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Ultraflexible and transparent electroluminescent
skin for real-time and super-resolution imaging
of pressure distribution

2,5+ 1

Byeongmoon Lee® °, Ji-Young Oh , Hyeon Cho® !, Chul Woong Joo?, Hyungsoo Yoon® ',

Sujin Jeong® !, Eunho Oh', Junghwan Byun34, Hanul Kim'!, Seunghwan Lee® !, Jiseok Seo® !, Chan Woo Park?,
Sukyung Choi® 2, Nae-Man Park?, Seung-Youl Kang® 2, Chi-Sun Hwang® 2, Seong-Deok Ahn?,
Jeong-lk Lee? & Yongtaek Hong'

The ability to image pressure distribution over complex three-dimensional surfaces would
significantly augment the potential applications of electronic skin. However, existing methods
show poor spatial and temporal fidelity due to their limited pixel density, low sensitivity, or
low conformability. Here, we report an ultraflexible and transparent electroluminescent skin
that autonomously displays super-resolution images of pressure distribution in real time. The
device comprises a transparent pressure-sensing film with a solution-processable cellulose/
nanowire nanohybrid network featuring ultrahigh sensor sensitivity (>5000 kPa—1) and a fast
response time (<1ms), and a quantum dot-based electroluminescent film. The two ultrathin
films conform to each contact object and transduce spatial pressure into conductivity dis-
tribution in a continuous domain, resulting in super-resolution (>1000 dpi) pressure imaging
without the need for pixel structures. Our approach provides a new framework for visualizing
accurate stimulus distribution with potential applications in skin prosthesis, robotics, and
advanced human-machine interfaces.
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ARTICLE

lectronic skin (e-skin) seamlessly interfaces living organisms

with computers, realizing novel applications such as health

monitoring!-2, medical implants®#, and user interfaces for
augmented reality (AR)>C. Intimate and conformable access to
the sources of physical and biological signals has been achieved by
adopting soft”>? or ultrathin®!0 forms of electronic sensors that
can detect pressure!1-14, strain!>16, temperature!”, and chemical
substances!®. Beyond detection at a specific point, spatial map-
ping of a mechanical stimulus, such as pressure, over complex
three-dimensional (3D) surfaces would greatly augment the
potential applications of e-skin such as skin prosthesis!?20 and
artificial sensory systems for soft robotics?122, and offer potential
opportunities to verify numerical analysis for mathematical
physics?3. In this regard, previous works have tried to map spatial
pressure by employing a deformable sensor array with a matrix
design?4-27. However, they cannot fully comprehend this analo-
gue signal because of low pixel density or crosstalk among pixels.
In particular, unlike other stimuli, spatial pressure could be
severely distorted by the device structure itself, such as thick or
uneven sensing layers and structural inhomogeneity between the
pixel and non-pixel areas. Moreover, bulky electrical wires for
data acquisition cause unstable operation of the devices on
complex surfaces, thereby impeding high-resolution pressure
mapping.

Recently, methods for the direct imaging of spatial pressure
with “human-/machine-readable visual output” have been pro-
posed to avoid this complicated data acquisition process23-32.
When incorporated with pre-established digital imaging tech-
nology, such devices can wirelessly transmit the measured
information to the machine. Enabling technologies include an
integrated active matrix of pressure sensors and organic light-
emitting devices?$, the mechanoluminescent effect of inorganic
phosphors32, and a piezoelectric nanowire light-emitting diode
(LED) array2-31. Although they showed promising concepts and
applications, these existing methods suffer from limited spatial
resolution, respond to only dynamic pressure change, or show
extremely low sensitivity. In particular, piezoelectric fluorescent
materials have great potential for pressure sensing and imaging
without an external power source?; however, they respond to
only dynamic pressure change. Although pressure-imaging
devices using piezoelectric nanowire LEDs have achieved high
pixel resolution?®-31, their extremely low sensitivity and low fill
factor degrade the image quality and hinder their practical
applications. Furthermore, most of the previous works cannot
offer pressure imaging over arbitrary surfaces due to their limited
conformability. In other words, there have not yet been fully
conformable electronics capable of imaging real-time pressure
distribution in a practical range (<1 MPa) with high spatial and
temporal fidelity at the same time. Realization of such devices
demands comprehensive development of new materials and
manufacturing methods for high-sensitivity pressure sensors and
appropriate device design for capturing undistorted spatial pres-
sure with high-information density.

Here, we report an ultraflexible and transparent electro-
luminescent skin that autonomously displays an unprecedented
high-fidelity “continuous image” of pressure distribution in real-
time. The device consists of two ultrathin films in contact: a
transparent pressure-sensing film and quantum-dot-based elec-
troluminescent film. Especially, for the ultrathin and transparent
pressure-sensing film, we develop a solution-processable cellu-
lose/nanowire nanohybrid network (CNN), whose unique
nanostructured surface morphology enables high transmittance
(~80%), ultrahigh sensitivity (>5000 kPa—1), great linearity over a
wide working range, and a fast response time (<1 ms). Because
the two ultrathin films perfectly conform to each contact object,
the CNN can transduce high-fidelity spatial pressure into

conductivity distribution in a continuous domain, resulting in
super-resolution (>1000 dpi) analogue imaging of pressure dis-
tribution without the need for pixel structures. Due to the high
sensitivity and superior spatial resolution, our device even clearly
visualizes pressure distribution arising from micro-textures of soft
bodies such as a fingerprint. We further construct real-time smart
touch interfaces that can identify the user as well as touch force
and location by integrating our electroluminescent skin with a
digital imaging system. Our approach provides a new framework
for visualizing accurate stimulus distribution with potential
applications in skin prosthesis, robotics and advanced human-
machine interfaces.

