker arrays to successfully map two- and
three-dimensional distributions is demonstrated. To
realize fully printed flexible electronic system, there
are still many challenges such as fabrications of flexible
circuits and batteries, protecting layers of devices, and
techniques of high integration, whichmust be realized
by printing methods and/or comparable low-cost fab-
rication methods. These requirements need to address
as next research topics in the near future. However, this

Figure 5. Multifunctional e-whisker array with strain and temperature sensors. Photos of (a) each e-whisker array integrated
with temperature and strain sensors on a PET substrate, (b) multifunctional e-whisker array laminated with strain and
temperature e-whiskers, and (c and d) measurement setup to scan a copper object. Inset picture shows the height difference
∼200 μm of copper plates. (e) Three-dimensional strain and temperature distribution simultaneously mapped by the
multifunctional e-whisker array.
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fully printed, macroscale multifunctional integrated
device should lead fields involving low-cost and high

performance electronics, robotics, and similar applica-
tions including printable electronics.

METHODS
Strain Sensor Printing. A carbon nanotube (CNT) paste

(SWeNT) and silver (Ag) nanoparticle (NP) ink (Paru, Korea) were
mixed with a predetermine weight ratio for the strain sensor.
The resistance change as a function of strain was measured
to define compressive and tensile strains as well as applied
pressure. The CNT-AgNP resistive filmwas printed onto a flexible
plastic substrate using a screen printing method (Figure 1a).
Oxygen plasma was applied to a silicone rubber substrate for
uniform printing. The plastic substrate was then patterned by
a laser cutter to form the whisker structure. The film of CNTs
entangled around the AgNPs had a total thickness of ∼1.5 μm
(Figure 1b). The CNT-Ag composite film contained a binding
polymer that came from the CNT paste.

Temperature Sensor Printing. A conductive poly(3,4-
ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS,
1.3 wt % in water) (Sigma-Aldrich) and the same CNT paste
as the strain sensor were mixed in a 10:1 weight ratio.22 The
PEDOT:PSS-CNT film was printed on the entire plastic surface
with a thickness of ∼3 μm. To pattern the temperature sensor,
a laser cutter tool was used to etch a PEDOT:PSS-CNT film
followed by patterning of the plastic substrate to form the
whisker structure. It should be noted that patterning using a
laser cutter took <1min for a 3� 3-cm2 substrate size. Figure 1d,
which shows a scanning electron microscope (SEM) image of a
PEDOT:PSS-CNT film, indicates that the film is uniformly printed
over the substrate.
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