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Pressure-sensitive touch panels can measure pressure and location (3D) information
simultaneously and provide an intuitive and natural method for expressing one’s intention
with a higher level of controllability and interactivity. However, they have been generally
realized by a simple combination of pressure and location sensor or a stylus-based interface,
which limit their implementation in a wide spectrum of applications. Here, we report a ﬁrst
demonstration (to our knowledge) of a transparent and ﬂexible 3D touch which can sense the
3D information in a single device with the assistance of functionally designed self-generated
multiscale structures. The single 3D touch system is demonstrated to draw a complex threedimensional structure by utilizing the pressure as a third coordinate. Furthermore, rigorous
theoretical analysis is carried out to achieve the target pressure performances with successful
3D data acquisition in wireless and wearable conditions, which in turn, paves the way for
future wearable devices.
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hree-dimensional touch, also known as force touch, is a
new ﬁeld and becoming more widely valued in the market
for its versatile function and outstanding interactions with
users and accessibility to additional functionality by applying
alternative touch motions. Commonly, spatial and pressure
information are measured separately by simply combining two
independent sensor components: a force sensor and a touch
panel. Apple Inc. ﬁrst released force touch technology in 20141,
placing force sensors underneath the four corners of the rigid
glass touch panel. In addition, researchers in academia developed
various transparent pressure sensors2–7 and integrated these
sensors with commercial touch screen module8. However, the
simply combined system has signiﬁcant limitations; the sensing
capability will be hindered if the force sensor is arranged at the
bottom of the panel, and the transparency will be reduced in case
that the force sensor is placed above the panel. Various tablet
computers9,10 are also capable of force sensing, which indeed
functions only in the presence of its own extra stylus device. As
stated above, a simple combination of different sensors is usually
necessary to distinguish the position and pressure signals; hence,
merging two functions in a single device is very challenging and
causes various practical problems although a single device 3D
touch that can simultaneously sense pressure and location will be
the most ideal force touch device.
Besides, developing a force sensor operating under human
touch motions is one of the key goals that address these challenges. Recently reported force sensors possess geometric features
which contain conductive nanomaterials to obtain the required
sensing ability11–19. The majority of them can be classiﬁed as
pyramid6,7,20 or dome-like structures2,21–24, both of which concentrate the pressure or electrons at the very edge of the structure
in order to enhance the sensing capability. Typical pressures
produced by normal touch are distributed in the 10–100 kPa
range25,26, and since there is a strong relationship between the
structure and the sensor performance, a concrete theoretical
model that captures this relationship is necessary to describe the
targeted pressure region, whereas previous studies have relied on
simple analysis via curve-ﬁtting21,23.
Here, we present a ﬁrst demonstration of a ﬂexible and
transparent sensor which is capable of determining 3D information in a single device consisting of micro-patterned silver
nanoparticle and uniformly coated metal nanowires. The unique
self-generated multiscale silver micro-pattern was fabricated by a
developed fast digital laser-induced thermal gradient process
without the need for conventional photolithography or vacuum
deposition at high temperatures, vacuum environment, or any
post-processing. Self-generated wavy structures were successfully
engineered through the laser-induced thermal gradient and the
precise relationship between the structure and the sensing performance was examined; wide sensing capability was thereby
achieved within the desired pressure regime. With the aid of the
six-wire sensing mechanism proposed in this study, spatial and
vertical informations can be successfully detected, as demonstrated in various applications.
Results
Fabrication process of 3D touch. Fig. 1 illustrates the entire
fabrication process and structure of the 3D touch sensor. The
sensor consists of two transparent layers and the fabrication of
the upper layer is shown in Fig. 1a. An ultra-thin silver nanowire
(AgNW) network is uniformly sprayed onto the transfer material,
covered with the desired mask pattern, and further embedded
into UV curable polyurethane acrylate (PUA), the latter being
designed to enhance the mechanical stability and surface ﬂatness.
Figure 1b shows a successfully fabricated free-standing
2

