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Fingertip skin–inspired microstructured
ferroelectric skins discriminate static/dynamic
pressure and temperature stimuli

Jonghwa Park,1* Marie Kim,2* Youngoh Lee,1 Heon Sang Lee,2† Hyunhyub Ko1†
In human fingertips, the fingerprint patterns and interlocked epidermal-dermal microridges play a critical role
in amplifying and transferring tactile signals to various mechanoreceptors, enabling spatiotemporal perception
of various static and dynamic tactile signals. Inspired by the structure and functions of the human fingertip, we
fabricated fingerprint-like patterns and interlocked microstructures in ferroelectric films, which can enhance
the piezoelectric, pyroelectric, and piezoresistive sensing of static and dynamic mechanothermal signals. Our
flexible and microstructured ferroelectric skins can detect and discriminate between multiple spatiotemporal
tactile stimuli including static and dynamic pressure, vibration, and temperature with high sensitivities. As
proof-of-concept demonstration, the sensors have been used for the simultaneous monitoring of pulse pres-
sure and temperature of artery vessels, precise detection of acoustic sounds, and discrimination of various
surface textures. Our microstructured ferroelectric skins may find applications in robotic skins, wearable sen-
sors, and medical diagnostic devices.
INTRODUCTION

Many research groups have recently demonstrated flexible electronic
skins (e-skins) with high tactile sensitivities that are capable of mimick-
ing the tactile sensing capabilities of the human skin (1–14). In partic-
ular, flexible and multifunctional e-skins can find applications in
humanoid robotics (15), skin prosthetics (16), and wearable health
monitoring devices (17). One critical requirement to using the e-skins
for human skin–like tactile sensor applications is the ability to simul-
taneously perceive and differentiate between multiple spatiotemporal
tactile stimuli such as static and dynamic pressure, temperature, and
vibration. E-skins with these capabilities may enable, for example, hu-
manoid robots that can precisely grasp and manipulate objects, dis-
cern surface texture and hardness, and feel the warmth of living
objects. Although there have been several reports on the development
of multifunctional e-skins that can detect and differentiate between
mechanical and thermal stimuli (1, 5, 14, 18, 19), these approaches
typically require the integration of multiple sensors on heterogeneous
substrates. In addition, sophisticated layouts of interconnected lines
such as open mesh and serpentine layouts are needed to minimize
mechanical strain effects. Recently, e-skins that can simultaneously
detect pressure and thermal variations were demonstrated in a single
device fabricated using ferroelectric or graphene materials (20–22).
However, only the perception of static pressure was demonstrated in
these reports. In addition to the perception of static tactile stimuli, the
spatiotemporal detection of dynamic tactile stimuli is critical in the
recognition of slip between the skin and objects, enabling the perception
of shape, hardness, and roughness (23). E-skins that can simultaneously
detect thermal and mechanical (static and dynamic) stimuli with high
sensitivities are yet to be developed.

Human skin is a complex sensory system that contains unique
epidermal and dermal microstructures and sensory receptors (Fig. 1A)
(24, 25). Fingerprint patterns enable the perception of fine surface
texture by amplifying the vibrotactile signals when the finger is
scanned over a surface (26–28). The interlocked microstructures be-
tween the epidermal and dermal layers are known to amplify and
efficiently transfer the tactile stimuli to cutaneous mechanoreceptors
(29, 30). Human skin can also detect and discriminate between static
and dynamic mechanical stimuli. Within human skin, while the slowly
adapting receptors (for example, Merkel and Ruffini corpuscles) re-
spond to sustained touch and pressure on the skin, fast-adapting re-
ceptors (for example, Meissner and Pacinian corpuscles) respond to
dynamic touch and vibration stimuli (25). In addition, human skin
is known to have both piezoelectric and pyroelectric properties origi-
nating from the presence of polar keratin, elastin, and collagen fibers
with unique orientations (30–33), which enable human skin to precisely
perceive and differentiate mechanical and thermal stimuli. All of these
microstructures and receptors enable human skin to simultaneously
perceive anddifferentiate betweenmultiple spatiotemporal tactile stimu-
li. However, such abilities for multifunctional tactile perceptions have
not been demonstrated in artificial e-skins. Inspired by the epidermal-
dermal interlocked microstructures in human skin, we have previ-
ously reported piezoresistive sensors with interlocked microdome
arrays, which can detect various static mechanical stimuli including
normal, shear, stretching, and bending forces (34, 35). However, these
previous sensors are based on the piezoresistive mode of operations
and therefore can only detect static and low-frequency stimuli. The oth-
er sensing capabilities of human skin including texture perception by
fingerprint patterns, high-frequency vibration detection by Pacinian
corpuscles, and piezoelectricity and pyroelectricity of skin are also re-
quired for the detection and discrimination of various static and dy-
namic stimuli, temperature, and surface textures.

