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H
uman skin possesses a high degree
of flexibility and stretchability and
can sense pressure, shear, strain,

temperature, humidity, fluid flow, and pain.
As such, it is an ideal system tomodel multi-
functional and flexible electronic skins,1,2

which are used in wearable electronics,
prosthetic limbs, robotic skins, and remote
surgery, as well as in a wide range of other
electronic and biomedical applications.3�15

Proposed and implemented approaches
for realizing flexible and sensitive electronic
skins include systems based on res-
istive,4,5,8,10,11,13,14 capacitive,6,9,15 piezo-
electric,12,16 and triboelectric17 modes of
operation. Although such systems have
yielded performances that satisfy or exceed

the sensing capabilities of human skin,
the development of flexible electronic skins
that possess multimodal sensing capabil-
ities for the detection of subtle environment
changes remains challenging.
Piezoresistive composite elastomers hold

substantial promise for the realization of
electronic skins, owing to their inherent
flexibility, stretchability, and chemical stabi-
lity and simple, scalable, and low-cost fabri-
cation processes. Traditionally, conductive
fillers such as carbon blacks, graphites, metal
particles, and carbon nanotubes (CNTs) are
incorporated into elastomers to generate
piezoresistive behavior. The piezoresistivities
are primarily attributed to the variation in
tunneling resistance when the interfiller
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ABSTRACT The development of flexible electronic skins with

high sensitivities and multimodal sensing capabilities is of great

interest for applications ranging from human healthcare monitoring

to robotic skins to prosthetic limbs. Although piezoresistive compo-

site elastomers have shown great promise in this area of research,

typically poor sensitivities and low response times, as well as signal

drifts with temperature, have prevented further development of these materials in electronic skin applications. Here, we introduce and demonstrate a

design of flexible electronic skins based on composite elastomer films that contain interlocked microdome arrays and display giant tunneling

piezoresistance. Our design substantially increases the change in contact area upon loading and enables an extreme resistance-switching behavior (ROFF/

RON of∼105). This translates into high sensitivity to pressure (�15.1 kPa�1,∼0.2 Pa minimum detection) and rapid response/relaxation times (∼0.04 s),

with a minimal dependence on temperature variation. We show that our sensors can sensitively monitor human breathing flows and voice vibrations,

highlighting their potential use in wearable human-health monitoring systems.

KEYWORDS: flexible electronic skin . tunneling piezoresistance . carbon nanotube composite . tactile sensor .
human-health monitoring system
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distance changes under external stress.18�20 To max-
imize these piezoresistive effects, the concentration of
conductive fillers is kept near the percolation thresh-
old; under external stress, the resistance then changes
sharply. However, sensors that are based on composite
elastomers suffer from poor sensitivities and are not
suitable for detection in low-pressure regimes (<∼10
kPa). Moreover, they exhibit negative effects under
temperature variation, due to polymer swelling
and changes in interfiller distances.21,22 Finally, the
intrinsic viscoelastic properties of composite elasto-
mers result in significant hysteresis and slow response/
relaxation times,23 which present a significant chal-
lenge for their applications in high-performance elec-
tronic skins. In this study, we demonstrate a novel
design for conventional piezoresistive composite
films that overcomes many of the shortcomings listed
above.

RESULTS AND DISCUSSION

Composite Elastomer Films with Interlocked Microdome
Arrays. The defining feature of our design is that we
shape the composite elastomer films into interlocked

microdome arrays. These films were fabricated by
micromolding a liquid mixture composed of CNTs,
polydimethylsiloxane (PDMS) prepolymer, and a cur-
ing agent with a microhole-patterned silicon mold
(Figure 1a). The micromolding process produces a
flexible composite film with regular microdome arrays,
characterized by a height of ∼3 μm, a diameter of
∼4 μm, and a pitch of 6 μm (Figure 1b). For the
fabrication of electronic skins, two composite films
with microdome arrays are combined with the pat-
terned sides facing each other. This construction
produces an interlocked geometry of microdome
arrays (Figure 1c). The basic working principles of
our electronic skins are illustrated in Figure 1d. The
external pressure induces stress concentrations at
the small contact spots and local deformations in
the microdomes. In turn, the contact area between
the interlocked microdome arrays increases sig-
nificantly and affects the tunneling resistance at
the contact spots. The result is a giant tunneling
piezoresistance in the flexible films.

