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Measuring small normal pressures is essential to accurately evaluate external stimuli in curvilinear and dynamic surfaces
such as natural tissues. Usually, sensitive and spatially accurate pressure sensors are achieved through conformal contact
with the surface; however, this also makes them sensitive to mechanical deformation (bending). Indeed, when a soft object is
pressed by another soft object, the normal pressure cannot be measured independently from the mechanical stress. Here, we
show a pressure sensor that measures only the normal pressure, even under extreme bending conditions. To reduce the
bending sensitivity, we use composite nanofibres of carbon nanotubes and graphene. Our simulations show that these fibres
change their relative alignment to accommodate bending deformation, thus reducing the strain in individual fibres. Pressure
sensitivity is maintained down to a bending radius of 80 μm. To test the suitability of our sensor for soft robotics and
medical applications, we fabricated an integrated sensor matrix that is only 2 μm thick. We show real-time (response time of
∼20 ms), large-area, normal pressure monitoring under different, complex bending conditions.

The accurate real-time measurement of vital information using
electronic sensors in a living body is important for health
monitoring and medical applications1,2. Most tissue surfaces,

whether internal or external, are inherently soft and constantly in
motion. Thus, sensors that directly touch the surface of a living
body should ideally be soft so as to establish good mechanical
contact between the electronic device and biological tissue. To
realize soft sensors, significant effort has recently been made to
manufacture electronic devices on soft substrates such as plastic
and rubber3–7. Examples of mechanically flexible electronic
devices include pressure8–10, temperature11 and strain sensors9,10,
as well as two-dimensional multi-electrode arrays for sensing
electrical signals from the body12,13.

Pressure measurements, in particular, require direct contact
between the sensor and target object, so flexible pressure sensors
are indispensable when a target is soft. As a result of recent progress
in flexible electronic technologies, flexible pressure sensors have
been developed with improved sensitivity, accuracy, reliability and
level of integration14–21. The sensitivity of flexible pressure sensors
has been significantly improved using unique elastic pyramid-
shaped microstructures14 or a nanofibre interlocking system with
a high-aspect-ratio vertical achitecture9. The best sensitivity
reported is 56–133 kPa−1 in the pressure regime below 30 Pa
(ref. 17). Furthermore, the conformability and/or mechanical flexi-
bility of pressure sensors have been improved by reducing the thick-
ness of sensing elements based on piezoelectric materials down to
300 nm and that of elastomer substrates down to 20 µm (ref. 21).

Despite the good performance and high flexibility of these devices,
the accurate measurement of pressure under dynamic deformation has
remained difficult because the sensing properties vary significantly as a
result of the strains induced by mechanical deformation (such as
bending, twisting and wrinkling). When elastic materials are used as
substrates or sensing elements to achieve high pressure sensitivity

and good conformability, a large lateral strain is inevitably induced
by bending because of their large Young’s moduli. In contrast, when
flexible pressure sensors (either resistive or capacitive) are manufac-
tured on plastic foils, the strains induced by bending and other associ-
ated complexities will be suppressed by a reduction in the total
thickness of all components. However, reducing the scale of sensing
elements, such as the elastic conducting materials, down to the micro-
metre scale or lower remains challenging. Although elastic conductors
have been realized by mixing conductive nanofillers such as carbon
nanotubes (CNTs) with fluorinated copolymers22,23, their thickness
typically remains 100 µm or larger because of the difficulties in achiev-
ing uniform mixing. Furthermore, elastic conductors are designed to
exhibit a large conductivity without applying pressure, so highly con-
ductive materials show a very small change in conductivity when
pressure is applied. Hence, a new material design concept that does
not involve elastic conductors is required to realize flexible pressure
sensors that can accurately measure only the normal pressure on
complex and moving surfaces.