Here, mimicking diverse structures and functions of the sophisti-
cated sensory system in human fingertips, we introduce human skin–
inspired multimodal e-skins based on flexible and microstructured
ferroelectric films (Fig. 1B), which enhance the detection and discrim-
ination of multiple spatiotemporal tactile stimuli such as static and dy-
namic pressure, temperature, and vibration. The piezoelectric and
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pyroelectric properties of human skin that detect dynamic touch and
temperature are realized in the e-skins by using piezoelectric and pyro-
electric responses of ferroelectric polymer composites composed of
poly(vinylidene fluoride) (PVDF) and reduced graphene oxide (rGO).
The intrinsic inability of the ferroelectric e-skins to detect sustained
static pressures is overcome by using the piezoresistive change in contact
resistance between the interlocked microdome arrays in the rGO/PVDF
composites (34, 35). In addition, to mimic the epidermal and dermal
microstructures observed in human finger skin, fingerprint patterns
and interlockedmicrostructures are used in the e-skins to amplify tactile
signals by static and dynamic pressure, temperature, and vibration. We
also show that the e-skin can simultaneously detect pressure and tem-
perature variations and separately resolve these stimuli via different sig-
nal generation modes such as sustained pressure (piezoresistive), tiny
and temporal pressure (piezoelectric), and temperature (pyroelectric).
As proof of concept, we demonstrate that our e-skin can perceive artery
pulse pressure as well as skin temperature simultaneously, besides
perceiving high-frequency dynamic sound waves and various surface
textures with different topological patterns, roughness, and hardness.
All of these functions are highly desirable in robotics and wearable
health care monitoring devices.
RESULTS

Ferroelectric rGO/PVDF composite films for
temperature mapping
We fabricated flexible ferroelectric films by introducing graphene
oxide (GO) sheets in the PVDFmatrix and, subsequently, rod casting
at a low temperature (50°C for 12 hours). At this low crystallization
temperature, both PVDF/GO mixtures and pure PVDF crystallize
Park et al. Sci. Adv. 2015;1:e1500661 30 October 2015
into polar phases (b-phase). The formation of polar phases in PVDF
was confirmed by x-ray diffraction (XRD) and Fourier transform in-
frared (FTIR) spectroscopy analyses (Section 1 in the Supplementary
Materials and figs. S1 to S3). Next, to increase the conductivity of the
composite films for use as piezoresistive sensors, we further reduced
the GO in the composite films by annealing at 160°C for 3 hours, dur-
ing which the brownish transparent film turned black (fig. S1A). Even
after annealing, the polar crystal structure of PVDF is still maintained
in the composite films (fig. S1A), which is not the case for pure ferro-
electric PVDFmade via solution casting at low temperature (fig. S1A)
ormade using a conventional electric poling process (36). Thismay be
ascribed to the steric effect of the existence of GO sheets adjacent to
crystalline PVDF and to the interaction between PVDFmolecules and
GO surface atoms. The solution rod castingmethod used in this study
for fabricating ferroelectric PVDF/rGO composite films is scalable.
Flexible and large-area composite films (20 × 15 cm2) are easily obtained
(inset in Fig. 2A). A cross-sectional scanning electronmicroscopy (SEM)
image of the rGO/PVDF composite film with an rGO concentration of
1 weight percent (wt %) indicates that the rGO sheets are uniformly
dispersed and stacked within the PVDF matrix (Fig. 2A). An increase
in the rGO content in the composite further increases the tendency to
form stacked rGO structures (fig. S4A).

The current-voltage (I-V) curves of the ferroelectric composite film
(1 wt % rGO) as a function of temperature show that the current in-
creases with an increase in temperature from 0° to 100°C (Fig. 2B).
When the relative resistance (DR/R0) is plotted as a function of tempera-
ture for all the PVDF/rGO composites with various rGO contents, the
resistance decreases with an increase in the temperature (Fig. 2C). This
negative temperature coefficient (NTC) of resistance is not common for
conductive composites, because most of them show a positive tempera-
ture coefficient behavior, owing to thermal swelling of the polymer
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Fig. 1. Human skin–inspired multifunctional e-skin. (A) Structural and functional characteristics of human fingertips. Fingertip skin consists of slow-
adapting mechanoreceptors [Merkel (MD) and Ruffini corpuscles (RE)] for static touch, fast-adapting mechanoreceptors [Meissner (MC) and Pacinian

corpuscles (PC)] for dynamic touch, free nerve endings (FNE) for temperature, fingerprint patterns for texture, and epidermal/dermal interlocked micro-
structures for tactile signal amplification. (B) Flexible and multimodal ferroelectric e-skin. The functionalities of human skin are mimicked by elastomeric
patterns (texture) and piezoresistive (static pressure), ferroelectric (dynamic pressure and temperature), and interlocked microdome arrays (tactile signal
amplification).
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matrix (37–39). The NTC behavior observed in our composite film can
be attributed to the change in the contact resistance between the rGO
sheets (40) by thermomechanical variation as well as the intrinsic NTC
behavior of rGO (41). Temperature-dependent resistance change can be
quantified by means of the temperature coefficient of resistance (TCR)
Park et al. Sci. Adv. 2015;1:e1500661 30 October 2015
parameter, which is defined as TCR = (∆R/R)/∆T, where R is the
resistance of the film and T is the temperature. TCR is reduced with
an increase in the rGO content (Fig. 2C). This is attributed to the de-
crease in the crystallinity of PVDF with an increase in the rGO content
in the composites (fig. S4, B and C). For demonstration, we fabricated
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Fig. 2. Temperature-sensingproperties of the flexible rGO/PVDFnanocomposite film. (A) Cross-sectional SEM imageof the rGO/PVDF composite film
with stacked GO sheets. Scale bar, 1 mm. The inset shows a photograph of a flexible and large-scale (20 × 15 cm2) rGO/PVDF composite film. (B) Current-

