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ABSTRACT: Flexible pressure sensors present great potential in
the application of human health monitoring, tactile function of
prosthesis, and electronic skin for robotics. These applications
require different trade-off between the sensitivity and sensing
range, therefore, it is imperative to develop range-specific
sensitivities in a single sensor. In this paper, a bioinspired strategy
for a resistive pressure sensor using a graded porous material is
proposed to measure pressures from several pascals to mega-
pascals. Its fabrication is based on an easily accessible template
method. The nest-architecture-based wide-range pressure sensor
exhibits adequate sensitivity under an extensive pressure regime
(20 Pa to 1.2 MPa). In addition, with rational structural design and
subtle engineering of the material properties, the sensor achieves
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remarkable mechanical stability. To prove the concept, sensors were attached on a bicycle wheel to monitor the tire-pavement
pressure and on human skin to detect biosignals such as venous and arterial blood pressure pulses.
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B INTRODUCTION

In the last decade, flexible pressure sensors have received
significant attention from both academic and industrial
researchers because of their potential application in wearable
electronics'~* and robotic tactile sensing.”® Piezoresistive
sensors, which have inherently low energy consumption,
straightforward read-out connections, a broad pressure
detection range, and facile and scalable fabrication processes,7’8
are finding wide applications in health monitoring devices,’
electronic skin,'”!' and intelligent robotics.'* As new
applications such as these emerge, conventional piezoresistive
pressure sensors, having an active layer of a planar elastomer
composite incorporating conductive materials, are required to
have new performance characteristics. In order to meet the
needs of more applications, these sensors are expected to
detect subtle pressure stimuli with high sensitivity while also
having a working range extending to high pressures."’

In general, there are two response mechanisms of
piezoresistive pressure sensors under external loads: the
change of contact resistance between the functional film (or
an interlocked micro-/nanoscale structured film) and the
counter electrodes and the conductivity change of the sensing
material itself.'* A variety of topographical microstructures
such as pillars,15 hemispheres,lé triangular pyramids,7 and
interlocked microstructures'”'® have been used in the
structural design of flexible piezoresistive sensors to improve
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their sensitivity, detection limit, and response time. Generally,
these functional materials and substrates with a unique
microstructure can indeed effectively improve the sensitivity
and detection limit of the sensor.'*'”*° However, both natural
and artificial micro/nanostructured flexible objects cannot
maintain high sensitivity under high pressure (>100 kPa).”"**
The main reason is the contact area of these micro/
nanostructured sensors is easily saturated under relatively
low pressures.”” A piezoresistive three-dimensional (3D)
monolithic conductive sponge, which can be fabricated by
coating in a freeze-drying assembly and direct synthesis with
conductive nanomaterials, is limited by residual deformation
after being subjected to high pressures. This results from the
materials’ intrinsically rigid and fragile nature, as well as the
poor adhesion between the conductive material and the
sponge.”*”” Although other sponge-like pressure sensors (such
as the template-based, porous reverse micelle-induced, and
laser-scribed graphene pressure sensor) can respond to high
pressures, they exhibit limited sensitivity.”>***” To summarize,
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Figure 1. Schematics and applications of the flexible NWPS. (a) Photograph of ant nests. (b) Exploded diagram of the NWPS. (c) Hlustration of
the NWPS bending with a finger. (d) Various applications exploiting the high sensitivity and wide detection range of the NWPS.

it is challenging to balance the sensitivity and sensing range of
the piezoresistive device.'* Efforts are focused on achieving a
wide effective range, from several Pa to MPa pressures, while
maintaining high sensitivity.28 Moreover, expensive ingredients
and manufacturing processes hinder the production and use of
soft electronics as well.”” ™'

It has been demonstrated that combining rational structural
design and materials with subtle properties can achieve hig -
sensitivity pressure sensors with a wide working range.”'’
Many insects as nature’s architects have shown innate abilities
to create remarkable porous structures such as honeycombs,
spider webs, and ant nests.”>** Investigating the ants’ nest in
more detail, researchers found that its architecture has a 3D
interlaced hierarchical porous structure that has excellent
mechanical character to protect the nest from destruction.**
The hierarchical porous structures offer the maximized contact
area and intermolecular interactions and minimized diffusive
resistance to both the external stimulus and internal transport
by well-defined pore dimensions and topologies compared
with the conventional porous structures with uniform pore
dimensions. The hierarchical porous structures have been used
in sensing, energy, and catalysis because of their unique
structural features.”> To improve the mechanical stability and
sensing characteristics of pressure sensors, it is a logical step to
exploit the morphologies and structures successfully used in
nature by living creatures.