transparent AgNW–PUA composite. Ultra-thin and long
AgNWs were synthesized by a polyol method with extremely high
aspect ratio (30 nm thick and 50 µm long). The high aspect ratio
nanowires signiﬁcantly enhance the surface conductivity (~20 Ω/
sq) while maintaining high transparency (>95%, Supplementary
Fig. 1) due to the decreased critical volume fraction of nanowires
required to ensure a successive percolation network to achieve a
conductive ﬁlm27–29. The bottom layer consists of silver nanoparticles (AgNPs), which were also synthesized by a polyol
method. The fabricated silver nanoparticle ink is ﬁrst spin-coated
on a PET substrate and then a 532 nm wavelength laser is focused
at the AgNP layer to selectively convert the AgNPs into a continuous micro-sized comb-like metal pattern, as shown in Fig. 1c.
The aforementioned laser process is done at low temperature and
in a non-vacuum environment, which prevents signiﬁcant
damage of the ﬂexible polymer from occurring during the process30–32. Since the sintered particles adhere strongly to the
substrate, the surrounding residue could be easily removed by
cleaning with polar solvents (e.g. water, ethanol (EtOH)). The
transparent comb-like electrode fabricated by this process is
depicted in Fig. 1d. The right image shows a microscope image of
the patterned electrode with a 100 μm interval and 20 μm width.
A higher magniﬁcation image is shown in the yellow-boxed inset.
Both of the layers are then attached and encapsulated by PUA.
The unique bi-layer sensor system is illustrated in Fig. 1e. Both
the layers contribute to the excellent transparency (>85%); the
transmittance (plotted on the left corner) was measured by
UV–vis spectrophotometry. Macroscopically, the sensing
mechanism is due to contact between the comb-like electrode
array and AgNW percolation network. Microscopically, a higher
external pressure forms a larger contact area between the percolation network and the self-generated corrugated structure
along the electrode as demonstrated in magniﬁed schematic,
leading to more conducting pathways between the interdigitated
electrodes. An overview of the sensor operation is provided in
Fig. 1f. Arbitrary types of stylus, such as a ﬁnger or any type of
pen can be used to operate the sensor independent of the material’s permittivity. The sensor system not only could measure the
force but also recognize the contact position in simultaneous
operation.
Controlling self-generated multiscale structure. So far, non-ﬂat
surface morphology appearing in the selective laser sintering
(SLS) process was considered to be a metallurgical defect, the socalled ‘balling effect’33–35. However, controlling the irradiation
parameter with the support of sophisticated physical analysis, the
morphology can be easily manipulated to a desired structure. In
this way, we developed a self-generated microstructure by laserinduced spatial thermal gradient. When the laser is scanned on
the spin-coated AgNP layer, a temperature difference arises
between the laser spot center and the lag side. The temperature of
the spot center is higher than the lag side, since the lag side has
been cooled by the ambient environment. In this temperature
distribution, the surface shear stress of the molten silver layer acts
toward the relatively cold area, i.e., the lag side (Supplementary
Fig. 2), since generally the surface tension of common liquids
decreases with increasing temperature. Consequently, surface
force causes Marangoni convection ﬂow, which circulates in the
right hand direction with respect to the out of plane direction
(Fig. 2c). This circulating ﬂow plays a key role in determining the
surface morphology of the resultant electrode during laser irradiation (Fig. 2a). Since the surface morphology reconstruction
caused by Marangoni ﬂow occurs during the time when the
AgNP layer remains in a liquid state, two time scales are major
factors in laser-induced surface deformation: a time scale for
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Fig. 1 Fabrication of a wearable transparent 3D touch. a Schematic depicting the fabrication of the upper transparent layer. b Free standing AgNW–PUA
composite upper layer with SEM image. The inset in the right image shows a higher magniﬁcation image displaying the ultra-thin metal nanowire network.
Scale bars, 150 and 50 μm (inset). c Schematic depicting the fabrication of the lower transparent layer. d Free standing AgNP comb-like lower layer with
enlarged picture of an interdigitated electrodes. Inset shows a magniﬁed image of the surface. Scale bars, 100 and 20 μm (inset). e Schematic of the whole
sensor system (Inset shows the transmittance of the system) with illustration of magniﬁed image. Interdigitated lower electrodes are showing corrugated
structure. f Illustration displaying the performance of the 3D touch