In this Article, we report the fabrication of extraordinarily small
bending-sensitive, ultra-flexible, optically transparent and resistive-
type pressure sensors using composite nanofibres. To minimize the
rigidity and total thickness of our pressure sensors we used an elec-
trospinning process24. Because of the nanoporous structure, the
sensors exhibited an extremely small sensitivity to the bending-
induced strain, while maintaining a high sensitivity and excellent
conformability to three-dimensional structures. Indeed, when the
sensors were bent to a bending radius as low as 80 µm, the sensor
properties remained practically unchanged. Our bending-insensitive
device was used to accurately measure the distribution of the
normal pressure (without suffering from the inaccuracy induced by
mechanical deformations such as wrinkling and twisting) on the
soft movable three-dimensional surface of a balloon that was being
pressed by a soft object such as a finger.
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Fabrication of bending-insensitive nanofibre composite
The ultrathin, bending-insensitive and optically transparent pressure
sensor was manufactured using pressure-sensitive nanofibres. The
uniform dispersion of conducting nanomaterials (CNTs and gra-
phene) inside the nanofibres was strategically designed to create
large sensing capabilities for each element to improve the sensing
ability and facilitate downscaling. The nanofibres were fabricated by
an electrospinning process using a composite material solution
(Supplementary Fig. 1). The solution was composed mainly of a
fluorinated copolymer, which acts as a nanofibre matrix. Small quan-
tities of CNTs and graphene particles (0.017 and 1.7 wt%, respect-
ively) were dispersed as conductive fillers. An ionic liquid was also
added as a dispersing agent to prevent aggregation of the conductive
fillers. Graphene was introduced to improve the pressure sensitivity,
as will be described in the last section of this article. Figure 1a
shows the uniformly dispersed optically transparent nanofibre layer
on a polymer substrate (deposition time of 1 min). Despite the use
of a black conductive filler, we achieved transparency owing to the
thinness of the layer (∼2 µm) and its porosity. The thickness was
defined as the average value of the laterally profiled height of the
deposited fibres. The deposited electrospun fibre layer is extremely
light (∼50 mg m–2) and flexible, similar to a spider web.
Accordingly, the pressure-sensitive material does not significantly
affect the device flexibility and total weight, which are critical features
in realizing conformal no-stress contact on skin or living organs.

The structure of the pressure-sensitive nanofibre layer was charac-
terized using field-emission scanning electron microscopy (FESEM;
Fig. 1b). The diameters of the nanofibres were observed to fall
within the range 300–700 nm. Several layers of fibres were randomly
entangled and stacked to form a porous structure. High transparency
and high pressure sensitivity were achieved because of the porous
structure and the small diameter of each fibre, as will be explained
in the last section. A cross-section of a single fibre was examined
using high-resolution transmission electron microscopy (HRTEM),

and the graphene and CNTs were found to be dispersed in the elasto-
mermatrixwith small aggregations (Fig. 1c and Supplementary Fig. 2).

The electrical properties and optical transparency of the elec-
trospun fibre can be controlled by changing the deposition time,
because the density and effective thickness of the deposited layer
increase with deposition time. Four samples were prepared on
glass substrates with different deposition times of 1, 2, 3 and
5 min, and their transmittances were compared (Supplementary
Fig. 3). For 1 min of electrospinning deposition, the transmittance
exceeded 90% in the visible-to-infrared wavelength region
(300–1,600 nm). Such a high optical transparency is a useful
feature for integration with optical devices such as displays and
bio-imaging devices25. The transmittance decreased by ∼10%
when the deposition time was increased by 1 min (Fig. 1d). The
average thickness slightly increased from 2 to 3 µm (for an area
of 20 × 20 cm2) with increasing deposition time.

Electrical characteristics of the sensor under bending
The sensitivity of the pressure sensors was greatly enhanced by using
the nanofibre stacking structure compared with sensors fabricated
using a conventional thin-film structure. The nanofibrous sensors
were fabricated by depositing nanofibres for 1 min between
40-nm-thick Au electrodes (1 cm2) coated on poly(ethylene tereph-
thalate) (PET) substrates. For comparison, the same composite
materials used for the nanofibre sensors were deposited using
screen-printing to form a thin continuous film with a thickness of
20 µm, which was sandwiched between two electrodes (a design
referred to as a thin-film sensor). Figure 2a shows the response to
pressure up to 10 kPa. Magnified data for pressures from 0 to
1 kPa (for the same results) are shown in the inset. The resistance
of the nanofibre sensor was 6 GΩ without any applied pressure,
which is a factor of 1 × 105 higher than that of the thin-film
sensor, although the average thickness of the former was smaller
by a factor of ∼10. The resistance of the nanofibrous sensors
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Figure 1 | Transparent pressure-sensitive nanofibre. a, Photograph of large-area-deposited nanofibres using electrospinning on a transparent polymer film
(25 × 20 cm2), showing excellent transparency. b, FESEM image of the randomly stacked electrospun nanofibres (diameter of 300–600 nm). c, Cross-
sectional image of a single pressure-sensitive nanofibre observed by HRTEM, indicating good dispersion of the CNTs and graphene in the elastomer
nanofibre matrix. d, Measured transmittance as a function of light wavelength from 300 to 1,600 nm for different deposition times.
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decreased drastically with application of a very small pressure
(∼800 Pa), falling below 1 × 103 Ω. In contrast, the resistance of
the thin-film sensors changed by only a factor of 10 with application
of 10 kPa of pressure. This extremely large change (by a factor of
over 1 × 106) exhibited by the nanofibrous sensors enables the
easy detection of very small pressure signals such as those from bio-
logical tissues. The excellent uniformity of this sensing characteristic
was confirmed for an effective area of 9 × 9 cm2 (Supplementary
Fig. 4 and Supplementary Movie 1).

