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A flexible and highly sensitive strain-gauge sensor
using reversible interlocking of nanofibres
Changhyun Pang1, Gil-Yong Lee2, Tae-il Kim3, Sang Moon Kim1, Hong Nam Kim2, Sung-Hoon Ahn2
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Flexible skin-attachable strain-gauge sensors are an essential component in the development of artificial systems that can
mimic the complex characteristics of the human skin. In general, such sensors contain a number of circuits or complex
layered matrix arrays. Here, we present a simple architecture for a flexible and highly sensitive strain sensor that enables
the detection of pressure, shear and torsion. The device is based on two interlocked arrays of high-aspect-ratio Pt-coated
polymeric nanofibres that are supported on thin polydimethylsiloxane layers. When different sensing stimuli are applied, the
degree of interconnection and the electrical resistance of the sensor changes in a reversible, directional manner with specific,
discernible strain-gauge factors. The sensor response is highly repeatable and reproducible up to 10,000 cycles with excellent
on/off switching behaviour. We show that the sensor can be used to monitor signals ranging from human heartbeats to the
impact of a bouncing water droplet on a superhydrophobic surface.

Recently, flexible, skin-attachable or skin-like electronic
sensors have been introduced based on various detection
schemes, such as mechanical, chemical, thermal and optical

principles, with multiscale architectures1–10. In general, to be
able to measure the spatial distribution of an input pressure
signal, a number of circuit elements involving organic/inorganic
matrix arrays1,4,7–12, hybrid composites3,13–15, and nanowire or
nanotube assemblies2,5,16,17 need to be integrated on various flexible
substrates18. A striking example of integrated, multifunctional epi-
dermal skin sensors has been demonstrated very recently by Rogers
and co-workers, in which various circuit and detection components
were monolithically assembled on a flexible silicon network1.
Despite the potential and high performance of these devices, a wear-
able, multiplex skin sensor still presents challenges because large-
area fabrication of the integrated device with nanomaterial assem-
blies (for example, transistors, nanowires or nanotubes) would be,
inmany cases, complicated, expensive andminimally reproducible.

Piezoresistive sensing, which translates a mechanical displace-
ment into an electrical signal, is useful for monitoring minute
structural deformations in flexible supporting layers over time. In
this case, the change in conductance or resistance can be measured
from a specific active matrix with or without an on/off switchable
transistor1–5,7–10. Other interesting mechanotransduction systems
can be found in nature, such as in cochlear hair cells19, intestinal20
and kidney cells21, integrin receptors of adhered cells22, and en-
doplasmic reticulum stress23, all of which involve a distortion
of nanocilia or biological ‘interlocking’ of hairs under a flow
condition. Inspired by this hair-to-hair interlocking, as well as by
the wing-locking device of beetles24, we present here a layered
strain-gauge sensor based on nanoscale mechanical interlocking
between metal-coated, high-aspect-ratio (high-AR) nanofibres, or
nanohairs. The mechanical sensing is enabled by numerous tiny
contacts between the neighbouring high-AR fibres on flexible
supporting surfaces. It should be noted that two layers of regularly
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ordered, high-AR polymer fibres (50 nm radius and 1 µm height,
AR= 10, hexagonal layout), when brought in conformal contact
with each other after metal deposition, can be used as a reversible
electric interlocker. Here, a shear locking force is generated by
the amplified van der Waals forces of the high-density nanofibres,
and a tiny distortion caused by hair-to-hair contact can be trans-
mitted to the detector through a change in electrical resistance
(piezoresistive sensing)24.

The interlocking-based strain-gauge sensor presented here can
detect multiple ‘skin-like’ mechanical loadings (pressure, shear
and torsion) using metal-coated, high-AR polyurethane-based
nanofibres (elastic modulus, 19.8MPa). With the help of flexible
polydimethylsiloxane (PDMS) supports and a low-noise envi-
ronmental analyser with an extremely small sampling interval
(100Hz), each nanoscale deformation can be monitored in such
a way that the corresponding external stimulus is converted into
a difference in the electrical resistance signal. Moreover, each
stimulus demonstrates a unique, discerniblemagnitude and pattern
of themeasured signal (that is, gauge factor (GF)) that can be used to
decouple the three different loadings of pressure, shear and torsion.
Furthermore, we observed highly repeatable and reproducible
signals over multiple cycle tests (<10,000 cycles) with well-defined
on/off switching behaviour of loading and unloading by using a
pressure controller with a precise piezoelectric stepping positioner
and a computer-based user interface with 100Hz recording.