Marangoni convection ﬂow (τc) and the characteristic time in
which the AgNP layer remains liquid (τliq). The temporal
dependence of the surface temperature proﬁle induced by laser
irradiation is shown in Fig. 2b (Proﬁles in each four regions are
discussed in Supplementary Note 1.), where τl, τm, and τs are the
laser-irradiated heating time, melting time, and solidiﬁcation
time, respectively. The gray area denotes the time interval in
which the AgNP layer remains liquid (τliq = τl + τs−τm). The two
time scales (τs, τm) are negligible, since they are relatively small
compared to τl (Supplementary Note 3); thus, the key time scales
are
L
τ liq  τ l ¼
ð1Þ
vscan
τc 

Q_
L
μL2
¼
; ΔT 
kH
U jdγ=dTjΔTH

ð2Þ

where L is the characteristic dimension (laser spot radius, 10 μm),
vscan is the laser scan speed (200 mm s−1), U is the characteristic
Marangoni ﬂow speed, μ is the viscosity of molten silver, |dγ/dT|
is the surface tension gradient with respect to the temperature of
molten silver, H is the height of AgNP layer, Q_ is the laser power,

and k is the thermal conductivity of the AgNP layer (Supplementary Notes 2, 3 and 11). We quantitatively investigated the
surface deformation process by introducing the Surface shaping
number (S):
τ
jdγ=dTj Q_
ð3Þ
S¼ l ¼
μLk vscan
τc
which is a dimensionless number deﬁned as the ratio between τc
and τl (≈τliq), indicating the speed of the circulating ﬂow compared to the solidiﬁcation rate. When a large spatial thermal
gradient is established in the pristine AgNP surface, surface shear
stress affects the interface between liquid silver and ambient air,
making it energetically unstable. A small geometrical perturbation
that inherently exists on the AgNP surface causes the molten
silver surface to undergo a transition to an energetically favorable
state, which tends to minimize the surface free energy. Such a
transition rate is inversely proportional to the mass transportation characteristic time, τc. The process condition can be classiﬁed
into three cases depending on the value of S. Firstly, S < 1 (τc is
larger than τl, Fig. 2d). Since the molten silver cools down rapidly,
solidiﬁcation occurs before the unstable liquid silver interface
initiates its transition. In this instance, surface reconstruction

NATURE COMMUNICATIONS | (2019)10:2582 | https://doi.org/10.1038/s41467-019-10736-6 | www.nature.com/naturecommunications

3

ARTICLE

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-10736-6

m

Cooling
l

m)

e

0

80

th (u

l + s

4

l – m

Time

c

0

120

S = 0.97
0.8

0

Balling region

Laser
direction

Length (μm)
Regular wave

1.2
Height (μm)

Melting

0.4

wid

Height (um)

T (∞)

Thermal
capillary flow

0.8

0
Line

Liquid
phase

l

scan l

0
Tm

Flat surface
S = 0.48

1.2
Height (μm)

2
scan
m

Molten region

Temperature

Pristine nanoparticle

d
Height (um)

b

a

m)

s

f

0

2

Marangoni
flow

0

120

S = 1.36
0.8

0

Transparent substrate

Length (μm)
Irregular balling

1.2
Height (μm)

th (u

Height (um)

Regular wave
structure

0.4

wid

80

Line

Ag NPs

0.4

wid

th (u

m)

80

Line

0

Length (μm)

120

Fig. 2 Self-generated multiscale microstructure by laser-induced Marangoni ﬂow. a Time scales of microthermoﬂuidic phenomena under optimum
conditions for regular wavy structure. b Temporal dependence of characteristic temperature proﬁle induced by single cycle of laser scanning. c Marangoni
convection in molten AgNP layer induced by laser scanning. d–f 3D scanned image and surface proﬁle of AgNP layer with different laser conditions with
S = 0.48 (d), S = 0.97 (e), and S = 1.36 (f)

cannot occur, and the resultant electrode remains ﬂat. Secondly,
S~1 (τc is comparable to τl, Fig. 2e). Solidiﬁcation and transition
takes place simultaneously; thus, the silver is solidiﬁed and
develop its structure during the intermediate morphological
transition. Since the cycle of the reconstruction is analogous to
the transition cycle, a regular wave structure is generated behind
the laser scan direction. Lastly, S > 1 (τc is smaller than τl, Fig. 2f).
In this situation, enough time is provided to preserve the liquid
phase. Since the initial geometrical perturbation is randomly
distributed over the surface, this condition generates unbalanced
spherical island structures, which is the lowest energy conﬁguration of the interface. Since the laser proﬁle and the shape are
also important parameters determining the resultant surface
morphology, further rigorous investigations should be required.
The brief discussion regarding these parameters is found in
Supplementary Note 6.