Performance of the Pressure Sensor. To demonstrate
and quantify the effects of the interlocked geometry

Figure 1. Conductive composite elastomers with interlocked microdome arrays. (a) Schematic of the fabrication procedure
used to produce the CNT�composite elastomers with microdome arrays. (b) Tilted SEM image of the composite elastomers
(bottom diameter: ∼5 μm; height: ∼3.5 μm; pitch: 6 μm). The inset photo highlights the flexibility of the arrays (scale bar:
10 μm). (c) Schematic (top) and cross-sectional SEM image (bottom) of the composite films (scale bar: 5 μm). (d) Schematic
showing the working principle of the electronic skin. The external pressure concentrates stress at the contact spots,
deforming the microdomes, which in turn causes an increase in the contact area and the tunneling currents.
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on piezoresistance, we compared the electrical resis-
tances of composite films for three different configura-
tions: a single planar array, a single microdome array,
and an interlocked microdome array (Figure S1a).
All the systems with different configurations display a
decrease in resistance as the pressure is increased.
However, initial resistances (R0) without applied pres-
sures show significantly different values depending

on configurations (1.4 � 104, 3.5 � 105, and 3.9 �
109 Ω for planar, single microdome, and interlocked
microdomes, respectively) mainly due to the initial
contact resistances. Figure 2a shows the relative elec-
trical resistances (R/R0) of composite films for different
configurations. Composite filmswith interlockedmicro-
dome arrays exhibit an abrupt switching behavior with
ROFF/RON ratios on the order of 105 when the applied

Figure 2. Pressure-sensing capabilities of sensors with interlocked microdome arrays. (a) The comparison of pressure
sensitivities of different sensor structures for 8wt%CNTs: planar (black),microdome (red), and interlockedmicrodome (blue).
(b) Log�log plot of the pressure�response curve for the interlocked microdome arrays (8 wt % CNTs), which shows the
minimumdetection limit (∼0.2 Pa) and the dynamic pressure range. (c) Comparison of response/relaxation times for different
sensor structures for 8wt%CNTs and 65 Pa pressure loading: planar (upper) and interlockedmicrodome structures (bottom).
(d) Effect of temperature variationondifferent sensor structures for 8wt%CNTs and19.6 kPapressure loading: planar (upper)
and interlocked microdome structures (bottom). (e) Finite-element calculations that show the deformation and the local
stress distribution of interlockedmicrodome arrays with applied pressure (1.3�60.5 kPa). (f) The electrical contact area (ACNT)
as a function of pressure for different CNT wt % (5�8 wt %). ACNT is estimated by considering the CNT areal fraction in the
geometrical contact area,which is obtainedbyusing FEMsimulation (Supporting SectionS1). The solid lines represent power-
law fits to ACNT with an exponent of 0.7. (g) Experimental tunneling resistances (dotted plots) of the interlocked microdome
arrays for different CNT concentrations (5�8 wt %) fitted to calculated tunneling resistances (solid lines).
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pressure is increased from 0 to∼10 kPa. For composite
filmswith singlemicrodome arrays and composite films
with planar structures, the ratio ROFF/RON is ∼100 and
∼2, respectively. All these systems display a decrease in
resistance as the pressure is increased. A switching ratio
of 105 in a low-pressure range (<∼10 kPa) compares
favorably with the pressure-induced switching ratios in
a high-pressure range achieved with piezoresistive
composites (∼106 at ∼1 MPa)24 and rare-earth chalco-
genide films (∼103 at ∼2 GPa).25 We attribute the
significant decrease in resistance of the interlocked
microdome arrays relative to the planar film primarily
to the deformation of the microdome structures and
the resulting variation in contact area, which affects the
contact resistance (Rc) between the microdome arrays.
Conversely, the piezoresistance of planar films ismainly
affected by the change in film resistance (Rf) due to the
decrease in intertube distances in the CNT conductive
network within the composite film. We also note that
the strong piezoresistive-switching behavior causes a
nonlinear dependence of the resistance on pressure,
which is in general observed for piezoresistive compo-
sites that exhibit tunneling effects.19