To evaluate the reversibility and reproducibility of the pressure
sensor, we conducted cycle tests by applying and releasing pressure
of 2,000, 300 and 80 Pa, with 1,000 repetitions for each pressure,
using the same device (Supplementary Fig. 5). The initial ten and
final ten cycles are shown in Fig. 2b. The on/off ratio was constant
throughout the test, showing reproducible and reliable pressure detec-
tion. The response times of the device were ∼20 and 5 ms when the
pressure was applied and released, respectively, which should be suffi-
ciently fast for many biomedical applications (Supplementary Fig. 6).

We examined the effect of the bending-induced strain on the
performance of the pressure sensors. Three samples with a pad
area of 1 cm2 were prepared using the same nanofibre layers on
different substrates, namely, 75-μm-thick polyimide (PI),

12.5-μm-thick PI and 1.4-μm-thick PET substrates. Figure 2c
shows that the sensors were bent, reducing the bending radius
to 180 µm, and then returned to their original, flat state
(Supplementary Fig. 7a,b). The resistance response to the mechan-
ical bending of each device was measured during the bending. We
note that the device fabricated on a 1.4-μm-thick PET substrate
exhibited negligible resistance changes during the bending test. In
sharp contrast, the resistance of the devices fabricated on both
75- and 12.5-μm-thick PI substrates decreased approximately line-
arly until the bending radius reached 20 mm. A further reduction
in the bending radius caused severe changes in the resistance or
resulted in irreversible degradation (Supplementary Fig. 7c).

To separately measure the normal pressure from the strain by
deformation on a three-dimensional surface, the pressure difference
between the bent and flat sensors must be negligibly small. We
therefore measured the response to pressure of the device fabricated
on the 1.4-μm-thick film while the bending radius was varied. A
schematic of the measurement set-up is shown in the inset to
Fig. 2d, and the features of the extremely bent device and other
information are shown in Supplementary Fig. 8. The device per-
formance was evaluated at bending radii of 1.5 cm, 3 mm, 400 µm
and 80 µm. Pressure was applied to the sensor area using a small
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Figure 2 | Electrical properties of a pressure-sensitive nanofibre and performance under bending. a, Pressure versus resistance curve of the nanofibre sensor
(red) and thin-film sensor (black) sandwiched between Au electrodes (1 × 1 cm2; the inset represents the pressure from 0 to 1 kPa). b, On/off cyclic test of the
sensor over the initial ten and final ten cycles at different pressures. c, Schematic showing the pressure response measurement of the sensor under bending
and response curves when bent to a radius of 180 µm for different substrate thicknesses. d, Tested pressure response of the device in the bent state and
response of the device fabricated on a 1.4-µm-thick PET substrate for a bending radius from 15 mm to 80 µm for different normal forces (0.4 or 1.6 g).

ARTICLES NATURE NANOTECHNOLOGY DOI: 10.1038/NNANO.2015.324

NATURE NANOTECHNOLOGY | VOL 11 | MAY 2016 | www.nature.com/naturenanotechnology474

© 2016 Macmillan Publishers Limited. All rights reserved

http://dx.doi.org/10.1038/nnano.2015.324
http://www.nature.com/naturenanotechnology


metal rod (0.8 or 3.2 g). The applied stimulus was denoted as a mass
because the contact area was not well defined. We thus present the
response of the device only to different normal forces The response
to pressure application, that is, the relative change in the current and
response time, remained essentially unchanged (less than 20% vari-
ation in the absolute current values) for all four bending radii. The
current was ∼100 pA with no applied pressure. The response times
(<20 ms) and pressure responses were nearly identical under the
various normal forces, as shown in Fig. 2d. Our device did not
experience any mechanical or electrical failure during the extreme
bending process because of the thin substrate and entangled nano-
structure. The pressure response at a bending radius of 80 µm is
shown in Supplementary Movie 2.