Results

Ultraflexible and pressure-sensitive electroluminescent skin.
Fig. la illustrates the concept and structure of the pressure-
sensitive electroluminescent skin. The device has a notably
straightforward and pixel-less structure where a top film coated
with a cathode and CNN as a transparent piezoresistive layer is in
contact with an electron transport layer (ETL) of a quantum-dot
light-emitting diode (QLED) on a bottom film. Unique mor-
phology and superior piezoresistive performance of the CNN
play a critical role in the design and performance of the elec-
troluminescent skin. Unlike previous cellulose-based pressure
sensors, where microfibres are coated with conductive nano-
wires33-36, our CNN features dense cellulose nanofibres encir-
cling each tellurium-poly(3,4-ethylenedioxythiophene):poly
(styrenesulfonate) (Te-PEDOT:PSS) nanowire, forming a nanos-
tructured surface morphology (Fig. 1b), which enables ultrathin
design (~1-um-thick) with ultrahigh sensor sensitivity (>5000
kPa—!) and a wide working range. Superfine pressure imaging is
enabled by incorporation of the high sensitivity of the CNN and
the high conformability of the two ultrathin films (~1-pm-thick).
When two 3D objects make contact with both sides of the elec-
troluminescent skin, the top and bottom films conform to each
contact object. The CNN on the top film then touches the top
surface of the ETL, forming conductivity distribution between the
cathode and the ETL linearly proportional to the pressure dis-
tribution with a high conversion factor of S (sensitivity of the
CNN) in a continuous domain (Fig. 1c). Because the two films are
sufficiently thin so they can perfectly conform to each surface of
the contact objects, minimal distortion occurs in the pressure
distribution between the two objects, and therefore the con-
ductivity distribution as well. This spatially patterned con-
ductivity results in fast (<1 ms) and super-resolution (>1000 dpi)
electroluminescent analogue imaging under a bias voltage where
the local light intensity quantifies the local pressure with high
sensitivity and linearity (Fig. 1d). Because all spatial signals from
pressure to light intensity are transduced in an analogue manner,
our device visualizes pressure distribution without the need for
pixel structures.

The fabrication procedure comprises facile and low-cost
solution processes, showing high potential for practical applica-
tions. A QLED structure excluding a top cathode was formed on a
bottom colourless polyimide (PI) film (~1-pm-thick) by a well-
controlled solution process. A silver nanowire (AgNW) trans-
parent electrode as a common cathode and a CNN were
sequentially deposited on a top colourless PI film (~1-pm-thick)
by spin-coating and spray-coating, respectively. The top film was
in turn laminated on the bottom film. The detailed fabrication
process and the device structure are depicted in the Methods and
Supplementary Fig. 1. After delamination from the supporting
glass substrate, an ultraflexible and transparent two-terminal
device was obtained, which is referred to as a pressure-sensitive
photonic skin or photonic skin for short (Fig. le). The total
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Fig. 1 Ultraflexible, transparent and pressure-sensitive electroluminescent skin. a Conceptual illustration of an ultraflexible, transparent and pressure-
sensitive photonic skin and its device structure. b Fabrication scheme and morphology of the cellulose/nanowire nanohybrid network (CNN). The left
scanning electron microscopy (SEM) images show tellurium-poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (Te-PEDOT:PSS) nanowires and
nanofibrillated cellulose, respectively. The middle photograph shows the water-based nanocellulose/Te-PEDOT:PSS nanowire hybrid ink. The right SEM
image shows the spray-coated CNN. Dense cellulose nanofibres encircling each Te-PEDOT:PSS nanowire in the CNN, forming a nanostructured surface
morphology. Some Te-PEDOT:PSS nanowires are indicated by arrows. Scale bar, Tpm. ¢ Schematic illustration of super-resolution and high-contrast
pressure imaging where a rugged soft contact object touches the pressure-sensitive photonic skin on a flat surface. As the ultrathin top film conforms to
the contact object, the CNN efficiently transduces the contact pressure into the conductivity distribution between a common cathode and an electron
transport layer (ETL) with a high linear conversion factor of S (sensitivity of the CNN) in a continuous spatial domain, resulting in electroluminescent
analogue imaging of the contact pressure. d Optical photograph of the real-time and super-resolution pressure imaging resulting when a finger touched the
photonic skin. Scale bar, 5 mm. e Optical photographs of the fabricated photonic skin. Because the total thickness of the device is ~3 um, it can be laminated
on various three-dimensional (3D) surfaces, such as a curved display and human skin, conformably and imperceptibly in terms of the senses of both touch

and vision. Scale bars, 1cm.

thickness of our device was ~3 pm, and the transmittance in the
visible spectral region was ~60% (Supplementary Fig. 2). The
device can be laminated on any type of surface, such as a curved
display and human skin, conformably and imperceptibly in terms
of the senses of both touch and vision.