voltage curves of 1 wt % rGO/PVDF composite films at various temperatures. (C) Relative resistance change of rGO/PVDF composite film as a function of
temperature for various concentrations of rGO. (D) Detection of temperature distribution on the human palm. (Top) Schematic diagram of a sensor array,
where the rGO/PVDF composite film is sandwiched between gold electrode arrays (18 × 12 pixels). (Middle) Photograph of a human hand on top of the
sensor array. (Bottom) Contour mapping of electrical resistance variations for the local temperature distribution on the human palm. (E) A representative
photograph and infrared (IR) camera images of water droplets with different droplet temperatures (64° to −2°C) on the e-skins. (F andH) Relative resistance
(R/R0) and temperature (T) variations of the e-skins after contact with water droplets (F) above room temperature (25° to 64°C) and (H) below room tem-
perature (−2° to 21°C). Temperature (T) change is measured by an IR camera. (G and I) Initial stages of time-domain signals in (F) and (H) showing the
variation of relative resistance immediately after contact between e-skins and water droplets. The solid lines represent a fit derived from Eq. 1.
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flexible temperature-sensitive e-skins by placing gold electrode arrays
on the top and bottomof the film (18 × 12 pixels).When a human hand
is placed on top of the e-skins, the temperature variation over the en-
tire contact area can be mapped by the temperature sensor (Fig. 2D).
This temperature mapping capability of cost-effective flexible films is
beneficial for the continuous monitoring of the temperature variation
of human skin, which can provide clinical information for medical di-
agnosis (11).

To further investigate the temporal response of e-skins to contin-
uous temperature variations, we analyzed the dynamic changes in
e-skin resistance immediately after contact with a water droplet at
various temperatures. Figure 2E shows a representative optical
image and infrared camera images of water droplets on e-skins with
different droplet temperatures. The solid lines in Fig. 2 (F and H)
show the time-dependent resistance change of the e-skins, whereas
the dashed lines show the droplet temperatures, as monitored by an
IR camera. When a water droplet at room temperature (25°C) falls
on the e-skin at 25°C, the electrical resistance of the e-skin does not
change (Fig. 2F). On the other hand, the falling of warm water drop-
lets (38°, 50°, and 64°C) induces an instantaneous decrease in the
relative resistance to 0.74 to 0.92 (Fig. 2G). Although the resistance
rapidly decreases immediately after contact with the warm water
droplets, it then gradually increases because of the cooling of the
warm water droplet over time and finally reaches the original value
of 1 at thermal equilibrium. On the other hand, the falling of cold
water droplets (−2°, 9°, and 21°C) on the e-skins at 36°C shows the
opposite behavior (Fig. 2H). In this case, the relative resistance in-
stantaneously increases immediately after contact with the cold water
droplets and then gradually decreases because of the warming up
of the droplet to a local steady-state temperature. Here, the relative
resistance at a local steady state (R/R0 = 1.02) is slightly higher than
the original value (R/R0 = 1.00), which can be attributed to the tem-
perature difference between the water droplet at local steady state
(30°C) and the original e-skin temperature (36°C). The local steady-
state temperature (30°C) of a water droplet can be reached owing to
the temperature difference between the e-skin (36°C) and the atmo-
sphere (25°C). When the water droplet is removed from the e-skin
surface, the relative resistance recovers to the original value (fig. S5).
This result verifies that the e-skin can also detect awetting state by cold
water. For both the warm and cold water droplet measurements, the
instantaneous and subsequent gradual variations in the relative resis-
tances (solid lines) agree with the temperature variation behavior of
the water droplets. The instantaneous variation in the resistance leads
to local equilibria in the initial time domain (<0.2 s) after water contact
(Fig. 2, G and I). This behavior can be modeled as follows (Eq. 1)

R

R0
tð Þ ¼ R

R0

� �
L:E:

þ 1 −
R

R0

� �
L:E:

� �
exp −

t

tT

� �
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where R is the resistance of the e-skin, t is the time, and tT is the
characteristic time (Section 2 in the Supplementary Materials). The ex-
perimental data fit well to Eq. 1 with tT = 11 ms for both the warm and
cold water droplets (Fig. 2, G and I). The tT value of 11ms corresponds
to the time scale required for the overall system composed of the e-skin
and water droplet to reach local thermal equilibrium (Section 3 in the
SupplementaryMaterials). The above results demonstrate that our e-skins
enable fast and precise monitoring of temporal and spatial changes in
temperature.
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Simultaneous detection of static pressure and temperature
The planar composite film is not sensitive to the minute pressure
variations induced by the water droplet on the e-skin. The pressure
sensitivity can be significantly enhanced by using an interlocked ge-
ometry ofmicrodome arrays in the laminated composite films (Fig. 3A).
In this case, an external stress can induce deformation, which, in turn,
can induce variation in the contact area between the interlocked mi-
crodomes, resulting in pressure-dependent variation of contact
resistance. Figure 3B confirms that the pressure sensitivity of the inter-
locked microdome arrays is significantly higher than that of a planar
filmmainly because of the large change in contact area between neigh-
boring microdome arrays under external stress (34, 35). The contact
resistance of interlocked microdome arrays continuously decreases
with the increase of pressure up to 49.5 kPa, which indicates the wide
dynamic range of pressure detection (fig. S6). We also note that a de-
crease in the loading of rGO in the film improves sensitivity, which
can be attributed to the increased softness (fig. S4D) and piezoelectric
effects associated with the decrease in the rGO content. The e-skins
can detect the tiny static pressure (~0.6 Pa) of a human hair pushing
or dynamic movements of hair drawing on the e-skin (fig. S7A). Fur-
thermore, e-skins enabled the sensitivemonitoring of air flowpressure
variations ranging from 0.6 to 2.2 Pa (fig. S7B). For repetitive cycles
(5000 times at 0.3 Hz) of normal force (20 kPa), the e-skin shows no
noticeable degradation (fig. S8).

