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ABSTRACT: Recent years have seen a rapid development of
electronic skin for wearable devices, autonomous robotics, and
human—machine interaction. As a result, the demand for flexible
pressure sensors as the critical sensing element in electronic skin is
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also increasing. These sensors need to feature high sensitivity, *
short response time, low detection limit, and so on. In this paper, R A T
inspired from the cobweb in nature, we propose a piezoresistive Prossure (20
pressure sensor by forming a cobweb-like network made of a zinc —
octaethylphorphyrin (ZnOEP)/carbon nanotube (CNT) hybrid tosp™3 msj‘ | teeemSms

on an array of polydimethylsiloxane (PDMS) microposts. The
hybrid material exhibits excellent adhesion to PDMS, benefitting | »
from ZnOEP’s low Young’s modulus and the nonpolar bonding W e
between ZnOEP and PDMS such that no delamination and

resistance variation are found after thousands of cycles of bending and twisting. With the overhanging morphology of the ZnOEP/
CNT network on the micropost array, we realized a pressure sensor with an ultrahigh sensitivity of 39.4 kPa™', a super-fast response
time of 3 ms, a low detection limit of 10 Pa, and a reproducible response without degradation after S000 cycles of pressure loading/
unloading. The sensor can be employed for a variety of applications, including wrist pulse measurement, sound level detection,
mechanical vibration monitoring, etc., proving its great potential for use in electronic skin systems.
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1. INTRODUCTION

Flexible pressure sensors that convert physical pressure into
electrical signals play an important role in electronic skin for
tactile sensing of soft robots," health monitoring,2 and human—

pressure into the resistance change of the material. Owing to
their simple fabrication, easy signal acquisition, and broad
sensing range, piezoresistive pressure sensors have been widely
studied.

machine interaction.® A variety of sensing mechanisms,
including piezoresistive, " piezocapacitive,”* piezoelectric,”™""
and triboelectric,">"* have been proposed for flexible pressure
sensors. Among these different sensing mechanisms, piezoca-
pacitive type sandwiches a compressible dielectric material
between the two electrodes and converts the external pressure to
the change of capacitance. Piezocapacitive sensors demonstrate
the merits of high sensitivity, low drift, compatiblity with static
measurement, and long-term stability; however, the fringe effect
of the capacitor makes the sensor susceptible to the approaching
objects and affects the signal accuracy during measurement.
Piezoelectric and triboelectric pressure sensors make use of the
piezoelectric and triboelectric effects of specific materials (e.g,,
PVDF, AIN, ZnO, and BaTiO3) that transfer mechanical energy
into electrical energy. These sensors are great for transient or
dynamic pressure detection, benefitting from their high
sensitivity and fast response time, also consuming very little
power or do not even need an external power supply due to the
energy harvesting property. Piezoresistive pressure sensors take
advantage of a piezoresistive effect that transduces the applied
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Generally, a resistive pressure sensor responds to external
pressure by a change in the resistance of a conductive layer. For a
flexible resistive pressure sensor, this layer is typically produced
by dip/spin coating or transferring of conductive materials like
carbon allotropes or metal nanowires onto flexible organic
substrates. Carbon nanotubes (CNTs),">'° graphene,w’18 silver
nanowires (AgNWs) ;9% or gold nanowires~ ">~ are widely used
for making these layers owing to their good conductivity or
specific morphology that leads to high sensitivity of sensors.
Because of the poor adhesion between the organic and inorganic
material due to the large Young’s modulus mismatch, sensors
fabricated by this approach are often subject to the delamination
of the piezoresistive layer from the substrate, resulting in the
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Figure 1. (a) Cobweb in nature. (b) Conception of a 3D cobweb-like structure. (c) Schematic illustration of the cobweb-like hybrid material coated on
amicropost array. (d) Enlarged image shows the cobweb-like hybrid material on a micropost where the ZnOEP, which is thicker, formed the scaffold of
the cobweb-like structure, and CNTs, which are denser and thinner, formed the networks in between the scaffolds. (e) Molecular structure of the 7—x
stacked ZnOEP connected with CNTs and their nonpolar bonding with the PDMS substrate.

failure of the device. To solve this problem, Gaynor et al.
proposed a method for fabricating the piezoresistive sensor by
embedding AgNWs into a polymer surface,”” while Lee et al.
introduced a poly(diallyldimethlyammonium chloride)
(PDDA) buffer layer between the AgNW layer and the substrate
to increase the adhesion.”* Graphene and CNTs have also been
used as a protective coating for the AgNW layer to improve their
stability.”>*® In the aforementioned approaches, the materials
were mixed physically, which means that the drawbacks of the
inorganic materials, such as their unstable mechanical proper-
ties, still exist.