For quantitative analyses, the piezoresistive pres-
sure sensitivity, S, is defined as S = (ΔR/R0)/(ΔP) in the
linear regime, where R and P are the resistances of
the sensors and the applied pressure, respectively. In
the low-pressure range (<0.5 kPa) of the linear regime,
the sensitivities of interlocked microdome films
(�15.1 kPa�1) are ∼3 and ∼24 times higher than the
sensitivities of single microdome films (�5.4 kPa�1)
and planar films (�0.6 kPa�1), respectively (see
Supporting Information, Figure S1b). They are also
significantly higher than the sensitivities recently re-
ported for a resistive graphene�polyurethane sponge
(0.26 kPa�1)26 and capacitive microstructured films
(0.84 kPa �1).15 The log�log plot (Figure 2b) of relative
resistance as a function of pressure shows a linear
decrease in relative resistance with an increase in pre-
ssure over a wide dynamic range (∼0.2�59 000 Pa),
which indicates an exponential dependence of resis-
tance on the applied pressure. In particular, we ob-
served that the sensors can detect a minimum applied
pressure of ∼0.2 Pa (Figure S2), which is below
the gentle touch (∼1 kPa) of human fingertips27 and
the minimum detection limits (>∼1 kPa) of traditional
piezoresistive composites5 and comparable with
values recently reported for resistive (5 Pa),10 capaci-
tive (3 Pa),6 piezoelectric (0.1 Pa),12 and triboelectric
(0.4 Pa)17 sensors. The high sensitivities of our sensors
are also verified by monitoring the dynamic time-
resolved change in relative resistance aswater droplets
with a weight of∼8.7 mg (corresponding to a pressure
of ∼0.6 Pa) continuously fall onto the electronic skins
(Figure S3).

The interlocked-microdome-array design offers the
advantage of rapid response and relaxation times as

compared with the planar composite films. This is due
to the immediate pressure-induced surface deforma-
tion of the microdomes in the interlocked geometry,
resulting in rapid variation of contact area. On the other
hand, the response/relaxation times of planar films
are limited by the slow viscoelastic behavior of bulk
composites. The films with interlocked microdome
arrays exhibit response/relaxation times of ∼0.04 s,
which is an order of magnitude faster than the re-
sponse/relaxation times of planar films (∼0.38�0.44 s)
(Figure 2c) and compares favorably with recent
studies of other sensors (0.01�0.3 s).10,15,28 A further
advantage of the interlocked geometry is the reduced
temperature dependence of the piezoresistance,
which remains a challenging issue for conventional
elastomeric composites, where the interfiller distances
change during the thermal expansion of the com-
posites.22 As the tunneling resistance of our sensors
depends primarily on the variation in contact area, our
sensors show minimal changes in relative resistances
with temperature changes in the range from 30 to
90 �C (Figure 2d). In contrast, the planar composite
films show temperature-dependent variations in the
relative resistances. Moreover, our electronic skins
also display minimal hysteresis effects (Figure S4a)
andmaintain their initial resistance after 1000 loadings
of ∼59 kPa (Figure S4b).