The geometry of the interlockedmicrodome array also results in a
higher TCR value (2.93%/°C) compared to the planar film (1.58%/°C)
(Fig. 3C). For interlocked microdome structures, in addition to the
intrinsic NTC behavior of the composite films, thermal expansion
and softening of the PVDF matrix lead to increased contact area
and, thus, decreased contact resistance, resulting in enhanced NTC
behavior. The TCR value decreases with an increase in the normal
pressure on the interlocked microdome arrays (fig. S9), indicating
the critical role of the initial contact area inmodulating the TCR values.
Without normal pressure, the initial contact area is very small. How-
ever, the contact area can be significantly increased by the thermal ex-
pansion of PVDF, resulting in a decrease in resistance. This effect
decreases with an increase in the initial contact area with the applica-
tion of normal pressure. Therefore, the TCR value of 3.15%/°C under
zero pressure significantly decreases to 1.2%/°C at a normal pressure
of 1.2 kPa (fig. S9). The TCR values of interlocked microdome arrays
are higher than those of film-type thermal sensors, such as carbon
nanotube films (1 to 2.5%/°C at−173° to 57°C) (42),multiwalled carbon
nanotubes/graphene flakes (0.08%/°C at 0° to 30°C) (43), and graphene
nanoplatelets (0.0371°C at 10° to 60°C) (44).

To evaluate the temporal response of interlocked e-skins to contin-
uous temperature and pressure variations at the same time, we analyzed
the time-dependent variation of e-skin resistance and water tempera-
ture immediately after the falling of a water droplet (2 Pa) at various
temperatures (Fig. 3D). The falling of a room-temperature water drop-
let on the e-skin results in a decrease in the relative resistance to 0.92,
owing to the pressure applied by the water droplet (Fig. 3E). When
warm water droplets at 40° and 60°C fall on the e-skin, the resistance
instantaneously decreases to 0.38 and 0.25, respectively, owing to both
pyroelectric and piezoresistive effects, then gradually increases because
of the cooling of the warm water droplet over time, and finally reaches
the resistance value of 0.92 at thermal equilibrium, which corresponds
to the static pressure applied by the water droplet. When the water
droplet pressure is changed (Fig. 3F), the equilibrium value of relative
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unloading cycles in (G) showing the detection and discrimination of simultaneous temperature and pressure variations.
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resistance is different for different pressure values. To further demon-
strate the discrimination of temperature and pressure variations of differ-
ent types of objects, we performed loading/unloading cycles of water-filled
glass vials with various pressure and temperature values on top of an in-
terlocked e-skin (Fig. 3G). While the first loading/unloading signals in
response to 0.54 kPa pressure at 23°C exhibit only equilibrium values
of relative resistance due to the absence of thermal gradient with the
e-skin, the gradual resistance change is additionally observed on top
of equilibrium values at themoments of loading (Fig. 3I) and unloading
(Fig. 3H)cyclesdue to the thermalgradient and the subsequent equilibrium
processes. Here, the differences between instantaneous and equilibrated
resistance values increase with the increase of temperature, demonstrat-
ing the detection of temperature variations. When the pressure is simulta-
neously varied in addition to temperature variation, the pressure variation
can be monitored by the difference between equilibrated resistance values
(Fig. 3I), which can be distinguished from instantaneous resistance var-
iation due to temperature change. These results demonstrate that the
interlocked ferroelectric e-skins can simultaneously detect and discern
temperature and pressure variations as a result of their piezoresistive
and pyroelectric properties.

Simultaneous monitoring of artery pulse pressure
and temperature
The pulse waveform of the radial artery can be used for real-time and
noninvasive diagnosis of cardiovascular problems associated with arte-
riosclerosis, hypertension, and diabetes (45). In particular, because
blood pressure is easily influenced by environmental changes, wear-
able blood pressure monitoring devices are required for the measure-
ment of average daily blood pressure to accurately analyze cardiovascular
problems (46). Although capacitive (47, 48), triboelectric (49), piezo-
resistive (12, 50), and piezoelectric (51) pressure sensors have been in-
troduced as wearable devices for the detection of artery pulse pressure,
there have been no reports on the simultaneous detection of artery
temperature and pressure. Information on the wrist skin temperature
during the measurement of artery pulse pressure is critical in the ac-
curate analysis of pulse waveforms because heat and cold stresses af-
fect the vasoconstriction and vasodilation of blood vessels, which
results in variation in arterial stiffness and radial pressure (52). Our
interlocked e-skin enables the simultaneous monitoring of tempera-
ture and arterypulse pressurewhen attachedonto thewrist skin (Fig. 4A).
Depending on the skin temperature, the blood vessel undergoes vaso-
dilation or vasoconstriction, which results in a decrease or increase in
the pulse pressure, respectively (inset in Fig. 4A). Figure 4B shows the
typical piezoresistive readout of wrist pulse pressure. Three distin-
guishable peaks (P1, P2, and P3) are observed (53). Here, P1 (pulse
pressure) is due to the blood flow ejected by heart contraction and
is the difference between the systolic (PSys) and diastolic (PDia) pres-
sures. On the other hand, P2 and P3 (reflectedwave pressures) are gen-
erated by reflected waves from the peripheral sites (hand for P2 and
lower body for P3).