Therefore, organic/inorganic hybrids that utilize the merits of
both materials are desired.”” Among the reported organic
materials, organic small conjugated molecules, due to their
simple fabrication, low modulus, and easy self-assembly, have
the advantages in creatinsg a flexible scaffold that is compliant
with a flexible substrate.”® Zinc octaethylphorphyrin (ZnOEP)
is one of the most widely used 7-conjugated functional organic
materials because of its chemical and thermal stability as well as
its solubility, which enables easy combination with other
materials.”” Different inorganic materials have been studied to
hybridize with organic materials owning to their unique
properties. Graphene and CNTs are two kinds of typical
carbon-based inorganic materials with the merits of excellent
electric properties and great flexibility, both of which lead to
their wide use in flexible devices, particularly in a hybridized
form with organic materials. The synthesis process of the hybrid
material can be achieved through covalent bonding, which is
simple and time-saving. Graphene has been reported to improve
the optoelectronic properties of the hybrid material,®’ and
photovoltaic properties, which are critical for perovskite solar
cells, can be enhanced by metal—organic frameworks.’!

Benefitting from CNTSs’ interlaced networking structure and
good conductivity, they are often employed to create conducting
paths of the hybrid material,”” which exhibit great potential for
flexible devices.

On the other hand, microstructures have been widely studied
to enhance the performance of pressure sensors, specifically
sensitivity and linear sensing range. The microstructures could
be arrays of regular shapes, such as microdomes, micropyramids,
and micropillars,”*~*’created using standard microfabrication
processes or replicated from natural templates such as lotus
leaves, fingerprints, skin, and sandpaper.”®~*' Generating a thin
layer of a piezoresistive material on the microstructures can
further improve the sensitivity of the pressure sensors as the
piezoresistive material becomes more deformable with the
microstructures. Nevertheless, most of these microstructures
typically feature a slope to enable conformal adhesion of the
piezoresistive materials to them. As such, the change in
resistance due to external pressure is fully determined by the
deformation of the microstructures. Suspending the piezor-
esistive material on a microstructure in a 3D cobweb-like
structure allows more deformation before they fully attach to the
substrate, which should lead to higher sensitivity to the applied
pressure.

In nature, a cobweb is highly flexible and tenacious, which
could firmly capture insects on it (Figure 1a). Inspired from the
cobweb in nature, we believe that such a 3D overhanging
structure design can enhance the performance of flexible
piezoresistive pressure sensors. For the first time, we realized a
cobweb-like network by self-assembling CN'T's among a ZnOEP
scaffold in this study. To further optimize the sensor
performance, we creatively turned the 2D network into a 3D
overhanging cobweb-like structure (Figure 1b) by forming the
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Figure 2. (a) SEM image of the entwined ZnOEP/CNT hybrid network with hierarchical formation of CNTs on ZnOEP. (b) SEM image of dense
CNT networks cladded on ZnOEP. (c) Raman spectra of pure ZnOEP, pure CNT, and the ZnOEP/CNT hybrid. (d) Measured I-V curve of the
ZnOEP/CNT hybrid with different ZnOEP to CNT mix ratios. (e) Resistance variation of the ZnOEP/CNT hybrid with different ZnOEP to CNT
mix ratios under a 90° bending angle. (f) I-V curve of a 10:1 ZnOEP to CNT mixed hybrid under different cycles of bending and recovery test. (g)
Resistance of the 10:1 ZnOEP to CNT mixed hybrid under different cycles of twisting and recovery tests.

cobweb-like structure on a micropost array, as illustrated in
Figure 1c,d. The hybrid sensing materials float around the
micropost, allowing for free and larger deformation of the
sensing material compared to the micropost under pressure
loading. As a result, the sensitivity, response time, and dynamic
range of our sensor are significantly improved. In addition, the
self-assembled ZnOEP/CNT hybrid in the form of a cobweb
strongly adheres to the top surface of the PDMS posts due to the
ZnOEP matrix’s low Young’s modulus and nonpolar bonding
force, as indicated in Figure le.