Theoretical Considerations. To elucidate the working
principles underlying the pressure sensitivity of our
electronic skins, we calculated the tunneling resistance
between the interlocked microdome arrays and com-
pared these numbers with the experimental results.
The tunneling resistance (Rt) at the contact spots
between the interlocked microdome arrays is given
by Rt = (V/J)(1/ACNT), where V is the applied voltage,
J is the current density through the insulating layer
between the interlockedmicrodome arrays, andACNT is
the electrical contact area through which the current
passes between electrically conductive CNT portions
at the surface of the interlocked microdome arrays.
The current density is estimated within the so-called
Simmonsmodel (Section S1).29 In this model, when the
applied voltage is smaller than the barrier height, the
current J tunneling through a thin layer of insulating
material between metal electrodes is expressed as

J ¼ e

2πhΔs2
j� exp � 4πΔs
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where e is the elementary charge, h is Planck's con-
stant, Δs and jh are the effective barrier thickness and
average barrier height of the insulating layer, respec-
tively, m is the electron mass, and V is the applied
voltage.
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In order to obtain the electrical contact area (ACNT)
as a function of pressure, we performed finite-element
simulations of a model system with interlocked micro-
dome arrays (Section S1). As shown in Figure 2e, when
pressure is applied to the electronic skin, the unique
geometry of a spherical microdome induces a local-
stress concentration at the small contact spots be-
tween the interlocked microdome arrays, in which
the local stress field widens and the stress intensity
increases with normal pressure. In particular, the local
stress induces a deformation of the microdomes,
which in turn causes an increase in the contact area
between the interlockedmicrodomes (Figure S5b). The
degree of increase in contact area with applied pres-
sure depends on the elastic modulus of the micro-
dome; the large deformation of microdomes with low
elastic moduli of the composites produces a large
increase in contact area. The contact area between
the interlocked microdome arrays comprises the geo-
metrical contact area (Adome), which contains distrib-
uted portions of the electrical contact area (ACNT). We
can estimate the area ACNT by considering the CNT
areal fraction in the cross-sectional area of the compo-
sites (Section S1). Figure 2f shows how ACNT increases
with pressure, according to the power-law function
y = axb with exponent b = 0.7 for all samples with
different CNT concentrations. This particular power-
law dependence of ACNT on pressure is similar to that
within an analytical Hertzian contact model,30 where
b = 2/3. This suggests that the contact between two

spheres is nonadhesive and elastic for pressures below
80 kPa. As higher CNT concentrations result in a larger
CNT areal fraction, the electrical contact area increases
with CNT concentration.

Experimental tunneling resistance can be ex-
pressed as Rt = R � Rf � Rcr, where R is the total
resistance of the composite film (Figure S6a), Rf is
the bulk-film resistance, and Rcr is the constriction
resistance.18 The resistance Rf is obtained from planar
composite films (Figure S6b). The constriction resis-
tance Rcr, which is attributed to impeded electron flow
when current passes through a small contact area, can
be neglected in our system, because the diameters of
the CNTs and the intertube contact areas are compar-
able; constriction resistance can be disregarded when
the ratio D/d < ∼10 (where D denotes the diameter of
filler material and d the diameter of the contact spot).18

Figure 2g represents the experimental tunneling re-
sistances, which are obtained using the equation
for Rt as given above and the theoretical tunneling
resistance fitted to the experimental data using an
adjustable initial thickness of the insulating layer (s0).
Figure 2g shows fair agreement between the experi-
mental data and the calculated data with an initial
barrier thickness of s0 = 15.8, 14.8, 13.5, and 11.5 Å for
5, 6, 7, and 8 wt % CNTs, respectively. We also observe
that the variation in relative resistance with pressure
increases with CNT concentration, due to the larger
electrical contact area for higher CNT concentrations.
This behavior differs distinctly from that of a planar

Figure 3. Sensing of spatial pressure distribution and real-time monitoring of tactile signals. (a) Schematic of the 10 � 10
sensor arrays, which consist of interlocked microdome arrays sandwiched between platinum electrodes and PDMS cover
layers. (b) Spatial pressure-mapping capability of the 10� 10 sensor arrays. The spatial pressure distribution is applied using
PDMS weights that are shaped as the letters “F”, “N”, and “L”. (c) Real-time monitoring of the change in resistance for snail
movements (climb, crawl, descend, and head shake) on the surface of the electronic skins. (d) Change in resistance for
different bending degrees of a finger (left) and repetitive bending cycles (right).
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composite film, in which the resistance between the
CNT junctions is a dominant contributor to the varia-
tion in CNT-network resistance and the composite
resistance. Therefore the CNT concentration near the
percolation threshold for a planar composite film
(∼6 wt %; Section S2 and Figure S7a) exhibits the
strongest piezoresistive behavior, whereas the smallest
change in resistance is observed for a concentration
of 8 wt %, which exceeds the percolation threshold
(Figure S7b).