Figure 1a–d shows schematic illustrations of the assembly and
operation of a flexible, sandwiched device in which two layers
with high-density (∼1.85×109 cm−2) nanohairs replicated from a
silicon master were reversibly bonded between two flexible PDMS
supports (∼500 µm thickness each; see Supplementary Information
for experimental details). The polymer fibre arrays were replicated
over a large area up to 9×13 cm2 in a singlemoulding step, followed
by a Pt deposition process, as shown in the scanning electron
microscope (SEM) image of Fig. 1c (refs 25,26). To be used in elec-
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Figure 1 | Multiplex, flexible strain-gauge sensor based on the reversible interlocking of Pt-coated polymer nanofibres. a, Schematic of the assembly and
operation of a flexible sensor layer sandwiched between thin PDMS supports (∼500 µm thickness each). b, Photograph showing the flexibility of the
assembled sensor. Scale bar, 1 cm. c, SEM image of a dense array of 50-nm radius nanohairs with AR= 10. Scale bar, 1 µm. d, Schematic illustrations of the
pressure, shear and torsion loads and their possible geometric distortions of the paired hairs. e, Operation of a flexible sensor layer by means of recording
of resistance change (Roff: unloading, Ron: loading).

trical applications, such as in sensors or connectors, the Pt-coated
nanohair arrays on the upper and lower layers were brought into
contact by using a slight pressure (∼0.1N cm−2) and then paired by
the attractive van derWaals forces. As reported earlier24,27, the inter-
locking mechanism between neighbouring hairs can be explained
by the competition between the attractive van der Waals forces
and the deflection force of the nanohairs. Specifically, the van der
Waals forces between the upper and lower hairs can be expressed as
Fvdw=A

√
Rl/(16D2.5) (ref. 28), whereA is the Hamaker constant,R

is the hair radius,D is the distance between hairs, and l is the overlap
length. Furthermore, the disjoining bending force of nanohairs is
determined by the degree of deflection and material properties. It
was found from our calculation24,27 that the van der Waals forces
should be higher than the deflection force by approximately 2–3
orders of magnitude so as to generate stable electrical signals under
steady conditions. When uniformly paired, a small displacement of
hair-to-hair interlocking in response to an external loading can be
precisely converted into a change in the electrical resistance signal
with compressive deformations, as illustrated in Fig. 1e.

For bending stability, both layers were permanently sealed to
thin oxygen–plasma treatment PDMS supports and brought into
contact to construct a sensor electrical assembly29. As seen from
Fig. 1b, the assembled device shows a high degree of flexibility
on the rubber-like PDMS supports. To achieve a stable electrical

contact, a thin layer of Pt was deposited to a thickness of 20 nm
on both layers for stable ohmic-like contact. Such a Pt deposition
inevitably brings about a reduction of the shear locking force to
∼10N cm−2, which however, turns out to be sufficiently high for
reversibly holding the two layers together. Obviously, even without
the PDMS sealing, the interlocked layers can act as an electric
connector (Supplementary Fig. S1).

To demonstrate multiplex outputs from a mechanical stimulus,
we recorded changes in the electrical resistance as a function of
applied strain for three different mechanical loadings: pressure,
shear and torsion (see Supplementary Fig. S2 for details of the
experimental set-up). To assess the ability of the device to function
as a strain-gauge sensor and to decouple multiple mechanical
inputs, the GF of the assembled device was measured over an
overlap area of 4× 5 cm2 with a gradual increase of the strain
up to ≤2% (pressure), ≤4% (shear) and ≤5% (torsion). The
measured values for the resistance difference (1R = Roff − Ron)
and ratio (1R/Roff) were plotted as a function of applied strain
(Fig. 2a,b,d,e,g,h), the slope of which yields the corresponding
piezoresistive GF, defined as GF= (1R/R)/ε:∼11.45 for pressure,
∼0.75 for shear and ∼8.53 for torsion. Here, 1R/R and ε denote
the relative resistance change and applied strain, respectively.
Notably, the measured GFs for pressure (∼11.45) and torsion
(∼8.53) were significantly higher than those of recently reported
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Figure 2 | Electric characterization of the sensor in response to pressure, shear and torsion loads. a–i, Plots showing the difference of the electrical
resistance (Roff−Ron) for the three different mechanical loads of pressure (a), shear (d) and torsion (g) along with changes in the electrical resistance ratio
as a function of applied strain for pressure (b), shear (e) and torsion (h). The corresponding SEM images in c,f,i show the structural displacement as a
result of each physical load. Scale bars, 1 µm. The GFs were measured from the slope of each plot:∼11.45 (pressure),∼0.75 (shear) and∼8.53 (torsion).
The error bars represent one standard deviation. The detailed experimental set-up is shown in Supplementary Fig. S2.