The shape of the artery pulse wave is variable depending on the
arterial stiffness, pulse wave velocity (PWV), and reflected waves.
For individuals with hypertension and for aged persons, the systolic
and pulse pressures are augmented, owing to increased arterial stiff-
ness, which causes increased PWV and early return of reflected waves
(53). For the quantitative evaluation of arterial stiffness, the radial ar-
tery augmentation index (AIr = P2/P1), radial diastolic augmentation
(DAI = P3/P1), and round-trip time of a reflected wave from the hand
Park et al. Sci. Adv. 2015;1:e1500661 30 October 2015
periphery (TR) are commonly used (53, 54). In Fig. 4C, before physical
exercise, the average values (from five pulse waves) of AIr and DAI
under normal conditions are observed to be 0.45 and 0.31, respective-
ly, which are consistent with the data provided in the literature on
healthy 29-year-old males (53). After physical exercise, the pulse rate
increases to 84 beats/min from 72 beats/min under normal conditions
and the pulse intensity increases as a result of increased cardiac output
to rapidly provide blood to the activatedmuscles. In addition, owing to
vasodilation of the muscular arteries after exercise, P2 is reduced, re-
sulting in a decrease in the augmentation index (AIr = 0.36,DAI= 0.21),
indicating decreased arterial stiffness. We also observe that the relative
resistance decreases to 0.94, owing to the increase in skin temperature
after exercise.

To investigate the skin temperature–dependent variation of pulse
pressure of the radial artery, we used the interlocked e-skin to acquire
the arterial pulse pressure immediately after immersion of the hand
into awater bath at various temperatures (20° to 42°C) for 2min.With
the increase in skin temperature from 20° to 42°C, the relative resist-
ance of diastolic pressure (PDia) decreases from 1.40 to 0.65 (Fig. 4D).
In addition, the arterial pulse pressure shows different waveforms de-
pending on the temperature (Fig. 4E). Here, all the pulse and reflected
wave pressures (P1, P2, and P3) decrease with an increase in the tem-
perature. Detailed analyses of the variations in the pulse waveforms
are shown in Fig. 4F. The relative resistance linearly decreases with
an increase in skin temperature, which results in a slope of 3.3%/°C,
which is close to the TCR value (2.93%/°C) of the interlocked e-skin
(Fig. 3C). This linear relationship between resistance and temperature
can be used to directly monitor the skin temperature during the mea-
surement of arterial pulse pressure. With an increase in skin tempera-
ture from 20° to 42°C, the values of AIr and DAI decrease from 0.54
and 0.31 to 0.27 and 0.09, respectively. This phenomenon could be
attributed to the cold stress– and heat stress–induced vasoconstriction
and vasodilation of blood vessels in the radial artery under normal
conditions (skin temperature of 32°C), which results in an increase
(or decrease in the case of heat stress) in arterial stiffness, and thus an
increase in the blood pressure, reflection wave, and PWV (55). In addi-
tion, TR increases from 142 to 248 ms with an increase in temperature.
The increase in the delayed time of the reflective wave with the increase
in temperature is attributed to reduced cardiac output and increased
compliance of the blood vessel (arterial stiffness). Compared to tradi-
tional arterial tonometry with only pressure-sensing functions (54),
the interlocked e-skin, whichhas bothpressure- and temperature-sensing
capabilities, could raise the accuracy of blood pressure monitoring by
accounting for skin temperature.

Piezoelectric e-skins for detection of dynamic touch and
acoustic waves
Our ferroelectric e-skins with interlocked geometry also enable
piezoelectric perception of dynamic tactile stimuli. Compared to planar
piezoelectric films, the interlocked e-skin with a larger contact area
and stress concentration effects at the small contact spots between
the microdomes can induce a larger deformation and thus a higher
piezopotential, resulting in improvements in piezoelectric perform-
ance (Fig. 5A) (56). The addition of GO into PVDF can enhance piezo-
electricity, but further reduction ofGO into rGOdecreases piezoelectricity
(Fig. 5B). We observed that the increase of film conductivity with the
increase of rGO reduction time resulted in the decrease of piezoelectric
performance (fig. S10). This behavior can be attributed to the enhanced
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screening of piezoelectric polarization with the increase of film con-
ductivity (57, 58). The piezoelectric current of the interlocked micro-
dome films depends on the applied normal forces with a sensitivity of
35 mA/Pa below 2.45 kPa and 5 mA/Pa in the range of 2.45 to 17.15 kPa
(Fig. 5B). The piezoelectric current and voltage gradually increase with
Park et al. Sci. Adv. 2015;1:e1500661 30 October 2015
an increase in the applied impact frequency (0.1 to 1.5Hz) (Fig. 5C). This
behavior can be attributed to the viscoelastic property of PVDF poly-
mers, in which the dynamic modulus increases with the increase of
frequency (59). Because the piezoelectric current and voltage are known
to be proportional to the elasticmodulus of piezoelectricmaterials (60),
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the increase of frequency results in the increase of piezoelectric output.
The piezoelectric current is also dependent on the strain rate, which
leads to the increase of piezoelectric currentwith the increase of frequency
(61). In addition, the slow adjustment of the piezoelectric charges to bal-
ance the piezoelectric potential can also lead to frequency-dependent pi-
ezoelectric output (61, 62). This frequency-dependent increase in the
piezoelectric output could find applications in self-powered systems
(62), accelerometers, and vibrometers (63). Although the piezoelectric
e-skins are insensitive to sustained static pressure, the instantaneous
generation of piezoelectric current enables the detection of rapid variation
in dynamic forces. Figure S11 shows piezoelectric and piezoresistive signal
variations of the e-skins in response to applied pressure (8.56 kPa) with
different impact frequencies (0.3 to 5.0 Hz). Although both the piezo-
electric andpiezoresistive responses followdynamicpressure loadings for
frequencies below 3.3 Hz, for frequencies higher than 5 Hz, only the
piezoelectric signals properly respond to the dynamic pressure loadings.