In this work, the fabricated pressure sensor achieves an
ultrahigh sensitivity of 39.4 kPa™' from a 10 Pa to 1.6 kPa
pressure range, a fast response time of 3 ms, a low detection limit
of 10 Pa, and a high stability of over 5000 repeated loading
cycles. Also, no delamination or degradation in the resistance
was observed after thousand cycles of bending and twisting tests.
We demonstrate the application of the flexible pressure sensor as
a sensitive e-skin for physiological monitoring, voice recog-
nition, and mechanical vibration detection.

2. EXPERIMENTAL SECTION

2.1. Materials. Carboxylated single-wall CNTs were purchased
from XianFeng Nanao Co. Nanjing, China. Chloroform, octane, and
propylene glycol methyl ether acetate (PGMEA) were purchased from
Aladdin Chemical Co., Shanghai, China. ZnOEP was purchased from
Sigma-Aldrich Chemical Co., Ltd. and used without purification.
Polydimethylsiloxane (PDMS; Sylgard 184) was purchased from Dow
Corning, America.

2.2. Fabrication of Micropost Array. The PDMS micropost
arrays were replicated from a silicon mold structured using a
photolithography process, which guarantees the consistency of the
demolded PDMS substrate each time and saves time for batch
fabrication of the pressure sensor. An SU-8 2015 photoresist was spin-
coated on a 4 in. silicon wafer at 3000 rpm followed by soft baking at 65
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°C for 1 min and 90 °C for 3 min. Then, under UV exposure for 8 s,
post-exposure bake was performed at 65 °C for 1 min and 90 °C for 3
min. After developing for 8 s, the template was hard-baked at 150 °C for
30 min. Finally, a mold containing a number of 1 cm X 1 cm arrays of 15
pum deep holes with two different diameters of 30 and 60 um was
obtained. With the design of three smaller posts surrounding each larger
post, we aim to enhance the structural integrity of the cobweb-like
network during the dip-coating process.Vapor-phase trichloro-
(1H,1H,2H,2H-perfluorooctyl)silane (FOTS) was subsequently de-
posited on the mold by thermal evaporation, forming an antisticking
monolayer on its surface. Following this, a PDMS elastomer was
prepared in a 10:1 weight mix ratio of a base-to-curing agent, casted on
the micropatterned mold, and baked in an oven at 80 °C for 4 h. The
completed substrate with micropost arrays was finally obtained by
peeling off the PDMS from the silicon mold, and ready for coating with
the piezoresistive material. The detailed fabrication process is
summarized in Figure S1 of the Supporting Information.

2.3. Preparation of ZnOEP/CNT Hybrid and Fabrication of
Pressure Sensor. To prepare the hybrid material, a 0.05 mg/mL
carboxylated single-wall CNT was first dispersed in chloroform. A 0.5
mg/mL concentration of ZnOEP powder was then dissolved in the
CNT solution, yielding a 10:1 weight ratio of ZnOEP to CNT. Octane
and PGMEA were subsequently added to the solution to control the
rate of evaporation during the self-assembly process in a 2:1:1 volume
ratio of chloroform, octane, and PGMEA. The formation of the hybrid
material is driven by the conjugated 7-bonds of ZnOEP, which have a
good affinity for the CN'Ts as a result of strong noncovalent interactions
(i.e,, 7—m and van der Waals). The optical photographs of the prepared
pure CNT solution, pure ZnOEP solution, and the CNT/ZnOEP
mixture are displayed in Figure S2. These images highlight the
successful combination of ZnOEP and CNT in solution: black
uniformly distributing particles in the red solution can be observed
from the mixture in contrast to the pure CNT solution that is
completely black and the pure ZnOEP solution that is completely red.
With a prepared ZnOEP/CNT hybrid solution, the pressure sensor was
fabricated by simply dip-coating the solution on PDMS micropost
arrays, as illustrated in Figure S3. Here, the PDMS was mounted on a
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Figure 3. (a) Schematic drawing of the working mechanism of the proposed flexible piezoresistive pressure sensor. (b) SEM image of the ZnOEP/
CNT network hanging around the micropost with an enlarged inset showing the hybrid network overhanging the micropost from top to bottom. (c)
Comparative study on sensitivity of the pressure sensor with/without micropost arrays under a small pressure range (0—1 kPa).