Piezoresistive characterization of the CNN. Conventional
piezoresistive pressure sensors employing composites of con-
ductive fillers and insulating rubbers usually suffer from low
sensitivity, slow response time, and significant hysteresis due to
the mechanical instability of the rubber matrices™3. Alter-
natively, conductive nanomaterials impregnated in porous
structures in contact with electrodes show high sensitivity and
fast response33-36:38-44 byt cannot offer viability due to imprac-
tical methods requiring micro-fabricated*>-44 or pre-established
structures such as tissue paper®3-3> and a sponge>”. In this work,
we develop a water-based nanocellulose/Te-PEDOT:PSS nano-
wire hybrid ink for facile and reliable large-area fabrication of

ultrathin and transparent piezoresistive layers that can be readily
integrated into thin film devices such as our photonic skin.
Aqueous dispersions of Te-PEDOT:PSS nanowires and nanofi-
brillated cellulose were mixed into the solution-processable
ink (details in Methods). Uniform and ultrathin random net-
works of the nanowires and the nanofibres were deposited by
spray-coating this aqueous mixture (Fig. 1b and Supplementary
Fig. 3). The main advantage of our method is that the thickness,
transparency and initial conductivity of the CNN can be
easily controlled by the volume ratio of the mixture and
spraying conditions. The spray-coated CNN shows variable
transmittance as a function of the initial sheet resistance from
60% at 50 kQ sq~! to 82% at 270 kQ sq~! (Supplementary
Fig. 4).

To characterize the piezoresistive performance of the CNN, we
fabricated a pressure sensor by laminating a CNN-coated PI film
on a glass substrate where interdigitated silver (Ag) electrodes
were inkjet-printed, as illustrated in Fig. 2a (design details in
Supplementary Fig. 5). Figure 2b shows a representative pressure
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Fig. 2 Piezoresistive characterization of CNNs. a Structure of CNN-based pressure sensors for piezoresistive characterization. The photograph shows the
fabricated pressure sensor. Scale bar, 5mm. b Pressure response and sensitivity of the pressure sensor with the 0.9-um-thick CNN using a 50% volume
ratio ink under a bias voltage of 1V. ¢ Plots of current as a function of the pressure applied onto CNN-based sensors using ink with three different volume
ratios (30, 40, 50% v/v). d Cyclic stability of the CNN-based pressure sensor under continuous loading and unloading cycles from 0.1 kPa to 120 kPa.
e Enlarged view of the recorded data in d after 4000 cycles. f Photograph showing the experimental setup for sensing cell phone vibration. g Sensing result
of cell phone vibration (160 Hz) using the pressure sensor. The current was recorded at a sampling interval of 480 ps. h Enlarged view of the part of the
current plot when the cell phone vibrated. i Fast Fourier transform result of the signal in h.

response and the sensitivity of the pressure sensor with the (>150 kPa), maintaining its ultrahigh sensitivity (>5000 kPa—1)
0.9-um-thick CNN using a 50% volume ratio ink under a bias and high linearity. In the low-pressure regime (<10 kPa), the
voltage of 1V (see Supplementary Fig. 6 for a measurement sensitivity was >10000 kPa'l, which far exceeded those of
method). The sensitivity is defined as S=8(Al/I,)/8p, where p  previously reported high-sensitivity piezoresistive pressure sen-
denotes the applied pressure, AI denotes the current change sors (see Supplementary Table 1). The pressure response of the
under the applied pressure, and I, denotes the initial current CNN was easily tuned by changing the volume ratio of the ink
without pressure!®33. Our sensor showed a large sensing range  while maintaining high sensitivity and linearity (Fig. 2c).
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The superior performance of the CNN-based pressure sensors
can be attributed to the unique nanohybrid structure of the CNN
(Supplementary Fig. 7). Previously reported contact-resistance-
based pressure sensors generally feature that the highly conductive
nanomaterials decorate cellulose microfibers or engineered micro-
structures. The high-density conductive materials on the micro-
structures form a bulky initial “conductive contact area” (CCA), i.e.
contact area between electrodes and conductive nanomaterials,
resulting in high I, and consequent low S. On the other hand, each
Te-PEDOT:PSS nanowire is encircled by the dense nanocellulose in
our CNN, forming a nanostructured surface with low-density Te-
PEDOT:PSS nanowires exposed on it (Fig. 1b). A small initial CCA
arising from the low-density surface-exposed nanowires results in
an extremely low I, and consequent high S. The nanostructured
surface with low-density conductive nanowires also contributes to
high linearity and a large working range of the CNN. In a contact-
resistance-based pressure sensor, the total electrical conductance as
a function of the applied pressure can be defined as, G, (P) =
1/ Rtotal(P ) = 1/ Relectrodes + Rﬁlm + Rcontact (P ) where Relectrodes 18
the resistance of the finger electrodes, Rg,,, is the resistance of the
sensing film between the electrodes, and R onwc(P) is the contact
resistance between the sensing film and electrodes as a function
of the applied pressure. If Reontact(P) > Relectrodes T Reim»
Gioral = 1/Reoptact(P) = Gopract(P), €. the current of the sensor
is totally proportional to the Geonace(P). When the R onace(P)
becomes sufficiently small compared to the Reectrodes + Raim» the
Giotal = 1/Ryectrodes + Ram and the additional pressure no longer
significantly changes the Gy According to these equations, for
high linearity with a wide working range, the 6G_,,../SP should
be a small constant value, maintaining R.ontc(P) much higher than
Relectrodes + Reim- Because the bulky CCA in the microstructure-
based pressure sensors results in high 6G_ ../OP, the Reontact
rapidly decreases in a low-pressure range. Furthermore, the
microstructure requires large deformation to further increase
the CCA in a higher pressure range. For these reasons, the
microstructure-based pressure sensors show a narrow linear region.
In contrast, because of the low density of the surface-exposed
Te-PEDOT:PSS nanowires in the CNN, 8G /0P can be
maintained at a small value. In addition, the densely nanostruc-
tured surface increases the CCA uniformly and consistently,
maintaining 8G_,,.,c/OP up to a higher pressure range.