The instantaneous deformation and relaxation of interlocked mi-
crodome arrays and the subsequent changes in the piezoelectric cur-
rents enable the detection of sound waves consisting of high-frequency
vibrations. To demonstrate the sound detection capabilities, we moni-
tored sound waveforms from a speaker with the interlocked e-skins
(Fig. 5D). The piezoelectric voltage of the interlocked e-skin increases
with an increase in the sound frequency, reaches a maximum value at
2000 Hz, and then gradually decreases (Fig. 5E). On the other hand,
planar e-skins do not exhibit any noticeable changes in the piezo-
electric voltage. Figure 5F shows the piezoelectric voltage waveforms
observed in response to the sounds of various letters of the alphabet
suchas “S,” “K,” “I,” and “N” froma speaker.Although the time-dependent
variation of the voltage waveforms of the interlocked e-skins precisely
matches the acoustic waveforms from the speaker, the planar e-skins are
unable to monitor the time-dependent variation of the acoustic wave-
forms. The well-known speech titled “There’s plenty of room at the
bottom” by R. Feynman was played to the interlocked e-skins over a
commercial microphone to demonstrate the monitoring of a full sen-
tence of acoustic waveforms (Fig. 5G). The time-dependent position
and intensity of the piezoelectric voltage waveforms and the correspond-
ing spectrograms agree with the acoustic waveforms and spectrograms of
the acoustic sound of the sentence. A commercial microphone, on the
other hand, cannot exactly monitor the time-dependent variation of
acoustic waveforms and spectrograms of the sentence.

Piezoelectric e-skins with fingerprint-like patterns for
texture perception
The rapidly adaptive piezoelectric e-skins enable the spatial and tem-
poral encoding of tactile signals, which facilitate the perception of
surface textures. For this purpose, e-skins were attached to a micro-
stage (Fig. 6A, middle) and scanned over a surface texture (Fig. 6A,
bottom) at different scanning speeds. In particular, mimicking the
fingerprint patterns on human hands, we used parallel ridges (pitch,
470 mm; ridge width, 163 mm) on the surface of the e-skins (Fig. 6A,
top) to amplify of texture-induced vibrations (64). Figure 6B displays
the time-dependent variation of piezoelectric currents when the inter-
locked e-skin is scanned over a surface texture with parallel line
patterns at different scanning speeds (0.25 to 2.5 mm/s). In addition
to the oscillatory piezoelectric currents, periodic spikes (red arrows) in
current are observed, owing to the regular topological features on the
scanned surface (26). The intervals between the regular spike peaks
decrease with an increase in the scanning speed. FFT spectra of these
Park et al. Sci. Adv. 2015;1:e1500661 30 October 2015
piezoelectric current signals indicate that there are fundamental fre-
quencies (arrows) associated with each scanning speed and harmonics
with decreasing amplitudes (Fig. 6C) (65). The fundamental frequency
agrees with the spatial frequency (f = v/l) of the line patterns (grating
period of 500 mm), which is determined by the scanning speed (v) and
grating period (l) (28, 65).

The STFT of the current signals further describe the time-dependent
variation of the piezoelectric currents (Fig. 6D). Scanning on the regular
surface patterns induces periodic line patterns with respect to time in
the frequency range below 30 Hz, the number of which increases with
an increase in the scanning speed in the same time domain. At frequen-
cies higher than 100 Hz, a specific frequency is observed for the entire
time domain, which can be attributed to the vibrotactile signals in-
duced by the small features on the surface (fig. S12). The frequency
position increases with an increase in the scanning speed. Both the
fingerprint-like patterns and interlocked structures are critical in en-
hancing the perception of surface textures. The regular spike peaks in
the piezoelectric currents and the corresponding periodic lines in
STFT cannot be observed for the interlocked e-skins without the
fingerprint-like patterns (fig. S13). Although we observe periodic cur-
rent peaks for the planar e-skins with fingerprint-like patterns, the in-
tensities of the peaks in this case are lower than those for the interlocked
geometry. For planar e-skins without fingerprint-like patterns, we do
not observe any unique features in the surface texture–dependent frequen-
cy variation.When themoduli of regular surface patterns are varied, our
e-skins can also discriminate the variation of surface hardness/softness
(fig. S14). The visibility of periodic line patterns in the STFT spectrum
attenuates with the decrease of modulus. The interlocked e-skins
with fingerprint-like patterns can also detect various surfaces with dif-
ferent roughnesses (Fig. 6E). Continuous scanning on sandpaper, paper,
and glass surfaces results in different STFT features, with the rougher
surface (sandpaper) exhibiting features with high amplitudes covering
all frequencies below 30 Hz and the smoother surface (glass) not exhib-
iting any noticeable frequency features. The texture perception capabil-
ity of the e-skins also enables the perception of different surfaces on our
hands (fig. S15A). The e-skins can even perceive different surfaces on
the hair, facial skin, and whisker regions of our head (fig. S15B).