Our flexible piezoresistive sensor based on a graded nest-like
architecture is demonstrated to enhance its sensitivity and
pressure detection range because of the synergistic effect
between the design of the bioinspired nest architecture and
carbon black (CB) percolation network. Specifically, it shows
an improved sensitivity (1.12 kPa™"'), a low detection limit of
20 Pa, and an ultrawide measuring range up to 1.2 MPa. This
architecture also contributes to a rapid response time (~15
ms) and a high stability over 10,000 loading and unloading
cycles. Conductive CB nanoparticles are used as the active
material because of their distinctive characteristics of sufficient
mechanical strength during large pressure loadings,”® high
stability in percolation conductives,”’ and dispersibility in
polymer matrixes that is superior to other carbon nanomateri-
als (e.g., nanofibers, nanosheets, nanotubes, and gra-
phene).””*® Moreover, sacrificial particulate templates with
tunable sizes are employed to obtain the nest-like architecture
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inside the polymer composite, which increases the sensitivity
to pressure. Finally, echoing the biodesign origins of the
device, it has been successfully used to detect physiological
signals [wrist and jugular venous pulse (JVP)], as well as in
auxiliary robot object manipulation and monitoring the bicycle
tire pressure.

B METHODS

Device Fabrication. The nest-architecture-based wide-range
pressure sensor (NWPS) device was made up of a sensing layer
and commercial flexible interdigitated electrodes [flexible printed
circuit board (FPCB)]. FPCB was manufactured by the photo-
lithography process and bought from Guangzhou Shentian Electronic
Technology Co., Ltd. Figure S1 gives the size information of the
interdigital electrode and the effects of the interdigitated electrode
geometry on the sensitivity and initial resistance of the NWPS. The
slurry of the sensing layer was compounded from commercially
available thermoplastic polyurethane (TPU) dissolved in a N,N-
dimethylformamide (DMF) solvent mixed with NaCl particles and
CB (SUPER P Li, TIMCAL), which act as a sacrificial template and
an electrical conductor, respectively. Before mixing, planetary ball
milling (F-P400, FOCUCY) was used to reduce the size of the NaCl
particles below 100 ym (540 rpm for 15 min). CB was first dispersed
in 20 mL of ethanol (99.5%, Aladdin) under sonication (JY92-IIDN,
SCIENTZ) for 10 min and then dried in an oven at 80 °C for 12 h to
remove the residual ethanol. After pretreatment, a specific ratio of
NaCl, CB, and TPU was uniformly stirred together as a slurry using a
double-blade planetary vacaum mixer (HM800, HASAI) for S min.
The slurry was then transferred into a 3D printed mold, which was
made by a fused deposition modeling 3D printer (CR-S, Creality 3D)
and fixed onto the FPCB surface. After curing at 80 °C for 4 h, the
assembly was immersed in water for 2 h. To ensure that the NaCl
particles were removed entirely, the mold was released, and the
NWPS device was immersed in water for another 12 h; the water was
refreshed every 2 h. Finally, the NWPS device was dried at 80 °C for 2
h.

Characterization of the Hierarchically Porous Architecture.
The morphologies and microstructures of the sensing layer were
observed using a field emission scanning electron microscope (Supra
$5, ZEISS).

Electromechanical Measurements. The NWPS was mounted
on a universal material testing machine (E1000, Instron) connected to
a digital multimeter (34465A, Keysight) for the real-time monitoring
of resistance change. Two NWPSs were fixed on a robot gripper
(RG2, OnRobot) mounted on a robot arm (URS, Universal Robots)
which followed the robot gripper to complete the gripping and
releasing.
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Figure 2. Schematic of the fabrication process flow and hierarchically porous architecture of the flexible NWPS. (a) Fabrication process of the
NWPS. (b) Photographic images of the NWPS with volumes of 10 X 10 X 3 mm® and 2 X 2 X 3 mm”®. (c—g) SEM images of the 3D hierarchically

porous sensing layer at various scales.