Because of the dense nanohybrid structure and ultrathin design
of the CNN, the current change arises mainly from the surface-
exposed conductive nanowires. Consequently, much smaller
deformation occurs in the sensing layer compared to the
microstructure-based pressure sensors even when the high
pressure is applied. As a result of the small deformation in the
sensing layer, the CNN shows excellent cyclic stability and a fast
response time. To investigate the cyclic stability of the CNN, we
applied continuous pressure cycles on the sensor from 0.1 kPa to
120 kPa with a 120 kPa s~! loading rate (Fig. 2d, e). Despite the
harsh test conditions compared to those employed in previous
works33-36, the device showed no significant change in the
pressure response during and after 10,000 loading-unloading
cycles, maintaining its low I, and high sensitivity. We further
measured the cyclic response of the sensor under a higher
pressure condition by applying 1000 cycles each for 180 kPa, 500
kPa and 1 MPa (Supplementary Fig. 8). The sensor showed the
great cyclic response corresponding to each pressure level without
significant degradation. We further demonstrated the ultrafast
response time of the CNN by real-time sensing of cell phone
vibration. Figure 2f shows the experimental configuration for
sensing cell phone vibration. We stacked a polydimethylsiloxane
(PDMS) slab, a 50 g weight, and a cell phone on the sensor, where
an initial pressure of ~55 kPa was applied. Figure 2g and h
presents the vibration sensing results. When the phone vibrated

at 160 Hz, the current measured at 480-us intervals showed a
160-Hz oscillation with peak values of 0.88 mA and 0.76 mA,
which correspond to ~60 kPa and ~45 kPa, respectively. The fast
Fourier transform of the signal shown in Fig. 2i also supports that
our sensor responded well to the 160 Hz vibration without any
sign of damping. This ultrafast response time was also verified by
the sudden pressure decrease from 16.3 to 13.6 kPa (Supplemen-
tary Fig. 9), where a response time under 1 ms was measured.

The CNN and CNN-based pressure sensors show great
mechanical durability due to their ultrathin and dense nanohy-
brid structure. We investigated the mechanical reliability of the
pressure sensor under various deformation conditions using
flexible and conformable pressure sensors that have different total
thicknesses. The flexible sensor comprises two 12-pm-thick PI
films coated with a CNN and electrodes, respectively. The sensor
showed no performance degradation after 1000 bending cycles
with a bending radius of 1 mm and maintained its performance
on a round surface (Supplementary Fig. 10). The conformable
sensor comprises two 1-pm-thick PI films coated with a CNN and
electrodes, respectively. The ultrathin sensor showed no change in
its performance when it is conformably attached to a finger of a
hand replica as well as after 1000 folding cycles and crumpling
(Supplementary Fig. 11). The CNN-based pressure sensor showed
good humidity tolerance while it showed reversible and
predictable performance change under different temperature
conditions because of the temperature dependence of the
PEDOT:PSS*> (Supplementary Fig. 12).

Super-resolution imaging of pressure distribution. Because the
engineered CNN passively controls the local current density
flowing into the QLED when pressure is applied, the photonic
skin understandably inherits its high sensitivity, high linearity,
fast response time and great stability. Furthermore, due to the
pixel-less and ultrathin design, the photonic skin displays a
seamless and continuous image of the pressure distribution. To
prove the reliability of the pressure map visualized by our device,
we first applied spatially patterned pressure to the photonic skin
on a glass substrate with PDMS stamps (Fig. 3a). Uniform light
was emitted from the continuous area where the stamp was in
contact with the device, visualizing the precise shape of the stamp
(Fig. 3b and Supplementary Fig. 13). The pressure response of the
device was investigated by measuring the current density and the
luminance when a specific local pressure was applied using a 6 X 6
mm? square PDMS slab (Fig. 3c and Supplementary Fig. 14). The
current density and the luminance increased with high linearity
up to 400 kPa at a bias of 15 V. The sensitivity, which is defined as
S8(AL/Ly)/8p, where AL denotes the luminance change under the
applied pressure and L, denotes the initial luminance without
pressure, was ~10 kPa~! for the linear region. We investigated the
response time of the photonic skin by capturing the pressure
image using a high-speed camera (1000 fps) while a tip of a
polyurethane (PU) fragment was rapidly sliding on the photonic
skin (Supplementary Fig. 15). As shown in Fig. 3d and Supple-
mentary Movie 1, each frame captured at 1 ms intervals showed
the exact touch position of the PU tip without any trace or delay,
revealing that our photonic skin has a response time of <1 ms.
The fast response time of the photonic skin was also observed by
an abrupt unloading process (Supplementary Fig. 16).