polymer and could be treated as a continuous metal layer, the
nanowire concentration would not signiﬁcantly affect the output
signal of the sensor (Supplementary Note 10). Therefore, the
change in contact area directly affects the bridging current
between the interdigitated electrode, shown in the YZ plane view,
where w is the width of the electrode and d is the distance
between the neighboring electrodes. The bridging current
between the electrodes is shown in the XY plane view, and the
current density is calculated by numerical simulation (Supplementary Note 8). Relations between the two-dimensional average
pressure (P) and normal displacement (uz(x) = δ cos(2πx/λ)) can
be derived by solving the two-dimensional problems of an elastic
half-space (Fig. 3c(A-1), Supplementary Note 7),

Theoretical analysis of the sensor. The output signal of the
sensor is mainly dictated by two factors, the pressure-dependent
contact surface between the layers and the consequent change in
the electrical path. A theoretical model based on contact
mechanics and geometrical resistance analysis was constructed in
order to predict these processes. A magniﬁed illustration of the
comb-like electrode in the red box (Fig. 3a). The geometric
modeling parameters of the sensor are illustrated in the magniﬁed
images of three different views (Fig. 3b). As shown in the XZ
plane view, the repeating unit of corrugated structure could be
estimated as a single sinusoidal wave, where δ is the amplitude of
the wave, λ is the wavelength, and a is the projected length of the
contact area. Since the modulus of the lower layer (comb-like
electrode on the polymer substrate, Elower = 83 GPa) is much
higher than that of the upper layer (AgNW–PUA composite,
Eupper = 20 MPa), the lower layer can be considered as a rigid
body; hence, we could consider that there would be a linear elastic
deformation of the AgNW composite above the rigid-corrugated
surface. Since the nanowire is randomly distributed over the

The series Jn and the functional form of the actual contact area at
are also given in Supplementary Note 7. As demonstrated in
Fig. 3c(B-1-3), the relation between the contact length and
conductance should be considered to further develop the relationship between the external pressure and output current signal
of the sensor. As shown in Fig. 3d, a higher pressure generates
more conducting pathways, which causes an increase in the
output current at a ﬁxed supply voltage. However, since the
equipotential line is non-linear, the conductance cannot be easily
calculated by the simple electric conductance relation, G = σA/l,
where σ is the conductivity, A is the cross-sectional area, and l is
the length of the conductor. In this situation, the conductivity
could be calculated by mapping every point of the physical plane
(Z-plane) conformally to a corresponding auxiliary plane (χplane), the so-called, conformal representation. Among such
methods, we used the Schwarz–Cristoffel transformation (Fig. 3c
(B-2)). As shown in Fig. 3d, by transforming the extremities of
the contact area on the Z-plane, the equipotential line becomes
linear on the χ-plane. Consequently, the geometrical resistance
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(G) can be approximated as

   
K′ðkÞ
π Y
; k ﬃ tanh
Gﬃ
K ðkÞ
2 X

ð5Þ

where X = l/l′, Y = at/l′, and K denotes a complete elliptic integral of the ﬁrst kind. A detailed derivation and an approximation
of single cell conductance can be found in Supplementary Note 9.
Since the entire sensor system is a combination of these microcells, the total conductance of the sensor can be calculated by a
parallel sum approximation (Supplementary Note 8, Fig. 3c
(B-3)). Therefore, the total conductance is given by
1
1
ð6Þ
C t ¼ Nσt  Oð101 Þ
G
G
where N is the number of corrugated microcells O(102), σ is the
conductivity of AgNW network O(104) S/m and t is the thickness
of the AgNW layer O(10–7) m. Thus, the correction factor is on
the order of 10−1 in SI units. Taking the correction value of
5.6−1 and combining Eqs. (4)and (6), we could ﬁnally deduce the