B RESULTS AND DISCUSSION

A schematic of the flexible NWPS inspired by the hierarchical
porous characteristics of the ant nest architecture (Figure la)
is shown in Figure 1b. Benefiting from the bioinspired
hierarchical porous design, our NWPS shows desirable
flexibility (Figure 1c) and an ultrawide measuring range with
high sensitivity. Its performance makes it suitable for
monitoring a wide range of signals from low to high pressures
(lightweight common grains or seeds, physiological signals,
robotic manipulator force signals, and bicycle tire pressures), as
shown in Figure 1d.

The schematic of fabricating the NWPS is shown in Figure
2a. The uniform TPU/CB/NaCl slurry was coated onto the
FPCB by a molding method. As a result of the dissolution of
DMF in both the TPU matrix and the polyimide matrix of
FPCB, the sensing layer and polyimide substrate of FPCB were
joined by chemical bonding. After heat treatment and removal
of NaCl, the flexible NWPS device was obtained. As shown in
Figure 2b, NWPSs with different sizes were prepared by
molding, which implies that the NWPS can be customized.
The sensing size of the representative device is 10 X 10 X 3
mm? in this paper.

The microstructure of the sensing layer was characterized via
field emission scanning electron microscopy (FESEM). Similar
to the ants’ nest architecture, the NWPSs generally have a high
porosity and contain a two-hierarchy pore structure with pore
sizes varying from the micrometer to nanometer range. As
shown in Figure 2c—e, the first level of the hierarchy (larger
scale) consists of interconnected pores with a size distribution
from 20 to 100 pum, which are left by the dissolution of NaCl
The second level of hierarchy (smaller scale) contains an
intrinsic pore size of S0—500 nm (Figure 2f,g), resulting from
the densely packed CB nanoparticles around the voids, and
they were bonded by TPU. Many exposed CB nanoparticles
were found on the surfaces of the pore walls, which is helpful
to improving the sensitivity of the NWPS. In this
homogeneous porous microstructure with a hierarchy of
feature sizes, the contact area between the conductive walls
will be increased under pressure loading, resulting in a decrease
of both the contact resistances and the channel resistances.*”

Schematics of the sensing mechanism are shown in Figure 3.
Ry (total resistance) for a representative path through the
material can be defined as*

Rtotal = RC + RP (1)

+) —p— O

original 0~60 kPa"'

Rp}

Rc

high pressure

@ﬁﬁ_"@?{l&
+ - e -

(

middle pressure

Figure 3. Modeling of the piezoresistive mechanism.

where Rc is the contact resistance between the sensing layer
and the FPCB. Because of the excellent combination of the
homogeneous polymers at the interface, R is virtually
unchanged as the pressure increases. The second resistance
component, Ry, is the percolation resistance of the hierarchi-
cally porous piezoresistive elastomer.

In Figure 3, the nanopores located in the agglomerated CB
nanoparticles can be closed easily by elastic deformation at the
microscale in the low-pressure regime. These closed nanopores
can be modeled as a contact resistance Ry, which is connected
in parallel to the Rp, dropping the total resistance.

Rp X Ry

R -
Rp + Ry ()

total — RC +
Under a middle-pressure loading, Ry and Rp are paralleled
by the contact resistance Ry resulting from the closing of the

micropores, and the total resistance is further reduced.
Rp X Ry X Ry,
Rp X Ry + Rp X Ry + Ry X Ry, 3)

R

total = RC +

As pressure loading increases even further, severe flattening
of the pressure sensor occurs, causing the sensing layer to
become a solid film, leading to a significant decrease in the
percolation resistance Rp: the total resistance of the sensing
layer drops continually. In the ant nest-structured foam with its
hierarchical porosity, deformation is hindered by the structural
stiffening with increasing pressure, and the NWPS maintains its
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Figure 4. Evaluation of the electromechanical performance of the NWPS. (a) Resistance response of the NWPS vs pressure loading. (b)
Comparison of the sensitivity and measuring range between this NWPS and previously reported flexible pressure sensors. (c) 10,000 loading—
unloading tests of the NWPS at 1 Hz illustrating the stability and durability. (d) Repeatability measurement. (e) Response (left) and relaxation
(right) times at different pressures. (f) Dynamic response of the NWPS at a frequency of 0.1 Hz (upper panel) and under stepped pressures (lower

panel).

excellent linear sensing properties through each broad pressure

range.