When the spatial pressure is applied to the photonic skin, the
spatial signal undergoes the following transmission process in a
continuous domain: the pressure distribution applied to the top
film (Piypue), transferred contact pressure distribution between the
CNN and the ETL (P.ypact)> €lectrical conductance distribution
between the CNN and the ETL (Geonaer)> and light intensity
distribution of the QLED (Lqrgp). The flow of the spatial signal is
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Fig. 3 Pressure response of the photonic skin. a Schematic illustration of pixel-les imaging of spatially patterned constant pressure using
polydimethylsiloxane (PDMS) stamps. b Photographs of the photonic skin visualizing the pressure applied by PDMS stamps with various shapes. Scale bar,
1cm. ¢ Current density and luminance as a function of the pressure applied with a 6 x 6 mm?2 PDMS slab under a bias of 15 V. d Photographs of the
pressure image captured by a high-speed camera at 1ms intervals while a tip of a polyurethane (PU) fragment was rapidly sliding on the photonic skin,

showing a fast response time of the photonic skin. Scale bar, Tmm.

illustrated in Fig. 4a. Because the Lqigp is proportional to the
Gontact In the pixel-less QLED and the CNN linearly convert the
Peontact into the Geopeaces if the Pigpye is transduced into the Pegpgact
without distortion, the Lquep perfectly represents the Py
Therefore, the distortion in the Py, determines the quality of
the output image and the spatial resolution of this analogue
imaging. To investigate the Pinput/Peontact fnction and the spatial
resolution of the photonic skin, we carried out a systematic finite
element analysis (FEA) calculating the P ot between the top
and bottom films when spatially patterned P, was applied to
the top film using a micropillar array (Fig. 4b and c). As the top
film conforms to the pillar, the bottom film feels as if a pillar with
a larger width and rounded edges touches it, which can be seen as
spatial low-pass filtering of a larger rectangular pulse. We further
revealed that the passband of this low-pass filtering is inversely
proportional to the top film thickness (f.p) (Supplementary Note
1, 2, 3, and Supplementary Fig. 17). As a representative example,
Fig. 4d shows the line profiles of P yutac: in the FEA results, where
a pillar array with a 50 um width and a 50 pm gap (254 dpi)
pressed the top films with different #,, values. As the fq,
increased, the P ot at the contact plane became a blurred form
of Pipue (see also Supplementary Note 4 and Supplementary
Fig. 18). Figure 4e and f shows the experimental results where
devices with t,,,~10pum and top~1pum were pressed with a 254 dpi
PU micropillar array. The device with f,~10um generated a
blurred and collapsed pressure image containing the large-area
topography arising from the uneven pillar height and the noise
due to the film roughness (Fig. 4e). On the other hand, the device
with tp~1um displayed the distinct pressure pattern applied with
the 254 dpi pillar array, showing good agreement with the FEA
results (Fig. 4f). This filtering effect of the thick film was also
observed using higher-density micropillars, whereas the device
with fp~1pm even clearly visualized the patterned pressure
applied with 635 dpi micropillars (Supplementary Fig. 19) and
1016 dpi hexagonal micro-bumps (Fig. 4g, h). Importantly, the
device reliably visualized both micro-texture (1016 dpi) and large-
area information in pressure distribution simultaneously

(Supplementary Fig. 20). For fip=1um and the 1-pum-wide
pillars, a spatial resolution of 4 pum (6350 dpi) was calculated by
FEA, where the half maximum of Py, was located in the
middle of the two pillars (Supplementary Note 5 and Supple-
mentary Fig. 21). These results reveal that “a pixel-less structure”
and “ultrathin design” of our photonic skin are key to super-
resolution analogue imaging of pressure distribution unprece-
dented in previously reported pressure-mapping devices (Supple-
mentary Table 2).

Notably, this super-resolution and high-linearity pressure
imaging enables 3D surface mapping of an elastic object because
the contact pressure between the device and the elastic body is
proportional to the compressive strain normal to the contact
plane. We mapped the 3D surface of a mint leaf by capturing and
processing the image generated on the device where a PDMS
replica of the mint leaf was fully pressed (Supplementary Fig. 22).
The device distinctly displayed the surface morphology of the
compressed part of the leaf replica, including major veins and a
more detailed skeleton (Fig. 5a, b, and Supplementary Movie 2).
The higher light intensity corresponds to the higher height of the
PDMS replica. After Gaussian filtering of the captured image to
eliminate noise and micro-texture information (Supplementary
Fig. 23), a 3D pixel intensity map was generated (Fig. 5c).
Compared to the 3D surface image of the PDMS replica
measured using a surface profiler in Fig. 5d, the generated image
well represented the height map of the PDMS replica. The
distortion mainly arose from the incomplete compression and the
unevenly applied pressure.

Moreover, our device generates high-quality and high-contrast
images of valuable micro-textures such as a fingerprint (Fig. 1d and
Fig. 5e). A clear fingerprint pattern appeared with the light
intensity corresponding to the touch force when the device was
touched. Photonic skins with a green QLED and a yellow polymer
light-emitting diode (PLED) were also demonstrated, showing the
universality of our approach (Fig. 5e). The most compelling
advantage of our pressure-sensitive photonic skin is that it can
operate while conformably laminated on 3D surfaces, just like “real
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Fig. 4 Effect of the top film thickness on the spatial resolution of the photonic skin. a Schematic illustration of the flow of the spatial signal when the
pressure distribution (Pi,put) is applied to the top film of the photonic skin. The Py, is low-pass filtered by the top film, forming contact pressure
distribution between the CNN and the ETL (Pcontact). The Peontact IS linearly converted into electrical conductance distribution between the CNN and the ETL
(Geontact) by the CNN. The light intensity distribution of the QLED (Lqiep) is proportional to the Geontact- b Schematic illustration of the situation where a
micropillar array presses the top thin film. In finite element analysis (FEA), we calculated the Pconact between the top and bottom films when Pinp, was
applied with the micropillar array. ¢ SEM image where 50-pm-wide PU pillars spaced by 50 pm pressed a 1-pm-thick polyimide (PI) film on a glass
substrate. Scale bar, 50 pm. d FEA results showing a line profile of Peontact When a pillar array with a 50 um width and 50 um gap (254 dpi) pressed the top
film with different o, values. e, f Optical photographs where the 254 dpi PU pillar array pressed photonic skins with ti, ~ 10 um (e) and tiop ~ Tum (F). The
right images present FEA results showing P.oniact for the corresponding ti,, values. Scale bars, 500 and 100 pm. g SEM and optical images of 1016 dpi
PDMS hexagonal micro-bumps. Scale bars, 5 and 20 um. h Optical image of the device with tio, ~ 1um visualizing the pressure applied with the 1016 dpi
hexagonal micro-bumps. Scale bar, 20 pm.