In the tactile perception of human skin, the principal mechano-
receptor involved in the recognition of the surface texture changes
depending on the element size of the texture. Slow-adapting mechano-
receptors (Merkel Disk) perceive coarse roughness with an element
size of greater than 100 mm, whereas fast-adapting mechanoreceptors
(Pacinian corpuscle) change under fine roughness with an element
size of less than 100 mm (66). To investigate the perception of fine tex-
tures, we scanned e-skins (scanning speed of 2.5 mm/s) over silicon
substrates with different surface patterns and sizes [line: pitch size (P) =
80 mm, width (W) = 10 mm; square: P = 80 mm,W = 20 mm; pentagon:
P = 90 mm,W = 20 mm] (Fig. 6F). Scanning across silicon line patterns
in the perpendicular direction (Fig. 6F, ii) induces periodic output
current waves (Fig. 6F, middle) and exclusive frequency bands near
30 Hz in the STFT spectrogram (Fig. 6F, bottom), which are recogniz-
able when compared to the smooth silicon surface (Fig. 6F, i). The
30-Hz frequency band observed at a scanning speed of 2.5 mm/s
corresponds to a pitch of 83 mm, which is close to the interridge dis-
tance of 80 mm. Scanning over the silicon line pattern in the parallel
direction (Fig. 6F, iii), on the other hand, does not result in a prominent
frequency band near 30 Hz. The square pattern (Fig. 6F, iv) generates
frequency bands near 30Hz, which are similar to the bands observed by
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perpendicular scanning on the line pattern. On the other hand,
scanning on the pentagon pattern (Fig. 6F, v) without any continuous
interpattern gaps does not result in any noticeable frequency band near
30 Hz. We also observe a weak frequency band near 10 Hz for all the
surfaces, which can be attributed to the stick-slip motions between
the polydimethylsiloxane (PDMS) and silicon substrates (67). This
stick-slip frequency near 10 Hz cannot be observed when the scanning
speed is increased to 5mm/s (fig. S16). These results indicate that the
perception of fine and regular texture is only possible when continuous
interpattern gaps exist in the scanning direction.
DISCUSSION

In conclusion, we have demonstrated the functionality of human
skin–inspired multimodal e-skins that enable spatiotemporal recog-
nition of static/dynamic tactile stimuli (pressure, temperature, and
Park et al. Sci. Adv. 2015;1:e1500661 30 October 2015
vibration). The design of our e-skin involves the fabrication of micro-
structures of ferroelectric rGO/PVDF composite films with interlocked
microdome arrays and fingerprint-like microridges on the surface of
the films, which enhance the piezoelectric, pyroelectric, and piezo-
resistive sensing capabilities of the ferroelectric composite films for
static and dynamic tactile and thermal signals. Compared to planar
ferroelectric films, we have shown that the geometry of the interlocked
microdome arrays significantly enhances the tactile sensitivities, en-
abling the detection of minute variations in temperature, pressure,
and acoustic vibration. Furthermore, the use of fingerprint-like micro-
ridges on top of the interlocked e-skins has been shown to significantly
enhance the vibrotactile signals when the e-skins are scanned over a tex-
tured surface, enabling the perception of surface textures with various
roughness and pattern shapes. For proof-of-concept demonstrations,
we showed the temperature-dependent pressure monitoring of artery
vessels, high-precision acoustic sound detection, and surface texture rec-
ognition of various surfaces. All of these capabilities provide a solid
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platform for the application of the e-skins fabricated in this study in hu-
manoid robotics, flexible sensors, andwearablemedical diagnostic systems.
MATERIALS AND METHODS

Material synthesis
The synthesis of GO was initiated by adding graphite powder (2 g)
into a solution containing H2SO4 (20 ml), K2S2O8 (1 g), and P2O5 (1 g)
at 353K, followed by cooling the dark bluemixture to 293K for 5 hours.
Distilled water (1 liter) was added to themixture. Themixture was then
filtered and the residue on the filter was washed until the pHof the rinse
water reached 7. Next, the product was dried overnight at ambient
temperature in air. After preoxidation, the oxidized graphite powder
(2 g) was added toH2SO4 (75ml) at 273 K in an ice bath. KMnO4 (10 g)
was slowly added over 10 min with stirring and cooling. During this
process, the temperature of the mixture was maintained below 293 K.
The mixture was then heated to 308 K and stirred for 2 hours, and
distilled water (160 ml) was added over 30 min. Next, the mixture
was further diluted with distilled water (500 ml) and treated with
30% H2O2 (8.3 ml). After the suspension turned bright yellow, it
was allowed to sit for 1 day, and the supernatant was then decanted.
The residue was centrifuged and washed three times with 10% HCl
(800 ml) at 3000 rpm. The residue was then centrifuged and washed
with distilledwater repeatedly until the pHof the rinse water reached a
value of 6. For the preparation of GO in N,N-dimethyl formamide
(DMF), the GO suspension was centrifuged at 15,000 rpm for 1 hour
and the supernatant was then decanted. The residue was centrifuged
and washed five times with DMF (Junsei; 99.5%; density, 0.952 g/ml)
(40 ml) at 15,000 rpm for 1 hour. The PVDF (Sigma Aldrich; molec-
ular weight, ~530,000, pellet) solution (10 wt % in DMF) was mixed
with the GO/DMF suspension.