Pressure Sensor Arrays and Real-Time Monitoring. In order
to explore the ability of our sensors to resolve the
spatial distribution andmagnitude of applied pressure,
we fabricated 10 � 10-pixel arrays of electronic skin
sandwiched between a cross-array of platinum elec-
trodes (Figure 3a). Pressures of 1�2 kPa were applied
to the sensors via three different pieces of PDMS
(shaped to form the letters “F”, “N”, and “L”) placed
on top of the sensor array (Figure 3b). The contact
regions under the PDMS letters were compressed due to
the local pressure, resulting in decreased resistance in
those regions, differentiating these regions from the
uncompressed regions. In addition to detecting the
static-pressure distributions, our sensors were also used
to detect dynamic pressure variations, which is impor-
tant for real-time monitoring of environmental changes.
Figure 3c shows the real-time variation in relative resis-
tance under continuous locomotions (climb, crawl, des-
cend, and head shake) of a live snail weighing∼540mg.
The resistance directly responded to the movement
of the snail on top of the electronic skin (Movie S1).
This real-time monitoring capability can also be used to
monitor human motion, for example, finger-bending
motion (Figure 3d). The relative resistance decreases in
response to changes in finger bending and consistently
changes for repeated bending cycles (Movie S2).

Human-Health Monitoring. The analysis of human-
breathing patterns provides a noninvasive and repea-
table monitoring technology that can be used in
a variety of healthcare applications.31 Traditionally,
thermal flow sensors have been used to study human
breath for the purpose of screening for cardiovascular
diseases32 or to monitor sleep apnea�hyponea
syndrome.33 However, these sensors consume a large
amount of power (>0.1�1 W) and are therefore not
suitable for integration into flexible electronic skins.
The ability to sensitively detect applied pressure makes
our sensors well suited to monitoring breathing rates.
As schematically shown in Figure 4a, gas flow on the
electronic skin's surface can impart normal pressures
that deform the interlocked microdome arrays and
cause a decrease in resistance. This change in electrical
resistance (Roff � Ron) of the interlocked microdome
arrays increases linearly with an increase in gas-flow
rate (1�6 m/s); the slope indicates flow sensitivity
(ΔR/m/s) of 1280 Ω/m/s (Figure 4a). Conversely, the
planar composite films exhibit a flow sensitivity of only

13 Ω/m/s. We explored the potential for using our
electronic skin to monitor human breathing in an
experiment in which the electronic skin was attached
to the front of the nostrils of a volunteer and the
amount of air exhaled was measured (Figure 4b). The
periodic breathing generates reliable and stable
changes in resistance. Each exhalation event results in
an 80% change in resistance.

For the analysis of oral breathing, we wrapped our
electronic skins into a tube shape and monitored gas
or breath flow (Figure 4c). The resistance of the tubular
electronic skins increased linearly with the amount of

Figure 4. Monitoring of gas flow and human breathing. (a)
Schematic of gas-flowsensing forplanar-typeelectronic skins
(left) and changes in resistance (Roff � Ron) as a function of
flow rate for planar electronic skins (right). (b) Left: photo-
graph of the planar-type flow sensors attached to the front of
a volunteer's nostrils. Right: relative changes in resistance in
response to human breathing. (c) Photographs of a tubular-
type flow sensor composed of rolled-up electronic skin inside
a plastic tube (upper left) and a schematic of a tubular-type
gas flow sensor (bottom left). Right: relative changes in
resistance as a function of flow rate. (d) Monitoring of human
oral breathing. Left: photograph and schematic of tubular-
typeflowsensors integrated into themedical breathingmask
for the monitoring of oral breathing. Right: relative changes
in resistance for different oral breathing modes (deep and
normal breathing) during periodic breathing.
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air flowing through it, with a sensitivity of 2135Ω/m/s.
This sensitivity is about 1.7 times higher than that of
planar-shaped sensors (1280 Ω/m/s) and significantly
higher than that of flow sensors previously reported for
conductive composite microcantilevers (66 Ω/m/s),34