clean O, plasma-treated glass slide to prevent it from rolling up during
the ZnOEP/CNT hybrid’s self-assembly. This process was completed
with solvent evaporation after which the cobweb-like material was
formed and grew on the PDMS surface that overspread the entire
micropost arrays, as illustrated in Figure S4.

2.4. Characterization of Pressure Sensor. The flexible pressure
sensor’s performance was characterized using a dynamic fatigue testing
system (ElectroPuls 1000, Instron). Here, we applied controllable
dynamic and static pressure to the sensor through a customized acrylic
cubic probe (1 cm?’ in area) clamped on the upper gripper of the
instrument. The resistance of the pressure sensor was measured in real
time with a digital multimeter (Agilent 3665A), while its current—
voltage (I-V) curves after cycles of bending were measured with a
source meter (Keithley 2400). The resistivity of the conductive
ZnOEP/CNT network was measured with the same source meter in a
four-point probe configuration. The molecular structure of the hybrid
material was determined using Raman spectroscopy, performed with an
Horiba LabRam HR Evolution tool at a 514 nm wavelength, while the
morphology of the ZnOEP/CNT hybrid on the PDMS micropost array
was observed by field-emission scanning electron microscopy (FE-
SEM; Hitachi SU8010).

3. RESULTS AND DISCUSSION

Figure 2a shows an SEM image of the ZnOEP/CNT hybrid
depicting two different network structures of one-dimensional
nano/micromaterials entwined together. Larger networks were
observed with ZnOEP owing to the strong 77— interaction
between ZnOEP molecules, and the result is consistent with
previous reported works of ZnOEP networks prepared from
solution.”® The image in Figure 2b shows that CNT not only
cladded ZnOEP but also formed denser networks between the
ZnOEP framework. This is crucial to the high sensitivity of the
sensor as the hierarchical structure formed by suspending
nanoscale CNTs on microscale ZnOEPs has previously been
proven to be ultrasensitive to external pressure.*” For a more
detailed study of the hybridization process, the molecular
composition of the ZnOEP/CNT material was analyzed
through Raman spectroscopy. The measured spectra of the
ZnOEP/CNT hybrid in comparison with ZnOPE and CNT are

depicted in Figure 2c. Here, all the peaks relating to pure ZnOEP
and CNT have been merged, indicating complete hybridization
of ZnOEP and CNT. The electrical property of the material also
supports this hybridization phenomenon. As previously
reported, pure ZnOEP exhibits an extremely large resistivity,"'
while CNTs have a large conductivity that dictates the
conductivity of the hybrid material. As a result of hybridization,
the sheet resistance of the ZnOEP/CNT is about 10% times
smaller than the resistance of pure ZnOEP but 100 times larger
than the resistance of pure CNT, as demonstrated in Figure SS.
Concentration of CNT that determines both the electrical and
mechanical property of the hybrid material was then examined.
I-V curves for ZnOEP/CNT uniformly dip-coated on a flat 1
cm X 4 cm PDMS surface are shown in Figure 2d. Decreasing
the concentration of CNT in solution from S0 (i.e., a 1:1 weight
ratio of ZnOEP to CNT) to about 9% (10:1 ZnOEP to CNT)
decreased the slope of the I-V curve that increased the sheet
resistance of the material from 156 to 2566 Q/[]. However,
while a larger CNT concentration improves some of the
electrical properties of the material, it weakens its mechanical
performance; as CNT has a much larger Young’s modulus than
organic materials like small conjugated molecules,*”** a higher
concentration of CNT leads to a larger modulus mismatch
during the hybridization that is easy to crack. In addition, the
increased presence of CNTs would clad the ZnOEP framework
that weakens adhesion of the hybrid material to PDMS. It is
highlighted with the results of experiments evaluating electrical
stability in terms of the variation of resistance under bending
conditions, as shown in Figure 2e. With a 50% CNT
concentration, there is a 52% variation in resistance at a 90°
bending angle. Conversely, there is only a 10% variation in
resistance at the same bending angle with a 9% CNT
concentration. Hence, in this work, we fabricated the hybrid
material using a 9% CNT concentration for balanced electrical
and mechanical performance.