graphene-based film (GF = 6.1; ref. 30) and conventional metal
alloys (GF= 2.0; ref. 31).

Once interconnected, a tiny displacement between the hairs can
be interpreted as a scalar change of electrical resistance, which seems
analogous to chemical and biological signalling in cochlea hair
cells19 and cell-to-cell mechanotransduction32,33. The displacement
in individual hair-to-hair contacts was verified under each different
stimulus (Fig. 2c,f,i), revealing that the paired hairs are distorted in
response to different mechanical loads. Using the sensor assembly,
the current–voltage (I–V ) characteristics were recorded for three
different mechanical loadings (see also Supplementary Fig. S3 for
detailed plots), as schematically illustrated in Fig. 1d. The results
indicate that the three physical inputs can be distinguished with the
help of the specific GFs, which is similar to the sensory system found
in the human skin34. Here, a small normal pressure, shear or torsion
causes additional contact in the geometric layout of polymer hairs,
which in turn produces a decrease of the contact resistance in the
I–V curve (see Fig. 1d and Supplementary Fig. S3).

For pressure sensing, the minimum detectable pressure was as
small as ∼5 Pa, which is equivalent to the weight of 5mg per
10mm2 and much smaller than the pressure induced by a gentle
touch (<10 kPa; ref. 35). Here, the noise level was independently
analysed for a wide range of pressures (≤1,000 Pa), suggesting that

noise signals are unavoidable but clearly distinguishable even for
a small input signal down to ∼5 Pa (Supplementary Fig. S4 and
Movie S1). In the case of the shear sensor, a shear load also gives rise
to additional contact among neighbouring hairs, and the contact re-
sistance decreases accordingly. Theminimumdetectable shear force
was∼0.001N,with the tested sensing limit being approximately 1N
(three orders of magnitude difference). Torsion sensing was per-
formed similarly, detecting a torsional load as small as 0.0002Nm.
Themultiplex sensing platformpresented here, which benefits from
the flexible nature of the interlocked device, is intrinsically different
from previous layered sensors1–4 in which the device was used to
measure a single signal (pressure only) or multiple signals with
multiple activemodules. In contrast to pressure and torsion sensing,
the GF for shear was significantly smaller, which seems to be
attributable to the relatively small increment in the number of fibre-
to-fibre contactsmade in response to an applied compressive strain.

Next, we performed multiple cycle tests (<10,000 cycles), by
repeated loading and unloading of pressure (<1,500 Pa), and we
measured the frequency response to various input signals with
a sophisticated force controller aided by a computer-based user
interface (Fig. 3a). As shown in Fig. 3b, the output signals were
stable for many thousands of cycles (maximum ∼8,000 cycles)
without notable degradation. After approximately 10,000 cycles, the
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Figure 3 | Measurement of durability and time-resolved responses. a, Schematic illustration of the measurement set-up (see also Supplementary Fig. S4a
for details). b, Multiple-cycle tests (<10,000 cycles) with repeated loading–unloading of pressure in the range of 0–1,500 Pa. c–e, Frequency responses to
various input signals as a function of time: pressure input frequency of 1 Hz (c), 5 Hz (d) and 10 Hz (e).

signals were shifted to higher resistance changes, presumably due
to the formation of permanent and irreversible hair contacts. These
observations suggest that themeasurement was highly reproducible
and repeatable with the same amount of mechanical load, even
after thousands of cycles.