Device fabrication
The PVDF/GO nanocomposite films were fabricated by solution-
based rod casting using a glass rod on the glass plate at 50°C and dry-
ing for 12 hours. The films were dried again in a vacuum oven at 160°C
for 3 hours to remove the residual DMF solvent and reduce the GO
into rGO. The residual DMF solvent was completely removed during
the annealing process (fig. S17). A series of graphene/PVDF nano-
composite films with different graphene loadings were similarly
prepared. To fabricate the interlocked microdome rGO/PVDF nano-
composite films, a PDMS replicamold was prefabricated by the double-
casting method. The double-casting method was initiated by
coating the water-soluble polymer poly(vinyl alcohol) (PVA) as a thin
interlayer onto an as-prepared PDMS film fabricated by the micro-
molding of a silicon substrate with microdome patterns (10 mm in di-
ameter, 12 mm in pitch, and 4 mm in height). The PDMS prepolymer
was then poured onto the PVA-coated microdome-patterned PDMS
film, after which the fully cured replica mold was peeled off along with
the microdome arrays at 90°C for 3 hours. Finally, by removing the
residual PVA on the surface of the PDMS replica mold by soaking
in water, the fabrication of the replica mold was completed. Using the
micromolding process, we prepared ferroelectric rGO/PVDF nano-
composite films with microdome arrays (fig. S18). The resulting films
had the following feature sizes: diameter, 10 mm; pitch, 12 mm; and
height, 4 mm. Before the micromolding of the GO/PVDF composite,
we treated the prepared replica PDMS mold with oxygen plasma for
Park et al. Sci. Adv. 2015;1:e1500661 30 October 2015
1min tomake the surface less adhesive to the hydrophobic GO/PVDF
solution. The GO/PVDF precursor (500 ml) was then cast onto the
oxygen plasma–treated replica mold and subsequently stored in a
vacuum oven at 160°C for 6 hours. Finally, the fingerprint-inspired
micropattern for texture perception was prepared by the PDMS mi-
cromolding process with regular dimensions of about 500 mm in
pitch and 160 mm in ridge width. The thickness of the fingerprint-
patterned PDMS film was 50 mm.

Characterization
Field-emission scanning electron microscopy (S-4800, Hitachi) was
used to observe the morphology of the GO/PVDF composite films.
Differential scanning calorimetry (DSC) measurements (DSC Q10, TA
instrument) of the GO/PVDF nanocomposites were conducted under
nitrogen gas in the 193 to 473K temperature rangewith cooling/heating
speeds of 20 K/min. The crystalline structure of GO/PVDF nanocom-
posites was determined using XRD (Rigaku Ultima IV) with CuKa ra-
diation. FTIR (NICOLET 380, Thermo Scientific) measurements were
conducted to examine the changes in the bonding structure. The elec-
trical properties of the rGO/PVDF nanocomposites under controlled
temperatures were measured by a source meter (S-2400, Keithley).
For the TCR measurements, the temperature of the hot stage was con-
trolled by the Advanced Peltier System attached to ARES-G2 (TA
Instruments).

Measurements of the sensing performance of the e-skins
Tomeasure the electrical properties of the e-skin devices as a function
of pressure and temperature variation, we attached two Cu electrodes
to the top and bottom of the sandwichedmicrodome-patterned nano-
composite films (size, 1.5 cm× 1.5 cm) using silver paste and annealed
them at 90°C for 1 hour to minimize contact resistance. A thin PDMS
film (thickness, ~300 mm) was used as a supporting layer to fix the
e-skin and reduce electrical noise. To measure the pressure-induced
electrical properties, we collected piezoresistive and piezoelectric sig-
nals using a semiconductor parameter analyzer (4200-SCS, Keithley)
and source meter (S-2400, Keithley), respectively. A static normal pres-
sure was applied by the pushing tester (JIPT, JUNIL TECH) with a
pushing speed of 3 mm/s as controlled moving displacement. For
the frequency-dependent pressure measurements via piezoelectric
sensors, the frequencies of applied pressure were modulated by vary-
ing the pushing speed (0.3 to 4.5mm/s) under a fixedmoving distance
of the pushing tester (schematic illustration in fig. S19A). Here, the
piezoelectric output signals were measured by a source meter with in-
finitely large input impedance (>10 gigohm). The number of power line
cycles of 1 was used to increase the measurement resolution and ac-
curacy. The e-skin (sensor size, 1 cm2)was subjected to loading/unloading
cycles of water-filled glass vials with different temperatures and
pressures at 2-s intervals to evaluate the detection of simultaneous tem-
perature and pressure variations. The wearable e-skin (sensor size,
1 cm2) encapsulated by polyimide films on both sides was wrapped
onto the wrist to monitor the variation in the artery pressure pulse.
Changes in the artery pressure pulse with exercise and body tempera-
ture weremonitored after running for 5min and immersing thewrist in
warm and cold water for 2 min. To evaluate the sensing of dynamic
pressure, we used a speaker (SMS-A90, Samsung) connected to a fre-
quency sound generator (APKCRAFT) to generate acoustic sound
waves, which were dictated via an electronic dictionary (Oxford)
program (fig. S19B). The sound waves (sound intensity, 96.5 dB) were
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then applied to the e-skin using a speaker placed at a distance of 2 cm
from the e-skin. The electrical voltage generated was analyzed by an
oscilloscope (DPO 2022B, Tektronix). A spectrogram of the original
acoustic waveswas displayed by an audio editor program (WaveSurfer).
To evaluate the perception of surface textures, we used a laboratory-
built microstage system (Micro Motion Technology) for cyclic dis-
placement within 1 cm at constant moving speeds (0.25 to 2.5 mm/s)
and loading pressure (0.3 N). For this measurement, various target
substrates such as PDMS substrates with parallel line patterns (D =
160 mm; P = 500 mm), sandpaper, glass, paper, and silicon substrates
with different geometric patterns were used. For the discrimination
of surface hardness/softness, the parallel line–patterned PDMS sub-
strates with different moduli were prepared by adjusting the mixing
ratio of PDMS base to curing agent (10:1, 15:1, and 20:1) (68).
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