A combination of ZnOEP’s low Young’s modulus, nonpolar
bonding between ZnOEP and PDMS, and the increased contact
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Figure 4. (a) Sensitivity of the flexible pressure sensor with enlarged insertion shows the sensitivity under low (0—1.6 kPa), medium (1.6—10kPa), and
high (10—100 kPa) pressure ranges. (b) Response curve of the sensor after five cycles of repeating the compression test with a pressure from 0 to 100
kPa. (c) Dynamic measurement of the sensor response with an increased pressure from 36 to 144 Pa and (d) linear plotting of the extracted data. (e)
Measured response time of the sensor under an applied pressure of 2 kPa with insets showing the response and relaxation time. (f) Comparison of
piezoresistive pressure sensors with different microstructures (microdome, micropyramid, and micropillar). (g) Frequency response of the sensor
under 340 Pa loading at 1,2, and 4 Hz. (h) Resistance variation of the sensor under 5000 loading/unloading cycles with a pressure of about 250 Pa.
Insets demonstrate the enlarged variation at the beginning, middle, and end of the test cycles.

area owing to the microstructured PDMS surface should twisting and recovery tests of the piezoresistive network were
performed where the resistance of 1000 cycles is shown in Figure
2g. After 1000 cycles of bending and twisting, both I—-V curves
overlapped with the initial value and the resistance remains

consistent, showing the stable adhesion of the ZnOEP/CNT

produce a piezoresistive network with good adhesion to the
PDMS substrate. To evaluate the stability of this adhesion, we
obtained I-V curves of the piezoresistive network after 1000
cycles of bending and recovery tests, as shown in Figure 2f. Also,
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Figure S. (a) Pressure sensor can be applied to detect the sound pressure level (SPL) by using a cell phone as the sound source. The minimal detectable
SPL of the sensor is 114 dB. (b) Sensor is attached to the wrist of a female volunteer and is used to detect the radial artery pulse in which the systolic
peak (P1) and diastolic peak (P2) of the blood pressure can be identified. (c) Voice recognition by speaking to the pressure sensor. Real-time

» «

distinguishment of short words and phrases like “Hi”, “Come Here”,

How Are You”, and “You Are Very Good” is realized. (d) Acoustic spectrum of a

light music and sensor response curve matches well, showing that the pressure sensor can also recognize the rhythm of music. (e) Pressure sensor on
the surface of mechanical pump. Mixed vibration spectrum of the (f) high (53 Hz) and (g) low (1 Hz) frequency of the mechanical pump.

hybrid to PDMS. Here, all series measurements distributed
around the initial resistance were obtained prior to bending or
twisting, proving the stable electrical and mechanical perform-
ance of the piezoresistive network.

The working principle of the proposed piezoresistive sensor is
dictated by a change in contact resistance in response to loading
pressure. As indicated in the schematic drawing of Figure 3a, the
hybrid material was constructed in the form of a cobweb-like
network and overhung around each individual micropost.
Initially, the conductive hybrid material is under a loose
condition when no pressure is exerted. Applying external
pressure leads to a compression of the cobweb-like network,
making the conductive paths closer and denser, as illustrated in
the insets of Figure 3a, where more CNTSs contact with each
other, resulting in a decrease of the resistance of the device.
Moreover, the specifically designed micropost structure enables
the suspension of the hybrid material around each post and
produces overhanging morphology from the top to the bottom

48943

surface of the substrate, as shown in Figure 3b. This 3D
overhanging cobweb-like structure exhibits two anchored ends
and a floating center such that the effective spring constant of the
entire structure is smaller compared to the one with a conformal
morphology. So, the pressure sensor is more sensitive to external
stresses, in general, and tiny stresses, in particular. To verify this
effect, we conducted a comparative study on the responses of a
planar substrate and the microposted substrate. The change in
resistance as a function of external pressures within the range
from 0 to 1 kPa for both types of sensors is shown in Figure 3c.
Here, we note a 2-fold enhancement in sensitivity using the
overhanging morphology on the microstructured substrate
compared to the conformal morphology of the hybrid material
on a planar substrate.