Regarding the frequency response (Fig. 3c–e), the output signals
were rapidly detectable and determinable with minimal delay times
for various frequencies (1, 5 and 10Hz). The transformation into a
trapezoidal-type response along with a slight delay for a relatively
high frequency of 10Hz may be associated with the viscoelastic
response of the PDMS supports. On the basis of these observations,
the sensor response seems to be reliable up to ≤10Hz in terms of
bandwidth. In addition, hysteresis was observed with 1Hz force
frequency in the course of loading and unloading the pressure
up to ∼550 Pa (Supplementary Fig. S5a). This hysteresis may
be attributed to elastic rearrangement of metal-coated nanofibres
during unloading and the viscoelastic effects of the PDMS shielding
layers. A further time-resolved scan of the applied pressure and
output signal (Supplementary Fig. S5b) indicates that the delay time
is less than 0.05 s for an abrupt step input from 0 to 1,500 Pa, in
accordance with the response delay shown in Fig. 3e. It is noted
in this regard that the detection equipment has a high sampling
frequency of 100Hz (=100 measurements per second), so that a
certain physical input, regardless of the duration time, could be
discriminated as a normal, shear or torsional load.

The reversible and restorable sensing characteristic presented
here is associated with the elastic ‘self-reconstruction’ of the
nanofibres after release of the displacement during multiple
loading–unloading cycles. In particular, the displacement from
pressure, shear and torsion, despite each input having a different
direction and tortuosity, may be interpreted as an average normal
strain (bending) along the z axis in terms of a relative displacement
that obeys Hooke’s law36 (see the inset schematic of Fig. 2). Because
a compressive strain is applied to the interconnected layers, the
overlap length of the nanofibres would be increased, which in turn
results in a decrease in the electrical resistance.

To further explore the ability to sense a tiny displacement of the
hairs in real time, the continuous kinetic forces of a bouncing water

droplet (20 µl) were measured using a low-noise environmental
analyser. A superhydrophobic surface with a static contact angle
of ∼160◦ and a hysteresis of ∼3◦ was prepared following a
procedure reported earlier37. The data were collected from the
analyser (100Hz recording) while a droplet was bouncing back
and forth approximately eight times from an initial height of 5 cm
for ∼0.4 s (Fig. 4a–c). As shown, the first impact of the droplet
was recorded as ∼190 Pa, which is equivalent to ∼10.3�, with
some fluctuation in the signal due to the viscoelastic property of
the PDMS substrates. The measured forces were highly correlated
with the kinetic motion of the droplet as seen from the high-speed
snapshots in Supplementary Movie S2.

As a further example, the physical force of a heartbeat was
monitored in real time after attaching the sensor directly above
the artery of the wrist. It should be noted that the flexibility
of the sensor was sufficient to make a conformal seal with
the aid of medical tape (see Supplementary Movie S3a). As
shown in Fig. 4d–e, heartbeats under two different conditions—
normal (∼60 beats min−1 with an average intensity of ∼100 Pa)
and post-exercise (∼100 beats min−1 with an average intensity
of 300–400 Pa)—were monitored with time, suggesting that the
signals could be differentiated by the discernible magnitudes and
frequencies of the corresponding biofeedback (heartbeat). Figure 4f
shows the skin-like, simultaneous detection of pressure, shear
and torsion (see inset photographs of Fig. 4f and Supplementary
Movie S3b for experimental set-up) classified using the magnitude
and pattern of the measured signal. Finally, the analysis of
an arbitrary finger-touch signal as a mixed signal of the three
different physical inputs in the time domain is shown in Fig. 4g.
Here, both the resistance ratio and the applied compressive
strain were recorded as a function of time with a sampling
frequency of 100Hz.

To demonstrate its ability inmeasuring the spatial distribution of
pressure, an interconnected sensor network of 64 pixels with various
pixel sizes from 5 to 16mm2 was fabricated over an area of 8×5 cm2

(Fig. 5a–d). Two lady beetles were placed on two different locations
of the device and the resulting two-dimensional intensity profiles
are shown in Fig. 5e. As shown, the interconnected sensor can detect
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Figure 4 | Measurement of highly sensitive, multiplex and real-time signals. a, The schematic (top) of a real-time, high-sensitivity measurement of the
dynamic motion of a bouncing water droplet (20 µl) dropped from∼5 cm onto a superhydrophobic surface. The SEM images in the bottom left and middle
panels show superhydrophobic dual-roughness structures made of Teflon polymer. Scale bars, 100 µm (bottom left); 10 µm (bottom middle). Images
reproduced with permission from ref. 37, © 2008 ACS. The bottom right image shows the static contact angle of a water droplet. b, The corresponding
snapshots from a high-speed camera are shown. c, The difference in the electrical resistance (Roff−Ron) for the duration of∼0.4 s. Each dotted line relates
the collision of a droplet to the peak position. d, Photograph showing the skin-attachable sensor directly above the artery of the wrist (size, 4×5 cm2).
Scale bar, 5 cm. e, Measurement of the physical force of a heartbeat under normal (∼60 beats min−1 with an average intensity of∼100 Pa) and exercise
conditions (∼100 beats min−1 with an average intensity of 300–400 Pa). f, Plots showing the detection and decoupling of pressure, shear and torsion
loads with each time-dependent signal pattern of resistance ratio and applied compressive strain as a function of time. g, Example of the decoupling of an
arbitrary finger touch with pressure, shear and torsion.