Real-time pressure distribution under complex deformation
The novelty of our bending-insensitive sensors is particularly impor-
tant when the target objects are soft movable three-dimensional sur-
faces. Indeed, in the past, when a soft object was pressed by another
soft object, the normal pressure could never be measured separately
from the mechanical stress. To demonstrate this capability we fabri-
cated a 12 × 12 ultrathin pressure-sensor matrix with a total thickness
of 8 µm by integrating our nanofibre sensors with an active matrix
with a thickness of 2 µm (including the substrate and encapsulation;
Fig. 3a,b). Similar ultra-thin active matrices have been used with
interdigitated metallic and gel electrodes for ultra-thin touch
sensors26 and electrocardiography27 for biological applications

because of their excellent conformability. The device was then
applied to the very soft surface of a balloon. The representative trans-
fer curves at different pressures are shown in Fig. 3c. The character-
istics of the matrix and other details are provided in Supplementary
Fig. 9. Owing to the soft nature of both the balloon and finger, our
device was deformed by complex bending and severe wrinkling. To
induce a substantially large deformation to the balloon, a pressure
larger than the minimum sensitivity of our device was applied by
pinching with two fingers. However, because of the ultra-thin
format of the device and its bending insensitivity, we successfully
measured only the normal pressure distribution on the balloon
(a soft target) resulting from the application of pressure by fingers
(soft objects). The applied pressure (∼0.6–1.5 kPa) was successfully
monitored in a three-dimensional configuration that included
complex bending and wrinkling between soft materials (Fig. 3d,e).
More mapping and video data are presented in Supplementary
Fig. 10 and Supplementary Movie 3). The nanofibrous sensor
arrays can also be used on the surface of human skin to measure
the pressure distribution (Supplementary Fig. 11). The crosstalk
between the 1-mm-spacing sensor arrays is negligibly small, as
shown in Supplementary Fig. 12.

We also took advantage of the bending insensitivity to wrap fully
integrated devices around an injection needle with a bending radius
of 1 mm (Fig. 3f), and the changes in performance were found to be
negligibly small before and after wrapping. The current level was
below 300 pA, which represents an insignificant pressure.
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Figure 3 | Pressure-sensor integration with an organic-transistor-driven active matrix. a, Photograph of the active matrix (12 × 12 pixels) integrated with a
large-area (9 × 9 cm2) pressure-sensor nanofibre sheet. b, Schematic of a single-sensor pixel. c, Representative transfer-curve behaviour of a single pixel at
different applied pressures, showing the large sensitivity and low-voltage operation. d, Photograph of an integrated sensor array attached to the surface of a
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Additionally, the sensing range and sensitivity of the device can be
easily controlled for various applications by controlling the follow-
ing parameters: thickness of the fibre layer (Supplementary Fig. 13),
concentration of the conductive filler in the fibre, pad size and
width/length (W/L) ratio of the transistors. The mechanical robust-
ness of the device was tested by measuring the pressure response
before and after severely crumpling it ten times. The pressure
response of a representative pixel was monitored, and we found
almost no performance change after repeated large deformation
(Supplementary Fig. 14).

The sensor was also applied to an artificial cardiac system. A sili-
cone tube was used as a blood-vessel model, with similar mechanical
properties such as the expansion ratio (modulus). A small pressure
sensor (2 × 4 mm2, Fig. 4a) was attached to the tube and wrapped by
a polymer film to detect the vessel expansion. The sensor structure
and experimental set-up are provided in Supplementary Fig. 15. The
pressure was measured while air pressure was applied inside the tube
(Fig. 4b). Despite the very small volume change in the artificial
blood vessel (outer diameter of 18 mm) and its small bending
radius, our device successfully detected the cyclic change in pressure
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(50 Pa). Next, we applied three sensors on a vessel with a 6 cm
spacing to detect the speed of pressure propagation (Fig. 4c and
Supplementary Fig. 16). Water pressure was applied using a
displacement-type artificial heart system. The measured voltage
data from the three sensors showed excellent agreement in response
to the pressure changes and a clear delay time could be observed at
the sub-millisecond scale (Fig. 4d,e) depending on the location of
the sensor (sensor 1 was closest to the pump). The average time
delay between sensors was ∼3.5 ms (Fig. 4f), indicating a speed of
pressure propagation of ∼17.1 m s–1 in this system. The develop-
ment of sophisticated encapsulation is expected to improve the
stability of the device for in vivo measurements.