For a more comprehensive characterization of the pressure
sensor, we measured the change in resistance with the applied
pressure increasing from 0 to 100 kPa, as shown in Figure 4a.
The resulting response curve was divided into three segments of
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different sensitivities. As the enlarged views of Figure 4a show
that the sensor’s response is linear in each segment, we
calculated this sensitivity as

S = (AR/R,)/AP (1)

where (AR/R,) is the fractional change in resistance and P is the
applied pressure. Hence, we obtained an ultrahigh sensitivity of
about 39.4 kPa™' in the 0—1.6 kPa range (low pressure), a
reduced sensitivity of 0.83 kPa™' in the 1.6—10 kPa range
(medium pressure), and a minimal sensitivity of 0.023 kPa™" in
the high pressure range (10—100 kPa). As explained above, the
sensor’s ultrahigh sensitivity is a result of using a network-
structured material with overhanging morphology. For pressures
higher than 1.6 kPa, the sensor’s response is dictated by the
compression of the microposts together with the hybrid
material. At this point, these posts work as a series of springs
with different spring constants in parallel. The effective spring
constant of this system is much larger than the overhanging
hybrid material, leading to a drop in the sensitivity. Similarly, for
pressures higher than 10 kPa, both the hybrid material and the
micropost arrays are saturated, and the sensor’s response is
determined by the compression of a flexible substrate. As the
effective spring constant of the whole device is much larger, it
corresponds to the significant drop in sensitivity. Further
improvement of sensitivity and pressure sensing range can be
achieved through designing a more compressible substrate. For
example, using a lower curing agent-to-base solution ratio can
decrease the stiffness of the PDMS microposts, which is helpful
to improve the dynamic measurement range of the pressure
sensor. In addition, we can introduce microposts with more
height difference. When higher microposts are compressed to a
certain distance, lower ones will start to bear the load and the
cobweb-like sensing network on the lower microposts can detect
the extra pressure. With more groups of microposts of different
heights, the sensor can sustain larger pressure loading.

The repeatability of the sensor was evaluated by measuring its
response under five cycles of compression test with a pressure
from 0 to 100 kPa. The response curves in Figure 4b overlapped
with each other, indicating a stable sensing performance and
repeatability in low, medium, and high pressure ranges. The real-
time dynamic response of the sensor was examined by applying
an increased loading pressure from 36 to 144 Pa, as shown in
Figure 4c. Notably from Figure 4c, with a fixed increasing
pressure interval of 36 Pa, the sensor exhibited good linearity as
the extraction data plotted in Figure 4d. The sensor also
exhibited a fast response to external stress as a further benefit of
the overhanging cobweb-like hybrid material that the dense
CNT conducting network can rapidly response to the external
stimuli and lead to the change of resistance. The insets in Figure
4e indicate an ultrafast response and relaxation time of 3 and §
ms, respectively, for a given 2 kPa loading pressure. Benefitting
from the bioinspired 3D cobweb-like structure, both the
sensitivity and response time of the proposed sensor are
superior than previously reported piezoresistive pressure sensors
with similar microstructure designs, including the microdome,
micropyramid, and micropillar,”*>*****7#57% 45 shown in
Figure 4f. The frequency response of the pressure is also
characterized in Figure 4g. Under 340 Pa loading applied at 1, 2,
and 4 Hz, the sensor responded accurately and stably to
corresponding frequencies. Finally, to evaluate the long-term
stability of the fabricated sensor, a repetitive loading/unloading
dynamic test was performed at a frequency of 1 Hz. The relative
change in resistance remained practically constant after 5000

cycles of testing, as shown in Figure 4h, proving the high stability
of the sensor with respect to long-term use. Similarly, the change
in resistance at the beginning and end of the test cycles are
virtually the same, as shown in the insets, further implying the
good reliability and repeatability of the pressure sensor.