theoretical model of the sensor which explains the relation
between the pressure and output current signal. Theoretical
values were found to match perfectly with the experimental
values, as depicted in Fig. 3e, g. To further investigate the performance of the sensor, we controlled two parameters, δ and d,
which are amplitude and distance, respectively (Fig. 3e). An
electrode with a ﬂat surface (δ = 0) operates as a contact between
metal plates, i.e., the contact will form instantly. The pressure
sensitivity seems to be extremely high; however, the sensing
range is relatively small (<10 kPa). As a demonstration, a ﬂat
surface sensor is capable of detecting consecutive loading of
ﬁve microcapacitor chips (5 μg each), where the inset shows
the sensor and the microcapacitor chip compared with a US
quarter coin (Fig. 3f). An electrode with a corrugated surface
(δ = 100 μm), has an enhanced sensing range, attributed to the
multiscale structure (Fig. 3e), which makes it possible to detect
inputs in the high-pressure regime (10–100 kPa) produced by
daily life25,26, and the applications of this structure will be covered in Fig. 4. The distance between the electrodes also affects the
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Fig. 4 3D touch applications. a Working mechanism of six-wire transparent 3D touch. b 3D structured spring drawn by altering pen pressure: 3D touch was
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connected to the analyzer. f Magniﬁed image of a single cell containing comb-like electrode. Scale bar, 3 mm. g The AgNW layer. Scale bar, 3 mm. h SEM
image of the AgNW layer. Scale bar, 150 μm. i 3D pressure distribution of an artiﬁcial foot. Exact scale of the foot is compared next to the distribution.
j Sample image of PDMS block forming the letter ‘N’ placed on top of the sensor array. k Pressure conﬁguration showing the letters ‘A’, ‘N’, ‘T’, and ‘S’

sensor performance, as shown in Fig. 3g. A narrower electrode
approaches the metal plate, and due to the same phenomenon
above, increased sensor sensitivity can be observed in the ﬁgure.
Furthermore, the sensor endures 30,000 pressure cycles with
24 ms response time (Supplementary Note 13). These results
successfully demonstrate the accurate performance of the sensor,
and from the theoretical analysis, the performance of the sensor
is freely adjustable and can be implemented in various applications for different purpose.
3D touch applications. The working mechanism of the transparent 3D touch is illustrated in Fig. 4a. The sensor consists of six
independent wires, four at the upper AgNW layer and two at the
bottom interdigitated electrode. Wires are colored depending on
their electrical status: potential input, voltage read, and open state.
6

In order to detect the 3D signal, three steps of voltage switching
are necessary. First, an equipotential distribution parallel to the xaxis is generated through the AgNW layer (X1–X2). The touched
x-coordinate will be measured by the bottom read line (P1),
detecting the voltage at the contact point. The bottom electrode is
fabricated in the S~1 condition, where the surface is regularly
corrugated, which enables it to detect a wide range of pressures.
In the same manner as the x-direction, the y-coordinate will be
detected by applying a potential difference through the y-axis
(Y1−Y2). After the coordinate detection, the electrode at the
upper layer is switched as an open state, preventing current
leakage through the upper electrode. Voltage is then applied in
the remaining bottom electrode (P2), detecting the increased
conducting pathways between the comb-like electrodes. The
detailed working mechanism is illustrated in Supplementary
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Note 14. As shown in Fig. 4b, the 3D touch was directly attached
to the monitor screen and successfully able to draw a 3Dstructured object. We drew a continuous circle with increasing
pressure, and a 3D-structured spring was simultaneously generated on the screen (Supplementary Movie 1). Furthermore,
drawing a 3D-structured G-clef was accomplished as depicted in
Fig. 4c (Supplementary Movie 2). An upper view of the G-clef is
shown on the right corner, where the high-pressure region can be
observed on the tail of the G-clef. As a proof-of-concept
demonstration of its application as wireless wearable 3D touch,
we combined the sensor with an integrated circuit board, MCU,
and Bluetooth module as illustrated in Fig. 4d. The 3D touch was
conformably attached to the forearm, and successfully transmitted the 3D information of a hand drawn star (Supplementary
Movie 3). To demonstrate the device’s expandability, a sensor was
fabricated with a sensing network of 100 pixels (10 × 10) consisting of 5 mm × 5 mm-sized cells (Fig. 4e, V, R and S denote the
voltage line, read line, and sensor, respectively). A magniﬁed
image of the sensor and the nanowire array is shown in Fig. 4f–h.
The sensor is capable of detecting a miniaturized PDMS foot
(Fig. 4i), exhibiting an excellent pressure distribution (Supplementary Fig. 12). Also, four different pieces of PDMS forming the
letters “ANTS” were placed on top of the sensor (Fig. 4j), showing
a perfect pressure conﬁguration, as shown in Fig. 4k.
Discussion
In summary, we have created a new type of transparent 3D touch,
for the ﬁrst time (to our knowledge), which operates in a single
device. The integrated sensor was fabricated through mask-less
laser processing of Ag nanoparticles and spray coating of Ag
nanowires. The conditions for the various multi-scale structures
generated by laser thermal gradient were evaluated and characterized by a dimensionless surface shape number, S. The
mechanism of the sensor was precisely investigated by contact
mechanics and conformal mapping of the current distribution
and a concrete correlation between the surface morphology and
the sensor performance was found. The analytical model relating
them laid the foundation for determining the design and patterning parameters of the sensor for various applications. With
the assistance of the newly suggested six-wired system, the sensor
could assign 3D sensing capability to various surfaces while
remaining nearly imperceptible to the user. This 3D touch also
demonstrated perfect operation in a wearable and wireless
environment. This system can have a great impact in the
implementation of future wearable devices and brings a powerful
new dimension to human–machine interactions.
Methods
Synthesis of ultra thin and long AgNWs. Synthesis of the AgNWs in this
research uses a modiﬁed polyol process and a one-pot process, where all reagents
are dumped into a tri-angular ﬂask at once to prevent the thermal chemical
reaction. Brieﬂy, a 0.4 g of PVP (Mw~360,000) and a 0.5 g of silver nitrate (AgNO3)
are sequentially dissolved in a 50 mL of ethylene glycol (EG) using a magnetic
stirrer. The stirrer is carefully removed from the mixture solution once all chemicals are thoroughly dissolved. Then, 800 μl of both CuCl2·2H2O (3.3 mM in EG)
and CuBr2 (1.68 mM in EG), are rapidly injected into the mixture and stirred
mildly. Then, the mixture solution is suspended in a preheated silicone oil bath at
150 °C. The growth reaction of AgNWs is maintained at the elevated temperature
for an hour. When the growth is ﬁnished, the resultant solution is separated using
acetone ﬁrst and cleaned by repeating dispersing in EtOH and centrifuging at
4000 rpm for 10 min. This repetitive cleaning process is done at least three to four
times to securely remove the organic residues. The puriﬁed AgNW solution is redispersed in EtOH with 0.1 mg ml−1 concentration.