Pressure sensitivity and bending insensitivity mechanism
To understand the function of the CNTs in the CNT/graphene
mixture, it was interesting to compare the results for three different
samples (a fluorinated copolymer with only CNTs, one with only
graphene, and one with the CNT/graphene mixture). The sample
consisting of the copolymer with only CNTs (1 wt%) exhibited a
low resistance (over 1 × 106 Ω), and the resistance reduced by two
orders of magnitude when a pressure of 1 kPa was applied
(Fig. 17). This could be used as a sensor, but improvements in its
sensitivity are desirable. In sharp contrast, the sample consisting
of the copolymer with only graphene (1.7 wt%) exhibited a very
high resistance (over 1 × 108 Ω) and the high resistance was main-
tained even when a pressure up to 10 kPa was applied. This is
neither a sensor nor a conductor. In Fig. 2a it is noteworthy that,
when a small number of CNTs (0.017 wt%) is added to the
sample consisting of the copolymer with only graphene (1.7 wt%),
the resistance is high (1 × 1010 Ω) without pressure, and it exhibits
an extraordinarily large change in the resistance when a small
pressure is applied. These experiments unambiguously show that
a very small number of CNTs—which are one-dimensional conduc-
tive fillers—efficiently form conductive paths between the graphene
fillers with application of a very small pressure, realizing an extra-
ordinarily large change in the resistance. Additionally, by using a
nanofibrous structure, we can achieve an extraordinarily small sen-
sitivity to the bending-induced strain while maintaining high
sensitivity, transparency and excellent conformability.

The key to the success of the bending insensitivity is the adoption
of a nanofibrous structure. The fibrous material changes the align-
ment and accommodates the deformation, thus reducing strain in
the individual fibres (Supplementary Fig. 18), similar to a cellulous
material, which is more flexible for deformation28. We illustrate the
structural advantage of the fibrous material using a simulation, in
which the fibrous material is represented by a periodic mesh
subject to bending deformation. The degree of bending was
measured by dividing the bending radius R by the thickness of
the mesh t. We found that when R/t = 2, the majority of the fibres
experienced less than 5% strain, and the maximum strain was
∼7% (Supplementary Fig. 19a). The deformation is mostly
accommodated by rotating and deflecting the fibres instead of
stretching the fibres. For comparison, if such a sheet is made of a
continuous material, the maximum strain in the sheet follows
the analytical expression ε = t/2R. When R/t = 2, the maximum
strain would be 25%. We found that a fibrous structure exhibited
∼70% less bending-induced strain compared with the continuous
counterparts. When the fibrous sensor layer is sandwiched
between two electrodes, the bending insensitivity may degrade
due to the coupling between the sensor layer and the electrodes
(Supplementary Fig. 19b). If the electrodes are much stiffer than
the sensor layer, each electrode is approximately inextensible.
Consequently, the sensor layer may be strongly sheared. In contrast,
if the electrodes are much more compliant than the sensor layer,
the electrodes will follow the deformation of the sensor layer and
the bending insensitivity is recovered. This change in behaviour

due to the relative stiffness of the electrodes was experimentally
verified by modulating the thickness and the material of the
electrodes (Fig. 2c).

Conclusions
We have demonstrated a transparent and bending-insensitive
pressure sensor fabricated using composite nanofibres, which exhi-
bits an extremely small sensitivity to a bending-induced strain. Our
sensor enables the accurate measurement of only the normal
pressure without suffering from the inaccuracy induced by mechan-
ical deformation. This simple yet challenging experiment should
inspire other clinical and health-monitoring applications such as
in situ digital monitoring of palpation for breast cancer.

Methods
Methods and any associated references are available in the online
version of the paper.
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Methods
Pressure-sensitive nanofibre fabrication. The following materials were mixed and
stirred for 5 h with 4-methyl-2-pentanone (3 g): 2 g fluorinated copolymer,
vinylidenefluoride-tetrafluoroethylene-hexafluoropropylene (Daikin, G912), 0.2 g
ionic liquid (1-butyl-3methylimidazolium bis(trifluoromethanesulphonyl)imide,
0.6 g graphene (dispersed in 4-methyl-2-pentanone at 10 wt% using
jet milling at 10 MPa for ten passes) and 0.6 g CNTs (dispersed in the same
solvent at 0.1 wt% using jet milling at 10 MPa for ten passes). The solution
was then deposited using electrospinning. The feed rate was 2 µl min–1,
the voltage was 15 kV and the distance between the substrate and syringe
was 25 cm.