the spatial distribution of the pressure after mapping the intensity
profiles. With further optimization, this flexible sensor network has
the potential to be used as a skin-like, wearable health-monitoring
device, and even as an implantable device and prosthetic skin,
as a result of its excellent flexibility and the biocompatibility of
the PDMS supports.

In summary, we have presented a highly flexible, multiplex,
real-time sensor based on reversible mechanical interlocking of
Pt-coated, high-AR nanofibres. Our experimental results demon-
strated that the GFs were ∼11.5 (pressure), ∼0.75 (shear) and
∼8.53 (torsion)with a strain range of≤5%, performanceswhich are
fairly comparable or superior to those of existing graphene-based
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Figure 5 | Fabrication of a sensor network to measure the spatial distribution of an input pressure signal. a, Photograph of a fabricated sensor network of
64 pixels over an area of 8×5 cm2. b, Schematic of the circuit design where Rs indicates the resistance of an individual pixel of the sensor network.
c,d, Images of the device with two lady beetles placed on two locations for pressure sensing: tilted (c) and top views (d), respectively. e, The resulting
two-dimensional intensity profile measured by mapping the pixel signals. Scale bars, 3 cm (a), 2 cm (c), 1 cm (d).

films and metal alloys. Moreover, the shear adhesion force was
maintained at ∼10N cm−2, even with a Pt coating, owing to the
amplified van der Waals forces among the paired high-density
nanofibres. In contrast to other detection systems, the current
nano-interlocking mechanism requires no complex integrated
nanomaterial assemblies or layered arrays, thus allowing a simple,
cheap, yet robust sensing platform for high-performance, large-area
strain-gauge sensors. Using the assembled strain sensor, we
measured three different mechanical loads in the form of normal
pressure, shear and torsion with high sensitivity and over a wide
dynamic range.Moreover, the output signals were highly repeatable
and reproducible over multiple cycle tests (<10,000 cycles) with
excellent on/off switching behaviour. As examples, the assembled
device was used to detect the dynamic motion of a small bouncing
water droplet and the physical force of a heartbeat, indicating
its potential for applications in real-time monitoring, skin-like
wearable electronics or implantablemedical devices.

Methods
The ultraviolet-curable polyurethane acrylate (PUA 301RM, Minuta Tech.) replica
was fabricated by ultraviolet exposure, with further exposure to ultraviolet for
several hours to complete the curing. Two layers of 5–30 nm Pt-coated PUA
nanohair arrays were brought into contact to make an ohmic-like contact. Then,
thin oxygen-plasma-treated PDMS supports with a thickness of ∼500 µm were
permanently sealed to both interlocking layers to ensure stable flexibility. The
I–V characteristics, resistance changes and applied strain were recorded over
an interlocked overlap area of 4×5 cm2 for three different mechanical loadings:
pressure, shear and torsion. For the analysis of detailed pressure responses
(response time and hysteresis), a computer-based user interface and a force sensor
with a nanoscale-controlled stage and piezoelectric stepping positioner were used
to apply an external pressure of ∼550 Pa with a frequency of up to 10Hz. Detailed
experimental procedures are available in the Supplementary Information.

Received 13 January 2012; accepted 15 June 2012; published online
29 July 2012

References
1. Kim, D. H. et al. Epidermal electronics. Science 333, 838–843 (2011).
2. Takei, K. et al. Nanowire active-matrix circuitry for low-voltage macroscale

artificial skin. Nature Mater. 9, 821–826 (2010).

3. Lipomi, D. J. et al. Skin-like pressure and strain sensors based on
transparent elastic films of carbon nanotubes. Nature Nanotech. 6,
788–792 (2011).