silicon microcantilevers (150�350 Ω/m/s),35 and silicon
nanowires (198 Ω/m/s).36 The higher sensitivity of tub-
ular electronic skin compared to the planar one can be
attributed to the difference in effective pressure applied
on each sensor. For the tubular sensor, the gas flow is
confinedandguidedby the tubular path,which results in
higher effective pressure than that for the planar sensor,
where some amounts of gas flow out of the regulator
diffuse in the other direction, resulting in reduced effec-
tive pressure. For demonstration purposes, the tubular
flow sensor was also integrated into amedical breathing
mask to monitor oral breathing (Figure 4d). The sensor
can monitor different breathing modes (deep and
normal breathing) with consistent changes in resistance
under repeated breathing. Because our sensors are
based on cost-effective and simple designs, they could
be well suited as breathing sensors in cardiorespiratory
monitoring, medical diagnosis, and rehabilitation.

As a final demonstration, we explored the potential
use of our piezoresistive sensors for picking up
vibrations, specifically those associated with speaking.
Voice monitoring systems are critical for the clinical
assessment of voice hyperfunction and disorders,

as well as in electro-larynx devices.37 Voice monitoring
is typically performed using accelerometer-based
devices.37,38 To test the ability of our electronic skins
to pick up voice vibrations, we attached a coin-type
vibration motor to the interlocked films and placed a
vibrometer in contact with the film to measure the
vibration intensity (Figure 5a). The relative resistance
of our sensor shows a linear increase with vibration
intensity and a sensitivity of ∼0.37/(m/s2), which is
significantly higher than the sensitivity of 0.06/(m/s2)
associated with planar composite films (Figure 5a). For
use in wearable voice-monitoring systems, the sensors
can be attached to the skin of the neck to monitor the
voice directly. The sensors distinctly discriminate the
different vibration patterns produced when the words
“UNIST” and “hi” are spoken. Further optimization of
the sensor design in combination with radiofrequency
devices may enable wireless communication systems
that avoid noise disturbance.

CONCLUSIONS

In conclusion, we have developed an electronic skin
that consists of a CNT-composite-based elastomer film
featuring interlocked microdome arrays, which lead to
the giant tunneling piezoresistance and thus the high
pressure sensitivity. The materials design and opera-
tional principles introduced here present a robust tech-
nology platform to further advance the sensitivity and
response timeof conventional composite elastomers for
various sensor applications. The interlockedmicrodome
arrays presented in this study are far from an ideal
interlocked geometry, where all of the top microdomes
are located in the central position of interstitial space
between bottom microdomes, enabling the maximum
variation of contact area for an applied pressure. There-
fore, further optimization of alignment and position of
top and bottom microdome arrays in the interlocked
geometry will be required to fully utilize the unique
design of interlocked microdome arrays and improve
the sensitivity of electronic skins. We also anticipate that
other types of filler materials and geometry of micro-
structures could expand the current-sensing capabilities
to enable electronic skins with new functionalities. In
addition, when integrated with other types of sensors
and active electronic devices, the current platform could
be a key component for the development of multi-
functional electronic skin for applications in medical
diagnostic tools and wearable human-health monitor-
ing systems. Finally, the extreme resistance-switching
behavior demonstrated here could enable highly effi-
cient piezotronic transistors.39,40

EXPERIMENTAL SECTION

Elastomeric Composite Films with Microdome Arrays. For the fabri-
cation of the precured CNT�PDMS composite mixtures,

multiwalled nanotubes (MWNTs, Sigma Aldrich) with diameters

ranging from 110 to 190 nm and lengths ranging from 5 to

9 μm were dispersed in chloroform by sonication for 6 h.