skin.” The operation of the ultraflexible devices laminated on
human skin and a plastic fibre is shown in Fig. 5f. When a finger
and a glass rod touched the photonic skins attached onto the hand
and the plastic fibre, they showed touch information in real-time
(Supplementary Movie 3). The device also visualized the pressure
at valleys of wrinkles generated around the location of touch, which
could be a good example of our device visualizing even unintended
force, implying its high sensitivity and reliability.

Our high-fidelity analogue imaging with unprecedented
response time (<1 ms) can be rapidly digitized by digital imaging
technologies (e.g. high-resolution charge-coupled devices (CCDs))

in real-time, which could be challenging in high-resolution sensor
arrays due to the complicated data acquisition process and
scanning time of a large number of pixels. Once the light intensity
distribution is captured, it can be transformed into actual pressure
data based on a lookup table or pre-calibrated data. The
luminance as a function of the applied pressure in Fig. 3c is a
great example of such lookup tables because the luminance is one
of the absolute measurements of the light intensity. Alternatively,
the pixel intensity from a CCD as a function of the applied
pressure could be another simple option. To demonstrate the
whole data transformation process, we transformed the digitized
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Fig. 5 Super-resolution imaging of pressure distribution. a, b Optical photographs of the photonic skin visualizing the pressure applied with a PDMS

replica of a mint leaf when the replica was fully pressed (a) and partially pressed (b). The inset in a shows the original mint leaf. Scale bars, 2 mm. ¢ 3D plot
of pixel intensity of the image in a after Gaussian filtering. The Gaussian filtering with 6 =20 was carried out to remove the noise and detailed texture
information. d 3D surface image of the PDMS replica measured with a surface profiler. @ Optical photographs of the photonic skins with various light-

emitting devices. The left photograph shows a device with a green quantum-dot light-emitting diode (QLED) touched with a finger. The right photographs
show a device with a yellow polymer light-emitting diode (PLED) touched with PDMS stamps. Scale bars, 5 mm. f Optical photographs of pressure imaging
with freestanding devices laminated on various 3D surfaces. When a finger and a glass rod touched the photonic skin laminated on a human hand and a
plastic fibre, it well visualized pressure distribution in real-time. Scale bars, 2 cm.

electroluminescent image into actual pressure distribution using a
lookup table for pixel intensity (Supplementary Fig. 24). We
measured the mean pixel intensity of the electroluminescent image
captured by a CCD for a specific uniform pressure applied with
a 6 x 6 mm? square PDMS slab. By using this lookup table, the
pressure distribution was directly calculated from the photograph
captured by a CCD when the photonic skin was pressed with
a B-shaped stamp. This simple demonstration highlights the
feasibility of the data transformation from the electroluminescent
image of our photonic skin to the actual pressure distribution.

Application to real-time smart touch interfaces. We further
demonstrated novel real-time high-information-density human-
machine interfaces using our photonic skin, namely, “smart touch
interfaces.” Fig. 6a illustrates the concept of the smart touch
interface, which is capable of identifying the user in addition to
sensing the touch force and location in real-time. From this type of
touch interface, a variety of new machine actions could be gener-
ated. For a proof of concept, the device was touched with a finger
three times with different positions, forces and durations, and the
generated images were recorded by a CCD at 15 frames per second.
These images were transferred to a computer that performed fin-
gerprint recognition by a simple template matching algorithm and
examined the exact touch location and relative force in real-time
(Supplementary Movie 4). The mean pixel intensities (MPIs) for the
full image and the region detected as a fingerprint of the user

are plotted as a function of the frame number in Fig. 6b. Although
the MPIs for both the full area and detected region well represented
the relative touch force, the MPI of the detected region was more
sensitive as a result of excluding the untouched area. Figure 6¢
shows the three frames containing the detected regions when the
touch force reached the maximum value during each touch. These
images show that our smart touch interface can calculate the exact
location of the touch from the micro-texture information even if
there is an unintended touch or the size of the contact area varies.
The 3D plots of the pixel intensities in the detected regions in
Fig. 6d further provide the detailed fingerprint morphology and the
associated pressure profile. This demonstration highlights the fea-
sibility of fast and super-resolution pressure imaging with our
device for demanding applications.