cleaned with acetone and EtOH three times and collected by centrifugation of
7000 rpm for 30 min. The puriﬁed AgNPs were re-dispersed in EtOH for the use.
Preparation of AgNW layer by spray coating. AgNW layer was prepared by
large area spray-coating method. The spray coater (automatic spray coater,
Hantech) deposits AgNW solution on masked ﬂexible substrate with conditions
height 25 cm, back pressure 0 kPa, speed 20 mm/s, and spraying pressure 60 MPa
(Supplementary Fig. 1a). The arbitrary ﬂexible substrate should be pre-heated to
60 °C which evaporates the polar solvent of AgNW solution. Fabricated AgNW
layer has outstanding uniformity with high trasmittance (Supplementary
Fig. 1b).
Preparation of AgNP electrode by direct laser writing. Synthesized AgNP ink
(20 wt%) is spin coated on ﬂexible substrate with 200 rpm and 1 min condition,
which allows ﬁne deopsition and evaporation of the solvent. The optical system
consisted of continuous wave 532 nm laser (Sprout-G-5W, Lighthouse Photonics,
continuous-wave, beam proﬁle: Gaussian, beam ellipticity: <1.0:1.1, beam quality:
1.0–1.1, Supplementary Fig. 15), galvano-mirror (hurrySCAN II, Scanlab), and ftheta telecentric lens at f = 103 mm is used to SLS and patterning. The rasidual in
patterened sample is washed by using polar solvents such as DI water. Detailed
information of laser sintered electrodes can be found in Supplementary Note 12.
Measuring the response of the sensor. A home-made system containing highresolution linear actuator and load cell (Futek) was prepared. The system can
provide an external pressure up to 200 kPa and the electrical signal was simultaneously recorded by digital multimeters (Keithley 2002, Keithley).
Measurement of surface proﬁle of the AgNP layer. The surface morphology of
fabricated AgNP electrode had been investigated by using non-contact 3D surface
proﬁler (NANO View-E1000, NANO system). Selected samples under various S
numbers are proﬁled in ×50 lens mode, and clearly shown their 3D surface
morphology.