The effects of the NaCl and CB mass ratio on pressure
sensitivity and resistivity were studied (Figures S2, Supporting
Information). We found that the increased NaCl content
decreases the conductivity and elastic modulus of the sponge
in its rest state, leading to a decrease in strength and resilience,
while the addition of CB produces the opposite effect. To
determine the optimal ratio for the highest sensitivity, variables
were controlled and the maximum is found when the mass
ratio of NaCl and TPU is approximately 5:1 and the mass ratio
of CB and TPU is 1:4.

Furthermore, with increased CB nanoparticle content, the
initial resistance is modified, the mechanical strength tolerates
significant pressure loadings, and the conductive percolation
networks are stable against deformation. When the mass ratio
is over 25%, the sensitivity of the NWPS decreases as a result
of the increased intrinsic conductivity and the reduced elastic
modulus. In summary, the mass ratio of TPU/CB/NaCl for
the best-performed sensor is 1:0.25:6. The device discussed in
the following sections is fabricated at this optimized ratio
unless otherwise stated.

The sensitivity (S) generally utilized to evaluate the
performance of a resistance-based pressure sensor is defined as

S = AR
AP X R,

(4)

where R and P are the resistance of the sensor and the external
pressure, respectively. R, is the resistance when P = 0. AP is
the pressure change. AR is the resistance change of the sensor
under AP pressure loading. The resistance response curve of
the NWPS shows the typical pattern of three linear regions
(Figure 4a). The fitted sensitivities are 1.12 kPa™" for the range
under the pressure of 60 kPa, 0.11 kPa™" for the range of 60—
300 kPa, and 0.01 kPa™! for the range of 300—1200 kPa. The
correlation coefficient (R®) of each linear pressure range is

presented in Figures S3 (Supg
2

orting Information). In contrast

to sensors in the literature,””*' ™" the NWPS exhibits high
sensitivities over a comprehensive pressure range of 20 Pa to
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1.2 MPa (Figure 4b). Although some previous pressure sensors
reported a higher sensitivity than our sensor, most of them
exhibited a limited pressure range (<10 kPa). Except for the
NWPS, few sensors can cover all pressure regimes in daily life
from subtle contact to high-pressure contact. Furthermore, the
NWPS maintains its toughness (no mechanical damage or
permanent deformation at 120 N/1.2 MPa) and flexibility
simultaneously (the modulus, measured at a compressive strain
of 10%, was 77.8 kPa), as exhibited in Figures S4 and SS and
Movie S1 (Supporting Information).

High-mechanical durability is required to maintain a stable
input—output relationship of flexible pressure sensors under
long-term or cyclic loading. In Figure 4c, the NWPS was tested
under a repetitive cyclic pressure load of 30 kPa at 1 Hz. It
maintained a reliable and uniform pressure-sensing perform-
ance up to 10,000 cycles. To further demonstrate the hysteresis
characteristic of the NWPS, a typical loading—unloading cycle
is shown in Figure S6a (Supporting Information). This test
indicates that the pressure sensing curve during unloading is in
good agreement with that of loading, and the response of the
sensor returns to the initial point.

Figure 4d shows excellent repeatability of the NWPS; there
is little difference between these 20 curves. At different
pressures (0.05, 0.3, 4.7, and 12.5 kPa), the NWPS shows fast
response and relaxation times of ~15 and &5 ms (Figure 4e),
respectively, which are faster than the response time of human
skin (30—50 ms). Also, the NWPS returned to its initial state
in a short time after the removal of the applied pressure, which
shows favorable recoverability. A sinusoidal cyclic loading with
0.1 Hz frequency (Figure 4f, top) and the cyclic loading from
low pressure to high pressure (70 Pa to 202 kPa) at 1 Hz
(Figure S6b, Supporting Information) were employed. It is
observed that the NWPS always responds synchronously and
stably during both tests. Because of the viscoelasticity of the
polymer, the resistance of the sensor is usually higher than the
initial resistance value after the pressure is released, which
becomes more evident as the load Further
reversibility tests were performed by applying a sequence of
step loading to the NWPS (Figure 4f, bottom). The

increases.
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Figure S. Various applications of the flexible NWPS. (a) Weighing common seeds. (b) Real-time radial artery pulse monitoring. (c) Real-time JVP
monitoring. (d) Gripping and releasing a weight by a robotic gripper. (e) Four-channel sensor matrix crushed by the tire of a bicycle (weight of 85

kg). (f) Monitoring human breathing.

corresponding resistance responses demonstrate its outstand-
ing ability to identify absolute pressure. The rationally chosen
modulus and viscoelasticity values lead to the high response
speed of the NWPS.