Pressure response, reversibility and transmittance measurement. Pressure-
sensitive fibres were deposited on a PET substrate with a 1 cm2 Au pad. The fibres
were then sandwiched by an identical electrode. The electrical properties were
measured using an I–V parameter analyser (Agilent, 4156C) while applying
pressure. For the cyclic test, a dynamic mechanical analyser from Shimadzu (AG-X)
was used. A weight was suspended above the sample. The movement speed was
5 mm s–1 with a holding time of 0.5 s. The transmittance was measured using an
ellipsometer (J.A. Woollam, M-2000).

Bending test of the sensor and measurement of the pressure response in the bent
state. The pressure-sensor devices were fabricated on different substrates. PI films
with thicknesses of 75 and 12.5 μm (UPILEX 75S, Ube Industrial) and a
1.4-μm-thick PET foil (Mylar 1.4 CW02, Pütz) were used. For the device deposited
on a 1.4-μm-thick PET foil, we deposited an additional fluorinated copolymer for
3 min to adjust the sensitivity to be the same as that of the device fabricated on a
thicker substrate (>10 µm). Each device was bent between two plates while the
distance was decreased. The bending radius of the sensor was calculated using
camera images and photo-analysis software. The sensors were completely folded
until their bending radii reached ∼180 µm and were then slowly released. During
this process, their electrical properties were measured. The pressure sensor
fabricated on the 1.4-μm-thick PET substrate was attached to metal bars with
different bending radii. The sensor was then pressed by a small stainless-steel stick
(0.8 or 3.2 g) to apply pressure. The length and outer diameter of the stick were 5 and
0.8 cm, respectively.

Fabrication of a transparent pressure-sensor array and e-skin demonstration. The
sensor array was fabricated on a 1.4-μm-thick PET film supported by a polymer
layer. A layer of indium tin oxide (ITO, 30 nm) was deposited and patterned as a
bottom electrode using sputtering. The width and length of the ITO pattern were
5 mm and 8 cm, respectively, and the distance between the patterns was 5 mm. A
pressure-sensitive nanofibre layer was then deposited (2 min of deposition; all other
conditions were the same as those used for nanofibre fabrication). The top ITO
electrode was prepared in the same manner. Finally, the top electrode covered the
nanofibre layer with an ITO pattern in a direction that was perpendicular to the
bottom electrode. Cu wires were connected using a small amount of Ag paste.

Integration with active matrix. A 1-μm-thick parylene substrate was prepared by
chemical vapour deposition on a wafer. A 20-nm-thick Au layer was evaporated as a
gate. A 200-nm-thick parylene layer was then formed as a gate insulator. The gate
dielectric had a capacitance of 13.7 nF cm–2. A 30-nm-thick dinaphtho[2,3-b:2′,
3′-f ]thieno[3,2-b]thiophene (DNTT) organic active layer was deposited by
evaporation. A 50-nm-thick Au layer was deposited to form the source, drain and
interconnection, and a 1-μm-thick layer of parylene was deposited for encapsulation.
A via hole was drilled using a laser. Finally, Au was deposited to establish a
connection with the pressure-sensor layer. The pressure-sensor sheet was fabricated
on a 1.4-μm-thick PET film, and this pressure sensor was connected to ground.

Measurement of pressure and its propagation on an artificial blood vessel.
Sensors (2 min of deposition time and a pad size of 2 × 4 mm2) were fabricated on a
1.4-μm-thick PET film. The sensors were attached to the artificial blood vessel model
(a silicone tube from Shin-Etsu Chemical Co., with inner and outer diameters of 16
and 18 mm, respectively, which are comparable to those of a human aorta) and
wrapped with a plastic film. Water pressure was applied using a displacement-type
artificial heart (Nippon Zeon, Zeon pump) controlled by a console (Aisin Seiki,
Corart; 0–100 mmHg, 2 beats per second). The current response to the pressure was
measured using an applied voltage of 1 V. Pressure propagation was measured using
an oscilloscope (Agilent, DOS6054A) for better time resolution (0.5 ms). Each
pressure sensor was connected in series to a resistor (1.5 MΩ), and voltage was
applied (1 V) using a function generator (Texio, FG-281). An initial pressure was
applied to each sensor (100 Pa, which corresponds to 100 MΩ) for calibration by
wrapping the outer thin film until the resistance of each sensor became 100 MΩ.
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