Data availability
The data that support the ﬁndings of this study are available from the corresponding
authors upon reasonable request.

Received: 23 January 2019 Accepted: 28 May 2019

References
1.
2.

3.
4.

5.

6.
7.

8.

9.
10.
11.

12.
13.

Synthesis of silver nanoparticle ink. Modiﬁed polyol method was used to synthesize AgNPs. 0.25 mol/l of silver nitrate was dissolved in EG with 0.02 mol/l of
PVP (Mw~10,000). The reaction condition (150 °C and 150 rpm magnetic stirring)
was maintained until the synthesis was completed. The synthesized AgNPs were

14.

Apple Inc. Gesture and touch input detection through force sensing. US patent
2014/0028575 A1 (2014).
Lee, D. et al. High-performance transparent pressure sensor based on seaurchin shaped metal nanoparticles and polyurethane microdome arrays for
real-time monitoring. Nanoscale 10, 18812–18820 (2018).
Kim, H. et al. Transparent, ﬂexible, conformal capacitive pressure sensors with
nanoparticles. Small 14, 1703432 (2018).
Ge, G. et al. Stretchable, transparent, and self-patterned hydrogel-based
pressure sensor for human motions detection. Adv. Funct. Mater. 28, 1802576
(2018).
An, B. W., Heo, S., Ji, S., Bien, F. & Park, J.-U. Transparent and ﬂexible
ﬁngerprint sensor array with multiplexed detection of tactile pressure and skin
temperature. Nat. Commun. 9, 2458 (2018).
Luo, S. et al. Tunable-sensitivity ﬂexible pressure sensor based on graphene
transparent electrode. Solid State Electron. 145, 29–33 (2018).
Jiang, X. Z., Sun, Y. J., Fan, Z. & Zhang, T. Y. Integrated ﬂexible, waterproof,
transparent, and self-powered tactile sensing panel. ACS Nano 10, 7696–7704
(2016).
Yoo, J. Y. et al. Industrial grade, bending-insensitive, transparent nanoforce
touch sensor via enhanced percolation effect in a hierarchical nanocomposite
ﬁlm. Adv. Funct. Mater. 1804721 (2018).
Wacom Co., Ltd. Active stylus. US 2018/0046272 A1 (2018).
Samsung Electronics Co., Ltd. Electronic Pen Input Device and Coordinate
Detecting Method Therefor. US patent 6,897,854 B2 (2005).
Joo, Y. et al. Silver nanowire-embedded PDMS with a multiscale structure for
a highly sensitive and robust ﬂexible pressure sensor. Nanoscale 7, 6208–6215
(2015).
Nassar, J. M. et al. Paper skin multisensory platform for simultaneous
environmental monitoring. Adv. Mater. Tech. 1, 1600004 (2016).
Tai, Y. & Lubineau, G. Double-twisted conductive smart threads comprising a
homogeneously and a gradient-coated thread for multidimensional ﬂexible
pressure-sensing devices. Adv. Funct. Mater. 26, 4078–4084 (2016).
Wei, Y., Chen, S., Lin, Y., Yuan, X. & Liu, L. Silver nanowires coated on cotton
for ﬂexible pressure sensors. J. Mater. Chem. C 4, 935–943 (2016).

NATURE COMMUNICATIONS | (2019)10:2582 | https://doi.org/10.1038/s41467-019-10736-6 | www.nature.com/naturecommunications