Common grains and seeds were used to verify the high
sensitivity and the low detection limit of the NWPS. The
subtle dynamic information that a mung bean (equivalent
pressure ~ 20 Pa) was gently placed on the sensor and then
moved away was captured by the NWPS (Figure Sa). Figure
5b shows real-time monitoring of radial artery pressure pulses
(Movie S2, Supporting Information). The flexible NWPS was
attached to a volunteer’s wrist by 3M medical tape. As can be
seen from the recorded signal waveform (illustrated in Figure
Sb), the volunteer’s wrist pulse rate was about 60 beats per
minute. Furthermore, the NWPS can quantitatively distinguish
characteristic peaks in the pulse waveform, which contains
three distinct peaks: P;, P, and P, (percussion wave, tidal
wave, and diastolic wave). The calculated radial artery
augmentation index (Al, = P,/P;) and the radial diastolic
augmentation index (DAI = P;/P;) are 0.60 and 0.15 on
average, which matches the reference data of a normal 25 year
old man.>" The deep-lying internal JVP signals in Figure Sc
again demonstrate the capability of measuring weak signals
with the flexible NWPS. Typically, a distinct biphasic
waveform of JVP contains three upward and two downward
deflections.”” These are correlated with the following cardiac
mechanisms: the upward deflections are denoted “a” (atrial
contraction), “c” (ventricular contraction), and “v” (atrial

“«_»

venous filling); the downward deflections are denoted “x
(atrium relaxation) and “y” descents (ventricle filling). The
results indicate that the NWPS is capable of using a wearable
diagnostic device for real-time monitoring because of its high
sensitivity and low detection limit.

Besides, in order to assist mechanical gripper to obtain the
tactile sense (Figure Sd), two NWPSs were affixed to a robotic
gripper to detect the pressures applied to the objects in the
process of gripping and release. The NWPSs exhibit a rapid
and stable signal feedback. Moreover, there is no difference
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between sensor 1 and sensor 2. For demonstrating the superior
toughness and a wide range of dynamic pressure responses of
the NWPS, a bicycle tire rollover experiment using a four-
channel NWPS matrix was conducted. The profile of the
trajectory is clearly recorded in real time in the pressure trace.
The motion of the bicycle, moving from sensors 1 and 2 to
sensors 3 and 4, is distinguishable in the graph (Figure Se)
showing the resistance signals. Figure 5f demonstrates that the
NWPS can also be used to monitor human breathing. This is
because the NWPS possesses a positive resistance response to
humidity because of swelling of the polymer matrix, which
increases the distance between CB particles and hinders the
electron transport in the polymer matrix.>® In addition, the
NWPS is able to detect alcohol in human breath and
distinguish between different solvents such as deionized
water and alcohol as a result of polymer—odorant interactions
(Figures S7, Supporting Information).>*

B CONCLUSIONS

In summary, we report a low-cost, flexible pressure sensor with
a unique 3D hierarchical porous structure that is inspired by
the natural design of ant nests and fabricated using an easily
accessible template method. An optimized nest structure and
the unique material properties of the sensor contribute to an
adequately high sensitivity, a low detection limit of 20 Pa, and
an ultrawide measurement range of up to 1.2 MPa. This range
covers all pressure regimes found in daily life and also includes
some extremely high-pressure cases, which allows the
application of our sensor in some extreme environment.
Moreover, no costly materials or sophisticated equipment is
involved throughout the manufacturing process of the flexible
sensor. We successfully demonstrated a variety of the use cases
of our sensor, including health parameter detection, biking
pressure monitoring, and robotic tactile sensing. We believe
that the bioinspired nest structure can provide a general design
strategy for other types of sensors as well.
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