4. Mannsfeld, S. C. B. et al. Highly sensitive flexible pressure sensors with
microstructured rubber dielectric layers. Nature Mater. 9, 859–864 (2010).

5. Yamada, T. et al. A stretchable carbon nanotube strain sensor for
human-motion detection. Nature Nanotech. 6, 296–301 (2011).

6. McAlpine, M. C., Ahmad, H., Wang, D. W. & Heath, J. R. Highly ordered
nanowire arrays on plastic substrates for ultrasensitive flexible chemical sensors.
Nature Mater. 6, 379–384 (2007).

7. Sekitani, T. et al. A rubberlike stretchable activematrix using elastic conductors.
Science 321, 1468–1472 (2008).

8. Kim, D. H. et al. Stretchable and foldable silicon integrated circuits. Science
320, 507–511 (2008).

9. Someya, T. et al. A large-area, flexible pressure sensor matrix with organic
field-effect transistors for artificial skin applications. Proc. Natl Acad. Sci. USA
101, 9966–9970 (2004).

10. Someya, T. et al. Conformable, flexible, large-area networks of pressure and
thermal sensors with organic transistor active matrixes. Proc. Natl Acad. Sci.
USA 102, 12321–12325 (2005).

11. Lacour, S. P., Jones, J., Wagner, S., Li, T. & Suo, Z. G. Stretchable interconnects
for elastic electronic surfaces. Proc. IEEE 93, 1459–1467 (2005).

12. Tian, B. Z. et al. Three-dimensional, flexible nanoscale field-effect transistors
as localized bioprobes. Science 329, 830–834 (2010).

13. Ko, H. et al. Hybrid core–shell nanowire forests as self-selective chemical
connectors. Nano Lett. 9, 2054–2058 (2009).

14. Cochrane, C., Koncar, V., Lewandowski, M. & Dufour, C. Design and
development of a flexible strain sensor for textile structures based on a
conductive polymer composite. Sensors 7, 473–492 (2007).

15. Dvir, T. et al. Nanowired three-dimensional cardiac patches. Nature Nanotech.
6, 720–725 (2011).

16. Takahashi, T., Takei, K., Gillies, A. G., Fearing, R. S. & Javey, A. Carbon
nanotube active-matrix backplanes for conformal electronics and sensors.
Nano Lett. 11, 5408–5413 (2011).

17. Xiao, X. et al. High-strain sensors based on ZnO nanowire/polystyrene
hybridized flexible films. Adv. Mater. 23, 5440–5444 (2011).

18. Kim, D. H. et al. Ultrathin silicon circuits with strain-isolation layers and mesh
layouts for high-performance electronics on fabric, vinyl, leather, and paper.
Adv. Mater. 21, 3703–3707 (2009).

19. Ashmore, J. Cochlear outer hair cell motility. Physiol. Rev. 88, 173–210 (2008).
20. Wurbel, M. A., McIntire, M. G., Dwyer, P. & Fiebiger, E. CCL25/CCR9

interactions regulate large intestinal inflammation in a murine model of acute
colitis. PLoS ONE 6, e16442 (2011).

21. Jang, K. J. & Suh, K. Y. A multi-layer microfluidic device for efficient culture
and analysis of renal tubular cells. Lab Chip 10, 36–42 (2010).

800 NATURE MATERIALS | VOL 11 | SEPTEMBER 2012 | www.nature.com/naturematerials

© 2012 Macmillan Publishers Limited. All rights reserved

http://www.nature.com/doifinder/10.1038/nmat3380
http://www.nature.com/naturematerials


NATURE MATERIALS DOI: 10.1038/NMAT3380 ARTICLES
22. Akhmanova, A. & Yap, A. S. Organizing junctions at the cell–cell interface. Cell

135, 791–793 (2008).
23. Kawaguchi, S. &Ng, D. T. W. Sensing ER stress. Science 333, 1830–1831 (2011).
24. Pang, C. et al. Bioinspired reversible interlocker using regularly arrayed high

aspect-ratio polymer fibers. Adv. Mater. 24, 475–479 (2012).
25. Choi, S. J., Kim, H. N., Bae, W. G. & Suh, K. Y. Modulus- and surface

energy-tunable ultraviolet-curable polyurethane acrylate: Properties and
applications. J. Mater. Chem. 21, 14325–14335 (2011).

26. Yoon, H. et al. Adhesion hysteresis of Janus nanopillars fabricated by
nanomolding and oblique metal deposition. Nano Today 4, 385–392 (2009).