Discussion

We introduced the first fully conformable and imperceptible
electronics capable of imaging pressure distribution with high
spatial and temporal fidelity without the need for pixel structures.
The proposed pixel-less device offers numerous unique advantages
that previous works employing patterned active pixels cannot
realize. In terms of imaging performance, owing to the homo-
geneous and ultrathin design, our device emits light from a con-
tinuous surface visualizing the precise shape and magnitude of the
applied pressure. The ultrahigh sensitivity of the CNN enables
high-light-intensity and high-contrast representation for a practical
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Fig. 6 Application to real-time smart touch interfaces. a Conceptual illustration of smart touch interfaces that can identify the user and exact location of
touch using the photonic skin. b Mean pixel intensities (MPIs) of the images captured by a charge-coupled device (CCD) at 15 fps where the device was
touched with a finger three times with different positions, forces and durations (blue dots: MPIs of full-size images, red dots: MPIs of the regions detected
as a fingerprint of the user). ¢ Three frames containing the detected regions when the touch force reached the maximum value during each touch. White
rectangles denote the regions detected as a fingerprint of the user. Scale bar, 5 mm. d Pixel intensity maps for the Gaussian-filtered images (¢ = 3) of the

detected regions in c.

pressure regime (<1 MPa). High linearity and fast response time
(<1 ms) enable novel practical applications such as 3D surface
mapping and smart touch interfaces. In terms of device design, our
device has an ultrathin and transparent structure, forming an
imperceptible interface with human skin. Furthermore, the simple
and low-cost fabrication procedure including a novel water-based
method for the CNN is even applicable for large-area devices,
showing its feasibility (Supplementary Fig. 25).

The results here provide a new experimental and theoretical
framework for revealing an accurate stimulus profile by exploiting
the conformability of an ultrathin film. Theoretical postulation and
an FEA reveal that the top film acts as a spatial low-pass filter for
the applied force and that the thickness of the film determines the
spatial resolution. For a 1-pm-thick top film, a resolution of >6000

dpi is calculated by the FEA, and the experimental results show a
clear pressure map generated by micropillars of >1000 dpi.
Obviously, both values from the experiments and FEA are much
higher than those of previous sensor-array-based pressure-mapping
devices that are generally under 100 dpi (Supplementary Table 2).
Although pressure-imaging devices using piezoelectric nanowire
LEDs have achieved high pixel resolution (~6000 dpi)2°-31, their
extremely low sensitivity, low fill factor and lack of conformability
hinder their practical applications. For example, due to the low
sensitivity (a few tens of GPa~!) of such devices, they cannot detect
the practical pressure distribution applied by soft bodies such as a
fingerprint. In contrast, because of the high sensitivity of our
photonic skin, it can clearly map a pressure profile arising from a
microscale surface morphology of soft bodies with low Young’s
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modulus. Furthermore, a wide working range with great linearity
makes the resulting electroluminescent image to be much closer to
the accurate pressure distribution. Future work would include
theoretical analyses of pressure transferring through a thin film,
practical improvements in the device performance such as encap-
sulation of the device, and integration with pre-established and
emerging technologies such as microfluidics and deformable dis-
plays. These directions may satisfy the demand for fully under-
standing a spatial stimulus in future applications such as display-
integrated advanced user interfaces, implantable bio-imaging sys-
tems and nervous systems in soft robotics.

Methods

Fabrication of CNNs and pressure sensors. Te-PEDOT:PSS nanowires were
synthesized based on previously reported methods?®. First, 1 g of L-ascorbic acid
was dissolved in 45 mL of deionized water. Then, 1 mL of PEDOT:PSS (Clevios
PH1000) solution filtered through a PVDF syringe filter was added to this solution.
Subsequently, 0.07 g of Na,TeO; was added to the mixture under stirring. The
temperature of the mixture was then increased to 90 °C and maintained for 24 h.
Te-PEDOT nanorods were collected by centrifugation of the reaction mixture and
suspended in 5 mL of deionized water. The final dispersion had a concentration of
78 mg mL~ 1. The fabricated Te-PEDOT:PSS nanowires had a length of 1 ym and a
diameter of ~10 nm.

A homogeneously nanofibrillated cellulose suspension was fabricated based on
our previous work?”. A 1wt% aqueous dispersion of cellulose powder (Aldrich)
was chemically treated by potassium hydroxide (2 wt%) and sodium chloride (2 wt
%) at 60 °C for 2 h to remove lignin and hemicelluloses. After the chemical
treatment, the samples were rinsed with DI water until the residues were
neutralized. This water slurry was passed 30 times through a high-pressure
homogenizer under 1500 bar (Nano Disperser, Suflux) and finally dispersed in DI
water at a concentration of 90 mg mL~!. The cellulose was nanofibrillated with a
diameter of 10-20 nm and a length of 1-2 pm.

Aqueous dispersions of Te-PEDOT nanowires and cellulose nanofibres were
mixed with various volume ratios (30:70, 40:60, 50:50). CNNs were deposited on
50-um-thick PI films held at 100 °C by spray-coating the mixtures using a
commercial airbrush at a distance of ~10 cm. Multiple passes of airbrushing were
performed until the desired thickness was reached. The coated substrates were
dried on a hotplate at 100 °C for 30 min to remove residual solvent. Interdigitated
Ag electrodes were deposited onto a glass substrate by inkjet-printing of
nanoparticle-type Ag ink (DGP 40LT-15C, ANP). The total size of the finger
electrodes was 6 x 6 mm?, and the width and gap of the electrodes were 400 um and
200 um, respectively (see Supplementary Fig. 5). The PI film was laminated onto
the glass substrate using double-sided adhesive tape.