7

ARTICLE

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-10736-6

15. Lee, H., Kwon, D., Cho, H., Park, I. & Kim, J. Soft nanocomposite based multipoint, multi-directional strain mapping sensor using anisotropic electrical
impedance tomography. Sci. Rep. 7, 39837 (2017).
16. He, Z. et al. Capacitive pressure sensor with high sensitivity and fast response
to dynamic interaction based on graphene and porous nylon networks. ACS
Appl. Mater. Interfaces 10, 12816–12823 (2018).
17. Nela, L., Tang, J., Cao, Q., Tulevski, G. & Han, S.-J. Large-area highperformance ﬂexible pressure sensor with carbon nanotube active matrix for
electronic skin. Nano Lett. 18, 2054–2059 (2018).
18. Jason, N. N., Wang, S. J., Bhanushali, S. & Cheng, W. Skin inspired fractal
strain sensors using a copper nanowire and graphite microﬂake hybrid
conductive network. Nanoscale 8, 16596–16605 (2016).
19. Chen, S., Wei, Y., Wei, S., Lin, Y. & Liu, L. Ultrasensitive cracking-assisted
strain sensors based on silver nanowires/graphene hybrid particles. ACS Appl.
Mater. Interfaces 8, 25563–25570 (2016).
20. Wang, L. et al. PDMS/MWCNT-based tactile sensor array with coplanar
electrodes for crosstalk suppression. Microsyst. Nanosyst. 2, 16065 (2016).
21. Park, J. et al. Giant tunneling piezoresistance of composite elastomers with
interlocked microdome arrays for ultrasensitive and multimodal electronic
skins. ACS nano 8, 4689–4697 (2014).
22. Park, J., Kim, M., Lee, Y., Lee, H. S. & Ko, H. Fingertip skin–inspired
microstructured ferroelectric skins discriminate static/dynamic pressure and
temperature stimuli. Sci. Adv. 1, e1500661 (2015).
23. Bae, G. Y. et al. Linearly and highly pressure-sensitive electronic skin based on
a bioinspired hierarchical structural array. Adv. Mater. 28, 5300–5306 (2016).
24. Pang, Y. et al. Epidermis microstructure inspired graphene pressure sensor
with random distributed spinosum for high sensitivity and large linearity. ACS
Nano 12, 2346–2354 (2018).
25. Wang, X. et al. Recent progress in electronic skin. Adv. Sci. 2, 1500169 (2015).
26. Zang, Y., Zhang, F., Di, C.-a & Zhu, D. Advances of ﬂexible pressure sensors
toward artiﬁcial intelligence and health care applications. Mater. Horiz. 2,
140–156 (2015).
27. Alamusi et al. Piezoresistive strain sensors made from carbon nanotubes based
polymer nanocomposites. Sensors 11, 10691–10723 (2011).
28. Kim, K. K. et al. Highly sensitive and stretchable multidimensional strain
sensor with prestrained anisotropic metal nanowire percolation networks.
Nano Lett. 15, 5240–5247 (2015).
29. Pike, G. & Seager, C. Percolation and conductivity: a computer study I. Phys.
Rev. B 10, 1421 (1974).
30. Park, J. H. et al. Flash-induced stretchable Cu conductor via multiscaleinterfacial couplings. Adv. Sci. 5, 1801146 (2018).
31. Joe, D. J. et al. Laser–material interactions for ﬂexible applications. Adv.
Mater. 29, 1606586 (2017).
32. Park, J. H. et al. Plasmonic‐tuned ﬂash Cu nanowelding with ultrafast
photochemical-reducing and interlocking on ﬂexible plastics. Adv. Funct.
Mater. 27, 1701138 (2017).
33. Hauser, C., Childs, T. & Badrossamay, M. Further developments in process
mapping and modelling in direct metal selective laser melting. in Proc. Annual
International Solid Freeform Fabrication Symposium, The Minerals, Metals &
Materials Society. Austin, TX, USA. 2–4. (2004).

8

34. Yu, G. et al. On the role of processing parameters in thermal behavior, surface
morphology and accuracy during laser 3D printing of aluminum alloy. J. Phys.
D 49, 135501 (2016).
35. Ermak, O. et al. Rapid laser sintering of metal nano-particles inks.
Nanotechnology 27, 385201 (2016).

Acknowledgements
This work is supported by the National Research Foundation of Korea (NRF) Grant
funded through Basic Science Research Program (2017R1A2B3005706, NRF2016R1A5A1938472).

Author contributions
K.K.K., I.H., K.-J.C, D.-G.S. and S.H.K. conceived and initiated the study. K.K.K. and I.H.
designed and performed experiments. K.-J.C, D.-G.S. and S.H.K. motivated and supervised the research program. P.W assisted in nanowire material synthesis. All authors
discussed the results and worked on the manuscript.

Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467019-10736-6.
Competing interests: The authors declare no competing interests.
Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/
Journal peer review information: Nature Communications thanks the anonymous
reviewer(s) for their contribution to the peer review of this work.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional afﬁliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.
© The Author(s) 2019

NATURE COMMUNICATIONS | (2019)10:2582 | https://doi.org/10.1038/s41467-019-10736-6 | www.nature.com/naturecommunications