27. Pang, C., Kang, D., Kim, T-i. & Suh, K-Y. Analysis of preload-dependent
reversible mechanical interlocking using beetle-inspired wing locking device.
Langmuir 28, 2181–2186 (2012).

28. Leckband, D. & Israelachvili, J. Intermolecular forces in biology.
Q. Rev. Biophys. 34, 105–267 (2001).

29. Sekitani, T., Zschieschang, U., Klauk, H. & Someya, T. Flexible organic
transistors and circuits with extreme bending stability. Nature Mater. 9,
1015–1022 (2010).

30. Lee, Y. et al. Wafer-scale synthesis and transfer of graphene films. Nano Lett.
10, 490–493 (2010).

31. Jansen, K. M. B. Effect of pressure on electrical resistance strain gages.
Exp. Mech. 37, 245–249 (1997).

32. Salaita, K. et al. Restriction of receptor movement alters cellular response:
Physical force sensing by EphA2. Science 327, 1380–1385 (2010).

33. White, C. R. & Frangos, J. A. The shear stress of it all: The cell membrane and
mechanochemical transduction. Phil. Trans. R. Soc. B 362, 1459–1467 (2007).

34. Krimm, R. F., Davis, B. M., Woodbury, C. J. & Albers, K. M. NT3 expressed
in skin causes enhancement of SA1 sensory neurons that leads to postnatal
enhancement of Merkel cells. J. Comp. Neurol. 471, 352–360 (2004).

35. Dellon, E. S., Mourey, R. & Dellon, A. L. Human pressure perception values
for constant and moving one-point and 2-point discrimination.
Plast. Reconstr. Surg. 90, 112–117 (1992).

36. Hibbeler, R. C. Statics and Mechanics of Materials SI edn (Pearson Prentice
Hall, 2004).

37. Choi, S. J., Suh, K. Y. & Lee, H. H. Direct UV-replica molding of biomimetic
hierarchical structure for selective wetting. J. Am. Chem. Soc. 130,
6312–6313 (2008).

Acknowledgements
We gratefully acknowledge support from National Research Foundation of Korea
grants (No. 20110017530 and No. 20110029862), World Class University program
(R31-2008-000-10083-0) and Basic Science Research Program (2010-0027955). This
work was also supported in part by Korea Research Foundation Grant (KRF-J03003) and
the Global Frontier R&D Program on Center for Multiscale Energy System. We thank
Y-E. Sung and N. Jung for I–V measurement, H-Y. Kim and K. Park for high-speed
camera recording, H. Bang for the preparation of figure sets, and S. Kwon and H. Kim
for helpful comments.

Author contributions
C.P., T.K., and K-Y.S. conceived the project. C.P. and K-Y.S. designed the experiments.
C.P., G-Y.L. and S.M.K. performed the experiments. C.P., G-Y.L., S.M.K. and S-H.A.
developed the electric experimental set-up. C.P., S.M.K., H.N.K., S-H.A. and K-Y.S.
analysed the data. C.P. andK-Y.S. wrote the paper, and all authors provided feedback.

Additional information
Supplementary information is available in the online version of the paper. Reprints and
permissions information is available online at www.nature.com/reprints. Correspondence
and requests for materials should be addressed to K-Y.S.

Competing financial interests
The authors declare no competing financial interests.

NATURE MATERIALS | VOL 11 | SEPTEMBER 2012 | www.nature.com/naturematerials 801

© 2012 Macmillan Publishers Limited. All rights reserved

http://www.nature.com/doifinder/10.1038/nmat3380
http://www.nature.com/doifinder/10.1038/nmat3380
http://www.nature.com/reprints
http://www.nature.com/naturematerials

	A flexible and highly sensitive strain-gauge sensor using reversible interlocking of nanofibres
	Methods
	Figure 1 Multiplex, flexible strain-gauge sensor based on the reversible interlocking of Pt-coated polymer nanofibres.
	Figure 2 Electric characterization of the sensor in response to pressure, shear and torsion loads.
	Figure 3 Measurement of durability and time-resolved responses.
	Figure 4 Measurement of highly sensitive, multiplex and real-time signals.
	Figure 5 Fabrication of a sensor network to measure the spatial distribution of an input pressure signal.
	References
	Acknowledgements
	Author contributions
	Additional information
	Competing financial interests