Fabrication of pressure-sensitive photonic skin. A colourless PI varnish was
gently provided by KOLON Corporation, Korea. A 1-um-thick colourless PI film
(bottom PI) was coated on a glass substrate at 5000 r.p.m. and then cured at
150 °C for 10 min and 200 °C for 2 h on a hotplate. Then, an ITO electrode
(150 nm) was deposited by sputtering onto the colourless PI film. The ITO-coated
colourless PI film on carrier glass was treated with O,-plasma for 30 s. PEDOT:
PSS (Batron P VP AT 4083, filtered through a 0.45 um PES filter) as a hole
injection layer (HIL) was spin-coated on the ITO anode at 2000 r.p.m. for 30,
followed by annealing at 150 °C for 10 min. Poly(9-vinylcarbazole) (PVK,

in chlorobenzene, 10 mg mL~!) as a hole transport layer (HTL) was spin-coated
on the HIL at 4000 r.p.m. for 30, followed by annealing at 120 °C for 10 min.
An emissive layer of colloidal CdSe/ZnS quantum dots (QDs, in toluene,

10 mg mL~1, Mesolight) was spin-coated on the HTL at 4000 r.p.m. for 30's
and annealed at 60 °C for 20 min. A ZnO nanoparticle dispersion (diluted in
1-butanol, 5 wt%, Avantama AG) was spin-coated on the QD layer at 4000 r.p.m.
for 30 s and annealed at 60 °C for 20 min. The top colourless PI film (1-um-thick)
was coated on the other glass substrate at 5000 r.p.m. and then cured at 150 °C for
10 min and 200 °C for 2 h on a hotplate, and AgNWs (0.5 wt%, NANOPYXIS)
were spin-coated as a common cathode and annealed at 120 °C for 10 min. The
CNN (50% v/v) was spray-coated onto the AQNW cathode, followed by baking at
100 °C for 30 min. The top PI film on the supporting glass was scribed on all four
edges before lamination and then laminated on the bottom PI film on the bottom
glass using 20-um-thick double-sided adhesive tape. The top glass was detached
from the top PI film, leaving the top PI film attached onto the bottom film.
Subsequently, the whole device was cut on all four edges and was mechanically
detached from the bottom supporting glass.

Piezoresistive characterization of CNNs. Electrical characterization of the
pressure sensors was carried out using a Keithley 2400 SourceMeter and an Agilent
4155¢ semiconductor parameter analyser under a bias voltage of 1 V. Static loads
and continuous loading and unloading cycles were applied with an automatic force
test stand (ASM-1000, a length resolution of 10 um, Digitech) with a computer
controller. The sheet resistances and transmittances of the CNNs were measured

using an ohm meter with a four-point probe (FPP-RS 8, DASOL ENG) and a
spectrometer (DH-2000-BAL, Ocean optics), respectively.

Pressure imaging with the photonic skin. The pressure responses of the photonic
skin were basically studied using devices on supporting glass substrates. The
luminance of the photonic skin was measured using a colour and luminance meter
(CS-200, Konica Minolta) while applying loads with a 6 x 6 mm? square PDMS
slab attached to a portable digital force gauge (FGN-50B, SHIMPO).

PDMS stamps with various shapes were fabricated by replica moulding
processes using 3D-printed prototype models. A PDMS precursor (Sylgard 184,
Dow Corning) was poured on the 3D-printed models and cured at 100 °C for 2 h.
The PDMS master moulds were detached from the prototypes. Monolayers of 1
H,1 H,2 H,2H-perfluorooctyltrichlorosilane (FOTS) were vapour-deposited on the
O,-plasma-treated surfaces of the PDMS master moulds for anti-stiction. A PDMS
precursor was then poured on the master moulds and cured at 100 °C for 2 h. After
being detached from the mater moulds, PDMS stamps with various shapes were
obtained. A PDMS replica of a mint leaf was fabricated using the same process
except that the leaf replaced the 3D-printed prototypes.

PU micropillar arrays for a spatial resolution study were fabricated by
similar replica moulding processes using micro-patterned silicon substrates as
master moulds. In this study, 20-um-deep square holes with various sizes were
patterned on the silicon substrates by photolithography. Next, a 300-nm-thick
aluminium film was sputtered on the silicon substrate. The aluminium film was
patterned by inductively coupled plasma (ICP) etching through a patterned
photoresist. After removal of the remaining photoresist, the silicon substrate
was etched using deep reactive-ion etching (DRIE) through the aluminium
mask to obtain 20-pm-deep square holes. Finally, the remaining aluminium
mask was removed using ICP etching to obtain micro-patterned silicon master
moulds.

A PDMS micro-bump array was fabricated by microsphere lithography. A
closely packed, hexagonal monolayer of polystyrene (PS) microspheres with a
diameter of 25 um (Aldrich) was first formed on a PDMS substrate by a previously
reported rubbing method*3. Another flat PDMS substrate was used for rubbing the
microspheres. After the rubbing process, the PDMS substrate was etched by
reactive-ion etching (RIE) process for 80 min using the PS microsphere monolayer
as an etching mask. Oxygen (O,) and tetrafluoromethane (CF,) with a ratio of 1:5
were used for process gases. After removing the remaining PS microspheres from
the PDMS substrate using adhesive tape, a hexagonally aligned PDMS micro-bump
array was obtained.

SEM and TEM observation. The surface and cross-sectional morphologies of the
CNN and the photonic skin were examined using field emission scanning electron
microscopy (SEM, FEI Sirion 400, SGC equipment) and transmission electron
microscopy (TEM, Tecnai G? F30 S-TWIN, FEI). The samples were sliced using a
focused ion beam (FIB) system (Dual Beam FIB Nova 200, FEI)
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