To evaluate the detect limitation of the proposed pressure
sensor, sound pressure was measured by fixing the sensor close
to the loudspeaker of a cell phone (Figure Sa). The sound
pressure level (SPL) that was measured using a sound meter
gradually decreased from 120 dB by varying the volume of cell
phone. The exact sound pressure P was calculated as

P = P() % 1O(SPL/ZO) (2)

where Py is the reference pressure (2 X 107° Pa). So, it could be
used to characterize the dynamic response of the sensor. The
change in resistance decreased as the SPL decreased, and finally,
a detection limit of 10 Pa (114 dB) was obtained. Benefitting
from the ultrahigh sensitivity and fast response of the pressure
sensor, it can also be used for detection of physiological signals.
As a demonstration, the sensor was attached on the wrist of a
volunteer to measure the radial artery pulse. A periodic variation
in the sensor’s resistance, reflecting the volunteer’s wrist pulse
wave, is shown in Figure Sb. The systolic peak and diastolic peak
of the blood pressure (labeled as P1 and P2, respectively) can
clearly be distinguished from this waveform. The sensor can also
be used for voice recognition, with words and phrases being
distinguished as a characteristic resistance pattern output by the
sensor. For instance, the peaks in Figure Sc represent the
syllables produced in pronunciation of simple words and phrases
like “Hi”, “Come Here”, “How Are You”, and “You Are Very
Good” were spoken directly to the pressure sensor. Moreover,
with the rapid response, the sensor could also recognize fast
rhythms from light music, as shown in Figure 5d (a video of this
test is included as Movie S1 in the Supporting Information). It
can be noted that the response curve of the sensor at the bottom
of the figure matches well with the acoustic spectrum of the
music depicted in the upper part of the figure. The ultrafast
response of the sensor can also be applied in the industrial field
for vibration detection, such as mechanical pump vibration
monitoring. By attaching the flexible pressure sensor on the
pump surface, as shown in Figure Se, the mechanical vibration
induced by the motor can be directly measured. The vibrating
frequency of the pump that reflects its healthy operation
condition is a complicated and mixed spectrum from low to high
frequencies. The high frequency is from the rotation of a driving
motor, and the low frequency is from the motor-induced
vibration of supporting structures, and as shown in Figure 5f,g,
both high (53 Hz) and low (1 Hz) frequencies can be clearly
distinguished by the sensor. These results indicate that our
pressure sensor can be employed for diver applications,
including voice recognition, physiological detection, and
mechanical vibration monitoring owing to its ultrahigh
sensitivity and fast response.

4. CONCLUSIONS

In this study, we developed a resistive pressure sensor with an
ultrahigh sensitivity, rapid response, and low detection limit
based on an organic/inorganic hybrid material dip-coated on a
PDMS substrate with micropost arrays. Inspired by the cobweb
in nature, a cobweb-like composite structure made of ZnOEP
and CNTs material was proposed as a piezoresistive network
with good flexibility and conductivity. Coupled with its
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suspension around the microposts to form an overhanging
morphology, the free deformable 3D network of the material
resulted in an ultrahigh sensitivity (39.4 kPa™' up to 1.6 kPa)
and fast response time (3 ms). In addition, the nonpolar force
between ZnOEP and PDMS and the increased contact area
between the cobweb-like network material and the micro-
structured PDMS surface improved the bonding of the material
to the flexible substrate so that, after 1000 cycles of bending and
twisting tests, it remained firmly attached to the PDMS. In
addition, the pressure sensor’s performance remained stable and
reliable over 5000 cycles of the loading/unloading test. We were
consequently able to demonstrate the use of our sensor in
diverse applications, including sound level measurement, wrist
pulse monitoring, voice recognition for both speech and music,
and mechanical vibration monitoring, suggesting that the
proposed flexible pressure sensor can be applied in fields like
healthcare monitoring, soft robotics sensing, and human—
machine interface.
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