Figure 5. Vibrationdetection forwearable voice-monitoring
systems. (a) Left: schematic of the vibration measurement.
A coin-type vibration motor is used to generate vibration
signals, and a vibrometer is used to measure the vibration
intensity. Right: relative changes in resistance (ΔR/R0) as a
function of vibration intensity. (b) Photograph of the elec-
tronic skin attached to a human neck for voice monitoring
(right). Relative changes in resistance in response to differ-
ent voices saying “UNIST” (blue) and “hi” (red).
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The dispersed MWNT solution was completely mixed with a
PDMS base (Sylgard 184, Dow Corning) using a vortex mixer.
Chloroform was subsequently removed by evaporation for 6 h
at 90 �C on a hot plate. Immediately prior to the micromolding
process, hexane and the PDMS curing agent (1:10 ratio for
curing agent to base) were added to the dried MWNT�PDMS
composite mixtures (at a ratio of 1 mL of hexane for each
500 mg of PDMS) and mixed with a vortex mixer for 5 min. For
the fabrication of composite microdome arrays, the composite
mixture was cast onto a silicon micromold with periodic hole
arrays (dimensions: 3.5 μm diameter, 6 μm pitch, and 1 cm �
1.5 cm surface area) and thermally cured at 90 �C for 3 h. The
silicon micromolds were purchased from KAIST National Nano-
fab Center. The thicknesses of the composite films were con-
trolled to be ∼500 μm. For the fabrication of the sensor arrays,
platinum electrode lines with widths of∼5 mmwere deposited
on thin PDMS films (∼500 μm) by sputter coating (EMITECH,
K575X). The interlocked composite films were sandwiched
between two PDMS films with platinum electrode lines. The
tubular-type flow sensors were fabricated by inserting the
interlocked films into micropipet tips (with a diameter of
1.2 cm and length of 5 cm).

Characterization. The microstructures of the composites were
characterized using a field-emission scanning-electron micro-
scope (SEM) (S-4800, Hitachi). The sheet resistance of the planar
composite films was measured using a four-point-probe meth-
od (4200-SCS, Keithley). The change in electrical resistance of
the microdome-patterned composites under various force con-
ditions was measured using a two-probe method in which
copper tapes were attached to each side of the microdome-
patterned composite with silver paste and annealed at 100 �C
for 1 h. The applied voltage for the resistance measurement is
10 V except for the measurement of Figures 2g and S6, in which
we used 1 V for the comparison with the theoretical calculation
of tunneling resistance. A home-built microstage system (Micro
Motion Technology, Korea) was used to apply normal forces to
the composite films, and a weight balance underneath was
used to measure the forces. To evaluate the flow-detection
capability, the skin sensors were exposed to argon flow (ranging
from 1 to 5.3 m/s). The skin's vibration-detection capability was
measured using a coin-type vibration motor (DVM1034, Motor-
bank Co., Korea) that controlled the intensity of the vibrations
(0�2 m/s2) and a vibrometer (ACO 3116, Guangzhou Orimay
Electronic Co., Japan) that picked up the vibration intensities.
The Young's moduli of composites were measured by tensile
testing (universal testing machine, WL2100, WITHLAB Co.,
Korea) at a speed of 5 mm/min.

Finite-Element Method. In the contact-area calculations, we
performed structural analyses using finite-element simulations.
We modeled composites that were reinforced by different
weight percentages of CNTs as linear elastic materials using
experimentally measured elastic constants (Figure S8). Periodic
boundary conditions were applied to the in-plane directions,
and the bottom surface was fixed. All loading conditions were
assigned through displacement control and converted to the
corresponding pressure from reacting forces. We used more
than 2.8 million four-node linear tetrahedral elements with an
adaptive mesh-refinement scheme around the contact area.
To model the mechanical contact between two deformable
surfaces, a surface-to-surface contact scheme was employed.
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